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Summary
In the current era of the Anthropocene, biodiversity is facing a devastating decline with especially severe effects on freshwater systems due
to human induced habitat degradation such as pollution or introduction
of invasive species. Understanding the state but also change of biodiversity in a timely manner is thereby needed to gain the necessary information upon which policy and stakeholder actions can be implemented.
Metabarcoding of environmental DNA (eDNA) has been proposed as a
game changer by offering the possibility to acquire such biodiversity data
at an unprecedented spatial and taxonomic resolution.
In this thesis, I investigated the potential of eDNA to provide relevant information for monitoring river systems. Challenges and unknowns of eDNA sampling
in river systems depend on multiple complex processes, such as degradation, transportation, and even decisions taken during the analysis of data.
DNA released to the environment is subject to many factors, which either remove
the DNA (e.g., through transportation) or decay it (e.g., high temperature). As a key
result of my thesis, I identified a strong influence of discharge on eDNA detected
in river systems. Positive change in discharge increased the detected richness of
DNA, highlighting that conditions before and during sampling are important to be
considered in order to correctly interpret eDNA data. Meanwhile, eDNA degradation
due to UV radiation and filter feeding organisms had no effect on eDNA-based
detection rates in my experimental investigation (chapter 1), indicating that they
play a minimal role in degradation.
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I assessed the potential of eDNA to detect classical diversity patterns found in
river networks, despite the downstream transport of eDNA. First, I investigated
the difficulties of data analysis (chapter 2), as data come with issues such as false
positives and false negatives. Integrated steps in the bioinformatic pipeline remove
a large portion of the erroneous data, but further evaluation is needed to assess
the validity of operational taxonomic units. I asked if and how common practices
of stringency filtering are affecting diversity estimates derived by eDNA samples. I
used Hill numbers, an ideal framework to compare between abundance-based and
incident-based measures easily. I found that increasing weighting of abundances minimized the differences between the stringency filters. A simple rule of thumb thus
suggests that stringency treatments commonly applied in the processing pipeline are
negligible when abundance-weighted Hill numbers are used for the analysis. Second,
I further analyzed the detection of three macroinvertebrate orders via eDNA, a taxonomic group currently underrepresented in eDNA studies despite their crucial role
as bioindicators. In chapter 3, I asked if diversity patterns in river networks are comparable between eDNA-based assessments and classical morphological approaches.
For all diversity measures, the two methods lead to similar results, indicating that
eDNA can be utilized to discover biodiversity patterns in river systems for ecological
studies. Richness of eDNA, however, was positively related to discharge, while the
classical approach was not.
Riverine ecosystems are not only particularly valuable due habitat provision for a
high biodiversity, but they are also an important water resource for humanity. However, the details of where water is originating from the heterogeneous environment
are rarely known. In chapter 4, I explored the potential of eDNA to characterize
hydrological flow paths and connectivity of a small alpine catchment in an interdisciplinary approach. I found that eDNA as a tracer provided more information about
origin, flow, and upstream contribution than the non-biological variables alone (e.g.,
isotopes and electrical conductivity), by providing a specific DNA sequences according to the characteristic water sources.
eDNA is delivering exciting future opportunities, but as my thesis will show, we
still need both, experiment the various applications in the laboratory and natural
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environments, to close gaps in our understanding of eDNA behaviour in the environment and potential methodological biases impacting the interpretation of data.
Using eDNA as a particle that could reveal environmental information beyond the
pure identity of species opens a new promising field for eDNA at the interface of
ecology and hydrology to monitor freshwater ecosystems.
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Introduction
Right now, we are on the cusp of a novel scientific field: the development and
use of environmental DNA to study biodiversity at unprecedented resolution. This
thesis aims to contribute to the setup of this new field with a focus on freshwater
ecosystems. I will start with a historical resume on the evolution of barcoding and
introduce environmental DNA (eDNA). Next, I focus on the processes affecting
detection of eDNA and its potential for biodiversity monitoring. Finally, I give an
outlook of potential utilization beyond detecting biodiversity.

Species identification: from morphology to barcodes
For centuries, the identification of species was based on morphological characterization - thereby ignoring the large part of microscopic diversity unidentifiable by
the used approaches - and a dichotomous classification into plants and animals was
established (von Linné, 1735). Technical innovations led to the refinement of microscopy, and further kingdoms, such as protista (Haeckel, 1866) and monera (i.e.,
the future domains of bacteria and arachaea; Copeland, 1938), were discussed and
added to the classification system. Later, a separate kingdom for fungi, so far classified as plants, was propagated (Whittaker, 1969), based on observed differences in
nutrition of the individual kingdoms.
In the 1970s and 1980s, the molecular revolution started to offer new possibilities
by techniques such as restriction enzyme digestion, hybridization or DNA analysis.
A consensus emerged, that a taxonomy of truly evolutionary relationships can only
be reflected by the genetic code in the DNA, which had hitherto been limited by
1
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the classical morphology. The implementation of a higher level than kingdom was
proposed based on rRNA analysis, to reflect closer relatedness of animals, plant
and fungi compared to bacteria and archaea. The basic structure of three domains
(bacteria, archaea, and eukaryota) was implemented (Woese et al., 1990), reflecting
the nowadays accepted classification with some refinement (Cavalier-Smith, 1998)
and ongoing discussion (e.g., Simpson and Roger, 2004; Adl et al., 2012; Ruggiero
et al., 2015).
The constant improvements in molecular biology, such as the isolation of thermostable Taq polymerase (Saiki et al., 1988), thermocyclers, and capillary electrophorese systems (Swerdlow and Gesteland, 1990; Huang et al., 1992) did affect
also the field of taxonomy, where the definition of taxa shifted from purely morphological to also including genetic descriptions. The idea of DNA barcodes, meaning
the identification of a species through a short sequence of its DNA, was already
proposed in the 1990s by Arnot et al. (1993), based on the study of Plasmodium.
However, it took more than a decade until the field of DNA barcoding for macroorganisms was advanced by the publication of Hebert et al. (2003). The authors
extended the concept to animals with the proposition of the mitochondrial gene
Cytochrome c oxidase I (COI) as a barcoding region and the creation of a barcode
inventory. They launched the project Barcode of Life, which led to the Barcode of
Life data system (BOLD) and allowed the identification of unknown species by the
generation of a barcode and its comparisons to the established reference libraries.
National programs followed soon (e.g., SwissBOL, German Barcode of Life) and
helped to establish DNA barcoding as a field in biodiversity science by filling a gap
between taxonomy and molecular systematics.
The original technology used for barcoding restricted the analysis to single individuals, while a complex mixture of DNA from different individuals, as for example
the gut content of a predator, was only accessible through the tedious work of cloning
and sequencing (e.g., Schmidt et al., 1991). The recent technical advancement of high
throughput sequencing allowed massive parallel sequencing, enabling the establishment of metabarcoding. Thereby, a mixture of DNA from various species can be
sequenced in parallel, facilitating the identification of multiple species at the same
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time. Early metabarcoding studies of macro-organisms were based on a mixture of
DNA extracted from tissue (e.g., Hajibabaei et al., 2011). Subsequently, the area
of environmental DNA was born, when scientists identified that traces of macroorganisms’ DNA can be found also in the environment (Taberlet et al., 2012).

Environmental DNA: a sample with promising features
Environmental DNA (eDNA) refers to DNA collected from an environmental
sample (e.g., water, sediment, or air), containing DNA shed by individuals through
releasing skin particles, mucus, hair, gametes or feces (Ficetola et al., 2008; Taberlet
et al., 2012). In the field of microbiology, the possibility of DNA extraction from
the environment had been recognized for a longer time (e.g., Ogram et al., 1987;
Britschgi and Giovannoni, 1991; Schmidt et al., 1991), with the aim to overcome
limited identifications by culturing, but it was not referred to as eDNA. In 2008,
the first study about the detection of macro-organisms from water samples was
published (Ficetola et al., 2008) and was a proof of concept that contemporary environments, previously thought to be unstable for the preservation of DNA, actually
contain sufficient DNA for detection. Since then, the increasing popularity of eDNA
applications is indicated by the exponential growth of studies published (Belle et al.,
2019).
Current applications based on eDNA samples are mainly covered by two different
approaches: Firstly, a targeted-species approach with the goal of detecting individual species through amplification of its specific eDNA (e.g., Goldberg et al., 2011;
Jerde et al., 2012; Thomsen et al., 2012a; Pilliod et al., 2013; Mächler et al., 2014).
Secondly, the combination of an eDNA sample and a metabarcoding approach with
the aim to detect whole communities (e.g., Deiner et al., 2016; Hänfling et al., 2016;
Olds et al., 2016; Port et al., 2016; Valentini et al., 2016). The two strategies have
different aims and are in parts based on distinct techniques. The targeted species
approach needs an assay specific to the species, in order to minimize false posi3
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tive detection, and conventional, quantitative or digital PCR technique is used to
amplify the DNA. In contrast, the community approach tries to amplify as many
taxa as possible and uses a high-throughput sequencing approach to identify DNA
sequences from a complex sample.
Multiple studies have highlighted a wide array of promising features of species
detection through eDNA. First, numerous studies showed that observations based
on eDNA can be more sensitive compared to classical sampling approaches (Dejean et al., 2012; Hinlo et al., 2017a; Eiler et al., 2018), showing its suitability as an
early warning tool for invasive species (Piaggio et al., 2014; Adrian-Kalchhauser and
Burkhardt-Holm, 2016; De Ventura et al., 2017). Second, its non-destructive characteristics make it an ideal sampling method for species that are at risk or under
protection (e.g., Rees et al., 2014; Sigsgaard et al., 2015; Mauvisseau et al., 2019).
Third, eDNA is attractive due to its simplicity of sampling: a minimal training is
required and makes it an ideal sampling method to be achieved with citizen science projects (Biggs et al., 2015). Fourth, it has a large potential for automation in
sampling (similar to water chemistry), and laboratory processes as for example the
extraction through robots. Fifth, eDNA sampling and analysis with an established
protocol can be relatively fast and results in a costs-effective method (Fernández
et al., 2018). All these attributes make eDNA a promising avenue for the future, not
only for species detection in conservation or invasion biology, but also because its
potential for large-scale mapping of biodiversity and the subsequent improved understanding of mechanisms underlying community dynamics (Thomsen and Willerslev,
2015; Deiner et al., 2017; Bálint et al., 2018; Seymour, 2019).

Processes affecting successful eDNA detection
Although species detection through eDNA holds exciting promises, it must be
understood that complex processes are involved in generating data. Studies start
from low amounts of DNA and various processes in the environment, laboratory or
analysis can constrain positive detection. While some of these effects can be managed
through an elaborate study design (for guidelines see for example Goldberg et al.,
4
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2016; Deiner et al., 2017; Zinger et al., 2019), others are beyond human influence. In
a conceptual approach, I distinguish eight different processes that influence eDNA
or the findings based thereon (Fig. 1), and cluster them in three categories according
to the step at which they occur: in the environment, in the laboratory, or during
analysis. The overview reflects multiple aspects of the complexity with a focus on
aquatic environments, but is by no means complete.

1) Production

Environment

species, biomass, life stage

2) Deterioration
temperature, pH, UV, transport, retention

3) Capture
sampled environment, volume, material

4) Extraction

Laboratory

extraction protocol, purification

5) Amplification
efficiency, bias, errors

6) Sequencing
substitution, insertion/deletion errors, tag switching

Analysis

7) Bioinformatic pipeline
OTU clustering, taxonomic assignment

8) Ecological evaluation
abundance filtering, rarefaction, consistency

Figure 1: A conceptual overview to highlight the different processes influencing
eDNA or the findings based on it. Processes are named in the dark bar
and its corresponding factors in the light bar. Processes are classified
according to their occurrence: in the environment, in the laboratory, and
during the analysis.
The first process is the production of eDNA (1), which ultimately defines the
maximal available DNA in the environment. Multiple studies showed a dependency
of DNA shedding rate into the environment based on species‘ identity (Sassoubre
5
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et al., 2016), biomass/body size (e.g., Takahara et al., 2012; Klymus et al., 2015) or
the life stage of the species (Maruyama et al., 2014; Bylemans et al., 2017; Dunn
et al., 2017; Takeuchi et al., 2019). Once the DNA is released into the environment,
it is exposed to environmental factors that deteriorate eDNA (process 2) and impair
its availability. Environmental factors, such as high temperature (Strickler et al.,
2015; Eichmiller et al., 2016; Tsuji et al., 2017) or acidic pH (Lance et al., 2017;
Seymour et al., 2018) promote the degradation of eDNA. Environmental habitat
properties can also lead to the depletion of DNA through transport (Deiner and
Altermatt, 2014; Pont et al., 2018; Wacker et al., 2019) or the settlement of DNA
into the substrate, so-called retention (Jerde et al., 2016; Shogren et al., 2016, 2019).
While the first two processes, production and deterioration, define whether eDNA is
generally available in space or time, the sampling (process 3) determines whether the
available eDNA can be captured and strongly interacts with the researchers’ decisions about methodology (Adrian-Kalchhauser and Burkhardt-Holm, 2016; Macher
and Leese, 2017; Lawson Handley et al., 2019). Some environments may be more
suitable to collect due to increased DNA concentrations (Turner et al., 2015), but
sample volumes (Deiner et al., 2015; Mächler et al., 2015; Cantera et al., 2019) and
sampling material must be appropriate for the purposed detection (Turner et al.,
2014; Wilcox et al., 2015).
After collection in the field, the next stages occur in the laboratory. The first step
requires the extraction of the DNA (process 4, see also Fig. 2) from the environmental
sample. Extraction techniques can differ in their efficiency to release DNA from
the cell, organelles, sampling material or bound particles and may lead to reduced
amounts of purified DNA (Deiner et al., 2015; Renshaw et al., 2015; Spens et al.,
2017; Tsuji et al., 2019). Once DNA is extracted from the sample, multiple routes can
be taken (e.g., qPCR for targeted species approach or metabarcoding for community
detection). Currently, the most commonly used methods for both approaches involve
amplification by polymerase chain reaction (PCR, process 5). High specificity and
efficiency are key to successful PCR reactions. In particular, a single species-specific
approach must be highly sensitive and avoid non-target amplification for closely
related or similar species (Wilcox et al., 2013). For the metabarcoding approach,
a broad universal primer is used to amplify a wide range of species. In reality,
6
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equal amplification is often limited because certain taxa have an imperfect primer
match, leading to distorted abundance proportions after amplification (Bellemain
et al., 2010; Clarke et al., 2014; Deagle et al., 2014). As the further processes will
differ between the species-specific and the community approach, I here focus on the
metabarcoding workflow for simplicity. In the following step of sequencing (process
6), errors and limitations are specific to platform or protocols used, however all
sequencing platforms have certain error rates of substitution (i.e., the replacement
of one nucleotide with another) or insertions and deletions (e.g., Laehnemann et al.,
2015; Schirmer et al., 2015; Pfeiffer et al., 2018), which lead to incorrect DNA
sequences. To sequence multiple samples at the same time, a tag consisting of a
few nucleotides is added to DNA sequences allowing identification of the original
sample. During a typical metabarcoding workflow, the switching of these tags can
occur due to cross-contamination, chimera formation or through mixing of clusters
during sequencing (Esling et al., 2015; Schnell et al., 2015), limiting the backtracking
of the DNA sequence to the original sample.

Figure 2: The author working on eDNA extractions in a clean lab facility. Photo
credit: Peter Penicka.

The last procedures concern the judgment of the generated sequences, which
I define here as analytical processes happening at the keyboard (also see Deiner
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et al., 2017). Implementations of the bioinformatic pipeline (process 7) aim to group
DNA sequences into operational taxonomic units (OTU) that can act as a proxy
for species. A large variety of approaches are used but generally, pipelines consist of
multiple steps (like size selection, quality filtering or removing of chimeras), all with
the goal to reduce errors implemented during amplification and sequencing process.
A critical step is the clustering of sequences to OTUs. Thresholds for sequence similarities can reduce the amount of OTUs found (Alberdi et al., 2018), but must be
appropriate for the selected taxonomic group, as inappropriate thresholds may inflate diversity estimates (Zinger et al., 2019). Another crucial step is the taxonomic
assignment to the resulting OTUs. While multiple programs and approaches are
available, the results of taxonomic assignments can be limited due to incompleteness or mistakes in reference databases (Deiner et al., 2017; McGee et al., 2019).
Finally, further decisions affect the outcome and interpretation of the data during
the ecological evaluation of OTUs (process 8) and the testing of hypothesis. Rare
OTUs are often removed with abundance filtering or consistency checking among
replicates to assess valid OTUs. However, studies showed that rare OTUs do not appear consistently across replicates (Leray and Knowlton, 2017; Alberdi et al., 2018;
Beentjes et al., 2018), but can be meaningful (Zhan et al., 2013; Ainsworth et al.,
2015; Eren et al., 2015). Rarefaction has been suggested to overcome differences in
sequencing depth among samples, but results indicate that this can increase rates of
false positives for OTUs that are differentially abundant among samples (McMurdie
and Holmes, 2014). This overview illustrates the long journey from the release of
DNA into the environment to the answer of the proposed research question.

eDNA metabarcoding for biodiversity monitoring
Aquatic systems are among the most threatened habitats due to anthropogenic
pressures such as pollution, habitat degradation, over-exploitation or invasive species
(Vörösmarty et al., 2010; Barrett et al., 2018). The current decline of biodiversity
has potentially large negative consequences on the functions and services provided
by ecosystems to humanity (Chapin et al., 1998; Cardinale et al., 2012; Isbell et al.,
8
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2017; Dı́az et al., 2019) and increases the urgency to understand and quantify how
diversity is shaped through time and space. Due to the vital significance of freshwater habitats for humanity, international directives (e.g., Water Framework Directive
(WFD), Directive 2000/60/EC), or national programs (National surface water quality monitoring program, Switzerland, Kunz et al., 2016) are established and require
monitoring of habitats to counteract further degradation.
Gaining insights on biodiversity across a broad taxonomic scale is challenging
with traditional methods, as different taxonomic groups need separate sampling
techniques (e.g., fish require electro-fishing, plants need visual observations, and invertebrates are collected by kicknet sampling or similar approaches), and thus are
time consuming and costly. However, reliable detection tools are vital for the challenges faced during monitoring, managing and policy making (Turak et al., 2017;
Jetz et al., 2019). With the advent of next generation sequencing and straightforward sample collection methods, eDNA applications could overcome some of these
limitations.
The immediate benefit of eDNA metabarcoding research is its application for
biodiversity monitoring. As a proof of concept and a first step of validation, eDNA
assessments are often compared to the classical approaches. A great number of studies found an increased number of taxa with eDNA compared to classical approaches
(Deiner et al., 2016; Hänfling et al., 2016; Lim et al., 2016; Olds et al., 2016; Shaw
et al., 2016a), and others found complementary results, with some species found only
with one or the other technique (Leduc et al., 2019; Mächler et al., 2019; Fernández
et al., 2019). Generally, results of these comparisons are not unequivocal, as classical methods also come with uncertainties and errors, but it is an initial step to
better understand the strengths and weaknesses of biodiversity assessments through
eDNA. A further strength of eDNA is that it can provide information for understudied systems such as ponds (Harper et al., 2018, 2019) or interstitial habitats
(Deiner et al., 2017), which are hard to assess with classical methods. eDNA has the
opportunity to provide long term data (e.g., by sampling back in time through ice
or sediment cores) to close observations gaps (Thomsen and Willerslev, 2015; Bálint
et al., 2018).
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Aim of this thesis
Objectives
In this thesis I investigated the potential of eDNA to provide useful information
for monitoring in river systems, representing a threatened habitat with high biodiversity (Strayer and Dudgeon, 2010; Vörösmarty et al., 2010; Barrett et al., 2018).
Challenges and unknowns of eDNA sampling in river systems depend on multiple
complex processes such as degradation, transportation or even the analysis of data.
This requires a better understanding of the methodological approaches, including
both laboratory and analytical steps, as well as how the data can inform us on
biodiversity and how they should be interpreted. I addressed all of these elements
in my thesis. I first experimentally investigated the effects of UV light and filter
feeding organisms on the availability of eDNA (chapter 1). Then, I assessed in a
field study the potential of eDNA to detect classical diversity patterns found in river
networks, despite the transport of eDNA downstream. To do so, I investigated the
difficulties of NGS data analysis (chapter 2) and further analyzed the detection of
macroinvertebrates via eDNA, a group currently underrepresented in eDNA studies (Belle et al., 2019) despite their high abundance and crucial role in rivers as
bioindicators of ecosystem health. For the latter, I compared my findings with classical kicknet sampling methods (chapter 3). Finally, I investigated the potential of
eDNA to go beyond common diversity assessments provide further information on
flow paths of rivers (chapter 4). Overall, my thesis constitutes an important step
in the development and assessment of eDNA methods in riverine systems.

Outline
In order to use eDNA as an efficient and reliable tool, we need to understand its
origin and state as well as the factors affecting its degradation. Various biotic and
abiotic environmental factors have been proposed to affect degradation of eDNA in
aquatic environments and thus to influence detection rates of species. In chapter 1,
I asked if UV light and filter feeding organisms, aspects to which eDNA
10
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is generally expected to be exposed, accelerate eDNA degradation, and
if so, at which rate. I conducted a full-factorial aquatic mesocosm experiment
under near-natural outdoor conditions, manipulating UV radiation as well as the
presence of a strong filter feeder capable of filtering cells or organelles containing
DNA. Surprisingly, I found that neither UV radiation nor the presence of the filter
feeders affected eDNA-based detection rates, even though the experiment took place
in summer when UV radiation intensity and filtration activity is high for the chosen
conditions. These results suggest that eDNA based species assessments could be
relatively robust with respect to our two factors studied.
In a next step, I then expanded my studies to a natural riverine ecosystem.
eDNA degrades relatively quickly in the environment, indicating that we need to
adjust multiple steps in the workflow, ranging from protocols of sampling, laboratory work and analysis to optimize detection rates. Large amounts of diversity
data can be more easily generated with eDNA metabarcoding than with classical
approaches, and the difficulties now lie in the data analysis as a single run results
in millions of sequences to be analyzed. NGS data can come with problems such
as false presences through contamination in the laboratory, errors in the PCR or
stochastic processes during the sequencing. Therefore, the analysis of data needs to
balance the occurrence of false absences with the risk of false presences. Bioinformatic pipelines remove parts of questionable data, but further downstream analysis
demands implementation of additional stringency measures to infer reliable versus
dubious sequences. In chapter 2, I asked if and how two common practices
of stringency filtering effect diversity estimates derived by eDNA samples
based on Hill numbers. When focusing on presence/absence only, I found that
diversity between individual sites and the total diversity was low when filtering for
high abundance OTUs only and thus might not be an ideal choice to detect dissimilarities between sites. However, when considering abundance weighting of Hill
numbers, the study showed that the tested stringency filters did not change outcomes. A simple rule of thumb thus suggests that previous stringency treatments in
the processing pipeline are negligible, when abundance-weighted Hill numbers are
used for the analysis.
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I then focused on diversity patterns of macroinvertebrate eDNA in a riverine
system. The spatial structure and high biodiversity of rivers are challenging for
assessing biodiversity; however, rivers belong to the most threatened habitats and
require intensive monitoring. The combination of eDNA and metabarcoding might
be a promising approach to uncover biodiversity at a new scale. In chapter 3,
I asked if diversity patterns in river networks are comparable between
eDNA-based assessments and classical morphological approaches. To do
so, I assessed may-, stone-, and caddisfly genera with two contemporary methods,
namely eDNA sampling followed by molecular identification and kicknet sampling
followed by morphological identification. Sixty-one sites distributed over a large
river network were sampled, allowing a comparison of various diversity measures
from the catchment to site levels and providing insights into how these measures
relate to network properties. Overall, the two methods lead to similar results for all
diversity measures, indicating that eDNA can be utilized to discover biodiversity
patterns in river systems for ecological studies. Richness of eDNA, however, was
positively related to discharge, while the classical approach was not.
Streams are not only particularly valuable due the habitat provision for high biodiversity, they are also an important water resource for humanity. The details, however, of where and when water is stored and released in a heterogeneous environment
are rarely known. The use of physico-chemical flow path tracers (such as temperature
or electrical conductivity) is particularly challenging due to the temporary accumulation and storage of water in the form of snow and ice. Artificially introduced DNA
attached to particles has been identified as a reliable and useful hydrologic tracer
(Foppen et al., 2013; Dahlke et al., 2015). Biological tracers, such as eDNA, might
complement information on flow and storage of water, especially as different microhabitats in an alpine aquatic systems are inhabited by characteristic organismal
communities. In chapter 4, I asked if eDNA found in the water can characterize hydrological flow paths and connectivity in an Alpine catchment
in Switzerland. To do so, I sampled water in a small alpine catchment at multiple
time points at 11 sites, corresponding to three different water source types and habitats (main channel, tributaries and springs). I collected physico-chemical variables
(e.g., temperature, electrical conductivity, stable isotopes) and genetic information
12
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based on naturally occurring eDNA. I found that eDNA as a tracer provided more
information about origin, flow, and upstream contribution than the non-biological
variables alone by providing specific OTU identities according to the characteristic
habitats. Importantly, discharge variations strongly affect detected eDNA diversity,
highlighting again the importance of considering transport of eDNA for understanding how streams integrate information over a catchment for both hydrological and
biodiversity assessments.
In a final discussion, I integrate my findings of the individual chapters into
current research and discuss its relevance for the field of eDNA. I give an overview
for future research direction based on findings of my thesis and explore opportunities
and challenges for the prospect of eDNA.
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Chapter 1
Shedding light on eDNA: neither
natural levels of UV radiation nor
the presence of a filter feeder
affect eDNA-based detection of
aquatic organisms
Elvira Mächler, Maslin Osathanunkul & Florian Altermatt
PLoS ONE, 2018, 13(4), e0195529.
(Original paper in Appendix II, page 173)

Contributions to this chapter: EM and FA designed the study. EM and MO conducted
experimental work. EM did data analysis. EM and FA wrote manuscript draft. EM, MO and FA
revised the draft. All authors agreed on the final manuscript.
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1.1

Abstract

The use of environmental DNA (eDNA) as a species detection tool is attracting
attention from both scientific and applied fields, especially for detecting invasive or
rare species. In order to use eDNA as an efficient and reliable tool, however, we need
to understand its origin and state as well as factors affecting its degradation. Various
biotic and abiotic environmental factors have been proposed to affect degradation
of eDNA in aquatic environments and thus to influence detection rates of species.
Here, we were interested in two of them, namely UV light, which can break down
DNA, and the presence of filter feeders, which can remove DNA and DNA-bound
particles. A few, mostly laboratory-based studies have found minor effects of UVB
on the degradation of eDNA. Ultraviolet A radiation (UVA), however, has been
neglected although it also causes DNA lesions and is 10- to 100-fold more prevalent
than UVB when reaching the earth’s surface. Filter feeders are common in aquatic
ecosystem, but their effects on eDNA has hitherto been ignored. We conducted a
full-factorial aquatic mesocosm experiment under near-natural outdoor conditions
manipulating UV radiation as well as the presence of Dreissena polymorpha, a strong
filter feeder capable of filtering cells or organelles containing DNA. Surprisingly, we
found that neither UV radiation nor the presence of the filter feeder affected eDNAbased detection rates of macroinvertebrates, even though the experiment took place
in summer when UV radiation intensity and filtration activity is high for the chosen
experimental site and conditions. These results, in combination with studies from
marine or laboratory settings finding no effect of sunlight and its UV components
on the detectability of eDNA, suggest that eDNA based species assessments could
be relatively robust with respect to our two factors studied.
Key words: environmental DNA, ultraviolet radiation, UVA, UVB, freshwater,
Asellus aquaticus, Dreissena polymorpha, Gammarus pulex, Potamopyrgus antipodarum, mesocosm experiment, species-specific detection
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1.2

Introduction

Organisms constantly shed DNA into the environment, for example through skin
or fecal cells, enabling species assessments through non-invasive sampling (Hoss
et al., 1992; Taberlet and Bouvet, 1992). In recent years, researchers successfully
extracted DNA from environmental samples to detect the presence of organisms in
various environments (e.g., Ficetola et al., 2008; Jerde et al., 2011; Thomsen et al.,
2012a). Subsequently, the use of this environmental DNA (eDNA) as a tool for
detection has attracted ample attention from both scientific and applied fields, to
assess biodiversity (Thomsen et al., 2012a; Drummond et al., 2015; Deiner et al.,
2016; Jackson et al., 2016; Deiner et al., 2017) and even more so to specifically detect
invasive or rare species (e.g., Ficetola et al., 2008; Jerde et al., 2011; Thomsen et al.,
2012a; Mächler et al., 2014). Many of these studies showed that eDNA provides
more sensitive estimates of species’ presence than traditional methods (e.g., Jerde
et al., 2011; Dejean et al., 2012; Smart et al., 2015). In order to establish eDNA
as an efficient and robust detection tool for species, however, we need to have a
good understanding of the origin, state, and also degradation of eDNA (Strickler
et al., 2015; Barnes and Turner, 2016) to optimize sampling schemes that lead to
more accurate survey results and species detections. This is especially important
when eDNA is used as an early warning tool (Dejean et al., 2012; Goldberg et al.,
2013), where management actions are implemented depending on the outcome of
such tests.
In aquatic systems, Strickler et al. (2015) give a conceptual model showing how
the three main processes of i) production, ii) transport and iii) removal and degradation of eDNA determine the detection of species. Biotic factors can mainly affect
the production rate and lead to variation in detection rates, for example due to
the specific life stage of organisms during eDNA sampling (Maruyama et al., 2014),
their activity (Bylemans et al., 2017), or densities (Pilliod et al., 2013). A few studies
looked at the transportation of eDNA (Deiner and Altermatt, 2014; Wilcox et al.,
2016), which is hypothesized to be mainly affected by diffusion and discharge (Strickler et al., 2015). Finally, both biotic and abiotic factors can affect the degradation of
eDNA (Barnes and Turner, 2016). Among the most commonly proposed and studied
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abiotic factors degrading eDNA are ultraviolet radiation, temperature, pH, oxygen,
salinity, and sediments, while the primary biotic factor proposed is microbial activity
(Strickler et al., 2015; Barnes et al., 2014).
So far, only a few studies experimentally tested the influence of UV radiation on
eDNA degradation, focusing on ultraviolet B radiation (UVB). In marine systems,
a recent study (Andruszkiewicz et al., 2017) placed dialysis bags at two depths
resulting in different sunlight exposures. The study showed no effect of sunlight
on the decay of eDNA. In freshwater systems, Pilliod et al. (2014) showed that
eDNA more rapidly declined when small (125 mL) containers were placed in the
sun compared to the shade. In a second study, (Strickler et al., 2015) conducted
a laboratory experiment where they manipulated UVB radiation intensity of 4 L
mesocosms together with temperature and pH levels in a full factorial design. The
study showed that temperature has a strong effect, but that UVB and pH also affect
degradation rate, and that their respective effects depend on the levels of the other
factors. All these studies focused on UVB radiation, which had been proposed to
be an important driver of DNA degradation by (Strickler et al., 2015). However, in
natural sunlight, UVA is 10- to 100-fold more prevalent than UVB when it reaches
the earth’s surface (Moan, 2001). It is well known that UVB and UVA can cause
mutations/lesions on the DNA (Cadet et al., 2005), but the specific mechanisms
are less clear for UVA, as it is not directly absorbed by the DNA but acts over
secondary pathways (Ravanat et al., 2001). UVA radiation also penetrates deeper
into the water column than UVB, and might thus have larger effects on eDNA in
aquatic systems (Hader et al., 2007). Overall, this motivated us to test the effect
of different UV radiation types (UVA and UVB) on degradation and subsequent
detectability of eDNA in freshwater systems.
Among the biotic factors, microbial activity is one of the few mechanisms hypothesized to be important for degradation of eDNA, and two studies have tested
this (Barnes et al., 2014; Tsuji et al., 2017). However, larger organisms also may
affect eDNA degradation. We specifically hypothesized that filter feeders, which are
commonly found in aquatic ecosystems, can directly remove eDNA or particles binding eDNA from the water column. For example, mussels are known to filter large
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amounts of water and removing suspended particles (Strayer et al., 1999). This effect
can be so strong that water bodies can change from a turbid to a clear water state
by the presence of certain mussels, such as the widely distributed and often invasive
zebra mussel Dreissena polymorpha (Reeders et al., 1989), which are therefore also
called ecosystem engineers. For D. polymorpha it has been shown that the size of
particles filtered ranges from 0.4 to 40 µm, which partially includes the size of mitochondria or cells (Flindt, 2006) that are known to be the main state of eDNA in the
environment (Turner et al., 2014). Here, we tested the potentially interacting effects
of different UV radiation types (UVA and UVB) and filter feeders on detectability
of eDNA under near-natural conditions.

1.3

Material and Methods

In a full factorial design, we tested the effect of three different UV light levels
and the presence/absence of a filter feeder on eDNA-based detectability of macroinvertebrates in small standing water bodies, comparable to ponds. To do so, we
enriched freshwater mesocosms with the DNA of three common macroinvertebrates
(Gammarus pulex, Asellus aquaticus and Potamopyrgus antipodarum), and placed
them outside in a natural sunlight regime. We applied different cover materials to
manipulate the type of UV radiation reaching the water and manipulated presence/absence of the filter feeding mussel Dreissena polymorpha to test their effects
on the detectability of macroinvertebrate eDNA. We tested the detectability of the
three macroinvertebrates’ eDNA over a time span of six days using standard PCR
and species-specific primer pairs.

1.3.1

Primer design and specificity test of primers on tissue
DNA

We designed species-specific primers for the freshwater amphipod Gammarus
pulex and the freshwater isopod Asellus aquaticus, and used already published
primers for the freshwater snail Potamopyrgus antipodarum (Goldberg et al., 2013),
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but without the use of the MGB probe (Table 1.1). For both G. pulex and A.
aquaticus, we used own generated sequences (GenBank accession numbers are listed
in Table S1.1) to design the primers. We then used Sequencher® (version 4.9; Gene
Codes, Ann Arbor, Michigan, USA) to observe intraspecific conserved regions of
the targeted COI gene and compared it to sequences from related species (see Table S1.1 and S1.2 for GenBank accession numbers). We designed the primers with
Primer3web software (version 4.0.0, Untergasser et al., 2012) by using the default
settings and improved the suggested primers to maximize base pair differences to
closely related species (Wilcox et al., 2013). We checked for the formation of secondary structures of the primers with the free edition of Bacon Designer (PREMIERE Biosoft, California, USA) and chose primers that showed reduced affinity
for secondary structures.
We optimized the PCR protocol for each primer set with temperature and MgCl2
gradients by using tissue extracted DNA (tDNA) of the specific species. We aimed
to test all primers in a PCR against tDNA of species belonging to the same genus
as the targeted species are known to be present in Switzerland, which was especially
relevant for a number of common amphipod species (Altermatt et al., 2014). Asellus
and Potamopyrgus have no other species present locally in the genus other than the
target species, thus we extended the test to further-related species (Table 1.2).
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Primer name

Aaq-L3
Aaq-R3
Gpu-L9
Gpu-R11
NZMSF
NZMSR

Target species

Asellus
aquaticus
Gammarus
pulex
Potamopyrgus
antipodarum

GGCAATGACCAGATTTACAATGTAA
ATTTATACGAGGAAATGCTATATCTGG
CTCTAACCCTTCTACTTATAAGTAGTA
GTAGAGATAAAATTAATAGCGCCGA
TGTTTCAAGTGTGCTGGTTTAYA
CAAATGGRGCTAGTTGGAATTCTTT

Sequence (5’-3’)

21

89

179

147

Amplicon
length

Herein
Herein
Herein
Herein
Goldberg et al. (2013)
Goldberg et al. (2013)

Publication

Table 1.1: Used primer pairs to detect species-specific eDNA. Note that amplicon size is including the primer pair length.
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1.3.2

Target organisms

Species were collected from the field on May 26 and 30, 2016 (Chriesbach, Zurich,
Switzerland, latitude 47.40454 °N, longitude 8.60898 °E). Per species we had five
small containers that were filled with tap water (6.5 L). Individuals were then added
to the containers to enrich the water with their eDNA (Gammarus pulex : 68 individuals per container; Asellus aquaticus: 26 individuals per container; Potamopyrgus
antipodarum: 64 individuals per container). During this incubation period, we fed G.
pulex and A. aquaticus ad libitum with maple leaves (Acer sp.) previously incubated
in water for 11 days, while P. antipodarum was fed ad libitum with Spirulina sp.
(1 teaspoon of powder dissolved in 50 mL of water, of which about 10 mL were added
per container and day). We kept the animals for at least 10 days in the containers,
and we did not observe any mortality. Water losses due to evaporation were replaced
daily. We then filtered the water of each container with a mesh size of 500 µm in
order to remove individuals and leaf litter. We mixed the five containers per species
together and took an eDNA sample (as described below, see Table S1.3 for volume
and concentrations).
UV radiation may not only affect the degradation of macroinvertebrate eDNA,
but also the release of eDNA due to its stressful impact on aquatic organisms
(Williamson, 1996; Hader et al., 2003). As we only were interested in the former
and wanted to exclude different eDNA shedding rates depending on the treatment,
we added water which was naturally enriched with the target organisms’ eDNA (see
previous paragraph), rather than adding the organisms themselves to the experiment. Therefore, we distributed 1 L of each species’ eDNA-enriched water (i.e., 3 L
in total) to each mesocosm at the onset of the experiment.

