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1. Abstract

In recent years, metropolitan areas are expanding faster than ever, largely affecting
neighboring biodiversity and even forming an ecosystem of its own inhabited by of-
ten peculiar fauna and flora. Ongoing urbanization is known to affect the metropoli-
tan biodiversity by altering the available habitats, causing biotic homogenization and
introducing alien, often invasive species. Urban freshwater ecosystems are particularly
vulnerable, and since all cities heavily rely on healthy aquatic ecosystems, further under-
standing and recognition of metropolitan freshwater biodiversity is key for sustainable
planning and management of freshwater ecosystem services. Thus, we here showcase
the potential of using DNA-based methods, in particular environmental DNA (eDNA)
metabarcoding, i.e. a technique for biodiversity assessment from DNA traces in the en-
vironment, for assessing the metropolitan diversity and evaluating potential threats to
healthy aquatic ecosystems. We present the advantages as well as the shortcomings of
eDNA metabarcoding and by evaluating several studies, we discuss pathways for its fu-
ture application in routine biomonitoring of metropolitan freshwaters (fig. 1) while at
the same time also engaging city inhabitants. With that, we show that environmental
DNA is a very capable tracer of environmental change in aquatic ecosystems and can be
a promising solution for future sustainable development of metropolitan ecosystems.

2. Introduction

2.1 Impact of Urbanization on Metropolitan Biodiversity

Cities are arguably the fastest developing ecosystems in the world. Over half of human-
ity is currently living in metropolitan areas, and it is predicted that by 2050 the number

of city inhabitants will exceed two thirds of the global population (United Nations 2019).
This trend is particularly striking in Europe, where already about 70% of the population
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Fig. 1: City of the future — utilizing eDNA-based biomonitoring tools to assess metropolitan
aquatic ecosystems, including monitoring species of interest (examples presented in green circles),
invasive species (ved circles) and pathogens (light green circle)

lives in cities, which cover approximately 4% of the continent (Koceva et al. 2016). Given
that the physical extent of metropolitan areas grows even faster than the metropolitan
population, it has major implications for metropolitan biodiversity resulting in habi-
tat loss, biotic homogenization and the introduction of alien species (McKinney 2006;
Elmqvist et al. 2013). On the other hand, metropolitan areas host a unique and often
exceptionally high biodiversity and with that, they are often considered as hotspots of
peculiar, urban biodiversity (McKinney 2008; Dearborn/Kark 2010). Nonetheless, since
it is predicted that urbanization will in particular affect natural or near-natural areas
recognized as key biodiversity hotspots (Seto et al. 2012), the trend poses a serious con-
servation challenge (McKinney 2002). Thus, a better understanding of the composition
and dynamics of metropolitan biodiversity seems essential for the sustainable planning
and management of metropolitan ecosystems and their services.

Recently, public interest in biodiversity in cities and metropolitan areas is grow-
ing with an increasing number of studies focusing on the impact of urbanization on
the diversity and distribution of metropolitan biodiversity. This also translates into an
increased awareness of metropolitan society (e.g., via citizen science projects) and poli-
cies of local decision-makers to protect metropolitan ecosystems, e.g., through various
restoration efforts (McKinney 2002). However, to plan and implement conservation ef-
forts reasonably and sustainably in metropolitan ecosystems, vast and global knowledge
on the impact of urbanization on city-dwelling species is needed from all ecosystems
encompassed within metropolitan areas (Rebele 1994). Yet, up to now the majority of
the global surveys regarding metropolitan biodiversity focus mostly on terrestrial or-
ganisms (e.g., Aronson et al. 2014), leaving metropolitan aquatic ecosystems relatively
poorly studied.
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2.2 Metropolitan Freshwater Environments -
Biodiversity as a Proxy for Healthy Ecosystems

Fig. 2: Example of a metropolitan stream: the river Emscher located in

the Ruhr region (Germany)

Every city depends on various freshwater environments to provide inhabitants with
clean water for direct use and recreational purposes, but also for transport, industry
and agriculture (Elmqvist et al. 2013; Higgins et al. 2019). Thus, having healthy aquatic
ecosystems is of paramount importance and is recognized as one of the top priorities
in municipal management (Palmer et al. 2004; Walsh et al. 2005). On the other hand,
urbanization heavily alters the land cover, which then impacts metropolitan water re-
sources in terms of both quality and quantity (McDonald et al. 2011a; Elmqvist et al.
2013). Facing constantly increasing anthropogenic pressure results in increased loads
of pollutants, altered geomorphology and finally, loss of native biodiversity with the
establishment of alien, often invasive species in the resulting heavily modified water
bodies (Paul/Meyer 2001; Walsh et al. 2005). On top of this, global climate change leads
to drastic changes in the availability of suitable water as a resource and habitat (Tonkin
et al. 2019). In effect, these factors pose a great challenge for sustainable management
and distribution of freshwaters in metropolitan environments worldwide (McDonald et
al. 2011a; 2011b).

