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Summary

SUMMARY

Studies have shown that in reality, we are drastically underestimating species numbers and that a
large proportion of the global diversity is still awaiting discovery or description (Engel et al., 2021;
Gonzalez-Oreja, 2008). Yet the bulk of the planet’s hidden diversity (and biomass) is found in groups
that are difficult to study and have therefore received very little taxonomic attention in the past (so-
called “dark taxa”) (Hardulak, 2020; Hartop et al., 2022; Hausmann et al., 2020; Meier et al., 2021;
Moriniere et al., 2019). These groups are so hyperdiverse, that dark taxa have also been referred to as
“open-ended” taxa because species number estimates are almost impossible to make (Hartop et al.,
2022). The majority of dark taxa are found among two insect orders, Diptera (flies) and Hymenoptera
(ants, bees, wasps), and consist in large part of non-brachyceran Diptera such as midges and gnats,
as well as parasitoid wasps (Hausmann et al., 2020). Being cryptic diverse, highly abundant, and
miniscule (<2 mm), the analysis of these groups is very demanding so often, they are simply cast aside
and analysis is limited to better studied and easier-to-handle taxa. At the same time, the fact that dark
taxa are so abundant in samples (they can make up more than 70% of specimen numbers) implies that
they play an essential in ecological functioning (GBOL III, 2023). Conversely, this means that it is all
the more important to make these groups tangible to research so that they can be implemented into

conservation measures.

If we want to study and describe species more effectively, we need a taxonomic renaissance in
descriptive taxonomy (Giangrande, 2003). Morphological methods, which have been used for the last
250 years, alone do not provide sufficient discriminatory information for the tiny, cryptic diverse
species of dark taxa. Luckily, recent advances in molecular biology are providing the much-needed
means to accelerate species discovery by providing DNA-based discrimination methods (Moriniére et

al., 2016; Wang et al., 2018). These not only drastically speed-up sample processing and species
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identifications, these also enable the analysis of entire insect communities in one go (Srivathsan et al.,
2015). Also, ever more scientists are recommending the use of integrative workflows which implement
methods from different disciplines for species description and delimitation (Meier et al., 2022). Using
such complementary approaches increase scientific vigor, as no single method is error-free (Dayrat,

2005; Schlick-Steiner et al., 2010).

The main goal of this thesis is to develop an integrative framework for the rapid processing of large
samples of dark taxa with three specific objectives. These are (1) identifying the dark diversity in
temperate regions, (2) developing an integrative methodology to assess samples of dark taxa, and (3)

testing the usability of preservative ethanol of insect bulk samples for metabarcoding applications.

The first objective aims at raising awareness for the presence of dark taxa not only in a tropical, but
also in a temperate setting (Publications I-1II). Data obtained through large-scale DNA barcoding on
Malaise trap samples from Padang, Sumatra (2016) and from Germany (2012-2017) were analyzed. The
large prevalence of dark taxa in Malaise trap samples (in terms of species diversity and specimen
abundance) was demonstrated, and species numbers for four dipteran dark taxa were extrapolated to

provide data-based species estimates for Germany.

Second, having raised awareness regarding the hidden diversity of dark taxa in temperate regions, a
strategy is formulated for tackling one dark taxon from large samples (Publication IV). Using
Chironomidae (non-biting midges; Diptera, Nematocera) as a model group, an integrative approach
was proposed which includes (i) a three-level subsampling method to reduce the workload of sample
processing, (i) morphology- and (iii) DNA-based methods in parallel to evaluate species diversity, and
(iv) examining possible inconsistencies across methods. Here, the results show that with this

integrative framework, more than 9o% of all species were detected despite having identified only 7%
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of individuals. Also, the results demonstrate that using either identification method on its own would

have been prone to errors that would have gone undetected.

Lastly, the usability of ethanol-based DNA for metabarcoding applications is assessed (Publication V).
Here, the research question is whether ecological information is conserved in the DNA that is
extracted from the collection fluid of bulk samples. If so, this would imply that the usual step of
specimen homogenization for DNA extraction can be bypassed because the ethanol of samples can be
simply poured out and used for analysis instead. In this manner, all specimens are left intact for
further analyzes. Here, the results suggest that ethanol-based DNA does not conserve ecological
information and until future research has provided more successful results, it is recommended that

researchers dealing with terrestrial ecosystems be careful when using ethanol-based DNA.

In conclusion, this thesis builds a framework that combines different disciplines to efficiently study

the immense (hidden) insect diversity that is housed in our temperate environments.