1.3.3

Treatments

We used different cover materials to manipulate the UV content reaching the
water and thus the eDNA in the mesocosms (Fig. 1.1). For the control treatment we
used Plexiglas® GS2458 (3mm, Evonik Performance Materials GmbH, Darmstadt,
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Table 1.2: List of species that were used to test the specificity of primers.
Primer
target
species

Closely related species

In catchment
present

Successful
amplification

no
no
no
no
no
no
yes
no
no
yes

no
yes
no
no
no
no
no
yes
no
no

Asellus
aquaticus
Gammarus
pulex

Jaeria istri
Proasellus coxalis
Gammarus fossarum
Gammarus roeseli
Gammarus lacustris
Echinogammarus stammeri
Dikerogammarus villosus
Crangonyx pseudogracilis
Potamopyrgus Lithoglyphus narticoides
antipodarum
Dreissena polymopha

Germany), allowing full penetration of all UV levels. For the exclusion of UVB
radiation we used borosilicate glass (3mm, Glas Trösch AG INTERIEUR, Volketswil,
Switzerland). For the exclusion of all UV radiation we used Plexiglas® UV 100
(3mm, Evonik Performance Materials GmbH, Darmstadt, Germany). The covers
substantially jutted out on all sides over the edge of the mesocosms, such that the
sun light could only reach the surface of the water by passing through the respective
covers. To half of the mesocosms, we added the mussel Dreissena polymorpha, which
is known to be a heavy filter feeder (Reeders et al., 1989). Dreissena polymorpha
individuals were collected on June 1, 2016 (Greifensee, Zürich, Switzerland, latitude
47.33996 °N, longitude 8.67941 °E), kept in the laboratory until the distribution
of individuals to mesocosms, and fed ad libitum with cultures of the green alga
Scenedesmus sp. We distributed 15 individuals of D. polymorpha with varying body
size (mean length 8.8 mm ± 2.7 mm standard deviation) randomly to each of the
mesocosms belonging to the filter feeder treatment.
In a full-factorial design we tested the effect of UV (three levels) and the presence
of a filter feeder (two levels) on eDNA detection rates. Each treatment combination
was replicated five times (equals a total of 30 mesocosms) and the treatments were
randomly assigned to the mesocosms. During the experiment, we measured UV radiation of the natural sunlight daily with a JAZ-EL200 spectrometer (Ocean Optics,
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Florida, USA) at 9 a.m., 12 p.m., and 3 p.m., and collected eDNA samples on a
daily basis.

1.3.4

Mesocosms

We used 90 L plastic tanks for our mesocosms and placed them on the rooftop of
a research facility of Eawag near Zurich, Switzerland (latitude 47.40521 °N, longitude
8.60951 °E, 432 m above sea level). We cleaned the mesocosms with 2.5% sodium
hypochlorite (i.e., bleach) and thoroughly rinsed them with tap water before use.
Afterwards, we filled them with 48 L of tap water which resulted in a water column
depth of 0.21 m and a surface area of 0.25 m2 . We added an aeration system for a
constant mixing of the water column (aquarium air stones, Tetra Tec Instruments
GmbH, Baden-Württemberg, Germany). To confirm that the material was clean
and that there was no background eDNA of our specific target species present, we
collected one eDNA sample per mesocosm (t = 0) on May 25, 2016. We added
HOBO pendant temperature loggers (Onset, Bourne, Massachusetts, USA) on May
26 and collected temperature data at an hourly interval.

Figure 1.1: Overview of the three different UV treatments and the specific cover
material used. In the control treatment, visible light (VIS) and all
wavelengths of UV radiation can penetrate the cover. In the ‘No UVB’
treatment only VIS and UVA radiation can penetrate the cover, while
UVB radiation will be reflected. Similar in the ‘No UVA and no UVB’
treatment: UVA and UVB radiation will be reflected and only VIS can
reach the water in the mesocosms.
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1.3.5

Environmental DNA sampling, extraction & PCR

We took an eDNA sample from each mesocosm immediately after the addition of
the water enriched with the target organisms’ eDNA. Thereafter, we sampled eDNA
at a 24 h interval for six days. We wore nitrile disposable gloves while sampling and
exchanged them after each mesocosm was sampled to avoid any cross-contamination.
Each eDNA sample consisted of 250 mL water per mesocosm, filtered on a single
GF/F filter (0.7 µm Whatman International Ltd., Maidstone, UK). We directly
sampled water with a 50 mL disposable syringe from the individual mesocosms
and filtered on site. After the water filtration, we pushed 50 mL of air through the
filter to get rid of excess water on the filter. Then we opened the filter housing and
transferred the filter with tweezers to a 1.5 mL tube. The tube was stored in the dark
and on ice until all mesocosms were sampled (max. 1 h). Tweezers were cleaned with
2.5% sodium hypochlorite, wiped with 70% ethanol and dried between the different
samples. Thereafter, all tubes were frozen at –20 °C until further processing.
We used the Qiagen DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) for
the extractions. Details to the extraction and the performed PCR can be found in
the supporting information (Appendix III). We performed five PCR replicates per
sample and for each PCR plate we included a negative (PCR water) and positive
(tDNA) control. Amplification success was tested with the QIAxcel Advances Systems by using a High Resolution Cartridge (Qiagen, Hilden, Germany), the OM500
method and the Default DNA v2.0 analysis. We used the QX 15 b–1 kb alignment
marker and the 50–800 bp reference marker (5 ng/µL). A PCR was assigned as
positive if there was a clear peak adjacent to the expected amplicon size.

1.3.6

Sequencing

Due to cross-amplification we randomly selected 10% of all positive eDNA reactions with the right amplicon size per species (for A. aquaticus 17, G. pulex 25)
and sequenced the PCR product. Further, we sequenced two negative controls (one
for G. pulex and one for A. aquaticus) that showed a peak in the electropherogram.
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5 µL of each PCR product was cleaned with 0.5 µL EXO I and 1 µL rSAP, heated up
to 37 °C for 15 min followed by 15 min at 80 °C. Each PCR product was sequenced
in both directions with the Big Dye Terminator (version 3.1) system on 3730xl
DNA Analyzer following the provided protocols (Applied Biosystems, Foster City,
California USA). A sequence was counted as confirmed if the generated sequence
length matched the expected sequence length and the generated sequence matched
the anticipated species (≥ 98% maximum identity and ≥ 98% query coverage) when
testing against the NCBI database by using default BLAST settings (Benson et al.,
2012).

1.3.7

Laboratory conditions and negative controls

We took specific and extensive laboratory precautions developed and recommended for the work with eDNA, and described in detail in (Mächler et al., 2014).
In deviation of (Mächler et al., 2014), we here filtered eDNA samples directly in
the field. To ensure that this did not cause any contamination, we also included a
negative equipment control (EQC) at each sampling event. The EQC consisted of
Milli-Q® water that was treated with UVC light before. The EQC was filtered before the mesocosms, so that can be used as a control to check if our equipment was
clean, which is important because syringes and filter housings were reused during the
project. Further, we included a negative extraction control (EXC) which consisted
of a GF/F filter that was UV radiated prior to its use and then extracted along with
eDNA samples. We tested all EQC and EXC samples in five replicates of PCR per
primer pair alongside with the eDNA samples.

1.3.8

Statistics

We used R (R Core Team, 2016, version 3.3.2) and the R-package lme4 (Bates,
2010, version 1.1-13). We analyzed the effect of the different UV levels and the
presence of a heavy filter feeder on eDNA detection rates using a linear mixed
effect model with a binomial error distribution. We used the proportion of positive
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detections across all five PCR replicates of a specific primer pair as the response
variable. In the model, we used the UV and the filter feeder treatments as fixed
effects. We treated the day of the experiment and the mesocosm identity as random
effects (day|mesocosm) in a random slope and intercept model. We increased the
number of function evaluations to 100,000 due to model convergence issues. We
compared the models with and without interaction of the fixed effects (UV and
the filter feeder treatment) with a mixed model ANOVA analysis and selected the
best model based on the AIC criterion. The models were tested for each species
separately.

1.4

1.4.1

Results

Primer specificity

Our two newly designed primers successfully amplified the DNA of the respective
targeted species Gammarus pulex and Asellus aquaticus. While generally specific,
both primers also amplify DNA from tissue samples of one closely related nontargeted species each: the Gpu primer pair amplified the tDNA of C. pseudogracilis
and the Aaq primer pair amplified tDNA of P. coxalis (Table 1.2). However, both
non-target species are not expected to occur in the catchment of our study area,
can be excluded as being present in the tap water used in our study, and were not
added as individuals to our mesocosms. Thus, an erroneous mis-amplification in
the experimental setting is highly unlikely. While any such mis-amplifications would
be conservative with our treatment and conclusions, we sequenced a subset of the
experimental eDNA based bands (see below) to demonstrate that our eDNA based
samples were based on our targeted species. The primers for the P. antipodarum did
not amplify any other species that the primer pair was tested against.
27

Chapter 1

1.4.2

eDNA detectability

On day one of the experiment we found a very high detection probability of all
three targeted macroinvertebrate species in the 250 mL water sample and subsequent
eDNA based assessment (mean of 96% ± 2.4% standard error for A. aquaticus, 98.7%
± 0.9% for G. pulex, and 90.6% ± 2.3% for P. antipodarum over all treatments, data
available in Table S1.4). Thereafter, we found that the proportion of positive eDNA
detection declined relatively rapidly for all three targeted macroinvertebrate species
within the first two days, but for all three species we still found low detection at
day six of the experiment, indicating that some eDNA persisted throughout this
time period (Fig. 1.2). Contrary to our expectation, however, detection rates were
not affected by the UV radiation treatment nor the filter-feeding treatment (or their
interaction): we did not find any significant influence on the proportion of eDNAbased detection across the three different UV levels of the UV radiation treatment,
and there was no significant difference in eDNA detection between the replicates
with or without filter feeders (Table 1.3 and 1.4, Fig. 1.3).

Asellus aquaticus

Gammarus pulex

Potamopyrgus antipodarum

Proportion of positive Detection
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no UV−B
no UV−A and no UV−B
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Figure 1.2: Mean proportion of successful eDNA detection per UV treatment based
on positive amplifications across five PCR replicates per mesocosm.
Error bars represent standard errors across all ten mesocosm replicates
of the corresponding UV treatment. We did not process eDNA samples
for day five for A. aquaticus and P.antipodarum due to logistic reasons.
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All EQC and EXC were blank and did not amplify with any of the primer pairs.
Further, all preliminary eDNA tests of mesocosms (t = 0) were blank, showing that
the water used for filling the mesocosms was free from detectable amounts of eDNA
from the specific targeted species. All but two negative PCR controls were blank.
We sequenced the two negative controls that amplified, one belonging to a Gammarus pulex PCR reaction and one belonging to Asellus aquaticus PCR reaction.
The sequenced negative control for Gammarus pulex did not meet the confirmation
criteria stated above. The sequencing quality was very low (0.9%), indicating that
no or only a poor-quality DNA template was present in the sequencing reaction.
The sequence for the negative PCR control for Asellus aquaticus met the confirmation criteria above and likely happened due to cross-contamination since we were
pipetting the positive control right next to the well of the negative PCR control. We
included the PCR replicates generated with the same master mix, as no other PCR
reaction besides the negative and positive control amplified. Thus we treated both
amplifications of the negative PCR controls as negative results. The sequencing of
the eDNA samples was successful: all amplicons met the stated confirmation criteria
and matched the respective targeted species, and were counted as positive eDNA
detections.
The water temperature in the mesocosms was comparable between the three
types of covers (i.e., the three UV treatments): mean (± standard error) temperature
for the control treatment was 18.9 °C ± 0.1 °C over the course of the experiment,
18.9 °C ± 0.1 °C for the ‘No UVB’ treatment and 18.8 °C ± 0.1 °C for the ‘No
UVA and no UVB’ treatment. The maximum temperature observed in a replicate
was 31.1 °C for the control, 32.0 °C for the ‘No UVB’ treatment and 31.1 °C for the
‘No UVA and no UVB’ treatment (data available in Table S1.5). These maximum
temperatures were all measured on day 2 of the experiment. In the mesocosms with
the filtration treatment, all but very few Dreissena individuals were alive throughout
the whole experiment.
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Table 1.3: GLMM results on the fixed effects of the UV and filter feeder treatments
on the detection of each species.
Coefficient Standard
error
Asellus aquaticus
Intercept (UV: Control)
UV: No UVB
UV: No UVA and no UVB
Filter feeder: Present
Gammarus pulex
Intercept (UV: Control)
UV: No UVB
UV: No UVA and no UVB
Filter feeder: Present
Potamopyrgus antipodarum
Intercept (UV: Control)
UV: No UVB
UV: No UVA and no UVB
Filter feeder: Present

1.5

Z-value

p-value

-0.7779
0.3861
-0.0991
-0.6748

0.8429
0.9113
0.9252
0.7591

-0.92
0.42
-0.11
0.89

0.36
0.67
0.92
0.37

-0.9799
-0.2661
0.5955
-0.0669

0.7287
0.6355
0.6065
0.5154

-1.35
-0.42
0.98
-0.13

0.18
0.68
0.33
0.90

0.2271
-0.3026
-0.4077
-0.4594

0.8808
0.7214
0.7432
0.5868

0.26
-0.42
-0.55
-0.78

0.80
0.68
0.58
0.43

Discussion

We studied if and how natural levels of UV radiation and the presence of filter feeders, common abiotic and biotic factors in aquatic ecosystems, affect detection rates of macroinvertebrate eDNA. Surprisingly, natural levels of UV radiation
had no effect on the detection probability of species-specific eDNA, even though
the experiment took place in summer when UV radiation intensity is the highest
for our experimental site (Blumthaler et al., 1992). Additionally, the presence of a
heavy filter feeder did not show any effect on the detection of eDNA. Overall, the
detectability of eDNA decreased quickly and over timescales comparable to other
studies (e.g., Thomsen et al., 2012b; Pilliod et al., 2013; Barnes et al., 2014) and our
results indicate a relatively high robustness of eDNA-based estimates with respect
to two major factors hypothesized to affect eDNA detection (UV radiation and filter feeders). Consequently, other factors, such as microbial activity or pH (Strickler
et al., 2015; Seymour et al., 2018), may be the main drivers of eDNA degradation
and eDNA detectability over time. Our findings suggest that variation in UV radiation may be negligible for the application of eDNA as a detection method, at least
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Table 1.4: GLMM results of the random effects (mesocosm identity and day of the
experiment) on the detection of each species.

Asellus aquaticus
Intercept (mesocosm)
Day
Gammarus pulex
Intercept (mesocosm)
Day
Potamopyrgus antipodarum
Intercept (mesocosm)
Day

Variance

Standard
deviation

84.98
32.79

9.218
5.726

25.314
4.484

5.031
2.118

30.745
9.905

5.545
3.147

for sampling sites at low altitudes in the temperate zone. Importantly, this may not
necessarily be the case for alpine or tropical regions, where UV intensity is generally
higher (e.g., Blumthaler et al., 1992; Blumthaler, 2012). Our results are in accordance with a recent study that tested the difference of sunlight on the degradation
of fish eDNA in marine systems (Andruszkiewicz et al., 2017), where the effect of
UV radiation is supposed to be even higher, but also did not affect detectability.
There was no difference in the detection of eDNA between the two treatment
levels that either excluded UVB radiation only or excluded both UVA and UVB
radiation, which seems to contradict the current understanding of UVB’s role in the
degradation of eDNA. Although Strickler et al. (2015) found that degradation of
eDNA was positively associated with UVB intensity, the data showed a non-linear
effect and did not include effects of UVA. To our knowledge, our experiment is the
first that investigated individual and combined effects of the two UV components
(UVA and UVB) on the detectability of eDNA. UVB radiation usually penetrates
only a few decimeters into the water column whereas UVA can penetrate deeper,
but the penetration depth is dependent on optical properties of the water, such as
the dissolved organic carbon (DOC) concentration (Hader et al., 2007). Since we
used tap water, which had a very low DOC level, and the depth of our water column
was only about 0.21 m, there should not be a difference in the penetration depth of
the two UV components in our experimental setting.
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Figure 1.3: Mean proportion of successful eDNA detection per filter feeder treatment based on positive amplifications across five PCR replicates per
mesocosm. Error bars represent standard errors across all 15 mesocosm
replicates of the corresponding filter feeder treatment. We did not process eDNA samples for day five for A.aquaticus and P. antipodarum
due to logistic reasons.

While the results of our UV treatments are in accordance with some recent studies (Andruszkiewicz et al., 2017), they contradict the finding of Pilliod et al. (2014),
who detected a faster decline in the ‘sun’ compared to the ‘shade’ treatment (after
4 days, they detected eDNA in 40% of the sun treatment samples compared to 80%
in the shade treatment samples). However, Pilliod et al. (2014) did not control for
temperature during the experiment. The temperature in the ‘sun’ versus the ‘shade’
treatment may have been different, and temperature has been shown to be an important confounding factor by other studies (Strickler et al., 2015; Eichmiller et al.,
2016; Tsuji et al., 2017). In our study, the temperature did not differ between the
different mesocosms irrespective of the cover material, and thus we can exclude an
effect due to temperature differences. The general rapid decline in eDNA detectability at the beginning of the experiment is consistent with other studies (e.g., Thomsen
et al., 2012a; Pilliod et al., 2013; Sassoubre et al., 2016), but may also been driven
by the relative high ambient temperature during the first two experimental days.
We cannot exclude that at lower temperatures, which allow a slower degradation of
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eDNA (Strickler et al., 2015; Eichmiller et al., 2016; Tsuji et al., 2017), a difference
between the different UV treatments could have occurred. Thus, it would be interesting to repeat our study in alpine regions, where temperatures are generally lower
but UV radiation intensity is higher. While quantitative PCR (qPCR) has been
shown to be more sensitive (Wilcox et al., 2013), we have used a standard PCR
procedure, because the concentrations of our eDNA samples were below the limits
of detection (LOD) for the qPCR assay and thus enabled a reliable quantification
of DNA. We do not, however, think that our choice of DNA amplification method
has biased our results.
The presence of the heavy filter feeder Dreissena polymorpha also had no effect
on the detectability of the eDNA, although studies have shown that D. polymorpha
can filter up to 0.1 L per hour and individual (Reeders et al., 1989), and thus a
single individual could have filtered one-third of the volume of our mesocosm in less
than a day. The absence of an effect could be due to three reasons: First, the density
of the filter feeder may not have been sufficiently high to have an effect. We used
a density of 41 D. polymorpha individuals m–2 , which is much lower than naturally
observed densities of up to 32,000 individuals m–2 (Evans et al., 2011). However,
these maximal densities may not be the norm. Second, the individuals might have
had reduced filtration rates due to the relatively high temperature (Aldridge et al.,
1995). The optimal temperature range for adult individuals of D. polymorpha lies
between 20–25 °C, which is within the range of our average temperatures across
the experiment, but lower than the experimentally observed maximum temperature
peaks of up to 32.0 °C (Benson et al., 2015). Third, D. polymorpha could also have
an indirect positive effect on the stability of eDNA by filtering out bacteria that
otherwise would have degraded eDNA. Further, differences between bivalve species
in particle size retention (Møhlenberg and Riisgård, 1978) could lead to varying
impacts. Disentangling such possible pleiotropic effects of filter feeders on eDNA is
a hitherto understudied aspect and cannot be disentangle by our approach, as we
only looked at the net effect of the presence of D. polymorpha.
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1.6

Conclusion

Our study suggests that neither UV components of natural sunlight nor a common filter feeder interfere with the application of eDNA as a detection tool under
realistic semi-natural conditions. Our UV results from an outdoor freshwater mesocosm experiment are in concordance with experiments conducted either in marine
systems or studying UV effects in small microcosms (Strickler et al., 2015; Andruszkiewicz et al., 2017), which all did not find an effect of UV radiation on eDNA
detectability. Importantly, however, we only studied one filter feeder species at a
relatively low density, and acknowledge that effects of filter feeders at high densities
are possible, either by directly filtering out eDNA or by indirectly affecting density
of eDNA-degrading bacteria.
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2.1

Abstract

The use of next-generation sequencing (NGS) platforms provides great potential
to detect and describe ecological communities at unprecedented resolution, and may
revolutionize the field of biodiversity science. The assessment of biodiversity through
molecular methods based on NGS approaches, however, is not without difficulties.
While data generation is simplified, the analysis remains a challenge, as NGS data
come with still unresolved issues such as false presences through contamination in
the laboratory, errors in the polymerase chain reaction or stochastic processes during the sequencing. Bioinformatic pipelines remove parts of questionable data, but
further downstream analysis demands implementation of additional stringency measures to infer trustworthy versus unreliable sequences. Multiple strategies to exclude
operational taxonomic units (OTUs) have been reported, ranging from cut-offs due
to low numbers of reads, thresholds of relative read abundances, or inconsistent appearance in replicates. Best practices, however, have yet to be established and the
effects of these somewhat arbitrary decisions during the downstream analysis have
been rarely assessed. We investigated how two common practices of stringency filtering (applied threshold of relative abundance and consistent presence in multiple
replicates) are affecting diversity estimates based on Hill numbers derived by eDNA
samples. In general, our results show that diversity estimates of the individual stringency filtered data get more similar with increased weighting of OTU abundances.
This implies that prior decisions on stringency can be neglected when abundance
weighted Hill numbers are considered and rare OTUs are not relevant for the study
question. However, patterns are different for the various diversity measures: Estimates of alpha and gamma diversity are getting smaller with stronger weighting
of OTU abundance. On the contrary, the diversity between individual sites and
the overall data (beta diversity) is slightly U-shaped, with minimal values for exact relative abundances (i.e., Hill order 1) for the stringency criteria of consistent
presence. Beta diversity for the stringency criteria of threshold correction, however,
is low for presence/absences (i.e., no weighting of abundances) and increases with
stronger weighting of OTU abundances. Indicating that for analyses based on pres38
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ences/absence data only, the stringency criterion based on a threshold for relative
abundance might lead to less differentiated samples and may not be an ideal choice.
Key words: environmental DNA, metabarcoding, COI, high-throughput sequencing, diversity measures

39

Chapter 2

2.2

Introduction

The use of next-generation sequencing (NGS) platforms, such as Illumina or Ion
Torrent, are thought to revolutionize the field of ecology and biodiversity sciences, as
they provide a great potential to detect and describe communities at unprecedented
scale (Taberlet et al., 2012; Bálint et al., 2018). While these techniques already have
revolutionized the detection of microbial diversity (e.g., Caporaso et al. 2011; Degnan and Ochman 2012), they have become popular for the detection of macrobial
communities more recently (e.g., Deiner et al., 2016; Hänfling et al., 2016; Port et al.,
2016). This increasing interest is strongly associated with the discovery of environmental DNA (eDNA), which is the detection of DNA particles from an environmental
sample without prior isolation of the organism (Ficetola et al., 2008). The combination of an eDNA sample and next-generation sequencing techniques facilitate the
assessment of biodiversity at a faster level and broader taxonomical scale than almost all classical methods. The collection of adequate data with classical procedures
(for example evidence based on the collection of specimens or visual/audible confirmations), are challenging due to the large commitment in time and labor, which
are also costly. Therefore, diversity estimates from classical assessments are usually
based on a narrow taxonomic diversity.
The assessment of biodiversity through molecular methods based on NGS approaches, however, is not without challenges either. While the collection of data is
more straightforward, the challenge is now with the data analysis, as a single run
results in millions of sequences to be evaluated. These data sets can contain false
absences due to the heterogeneity of eDNA distribution in the environment (AdrianKalchhauser and Burkhardt-Holm, 2016; Macher and Leese, 2017), sampling effects
(Mächler et al., 2015; Majaneva et al., 2018), bias in the laboratory process such as
during extraction (Deiner et al., 2015; Hinlo et al., 2017b) and primer bias (Elbrecht
and Leese, 2015), or an incomplete reference database (Deiner et al., 2017; Weigand
et al., 2019). Possibly more problematic, these data sets can also contain false presences. False presences can be generated through contamination in the laboratory,
errors in the polymerase chain reaction by incorporating the wrong nucleotide or
tag-jumping (Schnell et al., 2015). Compared to other NGS uses, these errors are
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especially relevant for eDNA studies due to the low concentrations of DNA available
and the need for many PCR cycles.
Consequently, the analysis of data derived by NGS tools needs to balance the risk
of false absences with the minimization of false presences. While strict contamination
controls for field and laboratory processes are generally established in eDNA studies
(for guidelines see Goldberg et al., 2016), additional cleaning steps are implemented
in the analysis of the data. During the bioinformatics pipeline, removal of errors
can be achieved through sequence length restriction, quality filtering, the clustering
of similar sequences (Edgar, 2016; Zinger et al., 2019) or the removal of sequences
without open reading frames, in case of protein coding genes such as COI. After
the application of the bioinformatics pipeline, the resulting data is still complex
as they are usually zero-inflated, over-dispersed and have non-normal distributions,
with many OTUs represented at low to very low numbers in the data set (Bálint
et al., 2016). Thus, the further downstream analysis demands implementation of
additional stringency measures to infer validity of OTUs as a ecological evaluation.
Multiple strategies to exclude OTUs have been reported (see Deiner et al., 2017),
ranging from cut-offs due to low numbers of reads (e.g., Brown et al., 2015; Shaw
et al., 2016a), relative read abundances (Taberlet et al., 2018), the inconsistent
appearance in multiple replicates (e.g., De Barba et al., 2014), or rarefaction (e.g.,
Koren et al., 2013). Best practices yet have to be established but the effects of the
decisions on the downstream analysis has been rarely investigated (e.g., Evans et al.,
2017).
Diversity analysis belongs to the most basic and immediate investigation, however, selection of a measure is not simple as a myriad of diversity indices are available.
The main drawback of most measures is their limited comparability between each
other, which makes their interpretation challenging. The framework of Hill numbers
(Hill, 1973) is mathematically unifying the broad array of diversity concepts through
incorporating relative abundance and species richness. As a result, all Hill numbers
are in the intuitive unites of ‘species’ and overcome many of the shortcoming of traditionally used diversity metrics. The framework of Hill numbers has recently been
suggested for DNA-based analysis (Alberdi and Gilbert, 2019a) and offers a great
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opportunity to directly evaluate how different stringencies affect the downstream
analysis.
In our study, we investigated how two common practices of stringency filtering are
affecting diversity estimates based on Hill numbers derived by eDNA samples. First,
we used a hard cut-off of relative abundance for each error-corrected filtered sequence
variants (zero-radius OTU, or ZOTU) (Elbrecht and Leese, 2017; Yamamoto et al.,
2017; Macher et al., 2018; Taberlet et al., 2018). In this approach, many ZOTUs are
removed due to their rare occurrence in the data set, while most of the reads are
conserved. Second, we used a strategy based on the presence of ZOTUs in replicates
collected at the individual sites (De Barba et al., 2014; Beentjes et al., 2018; Mächler
et al., 2019). In this strategy, ZOTUs remain in the data set if they are present in
multiple replicates. The reasoning behind this strategy is that a low-abundance
ZOTU consistently appearing in multiple replicates is likely a more reliable finding
than a low-abundant ZOTU present in only one replicate. We investigated how the
above described stringency criteria affect the diversity in order to find the best
strategy to describe and analyze NGS derived eDNA data.

2.3

Material and Methods

In our study, we investigated how diversity estimates in an extensive NGS-based
eDNA data set are affected by stringency decisions during the analytical pipeline.
We used a data set specifically collected for the analysis of diversity patterns across a
large riverine ecosystem. First, we describe the collection of the data set and second,
how we applied stringency decisions during the analysis.

2.3.1

Data set collection

We used data on diversity of eukaryotes estimated through eDNA metabarcoding
in a riverine network. To do so, we sampled eDNA at 61 sites in a 740 km2 catchment
of the river Thur, northeastern Switzerland, in June 2016. The streams at the se42
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lected sites range from first to seventh stream order and cover an elevation gradient
from 472 to 1241 m a.s.l. Our data set consisted of two replication levels: First, we
collected three eDNA replicates at each site and second, the identical final libraries
were run twice on an Illumina MiSeq. Thus, our study design allows us not only to
address the question of diversity patterns in the river system but also to investigate
technical aspects regarding comparability within/between runs and exploration of
differences within/between sites due to the replicated sampling per site. All details
of collection and preparation of the herein presented data is extensively described
in Mächler et al. (2019). Here we give only a short overview of the methods to allow
comprehension of the data and the experimental setup (Fig. 2.1).
At each site, we filtered 250 mL of water on a single GF/F glass fiber filter
(25 mm diameter, 0.7 µm pore size, Whatman International Ltd., Maidstone, U.K.).
We replicated the filtration three times, resulting in 750 mL of filtered water per
site, evenly distributed on three filters. After filtration, we transferred the filters
to Eppendorf tubes and stored them immediately in the dark on ice. At the end
of the sampling day, samples were moved to –20 °C until extraction. In total, we
collected 183 filters over the whole sampling campaign. At the beginning of each field
day, we produced replicated filter controls (FC) consisting of 250 mL of UVC light
treated nanopore water, to ensure cleanliness of used material. Over the 11 sampling
days, we produced 33 filter controls. Additional to the eDNA samples, we measured
environmental variables (pH, conductivity, organic phosphor) and calculated mean
temperature based on hourly measurements of Hobo pendant logger over the course
of five weeks (model UA-001-08; Onset Computer Corporation, Pocaset, MA) at
each site.
The extraction was performed in a clean-lab facility with the DNeasy Blood
& Tissue kit (Qiagen GmbH, Hilden, Germany) following an adjusted spin-column
protocol. We eluted the samples in 75 µL of AE buffer. On each batch of extraction,
we included an extraction control (EC), resulting in eight ECs. To remove inhibition
of the field samples, we cleaned all extractions with OneStep PCR inhibitor removal
kit (Zymo Research, Irvine, California). We used the Illumina MiSeq dual-barcoded
2-step PCR amplicon sequencing approach to sequence a 313 base pair fragment of
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the COI barcoding region (Geller et al., 2013; Leray et al., 2013). We performed the
first PCR with primers containing an Illumina adaptor-specific tail, a heterogeneity
spacer and the amplicon target site. This PCR reaction consisted of 25 µL reaction
mix and 5 µL of eDNA sample, with the exception of samples coming from five sites
(Site ID 8, 18, 16, 32 and 47) where we used 5 µL of a 1:10 dilution of the eDNA
sample, due to amplification difficulties of pure eDNA. A negative control (NC),
consisting of 5 µL sigma water, and a positive control (PC), consisting of 1 µL
artificially produced dummy DNA (Mächler et al., 2019) and 4 µL of a randomly
selected eDNA sample, were run along each 96-well PCR plate, resulting in a total of
3 NCs and 3 PCs. We produced three PCR replicates of each sample and pooled them
before cleaning up with SPRI beads (Applied Biological Materials Inc., Richmond,
Canada). The second PCR consisted of 25 µL reaction mix, 5 µL Index N, 5 µL Index
S (Nextera XT Index kit v2) and 15 µL of cleaned template. We used 10 PCR cycles
to index the samples; thereby the filter replicates were tagged individually to allow
analysis between the filter replicates. We then cleaned 25 µL of the indexed reaction
with SPRI beads and quantified the clean samples with the Spark 10M Multimode
Microplate Reader (Tecan® Group Ltd., Männedorf, Switzerland). We pooled the
samples equimolar and cleaned the resulting pool again with SPRI beads. We added
16 pM of libraries and 16 pM of 10% PhiX control to the flow cell. On an Illumina
MiSeq platform, we performed a paired-end 600 cycle (2 x 300 nt) sequencing with
the MiSeq Reagent Kit v3 (300 cycles). We conducted a second run on the identical
Illumina machine with the same libraries, where we added again 16 pM of each PhiX
control and the pooled libraries.
The NGS data were demultiplexed and the read quality was checked with FastQC
(Andrews, 2015). Next, raw reads were end-trimmed (usearch, version 10.0.240) and
merged (Flash, version 1.2.11). We then removed the primer sites (cutadapt, version
1.12) and quality-filtered the data (prinseq-lite, version 0.20.4). We used UNOISE3
(usearch, version 10.0.240) to determine amplicon sequence variants (ZOTUs) and
to reduce sequence diversity, we conducted an additional clustering at 99% sequence
identity. To ensure an intact open reading frame, we checked the resulting ZOTUs
for stop codons using the invertebrate mitochondrial code. The two consecutive
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Figure 2.1: At each of the 56 sampling sites, we collected three individual and independent filter replicates that were separately extracted and tagged.
Libraries of all filter replicates were pooled and loaded on two consecutive Illumina MiSeq runs.

Illumina runs resulted in 17,495,861 raw and 12,713,168 clean reads for the first run
and in 21,026,108 raw and 14,903,531 clean reads for the second run respectively.
We cleaned the four stringency data sets by following the description of Evans
et al. (2017) due to indication of contamination (i.e., presence of ZOTUs in negative controls). We calculated the relative frequency of each ZOTU appearing in the
negative controls by dividing the total reads of an individual ZOTU in all negative
controls by the total number of reads in the negative controls. We removed all ZOTUs that occurred with a lower relative frequency within a given field sample. For
all further analysis, we removed all samples from the sites that used diluted eDNA
for the first PCR (Site ID 8, 16, 18, 23 and 47), as we observe low consistency among
the three filter replicates. To obtain consistent results between replicates, it is not
recommended to dilute eDNA, even though this is a favored method implemented
to reduce inhibition (McKee et al., 2015). Fifty-six sampling sites remained for the
further process.
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2.3.2

Stringency effects on Hill numbers

We conducted all our diversity analyses in the framework of Hill numbers. Hill
numbers are mathematically unifying diversity concepts based on relative abundances (Hill, 1973). As such, the sensitivity of Hill numbers towards abundant taxa
can be modulated with the parameter q, also known as the order of Hill numbers.
A Hill number with an order 0 (q = 0) is insensitive to abundance, and thus reflects
the classical diversity index of richness. A Hill number of order 1 (q = 1) takes the
exact relative abundance in to account and represents the exponential of Shannon
diversity, while an order of 2 (q = 2) results in over-weighting of abundant taxa and
reflects the inverse of the Simpson index. The partitioning of the diversities into the
classical alpha, beta and gamma can be computed by Hill numbers, where alpha
measures reflect the average diversity of the samples, beta the differences between
samples and gamma the overall diversity (Jost, 2007). For Hill numbers of beta
diversity, two classical pairwise dissimilarities are represented by order 0 (Jaccard)
and order 2 (Morisita-Horn index). All Hill numbers are in the units of ‘species’ (i.e.,
in our case ZOTUs) and can be directly compared across orders (Chao et al., 2014;
Alberdi and Gilbert, 2019a) and offer a great opportunity to compare differences
between the stringency treatments.
We then applied different stringency treatments on the data set to identify how
these affect patterns in the eDNA data. We followed two different strategies for removing ZOTUs: The first strategy was based on a relative abundance cut-off values
(Elbrecht and Leese, 2015; Yamamoto et al., 2017; Macher et al., 2018; Taberlet
et al., 2018). To identify a feasible cut-off for the relative abundance, we plotted for
each ZOTU its relative abundance in the first run against its relative abundance
in the second run (Fig. S2.1). We identified a valid threshold of 0.005%, as abundances between the two runs were relatively similar above this value which was also
recommended to use for studies with no mock community (Bokulich et al., 2013).
We subsequently refer to this stringency strategy as the threshold treatment. The
second strategy was based on consistent appearance of ZOTUs across replicates (Alberdi et al., 2018; Beentjes et al., 2018; Mächler et al., 2019). We assessed how often
each individual ZOTU was detected across the three filter replicates of an individual
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site. We differentiated between additive (counting all ZOTUs found in any of the
three replicates), relaxed (counting only ZOTUs with a minimal presence in two
replicates) and strict (counting only ZOTUs with presence in all three replicates).
These categories are based on the description of Alberdi et al. (2018), but in our
data we are referring to filter replicates rather than PCR replicates as in the original paper. The resulting four data sets differ mainly by the number of ZOTUs,
with the biggest difference between the additive and the threshold data set, where
the threshold data set contains only 12.5% of the ZOTUs in the additive data set
(Table 2.1). Differences in read numbers are relatively low, we detected the biggest
difference between additive and strict data set, where the strict data set has about
23% less reads. All analysis are done in R (R Core Team, 2018, version 3.5.2) and
the package ‘phyloseq’ (McMurdie and Holmes, 2013, version 1.24.2).
We were interested how the different stringency measures are affecting the partitioning of Hill numbers. We performed diversity partitioning (function div part in
the ’hilldiv’ R package, Alberdi and Gilbert, 2019b, version 1.5.0) for alpha, gamma
and beta based on qualitatively (i.e., presence/absence, order 0) and quantitatively
(i.e., abundance based, from order 0.5–2, in steps of 0.5) Hill numbers with each of
the four data sets.
We calculated Hill numbers for the individual sites for the four stringency thresholds ranging from presence/absence (order 0) to abundance based (order 1 and 2).
Within each order, we tested for the variance to be heterogeneous within the three
indices with a Bartlett test. When significant, we performed a Kruskal-Wallis test
to identify whether there was at least one difference in means. If so, we then did a
multiple mean comparison post hoc test based on rank sums (R package ’pgirmess’,
Giraudoux, 2018, version 1.6.9). For each stringency data set, we ranked sites based

Table 2.1: Numbers of reads and ZOTUs for the four stringency measures after
cleaning the data set from contamination.

Reads
ZOTUs

Additive

Relaxed

Strict

Threshold

24,556,195
11,103

24,556,195
5,896

18,920,555
3,118

22,663,100
1,385
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on the detected diversity. We then calculated a standard deviation of rank for each
site between the four stringency data sets for each of order separately.
For each stringency treatment, we calculated the dissimilarity between the three
filter replicates of a given site. We did this by pairwise calculations of Jaccard (order
0) and Morisita-Horn (order 2) dissimilarities (function ‘pair div’ of the package
‘hilldiv’). We combined the data of the individual filter replicates to examine pairwise
differences between the 56 sites again with Jaccard and Morisita-Horn dissimilarities.
To display the between sites and within site dissimilarities of the four stringencies,
we used a split-violin plot (code by Kroeze, 2017). For each index, we performed a
Kruskal-Wallis test to identify whether there was at least one difference in means of
dissimilarities for between sites, respectively within site comparisons according to
the description above.
We investigated the removed ZOTUs of the relaxed and strict stringency data
set. First, we examined how relative read abundances of the individual ZOTUs in the
filter replicates are shaped. In a split-violin plot, we compared relative abundance
within a filter replicate of kept ZOTUs and removed ZOTUs for the two stringency
data sets individually. We were interested to see, whether relative abundances of
removed ZOTUs were different from the ZOTUs that remained. In a second step,
we wanted to look at the ZOTU level and compared the relative abundance of a
ZOTU in sites where it remained versus in sites where the ZOTU was removed (by
using the abundance it had before the removal). For each ZOTU, we calculated the
median of relative abundance from all sites where the ZOTU was removed and from
all sites where the ZOTU was kept. We wanted to explore, if for example relative
abundance of a ZOTU was lower in sites where it was removed compared to sites
where it was kept.
Further, we used the pairwise Jaccard dissimilarity between the sites and performed a non-metric multi-dimensional scaling (NMDS in ’vegan’, Oksanen et al.,
2011, version 2.5-4) with the two different stringency data sets (additive and threshold ). With the package ‘igraph’ (Csardi and Nepusz, 2006, version 1.2.4), we calculated the measures of centrality specific to a stream network (sensu Altermatt et al.,
2013a) of the individual sites. We fitted measured environmental and network vari48
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ables (stream order, conductivity, median temperature, catchment size, centrality,
and identity of the subcatchment) onto the NMDS with the ‘envfit’ function of the
R package ‘vegan’.
We were also interested in the differences within the individual sites. To do so,
we calculated pairwise dissimilarity between i) filter replicates of the same run and
ii) dissimilarity between the results of the two Illumina runs within the same filter replicate. We calculated pairwise dissimilarity once for Jaccard (Jaccard-type
overlap, order 0) and once for Morisita-Horn (Sorensen-type overlap, order 2). We
performed the calculations with the additive and threshold data sets only. We tested
for heterogeneous variance within each of the two indices as described above. As we
observed differences between the two stringency treatments, we further investigated
the removed ZOTUs of the threshold data set. We categorized the removed ZOTUs
in the following four classes: Singletons (found only in one filter-replicate and exclusively in one run), specific to the filter replicate (present in both Illumina runs),
specific to the site (present in multiple filter replicates of the same site) or shared
among multiple sites.