Recognizing cities as ecosystems marked a gradual paradigm shift in conservation
policy for metropolitan environments (Rebele 1994; McKinney 2002; Hobbs et al. 2006).
Putting stronger emphasis on metropolitan ecology and ecosystem functioning cor-
responds with the increased interest in the composition and structure of metropoli-
tan biodiversity (Rebele 1994; Grimm et al. 2000; Savard et al. 2000). Similar trends
have been observed in particular in metropolitan freshwater biomes (Hering et al. 2013;
Oertli/Parris 2019). Treating freshwater biodiversity as a proxy for a healthy aquatic
ecosystem has been a focal point of most biomonitoring and ecological restoration ini-
tiatives worldwide (Geist/Hawkins 2016) and is a building block of the concept under-
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lying the EU Water Framework Directive (WFD; 2000/60/EC). For metropolitan fresh-
waters (fig. 2), the reference conditions set by the WFD refer to near-natural waters.
Obviously, such conditions can never be met in urban environments. Therefore, these
urban water bodies have to be assessed independently. However, to date there is still no
urban-specific framework for assessing and monitoring freshwater biodiversity present
in metropolitan streams. Implementing systematic scanning of freshwater biodiversity
in metropolitan management policies could be beneficial for planning reasonable and
effective strategies for protecting and developing healthy metropolitan aquatic ecosys-
tems.

2.3 DNA-Based Research on Metropolitan Biodiversity

Box 1: From Single Specimens to Whole Communities: A Brief History of DNA-Based Research
In the early 2000s a new method to identify species based on DNA sequences was intro-
duced: DNA barcoding (Hebert et al. 2003). Here, the DNA from a single specimen of a
given species is extracted and sequenced to generate a genetic barcode. These genetic
barcodes are in most cases unique in their DNA sequence composition for most species
and thus were proposed as a straightforward way of species identification. The individual
barcodes are stored in publicly available databases, for example GenBank (NCBI), Bar-
code of Life Data Systems (BOLD) or the UNITE database, and whenever the barcode of
anew specimen is sequenced, its identity can be revealed by cross-matching its barcode
to areference database. Even though at the moment notall described species have been
genetically barcoded, the taxonomic coverage of many ecosystems is already high and
still rising, with new initiatives in place working towards completion of DNA barcode ref-
erence databases in the foreseeable future (e.g., BIOSCAN, eBioAtlas).

Then, in the early 2010s the advancements in sequencing technology allowed re-
searchers to take the next step: Suddenly many million sequences could be sequenced
inasingle experimental run. Now, instead of just sequencing a single barcode of a single
specimen, whole collections of specimens from different species (bulk samples) could
be analyzed at once. The rise of this so-called DNA metabarcoding has led to a dras-
ticincrease in DNA-based bioassessment studies during the last decade (Taberlet et al.
2012). Even though it rapidly increased the throughput and outcome of the DNA-based
species assignment, it became apparent that for many organismal groups, in particular
large vertebrates such as fish, it is not feasible to collect these in large quantities, i.e. as
bulksamples. Onthe otherhand, itwas recognized thatall species release genetictraces,
such as cells, hair, feces, skin, and mucus, into their environment. So, the idea of sim-
ply collecting an environmental sample (e.g., water, soil, air) and sequencing the genetic
tracesinthesample, led to the development of the so-called environmental DNA (eDNA)
metabarcoding (Deiner et al. 2017), which allowed for rapid and non-invasive studies of
entire communities of organisms. Today, researchers work towards application and val-
idation of eDNA metabarcoding in routine biomonitoring studies by conducting eDNA-
based research all over the world and across various taxonomic groups, from freshwater
macroinvertebrates, via tropical fish to arctic microbes.
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DNA as a molecular fingerprint has been used for decades in multiple disciplines. The
uniqueness of DNA allows comparing individuals, e.g., in order to investigate paternity
or suspects of crimes. DNA-based analyses also became a frequently applied method-
ology in taxonomy. Books had to be rewritten after DNA investigations revealed unex-
pected evolutionary relationships. Depending on the questions asked (e.g., relationship
among members of a population, phylogenetic relationship among taxonomic groups),
the choice of the investigated DNA section differs. Highly conserved and slowly evolving
sections can be used to address phylogenetic questions among species or higher taxa
(genus, family, order, etc.). Variable, fast evolving gene sections can be used to differ-
entiate individuals within a single species. In a biodiversity context, we differentiate
between the analysis of DNA for single species or individuals (single-specimen DNA
barcoding) and the analysis of entire communities with multiple species at once (DNA
metabarcoding; see Box 1). Both approaches were successfully applied to study biodi-
versity in a variety of different habitats across the globe (Janzen et al. 2009; Bucklin et
al. 2011; Valentini et al. 2016; Schiitz/Tollrian/Schweinsberg 2020).

In recent years, it was recognized that all organisms constantly shed DNA to the
environment they inhabit. This can be hair, fur, skin, feathers, scales, saliva or excre-
tions. Traces of DNA are everywhere. Those DNA traces are collectively referred to as
environmental DNA (eDNA), which allows the passive and non-invasive detection of
species. Environmental DNA can be extracted and analyzed from a variety of different
media such as soil, sediment, water and air. Since all life depends on water in some
form, it can be seen as a sink for DNA that was released by life within and surrounding
the catchment. Cities, metropolises in particular, have almost always been built near
freshwater habitats, ranging from metropolitan rivers, to harbor coastlines, park lakes,
canals or small ponds in citizens’ backyards. Therefore, assessing biodiversity through
eDNA collected from these waters is a rather straightforward task. Since the collection
of the samples is simple, it can be performed by citizens and can increase the interest of
communities in science, raising awareness of biodiversity and the value of metropoli-
tan wildlife. Such eDNA-based approaches have already been applied to metropolitan
environments (Francis/Chadwick 2015; Stoeckle et al. 2017; Bagley et al. 2019), in par-
ticular aquatic catchments, delivering invaluable data on communities, which would
otherwise be very difficult to obtain. The results of eDNA metabarcoding, when used
routinely, would offer important data on species distribution, the state and health of
the environment and the success of restoration measures right around us. Scientists as
well as officials can implement this data for a sustainable city development that meets
the needs of the citizens, while also offering suitable habitats for metropolitan wildlife
and with that increasing the quality of life.