Zusammenfassung

ZUSAMMENFASSUNG

Neueste Studien haben gezeigt, dass die tatsichliche Anzahl rezenter Arten drastisch unterschétzt
wird und dass ein grofer Teil der Vielfalt noch darauf wartet, entdeckt und beschrieben zu werden
(Engel et al., 2021; Gonzalez-Oreja, 2008). Diese unerforschte Diversitit zu erfassen stellt jedoch eine
grofle Herausforderung dar, denn der Grofteil der verborgenen Vielfalt (und Biomasse) des Planeten
findet sich in Gruppen, die schwer zu untersuchen sind und daher in der Vergangenheit nur wenig
taxonomische Aufmerksamkeit erhalten haben (sogenannte "Dark Taxa") (Hardulak, 2020; Hartop et
al., 2022; Hausmann et al., 2020; Meier et al., 2021; Moriniére et al., 2019). Dark Taxa sind so
hyperdivers, dass prizise Artenzahl-Schitzung nur schwierig zu realisierbar sind - daher werden

deise auch als "open-ended" Taxa bezeichnet (Hartop et al., 2022).

Der Grofteil dieser “Dark Taxa” reiht sich in eine der beiden Ordnungen Diptera (Fliegen) und
Hymenoptera (Ameisen, Bienen, Wespen) ein. Diesen Taxa gehoren zum Beispiel Miicken, Gnitzen
und parasitoide Wespen an (Hausmann et al.,, 2020). Oftmals kommen Dark Taxa in hohen
Individuenzahlen vor, sie sind winzig klein (z.T. <2 mm) und weisen besonders hohe Raten kryptischer
Vielfalt auf. Diese Faktoren erschweren die Anwendung traditioneller morphologischer Methoden zur
Artenbestimmung und erkliren, warum diese Gruppen in der Vergangenheit wissenschaftlich
weitestgehend unterreprisentiert wurden. Gleichzeitig weist die Tatsache, dass Dark Taxa in Proben
so hiufig vorkommen (sie konnen mehr als 70 % der Individuen in einer Probe ausmachen) auf eine
wesentliche 6kologische Rolle hin. Dies bedeutet im Umkehrschluss, dass es umso wichtiger ist, diese
Gruppen fiir die Forschung greifbar zu machen, damit sie in Naturschutzmafnahmen einbezogen

werden konnen.

Wenn man Arten effektiver studieren und beschreiben will, braucht man eine taxonomische

Renaissance der beschreibenden Taxonomie (Giangrande, 2003). Morphologische Methoden, die in
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den letzten 250 Jahren angewandt wurden, liefern allein fiir sich keine ausreichenden
Unterscheidungsmerkmale fiir die winzigen, kryptischen und vielfiltigen Arten der dunklen Taxa.
Gliicklicherweise bieten die jiingsten Fortschritte in der Molekularbiologie die dringend benétigten
Moglichkeiten, um die Entdeckung neuer Arten zu beschleunigen (Moriniere et al., 2016). Diese
treiben nicht nur die Probenbearbeitung und Artenbestimmung drastisch an, sondern ermdéglichen
auch die Analyse ganzer Insektengemeinschaften in einem Arbeitsgang. Dariiber hinaus empfehlen
immer mehr Wissenschaftler die Verwendung integrativer Arbeitsabliufe, bei denen Methoden aus
verschiedenen Disziplinen zur Artbeschreibung und -abgrenzung eingesetzt werden. Die Anwendung
dieses komplementiren Ansatzes erhoht die wissenschaftliche Aussagekraft, da keine einzelne

Methode fiir sich fehlerfrei ist (Dayrat, 2005; Schlick-Steiner et al., 2010).

Das Hauptziel dieser Arbeit ist daher die Entwicklung eines integrativen Workflows fiir die schnelle
Verarbeitung groB3er Proben von Dark Taxa. Zu diesem Zweck werden drei spezifische Ziele verfolgt,
namlich (1) die Identifizierung der unbekannten Diversitit in gemifigten Regionen, (2) die
Entwicklung einer integrativen Methode zur Aufarbeitung dieser Insekten und (3) die Priifung der

Verwendbarkeit von Ethanol in Insektensammelproben fiir Metabarcoding-Anwendungen.