2.4

Results and Discussion

We investigated how two common practices of stringency filtering (hard cut-off
of relative abundance and presences in multiple replicates) are affecting diversity estimates based on Hill numbers derived by eDNA samples. Overall, the evaluation of
different stringency criteria led to some insight about the effects of stringency criteria. False presences can be avoided by optimizing stringency during the analysis, but
comes with the trade-off of involuntarily creating too may false absence. Stringency
is implemented at different analytical steps: Basic steps in bioinformatic pipeline remove data derived from technical biases, such as chimeras or sequencing errors and
these steps are then complemented with downstream analyses implementing further
stringency measures.
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2.4.1

Partitioning of Hill numbers

The partitioning of the four stringency-filtered data sets into Hill numbers of
order 0 results in alpha and gamma diversity (corresponding to richness) varying over
nearly an order of magnitude (Fig. 2.2, Table S2.2). The beta diversity estimated by
Hill numbers quantifies how many times the entire system is richer than the average
sample. Beta values indicate that the difference between sites and the overall data
set is largest for the strict data set, where gamma diversity is about 13 times higher
than alpha at the individual sites. The richness of the threshold -corrected data set
is about 2.5 times higher than the average site.
Taking abundances into account (order 0.5 and higher), the partitioning values
for all four data sets become more similar the stronger the abundance is weighted,
indicating that in the end, all stringency data sets are dominated by a few very
abundant ZOTUs. Interestingly, all four treatments end up with a beta value of
around eight for the order 2, showing that the ratio of the overall richness and
the average local richness is indifferent to our implemented stringency treatments.
The beta value for the threshold data set is increasing from order 0 to order 2,
demonstrating that the ZOTUs of this data set are present in many samples and
difference between sites can be increased by abundance weighting.

2.4.2

Alpha diversity of stringency treatments

At the site level, we observed that differences in Hill numbers get smaller the
more abundance of ZOTUs are weighted (Fig. 2.3, Table 2.2). While the Hill numbers
of order 0 (i.e., richness) for the sites did significantly differ for the four stringency
treatments according to multiple comparison post-hoc test, there was no difference
observed for the Hill numbers of the order 2. As already detected before, richness
patterns (order 0) are driven by many ZOTUs with low relative abundances. The
relaxed and threshold -corrected data sets result in very similar richness, with the
latter leading to a nearly normal distribution of richness among sites. Hill numbers
favoring abundant ZOTUs (order 2, reflecting Simpson index), show that all samples
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Figure 2.2: Diversity partitioning of the four stringency treated data sets for Hill
numbers of different orders. The higher the order, the stronger are
abundant ZOTUs weighted, order 0 reflects presence/absence data.
While gamma and alpha behave similar for all the treatments, beta
shows differences: The differentiation between the individual sites (alpha) and the overall (gamma) increases with higher weighting of abundances. Hill numbers are presented on a logarithmic scale for better
visualization. Exact numbers can be found in Table S2.1.

are dominated by less than 100 ZOTUs and for all four treatments the median
of dominating ZOTUs is very similar. Therefore, regarding numbers of abundant
ZOTUs the four stringency treatments lead to the similar results. We observed that
the ranking on Hill numbers for the individual sites get more similar between the four
stringencies with increasing order number, indicating that the stringency treatments
have similar effects when abundances are weighted (Fig. S2.2).

2.4.3

Pairwise dissimilarity of sites, replicates and runs

To compare differences between the sites, the pure number of ZOTUs is not as
informative as when their identity is considered. For the four stringency measures,
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Figure 2.3: The four stringency measures (additive, relaxed, strict and threshold,
also conceptually visualized in the insert) lead to differences in Hill
numbers for alpha diversity, but the difference depends on the Hill
number order (indicated by the exponent of D). Violin plots depicting the distribution of the 56 sites and the boxplot is indicating the
25%, 50% (bold) and 75% quantile, respectively. Stringency treatments
with dissimilar letters are significantly different according to multiple
mean comparison test after Kruskal-Wallis applied separately to the
individual Hill number orders.

we compared pairwise dissimilarity between the sites and within the filter replicates
of an individual site for Jaccard (order 0) and Morisita-Horn (order 2) index based
on Hill numbers (Fig. 2.4). Logically, the dissimilarity within site comparisons get
lower for relaxed and strict, as they only count ZOTUs that were present in at
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Table 2.2: Results of Kruskal-Wallis test on ranks of the alpha diversity and the
following multiple mean comparisons post-hoc tests based on rank sums.
Chi-Squared, degrees of freedom (DF), number of data points (n) and
p-values are given. Stringency treatments with the same letter are not
significantly different according to multiple comparison post-hoc test
after Kruskal-Wallis (p-value = 0.01).
Kruskal-Wallis test on
ranks
Hill
ChiDF
order Squared
0
1
2

160.55
32.25
9.98

3
3
3

n

pvalue

224
224
224

< 0.001
< 0.001
0.0187

Multiple mean comparisons
post-hoc tests
Additive Relaxed Strict Threshold
a
a
a

b
ab
a

c
b
a

d
ab
a

least two or three filter replicates. Nevertheless, we tested for differences among
the four data sets, as we wanted to see how it compares to the threshold data set.
All four treatments showed significantly different dissimilarities within sites, with
the threshold data set in an intermediate position between additive and relaxed
(Table 2.3). Between sites, the dissimilarities delivered by the stringency data sets
are all significantly different from each other. The threshold data set is leading to
lower dissimilarities, indicating that this stringency treatment results to more similar
sites compared to other treatments. We then focused on the two most complementary
stringencies (additive and threshold ) and represented the dissimilarities of the sites
in a NMDS plot (Fig. S2.3). The additive data set showed a stress = 0.151, which was
lower for the threshold data with a stress = 0.118. Nevertheless, for both data sets
the measure of centrality of a sampling point was the only environmental factor that
was significant (Table S2.2) and the NMDS resulted even in very similar patterns
for the two data sets.
When considering abundance, the dissimilarities look very similar among the
four treatments, with the strict stringency treatment being the only one that is
significantly different for the between sites comparisons. Interestingly, the within
site dissimilarity shows a large range of dissimilarities and is indifferent between
stringency measures. All of them show nearly a bi-modal distribution with a larger
peak for lower dissimilarity but also a smaller one at relatively high dissimilarity,
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indicating that none of the chosen stringency treatments can overcome differences
in the filter replicates.
Our further investigation showed that the relaxed stringency measure (each
ZOTU needs to be present in at least two filter replicates) removed many ZOTUs
with relatively low abundance, but also some that had high abundances. Similarly,
the remaining ZOTUs do not necessarily have a high abundance in the samples
(Fig. S2.4). The picture changes slightly for the strict stringency treatment, where
we see a shift of the distribution towards higher relative abundance for the ZOTUs
that remain. The heterogeneity of ZOTU abundance is large between the filter replicates and the application of a stringency based on presence in a certain number of
replicates does not lead to equal distribution. We then compared the relative abundance of individual ZOTUs when it was removed from sites versus its abundance in
sites where it was retained (Fig. S2.5). We discovered that most ZOTU had low relative abundances for both, the samples where the ZOTU remained and the samples
where it was removed from. This was true for both of the stringency treatments.
Stringency treatments based on presence in multiple replicates do not lead to equal
distribution of ZOTUs due to the heterogeneous distribution of abundances between
the replicates.
We checked for consistency within the filter replicates of each site, to identify
how replication in the field is affecting our estimation of diversity at the individual
sampling sites. To do so, we used the additive and threshold data set, as we expected
to see greatest difference between these two treatments. Within each site, we made
two types of pairwise comparisons, i) between the diversities based on the three
filter replicates of the same Illumina run, further named between filter replicates
and ii) within an individual filter replicate but comparing the two different Illumina
runs, further called between runs. For the Jaccard index, which does not weight
abundances, the dissimilarity of the data sets significantly differs for between filter
replicates and between runs (Fig. S2.6). The threshold data set shows lower dissimilarities to the additive data set for both comparisons. 9,769 ZOTUs were removed
in the threshold -corrected data set. 0.4% of the removed ZOTUs were unique to
a single sample, meaning that they were occurring in one filter and one run only
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Figure 2.4: Pairwise dissimilarity between the sites (light colored) and within the
individual sites (dark colored) for Jaccard (order 0) and Morisita-Horn
(order 2) index based on Hill numbers of the four different stringency
measures (for details see also Fig. 2.3). Boxplots indicate the 25%, 50%
and 75% quantile of the data. Stringency treatments with dissimilar letters are significantly different according to multiple mean comparison
test after Kruskal-Wallis applied separately to the individual indices.
Capitalized letters stand for the comparisons within sites and lower
case for comparisons between sites.
(Fig. S2.7). 4.5% were exclusive for a site (shared by multiple filter replicates from
the same site) but most of the removed ZOTUs (75%) are shared among multiple
sampling sites. 20.4% of the removed ZOTUs (1,993 ZOTUs) were exclusive for a
single filter replicate and may partially explain why dissimilarities for Jaccard index
get smaller for the threshold data set. In that sense, the threshold -correction removes
inequality within the sites but even more so between filter replicates.
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Comparison

Between sites
Within sites
Between sites
Within sites

Dissimilarity
measure

Jaccard
(order 0)
Morisita Horn
(order 2)

56
3360.2
576.99
17.22
12.66

Chisquared
3
3
3
3

DF
6160
672
6160
672

n
< 0.001
< 0.001
< 0.001
0.054

p-value

Kruskal-Wallis test on ranks

a
A
a
A

Additive

b
B
a
A

Relaxed

c
C
b
A

Strict

d
D
a
A

Threshold

Multiple mean comparisons post-hoc tests

Table 2.3: Results of Kruskal-Wallis test on ranks and the following multiple mean comparisons post-hoc tests based on rank sums. ChiSquared, degrees of freedom (DF), number of data points (n) and p-values are given. Stringency treatments with the same
letter are not significantly different according to multiple comparison post-hoc test after Kruskal-Wallis (p-value = 0.01).
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When shifting to an abundance-weighted dissimilarity, in our case the MorisitaHorn index, we find no difference between stringency treatments. While the dissimilarities compared between runs get very small, the dissimilarity between filter
replicates gets highly variable compared to the incident-based Jaccard index. Pairwise dissimilarity can increase for to two reasons: First, shared ZOTUs between the
filter replicates may be highly uneven in their relative abundance. Second, only few
ZOTUs may be shared, thus leading to a high dissimilarity. Both differences can
arise from variation created either in the sampling or in laboratory processes. The
bias introduced by PCR amplification is discussed as a major impact during laboratory procedures of eDNA samples, but the influence of PCR bias should lead to
equal distributions of the individual ZOTUs if their composition is the same among
replicates. Thus, we assume that variability in sampling account for large parts to
the observed differences among replicates.

2.5

Conclusion

Our results indicate that replicates sampled in a short period (about 20 minutes
apart) are relatively dissimilar, partially based on the detection of different ZOTUs
but also based on unequal abundances among replicates, shown by the similar results
of the threshold corrected data set compared to the other stringency treatments.
A reason for the low reproducibility may be due to random sampling processes
involved in many steps of the data generation (Zhou et al., 2008, 2011). For eDNA
samples in river systems this could be for example due to patchy distribution of
eDNA (Adrian-Kalchhauser and Burkhardt-Holm, 2016; Macher and Leese, 2017;
Lawson Handley et al., 2019), transport (e.g., Deiner and Altermatt, 2014; Jane
et al., 2015), or the sampling of low volumes (Mächler et al., 2015; Cantera et al.,
2019). Random sampling processes are unlikely to lead to the absence of highly
abundant ZOTUs, but low abundances of ZOTUs can produce inconsistent results,
leading to low reproducibility in biological replicates (Zhan et al., 2014) and might
be indicated by high beta diversities (Zhou et al., 2013).
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The partitioning of Hill numbers offers an ideal framework to compare between
abundance-based and incident-based measures easily. When partitioning the data
set to Hill numbers, all four stringency measures behave similarly for gamma and
alpha diversity by showing decreased values with higher weighting of abundances.
However, they behave very differently for beta diversity, where values decreased
until the order 1 and then slightly increased again for higher orders. The threshold corrected data set showed the reverse behavior for beta diversity, where instead
values were low for presence/absences but increased with the stronger weighting of
ZOTU abundances, and thus might not be an ideal choice to detect dissimilarities
between sites. At the same time, the strict stringency criterion leads to the largest
beta and thus could be the favored selection criterion for presence/absence data.
When considering abundance weighting, our study showed that the four stringency treatments did not change outcomes. A simple rule of thumb would thus
suggest that stringency treatments in the previous data processing pipeline are negligible if abundance-weighted Hill numbers are used for the analysis. However, rare
ZOTUs can reflect important aspects of communities (Zhan et al., 2013; Ainsworth
et al., 2015; Eren et al., 2015), and might be rare due to rare presence in the study
site but also due to primer bias. The handling of rare ZOTUs thus will depend on
the study question. Whether our rule of thumb would persist for other stringency
measures (such as rarefaction) and other diversity measures (e.g., phylogenetic Hill
numbers) remains to be investigated in future studies.
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3.1

Abstract

Assessing individual components of biodiversity, such as local or regional taxon
richness, and differences in community composition is a long-standing challenge
in ecology. It is especially relevant in spatially structured and diverse ecosystems.
Environmental DNA (eDNA) has been suggested as a novel technique to detect
taxa and therefore may allow to accurately measure biodiversity. However, we do
not yet fully understand the comparability of eDNA-based assessments to classical
morphological approaches. We assessed may-, stone-, and caddisfly genera with two
contemporary methods, namely eDNA sampling followed by molecular identification
and kicknet sampling followed by morphological identification. We sampled 61 sites
distributed over a large river network, allowing a comparison of various diversity
measures from the catchment to site levels and providing insights into how these
measures relate to network properties. We extended our data with historical morphological records of total diversity at the catchment level. At the catchment scale,
identification based on eDNA and kicknet samples detected similar proportions of
the overall and cumulative historically documented richness (gamma diversity), 42%
and 46%, respectively. We detected a good overlap (62%) between genera identified
from eDNA and kicknet samples at the regional scale. At the local scale, we found
highly congruent values of local taxon richness (alpha diversity) between eDNA and
kicknet samples. Richness of eDNA was positively related to discharge, a descriptor
of network position, while kicknet was not. Beta diversity, a measure of dissimilarity between sites, was comparable for the two contemporary methods and is driven
by species replacement and not by nestedness. Although eDNA approaches are still
in their infancy and optimization regarding sampling design and laboratory work
is still needed, our results indicate that they can capture different components of
diversity, proving their potential utility as a new tool for large sampling campaigns
across hitherto understudied complete river catchments.
Key words: Ephemeroptera, Plecoptera, Trichoptera, metabarcoding, freshwater biodiversity, dendritic networks
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3.2

Introduction

Quantifying biodiversity accurately is a long-standing challenge of primary importance in ecology (Whittaker, 1972; Gotelli and Colwell, 2011; Dornelas et al.,
2013). On the one hand, there is a fundamental interest to understand the distribution of diversity in time and space and the mechanistic drivers from regional to local
scales (e.g., Gaston, 2000; Koleff et al., 2003; Gotelli and Colwell, 2011). On the
other hand, the ecological state and functioning of ecosystems is often inherently
linked to biodiversity (Pennekamp et al., 2018) and the current loss of biodiversity has potentially large negative consequences on the functions and services of
ecosystems (Chapin et al., 1998; Isbell et al., 2017). This is especially relevant for
freshwater habitats because they provide crucial ecosystem services such as drinking
water, food security, or recreational value to humanity (Postel and Carpenter, 1997;
Dudgeon et al., 2006; Cardinale et al., 2012).
In river systems, may-, stone-, and caddisflies (Ephemeroptera, Plecoptera, and
Trichoptera; thereafter abbreviated as EPT) are often used as indicators of water
quality due to their sensitivity to environmental change, their different preferences
for ecological niches, and their relatively well-known taxonomy (Schmidt-Kloiber
and Hering, 2015). The presence or absence of certain EPT taxa or their overall
richness is highly informative and can be tightly linked to habitat quality (Resh and
Rosenberg, 1993). Importantly, they not only describe the current state of a water
body, like a single water chemistry sample, but also integrate its changes over time
and therefore also inform on the long-term status of the water body. Thus, EPT
are at the heart of many freshwater quality assessments around the world and are
included in many regulatory frameworks, such as the Water Framework Directive
(Directive 2000/60/EC, but see also Borja et al., 2009) or the Canadian Aquatic
Biomonitoring Network (CABIN, Reynoldson et al., 2003).
Classically, EPT are collected with a standardized kicknet method (Barbour
et al., 1999). Taxa are then identified under a dissecting microscope, which is timeconsuming and therefore costly. Taxon richness is the most fundamental approach
to estimate biodiversity and is still widely used. Even though the number of taxa
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is a convincingly intuitive proxy of biodiversity and the basis of many fundamental concepts in ecology, it is a difficult variable to measure accurately (Purvis and
Hector, 2000; Gotelli and Colwell, 2011). Diversity can be further divided into different metrics, such as local richness, regional richness, and between-site dissimilarity (also known as alpha, gamma, and beta diversity, respectively). Importantly,
the latter metric also includes information on taxonomic identity. The emerging
technique of environmental DNA (eDNA) metabarcoding is expected to become a
complementary or even replacement method of classical morphological identification (Hajibabaei et al., 2011; Lawson Handley, 2015; Deiner et al., 2017). About
a decade ago, the first study was published on the detection of species through
DNA in an environmental sample (Ficetola et al., 2008). With the implementation
of high-throughput sequencing, which allowed not only detection of single species
but also detection of whole communities, eDNA metabarcoding has been proposed
to revolutionize biodiversity assessments (Shokralla et al., 2012; Bohmann et al.,
2014; Lawson Handley, 2015). As with every novel technique, eDNA metabarcoding creates new opportunities but also challenges, especially in terms of recognizing
what information it provides and how it compares to previously implemented and
established methodologies (Blackman et al., 2019).
Comparisons between eDNA and traditional morphological methods have hitherto mostly focused on either local or regional richness comparisons. In river systems,
previous studies have generally detected higher taxon richness with eDNA than kicknet approaches (Civade et al., 2016; Olds et al., 2016; Valentini et al., 2016). Those
results were likely due to eDNA at one location integrating taxon information from
upstream reaches via downstream transportation of eDNA (Deiner and Altermatt,
2014; Deiner et al., 2016; Pont et al., 2018). This suggests that traditional techniques
represent a more accurate local estimate, while eDNA integrates information across
space. In that context, any comparison of the two techniques will be influenced by
the spatial scale of the study. However, we still do not know whether findings are
directly comparable, complementary, or different across different spatial scales and
across different components of biodiversity, due to the specific spatial properties of
kicknet being a local sampling technique versus eDNA reflecting more an integrated
sample. A detailed understanding is needed to make decisions on how to sample
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biodiversity in complex landscapes and to compare both local and regional measures. This is particularly relevant in river landscapes, where the typical underlying
dendritic network structure is known to affect biodiversity (Carrara et al., 2012;
Altermatt et al., 2013a; Altermatt, 2013b; Harvey et al., 2018; Tonkin et al., 2018).
In our study, we compared different measures of biodiversity of EPT sampled
traditionally (i.e., by kicknet) or by eDNA, using a spatially structured approach
that representatively covered a river network in a 740 km2 catchment. We analyzed
how these two different approaches capture the facets of biodiversity at the level
of alpha (local site), beta (between sites), and gamma diversity (catchment level).
Gamma diversity information was supplemented with all historically available data.
We hypothesize that (a) revealed gamma diversity would be similar in the two
contemporary methods; (b) alpha diversity estimated by eDNA is higher compared
to kicknet sampling and morphological analysis; and (c) beta diversity between sites
is driven by nestedness for eDNA samples but should be less pronounced for kicknet
samples. The latter two hypotheses are expected to be driven by the transport
of eDNA in the river system. Given that taxon richness, community composition,
and taxon identity are among the most commonly studied biodiversity variables, we
discuss the design of biodiversity monitoring with eDNA in dendritic river networks.

3.3

Material and Methods

We studied a river network in a 740 km2 catchment containing 61 sampling
sites in the upper river Thur in northeastern Switzerland (Fig. 3.1, Table S3.1). The
catchment comprises three main river stems: Thur, Glatt, and Necker, the latter two
draining into the Thur. In a sampling campaign conducted from 11 June to 22 June
2016, we collected eDNA and benthic invertebrate kicknet samples, with the two
sampling methods performed at each site within a two-day window. To characterize
the position of sites in the network, we extracted stream order, catchment area, and
the mean annual discharge data for each site from existing databases (BAFU, 2013,
2014; Pfaundler and Schoenenberger, 2013).
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Figure 3.1: Field sites in the river Thur catchment in northwestern Switzerland
(insert at bottom right). Colors are coding for stream order (first- to
seventh-order streams: blue, cyan, green, yellow, orange, orange-red,
and red, respectively). Black lines indicate the three major subcatchments: Thur, Necker, and Glatt. Data source: swisstopo: VECTOR200
(2017), DEM25 (2003), SWISSTLM3D (2018); BAFU: EZG (2012);
Bundesamt für Landestopographie (Art.30 Geo IV): 5,704,000,000, reproduced by permission of swisstopo/JA100119.
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3.3.1

Historical data

We obtained long-term biodiversity data on gamma diversity in our catchment
from the Centre Suisse de la Cartographie de la Faune (CSCF). These data include all EPT species ever recorded in the whole catchment over the time period
1981–2016. The data are of various sampling origins, but of high quality, thus giving
a highly robust and reliable cumulative estimate of EPT genus richness (and the
respective EPT genus identity) at the whole catchment scale. The cumulative data
consist of 3,467 individual records based on observations of the species in an area of
the catchment, which we then converted into genus richness.

3.3.2

Contemporary kicknet data

We collected benthic macroinvertebrates based on three-minute kicknet sampling
applied to three microhabitats present at a given site (Barbour et al., 1999). Leaves
and debris were removed from the sample, and the remaining material was pooled
and stored in 96% molecular grade ethanol. In the laboratory, all EPT individuals
were identified with a microscope to species level. A few taxa, only present as early
instar larva or containing cryptic species, were grouped in predefined complexes,
subsequently treated at the genus level. We could not assess EPT taxa at one site
due to the loss of a sample.

3.3.3

eDNA filtration in the field

At each site, we sampled three times 250 mL of river water, each on a separate
GF/F filter (pore size 0.7 µm, Whatman International Ltd., Maidstone, UK; for
more details, see supplementary materials and Mächler et al., 2018). We collected
eDNA samples about 5–10 m upstream of the kicknet sampling to minimize crosscontamination. We directly sampled water with a disposable syringe out of the water
body; for more detailed sampling procedure, see also Mächler et al. (2018). Samples
were stored in a Styrofoam box equipped with cooling elements until we came back
from the field (no longer than 9 hr). Thereafter, the samples were stored at -20 °C
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until further processing. On each field day, we performed a replicated filter control
(FC) that consisted of 250 mL of nanopore water previously treated with UVC light
and sealed in the clean laboratory facilities. We filtered the FC in the field before
any sampling site was visited in order to check whether the reused material (i.e.,
filter housings and syringes) was clean. In total, we generated 11 such filter controls,
each consisting of three replicates and thus resulting in 33 filter controls. Zeroradius operational taxonomic units (thereafter called ZOTUs) found in at least two
replicates of a filter control from the same date were removed from all samples for
the further analysis. Further information on filtration, eDNA facilities, and material
preparation can be found in the supplementary file.

3.3.4

Extraction and library preparation

Detailed information about the extraction and library preparation can be found
in the supplementary file. In short, we used the DNeasy Blood & Tissue Kit (Qiagen GmbH) to extract the DNA from eDNA samples in a randomized order, also
including extraction controls (EC) and filter controls (FC). Finally, DNA was eluted
in 75 µL AE buffer at the end of the extraction and cleaned with One Step PCR
Inhibitor Removal Kit (Zymo Research). We used the Illumina MiSeq dual-barcoded
two-step PCR amplicon sequencing protocol. We targeted the short COI barcoding
region specified by Leray et al. (2013) and Geller et al. (2013). The first PCR was
performed with primers that contained an Illumina adaptor-specific tail, a heterogeneity spacer, and the amplicon target site (see Table S3.2). On each of the 96-well
PCR plates, we included a negative (NC) and a positive PCR control (PC). The
negative control consisted of 5 µL molecular biology grade Sigma water (Merck AG),
and the positive control consisted of 4 µL of an eDNA sample and 1 µL (0.01 ng/µL)
of an artificial dummy DNA (a randomly generated double-stranded DNA sequence
of 313 bp in length with matched primer region; see supplementary information). We
pooled three PCR replicates per sample and cleaned it with SPRI beads (Applied
Biological Materials Inc.). For the second PCR, we used the Nextera XT Index Kit
v2 (Illumina) to index each sample in a PCR with 10 cycles and cleaned afterward
the index reaction with SPRI beads again. We quantified each sample with the Spark
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10M Multimode Microplate Reader (Tecan Group Ltd.) by using the Qubit dsDNA
BR assay (Thermo Fisher) and pooled them in equimolar parts into a final pool
that we cleaned again with SPRI beads. All controls (FC, EC, PC, NC) were run
alongside the samples and were pooled according to their concentrations. Controls
that were too low to quantify were pooled into the second lowest concentrated pool
with 10 µL, equal to the volume of the lowest sample in the respective pool. The
libraries were added at 16 pM concentration, and PhiX control was added at a 10%
concentration. A paired-end 600 cycle (2 × 300 nt) sequencing was performed on
an Illumina MiSeq (MiSeq Reagent Kit v3, 300 cycles) following the manufacturer’s
run protocols (Illumina). To increase the sequencing depth, a second run of the same
pooled libraries was conducted.

3.3.5

Bioinformatic data processing

After the two successful Illumina MiSeq runs, the data were demultiplexed and
the quality of the reads was checked with FastQC (Andrews, 2015). Raw reads
were end-trimmed (usearch, version 10.0.240, R1:30nt, R2:50nt) and merged with
an overlap of min 15 bp max 300 bp (Flash, version 1.2.11). Next, the primer sites
were removed (full length, no mismatch allowed, cutadapt, version 1.12), and thereafter, the data were quality-filtered (prinseq-lite, version 0.20.4) using the following
parameters: size range (100–500), GC range (30–70), mean quality (20), and low
complexity filter dust (30). In a next step, UNOISE3 (usearch, version 10.0.240)
was used to determine amplicon sequence variants (ZOTUs). UNOISE3 has a buildin error correction to reduce the influence of sequencing errors (Edgar, 2016). An
additional clustering at 99% sequence identity was performed to reduce sequence
diversity and to account for possible amplification errors in the first PCR. The resulting ZOTUs were checked for stop codons using the invertebrate mitochondrial
code, to ensure an intact open reading frame. This resulted in 27 M reads corresponding to 11,313 ZOTUs (Table S3.3). In a first step, all COI-related sequences
were downloaded from NCBI. In a next step, the ZOTUs were blasted against the
NCBI COI collection and the top five best blast hits were extracted. We used the R
packages ’taxize’ (Chamberlain and Szöcs, 2013, version 0.9.7) and ’rentrez’ (Win69
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ter, 2017, version 1.2.2) to obtain taxonomic labels based on the accession numbers.
The fasta headers of the selected COI sequences were modified with the taxonomic
labels in order to index the database. As a final step, the ZOTUs were assigned to
taxa using Sintax (usearch, version 10.0.240) and the NCBI COI-based reference.
The annotations of taxonomic problematic or missing predictions were verified later
using Sintax and the MIDORI references (Machida et al., 2017).

3.3.6

Data analysis

Our analysis was based on the following strategy: First, we confirmed that the
two Illumina runs could be combined, and second, we cleaned the sequencing data
and selected only ZOTUs that were assigned to an EPT order (see detailed information in the supplementary file). For individual sites, ZOTUs were only counted
if they were present in at least two of the three independent replicates (Fig. S3.1),
which is a highly stringent assumption and conservative with respect to detection
of taxa. Thereafter, we were able to analyze various diversity measures to identify
congruence and differences between eDNA and kicknet sampling approaches: (a)
gamma, (b) alpha, (c) beta diversity, and (d) between-method community dissimilarity. All statistical analyses were performed using R (R Core Team, 2018, version
3.5.2).

Gamma diversity

We used the R package ’venneuler’ (Wilkinson and Urbanek, 2011, version 1.1-0)
to draw Venn diagrams for gamma richness of historic, eDNA, and kicknet data. We
used the R package ’vegan’ (Oksanen et al., 2011, version 2.5-4) to calculate two
different taxon accumulation curves of the two sampling methods over the whole
catchment: the first one with random method and the second in collector method
where we ordered the samples from down- to upstream.
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Alpha diversity

To compare diversity estimates delivered by the two methods, we used the R
packages ’phyloseq’ (McMurdie and Holmes, 2013, version 1.24.2) to calculate richness. With Pearson’s correlation test, we identified whether richness measures at
sampling sites correlate between the two contemporary methods. We then tested
whether genus richness of the two methods increased with discharge, using a linear
model.

Beta diversity

We used Sørensen dissimilarity as a measure of beta diversity, based on the
presence/absence data. With the R package ’betapart’ (Baselga et al., 2017, version
1.5.1), we calculated Sørensen dissimilarity, which can be further partitioned into
nestedness and turnover components, allowing us to distinguish dissimilarity arising
through embedment (i.e., loss) or replacement of species (Baselga, 2010; Baselga
et al., 2017). To observe how beta diversity measures relate to stream distance, we
extracted distances between sites and nodes (junctions where two rivers join) from
GIS data (swisstopo) and added these as edge weights. We then constructed the
adjacency matrix representing our fluvial network consisting of edges and vertices
with the R package ’igraph’ (Csardi and Nepusz, 2006, version 1.2.4) to calculate
stream distance between flow-connected sampling points. We used linear models
to test whether distance and the difference in stream order of the compared sites
explain patterns in the beta diversity measures. We compared models including
a null model (by fitting a constant to test the null hypothesis that the slope is
zero), models containing only one of the explanatory variables, or both variables
(with and without interaction), and performed model averaging in order to calculate
relative variable importance (R package ’MuMIn’, Barton, 2009, version 1.43.6). We
additionally calculated Sørensen dissimilarity and checked for differences among
stream orders. First, we tested for heterogeneous variance with a Bartlett test, and
if it was significant, we performed a Kruskal–Wallis test to identify whether there
was at least one difference in means. If this was true, then we followed a multiple
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mean comparison post hoc test on rank sums (R package ’pgirmess’, Giraudoux,
2018, version 1.6.9).

Between-method community dissimilarity

We also calculated Sørensen dissimilarity and its two components, nestedness
and turnover, between eDNA and kicknet samples for each individual site to detect
discrepancies in community composition between the two contemporary methods.

3.4
3.4.1

Results
Gamma diversity

At the regional scale (i.e., the whole catchment level), 96 different EPT genera
were historically documented. We found 47 EPT genera with our kicknet samples
and 42 genera with our eDNA samples, reflecting 46% and 42% of the historically
established taxon richness, respectively (Fig. 3.2 and Table S3.4). A high proportion
of these sampled taxa were already present in the historic records (94% and 95%,
respectively). Thirty-six of these EPT genera were detected with both the kicknet
method and the eDNA method, reflecting a 62% overlap of the two methods. Both
methods also detected a similar additional proportion of taxa found by one method
only, but present in the historic data set (Fig. 3.2). Finally, we found four genera
with eDNA, kicknet sampling, or both approaches that were not previously listed in
the historic data. All of these four genera occur at the border of our studied catchment, and due to more recent range expansions rare, single appearances within the
catchment are possible. Separate taxon accumulation curves (accumulating gamma
richness with number of sites included) for the kicknet and the eDNA methods were
qualitatively similar (Fig. S3.2A), based on visual comparison of the curves and their
95% confidence band. This pattern remained similar even if sites were accumulated
in the order from the most downstream to the most upstream sites (Fig. S3.2B).
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Figure 3.2: Overlap of EPT genera in the three different datasets over the whole
catchment. Bubble size is proportionate to the number of genera detected.

3.4.2

Alpha diversity

At the local scale, the two contemporary methods revealed similar genus richness (eDNA mean M = 10.22, standard deviation SD = 4.2; kicknet M = 10.47,
SD = 3.1), and the detected richness values were positively correlated (r (58) = 0.42,
p < 0.001; Fig. 3.3). As eDNA is transported through the river network, we found
a positive relationship between genus richness and discharge for eDNA (β = 0.537,
t(58) = 2.848, p = 0.006) but not for kicknet (β = 0.073, t(58) = 0.495, p = 0.62);
however, the adjusted R2 was relatively low (eDNA R2 = 0.101; Fig. 3.4).

3.4.3

Beta diversity

Overall, we found comparable Sørensen dissimilarity between flow-connected
sites for eDNA and kicknet. For both methods, the turnover component contributed
more to the dissimilarity than nestedness-related components (Fig. 3.5; see Table
S3.5 for information on detected genera per site), which was more pronounced for
eDNA than kicknet. The analysis for the relative importance of variables showed
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Figure 3.3: Detected richness of EPT genera comparing kicknet versus eDNA sampling. The gray line indicates the confidence ellipse based on multivariate normal distribution, and the dotted line is the 1:1 line. Colors and
shapes of the individual data points are according to stream order and
the sampling sites’ subcatchment, respectively. Points are minimally
jittered due to overlapping cases.
that differences in stream order were generally more important for all beta diversity measures; however, for turnover of both eDNA and kicknet, pairwise distance
between sites showed only partially lower importance compared to the differences
in stream order (Table S3.6). Both methods showed significant differences in mean
Sørensen dissimilarity among stream orders, and we found significant group differences for the post hoc mean comparisons in stream orders (Fig. 3.6 and Table
S3.7).

3.4.4

Between-method community dissimilarity

We found an intermediate discrepancy in the community compositions described
by the two contemporary methods (M = 0.48, SD = 0.14, Fig. S3.3), and partition74
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ing this difference into nestedness and turnover components indicates that turnover
contributes more to the differences in detected EPT genera.
eDNA
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Figure 3.4: Richness of eDNA and kicknet samples plotted against the logarithmic annual mean discharge. The gray line gives the significant linear
regression line for eDNA only due to nonsignificance for kicknet genus
richness. Colors are according to stream order, and the shape indicates
to what subcatchment the site belongs to. Points are minimally jittered
due to overlapping cases.

3.5

Discussion

By using a spatially structured approach covering a major river network, we
found similar patterns of diversity measures of EPT sampled with kicknet and
eDNA. Using a unique historically assembled overview of cumulative, “true” gamma
diversity within the study region, we were able to put our contemporary samples
in a historic context. We found a quantitatively similar overlap between each contemporary approach and historic gamma diversity, in accordance with other studies
comparing eDNA with long-term data in freshwater systems (e.g., Hänfling et al.,
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Figure 3.5: Pairwise beta diversity against pairwise stream distance for flowconnected sites only. Beta diversity is calculated based on the Sørensen
dissimilarity and is split into the two components of nestedness and
turnover. The color gradient indicates the difference in stream orders
of the pairwise compared sites, and solid lines indicate the regression
line in cases where stream distance showed relative importance too.

2016; Valentini et al., 2016). Given that the historic dataset covers several decades
(1981–2016), we do not expect that all taxa are still present in the catchment at the
time of this study (2016) due to changes in distribution or local extinctions, and we
would also expect some new taxa to appear. Thus, the observed 42% overlap between
a single snapshot sampling campaign and the gamma diversity obtained by cumulative sampling efforts over almost four decades is relatively high. Surprisingly, taxon
accumulation curves for eDNA and kicknet sampling were not significantly different, although we expected that downstream transport of DNA would contribute to
a faster increase and saturation of genera for eDNA compared to kicknet sampling.
Our approach suggests that a single eDNA sampling campaign may cover large parts
of historically detected gamma diversity. This indicates that eDNA could be used
as a new tool for rapid network-level richness analyses and biodiversity assessments.
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Figure 3.6: Pairwise beta diversity (Sørensen dissimilarity) within stream orders.
Stream orders with the same letter are not significantly different according to multiple mean comparison test after Kruskal–Wallis; see
Table S7 for the statistical results.