2.4 Environmental DNA Metabarcoding -
A Promising Tool for Estimating Metropolitan Aquatic Biodiversity

As mentioned in the beginning of the chapter, biodiversity assessment in metropolitan
areas is still a highly undervalued, yet very important topic. The diversity of novel species
and the complexity of their interactions in particular with native ones is drastically
higher than in natural habitats, despite habitats often being artificial. This holds true in

https://dol.org/10.14361/9783839463109-013 - am 13.02.2026, 16:22:04. - EE—

227


https://doi.org/10.14361/9783839463109-013
https://www.inlibra.com/de/agb
https://creativecommons.org/licenses/by/4.0/

228

Kamil Hupato/Till-Hendrik Macher/Robin Schiitz/Florian Leese

particular for metropolitan freshwater ecosystems that act as recreational ecosystems,
as drinking water resources, as entry points of surface runoff water or as sinks for puri-
fied water from sewage plants. Biodiversity traces from land and water can be captured
using environmental DNA comparable to the forensic DNA fingerprinting, offering un-
paralleled insights into the biodiversity associated with these freshwater ecosystems.
Here we want to i) highlight the potential of environmental DNA metabarcoding meth-
ods to assess metropolitan biodiversity much more holistically than traditional assess-
ment methods, ii) provide an overview of contemporary approaches to capturing bio-
diversity with eDNA metabarcoding and iii) outline perspectives to implement eDNA
metabarcoding as a simple analytical tool for metropolitan biodiversity monitoring.

3. Environmental DNA Methodology -
A Holistic Approach for Biomonitoring

The choice of eDNA methodology strongly depends on the type of ecosystem and tax-
onomic group that are to be investigated. Despite a generally similar workflow, the
methodologies can drastically differ by sample type, habitat and target organism. We
will here outline general principles for collecting, analyzing and interpreting eDNA
data.

3.1 Environmental Sample Types

First, eDNA can be collected from different environmental sample types (sediment, wa-
ter, ice, etc.), which can give insights into different communities and on varying time
scales. With the collection of water samples, mostly the active and present fauna and
flora of the water body and the surrounding area is detected, depending on the persis-
tence and stability of DNA traces as well as the character of the water body (Harrison
et al. 2019). On the other hand, the collection of sediment samples can give insights
into the benthic (i.e. living at the bottom of a water body) and terrestrial fauna and can
also date back years to millennia in time when collecting sediment from greater depths,
permafrost or even ice cores. However, this chapter focuses on the application of the
aquatic eDNA and therefore, the following parts will be oriented around the potentials
of using DNA information gathered from water samples.

3.2 Freshwater Habitats

Freshwater habitats can generally be divided into flowing water bodies (lotic), such as
streams and rivers, standing water bodies (lentic), such as ponds and lakes, and ground-
water habitats. The sample collection differs between these habitats. Lotic ecosystems
are sinks in their environment and act as conveyor belts, transporting eDNA down-
stream for many kilometers. Thus, water samples from lotic environments usually have
a greater spatial inference, representing the community of even up to (or more than) 12
km upstream of the sampling site (Deiner/Altermatt 2014; Deiner et al. 2016). The eDNA
detection range, however, can be strongly influenced by DNA degradation and retention
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as well as resuspension and dilution. Therefore, typically already within a few hundred
meters or less the eDNA community can substantially differ (Harrison et al. 2019). For
flowing water bodies, rather small volumes (1-2 ) are often collected in biomonitoring
campaigns and already allow the detection of a great portion of the present community.
However, to depict the whole community, usually larger volumes have to be collected
(up to 100 |; Cantera et al. 2019).

In standing waters, on the other hand, the water column of lentic ecosystems is
usually highly stratified with little transportation of water in vertical or horizontal di-
rections, which makes eDNA signals very local. During the collection of water samples
from ponds and lakes, this is accounted for by sub-sampling from different locations
along the shore and from the middle of the water body and additionally from vari-
ous depths. Usually, greater water sample volumes from different spots are required to
depict the whole community. Several guidelines to optimize the sampling strategy of
ponds and lakes have been proposed (Beentjes et al. 2019; Harper et al. 2019).

Groundwater bodies are a highly important source of drinking water in metropoli-
tan areas and encompass an aquatic habitat particularly difficult to access and assess.
Nevertheless, the cold temperature and absence of light offer optimal conditions for
eDNA preservation. However, only a few studies have investigated groundwater using
eDNA (Niemiller et al. 2018), collecting only limited water volumes. While being mostly
unexplored to this day, groundwaters should be sampled similarly to surface standing
waters to account for stratification effects.