Das erste Ziel ist es, das Bewusstsein zu schirfen fiir die weite Verbreitung von unbekannter
Diversitéit nicht nur in tropischen, sondern auch in gemiBigten Zonen (Publikationen I-III). Dafiir
wurden die Metabarcoding-Daten von mehreren Insekten-Aufsammlungen analysiert. Hiermit
konnte das hohe Vorkommen von Dark Taxa in Malaisefallen-Proben (im Sinne der Diversitit, sowie
grofler Individuenanzahl pro Spezies) gezeigt werden. Aulerdem wurden die Artenzahlen fiir vier

Dipteren-"Dark Taxa" in Deutschland auf der Grundlage der gesammelten Daten extrapoliert.

Nachdem allgemein die verborgene Vielfalt der "Dark Taxa" in gemifigten Regionen beleuchtet

wurde, konnte im néichsten Schritt eine Strategie fiir die Bearbeitung eines spezifischen Dark Taxons
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in grofen Sammelproben entwickelt werden (Publikation IV): anhand der Chironomidae als
Modellgruppe wird ein integrativer Ansatz vorgeschlagen, der (i) eine dreistufige Unterbeprobung zur
Verringerung des Arbeitsaufwands bei der Probenverarbeitung, (ii) die parallel morphologische und
(iii) DNA-basierte Methoden zur Bewertung der Artenvielfalt beinhaltet. Im Anschluss (iv) wird die
Untersuchung moglicher Unstimmigkeiten zwischen den Methoden untersucht. Die Ergebnisse
zeigen, dass sich unter der Verwendung dieses integrativen Ansatzes mehr als 9o % aller Arten
nachweisen lieBen, nachdem vorab weniger als 10 % aller Individuen morphologisch identifiziert
wurden. Zusétzlich wire die alleinige Anwendung einer der beiden Identifizierungsmethoden

anfilliger fiir Fehler gewesen, die wahrscheinlich unentdeckt geblieben wiren.

AbschlieBend wird die Verwendbarkeit von in Ethanol gelster DNA fiir (klassischerweise destruktive)
Metabarcoding-Anwendugen bewertet. In dieser methodischen Arbeit wird gepriift, ob 6kologische
Informationen in der DNA erhalten bleiben, die aus der Sammelfliissigkeit von Insektenproben
extrahiert wird. Sollte dies der Fall sein, wiirde dies bedeuten, dass das Fixativ einfach abgegossen
und fiir die Analyse verwendet werden kann, wiihrend alle Individuen fiir weitere Analysen intakt
bleiben. Die Resultate zeigen, dass DNA auf Ethanolbasis keine 6kologischen Informationen bewahrt.
Bis zukiinftige, tiefgreifendere Forschung erfolgreichere Ergebnisse liefert, wird es deshalb

empfohlen, bei der Verwendung von Ethanol-DNA vorsichtig walten zu lassen.

Zusammenfassend schafft diese Arbeit einen Rahmen, der verschiedene Disziplinen kombiniert, um
die immense (verborgene) Insektenvielfalt, die in unseren gemifigten Klimazonen beheimatet ist,

trotz der wachsenden taxonomischen Hindernisse effizient zu untersuchen.

10
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INTRODUCTION

Not all superheroes wear capes

Despite their small size and often inconspicuous nature, insects account for a large proportion of the
animal biomass and diversity in terrestrial systems (Leandro & Jay-Robert, 2019; Wilson, 1987). In fact,
more than half of all described species on earth are insects (Mayhew, 2007) and as expressed by Robert
M. May (1988), “To a rough approximation, and setting aside vertebrate chauvinism, it can be said that
essentially all organisms are insects.” Today, about one million insect species are recorded worldwide
(Morse et al., 2017). Despite this high number, it has become apparent rather early-on that a large
proportion of the global insect fauna still remains undiscovered, and estimates in literature range
considerably from 2 to 8o million (Erwin, 1983, 1991, 2004; Gaston, 1991; Hodkinson & Casson, 1991;

May, 1988; @degaard, 2000; Stork, 2018).
We need insects more than they need us

Insects dominate terrestrial systems, not only in terms of species numbers but also in their abundance
(Kremen et al., 1993). They play key roles in ecosystem functioning which have a direct effect on all
surrounding environments and organisms, including us humans (Leandro & Jay-Robert, 2019;
Prather & Laws, 2018; van Huis, 2014; Wilson, 1987). Such functions include soil aeration, enhancing
agricultural productivity, plant pollination, seed dispersal, pest regulation, decomposition, and
nutrient cycling (Nichols et al., 2008; Ramos et al., 2020). Moreover, insects themselves serve as an
important food source for a large range of taxa across different biospheres. For many amphibians,
reptiles, birds, and mammals, insects even represent the sole food source, making them key

organisms in food chains and food webs (Scudder, 2017; Shurin et al., 2005).