Such systematic BioBlitz sampling (Laforest et al., 2013; Lundmark, 2003) across
hitherto understudied complete river catchments may be a promising avenue, since
minimally trained people without any taxonomic expertise can collect great parts
of regional or even landscape richness in a rapid time frame with this method.
We also found a reasonable congruence in local alpha diversity of the two contemporary methods and identified a new dependency of eDNA estimates on discharge
level. Overall, local richness estimates of eDNA and kicknet sampling are highly
comparable. This comparability may be strengthened by our highly stringent inclusion criteria for eDNA estimates, which are more conservative than those used in
previous studies that detected higher richness with eDNA compared to traditional
methods (e.g., Deiner et al., 2016; Valentini et al., 2016). In addition, we used a
COI barcoding primer targeting a broad taxonomic range, which may also have a
lower detection rate for specific taxonomic groups. In near future, the forthcoming
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design and use of EPT-specific primers or the completion of EPT sequence references should reduce the current drawbacks of eDNA methods regarding taxonomic
identification. For eDNA, we found a positive relationship between richness and discharge, which was not the case for kicknet data and could be attributed to eDNA
integrating biodiversity detection across space due to downstream transport (Deiner
and Altermatt, 2014; Li et al., 2018; Pont et al., 2018). Alternatively, richness indeed
increased with discharge (i.e., downstream), but the slightly sub-optimal sampling
period (summer) and the simplified kicknet protocol we used was an inappropriate technique for sampling larger streams, and thus obscured the relationship. Both
aspects reduce detection of genera with the traditional methods, as some species
might be missed due to reduced sampling effort or immature larval stages hampering identification. Surprisingly, the 7th stream order sites diverge from this pattern,
potentially because we could only access part of these wide river cross sections, and
sampling was restricted to the river edge where less mixing occurs, where more extensive sampling may be needed with eDNA (Bylemans et al., 2018). Also, recent
studies indicate that eDNA is not evenly distributed in the water column (Macher
and Leese, 2017), and it is still unclear how spatial variance in structures, such as
riffles and ponds, is affecting the mixing of the water column and thus the equal detection of eDNA along the water column. We speculate that only in smaller streams
(1st to 5th order), one or two samples from the edge or in the center adequately reflect the eDNA distribution across the river transect, while in larger rivers, multiple
samples across the cross section may be recommended.
We found that pairwise beta diversity (Sørensen dissimilarity) at the local scale
was similarly assessed by the two methods, which is congruent to findings by Li
et al. (2018). Despite differences among sites in Sørensen dissimilarity, the turnover
component (i.e., species replacement) contributes more to the dissimilarity than
nestedness for both methods but is even more pronounced for eDNA than kicknet.
Turnover indicates that species are replaced between the sites and implies that
transportation of eDNA is not the main mechanisms driving differences; otherwise,
nestedness would be expected to be stronger. Barnes and Turner (2016) presented
many processes (e.g., degradation, re-suspension, or fragmentation) that influence
eDNA in the environment and therefore challenge our mechanistic understanding.
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Thus, it remains unclear whether the detected differences stem from ecological or
methodological variation.
Studies on diversity patterns have long focused on a linear view of streams. But
it is now increasingly acknowledged that the underlying network structure plays
a significant role in shaping species distributions (Holyoak et al., 2005; Carrara
et al., 2012; Seymour et al., 2015; Harvey et al., 2018; Tonkin et al., 2018; Harvey
and Altermatt, 2019). While experimental laboratory studies and field surveys have
found general patterns of diversity distribution in river landscapes, we do not know
whether eDNA will lead to similar findings or not. Multiple studies showed that
there is higher beta diversity among headwaters compared to downstream reaches
(Finn et al., 2011; Carrara et al., 2012; Altermatt et al., 2013a). When comparing
beta diversity within stream orders, we detect differences between groups of stream
orders for both methods. These differences are mainly between beta diversity of
large stream orders and small stream orders, as expected by theory.
Overall, for local composition, we see some discrepancy of the two methods for
community composition at specific sites. This discrepancy is driven by turnover,
indicating that detection of different species with the two methods differs and is not
due to the integration of eDNA over distance. We see several mechanisms that could
cause this difference between the two methods. First, bias introduced in the laboratory process may have hampered the detection of species that were actually present
(e.g., through primer bias (Elbrecht and Leese, 2017), PCR stochasticity (Leray
and Knowlton, 2017), sequencing depth). The design of specific EPT primers may
improve comparison and deliver even a better overlap than a universal eukaryotic
primer as we used in this study. Second, DNA shedding rates, densities, and activity
can differ between genera (De Souza et al., 2016; Sassoubre et al., 2016; Bylemans
et al., 2017) and affect the eDNA detection. Also, it remains unknown how habitat
preferences of different genera affect detection due to limited mixing or flow of the
preferred habitat. Third, it is possible that DNA got resuspended from sediments
through the mixing of the water column or other disturbances (Jerde et al., 2016;
Shogren et al., 2016, 2017), resulting in a signal of locally extinct taxa. However,
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we have no indication from the historic data that genera detected only with eDNA
have been absent in the catchment for a longer time.
The distribution of biodiversity and indicator species is of interest to many fields
in ecology, from basic research and theory to applied projects of biodiversity conservation and ecosystem assessments. Our work identifies novel opportunities of eDNA
as a reliable tool to detect biodiversity patterns, similar to traditional kicknet sampling in riverine networks. Our findings show high robustness of the method, allowing
its use for rapid richness analyses and offering the potential to do quick assessments
of biodiversity with untrained collectors for BioBlitz campaigns or citizen science
projects. However, if the goal is to extend previous biomonitoring or biodiversity
datasets with eDNA sampling, the spatial scale must be considered when designing
sampling schemes to detect taxon richness.
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4.1

Abstract

Alpine streams are particularly valuable for downstream water resources and for
ecosystem conservation. However, the details of where and when water is stored and
released in the heterogeneous mountain environment are rarely known. The use of
physico-chemical flow path tracers is particularly challenging due to the temporary
accumulation and storage of water in the form of snow and ice. Alternatively, biological tracers might complement information on flow and storage of water, especially
as the different microhabitats in Alpine aquatic systems are inhabited by characteristic organismal communities. In this study, we explored the potential of particles
of environmental DNA found in the water (eDNA) to characterize hydrological flow
paths and connectivity in an Alpine catchment in Switzerland. Between March and
September 2017, we sampled water at 11 time points at 10 sites distributed over the
13.4 km2 Vallon de Nant catchment for genetic species information based on naturally occurring eDNA. The sites correspond to three different water source types
and habitats (main channel, tributaries, and springs).
Comparison of typical hydrological tracers and eDNA with temporal evolution
of stream flow revealed that in the main channel and in the tributaries, the change
in stream flow, dq/dt, is strongly correlated with biological richness. In springs,
electrical conductivity was found to have a positive but not as strong correlation
with biological richness. When stream flow is increasing, transport of additional,
and probably terrestrial, DNA into water storage or flow compartments is occurring.
Such processes include overbank flow, stream network expansion and retraction, and
hyporheic exchange. In general, our results highlight the importance of considering
the at-site sampling habitat in combination with upstream connected habitats to
understand how streams integrate eDNA over a catchment and to interpret spatially
distributed eDNA samples, both for hydrological and biodiversity assessments. We
identify next steps to be addressed to use eDNA as an independent tracer of Alpine
water sources and we provide recommendations for future observation of eDNA in
Alpine stream ecosystems.
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Keywords: snow melt, glacier melt, groundwater, Alpine, eDNA, hydrology,
metabarcoding

85

Chapter 4

4.2

Introduction

Alpine environments are water towers for lowland areas (Viviroli et al., 2007),
are considered hotspots for biodiversity (Körner, 2002), and are likely disproportionately affected by climate change (Grabherr, 2009; Jacobsen et al., 2012). These
mountain areas occupy complex topography and span a large elevation gradient,
thus their physical environment varies tremendously compared to lowland areas,
creating a landscape with an enhanced heterogeneity of water flow paths due to a
strong seasonality of water inputs (from rain to snow to snow melt) combined with
extreme physical variation, such as temperature, slope, aspect, and radiation. Channel networks in Alpine areas regularly expand and contract, because a large portion
of streams are ephemeral (Godsey and Kirchner, 2014; van Meerveld et al., 2019).
Besides providing the water for downstream ecosystems and anthropogenic water
use (Nolin, 2012), this heterogeneity creates diverse habitats. Meanwhile, mountain
areas are regarded as particularly valuable for conservation due to the lower pressure of human impact, their potential to act as ’sentinels’ of future consequences of
change, and their heterogeneous physical environment (Füreder et al., 2002; Khamis
et al., 2014).
Despite the importance of mountain water resources, many unanswered questions remain about hydrologic processes in mountain environments. A watershed
collects water that has fallen as rain and snow, stores some of it (i.e., ground water,
soil moisture, or snow) and releases it as stream flow, evaporation or transpiration
over time. From a hydrological as well as from an ecological viewpoint, one central
question to answer is from where stream water originates (Nolin, 2012; McGuire and
McDonnell, 2015; Cochand et al., 2019). However, hydrologic processes are difficult
to observe because they occur out of reach, for example in the atmosphere or the
subsurface (McDonnell et al., 2007). There is an ongoing search for hydrologic tracers that decompose river water into its most recent storage compartment (glacier,
snow, vegetation, soil, groundwater) and identify when it entered the stream network (Williams et al., 2009; Blume and Van Meerveld, 2015; Mosquera et al., 2018;
Abbott et al., 2016).
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Water in Alpine catchments varies tremendously in its physico-chemical properties, such as temperature, discharge, stable isotopes and electrical conductivity
(E.C.). These properties offer clues to identify water flow paths, temporary water
storage and its associated time scales (Klaus and McDonnell, 2013; Penna et al.,
2014; Tetzlaff et al., 2015; Zuecco et al., 2019). E.C. can discriminate snow melt,
which has very low levels of sodium, from groundwater, which typically has much
higher levels of solutes (Williams et al., 2006; Kobierska et al., 2015; Cochand et al.,
2019). Water temperature, on the other hand, is not conservative, meaning that it
changes along a water course, but it can provide valuable clues to separate surface
water, which has a strong diel variation, and influxes of water from the subsurface with more consistent temperatures (Constantz, 1998; Hoehn and Cirpka, 2006;
Selker et al., 2006; Westhoff et al., 2007; Comola et al., 2015). Stable isotopes of water
have classically been used as tracers because they show a clear variation according to
season and elevation in precipitation input. However, in high Alpine contexts, they
often fall short in offering additional insights into dominant flow paths because the
isotopic ratio of all potential water sources is dominated by the precipitation phase
of incoming water (rain versus snow; Lyon et al. 2018; Beria et al. 2018; Penna et al.
2018).
Different biological habitats emerge because of the variations in physio-chemical
properties, which determine the benthic communities living in specific places in
streams (Brown et al., 2003; Milner and Petts, 1994; Ward, 1994). Additionally,
characteristics of these habitats vary according to high temporal dynamics: a single
disturbance event, for instance, such as a heavy rainfall event, can perturb a system with little predictable frequency (Malard et al., 2000; Smith et al., 2001). Even
though these events may only result in short-term deviations, they affect the communities living within the stream, creating diverse biological communities reflecting
variation in physio-chemical properties (Savio et al., 2015). Therefore, biological organisms and particles, such as diatoms (Pfister et al., 2009; Lan et al., 2019) or
bacteria (Wang et al., 2017) show promise as tracers, specifically for connectivity of
the stream network and between terrestrial and aquatic ecosystems.
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In recent years, the use of environmental DNA (eDNA) has been proposed to
monitor organisms in aquatic ecosystems (Bohmann et al., 2014; Deiner et al., 2015;
Valentini et al., 2016), but has yet to be explored by hydrologists as an additional
tracer. All organisms leave traces of their genetic material, or DNA, behind in the
environment, which can be collected in environmental samples and analyzed by using
molecular approaches. eDNA can detect communities of a broad taxonomic scale
with the use of a single sampling technique in combination with the high through-put
sequencing of a barcoding region (so called metabarcoding), which allows detection
of genetic diversity approximately at the level of species.
Artificially introduced DNA attached to particles has already been shown to be
a reliable and useful hydrologic tracer (Foppen et al., 2013; Dahlke et al., 2015;
McNew et al., 2018) and naturally occurring DNA has just started to enter into the
repertoire of hydrologic tracers (Carraro et al., 2018; Good et al., 2018). We believe
that eDNA metabarcoding holds enormous potential for the analysis of hydrologic
flow paths and connectivity from multiple disciplinary perspectives. So far, eDNA
studies have extensively been used in aquatic systems (Belle et al., 2019), but rarely
targeted alpine river systems (beside Thalinger et al. 2018). Moreover, the collection
of time series to survey changes of eDNA is very limited (Bista et al., 2017; Beentjes
et al., 2019).
In this study, we asked three interlocking questions regarding the usefulness of
eDNA as a tracer from the perspective of a hydrologist searching for new tracers to
tackle mountain hydrology. However, their answers would also benefit the biologist
observing Alpine diversity. First, does eDNA discriminate between the three sampled
water sources? Second, how do changes in physical water flow processes, reflected
as hydrologic heterogeneity in space and time, affect the eDNA composition? And
third, do upstream tributaries and springs determine the eDNA signal in the main
downstream channel? We monitored eDNA in an Alpine catchment in Switzerland
with on-going hydro-meteorologic observations. From March to August 2017, we
sampled 11 sites corresponding to three different habitats (main channel, tributaries
and springs roughly corresponding to the idealized Alpine stream types proposed by
Ward (1994) of kryal, rhithral, and krenal ). On 11 sampling days, we observed the
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E.C., water temperature and stable isotope ratios of the water (δ 18 O and δ 2 H) and
simultaneously collected eDNA from water. In addition, we continuously monitored
discharge at the catchment outlet and meteorological parameters at four stations
distributed across the catchment. Our study provides an initial assessment of the
spatial and temporal heterogeneity of eDNA in an Alpine stream system, and an
initial biodiversity benchmark. This is an important first step for use of eDNA
as a tracer and provides concrete recommendations for sampling eDNA in Alpine
streams.

4.3
4.3.1

Methods
Site description

The Avançon is the main stream in the Vallon de Nant catchment (Canton of
Vaud, Switzerland, Fig. 4.1). The 13.4 km2 catchment ranges from 1200 m a.s.l.
(46.25301 o N, 7.10954 o E ) to 3051 m a.s.l. (Le Muveran). It has a dominant north
exposition, with almost no direct sun during winter in its upper parts, allowing a
small glacier (Glacier de Martinets, 0.36 km2 , GLAMOS 1881-2018) to persist at
relatively low elevation. The stream flow regime is of the so-called nivo-pluvial type
(Aschwanden and Weingartner, 1985), with a monthly stream flow peak in June.
The catchment lies over the north-western section of the Nappe de Morcles, which is
a tectonic nappe fold with an amplitude exceeding 10 km and a prominent inverse
limb, whose stratigraphy is completely reversed, from which the Vallon de Nant has
been eroded, leaving a clayey Oligocence flysch at the upper surface (elsewhere, the
bottom of the Nappe) with a low permeability (Thornton et al., 2018).
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Figure 4.1: Map of Vallon de Nant showing sampling sites and stream network.
Main channel sites are red squares, tributaries by green triangles and
springs are represented with blue circles, in all three cases, shading
lightens with elevation. The two letter codes are used to identify the
sites. The main channel is the Avançon de Nant, which is shown in dark
cyan and predominately ephemeral tributaries of various origins are
shown in turquoise. The remaining Martinet glacier is shown in light
blue. The location of the catchment on an outline of Switzerland with
its main hydrologic network is shown to the lower right. On the right are
pictures of the main channel (MR/ER, top), a tributary (ST, middle)
and a spring (BS, bottom). Colored circles show sampling points and
arrows show direction of water flow.
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4.3.2

Field collection

Instrumentation

A stream gauging station in the Avançon defines the catchment of the Vallon
de Nant. Discharge was measured using a VEGAPULS WL-61 optical height gauge
(VEGA, Schiltach, Germany) over a geophone weir (installed by the Swiss Federal Institute for Forest, Snow and Landscape Research) and a determined rating
curve (Ceperley et al., 2018). A network of four distributed meteorological stations
(at 1253, 1500, 1780 and 2100 m a.s.l.) included precipitation and air temperature,
mainly measured with Lufft-WS 300/400 (Fellbach, Germany), solar radiation with
Apogee incoming radiometer (SP230, Logan, Utah, U.S.A.), mounted in an energetically autonomous wireless network with a GPRS connection (Sensorscope Sarl,
Lausanne, Switzerland, Ingelrest et al. 2010; Michelon et al. 2018). At a single point
(1253 m a.s.l.), a MADD tipping bucket rain gauge provided back up measurements
(Fallot 2013, Yverdon, Switzerland). Data from the Swiss automatic meteorological station network is used to gap fill the local observations (12 missing days in
2017, gap filled with stations Evionnaz, Les Diablerets, Sorniot-Lac Inférior, or Bex,
Avançon, Heimo et al. 2007). Water temperature was logged at most sampling sites
with Hobo temperature/light pendants (Bourne, MA, USA).

Hydrological parameters

Water was sampled using 12 mL amber screw vials with a solid polypropylene
cap and a silicone rubber/PTFE septa (BGB Analytik, Boeckten, Switzerland).
Temperature and E.C. were measured simultaneously with water sampling using
a WTW (multi-3510 with a IDS-tetracon-925, Xylem Analytics, Germany). When
temperature was not measured at sampling, it was filled with an observation from
the continuous water temperature log. When E.C. was not measured in the field, it
was post-analyzed using a glass bodied 6 mm probe in the laboratory (Jenway 4510,
Staffordshire, UK). Water was analyzed for stable isotope compositions of oxygen
and hydrogen using a Picarro Wavelength-Scanned Cavity Ring Down Spectrometer
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(WS-CRDS) 2140-i (Santa Clara, California, U.S.A.). Samples were injected a minimum of six times and the last three measurements were averaged to calculate a raw
value. Values were corrected according to a standard curve determined with internal
standards, which are regularly calibrated against international standards VSMOW
(Vienna Standard Mean Ocean Water) and SLAP (Standard Light Antarctic Precipitation) of the IAEA (International Atomic Energy Agency). Delta units of isotope
compositions are reported (Coplen, 1994).
A total of 135 composite rain samples were collected using funnels flowing into
insulated bags at 3 locations corresponding to the rain gauges (1253, 1500, and 2100
m a.s.l.) and emptied weekly or biweekly between June 2016 and November 2018.
Between February 2016 and April 2018, 199 snow samples were collected in a semirandom distributed manner across the catchment and include the entire snow pack
depth when possible. All available samples of precipitation were used to determine
a local meteoric water line, which was used to determine the lc-excess, or offset from
the LMWL:
L = δ 2 H − 7.82. ∗ δ 18 O − 10.47

(4.1)

A positive value of lc-excess falls above the LWML and a negative one below,
with significance in that offset determined according to the measurement error in
the determination of both isotope concentrations (Landwehr and Coplen, 2006). The
value of lc-excess reflects the source water and physical processes that occurred at
the surface, with more negative values signifying more evaporation and condensation
since precipitation, in general.
Baseflow is identified as the lowest value in a ten day moving window. The change
in discharge over time, dq/dt, was determined as the slope of the linear regression of
the highest resolution (10 minutes) discharge over the antecedent 48 hour window
and reported as mm/day2 . This method was retained after comparison with calculation of the average of hourly and daily steps and the total change over various
time windows (6-120 hours) as the best solution to capture the high resolution of
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the variability in discharge (see Fig. S4.1). It was calculated at the watershed outlet
for the moment of time when each sample was collected.
Snow covered area was calculated as a ratio from 0 to 1 over the non-forested
part of the catchment using 21 Landsat 8 images and 24 Sentinel 2 images between
September 2016 and December 2017 (Michelon et al., 2018). A linear interpolation
of the combined time series was used to provide a fractional area covered with snow
per sampling date.

eDNA Sampling

eDNA filtration was performed directly in field. We filtered 250 mL of stream
water on each of four filter replicates per site using GF/F filters (25 mm diameter,
0.7 µm, Whatman International Ltd., Maidstone, UK). Following filtration, we dried
the filter by squeezing air through it, rolled the filter with tweezers, and stored the
filter into a 1.5 mL tube following the description of Mächler et al. (2018). If it
was not possible to collect 250 mL on a single filter, we used more filters until we
reached the goal of 1 L filtered water per site. The tubes were transported on ice
and were then stored at –20 °C. We implemented a negative filter control consisting
of 1 L MilliQ water that was previously treated with UVC light, before beginning
sample collection in the field, to verify a DNA-free status of used materials. Sites
were sampled in all cases except for extreme avalanche conditions, snow cover, and
when dry.

4.3.3

Metabarcoding laboratory procedure

Extraction of eDNA

We extracted the DNA from the filters after all samples had been collected.
We used the DNeasy® Blood Tissue kit (Qiagen, Hilden, Germany) following the
protocol for animal tissue besides a few changes (see supplementary material). In
order to reduce biases due to lab procedure, we extracted the samples in a random
93

Chapter 4

order. During extraction, we combined two of the four filter replicates, resulting in
two extractions per sampling event at the individual sites. We included a negative
extraction control, containing a filter previously treated with UVC light, for each
batch of extractions, resulting in 8 extraction controls. The extracted DNA was
stored at –20 °C until further processing.

Library preparation

Generally, eDNA exists in low concentrations in the environment and in order
to sequence the DNA, we need to capture and amplify the gene region of interest.
In our study, we target a subsection of a previously identified barcoding region for
eukaryote species (Hebert et al., 2003), a 313 base pair fragment of the cytochrome
c oxidase I gene (COI, Geller et al. 2013; Leray et al. 2013). We used the Illumina
dual-barcoded two-step protocol to amplify and sequence our samples consisting
of polymerase chain reactions (PCR) replicates to minimize stochasticity effects,
implementation of additional controls, indexing, and pooling (see supplementary
material for individual steps).

Laboratory conditions and negative controls

eDNA laboratory methods are optimized for the detection of low amounts of
DNA and thus very sensitive to contamination. In order to reduce false positives,
we followed the previously described laboratory precaution for work with eDNA
(Deiner and Altermatt, 2014; Deiner et al., 2015; Mächler et al., 2015). Reused field
material, such as filter housings and syringes, was soaked 40 minutes in 2.5% sodium
hypochlorite (i.e., bleach), rinsed with deionized water and treated with UVC light
prior to the reuse in the field. Furthermore, four types of controls were sampled
during the field (filtration) and laboratory procedure (extraction, PCR negative
and PCR positive, see supplementary material), which were run alongside the eDNA
samples during the laboratory workflow and are later used for data cleaning.
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4.3.4

Molecular data processing

Bioinformatic analysis

The main goal of the bioinformatic analysis is to remove errors due to sequencing
techniques and regroup sequences into operational taxonomic units (OTUs). High
through-put techniques produce errors during sequencing and in order to increase
appropriate sequence identification, the resulting reads are cleaned and undergo an
initial check for quality (see supplementary material). We determined variations of
the amplified DNA sequences and reduced the influence of sequencing errors with
UNOISE3 (usearch v10.0.240, Edgar 2016). The detected sequence variants were
clustered at 99% sequence identity to reduce diversity and to account for possible
amplification errors. This clustering of the sequences is resulting in so called ZOTUs
(i.e. zero-radius operational taxonomic units). In this sense, a ZOTU is a cluster of
DNA sequences that are very similar (99%) and can be seen as a rough proxy for
species. As a final step, the ZOTUs were assigned to a taxonomic name if possible
(blast 2.3.0 and usearch v10.0.240, tax filter = 0.9).

Data cleaning

The three negative controls produced during the field and laboratory procedure
were used to remove noise caused by contamination and failed sampling. In a first
step, we examined potential contamination after Evans et al. (2017) in the following
way: For each ZOTU found in one of our negative controls, we calculated a relative
frequency by dividing the sum of reads for an individual ZOTU by the sum of
all ZOTUs in the negative controls, which was then used as a threshold to clean
the field samples (file available upon request). Any ZOTU with a frequency below
the threshold was removed from further analysis. We then merged the two eDNA
replicates for each sampling point and removed any samples that were below 20,000
reads (2 out of 107 samples), likely originating from errors in the field.
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ZOTU rarefaction

A ZOTU is a cluster of very similar DNA sequences and a single ZOTU can be
seen as a rough proxy for a species. The number of species, also called richness, is a
simple measure of biodiversity in ecology. However, richness is strongly affected by
the sampling effort (i.e. the higher the sampling effort, the more species that will be
found). Therefore, in order to compare diversity measures between sites, data were
rarefied, a method to standardize effort (Simberloff, 1978). The number of reads per
sample is used as a proxy for sampling effort. Therefore, we also rarefied the data to
the sequencing depth, or number of reads, of the lowest field sample (26,759 reads).

4.3.5

Data analysis and statistics

We use multivariate analyses to answer three specific questions: i) whether the
origin of a water sample determines the specific composition of eDNA; ii) whether
hydrological heterogeneity correlated with the eDNA as measured by the number
of species entities; and iii) whether the contribution of springs and tributaries can
explain the eDNA variation in the main channel. All statistical analyses were performed using R (R Core Team, 2018, version 3.5.2) and the R package ‘phyloseq’
(McMurdie and Holmes, 2013, version 1.24.2).

Differentiation of water origin through eDNA

Our first question to test usefulness of eDNA as a tracer for the flow path of the
water, was whether the eDNA composition varied according to water source, defined
as the flow and channel environment. In the study catchment, we identified three
characteristic environments, spring, tributary, and main channel. We assumed that
each of these environments defined different habitats, which host different biological communities. Thus, we tested whether we can distinguish eDNA samples from
the three sources based on the identity of the captured ZOTUs (i.e., the identity
of the detected eDNA sequences). Shared ZOTUs can originate from the original
habitat or downstream transport of eDNA. For this analysis, we used a non-metric
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multidimensional scaling (NMDS, Kruskal 1964a) approach, an ordination method
that represents pairwise comparisons, or rank orders, of sampling sites in a twodimensional space. Sites clustered close together are more similar in terms of their
ZOTUs than sites far apart, which enabled us to identify if communities detected
with eDNA clustered according to water source or other water characteristics. We
used weak ties (stress type 1) allowing to break ties where equal observed dissimilarities exist (Kruskal, 1964a). We calculated the stress of the NMDS after Kruskal
(1964b) as a measure of how well the configuration matches the observed data.
The NMDS was plotted for the individual sampling days separately, to observe the
development of differences over the sampling season.
Dissimilarity measures based on ZOTU identities were calculated to do a pairwise
comparison between sites. We used an unweighted UniFrac (Lozupone and Knight,
2005) as a dissimilarity input to the NMDS, which is based on the phylogenetic tree
(i.e. the evolutionary relationships among ZOTUs based on their sequence similarity) of the ZOTUs. We further fitted measured environmental variables (elevation,
E.C., temperature, total solar radiation, baseflow, snow cover area, dq/dt, δ 18 O, and
lc-excess) onto the NMDS ordination two-dimensional space with a commonly used
method that maximizes the correlation between the ordination and the corresponding environmental variables (function envfit, R package ’vegan’, Oksanen et al., 2011,
version 2.5-4).

Hydrologic heterogeneity effects on eDNA

Next, we tested how eDNA varied according to hydrologic heterogeneity, as indicated by the change in discharge at the catchment outlet, dq/dt, or subsurface
exchange as revealed by changes in electrical conductivity (E.C.). We used richness,
calculated for each individual sampling site and time point, as a simple measure of
eDNA. We used a generalized linear mixed-effect model (GLMM, function glmer in
the R package ’lme4’, Bates et al., 2007) with ZOTU richness (R) as the response
variable, change in discharge (dq/dt, D) and the water source (W ) as fixed effects
and the sampling site (S ) as a random effect. The univariate response variable Y=R
was modeled with vectors X=[D, W, D*W] and Z=[S] of the explanatory variables
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associated with the fixed effect (X ) and the random effect (Z ). We assumed a Poisson distribution for R and the conditional mean E(Y |X, Z) = µ = g −1 (η) related to
the linear predictor by a log-link function with inverse h = g −1 (Coxe et al., 2009;
Crawley, 2012). The identity of the sampling sites was defined as a random effect in
an intercept model, to take by-sampling site variability into account.
We compared the models with and without interaction of the two explanatory
variables and selected the best one based on a χ2 -test, classically used to compare
model fits. Since change in discharge, dq/dt, was correlated with the opposite pattern
in springs, we performed a second analysis where we replaced dq/dt with E.C. (E ),
in the above model, which is an indicator of the subsurface exchange that defines
springs. E.C. was scaled and centered for the model due to large eigenvalue ratios.

Identification of water contributions

In order to examine how many eDNA sequences the upstream springs and tributaries contribute to the richness in the main channel downstream, we calculated
overlap in ZOTUs. We identified ZOTUs that are unique to samples from one water
source, shared by only two, or all three water sources. If a ZOTU was only found
in spring samples or in spring and main channel samples, but never in any tributary samples over the whole data set, the ZOTU origin was assigned to springs, and
if only in tributaries or in tributaries and main channel samples but never in any
spring sites, its origin was assigned to tributaries. The ZOTU’s presence in the main
channel did not influence this decision, since we assume the main channel contains
the DNA of both tributaries and springs.
Next, we partitioned the ZOTUs in main channel samples into those originating
from springs and tributaries, providing a count of how much springs and tributaries,
respectively, are contributing to the main channel. We then plotted the relative contributions separately against dq/dt and E.C., as these were previously identified as
major drivers for richness. To confirm this relationship, we formulated a generalized
linear model (GLM) with the relative contribution (C) as a response variable, dq/dt,
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D and the origin of the ZOTU (O) as explanatory variables:
C = β0 + β1 · D + β2 · O + 

(4.2)

where  comes from a quasi-binomial error distribution. This choice results from
the following considerations: i) binomial error distributions are appropriate for proportional variables; ii) our data set shows overdispersion, i.e. higher variability than
what can be explained by the standard binomial error distribution. We compared
the models with and without interaction of the two explanatory variables and selected the best model with a F-test. As before, we also tested a model with E.C.
(E ) as explanatory variable replacing D:
C = β3 + β4 · E + β5 · O + 

4.4
4.4.1

(4.3)

Results
Hydro-meteorological variables

Annual precipitation in 2017 was 1760 mm, which is close to the long term
average of 1920 mm over the period 1961 - 2017 (minimum 1470 mm, maximum
2600 mm, MeteoSwiss 2011). Approximately one third of measured precipitation fell
as snow in 2017, or 50% over the whole catchment area as calculated from Rhires
with a transition between 0 o C and 2 o C (Fig. 4.2, MeteoSwiss 2011). Snow melt
peaked in early June, snow cover was reduced to 9% of the watershed area by July
1 (DOY 181), and reached 0% on August 18 (DOY 229). There was a particularly
large rain event just before the third sampling date in July (DOY 207) and the
stream flooded over bank in early August, creating a new channel between 1500
and 1600 m a.s.l. but was corrected within days before the first August sample day
(DOY 215). Average daily air temperature across the catchment was above zero for
most days after mid-May. The two tributaries ST and TT were dry in early (before
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DOY 136) and late season (after 164 and 220, respectively). The upper tributary
(UT) was under the snow and inaccessible for the first sampling day (DOY 88).
E.C. shows distinct spatial patterns, both in terms of median observed values at
given locations and in terms of the temporal range of E.C. values for individual locations (Fig. 4.3). In general, median values are higher in springs than at other sites,
and generally higher at lower elevations; highest median E.C. values were observed in
the lowest elevation spring (GS, median observed E.C. 268 µS/cm, Fig. 4.3), lowest
E.C. values in the two ephemeral tributaries (TT and ST, median of 159.35 µS/cm).
Compared to tributaries, springs typically show a narrow E.C. range (Fig. 4.3). The
main channel shows mid E.C. values and also a narrow temporal range of E.C. values, which results from a mixing of sources (tributaries and springs) throughout the
season. These patterns allow a first conclusion on the origin of water from the upper
tributary (UT), which shows a high median value along with a narrow temporal
E.C. range, i.e. it behaves like a spring; this points towards long subsurface flow
paths for this sampling location. The highest E.C. range is observed for UR (from
the glacier) with a high E.C. range (22.4-148.3 µS/cm), which results from the fact
that the water from this sampling site has seasonally different origins (snow- and
ice melt during the melt season, groundwater otherwise).
Water temperature is the best physico-chemical discriminator of the three types
of sites (Fig. 4.3). Springs had the lowest and most consistent water temperature
(median values between 4.7 and 6.5 o C, and no single above 7.5 o C). Tributaries,
including UR, showed high water temperature variability (8-21 o C), and were considerably warmer. Points in the main channel had intermediary values (medians
between 6 and 11 o C). Though our main channel sites had large diel flow fluctuations in summer, the temperature was significantly higher than typical kryal sites
(maximum 4 o C), suggesting that glacier melt is a relatively small contribution to
the main stream flow. Tributaries (especially TT and ST) were dominated by extended snow-melt runoff and a large range of temperatures suggesting that they can
be categorized as rhithral. Finally, our spring sites did have cool summer and warm
winter temperatures, extremely high and consistent water clarity and constant flow
conditions suggesting that they can be considered krenal.
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Figure 4.2: Discharge (blue, upper), precipitation (red upper), total solar radiation
(yellow, middle), snow cover area (cyan, middle), water temperature
(purple, lower) and air temperature (green, lower) for the sampling season (2017). Meteorological variables are averaged over the catchment
area and discharge and water temperature are measured at the outlet
(MR/ER). Shaded areas for discharge and temperature show the range
of values within a day at the 1 and 4 stations, respectively, and the
error for snow covered area estimated from satellite data. Sampling
days indicated as black vertical lines with the corresponding day of the
year on the lower axis.

Stable isotopes of oxygen (δ 18 O) and hydrogen (δ 2 H) were highly correlated
and well within the range of precipitation (Fig. 4.3, Fig. S4.2). The local meteoric
water line (LMWL) is close to the standard global meteoric water line (GMWL). In
general, values of isotopes in the main channel were intermediary to those in springs
and in the tributaries, however the isotope ratio differences between the different
sampling locations were not consistent enough for a simple 2 source mixing model
using springs and tributaries, but show clearly the seasonal origin of water (from
snow fall versus from rainfall, Beria et al., 2018). The obtained results allow the
following conclusions: i) The two ephemeral tributaries TT and ST had the most
variation in stable isotopes, suggesting that they were composed mainly of snowmelt during part of the season (before June) and mainly of summer precipitation
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(rain) later. ii) The lowest spring (GS) most frequently had the highest value of δ 18 O,
indicating that its reservoir might be fed mainly by summer precipitation. This is
confirmed by the deviation of the GS isotope ratios from the LMWL, expressed as a
more negative lc-excess, which suggests that out of all the samples, the water in the
GS had undergone the most phase change (typical for summer rainfall undergoing
evaporation) since entering the basin. HS and ST also had more negative values
of lc-excess than most of the sites, however, none of the values of lc-excess are
significant according to the definition in the original paper (Landwehr and Coplen,
2006). Thus surface evaporation does not significantly affect the isotopic ratios in
any of the sampling sites. There is little evidence that glacier melt makes up a large
contribution of discharge.
Overall, the analysis of the physico-chemical tracers confirm the hypothesis underlying the sampling design that the different sites correspond to different water
sources with typical seasonal tracer patterns resulting from different rain and snow
inputs and from different subsurface flow paths. Accordingly, we can expect the seasonal and spatial biodiversity patterns observed at these sites to be at least partly
explained by these different origins and water flow paths, and in turn, that eDNA
observations might convey information on hydrological processes.

4.4.2

High through-put sequencing

The Illumina MiSeq run resulted in 12.5 M reads and 9,858 ZOTUs after the
bioinformatics pipeline, of which 2.9 M and 9,622 ZOTUs remained after removal of
contamination and rarefaction (see Table S4.2 in the supplement for detailed information). Three percent (290) of ZOTUs had a taxonomic assignment to genus level
(Table S4.5), among these we find typical Alpine species such as Diamesa betrami,
Podisma pedestris, Salamandra atra, Vipera berus, Lagopus muta and Rupicapra
rupicapra that have previously described to be present in the Vallon de Nant (Freitag, 2009; Gattolliat et al., 2009; Helfer and Monney, 2009; Marchesi et al., 2009;
Morard, 2009).
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Figure 4.3: Variation in δ 18 O (a), δ 2 H (b), lc-excess (c), E.C. (d), temperature (e),
and rarefied ZOTU richness (f) for the individual sampling sites over
the field season (given as day of the year). The sampling sites in the
legend are clustered based on the water source and within the cluster
ordered from low to high elevation. The figure legend corresponds exactly to that in Fig. 4.1 and the x-axis corresponds exactly to that in
Fig. 4.2
.
We detected differences in ZOTU richness between the three surveyed water
sources, with higher ZOTU richness in tributaries (mean M = 936.95, standard
deviation SD = 279.17), compared to main channel (M = 676.43, SD = 373.86)
and spring sites (M = 340.33, SD = 169.27). The variation in richness over time is
high for sites in the main channel and tributaries, while sites in springs are more
similar regarding number of ZOTUs found (Fig. 4.3), likely because eDNA and the
detected diversity within a sample is influenced by the variation of the physical
environment, which changes in time. Environmental variables (such as temperature,
water chemistry, substrate, flow conditions) affect the availability of eDNA in the
environment (Barnes and Turner, 2016; Strickler et al., 2015; Seymour et al., 2018).
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4.4.3

Differentiation of water origin by eDNA

The NMDS plot, which uses pairwise comparisons of multidimensional data to
represent data in two dimensional space, resulted in stress = 0.132, indicating that
the reduced dimensions represent the data fairly well (Kruskal, 1964a). While spring
sites cluster slightly apart from main channel sites, this is not the case for tributary
sites that are located at the intersection between main channel and springs (Fig. 4.4).
The arrows indicate the direction of the fastest change in the environmental variables
of E.C., δ 18 O, water temperature and lc-ex, respectively, which were all significant
(Table S4.6), and their length is proportional to their correlation with the ordination
of the genetic data (Oksanen et al., 2007). As the arrow length represents, E.C. is the
most important explanatory variable followed by water temperature and lc-excess
and finally δ 18 O was the least important. The NMDS plots separated by sampling
day show that in May and June (DOY 136 and 164), both tributaries and the main
channel are more similar compared to later in the season (Fig. S4.3). The similarly
low isotope values across all sites allow us to attribute early season homogeneity in
the eDNA to the dominance of snow melt, which flushes the system and reduces
inter-site variability. In contrast, in late season (DOY 215), there was the highest
range of water isotope values across all sites (Fig. 4.3), suggesting more diversity of
water origin and flow path. However, the persistent clustering in DNA suggests that
the flood event in early August (see Fig. S4.3) homogenized the eDNA community
detection. Nevertheless, by August 9 (DOY 220), the upper part of the main channel
had already returned to a more distinct position in the ordination.

4.4.4

Hydrologic heterogeneity effects on eDNA

Since Alpine catchments are highly dynamic, the link between environmental
variability in the different water sources and detected richness was pronounced:
Both, change of discharge and E.C. are affecting the detected richness (Fig. 4.5a
respectively 4.5b) and the best model included the interaction of the fixed effects for
both the model with dq/dt and the model with E.C. (Table S4.3). The first model,
including dq/dt, reveals that the fixed effects and their interaction are significant
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Figure 4.4: Community composition in the main channel, tributaries and springs.
Non-metric multidimensional scaling analysis of communities based on
UniFrac dissimilarities (stress = 0.132, indicating a fair representation
of the data in the reduced dimensions). Ellipses represent a 95 % confidence interval.

(Table 4.1, see Table S4.4 for results of random effects). However, water source is
a categorical variable and the individual sources did not show the same response:
The intercept (-0.637) and the slope (-2.055) for the spring samples are negative
compared to the main channel, indicating a negative effect of dq/dt on the richness
detected in springs. The slope for tributary sites is slightly negative compared to
the main channel sites but still resulting in a positive relationship of richness and
dq/dt. The second model, including E.C. instead of dq/dt as a fixed effect, identified
all fixed effects and their interaction to be significant, except the interaction of E.C.
and tributary sites; this level of the categorical variable water source is not related
to E.C.
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Figure 4.5: Rarefied ZOTU richness plotted against dq/dt (a) and E.C. (b). The
sampling sites in the legend are clustered based on the water source
and within the cluster ordered from low to high elevation. Solid lines
indicate significant interactions of fixed effects and the dashed line
indicates significant relationship of the fixed effects and the response
variable only (without observed significant interaction). We plotted
smoothing lines based on a GLM function.