3.3 eDNA Sampling Techniques

Fig. 3: Water samples for eDNA analyses are collected in sterile bottles

When collecting environmental samples (fig. 3), contamination with other DNA
traces should be avoided. Thus, the usage of sterile gloves and sterile field equipment
is of extreme importance. Not only can contamination between samples occur (cross-
contamination), but also human DNA traces originating from the sample handler can
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potentially enter the sample. The starting point of all water-based eDNA methodolo-
gies is the collection of a water sample in sterile 1-2 1 bottles or bags that are placed in
the water body. Alternatively, eDNA samples can be directly taken from the water using
sterile pipes and specialized pumps (Thomas et al. 2018). The volume of water and the
number of samples depends largely on the type of water body (flowing/standing), its
depth and number of available microhabitats present.

Fig. 4: The collected water is pumped through a special encapsulated
filter to isolate the eDNA from the water

After the collection of the water samples, the eDNA needs to be isolated from the
water and collected on a dedicated filter (fig. 4). Finally, after the water is filtered, the
sample consisting of a filter with collected eDNA requires preservation. Depending on
the preservation method chosen (e.g., in highly concentrated ethanol), the collected
eDNA sample can be stored at cool temperatures (4°C or -20°C) or even at room tem-
perature. In conclusion, the required sample replication and filter volume depends on
the choice of target organism, the research question and the water body. Depending on
the approach chosen, including the number of replicates and types of filters used, cost
estimates per sample can vary between 20 and 100 Euros, excluding personnel expenses
(fig. 5). That being said, when planning for eDNA research, one has to bear in mind that
sometimes a trade-off between sampling sufficient amounts of water and cost and time
efficiency has to be made (Macher et al. 2021).
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Fig. 5: Metropolitan freshwater biodiversity can be assessed quickly and on a
large scale using eDNA metabarcoding, while retaining comparably low costs.
However, the costs per sample scale with the total number of samples/replicates
that are sequenced simultaneously (see Buchner/Macher/Beermann/Werner/
Leese 2021). (*) Most bioinformatic tools to process and analyze the eDNA
metabarcoding data ave free of charge but can require the acquisition of com-
puting power

3.4 Molecular Laboratory

The laboratory processing of eDNA samples (fig. 6) with a focus on animal and plant (and
not microbial) species usually implies working with a low concentration of target DNA.
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Fig. 6: After the fieldwork, the eDNA is extracted from the filters and
prepared for sequencing in a sterile laboratory

Thus, significant precaution measures have to be taken to prevent contamination of the
samples. Usually, eDNA samples should preferably be processed in a dedicated sterile
lab with a unidirectional workflow. Here, the working places for the two major steps of
DNA extraction (low amounts of DNA) and DNA amplification (high amounts of DNA)
are spatially separated and samples only proceed forward. This mitigates potential con-
tamination from already PCR-amplified eDNA samples. Furthermore, working places
have to be decontaminated either with UV light or bleach after each working step. To
prevent contamination with human DNA, the usage of a single-use, sterile overall suit
and long gloves is an established good practice.

The initial laboratory step is the DNA extraction. Here, many different laboratory
protocols and various commercial kits are available, but all follow a similar principle.
First, the captured eDNA has to be separated from the filter. Open filters can usually be
removed from the housing and are then ground or partitioned either with beads in a
bead mill or with sterile scissors. Encapsulated filters, on the other hand, are filled with
a buffer that is removed from the capsule and used for the DNA extraction. The next step
is the lysis, where the DNA is isolated from cells in the sample. A lysis can either be per-
formed enzymatically, chemically or mechanically. Then, the DNA is extracted from the
sample, which comprises the removal of all organic and inorganic components except
DNA. The following step is the amplification of the target DNA with a polymerase chain
reaction (PCR). Here, the amount of target DNA copies is exponentially increased. The
choice of target fragment, however, largely depends on the research question and the
target species. For the assessment of whole communities, universal primers that can
target DNA fragments (‘DNA barcodes’) characteristic for certain taxonomic groups,
e.g., fish or invertebrates, are amplified in PCR reactions. Depending on the questions,
various other organismal groups can be targeted, e.g., fungal, algal and bacterial com-
munities. Interestingly, the eDNA information collected from water samples can also
inform about the surrounding diversity as DNA traces shed by terrestrial organisms in
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the water bodies can be successfully detected (e.g., Macher et al. 2021; fig. 7). To en-
sure a high reliability of obtained results, the implementation of multiple extraction
and/or PCR replicates is strongly recommended. Afterwards, the eDNA samples have
to be prepared for high-throughput sequencing (HTS) and are subsequently converted
into millions of sequence reads. The HTS is performed on the machines that are capable
of transforming the PCR-amplified products into the letter codes (ACGT) using fluores-
cent chemistry, which then form the end DNA sequences. The raw data then obtained
from the HTS machine is basically a large text file with millions of lines that represent
the letter code of the sequences (‘reads’) as well as ASCII codes that denote the quality
of the sequence.