11
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Insects build the foundation of our environments by providing conditions for all organisms to thrive
(Duffus et al., 2021; Scudder, 2017) and were they to disappear, humanity would not sustain itself for
very long (Morse et al., 2017). In fact, Grimaldi & Engel (2005) describe quite frankly in their book that,
“People gladly imagine a life without insects. But if ants, bees and termites alone were removed from the
earth, lerrestrial life would probably collapse. Most angiosperms [flowering plants| would die out, the
ensuing plant wreckage would molder and ferment for lack of termites, soil depleted of nutrients would
barely be able to sustain the remaining plants; erosion would choke waterways with silt. Vast tropical forests
of the Amazon, Orinoco, Congo, and other river basins would die off. and the earth’s atmosphere and oceans

would become toxic.”

We depend on the services provided by insects and contrary to popular belief, the majority of these
are provided by wild species (Gill et al., 2016; Jordan et al., 2021; Losey & Vaughan, 2006). Still, insects
do not receive the societal acknowledgement and awareness that they truly deserve and instead, are
perceived among many as pests, disease vectors, or a nuisance to humans (Cardoso et al., 2020;
Fukano & Soga, 2021). With this low popularity and the overall lack of appreciation for these organisms
and their interactions, it is not surprising that insects have a lower priority in conservatory actions
(Cardoso et al., 2020; Fukano & Soga, 2021; Garibaldi et al., 2014). To raise awareness for the
importance of insects, Losey and Vanghan (2006) went ahead and provided estimates for the economic
value of four ecological services provided by wild species for which data were available, namely (i)
dung burial, (i) pest control, (iii) pollination, and (iv) wildlife nutrition. Their calculations were based
on the projections of losses in the absence of these services, and their results indicate an annual value
of at least $57 billion in the United States just for these four services (Losey & Vaughan, 2006). Further
calculations reveal that worldwide, insect pollination alone has an annual economic value of $153
billion, and that the value of crops that depend on insect pollination is five-fold that of those that do

not (see Gallai et al., 2009).

12
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Saving biodiversity, the wrong way

In 1992, the Convention on Biological Diversity (CBD) was signed by 150 government leaders at the Rio
Earth Summit in order to study, halt, and possibly reverse the ongoing negative environmental trends
at a global scale (Chandra & Idrisova, 2011; Essl et al., 2020; Liu et al., 2011). Following this convention,
various large-scale and long-term initiatives have been launched worldwide with the goal of halting
species extinction and promoting sustainable development (Donaldson et al., 2016). Since then, the
number of academic publications related to biodiversity research have skyrocketed, with
“conservation” being a keyword across works (Liu et al., 2o11). In Europe, for example, the Habitats
Directive (92/43/EEC) was adopted by the European Union (EU) in 1992 to conserve its wild flora, fauna,
and habitats (Mammides, 2019; Mammola et al., 2020; Martin-Lopez et al., 2011). To allocate the EU’s
conservation budget for the funding of these conservation projects (LIFE projects) across all member
states, the LIFE Program was installed (Mammides, 2019; Life Croaa, 2023). Since the start of the
directive, more than €3.1 billion have been contributed to the protection of the environment and its

species (Life Croaa, 2023).

Despite these noteworthy efforts directed at conserving biodiversity, studies have demonstrated that
the bulk of European species will actually not benefit at all from these measures because there is a
strong taxonomic bias in the EU’s legislative and funding allocation (Mammides, 2019; Mammola et
al., 2020; Sanchez-Fernandez et al., 2018). Mammola et al. (2020) were able to show that funding was
six-fold higher for vertebrates, although invertebrates represent 79% of all species globally
(Mammides, 2019). Instead of targeting groups based on their species numbers, extinction rate, or
ecological importance, efforts in the directive were primarily driven by species’ popularity among
society (Mammola et al., 2020). Unfortunately, these taxonomic biases are not unique to the EU and
are in fact very widespread across all conservation efforts worldwide (Donaldson et al., 2016;

Mammides, 2019; Restani & Marzluff, 2002). Many studies have addressed this problem and argue that

13
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biodiversity loss will continue if these biases are not addressed soon (Clark & May, 2002; Fazey et al.,
2005; Rands et al., 2010; Restani & Marzluff, 2002; Titley et al., 2017). Ultimately, insects need to
become a major component of conservation and management planning in order to guarantee a
sustainable future for all generations to come (Cardoso et al., 2020; Donaldson et al., 2016), and it is
imperative that actions are taken immediately. For that, more funds need to be allocated towards

insect research.