4.4.5

Identification of upstream water contribution

Over the whole sampling campaign, 79.2% of ZOTUs found in tributaries were
recovered in the main channel, compared to 77.0% in springs (Fig. 4.6). Over all
ZOTUs, we found 1374 ZOTUs (14.3%) that were detected only in spring sites but
never in tributaries and 3221 ZOTUs (33.5%) that were exclusively assigned to tributary sites. We were interested to see how much springs and tributaries contribute to
the sampling sites in the main channel and if this is driven by the same variables as
the ZOTU richness, namely dq/dt and E.C. (Fig. 4.5a, respectively 4.5b). The best
model of change of discharge, dq/dt included its interaction with the origin of the
ZOTUs (Table S4.5). The relative contribution of ZOTUs is significantly affected
by their origin, but only the contribution from ZOTUs originating in tributaries
had a significant interaction with dq/dt, while no significant interactions were observed for ZOTUs originating from springs (Table 4.1, Fig. 4.6b). In contrast, the
best model with E.C., which was more correlated with richness in springs, did not
include interactions (Table 4.2, Fig. 4.6c).
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Table 4.1: Results from the generalized linear mixed model fit by maximum likelihood (Laplace approximation) for fixed effects, asterisks stand for the
interaction. Note that the water source is a factor with three levels (main
channel, spring and tributary).
Model

Fixed effects

dq/dt

Main channel (intercept)
dq/dt
Spring
Tributary
dq/dt*Spring
dq/dt*Tributary
Main channel (intercept)
E.C.
Spring
Tributary
E.C.*Spring
E.C.*Tributary

E.C.

4.5

Estimate

Std. error

z value

p-value

6.407
1.791
-0.637
0.434
-2.055
-1.128
6.569
0.201
-1.183
0.549
0.156
-0.027

0.093
0.026
0.152
0.152
0.053
0.048
0.090
0.010
0.149
0.149
0.024
0.021

68.888
69.582
-4.192
2.855
-38.485
-23.668
73.092
20.335
-7.946
3.705
6.517
-1.272

< 0.001
< 0.001
< 0.001
0.0043
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.203

Discussion

This study demonstrates for the first time the feasibility of detailed eDNA analysis in a high Alpine environment compared to much lower species densities lowland
sites. Our results underline the complementarity of the information content of the
observed physico-chemical variables and the biological variable eDNA as tracers.
Like stable isotopes, temperature, and E.C, the eDNA measure of richness changed
differently over the course of the season according to site. While springs were consistent low in genetic diversity, tributaries were relative high and the main channel had
an intermediary level, but showed high variability. In fact, locally observed species
pool is known to be strongly influenced by single perturbation events (in particular floods) and the interpretation of corresponding readings requires thus detailed
additional information on the state of the hydrologic system, as quantified in the
present study by observed E.C., water temperature, stable isotopes of water and
stream flow variations. eDNA provides promising new insights into the temporal
evolution of the connectivity of the stream network system, a key to assessing dominant hydrologic flow paths and model development. Below, we further expand on
the hydrologic information that is potentially conveyed by eDNA observations and
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on the link between eDNA and the two variables that were identified to be the most
strongly linked to corresponding observations, the change in discharge dq/dt and
E.C.
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Figure 4.6: Venn diagram for the three sampled water sources, overlapping areas depict shared ZOTUs between water sources (a). Values indicate
the numbers of ZOTUs in the given section and size of the circles are
weighted by the number of ZOTUs. Relative contribution of ZOTUs
from tributaries (green) or springs (blue) to samples in the main channel against dq/dt (b) and E.C. (c). The solid line indicates significant
interactions of fixed effects, the dashed lines indicate significant relationships of both fixed effects and response variable only (without
significant interaction) and the dotted line indicates only the significant relationship of one fixed effect. We plotted smoothing lines based
on a GLM function.
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Table 4.2: GLM results for response variables based on a t-test, asterisks stand for
the interaction. Note that the origin of the ZOTU is a factor with two
levels (spring and tributary).
Model

Coefficients

dq/dt

Spring (intercept)
dq/dt
Tributary
dq/dt*Tributary
Spring (intercept)
E.C.
Tributary

E.C.

4.5.1

Estimate

Std. Error

t value

p-value

-2.700
-0.498
1.386
1.147
-2.377
-0.001
1.416

0.052
0.298
0.061
0.340
0.270
0.001
0.064

-51.548
-1.673
22.685
3.368
-8.790
-1.255
22.063

< 0.001
0.09724
< 0.001
0.00106
< 0.001
0.212
< 0.001

Differentiation of water origin by eDNA

The statistical analysis showed that the eDNA composition of the three habitats was indeed different, but not entirely distinct, which is in-line with a bacterial
study of Alpine streams (Wilhelm et al., 2013). The overlap can be explained by
either shared species compositions and/or the importance of flow characteristics
such as discharge, which obscure the separation due to high hydrological connectivity between sites. We identified E.C. and temperature as the two most important
drivers for the community clustering over all samples, corroborating previous, classical Alpine stream biodiversity work. By monitoring over a season, we were able to
identify moments of greater and lesser connectivity according to the eDNA community dissimilarity. In July (D.O.Y. 193, 199, and 207), the greater dissimilarity was
likely driven by snow melt events.

4.5.2

Change in discharge affecting eDNA tracer

There was a strong positive relationship between the change in discharge, dq/dt,
and detected richness in the tributaries and main channel. High discharge events were
products of either rainfall or snow melt, and resulted in overland flow, expansion of
the channel network and subsurface flow exceeding soil capacity further lengthening
the channel (Chorley, 1978). This expansion put water in contact with additional
surface areas from which eDNA was collected, which resulted in a higher diversity.
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We assume that these additional sources of eDNA lead to more transfer from terrestrial habitats into the water column than previously observed (Deiner et al., 2015;
Ushio et al., 2017). However, when discharge decreased, there was an overall contraction of the network, reduced overbank flow, less exchange with the hyporheic zones
and channel bank erosion, which led likely to less water source-unspecific DNA in
our record (Fig. 4.7). The tributaries with their variable nature, thus, can be considered the collectors of the ecohydrological system, collecting genetic diversity when
they contain more water and as hydrologic connectivity increases. The richness at
spring sites was not correlated with dq/dt, likely because springs are unchanneled,
thus their discharge is not directly linked to heavy flow events that control the
tributaries and main channel. This is further supported by the observed positive
relationship between dq/dt and increased contribution of ZOTUs originating from
tributaries but not from springs.

4.5.3

Electrical conductivity affecting eDNA tracer

Detected richness in springs is relatively stable through the seasons (as are stable
isotopes and temperature); we even observe a slight negative relationship between
richness and dq/dt. This is not surprising, as the springs have a relatively constant
flow and stable surface area. However, E.C. varied over the season in springs, indicating elevated cumulative contact with subsurface substrate (Malard et al., 1999)
which also correlated positively with richness. Our models suggest that, similarly to
surface water, richness in springs is also increased by interaction with other habitats,
in this case terrestrial. However, we found no positive relationship between E.C. and
the contribution of ZOTUs to the main channel from spring habitats, indicating a
relatively small contribution of eDNA from springs on the main channel, at least
during our sampling season. The quantity of the contribution from springs to the
main channel, in terms of both eDNA and water, is most likely greater and thus
more visible during the winter base-flow conditions (Zhang et al., 2018), which were
omitted from our study.
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Figure 4.7: Conceptual flow of relation between dq/dt and eDNA richness in the
hydrologic system. When dq/dt is negative (a), the limited hydrological connectivity and the limited connectivity between the terrestrial
and aquatic habitat leads to a segregated, water source-specific eDNA
record; whereas when it is increasing (b) exchange is increased between
the stream and the hyporheic and riparian zones through hyporheic
connectivity, overland flow, and groundwater, increasing the diversity
of suspended eDNA at the outlet.
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4.5.4

Identification of upstream water contribution

From a hydrologist’s point of view, we hoped eDNA would reveal where water
had flowed before emerging as surface water. We tested this by comparing DNA from
potential sources (tributaries and springs) with that of the main channel. There was
a reasonably high level of recovery in the main channel, 77-79%, in terms of ZOTUs,
and a level, though minimal, of specificity to either springs or tributaries (14-33%,
respectively). DNA, either of synthetic origin (Foppen et al., 2013) or natural stream
bacterioplankton (Crump et al., 2007), has been found to be useful for observing
advection and dispersion, but is questionably useful for tracing mass exchange such
as surface transient storage and hyporheic exchange or dilution. In the case of our
study site, a quantitative calculation would require validation with additional flow
assessments to determine contributions of various springs and tributaries to the main
channel.

Figure 4.8: Discharge at outlet decomposed into water origin based on sampled
eDNA on 11 days. Contribution of volume from springs is shown in
blue, from tributaries in green, and from unknown sources in red. The
annual hydrograph is shown for 2017, however volume outside of the
sampling period is not computed and is shown in grey. Vertical lines
indicate days when eDNA was sampled.

As an exploratory thought experiment, we decomposed the water from the main
channel to the two origins, based on detected eDNA traces. To do so, we make the
following assumptions: 1) the fraction of the total ZOTUs found in water from the
main channel that was also found in either springs or tributaries reflect the water
flow from those channel types, 2) the rarefied number of ZOTUs equally represented
present ZOTUs, 3) each of those ZOTUs is composed of a similar number of species
with a normally distributed number of particles, and 4) we can interpolate linearly to
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compute contributions between sampled days. Because the volume of water that we
sampled was consistent, we can estimate that there was 14% and 50% from springs
and tributaries, respectively over the sampled season (Fig. 4.8). This means that of
the total of almost 13.5 m3 that flowed through the outlet in 2017, 3.6 m3 flowed
before or after the eDNA sampling period. But of the 9.9 m3 during the eDNA
sampling and 5 m3 were from the three sampled or similar tributaries and 1.4 m3
were from the three sampled or similar springs. The remaining 3.6 m3 during the
sampling period must be from other source types or upstream. Our decomposition of
the hydrograph is based on eDNA particle flow between sources and the main channel. Most hydrologic models base hydrograph decomposition on source area, runoff
process, or input magnitudes without a validation method (Weiler et al., 2018). Our
thought experiment regarding a eDNA basis for hydrograph decomposition can now
be compared to models with the same goal.

4.5.5

eDNA is a tracer for the integrated dimensions of connectivity

Our results demonstrate that eDNA has the potential to be used as a metric
that integrates the definition of connectivity from different disciplines: i) Ecological
connectivity which is determined by the movement of biological organisms, or the
existence of paths or corridors accessible to the movement of biological organisms
(Pringle, 2003; Bracken and Croke, 2007), ii) hydrologic connectivity which is the
efficiency at which water moves from a point to a downstream point (Bracken et al.,
2013), and iii) geomorphic connectivity which indicates transfer of sediments (Wohl
et al., 2019). The presence of the eDNA captures the different dimensions of connectivity (see Fig. 4.7) as i) its presence is first determined by the movement of
biological organisms, ii) its transportation is directed by water or contact between
water, and iii) in its state bound on particles is directed by sedimentary movements.
Connectivity has significant implications for flood generation, sediment production,
and aquatic biodiversity among other management goals (Altermatt, 2013b; Nadeau
and Rains, 2007; Lange et al., 2018), however its usefulness as a concept is limited by
a lack of coherence between all of its various definitions (Wohl et al., 2019). Further
113

Chapter 4

research on the connectivity indicated by eDNA is perhaps a metric that crosses
disciplines and dimensions.

4.5.6

Recommendations and future steps

eDNA appears to offer high potential as a hydrologic tracer of flow path connectivity, with high detectability, similar to the utility already demonstrated by
synthetic DNA for hydrologic tracing (Foppen et al., 2011; Dahlke et al., 2015).
Future studies on the use of eDNA as a hydrologic tracer could also gain from more
targeted sampling campaigns in terms of hydrologic conditions, including systematic sampling of discharge recession periods or sampling before and after high flow
events generated by different hydrologic processes (e.g., high intensity precipitation
events, snow melt-induced floods, glacial melt).
Compared to a synthetic tracer, the metabarcoding approach exposes an enormous quantity of information contained in the DNA that opens the door for machine
learning techniques, which does not account for physical processes (Good et al.,
2018). On the other hand, it is quite challenging to identify the spatial location of
individual species which would allow for a physical interpretation of the individual
flow paths based on individual distributions and habitat preferences (Carraro et al.,
2018). Although the construction of a complete species inventory was not feasible,
the next step for using natural occurring eDNA as hydrologic tracers would be, for
example, to identify for example key biota characteristic of glacier melt, permafrost,
hyporheic zones, and swift channels. These biota can then be used as tracers for
specific water source contributions.
In addition, our results expose the complexity of using a metabarcoding approach
for Alpine biodiversity assessments. We recommend that future assessments of richness in Alpine stream networks base their sampling on two aspects, depending on
their goals. If the goal is to detect the maximum diversity (i.e., a comparison of the
diversity in multiple basins), then the detected diversity should be assessed with a
single sampling campaign per stream network taken just after a rain or snow-melt
event. Alternatively, if the goal is to detect habitat-specific diversity, then sampling
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after an event resulting in high dq/dt would not be recommended. In this case, the
various habitats, or water sources, should be sampled when the environment is the
most stable. Similarly, it is possible that E.C. could be used to guide sampling decisions to target specific flow conditions. Finally, future sampling campaigns should
have a clear design to answer specific questions about one or all connectivity dimensions and how eDNA of specific species reflect the hydrologic, geomorphic, versus
the ecologic connectivity.
Our study is a first assessment of the spatial and temporal heterogeneity of
eDNA in an Alpine stream system and its potential for hydrologic flow path tracing.
Our results give first important insights into the complementarity of eDNA and
classically used hydrologic tracers (electrical conductivity, stable isotopes of water,
water temperature). Our method of metabarcoding of water samples for genetic
diversity lays the foundation for an interpretation of the eDNA composition detected
at the outlet of a catchment based on a physical understanding of the hydrologic
network.
A key result is that discharge variations, dq/dt strongly affect detected eDNA
diversity, as reflected in richness in non-spring habitats, with the highest richness detected in small tributaries compared to the larger main channel. We saw that eDNA
as a tracer provided more information about origin, flow, and upstream contribution than the non-biological variables alone in providing a specific identity according
to the characteristic sources of spring, tributary, and main channel. Furthermore,
spring habitat diversity had a dependence on E.C., suggesting that the underlying
governing physical process was the amount of exchange with the subsurface environment. Downstream eDNA composition reflected upstream contributions from
springs and tributaries and can be used for an approximate decomposition of the
hydrograph. Further work should quantify the individual species contributions, and
thus provide the basis for a mass balance, and another level of validation. We conclude that eDNA richness increases when the stream network expands, when there
is more over-bank flow, and when the hydrologic connectivity in the hyporheic zone
is greater; accordingly, eDNA shows high potential as a tracer for the connectivity
of hydrologic flow paths.
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Future work on the use of eDNA for hydrologic flow path tracing would benefit from a more quantitative sampling approach and target sampling around events
and locations of high hydrologic interest. In particular, observations can focus on
situations when there is no current consistent tracer available, such as glacier melt
events. Traditional methods to assess biological, sediment, and hydrologic connectivity should be used alongside eDNA monitoring. A further understanding of the
implications of heterogeneity seasonally, diurnal, and spatially will also provide new
insights into the use of eDNA for biodiversity assessments in highly dynamic hydrologic systems.
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Discussion
Right now, we face an era of biodiversity decline never experienced before. Freshwater systems are especially affected due to human-induced habitat degradation such
as pollution, flow modifications, or spread of invasive species (e.g., Barrett et al.,
2018; Dı́az et al., 2019). To halt the devastating decline and to protect freshwater
habitats, sufficient data on biodiversity are needed to inform management and policy making. Metabarcoding of environmental DNA has been proposed as a game
changer by offering the possibility to acquire biodiversity data at an unprecedented
scale (e.g., Lawson Handley, 2015; Thomsen and Willerslev, 2015; Deiner et al.,
2017). The utilization of eDNA could not only strengthen conservation efforts, but
also lead to a more relevant resolution of biodiversity data and advance the field
of ecology, where capacity is currently restricted in taxonomic breath and limited
in the scale of time and space (Pereira et al., 2013; Turak et al., 2017; Jetz et al.,
2019).
In this thesis, I investigated the potential of eDNA to provide useful information
for monitoring of river systems. Multiple complex processes such as degradation,
transportation or even the analysis of data are unknowns of eDNA assessments
and challenge its development as a reliable method to detect biodiversity. As a
key result of my thesis, I identified a strong influence of discharge on eDNA in
river systems, which was more pronounced in a highly dynamic alpine study system
(chapter 4) compared to a lowland one (chapter 3). Increased discharge resulted in
higher richness of DNA, highlighting that conditions before and during sampling are
important to consider in order to correctly interpret eDNA data. Our understanding
of the exact mechanisms is still limited, partially because many DNA sequences
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can’t be identified to taxonomic level and additional information, crucial to interpret
ecological processes, is sometimes lacking (e.g., whether the DNA is originating from
the aquatic or terrestrial environment).
In the following sections I first discuss my results regarding the influence of environmental factors on eDNA. Then, I show the challenges of data analysis to interpret
diversity patterns in river systems. Finally, I open perspectives on the potential of
eDNA as an hydrological tracer. For each chapter, I identify open questions and
next steps for pending research.

Illuminate the environmental black box
In order to implement eDNA assessments, we need to understand which factors
are relevant for the deterioration of available eDNA and identify the scale they act
on. DNA released to the environment is subject to many factors that either decay
the DNA (e.g., high temperature (Strickler et al., 2015), low pH (Seymour et al.,
2018), microbial activity (Zulkefli et al., 2019)) or deplete DNA at its origin of release
(for example through transportation (Deiner and Altermatt, 2014) or settlement of
DNA into the substrate (Shogren et al., 2017)). The biggest challenge, however, is
the simultaneous action of these factors and their potential interference, resulting
in complex interactions in the environment. For example, higher temperatures are
increasing microbial activity (e.g., Hoppe et al., 2008), and the penetration depth
of UV light into the water column depends on the DOC content (e.g., Hader et al.,
2007). This calls for experiments ranging from laboratory to natural conditions to
illuminate the black box of the environment in order to correctly interpret results
delivered by eDNA studies.
The degradation of eDNA due to UV radiation plays an minimal role in natural
systems, despite its previously-suggested importance. In chapter 1, I experimentally
investigated the effects of eDNA degradation due to UV radiation and filter feeding
organisms, two factors eDNA is exposed to in natural systems. UV radiation has
been proposed as a factor affecting degradation (Strickler et al., 2015) by causing
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mutations and lesions of DNA (e.g., Cadet et al., 2005). Filter feeders, on the other
hand, are common in aquatic ecosystem, but their effects on eDNA were hitherto
ignored. Results of chapter 1 found that both factors had no effect on eDNA-based
detection rates of macroinvertebrates, even though UV radiation intensity and filtration activity was high for the chosen experimental conditions. Several studies
have now found a negligible role of UV levels (Barnes et al., 2014; Merkes et al.,
2014; Andruszkiewicz et al., 2017; Zulkefli et al., 2019), while others reported an
effect of UV radiation but were not able to separate effects of temperature (Pilliod et al., 2014), or microbial growth (Strickler et al., 2015). Taken together, these
findings indicate that UV light has a relatively small role in degradation. I assume
that temperature is one of the main factors relevant for degradation, as shown by
growing scientific evidence (e.g., Strickler et al., 2015; Eichmiller et al., 2016; Tsuji
et al., 2017), and has potentially also driven the fast degradation in my experiment.
The use of temperature-controlled mesocosms could have helped me to disentangle
the effects of UV light and temperature, however the near-natural conditions of my
mesocosm experiment did simulate natural conditions occurring seasonally in the
temperate zone of the world.
Meanwhile, the depletion of DNA through transportation is especially relevant
in habitats that face strong physical movements like the downstream flow in river
systems. Several studies showed that transportation indeed occurs, but the scale at
which the process is acting is not resolved yet, which is reflected in the different
distances reported in scientific literature (ranging from a few meters to more than
100 km downstream of a known source, e.g., Deiner and Altermatt, 2014; Jane et al.,
2015; Pont et al., 2018). While I did not experimentally test transportation effects
in my thesis, I always considered it as an important factor of my field studies and
integrated it in my analysis whenever possible. In chapter 3, a positive effect of discharge (as a proxy for downstream transportation) on macroinvertebrate richness
detected by eDNA was observed, while this was not the case for the classical kicknet
method. However, correlations were weak, indicating that transport does not lead
to a pure accumulation of eDNA, likely due to the counteracting effects of as fast
local degradation (Jane et al., 2015; Tillotson et al., 2018), retention to the substrate (Jerde et al., 2016; Shogren et al., 2016, 2017), or dilution effects through
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confluences resulting in larger water volumes downstream. In chapter 4, I identified
that increase in discharge leads to higher observed richness, which may be due to
several factors: First, increased discharge leads to faster transport of DNA particles
and thus reduces time for degradation processes. Second, higher discharge may lead
to suspension of DNA particles previously settled into the sediment and enriches the
water column with additional DNA (Jerde et al., 2016). Or third, higher discharge
can lead to overland flow in un-channeled streams and thereby collect more DNA
from terrestrial habitats (Deiner et al., 2016). These findings show the relevance
of downstream transportation for the interpretation of eDNA studies especially in
highly heterogeneous systems (Roussel et al., 2015).
The thorough work of many studies will be needed to gain a better understanding of the factors individual roles’. I propose that advancement can be achieved by
following two suggestions. First, we need to understand that the processes reducing
DNA in the environment are at the interface of many different fields. However, experiments to investigate these processes are mainly done by ecologists, who want to use
eDNA to assess diversity or detect a specific species, but are often lacking knowledge
of geochemistry or hydrology. Interdisciplinary exchanges and approaches are needed
to inform experimental designs and take advantage of previously gained knowledge
in other fields. For example, the use of artificially produced single-stranded DNA
molecules was proposed and successfully tested as tracers to identify sources and flow
paths of rivers (Foppen et al., 2013; Dahlke et al., 2015). Experiments could benefit
from synthetic DNA by gaining more precise results about depletion processes, as
DNA input can be more tightly controlled than using the currently-common technique that depend on a natural source upstream of the experimental sites (Pilliod
et al., 2013; Deiner and Altermatt, 2014; Jane et al., 2015). While these synthetic
tracers reflect the extracellular state of eDNA only, the artificial reproduction of the
other states of eDNA (i.e., the introduction of synthetic DNA in cells, organelles or
bound to particles) might be possible and would offer new avenues to disentangle
the various factors in the environment and to track the individual fate of the different states. Second, a combination of experiments and model approaches should
be used, and inform each other in a feedback loop. For example, quantification of
temperature effects in the field could be implemented in eDNA degradation models
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(e.g., Lance et al., 2017; Bylemans et al., 2018) or transport models (e.g., Carraro
et al., 2017; Pont et al., 2018) and might increase their predictive potential and
unlock the power of eDNA monitoring.

Leave the jungle of analysis behind
The deterioration of eDNA is one of the first process affecting successful detection; the ecological evaluation of the data is at the very end of the workflow but
also has strong effects on results (see Fig. 1 in the introduction). Metabarcoding
of eDNA samples has the potential to describe ecological communities at an unprecedented scale, but the assessment of biodiversity data based on next generation
sequencing (NGS) approaches also presents difficulties. NGS data come with still
unresolved issues such as false positives and false negatives, which need to be balanced in downstream analysis. Integrated steps in the bioinformatic pipeline remove
a large portion of the erroneous data (Edgar, 2016; Zinger et al., 2019), but additional stringency filters are usually applied in downstream analysis, which I call
here the ecological evaluation of operational taxonomic units (ZOTUs). In chapter 2, I investigated if and how common stringency filters are affecting diversity
estimates based on Hill numbers derived by eDNA samples. Hill numbers offer an
ideal framework to compare between abundance-based and incident-based measures
of diversity easily. I selected two types of stringency filters: A threshold of relative
read abundances, and the consistent appearance in multiple replicates.
The selected stringency filters behave similarly for gamma and alpha diversity
when partitioning the data into Hill numbers, by showing decreased values with
stronger weighting of abundances (i.e., focusing on dominant taxa). Comparisons
between individual sites and the overall data (beta diversity) decreased until the
order 1 and then slightly increased again for higher orders. The stringency measure
based on relative read abundance, however, showed the reverse behavior for beta
diversity, where instead values were low for presence/absences but increased with
the stronger weighting of ZOTU abundances. The stringency filtering based on read
abundances resulted in low beta diversity if abundance is not or only weakly weighted
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and thus might not be an ideal choice to detect dissimilarities between sites. In
my study, this filtering strategy reduced the numbers of ZOTUs by about 90%,
typical for the zero-inflated data of NGS, where many ZOTUs are only present
at low abundances. Such a reduction to the most abundant ZOTUs may be fine
to assess differences for very distinctive samples (as for example different aquatic
habitats), but is probably not accurate enough for studies in a river catchment, where
shared ZOTUs are expected due to geographical proximity but also downstream
transportation.
My results can be summarized in a simple rule of thumb, suggesting that previous stringency treatments in the processing pipeline do not affect the results if
abundance-weighted Hill numbers are used for the analysis. However, rare ZOTUs
can reflect important aspects of communities (Zhan et al., 2013; Ainsworth et al.,
2015; Eren et al., 2015), and might be infrequent due to rare presence in the study
site but also due to primer bias. When handling low-abundance reads, the objective of a study must be considered. If a study is seeking a conservative biodiversity
estimate for a community, then limiting false absences are of primary concern and
rare ZOTUs should not be neglected. If the goal is to determine presence of specific
species of management significance, such as invasive alien species at early stages of
biological invasions, reducing false positives should be the priority and thus rare and
suspicious ZOTUs should be neglected. How low-abundance and rare ZOTUs should
be treated in NGS data will depend on the study, but Hill numbers offer a great
framework with which to investigate NGS data as abundance weighting can be easily
adjusted. Future improvements of nanopore, Crisper/CAS (Williams et al., 2019)
or single cell sequencing approaches will eliminate PCR steps. This is expected to
reduce primer bias and associated problems, indicating that detected abundances
may reflect true proportions observed in nature.
As an important note, my thesis is not presented in the chronological order in
which the studies were conducted, and the chapter 2 was actually analysed last.
The use of the Hill numbers framework (Hill, 1973) was inspired by the paper of
Alberdi and Gilbert (2019a), published just shortly before I finished my analysis. In
retrospect, I would have likely used this framework for other chapters too, especially
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for the analysis of chapter 4. While I do not expect that any of my conclusions
would be different, the framework could have added more consistency. I found it
surprising that this framework has been rarely used since its publication, despite
its advantages for comparing between different abundance weighting schemes, and
its straightforward interpretation. I imagine that the use of Hill numbers will be
implemented as best practices in future studies due its intuitive and comparable
results. Additionally, the simple transition between different abundance weighting
makes it an ideal framework to explore the non-normal distribution of NGS data.
The extension to phylogenetic Hill numbers based on sequence similarity may even
be more informative and would reduce the problem of missing taxonomic names of
ZOTUs.

A plea for macroinvertebrate eDNA studies
The spatial structure and high diversity of riverine systems are challenging for
classical assessments of biodiversity; however, rivers belong to the most threatened habitats and require intensive monitoring (Vörösmarty et al., 2010; Barrett
et al., 2018). The detection of biodiversity is the most obvious application of eDNA
metabarcoding and thus many studies explore the potential of eDNA to uncover diversity patterns, mostly focusing on fish diversity (e.g., Civade et al., 2016; Hänfling
et al., 2016; Valentini et al., 2016; Yamamoto et al., 2017). The promised higher
resolution in biodiversity data would not only be useful for conservation biology
but also for experimental and theoretical biodiversity research. In chapter 3, I asked
if diversity patterns in a river network are comparable between eDNA-based assessments and classical morphological approaches. I focused on the orders of may-,
stone-, and caddisflies as they are indicators of water quality assessments (Resh and
Rosenberg, 1993) and due to the under-representation of arthropod eDNA studies
(Belle et al., 2019).
For all diversity measures, I found congruent results for kicknet sampling and
eDNA, indicating that eDNA can capture different components of diversity, proving its potential utility for large sampling campaigns across hitherto understudied
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complete river catchments, also shown in two recent studies on macroinvertebrate
eDNA (Fernández et al., 2018; Fernández et al., 2019). However, richness of eDNA
was positively related to discharge, while the classical approach was not. Diversity
estimates derived by eDNA at points in a stream network could be further combined
with mathematical models based on hydrological first principles (e.g., Carraro et al.,
2017), allowing an estimation of distribution patterns at the catchment-scale and
may improve monitoring and conservation programs.
The two methods, however, did not reveal the same taxa (in line with Fernández
et al., 2018; Fernández et al., 2019), highlighting the most needed improvements
for the specific detection of macroinvertebrates. During my PhD thesis, a debate in
the field of eDNA started about the impracticability of eDNA for macroinvertebrate
detection (Hajibabaei et al., 2019). While I do believe in its feasibility, I clearly see
that the challenges are more complex than with other groups like fish or diatoms,
where discussion about standardization already started. The aim to detect ’macroinvertebrates’ includes organisms from a broad taxonomic scale, ranging from mussels
and crayfish, over to insects and oligocheaets. To detect all these evolutionary very
distinctive groups at the same time, the use of unspecific, universal primers is needed
and will always lead to false absences due to primer bias. Until future, non-PCR
based techniques can overcome these obstacles, the utilization of primers with narrower targeted taxonomic groups (e.g., on the level of class or order) may increase
recovery of macroinvertebrate taxa, but clearly more investigations are needed to
identify best practice for eDNA sampling of macroinvertebrates to standardize its
application (Blackman et al., 2019).
A second major limitation for eDNA detection of macroinvertebrate diversity
are lacking reference data (McGee et al., 2019; Weigand et al., 2019). The gaps
for macro-organisms can be filled to a large extent by the increased production
and availability of reference data pushed by international and national barcoding
initiatives (e.g., BOLD, SwissBOL, GBOL). However, I doubt that completeness can
be achieved for the vast majority of unknown micro-organisms, where taxonomic
expertise is also lacking. Future applications will not require a taxonomic identifier
for every DNA sequence, but will rely on the classification into operational taxonomic
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units associated with ecological information, as for example in what habitat and
ecological conditions an OTU has been previously found. It has been shown that
assessments for water quality can be performed by taxonomic-free approaches on
diatoms (Apothéloz-Perret-Gentil et al., 2017). These approaches could also offer
new opportunities to identify novel indicators of water quality assessments.

eDNA as a hydrological tracer
Riverine systems are not only particularly valuable due to their high biodiversity, they are also an important water resource for humanity. However, the details
of where water is stored and released in the heterogeneous environment are rarely
known. To identify flow paths, physico-chemical tracers are used, but can be challenging in alpine systems due to the temporary accumulation and storage of water
in the form of snow and ice. Artificially introduced DNA has been identified as a
reliable and useful tracer (Foppen et al., 2013; Dahlke et al., 2015). Biological tracers, such as eDNA, might complement information on flow and storage of water
by providing characteristic DNA data of the different micro-habitats inhabited by
special communities.
In chapter 4, I explored the potential of eDNA found in the water to characterize
hydrological flow paths and connectivity in a small alpine catchment with an interdisciplinary approach. I saw that eDNA as a tracer provided more information about
origin, flow, and upstream contribution than the non-biological variables (temperature, isotopes and electrical conductivity) alone by providing a specific identity
of ZOTUs according to the characteristic sources. Importantly, discharge variations
strongly affected detected eDNA diversity, highlighting again the importance of considering transport of eDNA to understand how streams integrate information over a
catchment for both, hydrological and biodiversity assessments and to interpret data
delivered by eDNA.
This study was a first assessment of the spatial and temporal heterogeneity of
eDNA in an alpine system and its potential for tracing hydrological flow paths. Fu127
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ture work would benefit from more targeted sampling around events and locations of
high hydrological interest (e.g., observations can focus on situations when there is no
current consistent tracer available, as for example glacier melt events). Additionally,
the construction of a complete species inventory was not feasible, hindering identification of individual species, which would allow for a physical interpretation of flow
paths based on distributions and habitat preferences of species. The next step for
using naturally occurring eDNA as hydrologic tracers is to identify for example key
ZOTUs characteristic of glacier melt, permafrost, or hyporheic zones. These biota
can then be used as tracers for specific water source contributions. Although the
use of eDNA as a tracer is a long way off, the principle of gaining biological and
hydrological information from the same tracer is captivating.

Conclusion
We currently face a new, exciting era of cross-domain research where eDNA allows hypothesis and theory testing, calling for interdisciplinary research. As shown
in my thesis, we still need experiments on the various applications in both the
laboratory and natural environments, to close gaps in our understanding of eDNA
behaviour in the environment and potential methodological biases impacting the interpretation of data. eDNA is providing a powerful option for large-scale monitoring
of biodiversity but further applications might also be on the horizon, as chapter 4
demonstrates. Using eDNA as a particle that could reveal environmental information beyond the pure identity of species opens a new promising field for eDNA at
the interface of ecology and hydrology to monitor freshwater ecosystems.
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Selker, J. S., Thévenaz, L., Huwald, H., Mallet, A., Luxemburg, W., Van De Giesen,
N., Stejskal, M., Zeman, J., Westhoff, M. and Parlange, M. B. (2006), ‘Distributed
fiber-optic temperature sensing for hydrologic systems’, Water Resources Research
42(12).
155

BIBLIOGRAPHY

Seymour, M. (2019), ‘Rapid progression and future of environmental DNA research’,
Communications biology 2(1), 80.
Seymour, M., Durance, I., Cosby, B. J., Ransom-Jones, E., Deiner, K., Ormerod,
S. J., Colbourne, J. K., Wilgar, G., Carvalho, G. R., de Bruyn, M., Edwards, F.,
Emmett, B. A., Bik, H. M. and Creer, S. (2018), ‘Acidity promotes degradation of
multi-species environmental DNA in lotic mesocosms’, Communications Biology
1(1), 4.
Seymour, M., Fronhofer, E. A. and Altermatt, F. (2015), ‘Dendritic network structure and dispersal affect temporal dynamics of diversity and species persistence’,
Oikos 124(7), 908–916.
Shaw, J. L., Clarke, L. J., Wedderburn, S. D., Barnes, T. C., Weyrich, L. S. and
Cooper, A. (2016a), ‘Comparison of environmental DNA metabarcoding and conventional fish survey methods in a river system’, Biological Conservation 197, 131–
138.
Shogren, A. J., Tank, J. L., Andruszkiewicz, E. A., Olds, B., Jerde, C. and Bolster,
D. (2016), ‘Modelling the transport of environmental DNA through a porous substrate using continuous flow-through column experiments’, Journal of the Royal
Society Interface 13(119).
Shogren, A. J., Tank, J. L., Andruszkiewicz, E., Olds, B., Mahon, A. R., Jerde,
C. L. and Bolster, D. (2017), ‘Controls on eDNA movement in streams: Transport,
Retention, and Resuspension’, Scientific Reports 7(1), 5065.
Shogren, A. J., Tank, J. L., Egan, S. P., Bolster, D. and Riis, T. (2019), ‘Riverine distribution of mussel environmental DNA reflects a balance among density,
transport, and removal processes’, Freshwater Biology 64(8), 1467–1479.
Shokralla, S., Spall, J. L., Gibson, J. F. and Hajibabaei, M. (2012), ‘Next-generation
sequencing technologies for environmental DNA research’, Molecular Ecology
21(8), 1794–1805.
156

BIBLIOGRAPHY

Sigsgaard, E. E., Carl, H., Møller, P. R. and Thomsen, P. F. (2015), ‘Monitoring the
near-extinct European weather loach in Denmark based on environmental DNA
from water samples’, Biological Conservation 183, 46–52.
Simberloff, D. (1978), Use of rarefaction and related methods in ecology, in ‘Biological data in water pollution assessment: quantitative and statistical analyses’,
ASTM International.
Simpson, A. G. B. and Roger, A. J. (2004), ‘The real ‘kingdoms’ of eukaryotes’,
Current Biology 14(17), R693–R696.
Smart, A. S., Tingley, R., Weeks, A. R., van Rooyen, A. R. and McCarthy, M. A.
(2015), ‘Environmental DNA sampling is more sensitive than a traditional survey
technique for detecting an aquatic invader’, Ecological Applications 25(7), 1944–
1952.
Smith, B. P., Hannah, D. M., Gurnell, A. M. and Petts, G. E. (2001), ‘A hydrogeomorphological context for ecological research on alpine glacial rivers’, Freshwater
Biology 46(12), 1579–1596.
Spens, J., Evans, A. R., Halfmaerten, D., Knudsen, S. W., Sengupta, M. E., Mak,
S. S., Sigsgaard, E. E. and Hellström, M. (2017), ‘Comparison of capture and storage methods for aqueous macrobial eDNA using an optimized extraction protocol:
advantage of enclosed filter’, Methods in Ecology and Evolution 8(5), 635–645.
Strayer, D. L., Caraco, N. F., Cole, J. J., Findlay, S. and Pace, M. L. (1999), ‘Transformation of Freshwater Ecosystems by Bivalves A case study of zebra mussels in
the Hudson River’, BioScience 49(1), 19–27.
Strayer, D. L. and Dudgeon, D. (2010), ‘Freshwater biodiversity conservation: recent progress and future challenges’, Journal of the North American Benthological
Society 29(1), 344–358.
Strickler, K. M., Fremier, A. K. and Goldberg, C. S. (2015), ‘Quantifying effects
of UV-B, temperature, and pH on eDNA degradation in aquatic microcosms’,
Biological Conservation 183, 85–92.
157