Fig. 7: Overview of a freshwater associated vertebrate community including some of the detected
species. The OTU (operational taxonomic unit) vichness among the classes of birds, mammals
and fish/lamprey found in this study are illustrated in pie charts (Source: Macher et al. 2021)
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3.5 Raw Data Processing

After sequencing, the multitude of DNA sequences obtained (usually millions of reads
per sequencing run) have to be processed bioinformatically prior to scientific analyses.
Initially, all reads of a sequencing run are stored in a single file and since they usually
contain information from multiple sampling sites, require a demultiplexing step. Thus,
the reads are divided into single files according to their sample-specific tagging se-
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quence. This allows the simultaneous sequencing of dozens and even hundreds of sam-
ples on a single sequencing run, which drastically reduces costs. Nowadays, most DNA
metabarcoding studies apply paired-end sequencing runs where the DNA sequences
are read from both directions. This increases the quality of the reads and allows the
sequencing of longer reads. After demultiplexing, the forward and reverse reads are
merged and their quality is subsequently evaluated. When all high-quality reads are
assigned to their respective samples, they can then be joined into biological entities.
Here, two main approaches can be distinguished: clustering and denoising approaches.
Clustering groups together all sequences within a certain threshold into a single entity
(i.e. the operational taxonomic unit — OTU). Denoising approaches, on the other hand,
aim to remove sequencing errors from the dataset and retain all correct biological se-
quences, without clustering them. These entities are referred to by various abbrevia-
tions, such as ASVs (amplicon sequence variants), ESVs (exact sequence variants) or
zOTUs (zero-radius OTUs). Both approaches have their specific strengths and fields of
application and can be used in parallel: OTUs are a proxy for species and should prefer-
ably be used for diversity measures (e.g., local or regional species diversity [alpha and
beta diversity]), ecological indices and biogeography, while denoised sequences should
rather be used for population genetics, connectivity and haplotype indices (Antich et al.
2021).

The final step of the raw data processing workflow involves taxonomic assignment
(identification of a single sequence to a taxonomic, preferably species level). Therefore,
the sequences are matched against a reference database. The choice of database depends
on the target marker used in the study. Various online databases exist that host refer-
ence sequences of different markers and organisms, including NCBI GenBank, Barcode
of Life Data Systems (BOLD), UNITE or R-Syst. In most cases, due to incompleteness of
reference databases, not all reads can be reliably assigned to a reference species and the
obtained taxonomy table requires additional filtering steps. Furthermore, it is recom-
mended to manually check the assigned taxonomy for plausibility and potential errors
(replicate consistency, negative controls).

3.6 Data Analysis

The final product after data processing is a taxon list with species names and asso-
ciated read numbers per site. This table is the basis for downstream analyses. With
the final taxon table, one can perform statistical analyses to investigate patterns of ob-
served diversity and use multiple tools to visualize the data (fig. 8). Different software
tools exist to perform statistical and ecological analyses, such as the R package vegan,
the web-based tool MicrobiomeAnalyst, or the graphical-user interface-based software
TaxonTableTools that was specifically developed for the processing and analysis of DNA
metabarcoding data (Macher/Beermann/Leese 2021). The choice of analysis strongly de-
pends on the design of the study and researchers’ preferences. In most cases, the oc-
currence over space and time will be the most relevant dependent variables, as well as
analyses that link the occurrence of species or taxa with ecological traits to, e.g., assess
ecological status.
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Fig. 8 a): Exemplary eDNA metabarcoding data analysis results: Parallel category plots are a
comprehensive method to visualize biodiversity of a dataset and illustrate differences in taxo-
nomic composition between samples.
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3.7 Shortcomings of eDNA Metabarcoding
Undoubtedly, eDNA metabarcoding data hold many strengths. However, the interpre-

tation of eDNA-derived data always needs to be taken with caution because, contrary to
traditionally derived species lists, taxa that are found in eDNA datasets were not nec-
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Fig. 8 b): Exemplary eDNA metabarcoding data analysis vesults: Krona charts are hierarchical,

interactive pie charts to explore the detected taxa inventory of a dataset on different taxonomic
levels.
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essarily present at the site at the time of sampling. Particularly in anthropogenically
influenced ecosystems, such as metropolitan areas, wastewater effluents can introduce
signals of marine food fish, while in agricultural areas many terrestrial domestic ani-
mals can be found. This poses a challenge of false positive (species reported as present
while it is not) and false negative (species reported as absent while it is present) DNA
signals. Although false positives might occur due to the transportation of the DNA sig-
nal in lotic ecosystems or its persistence, still the most common cause of false positive
DNA signals is contamination. False negative results are of paramount importance for
detecting species of interest, particularly rare, threatened or invasive taxa, where their
absence in the data could be deriving from lack of their DNA rather than their actual
absence in the ecosystem. False negative results often derive from insufficient water
sample volume to retrieve the DNA signal, often from rare, underrepresented species.
While its implementation is beneficial for producing reliable and comprehensive pres-
ence and absence data, up to now eDNA metabarcoding does not offer reliable informa-
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tion about species abundance or the population structure (e.g., sex or age distribution).
Although in some cases, quantitative interpretations of read counts and biomass have
been reported, e.g., for fish (Hanfling et al. 2016; Ushio et al. 2018), they still should be
treated with caution. A final major concern is the incompleteness and reliability of ref-
erence databases. As described previously, reference taxonomic information is crucial
to translate the sequencing data into a species list. The gaps in public DNA reference
databases are unequally distributed among taxa groups and regions worldwide. How-
ever, with the ongoing efforts towards curating those databases and the addition of
substantial amounts of new molecular data, the databases continue to improve con-
stantly. Until the goal of having curated fairly complete DNA reference databases is
achieved, we advise that the taxa lists should be verified by a specialist of the respective
taxonomic group to further limit the shortcomings of reference material.