A look at traditional insect research

The biggest challenge in insect research, be it the study of insect trends, diversity, abundance or
distribution, is the scarcity of baseline information (Cardoso et al., 2011; Cardoso & Leather, 2019;
Eisenhauer et al., 2019; Montgomery et al., 2020). This is due to the confluence of several factors, many
of which are associated with resource constraints, technological limitations, taxonomic complexity,

and research priority (Montgomery et al., 2020).

In general, insect research and/or monitoring consists of (1) insect sampling, (2) sorting for specimens
of interest, (3) species identification, and (4) data analysis (Montgomery et al., 2021). Although insect
sampling is rather straightforward, subsequent processing and analysis of the samples’ contents can

be very demanding.

Insect sampling with Malaise traps

The Malaise trap (Malaise, 1937) is one of the most widely used traps among entomologists (Campbell
& Hanula, 2007; Uhler et al., 2022; Vardal & Taeger, 2011). Malaise traps are tent-like structures made
of fine mesh netting which capture insects that fly into (or climb up) the tent’s intercepting inner wall,
ultimately dropping into a collection bottle at the very top that is filled with ethanol (Fig. 1) (Gressitt

& Gressitt, 1962; Uhler et al., 2022; Vardal & Taeger, 2011). This method of trapping takes advantage of

14
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the fact that insects always fly or crawl upwards after encountering an obstacle (Sheikh et al., 2016).
The ethanol fumes anesthetize the insects, while the liquid ethanol enables tissue preservation until
further steps are taken. Full collection bottles can be unscrewed at any time and easily replaced with
the fresh ones, which is often done in a weekly or biweekly rhythm during the high season. Malaise
traps are easy to use and most importantly, enable the passive collection of many individuals in a
standardized manner, all with relatively low effort from staff (Campbell & Hanula, 2007; Matthews &
Matthews, 2017; Skvarla et al., 2021). They are particularly effective for assessments of the local insect

communities, especially over longer periods of time (Uhler et al., 2022).
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Figure 1. Schematic representation of a Malaise trap. Created by C. Chimeno with Sketchbook.
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Processing Malaise trap bulk samples

Malaise traps are very effective at catching insects so consequently, samples will often contain
thousands of individuals spanning across a wide range of taxa that need to be looked through
(Dewaard et al., 2018; Klink et al., 2022; Moriniére et al., 2016). The process of sample sorting is a major
obstacle in ecological research because expertise or manpower are often insufficient, making the
procedure arduous and inefficient (Miller el al., 2016; Wang et al., 2018). Many scientists therefore
employ parataxonomists for support. The term “parataxonomist” was originally coined by Daniel
Janzen to describe jobs held by trained individuals with a broad understanding of insect diversity who
assist scientist and researchers by collecting, preparing, and sorting specimens for further scientific
study (see Janzen, 1991). In this regard, parataxonomists (students, interns) are often incorporated into
biodiversity assessments where the workload is especially burdensome. In practice, samples are
presorted by parataxonomists at the order- or family-level before being passed on to a respective
expert for more detailed sorting and identification (Abadie et al., 2008; Basset et al., 2000; Janzen,
1991; Krell, 2004; Schmiedel et al., 2016). However, using different researchers across laboratories for
sorting can be problematic due to subjectivity in identification and sorting criteria. Also, the quality

of sorting is highly dependent on the individual’s experience, so reproducibility is difficult to achieve.

Species identification

For over 250 years, morphology-based determination techniques have been the golden standard in
taxonomy, thus forming the basis for all hypotheses on phylogenetic relationships (Dunn, 2003;
Hardulak, 2020; Mallet & Willmott, 2003). Because of this, insect diagnostics tools largely rely on
physical characteristics of specimens. When an insect is collected, it is identified by a taxonomist to
the lowest taxonomic level by assessing its morphological characters and comparing it to a taxonomic
key (Badirli et al., 2023). This procedure can be relatively straightforward when dealing with few
individuals or wanting to identify larger, more conspicuous species of well-resolved groups (i.e.,

16
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butterflies, beetles). However, species-level identifications of large insect bulk samples are
challenging, time-consuming, costly, and sometimes even impossible (Moriniére et al., 2016; Yu et al.,
2012). For these reasons, there is a heavy bias towards the analysis of well-resolved groups for which
baseline knowledge is available (Meier et al., 2023), whereas others are set aside (Badirli et al., 2023).
Ultimately, only a tiny proportion of a sample is analyzed while the rest is either discarded or left on
a shelf with the hope that future technologies will one day enable access to species-level information

(Bohan et al., 2017; Keck et al., 2017; Mandelik et al., 2010; Porter et al., 2014).