BIBLIOGRAPHY

Swerdlow, H. and Gesteland, R. (1990), ‘Capillary gel electrophoresis for rapid, high
resolution DNA sequencing’, Nucleic acids research 18(6), 1415–1419.
Taberlet, P., Bonin, A., Zinger, L. and Coissac, E. (2018), Environmental DNA: For
Biodiversity Research and Monitoring, Oxford University Press.
Taberlet, P. and Bouvet, J. (1992), ‘Bear conservation genetics’, Nature
358(6383), 197.
Taberlet, P., Coissac, E., Hajibabaei, M. and Riesenberg, L. H. (2012), ‘Environmental DNA’, Molecular Ecology 21(8), 1789–1793.
Takahara, T., Minamoto, T., Yamanaka, H., Doi, H. and Kawabata, Z. (2012),
‘Estimation of fish biomass using environmental DNA’, PloS one 7(4), e35868.
Takeuchi, A., Iijima, T., Kakuzen, W., Watanabe, S., Yamada, Y., Okamura, A.,
Horie, N., Mikawa, N., Miller, M. J., Kojima, T. and Tsukamoto, K. (2019), ‘Release of eDNA by different life history stages and during spawning activities of
laboratory-reared Japanese eels for interpretation of oceanic survey data’, Scientific Reports 9(1), 6074.
Tetzlaff, D., Buttle, J., Carey, S. K., McGuire, K., Laudon, H. and Soulsby, C. %.
H. P. (2015), ‘Tracer-based assessment of flow paths, storage and runoff generation
in northern catchments: A review’, 29(16), 3475–3490.
Thalinger, B., Sint, D., Zeisler, C., Kirschner, D., Traugott, M., Moritz, C. and
Schwarzenberger, R. (2018), ‘Quantifizierung von Fischbeständen mittels eDNA
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Weigand, H., Beermann, A. J., Čiampor, F., Costa, F. O., Csabai, Z., Duarte,
S., Geiger, M. F., Grabowski, M., Rimet, F., Rulik, B., Strand, M., Szucsich, N., Weigand, A. M., Willassen, E., Wyler, S. A., Bouchez, A., Borja, A.,
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Abstract
The use of environmental DNA (eDNA) as a species detection tool is attracting attention
from both scientific and applied fields, especially for detecting invasive or rare species. In
order to use eDNA as an efficient and reliable tool, however, we need to understand its origin and state as well as factors affecting its degradation. Various biotic and abiotic environmental factors have been proposed to affect degradation of eDNA in aquatic environments
and thus to influence detection rates of species. Here, we were interested in two of them,
namely UV light, which can break down DNA, and the presence of filter feeders, which can
remove DNA and DNA-bound particles. A few, mostly laboratory-based studies have found
minor effects of UVB on the degradation of eDNA. Ultraviolet A radiation (UVA), however,
has been neglected although it also causes DNA lesions and is 10- to 100-fold more prevalent than UVB when reaching the earth’s surface. Filter feeders are common in aquatic ecosystem, but their effects on eDNA has hitherto been ignored. We conducted a full-factorial
aquatic mesocosm experiment under near-natural outdoor conditions manipulating UV radiation as well as the presence of Dreissena polymorpha, a strong filter feeder capable of filtering cells or organelles containing DNA. Surprisingly, we found that neither UV radiation
nor the presence of the filter feeder affected eDNA-based detection rates of macroinvertebrates, even though the experiment took place in summer when UV radiation intensity and
filtration activity is high for the chosen experimental site and conditions. These results, in
combination with studies from marine or laboratory settings finding no effect of sunlight and
its UV components on the detectability of eDNA, suggest that eDNA based species assessments could be relatively robust with respect to our two factors studied.
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Introduction
Organisms constantly shed DNA into the environment, for example through skin or fecal cells,
enabling species assessments through non-invasive sampling [1, 2]. In recent years, researchers
successfully extracted DNA from environmental samples to detect the presence of organisms in
various environments (e.g., [3, 4, 5]). Subsequently, the use of this environmental DNA (eDNA)
as a tool for detection has attracted ample attention from both scientific and applied fields, to
assess biodiversity [6–10] and even more so to specifically detect invasive or rare species (e.g.,
[3, 4, 5, 11]). Many of these studies showed that eDNA provides more sensitive estimates of species’ presence than traditional methods (e.g., [5, 12, 13]). In order to establish eDNA as an efficient and robust detection tool for species, however, we need to have a good understanding of
the origin, state, and also degradation of eDNA [14, 15] to optimize sampling schemes that lead
to more accurate survey results and species detections. This is especially important when eDNA
is used as an early warning tool [12, 16], where management actions are implemented depending on the outcome of such tests.
In aquatic systems, Strickler et al. [15] give a conceptual model showing how the three main
processes of i) production, ii) transport and iii) removal and degradation of eDNA determine
the detection of species. Biotic factors can mainly affect the production rate and lead to variation in detection rates, for example due to the specific life stage of organisms during eDNA
sampling [17], their activity [18], or densities [19]. A few studies looked at the transportation
of eDNA [20, 21], which is hypothesized to be mainly affected by diffusion and discharge [15].
Finally, both biotic and abiotic factors can affect the degradation of eDNA [14]. Among the
most commonly proposed and studied abiotic factors degrading eDNA are ultraviolet radiation, temperature, pH, oxygen, salinity, and sediments, while the primary biotic factor proposed is microbial activity [15, 22].
So far, only a few studies experimentally tested the influence of UV radiation on eDNA degradation, focusing on ultraviolet B radiation (UVB). In marine systems, a recent study [23]
placed dialysis bags at two depths resulting in different sunlight exposures. The study showed
no effect of sunlight on the decay of eDNA. In freshwater systems, Pilliod et al. [24] showed that
eDNA more rapidly declined when small (125 mL) containers were placed in the sun compared
to the shade. In a second study, Strickler et al. [15] conducted a laboratory experiment where
they manipulated UVB radiation intensity of 4 L mesocosms together with temperature and pH
levels in a full factorial design. The study showed that temperature has a strong effect, but that
UVB and pH also affect degradation rate, and that their respective effects depend on the levels
of the other factors. All these studies focused on UVB radiation, which had been proposed to be
an important driver of DNA degradation by Strickler et al. [15]. However, in natural sunlight,
UVA is 10- to 100-fold more prevalent than UVB when it reaches the earth’s surface [25]. It is
well known that UVB and UVA can cause mutations/lesions on the DNA [26], but the specific
mechanisms are less clear for UVA, as it is not directly absorbed by the DNA but acts over secondary pathways [27]. UVA radiation also penetrates deeper into the water column than UVB,
and might thus have larger effects on eDNA in aquatic systems [28]. Overall, this motivated us
to test the effect of different UV radiation types (UVA and UVB) on degradation and subsequent detectability of eDNA in freshwater systems.
Among the biotic factors, microbial activity is one of the few mechanisms hypothesized to
be important for degradation of eDNA, and two studies have tested this [22, 29]. However,
larger organisms also may affect eDNA degradation. We specifically hypothesized that filter
feeders, which are commonly found in aquatic ecosystems, can directly remove eDNA or particles binding eDNA from the water column. For example, mussels are known to filter large
amounts of water and removing suspended particles [30]. This effect can be so strong that
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water bodies can change from a turbid to a clear water state by the presence of certain mussels,
such as the widely distributed and often invasive zebra mussel Dreissena polymorpha [31],
which are therefore also called ecosystem engineers. For D. polymorpha it has been shown that
the size of particles filtered ranges from 0.4 to 40 μm, which partially includes the size of mitochondria or cells [32] that are known to be the main state of eDNA in the environment [33].
Here, we tested the potentially interacting effects of different UV radiation types (UVA and
UVB) and filter feeders on detectability of eDNA under near-natural conditions.

Material & methods
In a full factorial design, we tested the effect of three different UV-light levels and the presence/absence of a filter feeder on eDNA-based detectability of macroinvertebrates in small
standing water bodies, comparable to ponds. To do so, we enriched freshwater mesocosms
with the DNA of three common macroinvertebrates (Gammarus pulex, Asellus aquaticus and
Potamopyrgus antipodarum), and placed them outside in a natural sunlight regime. We applied
different cover materials to manipulate the type of UV radiation reaching the water and manipulated presence/absence of the filter feeding mussel Dreissena polymorpha to test their
effects on the detectability of macroinvertebrate eDNA. We tested the detectability of the three
macroinvertebrates’ eDNA over a time span of six days using standard PCR and species-specific primer pairs.

Ethics statement
All experiments in this study followed the current laws of Switzerland. We did not need a permit for collecting the four different invertebrate species used in our experiment, as these invertebrate species are not protected by the law nor are they listed as endangered. Furthermore,
the species were all present and collected in the catchment where the experiment took place.

Primer design and specificity test of primers on tissue DNA
We designed species-specific primers for the freshwater amphipod Gammarus pulex and the
freshwater isopod Asellus aquaticus, and used already published primers for the freshwater
snail Potamopyrgus antipodarum [16], but without the use of the MGB probe (Table 1). For
both G. pulex and A. aquaticus, we used own generated sequences (GenBank accession numbers are listed in S1 Table) to design the primers. We then used Sequencher1 (version 4.9;
Gene Codes, Ann Arbor, Michigan, USA) to observe intraspecific conserved regions of the targeted COI gene and compared it to sequences from related species (see S1 and S2 Tables for
GenBank accession numbers). We designed the primers with Primer3web (version 4.0.0, [34])
software by using the default settings and improved the suggested primers to maximize base
pair differences to closely related species [35]. We checked for the formation of secondary
structures of the primers with the free edition of Bacon Designer (PREMIERE Biosoft, California, USA) and chose primers that showed reduced affinity for secondary structures. We optimized the PCR protocol for each primer set with temperature and MgCl2 gradients by using
tissue extracted DNA (tDNA) of the specific species. We aimed to test all primers in a PCR
against tDNA of species belonging to the same genus as the targeted species are known to be
present in Switzerland, which was especially relevant for a number of common amphipod species [36]. Asellus and Potamopyrgus have no other species present locally in the genus other
than the target species, thus we extended the test to further-related species (Table 2).
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Table 1. Used primer pairs to detect species-specific eDNA.
Target species

Primer name

Sequence (5’-3’)

Amplicon size (bp)a

Asellus aquaticus

Aaq-L3

GGCAATGACCAGATTTACAATGTAA

147

Aaq-R3

ATTTATACGAGGAAATGCTATATCTGG

Gammarus pulex
Potamopyrgus antipodarum

Gpu-L9

CTCTAACCCTTCTACTTATAAGTAGTA

Gpu-R11

GTAGAGATAAAATTAATAGCGCCG

NZMSF

TGTTTCAAGTGTGCTGGTTTAYA

NZMSR

CAAATGGRGCTAGTTGGAATTCTTT

Publication
Herein
Herein

179

Herein
Herein

89

Goldberg et al. 2013
Goldberg et al. 2013

a

Amplicon size is including the primer pair length

https://doi.org/10.1371/journal.pone.0195529.t001

Target organisms
Species were collected from the field on May 26 and 30, 2016 (Chriesbach, Zurich, Switzerland,
latitude 47.40454˚N, longitude 8.60898˚E). Per species we had five small containers that were
filled with tap water (6.5 L). Individuals were then added to the containers to enrich the water
with their eDNA (Gammarus pulex: 68 individuals per container; Asellus aquaticus: 26 individuals per container; Potamopyrgus antipodarum: 64 individuals per container). During this
incubation period, we fed G. pulex and A. aquaticus ad libitum with maple leaves (Acer sp.)
previously incubated in water for 11 days, while P. antipodarum was fed ad libitum with Spirulina sp. (1 teaspoon of powder dissolved in 50 mL of water, of which about 10 mL were added
per container and day). We kept the animals for at least 10 days in the containers, and we did
not observe any mortality. Water losses due to evaporation were replaced daily. We then filtered the water of each container with a mesh size of 500 μm in order to remove individuals
and leaf litter. We mixed the five containers per species together and took an eDNA sample (as
described below, see S3 Table for volume and concentrations).
UV radiation may not only affect the degradation of macroinvertebrate eDNA, but also the
release of eDNA due to its stressful impact on aquatic organisms [37, 38]. As we only were
interested in the former and wanted to exclude different eDNA shedding rates depending on
the treatment, we added water which was naturally enriched with the target organisms’ eDNA
(see previous paragraph), rather than adding the organisms themselves to the experiment.
Therefore, we distributed 1 L of each species’ eDNA-enriched water to each mesocosm at the
onset of the experiment.

Treatments
We used different cover materials to manipulate the UV content reaching the water and thus
the eDNA in the mesocosms (Fig 1). For the control treatment we used Plexiglas1 GS2458
Table 2. List of species that were used to test the specificity of primers.
Primer target species

Closely related species

Asellus aquaticus

Jaera istri

No

no

Proasellus coxalis

No

yes

Gammarus pulex

Potamopyrgus antipodarum

In catchment present

Successful amplification

Gammarus fossarum

No

no

Gammarus roeseli

No

no

Gammarus lacustris

No

no

Echinogammarus stammeri

No

no

Dikerogammarus villosus

Yes

no

Crangonyx pseudogracilis

No

yes

Lithoglyphus narticoides

No

no

Dreissena polymorpha

Yes

no

https://doi.org/10.1371/journal.pone.0195529.t002
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Fig 1. Overview of the three different UV treatments and the specific cover material used. In the control treatment, visible light (VIS) and all wavelengths of UV
radiation can penetrate the cover. In the ‘No UVB’ treatment only VIS and UVA radiation can penetrate the cover, while UVB radiation will be reflected. Similar in the
‘No UVA and no UVB’ treatment: UVA and UVB radiation will be reflected and only VIS can reach the water in the mesocosms.
https://doi.org/10.1371/journal.pone.0195529.g001

(3mm, Evonik Performance Materials GmbH, Darmstadt, Germany), allowing full penetration
of all UV levels. For the exclusion of UVB radiation we used borosilicate glass (3mm, Glas
Trösch AG INTERIEUR, Volketswil, Switzerland). For the exclusion of all UV radiation we
used Plexiglas1 UV 100 (3mm, Evonik Performance Materials GmbH, Darmstadt, Germany).
The covers substantially jutted out on all sides over the edge of the mesocosms, such that the
sun light could only reach the surface of the water by passing through the respective covers. To
half of the mesocosms, we added the mussel Dreissena polymorpha, which is known to be a
heavy filter feeder [31]. Dreissena polymorpha individuals were collected on June 1, 2016 (Greifensee, Zürich, Switzerland, latitude 47.33996˚N, longitude 8.67941˚E), kept in the laboratory
until the distribution of individuals to mesocosms, and fed ad libitum with cultures of the
green alga Scenedesmus sp. We distributed 15 individuals of D. polymorpha with varying body
size (mean length 8.8 mm ± 2.7 mm standard deviation) randomly to each of the mesocosms
belonging to the filter feeder treatment.
In a full-factorial design we tested the effect of UV (three levels) and the presence of a filter
feeder (two levels) on eDNA detection rates. Each treatment combination was replicated five
times (equals a total of 30 mesocosms) and the treatments were randomly assigned to the
mesocosms. During the experiment, we measured UV radiation of the natural sunlight daily
with a JAZ-EL200 spectrometer (Ocean Optics, Florida, USA) at 9 a.m., 12 p.m., and 3 p.m.,
and collected eDNA samples on a daily basis.

Mesocosms
We used 90 L plastic tanks for our mesocosms and placed them on the rooftop of a research
facility of Eawag near Zurich, Switzerland (latitude 47.40521˚N, longitude 8.60951˚E, 432 m
above sea level). We cleaned the mesocosms with 2.5% sodium hypochlorite (i.e. bleach) and
thoroughly rinsed them with tap water before use. Afterwards, we filled them with 48 L of tap
water which resulted in a water column depth of 0.21 m and a surface area of 0.25 m2. We
added an aeration system for a constant mixing of the water column (aquarium air stones,
Tetra Tec Instruments GmbH, Baden-Württemberg, Germany). To confirm that the material
was clean and that there was no background eDNA of our specific target species present, we
collected one eDNA sample per mesocosm (t = 0) on May 25, 2016. We added HOBO pendant
temperature loggers (Onset, Bourne, Massachusetts, USA) on May 26 and collected temperature data at an hourly interval.
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Environmental DNA sampling, extraction and PCR
We took an eDNA sample from each mesocosm immediately after the addition of the water
enriched with the target organisms’ eDNA. Thereafter, we sampled eDNA at a 24 h interval for
six days. We wore nitrile disposable gloves while sampling and exchanged them after each
mesocosm was sampled to avoid any cross-contamination. Each eDNA sample consisted of
250 mL water per mesocosm, filtered on a single GF/F filter (0.7 μm Whatman International
Ltd., Maidstone, UK). We directly sampled water with a 50 mL disposable syringe from the
individual mesocosms and filtered on site. After the water filtration, we pushed 50 mL of air
through the filter to get rid of excess water on the filter. Then we opened the filter housing and
transferred the filter with tweezers to a 1.5 mL tube. The tube was stored in the dark and on ice
until all mesocosms were sampled (max. 1 h). Tweezers were cleaned with 2.5% sodium hypochlorite, wiped with 70% Ethanol and dried between the different samples. Thereafter, all
tubes were frozen at –20˚C until further processing.
We used the Qiagen DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) for the extractions. Details to the extraction and the performed PCR can be found in the supporting information (S1 Appendix). We performed five PCR replicates per sample and for each PCR plate
we included a negative (PCR water) and positive (tDNA) control. Amplification success was
tested with the QIAxcel Advances Systems by using a High Resolution Cartridge (Qiagen, Hilden, Germany), the OM500 method and the Default DNA v2.0 analysis. We used the QX 15
b–1 kb alignment marker and the 50–800 bp reference marker (5 ng/μL). A PCR was assigned
as positive if there was a clear peak adjacent to the expected amplicon size.

Sequencing
Due to cross-amplification we randomly selected 10% of all positive eDNA reactions with the
right amplicon size per species (for A. aquaticus 17, G. pulex 25) and sequenced the PCR product. Further, we sequenced two negative controls (one for G. pulex and one for A. aquaticus)
that showed a peak in the electropherogram. 5 μL of each PCR product was cleaned with
0.5 μL EXO I and 1 μL rSAP, heated up to 37˚C for 15 min followed by 15 min at 80˚C. Each
PCR product was sequenced in both directions with the Big Dye Terminator (version 3.1) system on 3730xl DNA Analyzer following the provided protocols (Applied Biosystems, Foster
City, California USA). A sequence was counted as confirmed if the generated sequence length
matched the expected sequence length and the generated sequence matched the anticipated
species ( 98% maximum identity and  98% query coverage) when testing against the NCBI
database by using default BLAST settings [39].

Laboratory conditions and negative controls
We took specific and extensive laboratory precautions developed and recommended for the
work with eDNA, and described in detail in [11]. In deviation of [11], we here filtered eDNA
samples directly in the field. To ensure that this did not cause any contamination, we also included a negative equipment control (EQC) at each sampling event. The EQC consisted of
Milli-Q1 water that was treated with UV-C light before. The EQC was filtered before the mesocosms, so that can be used as a control to check if our equipment was clean, which is important
because syringes and filter housings were reused during the project. Further, we included a negative extraction control (EXC) which consisted of a GF/F filter that was UV radiated prior to its
use and then extracted along with eDNA samples. We tested all EQC and EXC samples in five
replicates of PCR per primer pair alongside with the eDNA samples.
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Statistics
We used R version 3.3.2 [40] and the R-package lme4 version 1.1–13 [41]. We analyzed the
effect of the different UV levels and the presence of a heavy filter feeder on eDNA detection
rates using a linear mixed effect model with a binomial error distribution. We used the proportion of positive detections across all five PCR replicates of a specific primer pair as the response
variable. In the model, we used the UV and the filter feeder treatments as fixed effects. We
treated the day of the experiment and the mesocosm identity as random effects (day | mesocosm) in a random slope and intercept model. We increased the number of function evaluations
to 100,000 due to model convergence issues. We compared the models with and without interaction of the fixed effects (UV and the filter feeder treatment) with a mixed model ANOVA
analysis and selected the best model based on the AIC criterion. The models were tested for
each species separately.

Results
Primer specificity
Our two newly designed primers successfully amplified the DNA of the respective targeted
species Gammarus pulex and Asellus aquaticus. While generally specific, both primers also
amplify DNA from tissue samples of one closely related non-targeted species each: the Gpu
primer pair amplified the tDNA of C. pseudogracilis and the Aaq primer pair amplified tDNA
of P. coxalis (Table 2). However, both non-target species are not expected to occur in the catchment of our study area, can be excluded as being present in the tap water used in our study,
and were not added as individuals to our mesocosms. Thus, an erroneous mis-amplification in
the experimental setting is highly unlikely. While any such mis-amplifications would be conservative with our treatment and conclusions, we sequenced a subset of the experimental
eDNA based bands (see below) to demonstrate that our eDNA based samples were based on
our targeted species. The primers for the P. antipodarum did not amplify any other species
that the primer pair was tested against.

eDNA detectability
On day one of the experiment we found a very high detection probability of all three targeted
macroinvertebrate species in the 250 mL water sample and subsequent eDNA based assessment
(mean of 96% ± 2.4% for A. aquaticus, 98.7% ± 0.9% for G. pulex and 90.6% ± 2.3% for P. antipodarum over all treatments, data available in S4 Table). Thereafter, we found that the proportion
of positive eDNA detection declined relatively rapidly for all three targeted macroinvertebrate
species within the first two days, but for all three species we still found low detection at day six
of the experiment, indicating that some eDNA persisted throughout this time period (Fig 2).
Contrary to our expectation, however, detection rates were not affected by the UV radiation
treatment nor the filter-feeding treatment (or their interaction): we did not find any significant
influence on the proportion of eDNA-based detection across the three different UV levels of the
UV radiation treatment, and there was no significant difference in eDNA detection between the
replicates with or without filter feeders (Tables 3 and 4, Fig 3). All EQC and EXC were blank and
did not amplify with any of the primer pairs. Further, all preliminary eDNA tests of mesocosms
(t = 0) were blank, showing that the water used for filling the mesocosms was free from detectable
amounts of eDNA from the specific targeted species. All but two negative PCR controls were
blank. We sequenced the two negative controls that amplified, one belonging to a Gammarus
pulex PCR reaction and one belonging to Asellus aquaticus PCR reaction. The sequenced negative control for Gammarus pulex did not meet the confirmation criteria stated above. The
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Fig 2. Mean proportion of successful eDNA detection per UV treatment based on positive amplifications across five PCR replicates per mesocosm. Error bars
represent standard errors across all ten mesocosm replicates of the corresponding UV treatment. We did not process eDNA samples for day five for A. aquaticus and P.
antipodarum due to logistic reasons.
https://doi.org/10.1371/journal.pone.0195529.g002

sequencing quality was very low (0.9%), indicating that no or only a poor-quality DNA template
was present in the sequencing reaction. The sequence for the negative PCR control for Asellus
Table 3. GLMM results on the fixed effects of the UV and filter feeder treatments on the detection of each species.
Coefficient

Standard error

Z value

p value

Intercept (UV: Control)

-0.7779

0.8429

-0.92

0.36

UV: No UVB

0.3861

0.9113

0.42

0.67

UV: No UVA and no UVB

-0.0991

0.9252

-0.11

0.92

Filter feeder: Present

0.6748

0.7591

0.89

0.37

Asellus aquaticus

Gammarus pulex
Intercept (UV: Control)

-0.9799

0.7287

-1.35

0.18

UV: No UVB

-0.2661

0.6355

-0.42

0.68

UV: No UVA and no UVB

0.5955

0.6065

0.98

0.33

Filter feeder: Present

-0.0669

0.5154

-0.13

0.90

Potamopyrgus antipodarum
Intercept (UV: Control)

0.2271

0.8808

0.26

0.80

UV: No UVB

-0.3026

0.7214

-0.42

0.68

UV: No UVA and No UVB

-0.4077

0.7432

-0.55

0.58

Filter feeder: Present

-0.4594

0.5868

-0.78

0.43

https://doi.org/10.1371/journal.pone.0195529.t003
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Table 4. GLMM results of the random effects (mesocosm identity and day of experiment) on the detection of each
species.
Variance

Standard deviation

Asellus aquaticus
Intercept (mesocosm) 84.98

9.218

Day 32.79

5.726

Gammarus pulex
Intercept (mesocosm) 25.314
Day 4.484

5.031
2.118

Potamopyrgus antipodarum
Intercept (mesocosm) 30.745
Day 9.905

5.545
3.147

https://doi.org/10.1371/journal.pone.0195529.t004

aquaticus met the confirmation criteria above and likely happened due to cross-contamination
since we were pipetting the positive control right next to the well of the negative PCR control.
We included the PCR replicates generated with the same master mix, as no other PCR reaction
besides the negative and positive control amplified. Thus we treated both amplifications of the
negative PCR controls as negative results. The sequencing of the eDNA samples was successful:
all amplicons met the stated confirmation criteria and matched the respective targeted species,
and were counted as positive eDNA detections.
The water temperature in the mesocosms was comparable between the three types of covers
(i.e., the three UV treatments): mean (± standard error) temperature for the control treatment
was 18.9˚C ± 0.1˚C over the course of the experiment, 18.9˚C ± 0.1˚C for the ‘No UVB’ treatment and 18.8˚C ± 0.1˚C for the ‘No UVA and no UVB’ treatment. The maximum temperature observed in a replicate was 31.1˚C for the control, 32.0˚C for the ‘No UVB’ treatment and
31.1˚C for the ‘No UVA and no UVB’ treatment (data available in S5 Table). These maximum
temperatures were all measured on day 2 of the experiment. In the mesocosms with the filtration treatment, all but very few Dreissena individuals were alive throughout the whole
experiment.

Discussion
We studied if and how natural levels of UV radiation and the presence of filter feeders, common abiotic and biotic factors in aquatic ecosystems, affect detection rates of macroinvertebrate eDNA. Surprisingly, natural levels of UV radiation had no effect on the detection
probability of species-specific eDNA, even though the experiment took place in summer when
UV radiation intensity is the highest for our experimental site [42]. Additionally, the presence
of a heavy filter feeder did not show any effect on the detection of eDNA. Overall, the detectability of eDNA decreased quickly and over timescales comparable to other studies (e.g., [9,
19, 22]) and our results indicate a relatively high robustness of eDNA-based estimates with
respect to two major factors hypothesized to affect eDNA detection (UV radiation and filter
feeders). Consequently, other factors, such as microbial activity or pH [15, 43], may be the
main drivers of eDNA degradation and eDNA detectability over time. Our findings suggest
that variation in UV radiation may be negligible for the application of eDNA as a detection
method, at least for sampling sites at low altitudes in the temperate zone. Importantly, this
may not necessarily be the case for alpine or tropical regions, where UV intensity is generally
higher (e.g., [42, 44]). Our results are in accordance with a recent study that tested the difference of sunlight on the degradation of fish eDNA in marine systems [23], where the effect of
UV radiation is supposed to be even higher, but also did not affect detectability.
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Fig 3. Mean proportion of successful eDNA detection per filter feeder treatment based on positive amplifications across five PCR replicates per mesocosm. Error
bars represent standard errors across all 15 mesocosm replicates of the corresponding filter feeder treatment. We did not process eDNA samples for day five for A.
aquaticus and P. antipodarum due to logistic reasons.
https://doi.org/10.1371/journal.pone.0195529.g003

There was no difference in the detection of eDNA between the two treatment levels that
either excluded UVB radiation only or excluded both UVA and UVB radiation, which seems
to contradict the current understanding of UVB’s role in the degradation of eDNA. Although
Strickler et al. [15] found that degradation of eDNA was positively associated with UVB intensity, the data showed a non-linear effect and did not include effects of UVA. To our knowledge, our experiment is the first that investigated individual and combined effects of the two
UV components (UVA and UVB) on the detectability of eDNA. UVB radiation usually penetrates only a few decimeters into the water column whereas UVA can penetrate deeper, but the
penetration depth is dependent on optical properties of the water, such as the dissolved
organic carbon (DOC) concentration [28]. Since we used tap water, which had a very low
DOC level, and the depth of our water column was only about 0.21 m, there should not be a
difference in the penetration depth of the two UV components in our experimental setting.
While the results of our UV treatments are in accordance with some recent studies [23],
they contradict the finding of Pilliod et al. [24], who detected a faster decline in the ‘sun’ compared to the ‘shade’ treatment (after 4 days, they detected eDNA in 40% of the sun treatment
samples compared to 80% in the shade treatment samples). However Pilliod et al. [24] did not
control for temperature during the experiment. The temperature in the ‘sun’ versus the ‘shade’
treatment may have been different, and temperature has been shown to be an important confounding factor by other studies [15, 29, 45]. In our study, the temperature did not differ
between the different mesocosms irrespective of the cover material, and thus we can exclude
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an effect due to temperature differences. The general rapid decline in eDNA detectability at
the beginning of the experiment is consistent with other studies (e.g., [4, 19, 46]), but may also
been driven by the relative high ambient temperature during the first two experimental days.
We cannot exclude that at lower temperatures, which allow a slower degradation of eDNA [15,
29, 45], a difference between the different UV treatments could have occurred. Thus, it would
be interesting to repeat our study in alpine regions, where temperatures are generally lower
but UV radiation intensity is higher. While quantitative PCR (qPCR) has been shown to be
more sensitive [35], we have used a standard PCR procedure, because the concentrations of
our eDNA samples were below the limits of detection (LOD) for the qPCR assay and thus
enabled a reliable quantification of DNA. We do not, however, think that our choice of DNA
amplification method has biased our results.
The presence of the heavy filter feeder Dreissena polymorpha also had no effect on the detectability of the eDNA, although studies have shown that D. polymorpha can filter up to 0.1 L
per hour and individual [31], and thus a single individual could have filtered one-third of the
volume of our mesocosm in less than a day. The absence of an effect could be due to three reasons: First, the density of the filter feeder may not have been sufficiently high to have an effect.
We used a density of 41 D. polymorpha individuals m–2, which is much lower than naturally
observed densities of up to 32,000 individuals m–2 [47]. However, these maximal densities may
not be the norm. Second, the individuals might have had reduced filtration rates due to the relatively high temperature [48]. The optimal temperature range for adult individuals of D. polymorpha lies between 20–25˚C, which is within the range of our average temperatures across
the experiment, but lower than the experimentally observed maximum temperature peaks of
up to 32.0˚C [49]. Third, D. polymorpha could also have an indirect positive effect on the stability of eDNA by filtering out bacteria that otherwise would have degraded eDNA. Further,
differences between bivalve species in particle size retention [50] could lead to varying impacts.
Disentangling such possible pleiotropic effects of filter feeders on eDNA is a hitherto understudied aspect and cannot be disentangle by our approach, as we only looked at the net effect
of the presence of D. polymorpha.

Conclusion
Our study suggests that neither UV components of natural sunlight nor a common filter feeder
interfere with the application of eDNA as a detection tool under realistic semi-natural conditions. Our UV results from an outdoor freshwater mesocosm experiment are in concordance
with experiments conducted either in marine systems or studying UV effects in small microcosms [15, 23], which all did not find an effect of UV radiation on eDNA detectability. Importantly, however, we only studied one filter feeder species at a relatively low density, and
acknowledge that effects of filter feeders at high densities are possible, either by directly filtering out eDNA or by indirectly affecting density of eDNA-degrading bacteria.
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Sandra Probst-Rüd for the discussion of the experimental setup and Uta Mührle (Hydra Konstanz) for providing tissue samples. We thank Chelsea J. Little and two anonymous reviewers
for their constructive inputs on the manuscript.

Author Contributions
Conceptualization: Elvira Mächler, Florian Altermatt.
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Supplementary files Chapter 1
Detailed information on extraction of eDNA samples
We followed the manufacturer’s protocol for animal tissues (spin-column protocol) with the following changes: for all samples we eluted the DNA twice with
50 µL AE buffer, in a total volume of 100 µL. Additionally, for eDNA samples
we doubled the volume of ATL buffer (360 µL), Proteinase K (40 µL), AL buffer
(400 µL) and Ethanol (400 µL). In order to load the total volume on a spin column,
we had to repeat the subsequent centrifugation step (point 4 in the provided protocol) twice. PCR reaction of eDNA samples were set up the following: 1x Probes
Master (12.5 µL, Roche Diagnostics, Rotkreuz, Switzerland), 0.5 nM of each primer
(1.25 µL), 1 µg/µL BSA (2.5 µL, GeneON, Ludwigshafen am Rhein, Germany), 3 µL
DNA template, in a total reaction volume of 25 µL. The PCR regime consisted of
95 °C for six minutes, followed by 50 cycles of denaturation at 95 °C for 30 seconds,
annealing at 60 °C (G. pulex and P. antipodarum) respectively 58 °C for A. aquaticus for 30 seconds and elongation at 72 °C for 45 seconds, ending the PCR with a
final hold of 72 °C for 7 minutes.
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Table S1.1: GenBank accession numbers for own generated
sequences used for primer design.
Species name

GenBank Accession Number

Asellus aqauticus

MG986872
MG986873
MG986874
MG986875
MG986876
MG986877
MG986878

Crangonyx pseuogracilis

MG986726
MG986727
MG986728
MG986729
MG986730
MG986731
MG986732
MG986733
MG986734
MG986735
MG986736

Dikerogammarus villosus

MG986737
MG986738
MG986739
MG986740
MG986741
MG986742
MG986743
MG986744
MG986745

- continued on next page -
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Table S1.1 – continued from previous page
Species name

GenBank Accession Number

Dikerogammarus villosus

MG986746
MG986747
MG986748
MG986749
MG986750
MG986751
MG986752
MG986753
MG986754
MG986755
MG986756
MG986757

Echinogammarus stammeri

MG986758
MG986759
MG986760
MG986761
MG986762
MG986763
MG986764
MG986765
MG986766
MG986767
MG986768
MG986769
MG986770
MG986771
MG986772
MG986773
MG986774

- continued on next page -
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Table S1.1 – continued from previous page
Species name

GenBank Accession Number

Echinogammarus stammeri

MG986775
MG986776
MG986777

Gammarus fossarum

MG986778
MG986779
MG986780
MG986781
MG986782
MG986783
MG986784
MG986785
MG986786
MG986787
MG986788
MG986789
MG986790
MG986791
MG986792
MG986793
MG986794
MG986795
MG986796
MG986797
MG986798

Gammarus alpinus

MG986799
MG986800
MG986801
MG986802
MG986803

- continued on next page -
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Table S1.1 – continued from previous page
Species name

GenBank Accession Number

Gammarus alpinus

MG986804
MG986805
MG986806
MG986807
MG986808
MG986809
MG986810
MG986811
MG986812
MG986813
MG986814
MG986815
MG986816
MG986817
MG986818
MG986819
MG986820
MG986821
MG986822
MG986823
MG986824
MG986825
MG986826
MG986827
MG986828

Gammarus pulex

MG986829
MG986830
MG986831
MG986832
- continued on next page -
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Table S1.1 – continued from previous page
Species name

GenBank Accession Number

Gammarus pulex

MG986833
MG986834
MG986835
MG986836
MG986837
MG986838
MG986839
MG986840
MG986841
MG986842
MG986843
MG986844
MG986845
MG986846
MG986847
MG986848
MG986849

Gammarus roeseli

MG986850
MG986851
MG986852
MG986853
MG986854
MG986855
MG986856
MG986857
MG986858
MG986859
MG986860
MG986861
- continued on next page -
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Table S1.1 – continued from previous page
Species name

GenBank Accession Number

Gammarus roeseli

MG986862
MG986863
MG986864
MG986865
MG986866
MG986867
MG986868
MG986869
MG986870
MG986871
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Table S1.2: GenBank accession numbers for previously published
sequences used for primer design.
Species name

GenBank Accession Number

Jaera albifrons

KT209388
KT209248
KT209171
KT209037
KT209028
KT209002
KT208466
KT208400
FJ581736

Proasellus meridianus

JQ921523
JQ921521
JQ921324
JQ921322
JQ921321
JQ921320
JQ921319
JQ921317
JQ921316
JQ921314
JQ921313
JQ921311
JQ921308
JQ921305
JQ921304
JQ921302
JQ921300
JQ921299

- continued on next page -
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Table S1.2 – continued from previous page
Species name

GenBank Accession Number

Proasellus meridianus

JQ921297
JQ921294
JQ921292
JQ921290
JQ921289
JQ921286
JQ921285
JQ921522
JQ921323
JQ921318
JQ921315
JQ921312
JQ921310
JQ921309
JQ921307
JQ921306
JQ921303
JQ921301
JQ921298
JQ921296
JQ921295
JQ921293
JQ921291
JQ921288
JQ921287

Proasellus coxalis

JQ921174
JQ921173
JQ921172
JQ921170

- continued on next page -
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Table S1.2 – continued from previous page
Species name

GenBank Accession Number

Proasellus coxalis

JQ921169
JQ921166
JQ921165
JQ921163
JQ921162
JQ921161
JQ921160
JQ921159
JQ921157
JQ921156
JQ921154
JQ921153
JQ921152
JQ921147
JQ921145
JQ921142
JQ921141
JQ921139
JQ921138
JQ921137
AY028588
DQ144752
DQ144777
JQ921171
JQ921168
JQ921167
JQ921164
JQ921158
JQ921155

- continued on next page -
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Table S1.2 – continued from previous page
Species name

GenBank Accession Number

Proasellus coxalis

JQ921151
JQ921150
JQ921149
JQ921148
JQ921146
JQ921144
JQ921143
JQ921140
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Table S1.3: Filtered volume and concentration for each species. Concentrations
were measured with Qubit 3.0 fluorometer using HS dsDNA assay.
Species

Volume
filtered (mL)

Concentration
(ng/µL)

150
50
250

3.02
7.39
1.64

Asellus aquaticus
Gammarus pulex
Potamopyrgus antipodarum

• Table S1.4: PCR data for each time point, species and PCR replicate. See
online supplementary file S4.