The shortcomings described above have to be taken into consideration when work-
ing with eDNA data. However, as also highlighted, there are several approaches that
currently exist to reduce the impact of most of them. With the eDNA field rapidly im-
proving, it is likely that most of those issues will be of a lesser concern in the foreseeable
future. Overall, eDNA metabarcoding has been proven to be a reliable, comprehensive
and reproducible approach for species bioassessment and would prove a promising so-
lution also for metropolitan aquatic ecosystems.

4. Potential Applications of eDNA in Metropolitan Research

Environmental DNA-based methods are non-invasive and time-efficient ways of study-
ing aquatic biodiversity, providing information about the presence of single species
or even entire communities inhabiting aquatic ecosystems. In recent years the appli-
cation of eDNA-based biodiversity assessment has expanded beyond simply assessing
species composition towards more targeted and specific approaches. From monitor-
ing invasive or elusive species to evaluating the success of restoration initiatives, eDNA
metabarcoding has shown great promise for detecting aquatic life. Various studies have
successfully applied eDNA-based biodiversity assessments in metropolitan research, for
example, by initiating citizen science projects, the monitoring of reintroduced species
or assessing pathogenic activity. Here, we present examples of eDNA-based approaches
already tested in various environments that could readily be adapted to metropolitan
aquatic research.

4.1 Monitoring Species of Interest

Metropolitan ecosystems, even though seemingly hostile for native fauna and flora, of-
ten harbor unexpected taxa often recognized as rare and threatened (Dearborn/Kark
2010; e.g., in the Ruhr region: Rhine sculpin, fire salamander, midwife toads). On the
other hand, mainly due to anthropogenic activity, many invasive species have been
thriving in city environments. Here, eDNA traces have been successfully used to de-
tect rare, threatened taxa as well as invasive alien species (e.g., in the Ruhr region:
signal crayfish, invasive gobiids, American bullfrog; see, e.g., Jerde et al. 2011; Thomsen
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et al. 2012; Thomas et al. 2020). This species detection approach has considerable ad-
vantages over traditional assessment methods, mainly because of its non-invasiveness
and easy scalable application. No need for disturbance of the target organism to prove
its presence is of paramount importance, particularly for threatened taxa. Contrary to
traditional monitoring methods, eDNA-based surveys can avoid the handling of speci-
mens (e.g., electrofishing, preservation in ethanol), but are still in agreement with the
conventional approaches. Moreover, in some cases species were found in sites where
they were not previously detected with traditional methods, which further supports
eDNA-based approaches as a highly sensitive method of species detection. The sensi-
tivity of eDNA methodology, along with time and cost efficiency, was the reason why it
was proposed for application in routine biomonitoring of threatened aquatic species of
high importance like the Eastern hellbender, the European weather loach or the great
crested newt. In all of the cases mentioned, eDNA-based identification outperformed
traditional detection, revealing targeted species’ presence even at low eDNA molecule
concentrations. Further development and validation of eDNA protocols has been con-
ducted in recent years to further enhance the detection reliability of endangered taxa,
additionally aiming to also provide information on quantities and abundances (Thom-
sen et al. 2012; Harper et al. 2018; Kusanke et al. 2020). The further development of
eDNA methodology has led to the implementation of eDNA-based biomonitoring of
endangered taxa in standard national legislation, similarly to routine monitoring of
great crested newts in the United Kingdom. The detection of aquatic invasive species
via eDNA has also proven highly efficient. Studies on several candidate vertebrate in-
vasives, like the American bullfrog, the Bluegill sunfish and the Asian carp as well as
smaller organisms like invertebrates proves the high efficiency of eDNA-based species
detection even at very low abundances of target organisms. However, with some fresh-
water arthropods, eDNA-based detectability was difficult, arguably due to low abun-
dances and presence of chitin exoskeleton likely hindering the DNA release (Thomsen
et al. 2012; Tréguier et al. 2014).

Keeping in mind the shortcomings of the method, eDNA-based approaches have
certain advantages that could be useful in monitoring species of interest in metropoli-
tan environments. It could certainly help planning reasonable conservation actions to-
wards protecting those species and provide a cost-efficient and non-invasive way of
informing local authorities about species’ presence and dynamics. For example, eDNA
metabarcoding may be a desirable solution for informing both city conservation agen-
cies as well as the citizens about highly endangered species living in their vicinity like
axolotl populations within Mexico City or rare leeches living in the metropolitan ecosys-
tems of Warsaw (Koperski 2010; Recuero et al. 2010). The eDNA methodology could be
equally useful for controlling the dispersal of invasive species thriving in human-altered
metropolitan environments. It has recently been proposed as an effective tool aiding in
estimating the presence and impact of invasive mollusks in metropolitan areas in Spain
(Clusa et al. 2017).
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4.2  Assessing Pathogens in Metropolitan Waters

Water security is one of the top priorities of metropolitan ecosystem services. Among
the main threats to clean water access is water pollution, caused mainly by sewage dis-
charge, stormwater runoff or animal fecal input, resulting in the presence of pathogens
affecting the well-being of the city inhabitants. Health risk deriving from pathogenic
exposure was confirmed in several studies from metropolitan recreational waters as
well as sources of drinking water (Craun et al. 2005; Wullings/van der Kooij 2006; Sterk
et al. 2015). In the field of microbiology, eDNA metabarcoding has been a well-estab-
lished method for estimating diversity of various pathogenic organisms. An eDNA-
based detection has also been implemented for successfully detecting dangerous animal
pathogens, such as Batrachochytrium salamandrivorans or Ranavirus, threatening endan-
gered amphibian species (Miaud et al. 2019; Sieber et al. 2020; Spitzen-van der Sluijs et
al. 2020). Data collected from eDNA traces have also been used for extensive research
on improving the detectability of the fungus Aphanomyces astaci responsible for the cray-
fish plague decimating threatened native crayfish species throughout Europe (Wittwer
et al. 2018b; 2018a; Strand et al. 2019).