Despite morphology being the go-to-method for a long time, it does have limitations. For example,
morphological identifications are only applicable if the physical characters that are needed for
identification are well-preserved. This is a problem when working with delicate specimens that are
easily damaged during sample processing. Moreover, most identification keys are based on the study
of male individuals only, providing no diagnostics for the identification of females (which are often
more abundant in populations) (Ekrem et al., 2010). Most importantly, species that are cryptic diverse
(visually indistinguishable from each other) can be falsely identified as one species, whereas high
visual variations within species can lead to erroneous multiple identifications (Ekrem et al., 2010;
Hardulak, 2020). It is also important to keep in mind that the quality of morphology-based
identifications relies heavily on the availability and accuracy of identification keys, and the identifier’s
ability to conduct identifications from an objective point of view (Ekrem et al., 2010). Identifications
are subject to disagreement when experts use different methods to distinguish particular traits, or
use a different terminology which can be an extra source of confusion (Hardulak, 2020; Pirkola et al.,

2001; Vogt et al., 2010).
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Expediting insect research with molecular methods

In the last decades, molecular identification technologies have arisen that are now drastically
expediting taxonomy and its applications in various fields of science (Elbrecht et al., 2017). These
techniques can bring more objectivity into species diagnostics, as delimitations are not based on
visible characters but on the information provided by an individual’s DNA instead (Bukowski et al.,
2022). Just as different species show differences in their morphology, they also show differences in
their DNA (Wilson et al., 2019). In general, variations in the DNA are larger between specimens of
different species (higher interspecific variation) than among individuals of the same species (lower
intraspecific variation), making it possible to distinguish them from one another (Candek & Kuntner,
2015; Gibbs, 2018). The difference between the greatest intraspecific distance and the smallest
interspecific distance is also known as the “barcode gap”, which is used to distinguish species from

one another (Meier et al., 2008; Phillips et al., 2022).
DNA barcoding

DNA barcoding was first introduced by Paul Hebert in 2003 to provide a standardized and accelerated
approach at species identification and discovery (Hebert et al., 2003). It uses a short standardized DNA
fragment, also known as a DNA barcode, to identify species (Hollingsworth, 2011; Jinbo et al., 2011;
Stoeckle & Hebert, 2008). Hebert proposed the 658 base pair (bp) long DNA sequence of the
Cytochrome C Oxidase Subunit I gene (COI) to be used as a universal barcode fragment (Hebert et al.,
2003). This gene is especially advantageous as an identification marker because it is located in the
mitochondrial DNA (mtDNA) instead of the nuclear DNA (Dawnay et al., 2007; Hashemi-Aghdam et al.,
2017). Because of this, it is present in high copy numbers in every body cell of all animals (Castellani
et al., 2020; Hardulak, 2020). It is easily accessible and short enough to enable fast and easy

sequencing, yet long enough to provide a robust and unique identification marker to distinguish
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species from one another (Andujar et al., 2018; Hardulak, 2020; Imtiaz et al., 2017). Since the
mitochondrial genome is responsible for the encoding of essential proteins, it is highly conserved
among mammals, is haploid, intron-free, and is less susceptible to genetic recombination (Clayton,

1992; Hardulak, 2020; Raffoul et al., 2012).

DNA barcoding is conducted using basic procedures that can be performed in any sterile laboratory
(Imtiaz et al., 2017). The main steps include tissue lysis (breaking up the body cells), DNA extraction
(isolating the DNA and removing cell debris), amplification (duplicating the DNA), purification
(cleaning-up the DNA), and Sanger sequencing (unlocking the DNA code) (Fig. 2) (Imtiaz et al., 2017).
Nowadays, sequencing is often outsourced to a commercial company where it is completed in an even
more standardized and cost-efficient manner (Coissac et al., 2016; Costion et al., 2011; Touchman,
2009). Sometimes, companies also provide the service of post-sequencing bioinformatics so
essentially, end-users have very little to do themselves. Once the sequences are cleaned, they are

compared to a reference library for identification (Imtiaz et al., 2017).