• Table S1.5: Temperature data of each mesocosm. See online supplementary
file S5.
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Table S2.1: Diversity partitioning of the four data sets for Hill numbers of order 0
to 2, in steps of 0.5.
Order

Stringency treatment

Alpha

Gamma

Beta

0

Additive
Relaxed
Strict
Threshold
Additive
Relaxed
Strict
Threshold
Additive
Relaxed
Strict
Threshold
Additive
Relaxed
Strict
Threshold
Additive
Relaxed
Strict
Threshold

1435.50
553.68
246.79
541.05
309.81
163.15
88.09
155.06
75.71
51.64
33.33
52.46
27.89
21.92
15.86
22.95
14.86
12.48
9.61
13.12

11103.00
5896.00
3118.00
1385.00
2255.6
1206.32
732.00
699.98
520.58
344.49
243.28
324.96
215.95
162.00
124.38
172.08
130.30
103.22
82.27
111.26

7.74
10.65
12.63
2.56
7.28
7.40
8.31
4.51
6.88
6.67
7.30
6.19
7.74
7.39
7.84
7.50
8.77
8.27
8.56
8.48

0.5

1

1.5

2
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Table S2.2: Results for vector fitting onto NMDS ordination. NMDS1
stands for the first NMDS axis and NMDS2 for the second axis.
Data set

Variable

Additive

Stream order
Conductivity
Temperature
Catchment area
Centrality
Subcatchment
Glatt
Necker
Thur
Stream order
Conductivity
Temperature
Catchment area
Centrality
Subcatchment
Glatt
Necker
Thur

Threshold

NMDS1

NMDS2

R2

p-value

0.09274
0.77253
0.99982
0.62841
0.8782

-0.99569
-0.63498
0.01905
-0.77788
-0.47829

0.0333
0.0040
0.0364
0.0337
0.1772
0.0553

0.464
0.904
0.433
0.421
0.011
0.269

-0.2527
0.2055
0.0108
0.17908
0.76985
0.99182
0.85651
-0.98443

-0.253
0.4172
-0.0463
-0.98383
-0.63833
0.12768
-0.51613
0.1758

0.0115
0.0072
0.0467
0.0184
0.1630
0.0589

0.774
0.835
0.351
0.678
0.014
0.228

-0.1299
0.1176
0.0048

-0.4031
0.4308
-0.0106
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Jaccard
(order 0)
Morisita-Horn
(order 2)

Between
Between
Between
Between

filter replicates
runs
filter replicates
runs

Dissimilarity Comparison
measure
404.63
141.28
0.07
0.39

ChiSquared
1
1
1
1

DF
668
334
668
334

n
< 0.001
< 0.001
0.797
0.535

p-value

Kruskal-Wallis test on ranks

a
A
-

Additive

b
B
-

Threshold

Multiple mean comparisons
post-hoc tests

Table S2.3: Results of Kruskal-Wallis test on ranks and the following multiple mean comparisons post-hoc tests based on rank sums.
Chi-Squared, degrees of freedom (DF), number of data points (n) and p-values are given. Groups with the same letter are
not significantly different according to multiple comparison post-hoc test after Kruskal-Wallis (p-value = 0.01).
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Figure S2.1: To estimate consistency between the two runs, we plotted the abundances of the first run against the second run for each ZOTU. The
solid lines indicate the chosen cut-off of 0.005%. ZOTUs with a higher
abundance than this cut-off have highly similar abundances in the two
runs.
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Standard deviation in ranks

15

10

5

0
0

1

2

Hill order

Figure S2.2: For each stringency treatment, we ranked the individual sites based
on detected diversity. The standard deviation of the ranks is here depicted for each Hill order. The deviation gets smaller the more abundance is weighted, indicating that individual effects of the different
treatments are reduced by this.

205

Appendix IV: Chapter 2

Additive

Threshold

2

Subcatchment
1

Glatt
Necker
Thur

NMDS2

Centrality
Centrality

0

Elevation
1200
1000
800

−1

600

−2
−2

−1

0

1

2

−2

−1

0

1

2

NMDS1

Figure S2.3: NMDS based on Jaccard dissimilarities (order 0) for the two data sets
with the stringency additive and threshold. Centrality was the only
significant environmental variable for both treatments. Shapes depict
the subcatchment and the color code represents elevation of the site.
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log(relative abundance)

0

−2

−4

Relaxed

Strict

Stringency

Figure S2.4: Relative abundance within filter replicate of ZOTUs that were kept
(dark) or removed (light) for the two stringency data sets relaxed
and strict. Note, that the removed ZOTUs from the strict data set
represent only ZOTUs that were present in two replicates, but not the
ZOTUs that were present in only one replicate, as they are already
represented in the relaxed data set.
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Strict

log(median relative abundance retained ZOTUs)

Relaxed
−1

−2

count
60

−3

40
20

−4

−5

−5

−4

−3

−2

−1

−5

−4

−3

−2

−1

log(median relative abundance removed ZOTUs)

Figure S2.5: 2D-density plot of relative abundance of each ZOTU when it was
removed vs kept in the samples. Axis depict the median of relative
abundance for each ZOTU on a log-scale due to large differences.
Note that the graph does not show ZOTUs that were always kept.
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Jaccard

Morisita−Horn

1.00

Pairwise dissimilarity

0.75

0.50

0.25

0.00

a

A
Additive

b

B

Threshold

Treatment

Additive

Threshold

Figure S2.6: Results of the pairwise dissimilarity for Jaccard (order 0) and
Morisita-Horn (order 2) index. We used the additive and the threshold data set and compared filter replicates from the same site only.
Pairwise comparisons were between filter replicates of the same Illumina run (green) or within an individual filter replicate but from the
different Illumina runs (i.e., between runs, orange, see the schematic
illustration of comparisons made as an example of site X). Stringency
treatments with the same letter are not significantly different according to multiple mean comparison test after Kruskal-Wallis applied
separately to the individual indices.
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80

% of removed ZOTUs

75.0

60

40

20.4

20

4.2
0

0.4
Unique

Exclusive to
filter replicate

Exclusive to
sampling site

Shared among
sampling sites

Figure S2.7: ZOTUs with less than 0.005% of the total reads were removed by
the threshold data set. 0.4% of them were unique to a single sample,
meaning that this ZOTU has been found in one filter replicate and
in one run only. 20.4% were exclusive to a filter replicate, but only
4.2% were exclusive for the site. Most (75%) of the ZOTUs removed
are shared between several sites.
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in ecology. It is especially relevant in spatially structured and diverse ecosystems.
and therefore may allow to accurately measure biodiversity. However, we do not
yet fully understand the comparability of eDNA‐based assessments to classical mor‐
phological approaches. We assessed may‐, stone‐, and caddisfly genera with two
contemporary methods, namely eDNA sampling followed by molecular identifica‐
tion and kicknet sampling followed by morphological identification. We sampled 61
sites distributed over a large river network, allowing a comparison of various diversity
measures from the catchment to site levels and providing insights into how these
measures relate to network properties. We extended our data with historical mor‐
phological records of total diversity at the catchment level. At the catchment scale,
identification based on eDNA and kicknet samples detected similar proportions of
the overall and cumulative historically documented richness (gamma diversity), 42%
and 46%, respectively. We detected a good overlap (62%) between genera identified
from eDNA and kicknet samples at the regional scale. At the local scale, we found
highly congruent values of local taxon richness (alpha diversity) between eDNA and
kicknet samples. Richness of eDNA was positively related to discharge, a descriptor
of network position, while kicknet was not. Beta diversity, a measure of dissimilarity
between sites, was comparable for the two contemporary methods and is driven by
species replacement and not by nestedness. Although eDNA approaches are still in
their infancy and optimization regarding sampling design and laboratory work is still
needed, our results indicate that it can capture different components of diversity,
proving its potential utility as a new tool for large sampling campaigns across hitherto
understudied complete river catchments.

Elvira Mächler and Chelsea J. Little shared first authorship.
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1 | I NTRO D U C TI O N

Hajibabaei, Shokralla, Zhou, Singer, & Baird, 2011; Lawson Handley,
2015). About a decade ago, the first study was published on the

Quantifying biodiversity accurately is a long‐standing challenge of pri‐

detection of species through DNA in an environmental sample

mary importance in ecology (Dornelas et al., 2013; Gotelli & Colwell,

(Ficetola, Miaud, Pompanon, & Taberlet, 2008). With the imple‐

2011; Whittaker, 1972). On the one hand, there is a fundamental in‐

mentation of high‐throughput sequencing, which allowed not only

terest to understand the distribution of diversity in time and space

detection of single species but also detection of whole communi‐

and the mechanistic drivers from regional to local scales (e.g., Gaston,

ties, eDNA metabarcoding has been proposed to revolutionize

2000; Gotelli & Colwell, 2011; Koleff, Gaston, & Lennon, 2003). On

biodiversity assessments (Bohmann et al., 2014; Lawson Handley,

the other hand, the ecological state and functioning of ecosystems is

2015; Shokralla, Spall, Gibson, & Hajibabaei, 2012). As with every

often inherently linked to biodiversity (Pennekamp et al., 2018) and

novel technique, eDNA metabarcoding creates new opportunities

the current loss of biodiversity has potentially large negative conse‐

but also challenges, especially in terms of recognizing what informa‐

quences on the functions and services of ecosystems (Chapin et al.,

tion it provides and how it compares to previously implemented and

1998; Isbell et al., 2017). This is especially relevant for freshwater hab‐

established methodologies (Blackman et al., 2019).

itats because they provide crucial ecosystem services such as drinking

Comparisons between eDNA and traditional morphological

water, food security, or recreational value to humanity (Cardinale et al.,

methods have hitherto mostly focused on either local or regional

2012; Dudgeon et al., 2006; Postel & Carpenter, 1997).

richness comparisons. In river systems, previous studies have

In river systems, may‐, stone‐, and caddisflies (Ephemeroptera,

generally detected higher taxon richness with eDNA than kick‐

Plecoptera, and Trichoptera; thereafter abbreviated as EPT) are often

net approaches (Civade et al., 2016; Olds et al., 2016; Valentini

used as indicators of water quality due to their sensitivity to environ‐

et al., 2016). Those results were likely due to eDNA at one loca‐

mental change, their different preferences for ecological niches, and

tion integrating taxon information from upstream reaches via

their relatively well‐known taxonomy (Schmidt‐Kloiber & Hering,

downstream transportation of eDNA (Deiner & Altermatt, 2014;

2015). The presence or absence of certain EPT taxa or their overall

Deiner, Fronhofer, Mächler, Walser, & Altermatt, 2016; Pont et al.,

richness is highly informative and can be tightly linked to habitat qual‐

2018). This suggests that traditional techniques represent a more

ity (Resh & Rosenberg, 1993). Importantly, they not only describe the

accurate local estimate, while eDNA integrates information across

current state of a water body, like a single water chemistry samples,

space. In that context, any comparison of the two techniques will

but also integrate its changes over time and therefore also inform on

be influenced by the spatial scale of the study. However, we still

the long‐term status of the water body. Thus, EPT are at the heart

do not know whether findings are directly comparable, comple‐

of many freshwater quality assessments around the world and are in‐

mentary, or different across different spatial scales and across

cluded in many regulatory frameworks, such as the Water Framework

different components of biodiversity, due to the specific spatial

Directive (Directive 2000/60/EC, but see also Borja, Miles, Occhipinti‐

properties of kicknet being a local sampling technique versus

Ambrogi, & Berg, 2009) or the Canadian Aquatic Biomonitoring

eDNA reflecting more an integrated sample. A detailed under‐

Network (CABIN, Reynoldson, Logan, Pascoe, & Thompson, 2003).

standing is needed to make decisions on how to sample biodiver‐

Classically, EPT are collected with a standardized kicknet method

sity in complex landscapes and to compare both local and regional

(Barbour et al., 1999). Taxa are then identified under a dissecting mi‐

measures. This is particularly relevant in river landscapes, where

croscope, which is time‐consuming and therefore costly. Taxon rich‐

the typical underlying dendritic network structure is known to af‐

ness is the most fundamental approach to estimate biodiversity and

fect biodiversity (Altermatt, 2013; Altermatt et al., 2013; Carrara,

is still widely used. Even though the number of taxa is a convincingly

Altermatt, Rodriguez‐Iturbe, & Rinaldo, 2012; Harvey et al., 2018;

intuitive proxy of biodiversity and the basis of many fundamen‐

Tonkin et al., 2018).

tal concepts in ecology, it is a difficult variable to measure accu‐

In our study, we compared different measures of biodiversity

rately (Gotelli & Colwell, 2011; Purvis & Hector, 2000). Diversity

of EPT sampled traditionally (i.e., by kicknet) or by eDNA, using

can be further divided into different metrics, such as local richness,

a spatially structured approach that representatively covered a

regional richness, and between‐site dissimilarity (also known as

river network in a 740‐km2 catchment. We analyzed how these

alpha, gamma, and beta diversity, respectively). Importantly, the

two different approaches capture the facets of biodiversity at

latter metric also includes information on taxonomic identity. The

the level of alpha (local site), beta (between sites), and gamma

emerging technique of environmental DNA (eDNA) metabarcod‐

diversity (catchment level). Gamma diversity information was

ing is expected to become a complementary or even replacement

supplemented with all historically available data. We hypothe‐

method of classical morphological identification (Deiner et al., 2017;

size that (a) revealed gamma diversity would be similar in the two
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F I G U R E 1 Field sites in the river Thur
catchment in northwestern Switzerland
(insert at bottom right). Colors are coding
for stream order (first‐ to seventh‐order
streams: blue, cyan, green, yellow, orange,
orange‐red, and red, respectively).
Black lines indicate the three major
subcatchments: Thur, Necker, and Glatt.
Data source: swisstopo: VECTOR200
(2017), DEM25 (2003), SWISSTLM3D
(2018); BAFU: EZG (2012); Bundesamt
für Landestopographie (Art.30 Geo IV):
5,704,000,000, reproduced by permission
of swisstopo/ JA100119

contemporary methods; (b) alpha diversity estimated by eDNA is

(Figure 1, Table S1). The catchment comprises three main river

higher compared to kicknet sampling and morphological analysis;

stems: Thur, Glatt, and Necker, the latter two draining into the

and (c) beta diversity between sites is driven by nestedness for

Thur. In a sampling campaign conducted from 11 June to 22 June

eDNA samples but should be less pronounced for kicknet sam‐

2016, we collected eDNA and benthic invertebrate kicknet sam‐

ples. The latter two hypotheses are expected to be driven by the

ples, with the two sampling methods performed at each site within

transport of eDNA in the river system. Given that taxon richness,

a two‐day window. To characterize the position of sites in the net‐

community composition, and taxon identity are among the most

work, we extracted stream order, catchment area, and the mean

commonly studied biodiversity variables, we discuss the design of

annual discharge data for each site from existing databases (BAFU,

biodiversity monitoring with eDNA in dendritic river networks.

2013, 2014; Pfaundler & Schoenenberger, 2013).

2 | M ATE R I A L S A N D M E TH O D S

2.1 | Historical data
We obtained long‐term biodiversity data on gamma diversity in our

We studied a river network in a 740‐km2 catchment containing 61

catchment from the Centre Suisse de la Cartographie de la Faune

sampling sites in the upper river Thur in northeastern Switzerland

(CSCF). These data include all EPT species ever recorded in the
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whole catchment over the time period 1981–2016. The data are of

PCR Inhibitor Removal Kit (Zymo Research). We used the Illumina

various sampling origins, but of high quality, thus giving a highly ro‐

MiSeq dual‐barcoded two‐step PCR amplicon sequencing protocol.

bust and reliable cumulative estimate of EPT genus richness (and the

We targeted the short COI barcoding region specified by Leray et al.

respective EPT genus identity) at the whole catchment scale. The

(2013) and Geller, Meyer, Parker, & Hawk (2013). The first PCR was

cumulative data consist of 3,467 individual records based on obser‐

performed with primers that contained an Illumina adaptor‐specific

vations of the species in an area of the catchment, which we then

tail, a heterogeneity spacer, and the amplicon target site (see Table

converted into genus richness.

S2). On each of the 96‐well PCR plates, we included a negative (NC)
and a positive PCR control (PC). The negative control consisted of

2.2 | Contemporary kicknet data

5 μl molecular biology grade Sigma water (Merck AG), and the posi‐
tive control consisted of 4 μl of an eDNA sample and 1 μl (0.01 ng/μl)

We collected benthic macroinvertebrates based on three‐minute

of an artificial dummy DNA (a randomly generated double‐stranded

kicknet sampling applied to three microhabitats present at a given

DNA sequence of 313 bp in length with matched primer region; see

site (Barbour et al., 1999). Leaves and debris were removed from the

supplementary information). We pooled three PCR replicates per

sample, and the remaining material was pooled and stored in 96%

sample and cleaned it with SPRI beads (Applied Biological Materials

molecular grade ethanol. In the laboratory, all EPT individuals were

Inc.). For the second PCR, we used the Nextera XT Index Kit v2

identified with a microscope to species level. A few taxa, only pre‐

(Illumina) to index each sample in a PCR with 10 cycles and cleaned

sent as early instar larva or containing cryptic species, were grouped

afterward the index reaction with SPRI beads again. We quantified

in predefined complexes, subsequently treated at the genus level.

each sample with the Spark 10M Multimode Microplate Reader

We could not assess EPT taxa at one site due to the loss of a sample.

(Tecan Group Ltd.) by using the Qubit dsDNA BR assay (Thermo
Fisher) and pooled them in equimolar parts into a final pool that we

2.3 | eDNA filtration in the field

cleaned again with SPRI beads. All controls (FC, EC, PC, NC) were
run alongside the samples and were pooled according to their con‐

At each site, we sampled three times 250 ml of river water, each

centrations. Controls that were too low to quantify were pooled into

on a separate GF/F filter (pore size 0.7 μm, Whatman International

the second lowest concentrated pool with 10 µl, equal to the vol‐

Ltd., Maidstone, UK; for more details, see supplementary materials

ume of the lowest sample in the respective pool. The libraries were

and Mächler, Osathanunkul, & Altermatt, 2018). We collected eDNA

added at 16 pM concentration, and PhiX control was added at a 10%

samples about 5–10 m upstream of the kicknet sampling to minimize

concentration. A paired‐end 600 cycle (2 × 300 nt) sequencing was

cross‐contamination. We directly sampled water with a disposable

performed on an Illumina MiSeq (MiSeq Reagent Kit v3, 300 cycles)

syringe out of the water body; for more detailed sampling procedure,

following the manufacturer's run protocols (Illumina). To increase the

see also Mächler et al. (2018). Samples were stored in a Styrofoam

sequencing depth, a second run of the same pooled libraries was

box equipped with cooling elements until we came back from the

conducted.

field (no longer than 9 hr). Thereafter, the samples were stored at
−20°C until further processing. On each field day, we performed a
replicated filter control (FC) that consisted of 250 ml of nanopore

2.5 | Bioinformatic data processing

water previously treated with UVC light and sealed in the clean labo‐

After the two successful Illumina MiSeq runs, the data were de‐

ratory facilities. We filtered the FC in the field before any sampling

multiplexed and the quality of the reads was checked with FastQC

site was visited in order to check whether the reused material (i.e.,

(Andrews, 2015). Raw reads were end‐trimmed (usearch, version

filter housings and syringes) was clean. In total, we generated 11

10.0.240, R1:30nt, R2:50nt) and merged with an overlap of min

such filter controls, each consisting of three replicates and thus re‐

15 bp max 300 bp (Flash, version 1.2.11). Next, the primer sites were

sulting in 33 filter controls. Zero‐radius operational taxonomic units

removed (full length, no mismatch allowed (cutadapt, version 1.12)),

(thereafter called ZOTUs) found in at least two replicates of a filter

and thereafter, the data were quality‐filtered (prinseq‐lite, version

control from the same date were removed from all samples for the

0.20.4) using the following parameters: size range (100–500), GC

further analysis. Further information on filtration, eDNA facilities,

range (30–70), mean quality (20), and low complexity filter dust

and material preparation can be found in the supplementary file.

(30). In a next step, UNOISE3 (usearch, version 10.0.240) was used
to determine amplicon sequence variants (ZOTUs). UNOISE3 has a

2.4 | Extraction and library preparation

build‐in error correction to reduce the influence of sequencing er‐
rors (Edgar, 2016). An additional clustering at 99% sequence iden‐

Detailed information about the extraction and library prepara‐

tity was performed to reduce sequence diversity and to account for

tion can be found in the supplementary file. In short, we used the

possible amplification errors in the first PCR. The resulting ZOTUs

DNeasy Blood and Tissue Kit (Qiagen GmbH) to extract the DNA

were checked for stop codons using the invertebrate mitochondrial

from eDNA samples in a randomized order, also including extraction

code, to ensure an intact open reading frame. This resulted in 27 M

controls (EC) and filter controls (FC). Finally, DNA was eluted in 75 µl

reads corresponding to 11,313 ZOTUs (Table S3). In a first step, all

AE buffer at the end of the extraction and cleaned with One Step

COI‐related sequences were downloaded from NCBI. In a next step,
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the ZOTUs were blasted against the NCBI COI collection and the top

1.5.1), we calculated Sørensen dissimilarity, which can be further

five best blast hits were extracted. We used the R packages “taxize”

partitioned into nestedness and turnover components, allowing us

(Chamberlain & Szöcs, 2013, version 0.9.7) and “rentrez” (Winter,

to distinguish dissimilarity arising through embedment (i.e., loss)

2017, version 1.2.2) to obtain taxonomic labels based on the ac‐

or replacement of species (Baselga, 2010; Baselga et al., 2017). To

cession numbers. The fasta headers of the selected COI sequences

observe how beta diversity measures relate to stream distance,

were modified with the taxonomic labels in order to index the data‐

we extracted distances between sites and nodes (junctions where

base. As a final step, the ZOTUs were assigned to taxa using Sintax

two rivers join) from GIS data (swisstopo) and added these as edge

(usearch, version 10.0.240) and the NCBI COI‐based reference. The

weights. We then constructed the adjacency matrix represent‐

annotations of taxonomic problematic or missing predictions were

ing our fluvial network consisting of edges and vertices with the R

verified later using Sintax and the MIDORI references (Machida,

package “igraph” (Csardi & Nepusz, 2006, version 1.2.4) to calculate

Leray, Ho, & Knowlton, 2017).

stream distance between flow‐connected sampling points. We used
linear models to test whether distance and the difference in stream

2.6 | Data analysis

order of the compared sites explain patterns in the beta diversity
measures. We compared models including a null model (by fitting a

Our analysis was based on the following strategy: First, we con‐

constant to test the null hypothesis that the slope is zero), models

firmed that the two Illumina runs could be combined, and second,

containing only one of the explanatory variables, or both variables

we cleaned the sequencing data and selected only ZOTUs that

(with and without interaction), and performed model averaging in

were assigned to an EPT order (see detailed information in the sup‐

order to calculate relative variable importance (R package “MuMIn”,

plementary file). For individual sites, ZOTUs were only counted if

Barton, 2009, version 1.43.6). We additionally calculated Sørensen

they were present in at least two of the three independent repli‐

dissimilarity and checked for differences among stream orders.

cates (Figure S1), which is a highly stringent assumption and con‐

First, we tested for heterogeneous variance with a Bartlett test, and

servative with respect to detection of taxa. Thereafter, we were

if it was significant, we performed a Kruskal–Wallis test to identify

able to analyze various diversity measures to identify congruence

whether there was at least one difference in means. If this was true,

and differences between eDNA and kicknet sampling approaches:

then we followed a multiple mean comparison post hoc test on rank

(a) gamma, (b) alpha, (c) beta diversity, and (d) between‐method com‐

sums (R package “pgirmess”, Giraudoux, 2018, version 1.6.9).

munity dissimilarity. All statistical analyses were performed using R
(R Development Core Team 2008, version 3.5.2).

2.6.1 | Gamma diversity

2.6.4 | Between‐method community dissimilarity
We also calculated Sørensen dissimilarity and its two components,
nestedness and turnover, between eDNA and kicknet samples for

We used the R package “venneuler” (Wilkinson & Urbanek, 2011,

each individual site to detect discrepancies in community composi‐

version 1.1‐0) to draw Venn diagrams for gamma richness of historic,

tion between the two contemporary methods.

eDNA, and kicknet data. We used the R package “vegan” (Oksanen
et al., 2011, version 2.5‐4) to calculate two different taxon accumula‐
tion curves of the two sampling methods over the whole catchment:
the first one with “random” method and the second in “collector”
method where we ordered the samples from down‐ to upstream.

3 | R E S U LT S
3.1 | Gamma diversity
At the regional scale (i.e., the whole catchment level), 96 different

2.6.2 | Alpha diversity

EPT genera were historically documented. We found 47 EPT genera
with our kicknet samples and 42 genera with our eDNA samples, re‐

To compare diversity estimates delivered by the two methods, we

flecting 46% and 42% of the historically established taxon richness,

used the R packages “phyloseq” (McMurdie & Holmes, 2013, ver‐

respectively (Figure 2 and Table S4). A high proportion of these sam‐

sion 1.24.2) to calculate richness. With Pearson's correlation test,

pled taxa were already present in the historic records (94% and 95%,

we identified whether richness measures at sampling sites correlate

respectively). Thirty‐six of these EPT genera were detected with

between the two contemporary methods. We then tested whether

both the kicknet method and the eDNA method, reflecting a 62%

genus richness of the two methods increased with discharge, using

overlap of the two methods. Both methods also detected a similar

a linear model.

additional proportion of taxa found by one method only, but present
in the historic dataset (Figure 2). Finally, we found four genera with

2.6.3 | Beta diversity

eDNA, kicknet sampling, or both approaches that were not previ‐
ously listed in the historic data. All of these four genera occur at the

We used Sørensen dissimilarity as a measure of beta diversity,

border of our studied catchment, and due to more recent range ex‐

based on the presence/absence data. With the R package “beta‐

pansions rare, single appearances within the catchment are possible.

part” (Baselga, Orme, Villeger, De Bortoli, & Leprieur, 2017, version

Separate taxon accumulation curves (accumulating gamma richness
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with number of sites included) for the kicknet and the eDNA meth‐
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3.3 | Beta diversity

ods were qualitatively similar (Figure S2A), based on visual com‐
parison of the curves and their 95% confidence band. This pattern

Overall, we found comparable Sørensen dissimilarity between

remained similar even if sites were accumulated in the order from

flow‐connected sites for eDNA and kicknet. For both methods, the

the most downstream to the most upstream sites (Figure S2B).

turnover component contributed more to the dissimilarity than nest‐
edness‐related components (Figure 5; see Table S5 for information
on detected genera per site), which was more pronounced for eDNA

3.2 | Alpha diversity

than kicknet. The analysis for the relative importance of variables

At the local scale, the two contemporary methods revealed simi‐

showed that differences in stream order were generally more impor‐

lar genus richness (eDNA M = 10.22, SD = 4.2; kicknet M = 10.47,

tant for all beta diversity measures; however, for turnover of both

SD = 3.1), and the detected richness values were positively corre‐

eDNA and kicknet, pairwise distance between sites showed only par‐

lated (r(58) = .42, p < .001; Figure 3). As eDNA is transported through

tially lower importance compared to the differences in stream order

the river network, we found a positive relationship between genus

(Table S6). Both methods showed significant differences in mean

richness and discharge for eDNA (β = .537, t(58) = 2.848, p = .006)

Sørensen dissimilarity among stream orders, and we found significant

but not for kicknet (β = .073, t(58) = 0.495, p = .62); however, the

group differences for the post hoc mean comparisons in stream or‐

2

2

ders (Figure 6 and Table S7).

adjusted R was relatively low (eDNA R = .101; Figure 4).

3.4 | Between‐method community dissimilarity

Historical data
7

eDNA data

We found an intermediate discrepancy in the community compo‐
sitions described by the two contemporary methods (M = 0.48,
SD = 0.14, Figure S3), and partitioning this difference into nested‐

1
45

ness and turnover components indicates that turnover contributes

33

1

more to the differences in detected EPT genera.

2
11

4 | D I S CU S S I O N

Kicknet data

By using a spatially structured approach covering a major river net‐
work, we found similar patterns of diversity measures of EPT sampled

F I G U R E 2 Overlap of EPT genera in the three different datasets
over the whole catchment. Bubble size is proportionate to the
number of genera detected

with kicknet and eDNA. Using a unique historically assembled over‐
view of cumulative, “true” gamma diversity within the study region,

20

F I G U R E 3 Detected richness of EPT
genera comparing kicknet versus eDNA
sampling. The gray line indicates the
confidence ellipse based on multivariate
normal distribution, and the dotted line
is the 1:1 line. Colors and shapes of the
individual data points are according to
stream order and the sampling sites'
subcatchment, respectively. Points are
minimally jittered due to overlapping
cases
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eDNA
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stream order
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0.00
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Pairwise beta diversity

F I G U R E 4 Richness of eDNA and
kicknet samples plotted against the
logarithmic annual mean discharge.
The gray line gives the significant linear
regression line for eDNA only due
to nonsignificance for kicknet genus
richness. Colors are according to stream
order, and the shape indicates to what
subcatchment the site belongs to. Points
are minimally jittered due to overlapping
cases

0.50

6
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F I G U R E 5 Pairwise beta diversity
against pairwise stream distance for
flow‐connected sites only. Beta diversity
is calculated based on the Sørensen
dissimilarity and is split into the two
components of nestedness and turnover.
The color gradient indicates the difference
in stream orders of the pairwise
compared sites, and solid lines indicate
the regression line in cases where stream
distance showed relative importance too
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we were able to put our contemporary samples in a historic context.

diversity obtained by cumulative sampling efforts over almost four

We found a quantitatively similar overlap between each contempo‐

decades is relatively high. Surprisingly, taxon accumulation curves for

rary approach and historic gamma diversity, in accordance with other

eDNA and kicknet sampling were not significantly different, although

studies comparing eDNA with long‐term data in freshwater systems

we expected that downstream transport of DNA would contribute

(e.g., Hänfling et al., 2016; Valentini et al., 2016). Given that the his‐

to a faster increase and saturation of genera for eDNA compared to

toric dataset covers several decades (1981–2016), we do not expect

kicknet sampling. Our approach suggests that a single eDNA sampling

that all taxa are still present in the catchment at the time of this study

campaign may cover large parts of historically detected gamma diver‐

(2016) due to changes in distribution or local extinctions, and we

sity. This indicates that eDNA could be used as a new tool for rapid

would also expect some new taxa to appear. Thus, the observed 42%

network‐level richness analyses and biodiversity assessments. Such

overlap between a single snapshot sampling campaign and the gamma

systematic BioBlitz sampling (Laforest et al., 2013; Lundmark, 2003)

|
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eDNA

Kicknet

1.00

Pairwise beta diversity

F I G U R E 6 Pairwise beta diversity
(Sørensen dissimilarity) within stream
orders. Stream orders with the same letter
are not significantly different according
to multiple mean comparison test after
Kruskal–Wallis; see Table S7 for the
statistical results
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Stream order
across hitherto understudied complete river catchments may be a

less mixing occurs, where more extensive sampling may be needed

promising avenue, since minimally trained people without any taxo‐

with eDNA (Bylemans et al., 2018). Also, recent studies indicate

nomic expertise can collect great parts of regional or even landscape

that eDNA is not evenly distributed in the water column (Macher &

richness in a rapid time frame with this method.

Leese, 2017), and it is still unclear how spatial variance in structures,

We also found a reasonable congruency in local alpha diversity

such as riffles and ponds, is affecting the mixing of the water column

of the two contemporary methods and identified a new dependency

and thus the equal detection of eDNA along the water column. We

of eDNA estimates on discharge level. Overall, local richness esti‐

speculate that only in smaller streams (1st to 5th order), one or two

mates of eDNA and kicknet sampling are highly comparable. This

samples from the edge or in the center adequately reflect the eDNA

comparability may be strengthened by our highly stringent inclu‐

distribution across the river transect, while in larger rivers, multiple

sion criteria for eDNA estimates, which are more conservative than

samples across the cross section may be recommended.

those used in previous studies that detected higher richness with

We found that pairwise beta diversity (Sørensen dissimilarity) at

eDNA compared to traditional methods (e.g., Deiner et al., 2016;

the local scale was similarly assessed by the two methods, which is

Valentini et al., 2016). In addition, we used a COI barcoding primer

congruent to findings by Li et al. (2018). Despite differences among

targeting a broad taxonomic range, which may also have a lower de‐

sites in Sørensen dissimilarity, the turnover component (i.e., species

tection rate for specific taxonomic groups. In near future, the forth‐

replacement) contributes more to the dissimilarity than nestedness

coming design and use of EPT‐specific primers or the completion

for both methods but is even more pronounced for eDNA than kick‐

of EPT sequence references should reduce the current drawbacks

net. Turnover indicates that species are replaced between the sites

of eDNA methods regarding taxonomic identification. For eDNA,

and implies that transportation of eDNA is not the main mechanisms

we found a positive relationship between richness and discharge,

driving differences; otherwise, nestedness would be expected to be

which was not the case for kicknet data and could be attributed to

stronger. Barnes & Turner (2016) presented many processes (e.g.,

eDNA integrating biodiversity detection across space due to down‐

degradation, re‐suspension, or fragmentation) that influence eDNA

stream transport (Deiner & Altermatt, 2014; Li et al., 2018; Pont et

in the environment and therefore challenge our mechanistic under‐

al., 2018). Alternatively, richness indeed increased with discharge

standing. Thus, it remains unclear whether the detected differences

(i.e., downstream), but the slightly suboptimal sampling period (sum‐

stem from ecological or methodological variation.

mer) and the simplified kicknet protocol we used was an inappro‐

Studies on diversity patterns have long focused on a linear view

priate technique for sampling larger streams, and thus obscured the

of streams. But it is now increasingly acknowledged that the under‐

relationship. Both aspects reduce detection of genera with the tra‐

lying network structure plays a significant role in shaping species dis‐

ditional methods, as some species might be missed due to reduced

tributions (Carrara et al., 2012; Harvey & Altermatt, 2019; Harvey

sampling effort or immature larval stages hampering identification.

et al., 2018; Holyoak, Leibold, & Holt, 2005; Seymour, Fronhofer, &

Surprisingly, the 7th stream order sites diverge from this pattern,

Altermatt, 2015; Tonkin et al., 2018). While experimental laboratory

potentially because we could only access part of these wide river

studies and field surveys have found general patterns of diversity dis‐

cross sections, and sampling was restricted to the river edge where

tribution in river landscapes, we do not know whether eDNA will lead
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to similar findings or not. Multiple studies showed that there is higher

the Centre Suisse de Cartographie de la Faune (CSCF)/InfoFauna for

beta diversity among headwaters compared to downstream reaches

the historic data on EPT in the Thur catchment. Funding is from the

(Altermatt et al., 2013; Carrara et al., 2012; Finn, Bonada, Múrria, &

Swiss National Science Foundation Grants No PP00P3_179089 and

Hughes, 2011). When comparing beta diversity within stream orders,

31003A_173074, the Velux Foundation, and the University of Zurich

we detect differences between groups of stream orders for both

Research Priority Program “URPP Global Change and Biodiversity” (to

methods. These differences are mainly between beta diversity of

FA), and the Forschungskredit Grant of the University of Zürich (to

large stream orders and small stream orders, as expected by theory.

IG). This is publication ISEM‐2019‐157 of the Institut des Sciences de

Overall, for local composition, we see some discrepancy of

l'Evolution—Montpellier.

the two methods for community composition at specific sites.
This discrepancy is driven by turnover, indicating that detection
of different species with the two methods differs and is not due
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Detailed information on field filtration, eDNA facilities and
material preparation
After finishing the filtration, we rolled the glass fibre filters (0.7 µm GF/F, Whatman International Ltd., Maidstone, U.K.) with the help of tweezers, put them in
individual 1.5 mL tubes and stored them in a Styrofoam box equipped with cooling
elements until we came back from the field (no longer than 9 h). Thereafter, they
were stored at -20 °C until further processing. Tweezers were cleaned with 2.5%
bleach, rinsed with 100% molecular grade EtOH and dried with household paper at
beginning of a new site, but not in-between replicates of one site. On each field day,
we performed a replicated filter control (FC) that consisted of 250 mL of nanopore
water previously treated with UVC light and sealed in the clean lab facilities. The
filter control was replicated three times and was filtered in the field before any sampling site was visited in order to check if the reusable material was clean. In total,
we generated 11 such filter controls each consisting of three replicates, resulting in
33 filter controls.

All eDNA sampling material preparation and extractions were performed in a
lab facility dedicated to perform sensitive eDNA work, especially equipped with a
positive air pressure and separated from all PCR environments. Reusable materials
(filter housings (Swinnex, EMD Millipore Co., Billerica, Massachusetts), sterile sy224
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ringes) were cleaned in 2.5% bleach, rinsed with ddH2 O and dried inside the clean
lab facility. After drying, the material was treated with UVC light together with the
glass fibre filters and 1.5 mL tubes. Afterwards, the filters were put into the filter
housings and we prepared for each sampling site a zip lock bag that contained a
syringe, four filter housings, and four 1.5 mL tubes. These bags were only opened
at a specific sampling site.

Detailed information on eDNA extraction
We randomized the samples for the extraction. Twelve samples were extracted
together in one batch and each of the batches contained at least one filter control. Per
extraction day we did maximally three batches (i.e., 36 samples) whereof one was an
extraction control (EC), in total this resulted in 8 extraction controls. The extraction
control consisted of a GF/F filter that was treated with UVC light beforehand. We
used the DNeasy Blood & Tissue kit (Qiagen GmbH, Hilden, Germany) following
the spin column protocol for animal tissues besides the following changes: First, we
doubled the reaction volumes until the loading of the mixture on the spin column
(step 4 in the protocol). Second, we eluted twice with 37.5 µL and pooled the two
elutions together, resulting in 75 µL of eDNA per sample. Each sample was then
cleaned up with the One Step PCR inhibitor removal kit (Zymo, Research, Irvine,
California).

Detailed information on library preparation
We used the Illumina MiSeq dual-barcoded two-step PCR amplicon sequencing
protocol to prepare the library for each sample. The first PCR was performed with
primers that contained an Illumina adaptor-specific tail, heterogeneity spacer and
the amplicon target site (see Table S2). The first PCR consisted of 1X buffer I
(3 µL), 1.25 U AmpliTaq Gold (0.25 µL), 0.1 mg/mL BSA (0.3 µL), 0.2 mM dNTPs
(0.6 µL), 1.0 mM MgCl2 (1.2 µL), 0.5 µM forward primer mix (1.5 µL), 0.5 µM reverse primer mix (1.5 µL) and 5 µL eDNA template in a total volume of 30 µL. The
225
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samples were randomized on three PCR plates for the library preparation. On each
of the PCR plates, we implemented a negative (NC) and a positive PCR control
(PC), resulting in a total of 3 controls of each. The negative control consisted of
5 µL molecular biology grade Sigma water (Merck, Zug, Switzerland) and the positive control consisted of 4 µL eDNA sample and 1 µL (0.01 ng/µL) dummy DNA
(see below detailed information on dummy sequence for positive control). The PCR
regime consisted of 95 °C for ten minutes, followed by 44 cycles of denaturation at
95 °C for 15 seconds, annealing at 62 °C for 30 seconds and elongation at 72 °C for
45 seconds, ending the PCR with a final hold of 72 °C for 5 minutes. The amplification success was verified with the QiAxcel Screening Cartridge by using the AL420
method (Qiagen, Hilden, Germany). If the amplicon did not successfully amplify, we
tested a 1:10 dilution of the eDNA sample (5 µL) and checked again for success. We
selected three sampling replicates per site for the further library preparation based
on the preliminary test. For each sample, we performed 3 PCR replicates with either 5 µL of eDNA or 5 µL of 1:10 diluted eDNA, depending on the amplification
success. We pooled three PCR replicates per site and took 30 µL to clean with SPRI
beads (ratio 0.8x, Applied Biological Materials Inc., Richmond, Canada) following the manufacturer’s protocol. The clean product was eluted in 20 µL molecular
biology grade Sigma water and we were able to recover 18 µL of the cleaned product.