Genetic information retrieved from aquatic environmental samples has recently
been proposed as a very promising solution for detecting human pathogens. It has
proven particularly efficient in detecting and monitoring local outbreaks of SARS-CoV-
2. Here, environmental viral RNA signals were identified both from air samples as well
as from wastewater from multiple locations (Ahmed et al. 2020; Hart/Halden 2020; Led-
nicky et al. 2020; Street et al. 2020). Detection of SARS-CoV-2 virus from wastewater
has already been thoroughly evaluated, in some cases detecting a higher rate of infec-
tions compared to the number of confirmed clinical cases (Wu et al. 2020; Farrell et
al. 2021). Using aquatic eRNA for detecting SARS-CoV-2 virus has also been tested in
a metropolitan setting in the region of Valencia in Spain. Here, the viral signal from
the urban wastewater was detected even before the number of reported cases started
to indicate a local outbreak, highlighting that eRNA-based detection could serve as an
early warning system for monitoring pathogens in metropolitan areas (Randazzo et al.
2020).

Even though eDNA metabarcoding has been recognized as a promising tool that
could be used in stormwater and wastewater management, it has not yet been widely
implemented in urban environments. Thanks to increased sensitivity, eDNA could pro-
vide a valuable tool for reliable estimation of the microbial community, which could lead
to a better understanding of the potential pathogenic risks present in metropolitan wa-
ters. By using eDNA/eRNA-derived data, one could improve the monitoring of drinking
water sources or sewer discharges with increased possibility of tracing potential pollu-
tion sources. An eDNA-based approach has already shown great promise for tracking
fecal contamination in metropolitan recreational areas (Staley et al. 2018). It could also
largely facilitate understanding harmful cyanobacterial blooms taking place in urban
recreational waters by better understanding the diversity and dynamics of communi-
ties responsible (Y. Jiang et al. 2020). Establishing eDNA-based research in cities could
also be of paramount importance to metropolitan freshwater diversity by analyzing the
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pathogens affecting both local diversity, e.g., fish in local aquacultures and threatened
amphibians as well as the citizens.

4.3 Evaluating Metropolitan Restoration Initiatives

To counteract continuous degradation of freshwater ecosystems and slow down, halt or
even reverse ongoing biodiversity loss, various restoration initiatives have been pro-
posed for riverine ecosystems worldwide (Bernhardt et al. 2005; Pander/Geist 2013;
Mubhar et al. 2016). Restoration activities typically comprise various modifications to
river course and adjacent riparian zones as well as the habitats within, sharing the
common aim of improving the hydrologic and ecological status of a degraded river-
ine ecosystem, which could then increase community, biological and utilitarian values.
Gradually, the need for river restoration has been recognized by policy- and decision-
makers, which resulted in its implementation in the legislative acts on local as well as in-
ternational levels (e.g., EU Water Framework Directive, US Clean Water Act). Although
there are certain benefits from restoration projects, one of the main issues discussed
is the lack of standardized evaluation of the restoration success. Although several ap-
proaches to evaluating the success of restoration initiatives have been proposed (Palmer
et al. 2005; Woolsey et al. 2007; Jihnig et al. 2011), there is still a lack of standardization
and robustness. The potential of using eDNA-based approaches in restoration ecology
has been thoroughly discussed and proven to be a promising solution for a future way
of assessing biodiversity in restored sites. Similarly, eDNA metabarcoding has been ac-
knowledged as a highly promising tool for biodiversity assessment, also in the context
of ecological restoration (Williams et al. 2014; Ruppert et al. 2019). However, to date
very few studies have applied eDNA-based evaluation of restoration success and only
from a single-species perspective. In metropolitan environments, freshwater ecosys-
tems are subject to substantial degradation and deterioration of their ecosystem func-
tions due to gradual urbanization. Thus, a multitude of actions were proposed to initiate
stream restoration initiatives within urbanized areas. To evaluate the success of many
metropolitan stream restoration projects, the composition of macroinvertebrate com-
munities is investigated (Purcell et al. 2002; Selvakumar et al. 2010; Violin et al. 2011).
However, since all of those assessments are based on morphological determination,
some of the organisms can only be assigned to family level, which could possibly ham-
per interpreting the richness of observed diversity. Here, eDNA metabarcoding could
provide a higher taxonomic resolution and thus enhance the reliability of the biological
evaluation of metropolitan stream restoration initiatives.