One of the greatest advantages of DNA barcoding is the fact that any nature of tissue sample can be
used for analysis as long as the DNA quality is sufficiently conserved (Imtiaz et al., 2017). DNA
barcoding is easy to use (even for non-experts), widely available, and is nowadays a relatively low-
cost technique (Baloglu et al., 2018; Grant et al., 2021; Hartop et al., 2022; Hausmann et al., 2013; Hebert
& Gregory, 2005; Jinbo et al., 2011). Today, it is applied in a wide range of scientific fields, including
forensic entomology, food security, biomonitoring of pest and/or invasive species, to monitor
poaching, or for border control (see Chimeno et al., 2019; Gorini et al., 2023; Gupta, 1994; Kaur, 2015;
Littlefair & Clare, 2016; Rolo, 2010; Schilthuizen et al., 2011; Shadrin, 2021; Wells & Stevens, 2008;

Wetton et al., 2004; Wu et al., 2005).
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With DNA barcoding successfully identifying species across a large taxonomic and spatial scale,
extensive campaigns have followed world-wide (Brown, 2021; Brown et al., 2018; Taberlet et al., 2012)
and with ever more data being uploaded to BOLD and other databases, DNA barcoding is becoming
more and more robust (DeSalle & Goldstein, 2019). Its application is extensive, providing more in-
depth analysis of otherwise very difficult-to-study organisms, so consequently, its use in
biomonitoring surveys has gained enormous traction throughout the decades. However, the mass of
individuals in insect surveys that need to be processed and identified is still a large constraint, because
DNA barcoding via Sanger sequencing only allows for the analysis of one specimen at a time

(Cristescu, 2014; Shokralla et al., 2012).

Yet in recent years, sequencing technologies have sustained massive improvements with the
development of high throughput sequencing (HTS), which are platforms that drastically increase the
sequencing capacity (Qiang-long et al., 2014; Soon et al., 2013; Taberlet et al., 2012). With HTS, billions
of sequencing reads are provided in just one single reaction, corresponding to an elevation of at least
five orders of magnitude when compared to Sanger sequencing techniques (Soon et al., 2013; Taberlet

et al., 2012).

DNA metabarcoding

DNA metabarcoding is an extension of DNA barcoding that uses this HTS platform (Chimeno et al.,
2019; Elbrecht et al., 2017; Piper et al., 2019; Taberlet et al., 2012). Now, instead than analyzing
specimens one at a time, multiple bulk samples each containing hundreds of specimens can be
processed simultaneously (Fig. 2) (Aylagas et al., 2016, 2018; Cristescu, 2014; Yu et al., 2012). Instead of
targeting a single species, metabarcoding aims at identifying the species composition of a sample
(Beng et al., 2016; Bush et al., 2019; Liu et al., 2011). With this technology, entire communities can be

screened for taxonomic diversity holistically in a highly standardized, reliable, and cost-efficient
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manner, enabling more comprehensive analysis of entire samples should adequate reference libraries
be available (Hajibabaei et al., 2012; Hardulak, 2020; Moriniere et al., 2016; Yu et al., 2012). At the same
time, metabarcoding is relaxing the bottleneck of ecological research because there is no need to
individually sort samples prior to processing because the biomass of the sample is processed as an

entirety (Beermann et al., 2018; Elbrecht & Steinke, 2019).

In the laboratory, the sample’s contents are dried, and the biomass is (traditionally) homogenized into
a fine powder to release as much DNA as possible (Hardulak, 2020; Mata et al., 2021; Zizka et al., 2022).
An aliquot of the powder is taken for tissue lysis which is followed by DNA extraction, DNA
amplification, and high throughput sequencing (Elbrecht & Steinke, 2019; M. Liu et al., 2020;
Moriniere et al., 2016). After sequencing, a bioinformatic pipeline is applied for filtering and quality
procedures, and the sequences are clustered based on their similarity into Molecular Operational
Taxonomic Units (MOTUs) (Boyer et al., 2016; Brandt et al., 2021; Buchner et al., 2022; Elbrecht et al.,
2017). These MOTUs are compared to a reference library for taxonomic assignment (Keck et al., 2018)
and at the end, an MOTU-(or taxon, after reference library comparison)-by-sample matrix is created
for data analysis (Ji et al., 2013). Essentially, the end-user obtains a dataset that indicates which MOTUs
(or taxa) were detected in which sample, and the number of reads recovered for each. In this case,
abundance information is not conserved in the output meaning that scientists work with incidence

data (Deagle et al., 2019; Lamb et al., 2019).
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Figure 2. Species identification workflows. Schematic representation of the species identification workflows
using (left) traditional morphology, (middle) DNA barcoding and (right) DNA metabarcoding.
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Understanding BOLD & the BIN system