For the second PCR, we used the Nextera XT Index kit v2 to index each sample.
The reaction consisted of 1X KAPA HiFi (25 µL), 5 µL Index S, 5 µL Index N and
15 µL cleaned template in a total of 50 µL per reaction. The PCR regime consisted
of 95 °C for 3 minutes, followed by 10 cycles of denaturation at 95 °C for 30 seconds,
annealing at 55 °C for 30 seconds and elongation at 72 °C for 30 seconds, ending the
PCR with a final hold of 72 °C for 5 minutes. We took 25 µL of the index reaction
and cleaned it with SPRI beads again, ratio 0.8 x (20 µL) following the manufacturer’s protocol. The clean index reactions were resolved in 20 µL Sigma water and
we recovered 18 µL of the clean indexed product.
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We quantified each sample with the Spark 10M Multimode Microplate Reader
(Tecan® Group Ltd., Männedorf, Switzerland) by using the Qubit dsDNA BR assay
(ThermoFisher, Massachusetts, USA). Measurements were done in duplicates on a
384-well plate with an assay volume of 50 µL and 2 µL of cleaned index reaction.
We calculated the concentration of each sample based on an average library size of
535 bp. In order to create feasible pipetting volumes, we normalized the samples
into five different pools depending on their concentration by using a liquid handling
station (BRAND, Wertheim, Germany). We then measured the concentrations of
each generated pool with the Qubit dsDNA BR assay. Based on the measured concentration, we then pooled the five pools equimolar into a final pool. The final pool,
containing all samples, was cleaned with SPRI beads again (0.8x ratio) and a final check was done on the Agilent 2200 TapeStation High Sensitivity D1000 assay
(Agilent Technologies, California, USA). All controls (FC, EC, PC, NC) were run
along to the samples and were pooled according to their concentrations. In case the
negative controls were blank (i.e., no concentration could be estimated), they were
added to the second lowest concentrated pool with 10 µL.
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Detailed information on dummy sequence for positive control
The dummy DNA consisted of a randomly generated dsDNA sequence that was
313 bp in length and has 38% GC-content, matching the expected amplified amplicon
from previous studies (Lim et al., 2016). The sequence ordered is the following (bold
letters indicate primer binding sites) and was assigned to ZOTU7:
GGAACAGGTTGAACTGTATATCCCCCATCAACCTAGTTACGAA
GAGCTATAGATCATATAATCCTTAAGTGGAATGTTAATGTGAGTTCA
ATATGATACACGCCACAGACTCATGTATGTGGATCGGAAGCCAGCTG
TTTCCGACCTCGGAGCCGAGAGTGGTTTCTGAATTACACATGTAAG
ATAAAATCATTAAAGGTACTAACTCACGAAACCTCAGGATATGCGTG
GTTTGCTGAGATTTCTATTTTCTCGTTCTTGATTTAACCACGTAAAA
TGTGTGAAAACTAAAGGTTCTAGCATTTCTAAGGATCACTACGCCTA
ACGTCTCACTTTATCTTAAATTTGATTTTTTGGTCACCCTGAAG
TTTA

228

Appendix VI: Chapter 3

Detailed information on statistics
First, we verified that the two Illumina runs could be combined. Therefore, we
transformed the abundance data into relative abundance data and then calculated
the Bray-Curtis distance between the two runs using the R package ‘vegan’ (Oksanen et al., 2011, version 2.4-6). We analyzed the variance among runs and sites by
applying an Adonis test to the Bray-Curtis distance matrices. Further, we tested for
the multivariate homogeneity of group dispersions using the two Illumina runs as a
grouping factor. As both tests were not significant (i.e. there was no difference in
the means or dispersion between the two runs), we were able to combine the data.
As a stringency measure, we only counted ZOTUs that were present in at least
two of the three eDNA replicates at a specific site. We did not apply an abundance
threshold used in other eDNA studies (e.g., Macher and Leese, 2017), as this did not
improve the percentage of shared ZOTUs among site replicates (Fig. S3.1). Next,
we removed all ZOTUs that were present in the negative controls from our field
samples and selected only ZOTUs that were assigned either to an Ephemeroptera,
Plecoptera or Trichoptera order. We performed all analyses at the genus level, as
both eDNA and kicknet data sets had incomplete individual/sequence assignment
at the species level due to cryptic species, immature larvae, or sequences not being
assigned to that taxonomic resolution.
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Table S3.1: Overview of sampling sites in the presented study. Note that site 38 is
missing due to inaccessibility during fieldwork.
Site

Site

X coordi-

Y coordi-

Sub-

Stream

num-

name

nate

nate

catch-

order

ber

Discharge

ment

1

Gertenau

726’445

262’809

Thur

1

0.007

2

Niederuzwil

728’545

256’867

Thur

4

0.260

3

Sagenbach

724’173

248’426

Thur

6

14.380

4

Tannenhof

725’234

257’261

Thur

2

0.007

5

Stocken

725’111

257’884

Thur

7

21.450

6

Rickenbach

721’110

256’854

Thur

3

0.250

7

Aueli

723’409

254’006

Thur

7

20.543

8

Aspis

723’535

253’665

Thur

1

0.002

9

Bruggbach

720’262

252’586

Thur

2

0.140

10

Letten

733’018

259’732

Thur

7

25.384

11

Erlenhof

733’111

258’661

Thur

3

0.370

12

Ruteli

729’223

257’447

Thur

7

24.724

13

Chruxalpen

731’245

257’766

Thur

2

0.063

14

Oberriet

725’911

253’731

Glatt

2

0.004

15

Rotelbach

740’671

256’165

Glatt

2

0.053

16

Riederen

731’721

253’993

Glatt

1

0.002

17

Glatthalde

733’000

252’973

Glatt

5

1.770

18

Botsberg

730’375

252’731

Glatt

4

0.140

19

Burgau

733’895

251’587

Glatt

1

0.004

20

Matt

732’733

251’496

Glatt

2

0.050

21

Oberrindal

727’885

251’736

Thur

1

0.005

22

Muhlau

723’560

252’131

Thur

7

20.270

23

Gahwil

717’944

250’623

Thur

2

0.054

Zellersmuehli 737’293

251’374

Glatt

4

0.490

246’601

Glatt

4

0.058

24
25

Wissbach

735’628

- continued on next page -
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Table S3.1 – continued from previous page
Site

Site

X coordi-

Y coordi-

Sub-

Stream

num-

name

nate

nate

catch-

order

ber
26

Discharge

ment
Vier

739’290

247’888

Glatt

2

0.013

Winden
27

Landersberg

737’716

247’080

Glatt

3

0.130

28

Hengarten

725’771

249’605

Necker

2

0.036

29

Altstig

727’103

248’360

Necker

6

4.180

30

Hoffeld

731’136

247’220

Necker

2

0.009

31

Winklen

720’873

248’407

Thur

5

0.630

32

Muhlruti

716’420

247’168

Thur

2

0.002

33

Bodmen

717’992

245’312

Thur

3

0.086

34

Bitzi

722’422

247’463

Thur

1

0.006

35

Neudietfurt

724’130

245’284

Thur

6

14.020

36

Ritzentaa

723’525

245’098

Thur

5

0.840

37

Buech

728’234

246’422

Necker

3

0.016

39

Gluris

729’191

239’587

Necker

3

0.034

40

Peterzell

731’142

242’155

Necker

5

2.270

41

Eggliwald

721’123

241’713

Thur

2

0.012

42

Stalden

727’096

240’815

Thur

3

0.065

43

Blumenstein

735’999

241’461

Necker

2

0.007

44

Hemberg

732’060

238’913

Necker

2

0.006

Vordernecker 733’487

237’763

Necker

4

0.690

725’591

238’615

Thur

5

11.160

723’135

236’789

Thur

2

0.011

45
46
47

Wattwil
Schonenberg

48

Gstaltlig

728’504

236’720

Thur

2

0.042

49

Ricken

721’544

236’108

Thur

4

0.250

50

St.Johann

732’240

232’834

Thur

5

8.130

51

Nestel

726’804

232’818

Thur

2

0.086

52

Zuu

728’712

230’912

Thur

4

0.540

- continued on next page -
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Table S3.1 – continued from previous page
Site

Site

X coordi-

Y coordi-

Sub-

Stream

num-

name

nate

nate

catch-

order

ber

Discharge

ment

53

Oberwald

740’357

235’200

Thur

2

0.008

54

Rietbad

736’033

234’193

Thur

4

1.050

55

Laui

742’285

231’249

Thur

3

0.490

56

Buechel

735’257

231’681

Thur

2

0.042

57

Sulzbach

732’740

228’431

Thur

3

0.165

58

Seluner

736’494

226’521

Thur

2

0.010

59

Wildhaus

745’203

229’087

Thur

3

0.015

60

Starkenbach

737’954

227’739

Thur

4

3.180

61

Schwendi

742’567

228’161

Thur

2

0.043

62

Tufi

735’869

244’364

Necker

3

0.034

232

mlCOIintF FS0
mlCOIintF FS1
mlCOIintF FS3
jgHCO2198 FS0
jgHCO2198 FS1
jgHCO2198 FS2

Primer name

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGWACWGGWTGAACWGTWTAYCCYCC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGWACWGGWTGAACWGTWTAYCCYCC
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTAGGGWACWGGWTGAACWGTWTAYCCYCC
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTAIACYTCIGGRTGICCRAARAAYCA
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGT TAIACYTCIGGRTGICCRAARAAYCA
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATAIACYTCIGGRTGICCRAARAAYCA

Primer sequence

Table S3.2: Forward and reverse primer sequence for the first, tailed PCR reactions. Bold letters indicated the Illumina adaptor-specific
tail and italic letters represent the heterogeneity spacer.
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Table S3.3: Number of ZOTUs and numbers of reads remaining in the data set
after applying specific filtering steps.
Applied step
Raw data
Presence in minimum two replicated samples
Removal of ZOTUs present in negative controls
Assigned to EPT order

234

Number of
ZOTUs

Number of
reads

11,313
6,036
5,714
131

27,354,262
24,070,851
9,874,010
912,015
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Table S3.4: List of genera present in historic data set or detected with eDNA and
kicknet. Presence is indicated in green and absence is indicated in red.
E stands for Ephemeroptera, P for Plecoptera, and T for Trichoptera.
Genus

Order

Adicella

T

Agapetus

T

Agraylea

T

Agrypnia

T

Alainites

E

Allogamus

T

Allotrichia

T

Ameletus

E

Amphinemura

P

Anabolia

T

Annitella

T

Athripsodes

T

Baetis

E

Beraea

T

Brachycentrus

T

Brachyptera

P

Caenis

E

Capnia

P

Capnioneura

P

Centroptilum

E

Ceraclea

T

Chaetopteryx

T

Chloroperla

P

Cloeon

E

Crunoecia

T

Cyrnus

T

Dictyogenus

P

Historic

eDNA

- continued on next page 235
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Table S3.4 – continued from previous page
Genus

Order

Dinocras

P

Drusus

T

Ecclisopteryx

T

Ecdyonurus

E

Ecnomus

T

Electrogena

E

Enoicyla

T

Epeorus

E

Ephemera

E

Ephemerella

E

Ernodes

T

Erotesis

T

Glossosoma

T

Glyphotaelius

T

Goera

T

Habroleptoides

E

Habrophlebia

E

Halesus

T

Heptagenia

E

Hydatophylax

T

Hydropsyche

T

Hydroptila

T

Isoperla

P

Lepidostoma

T

Leuctra

P

Limnephilus

T

Lithax

T

Lype

T

Melampophylax

T

Historic

eDNA
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Table S3.4 – continued from previous page
Genus

Order

Mesophylax

T

Metanoea

T

Micrasema

T

Micropterna

T

Molanna

T

Mystacides

T

Nemotaulius

T

Nemoura

P

Nemurella

P

Nigrobaetis

E

Odontocerum

T

Oecetis

T

Oligotricha

T

Oxyethira

T

Parachiona

T

Paraleptophlebia

T

Perla

P

Perlodes

P

Philopotamus

T

Phryganea

T

Plectrocnemia

T

Polycentropus

T

Potamophylax

T

Protonemura

P

Psychomyia

T

Ptilocolepus

T

Rhabdiopteryx

P

Rhadicoleptus

T

Rhithrogena

E

Historic

eDNA
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Table S3.4 – continued from previous page
Genus

Order

Rhyacophila

T

Sericostoma

T

Serratella

E

Setodes

T

Silo

T

Siphlonurus

E

Siphonoperla

P

Stactobia

T

Stenophylax

T

Synagapetus

T

Taeniopteryx

P

Tinodes

T

Tricholeiochiton

T

Wormaldia

T

Zwicknia

P

Historic
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Table S3.5: See online supplementary file Table S5.

Table S3.6: Results table of relative variable importance for each individual dissimilarity measure. Number of models indicates in how many models
the variable was used.
Method

Dissimilarity
measure

eDNA

Sørensen
Nestedness
Turnover
Sørensen
Nestedness
Turnover

Kicknet

Difference in
stream order

Distance

1.0
0.99
1.0
1.0
1.0
1.0

0.5
0.67
0.99
0.55
0.88
0.92

0.2
0.31
0.27
0.16
0.7
0.63

3

3

1

Number of
models
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Table S3.7: Results of Kruskal-Wallis test on ranks and the following multiple
mean comparisons post-hoc tests based on rank sums. Chi-Squared,
degrees of freedom (DF), number of data points (n) and p-values are
given. Stream orders with the same letter are not significantly different
according to multiple comparison post-hoc test after Kruskal-Wallis
(p-value = 0.01).
Kruskal-Wallis test on ranks

Multiple mean comparisons
post-hoc tests

Method

Chi-Squared

DF

n

p-value

1

2

3

eDNA
Kicknet

40.6
23.37

6
6

688
680

<0.001
<0.001

a
a

ab
b

abc
b
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4

5

ab bc
ab b

6

7

abc
ab

c
b
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Figure S3.1: Percent shared ZOTUs for two or three replicates within a site versus
different applied ratio thresholds.
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Figure S3.2: Genera accumulation curves of the two sampling methods (blue kicknet, purple eDNA). Upper panel (A) shows accumulation curve for
random sampling and the ribbon indicates the 95% confidence interval. Lower panel (B) shows accumulation ordered from the most
downstream site to the most upstream site.
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Figure S3.3: Dissimilarity between kicknet and eDNA samples versus the logarithmic annual mean discharge per site. Inequality is based on Sørensen
dissimiliarity and split into nestedness and turnover for EPT genera
only. Colors are according to stream order and the shape indicates
to what subcatchment the site belongs to. Lines indicate a linear
regression. Points are minimally jittered due to overlapping cases.
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Metabarcoding laboratory procedure

Extraction of eDNA

After the collection of all the eDNA samples, we extracted the samples in a
randomized order. We used the DNeasy® Blood & Tissue kit (Qiagen, Hilden, Germany) following the protocol for animal tissue besides a few changes due to the
pooling of two filters per site for the extraction. We incubated the first filter with
360 µL ATL buffer and 40 µL Proteinase K for 24 hours. Afterward, we transferred
the incubated filter into a new 1.5 mL tube with a hole on the bottom. This tube
was then placed into the tube with the remaining incubated buffer mixture. The
tube-tube compound was centrifuged for 1 minute at 6000 g in order to remove all
the liquid from the filter in the upper tube. The upper tube containing the filter was
then discharged. We added the second filter to the lower tube containing the buffer
mixture and added another 40 µL of Proteinase K. After an incubation of 24 hours,
we used the same method as described above to remove all liquid from the second
filter. From this step onwards, we followed the protocol with the only change of using
the doubled volumes in order to keep the volume:volume ratios equal until the liquid
was pipetted on the spin columns in step 4 of the provided protocol. Finally, the
eDNA was eluted in 75 µL AE buffer and stored at –20 °C until further processing.
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Library preparation

We target a 313 bp fragment of the cytochrome c oxidase I (COI, Geller et al.,
2013, Leray et al., 2013) for amplicon sequencing. We used an Illumina MiSeq dualbarcoded two-step PCR amplicon sequencing protocol. First, we performed a PCR
with modified primers that contained an adaptor-specific tail, a heterogeneity spacer,
and the amplicon target site (see Table S4.1). The extracted eDNA samples were
randomized over four 96 well PCR plates. A single PCR reaction consisted of 1X
Buffer I (ThermoFisher Scientific, Illkirch Cedex, France), BSA (0.1 mg/µL, GeneON, Ludwigshafen am Rhein, Germany), dNTP (0.2 mM), MgCl2 (1 mM), mICOIintF and jgHCO2198 primer mixes (0.16 µM each, see Table S4.1), AmpliTaq
Gold (1.25 U/µL) and 3 µL of extracted eDNA in a total reaction volume of 30 µL.
The PCR regime consisted of 95 °C for ten minutes, followed by 50 cycles of denaturation at 95 °C for 15 seconds, annealing at 62 °C for 30 seconds and elongation
at 72 °C for 45 seconds, ending the PCR with a final hold of 72 °C for 5 minutes.
Amplification success was verified with the QiAxcel Screening Cartridge by using
the AL420 method (Qiagen, Hilden, Germany). Samples that did not amplify were
rerun with 1 µL of DNA template instead of 3 µL due to previous indication of
inhibited PCR. Per PCR plate we run a positive control (PC) consisting of 2 µL
sample and 1 µL artificial DNA (0.01 ng/µL, see Mächler et al., 2019).
For each eDNA sample we run five replicates of the tailed PCR reaction, pooled
them and cleaned the pool with the illustra GFX 96 PCR Purification Kit (GE
Healthcare, Glattbrugg, Switzerland). Afterwards, we performed a second PCR
where we add an index to each of the samples by using the Nextera XT Index
kit v2 (Illumina, Zurich, Switzerland). The indexed reactions were cleaned up with
SPRI beads (Beckman Coulter, Germany). The indexed reactions were quantified
with the Spark® 10M Multimode Microplate Reader (Tecan Group Ltd., Männedorf,
Switzerland) and pooled them in equimolar parts into a final pool that we cleaned
with SPRI beads. All controls (FC, EC, PC, NC) were run alongside the samples
and were pooled according to their concentrations. Controls that were too low to
quantify were pooled into the second lowest concentrated pool with 10 µL, equal to
the volume of the lowest sample in the respective pool. The libraries were added at
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16 pM concentration and PhiX control was added at a 10% concentration. A pairedend (2x300 nt) sequencing was performed on an Illumina MiSeq (MiSeq Reagent
kit v3, 300 cycles) following the manufacture’s run protocols (Illumina, California,
USA).

Laboratory conditions and negative controls

We followed the previously described measures for work with eDNA (Deiner and
Altermatt, 2014; Deiner et al., 2015; Mächler et al., 2015) in order to minimize
contamination. Reused field material like filter housings and syringes were soaked
40 minutes in 2.5% sodium hypochlorite (i.e., bleach), rinsed with deionized water
and treated with UV light prior to the reuse in the field. Further, we implemented
three different level of negative controls: First, at the beginning of each field day
we implemented a negative filter control (FC) consisting of 1 L MilliQ water that
was previously treated with UVC light and brought to the field to check if reused
material was clean. Second, we included for each batch of extractions a negative extraction control (EC) which contained a previously UV treated GF/F filter resulting
in 8 extraction controls. Third, we included a negative PCR control (NC) in each
PCR plate containing sigma water instead of DNA. All negative controls were run
alongside the eDNA samples during the laboratory workflow.
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Bioinformatic data processing
The data was demultiplexed and the quality of the reads was checked with
FastQC (Andrews et al., 2010). Raw reads were end-trimmed (usearch v10.0.240,
R1:30nt, R2:50nt) and merged with an overlap of min 15 bp max 300 bp (Flash,
v1.2.11). Next, the primer sites were removed (full length, no mismatch allowed,
cutadapt v1.12) and thereafter, the data was quality filtered (prinseq-lite v0.20.4)
using the following parameters: size range (100–500), GC range (30–70), mean quality (20), and low complexity filter dust (30). In a next step, UNOISE3 (usearch
v10.0.240) was used to determine amplicon sequence variants. UNOISE3 has a buildin error-correction to reduce the influence of sequencing errors (Edgar, 2016). An
additional clustering at 99% sequence identity was performed to reduce sequence
diversity and to account for possible amplification errors in the first PCR resulting
in ZOTUs (zero-radius OTUs, thereafter called ZOTUs). This resulted in 12.5 M
reads corresponding to 9,858 ZOTUs. As a final step, the ZOTUs were assigned to
taxa (blast 2.3.0 and usearch v10.0.240, tax filter = 0.9).
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Primer sequence (5’-3’)

mlCOIintF-FS0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGWACWGGWTGAACWGTWTAYCCYC
mlCOIintF-FS1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGWACWGGWTGAACWGTWTAYCCYCC
mlCOIintF-FS3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTAGGGWACWGGWTGAACWGTWTAYCCYCC
jgHCO2198-FS0 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTAIACYTCIGGRTGICCRAARAAYCA
jgHCO2198-FS1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTTAIACYTCIGGRTGICCRAARAAYCA
jgHCO2198-FS2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATAIACYTCIGGRTGICCRAARAAYCA

Primer name

Table S4.1: Forward and reverse primer sequence for tailed PCR reactions.
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Table S4.2: Implemented data filtering steps and the remaining numbers of ZOTUs
and reads in the data set.
Filtering step

ZOTUs

Number
of reads

Raw data
Samples only
Cleaned samples
Rarefied samples

9,858
9,760
9,693
9,622

12,548,868
9,859,536
9,728,558
2,863,213
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DF
5
7
5
7

Model

dq/dt + water source + (1—Sampling Site)
dq/dt * water source + (1—Sampling Site)
E.C. + water source + (1—Sampling Site)
E.C. * water source+ (1—Sampling Site)

BIC

logLik

13308 13322 -6649.1
11608 11608 -5787.4
15713 15727 -7851.6
15669 15687 -7827.3

AIC

13298
11575
15703
15655

Deviance

250

2
2

48.629

χ2 DF
1723.4

χ2

< 0.001

< 0.001

p-value

Table S4.3: Results of the GLMM model selection based on a χ2 -test. DF = degrees of freedom, AIC = Akaike information criterion,
BIC = Bayesian’s information criterion, logLik = log-likelihood.
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Table S4.4: Generalized linear mixed effect model results for the random effects.
Std. Dev = standard deviation.
Model

Random effect

Variance

Std. Dev.

dq/dt
E.C.

Sampling site (intercept)
Sampling site (intercept)

0.043
0.040

0.208
0.201

251

Class

Clitellata

Phylum

Annelida

Haplotaxida

Order

252

Dendrodrilus rubidus
Eiseniella tetraedra
Lumbricus rubellus
Lumbricus terrestris
Octolasion lacteum

Dendrodrilus
Eiseniella
Lumbricus
Lumbricus
Octolasion

Henlea perpusilla

Henlea

NA

Henlea nasuta

Henlea

Aporrectodea

Globulidrilus riparius

Globulidrilus

Aporrectodea rosea

Fridericia ratzeli

Fridericia

Aporrectodea

Chamaedrilus chlorophilus

Chamaedrilus

Aporrectodea rosea

NA

Buchholzia

Aporrectodea

Buchholzia appendiculata

Species

Buchholzia

Genus

- continued on next page -

Lumbricidae

Enchytraeidae

Family

Table S4.5: Species list derived by ZOTUs, assigned to either genus or species level.
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Phylum

Lacinius ephippiatus
Mitopus morio
Phalangium opilio

Dicranopalpus
Lacinius
Mitopus
Phalangium

Phalangiidae

Chilopoda

Dicranopalpus gasteinensis

Amilenus

Leiobunidae

Opiliones

253
Lithobiidae

Lithobiomorpha

Eupolybothrus tridentinus
Lithobius forficatus

Lithobius

Geophilus alpinus

Geophilus
Eupolybothrus

Brachygeophilus truncorum

Phytoptus alchemillae

Steganacarus applicatus

Platynothrus peltifer

Leiobunum limbatum

Xysticus gallicus

Brachygeophilus

- continued on next page -

Geophilidae

Phytoptus

Steganacarus

Steganacaridae
Phytoptidae

Platynothrus

Xysticus

Camisiidae

Geophilomorpha

Trombidiformes

Sarcoptiformes

Amilenus aurantiacus

Leiobunum

Thomisidae

Araneae

Nais communis

Octolasion tyrtaeum

Octolasion
Nais

Species

Genus

Arachnida

Tubificidae

Family

Order

Class

Table S4.5 – continued from previous page
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Diplopoda

Entomobryomorpha

Collembola

Cantharis tristis

Cantharis
- continued on next page -

Ancistronycha abdominalis

Ancistronycha

Cantharidae

Byrrhus arietinus

Byrrhus

Byrrhidae

NA

Tachypodoiulus niger

Coleoptera

Machilis

Tachypodoiulus

Machilidae

Julidae

Julida

Glomeris valesiaca

Neanura muscorum

Neanura
Glomeris

Neanura muscorum

NA

Ceratophysella
Neanura

Ceratophysella denticulata

Isotomurus graminis

Ceratophysella

Isotomurus

Entomobrya nivalis

Lithobius tenebrosus

Lithobius

Entomobrya

Lithobius pygmaeus

Lithobius

Entomobrya marginata

Lithobius pelidnus

Lithobius

Entomobrya

Species

Genus

Archaeognatha

Glomeridae

Neanuridae

Hypogastruridae

Isotomidae

Entomobryidae

Family

Glomerida

Poduromorpha

Order

Class

Arthropoda Insecta

Phylum

Table S4.5 – continued from previous page
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Phylum

Class

Order

Malthodes pumilus
Podistra schoenherri

Malthodes
Podistra

255

Cryptocephalus

Cryptocephalus

Longitarsus succineus
NA
Oreina bifrons
Oreina speciosa

Longitarsus
Oreina
Oreina
Oreina
- continued on next page -

Hydrothassa glabra

Hydrothassa

quadripustulatus

Aphthona venustula

Aphthona

Chrysomelidae

Leiopus nebulosus

Leiopus

Carabus auronitens

Malthodes maurus

Malthodes

Carabus

Malthodes fuscus

Malthodes

Bembidion incognitum

Malthodes brevicollis

Malthodes

Bembidion

Species

Genus

Cerambycidae

Carabidae

Family

Table S4.5 – continued from previous page
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Phylum

Class

Order
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Dasytes
Eubria
Aphodius
Phosphuga
Aloconota

Melyridae
Psephenidae
Scarabaeidae
Silphidae
Staphylinidae

- continued on next page -

Lampyris

Aloconota currax

Phosphuga atrata

Aphodius rufipes

Eubria palustris

Dasytes cyaneus

Lampyris noctiluca

Megasternum obscurum

Megasternum
Lampyridae

Cercyon impressus

Cercyon

Hydrophilidae

Zorochros dufouri

Zorochros

Helophorus glacialis

NA

Zorochros

Helophorus

Sericus brunneus

Sericus

Helophoridae

Dalopius marginatus

Dalopius

Elateridae

Pityogenes chalcographus

Pityogenes

NA

Phyllobius
Curculionidae

Otiorhynchus porcatus

Otiorhynchus

Curculionidae

Species

Genus

Family

Table S4.5 – continued from previous page
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Class

Arthropoda Insecta

Phylum

Diptera

Diptera

Order

Lesteva monticola
Ochthephilus aureus
Platydracus stercorarius
Quedius mesomelinus

Lesteva
Ochthephilus
Platydracus
Quedius
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Pollenia
Pollenia

Calliphoridae
Calliphoridae

Corynoneura lobata
Diamesa bertrami

Corynoneura
Diamesa
- continued on next page -

Chaetocladius perennis

Chaetocladius

ictericus

Bryophaenocladius

Chironomidae

Bryophaenocladius

Palpomyia armipes

Culicoides chiopterus

Pollenia labialis

Pollenia griseotomentosa

Liponeura cordata

Ceratopogonidae Palpomyia

Ceratopogonidae Culicoides

Liponeura

Cteniopus sulphureus

Lathrobium fulvipenne

Lathrobium

Cteniopus

Species

Genus

Blephariceridae

Tenebrionidae

Family

Table S4.5 – continued from previous page
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Phylum

Class

Order
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Diamesa goetghebueri
Diamesa latitarsis
Diamesa modesta
Diamesa steinboecki
Diamesa tonsa
Diamesa zernyi
NA
Limnophyes pentaplastus
Micropsectra notescens
Micropsectra sofiae
Orthocladius frigidus
Paratrichocladius osellai
Rheocricotopus atripes
Tvetenia bavarica

Diamesa
Diamesa
Diamesa
Diamesa
Diamesa
Diamesa
Diamesa
Limnophyes
Micropsectra
Micropsectra
Orthocladius
Paratrichocladius
Rheocricotopus
Tvetenia

Rhamphomyia hybotina

Diamesa dampfi

Diamesa

Rhamphomyia

Species

Genus

- continued on next page -

Empididae

Family

Table S4.5 – continued from previous page
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Phylum

Class

Order

Cheilotrichia cinerascens
Dicranomyia didyma
Rhipidia maculata

Cheilotrichia
Dicranomyia
Rhipidia

Limoniidae

Eudorylas longifrons
Verrallia aucta

Mycomya
Megaselia
Eudorylas
Verrallia

Mycetophilidae
Phoridae
Pipunculidae
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Phytosciara
Sepsis

Sciaridae
Sepsidae

- continued on next page -

Scathophaga

Sepsis luteipes

Phytosciara flavipes

Scathophaga suilla

Sarcophaga rosellei

Sarcophaga
Scathophagidae

Sarcophaga okaliana

Sarcophaga

Sarcophagidae

Rhagio lineola

Rhagio

Rhagionidae

Megaselia brevicostalis

Mycomya shermani

Docosia montana

Docosia

Mycetophilidae

Phaonia subventa

Phaonia

Muscidae

NA

Platypalpus

Hybotidae

Species

Genus

Family

Table S4.5 – continued from previous page
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Class

Arthropoda Insecta

Phylum
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Xanthandrus comtus

Xanthandrus

Eupteryx atropunctata

Eupteryx
- continued on next page -

NA

Diplocolenus

Cicadellidae

Philaenus spumarius

Philaenus

Aphrophoridae

Baetis rhodani

Hemiptera

Baetis

Tipula truncorum

Volucella pellucens

Volucella

Tipula

NA

Melanostoma

NA

Eupeodes

Baetidae

Tipulidae

Syrphidae

NA

Simulium murvanidzei

Simulium

Chrysotoxum

NA

Simulium

NA

Prosimulium latimucro

Prosimulium

Cheilosia

Prosimulium hirtipes

Prosimulium

Syrphidae

NA

Prosimulium

Simuliidae

Species

Genus

Family

Ephemeroptera

Diptera

Order

Table S4.5 – continued from previous page
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Phylum

Class

Order
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Calocoris alpestris
Chlamydatus pulicarius
NA
NA
Phytocoris tiliae

Calocoris
Chlamydatus
Lygus
Phytocoris
Phytocoris

Acalypta

- continued on next page -

Tingidae

Trapezonotus

RhyparochromidaeRhyparochromus

Acalypta nigrina

NA

Rhyparochromus pini

Cacopsylla melanoneura

Calocoris alpestris

Calocoris

Cacopsylla

Calocoris affinis

Calocoris

Psyllidae

Atractotomus magnicornis

Atractotomus

NA

Forcipata

Miridae

Forcipata acclina

Forcipata

Issus coleoptratus

Euscelis sordida

Euscelis

Issus

Species

Genus

Issidae

Family

Table S4.5 – continued from previous page
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Phylum

Class

Lepidoptera

Formicidae

Hymenoptera
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Dysstroma citrata
Epirrhoe molluginata
NA
Eupithecia tantillaria
Thera vetustata

Epirrhoe
Epirrita
Eupithecia
Thera

NA

Scoparia
Dysstroma

Anania funebris

Anania

Phymatocera aterrima

NA

Myrmica

Phymatocera

Myrmica lobicornis

Myrmica

Euura scutellata

Leptothorax canadensis

Leptothorax

Euura

NA

Lasius

Euura lichtwardti

Lasius psammophilus

Lasius

Euura

Lasius niger

Species

Lasius

Genus

- continued on next page -

Geometridae

Crambidae

Tenthredinidae

Family

Order

Table S4.5 – continued from previous page
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Class

Arthropoda Insecta

Phylum
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Dichrorampha montanana

Hada
Bactra
Dichrorampha

Noctuidae
Tortricidae

Acrididae

Leuctridae

Orthoptera

Plecoptera

Syndemis musculana

Syndemis

- continued on next page -

Rhabdiopteryx neglecta

Leuctra rosinae

Podisma pedestris

Podisma

Leuctra

NA

Omocestus

Leuctra alpina

Chorthippus parallelus

Chorthippus

Leuctra

Chorthippus parallelus

Chorthippus

NA

Lathronympha strigana

Lathronympha

Hemerobius

Epinotia tedella

Hada plebeja

Stigmella dryadella

Epinotia

Taeniopterygidae Rhabdiopteryx

Hemerobiidae

Tortricidae

Bactra lancealana

Stigmella

Nepticulidae

NA

Phyllonorycter

Gracillariidae

Species

Genus

Family

Neuroptera

Lepidoptera

Order

Table S4.5 – continued from previous page
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Chordata

Phylum
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Pyrrhocorax
Fringilla
Phoenicurus
Turdus

Corvidae
Fringillidae
Muscicapidae
Turdidae

- continued on next page -

Cinclus

Cinclidae

Passeriformes

Lagopus

Phasianidae

Salamandra

Rana

Salmo

Turdus philomelos

Phoenicurus ochruros

Fringilla coelebs

Pyrrhocorax graculus

Cinclus cinclus

Lagopus muta

Salamandra atra

Rana temporaria

NA

NA

Halesus rubricollis

Halesus
Mesocyclops

Drusus biguttatus

Graphopsocus cruciatus

Drusus

Galliformes

Salamandridae

Caudata

Aves

Ranidae

Anura

Amphibia

Salmonidae

Cyclopidae

Limnephilidae

Salmoniformes

Cyclopoida

Trichoptera

Graphopsocus

Stenopsocidae

Valenzuela flavidus

Valenzuela

Peripsocus subfasciatus

Valenzuela burmeisteri

Species

Valenzuela

Peripsocus

Caeciliusidae

Psocoptera

Genus

Peripsocidae

Family

Order

Actinopteri

Maxillopoda

Class

Table S4.5 – continued from previous page
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Arion
Arion
Abida

Hydrobiidae
Arionidae
Arionidae
Chondrinidae

Neotaenioglossa˙
Stylommatophora

- continued on next page -

Potamopyrgus

Physella

Physidae

Lepidodermella

Vipera

Basommatophora˙

Gastropoda

Chaetonotidae

Viperidae

Mollusca

Squamata

Abida secale

Arion lusitanicus

Arion distinctus

Potamopyrgus antipodarum

Physella acuta

Lepidodermella squamata

Vipera berus

Apodemus flavicollis

Myodes glareolus

Myodes
Apodemus

Chionomys nivalis

Homo sapiens

Mustela nivalis

Sus scrofa

Cervus elaphus

Rupicapra rupicapra

Bos taurus

Species

Chionomys

Homo

Chaetonotida

Reptilia

Muridae

Cricetidae

Rodentia

Sus

Suidae

Hominidae

Cervus

Cervidae

Primates

Rupicapra

Bovidae

Mustela

Bos

Genus

Bovidae

Mustelidae

Artiodactyla

Mammalia

Family

Carnivora

Order

Class

Gastrotricha NA

Phylum
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Appendix VII: Chapter 4

Class

Gastropoda

Chromadorea

Monogononta

Phylum

Mollusca

Nematoda

Rotifera

Ploima

Rhabditida

Stylommatophora

Order

Vertigo

Vertiginidae

Keratella
Lecane
Polyarthra

Brachionidae
Lecanidae
Synchaetidae

Trichostrongylidae Ostertagia

Lehmannia

Limacidae

Arianta

Helicidae
Macularia

Cochlicopa

Cochlicopidae

Helicidae

Genus

Family
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Polyarthra vulgaris

Lecane closterocerca

Keratella cochlearis

Ostertagia ostertagi

Vertigo pusilla

Lehmannia marginata

Macularia sylvatica

Arianta arbustorum

Cochlicopa lubrica

Species
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Table S4.6: Results of the generalized linear model selection based on a F-tests.
DF = degrees of freedom.
Model
dq/dt + origin
dq/dt * origin
E.C. + origin
E.C. * origin

Residual Residual
DF
Deviance
105
104
105
104

1.00250
0.90183
1.0421
1.0359
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DF

Deviance

F

pvalue

1

0.10067

11.677

< 0.001

1

0.0062649

0.6468

0.4231
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Table S4.7: Results for vector fitting onto NMDS ordination. NMDS1 stands for
the first NMDS axis and NMDS2 for the second axis.
Environmental variable
Elevation
E.C.
Temperature
δ 18 O
lc-excess
Total solar radiation
Baseflow
Snow cover area
dq/dt

NMDS1

NMDS2

R2

p-value

-0.886
0.152
-0.927
-0.613
-0.027
0.019
0.820
-0.842
-0.777

0.464
0.988
-0.376
0.790
-1.000
-1.000
-0.571
-0.540
-0.629

0.080
0.421
0.208
0.148
0.173
0.011
0.003
0.006
0.003

0.071
0.001
0.002
0.015
0.005
0.731
0.920
0.872
0.905
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48 hours before sample on Jul-27 at .MR

12

Q
dqdt regression =-0.53237

11

Step avg (Qhourly-avg )=0.016953
end - start =0.19109
Step avg (Qdaily-avg )=-1.408

mm/day
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9
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Figure S4.1: Example determination of dq/dt at the morning river ”MR” on July
27, 2017, showing four different methods as they relate to discharge.
Red line shows the regression of all measurements against time, which
was retained. Yellow points show the hourly average of Q which was
used to determine dq/dt by hourly time-step accordingly. Purple line
shows the dq/dt as determined by the single, 2-day time step. And
green dots show the daily average and the dq/dt determine by their
difference.
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Figure S4.2: Stable isotopes from precipitation (rain in cyan stars, snow in cyan
asterisks) and eDNA sample sites (red squares are main channel,
green triangles are tributaries, and blue circles are springs). Color
shading shows date of sample. Local and global meteoric water lines
are shown (LMWL, GMWL). The LMWL is calculated with all precipitation samples shown and used to calculate the line conditioned
excess. A magnifying inset zooms onto all the samples.
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Figure S4.3: Community composition in the main river channel, tributaries and
springs over the sampling season. Facets give the day of the year.
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