4.4 Engaging Metropolitan Society

Recently, the number of research projects involving the engagement of the public is
constantly growing, with more and more benefits of so-called ‘citizen science being ac-
knowledged. Acquisition of large volumes of data collected voluntarily along with high
coverage, otherwise difficult to achieve, have been primary advantages of communities’
involvement behind a plethora of environmental monitoring initiatives. Public activity
seems to be a particularly effective solution for biomonitoring in residential ecosystems
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like metropolitan areas. Citizen science has already proven useful for obtaining envi-
ronmental data from city ecosystems, e.g., regarding urban biodiversity (Wang Wei et
al. 2016; Anton et al. 2018; Mason/Arathi 2019). It has also been proposed and tested
as a promising solution for measuring metropolitan environmental pollution (Q. Jiang
et al. 2016; Longo et al. 2020). In metropolitan aquatic ecosystems, citizen science has
been validated to deliver valuable environmental data, mostly concerning water quality,
which are comparable to those obtained by trained professionals. However, engaging
the public has not yet been implemented in studying metropolitan freshwater biodiver-
sity, even though some solutions have already been proposed (Rae et al. 2019). On the
other hand, there are more and more initiatives engaging the public by studying biodi-
versity using eDNA metabarcoding. eDNA-based citizen science research was proposed,
e.g., to enhance the knowledge about diversity of amphibians living in residential ponds
in Austria (“Frosch im Wassertropfen” project; http://www.uibk.ac.at/350-jahre/verans
taltungen/frosch-im-wassertropfen/), to assess the freshwater macroinvertebrate bio-
diversity of selected watersheds in Canada (STREAM initiative; http://www.stream-dn
a.com), to assess biodiversity in local BioBlitzes (public event focusing on collecting and
identifying as many species as possible in a specific area over a short period of time) in
the USA (CALeDNA; http://www.ucedna.com) or even to enhance nationwide biomon-
itoring of the endangered great crested newt in the United Kingdom. Citizen science
has also become an important part of the outreach activities undertaken by scientific
institutions and commercial companies focusing on eDNA analyses like NatureMetrics
in the UK or EnviroDNA in Australia, offering easy-to-use kits that can be readily ap-
plied by non-scientists for straightforward eDNA sampling. The value of eDNA-based
biodiversity records gathered through local community-derived initiatives are also con-
sidered as one of the crucial input data underlying new global initiatives like eBioAt-
las by the IUCN and NatureMetrics (www.ebioatlas.org). There is a growing concern
that eDNA studies will disattach the public from nature by translating it into numbers
and letter codes. However, as shown above, the eDNA approach provides a promising
straightforward solution for raising interest in nature and life in the immediate vicin-
ity. Thus, implementing eDNA-based research in city freshwater ecosystems engaging
the citizens would not only provide a valuable method for monitoring species of inter-
est, assessing pathogens or evaluating local restoration initiatives, but might possibly
also have a profound educational value in increasing scientific literacy and biodiversity
awareness of metropolitan citizens (Box 2).

Box 2: Urban BioBlitz Using Aquatic eDNA - Assessing Biodiversity and Educating Citizens
Since freshwater biodiversity is in peril with the number of freshwater species being in
decline, it seems of high importance to better engage researchers, decision-makers and
the public on the way to protect aquatic organisms. This seems particularly true for bio-
diversity of metropolitan freshwater ecosystems, which on the one hand is heavily im-
pacted by urban land use and on the other is poorly known. To create awareness and
educate the citizens about local freshwater biodiversity, a rapid survey (‘BioBlitz’) using
environmental DNA is proposed (Hupato et al. 2021). In only two days of sampling per-
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formed by two people at 15 sites in the city of Trondheim in Norway, 435 taxa, represent-
ing at least 265 putative species, were detected. The results of this study demonstrate
the usefulness of eDNA metabarcoding for rapid biodiversity surveys and its value for
educational purposes. The authors also point out the relative ease and cost effectiveness
of generating and analyzing a large biodiversity dataset. When combined with openly
available services and software, eDNA information can be a powerful educational tool
for expanding scientific literacy, increasing citizen inclusiveness and raising awareness
about the importance of the diversity living in the close surroundings.

5. Conclusions and Outlook

To assess and monitor metropolitan biodiversity is an important task in times of bio-
diversity loss, invasive species spread and the emergence of pathogens. Environmental
DNA is a very suitable tracer that allows an assessment of animal and plant but also uni-
cellular bacterial and viral diversity from water samples. The collection of eDNA samples
is simple, straightforward and analyses are cost-efficient. It is important that the col-
lected data are analyzed appropriately and made accessible to managers, researchers,
but also to the interested public. Therefore, the next urgent steps are less about method
development but rather about the installation of common platforms for data access and
visualization (similar, e.g., to GBIF — Global Biodiversity Information Facility, http://w
ww.gbif.org) as well as the implementation of quality control and quality assurance
routines to improve the reliability of new data for global biodiversity monitoring. Ded-
icated regulations, standardized protocols as well as unified personnel training with a
high degree of automation have to follow to ensure the reliability and reproducibility
of eDNA-based metropolitan biomonitoring. With that in place, novel solutions can be
implemented in the cities of the future including, e.g., screening for invasive species de-
tection in ballast waters in city harbors, early warning detection of harmful pathogens
in recreational waters as well as drinking water sources or routine DNA-based biomon-
itoring of restoration initiatives. Those solutions based on environmental DNA support
a pathway for future sustainable development of urban areas including metropolitan
biodiversity.
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