Accurate identifications via DNA barcoding are only guaranteed if a comprehensive and accurate
reference library is at hand (Wilson et al., 2019). Therefore, the first and most crucial step in any DNA
barcoding application is the establishment of a reference library with high species coverage (Chimeno
et al., 2019; Liu et al., 2020; Moriniere et al., 2016). Extensive public reference databases already exist,
such as GenBank (Benson et al., 2012) and the Barcode of Life Data System (BOLD; Ratnasingham &
Hebert, 2007) which are freely accessible to any researcher interested in DNA barcoding. BOLD is
most widely used for COI-based data and includes barcode data not only for animals, but also for
plants and fungi (Ratnasingham & Hebert, 2007). BOLD was officially established at the Centre for
Biodiversity Genomics (CBG; Guelph, Ontario, Canada) in 2007 after Paul Hebert’s plea for the wide-
scale use of DNA barcoding (see Ratnasingham & Hebert, 2007) and today, BOLD contains ~12 million

sequences belonging to ~250,000 formally described animal species (http://www.boldsystems.org/).

BOLD provides users with their very own private workbench to create projects, download and/or use
public barcode records, upload their barcoding data, and conduct analyses using user-friendly tools
that are directly integrated into the interface (Frézal & Leblois, 2008; Ratnasingham & Hebert, 2007).
Upon upload, all sequences go through extensive quality checks before being made public
(Ratnasingham & Hebert, 2007). In order for them to obtain a “formal” barcode status, further
conditions need to be met (i.e., species name, identifier name, voucher storing information, collection
data, length >500 bp, primer information, and raw sequence files) (Meiklejohn et al., 2019;

Ratnasingham & Hebert, 2007).

Once uploaded, BOLD applies an algorithm, Refined Single Linkage (RESL), to cluster sequences based
on their similarity with a taxon-specific threshold (Ratnasingham & Hebert, 2013). Clusters of similar

sequences are then assigned an Operational Taxonomic Unit (OTU), which acts as a species proxy.

23



Introduction

However, in order to use OTUs universally, they are given a unique identifier name, the Barcode Index
Number (BIN) (Ratnasingham & Hebert, 2013). Every sequence >300 bp is automatically assigned to a
Barcode Index Number (BIN) that is already in BOLD if sequence similarity based on the RESL-
algorithm is below a given threshold (Ratnasingham & Hebert, 2013). Sequences with >500 bp which
do not find a match, serve as founders of new BINs. The BIN system is a dynamic algorithm, and as
more sequences are uploaded providing more intra- and interspecific information, the algorithm is

rerun so that BIN assignments become more concordant (Ratnasingham & Hebert, 2013).

Peering into the unknown

Severe Taxonomic Gaps

With the increase in global DNA-based applications, ever more barcode sequences are being regularly
uploaded to reference libraries, producing a wealth of computable data that is accessible to any and
every researcher world-wide (Page, 2016). However, many sequences cannot be linked to a traditional
species name because reference libraries are incomplete (Moriniére et al., 2016; Page, 2016; Virgilio et
al., 2010). In order to close this taxonomic gap, traditional species descriptions need to happen at a
faster pace than that of sequence data generation. However, not only do taxonomic procedures
require more time, taxonomic expertise is overall in continuous decline (Hausmann et al., 2020; Keck
et al., 2018; Page, 2016). This is in part due to the fact that taxonomy is viewed among many as a
marginal science, so too few funds are allocated for taxonomic work or the training of new
taxonomists (de Carvalho, 2005; de Carvalho et al., 2007). This imbalance between the high number of
species awaiting description and/or identification and that of very few experts capable of doing so is
called the taxonomic impediment (Engel et al., 2021; Giangrande, 2003; Hardulak, 2020; Hausmann et

al., 2020; Morinicre et al., 2019). Active discussions about the taxonomic impediment have been
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ongoing for almost three decades, concluding that in reality, we have very little knowledge about the

true diversity of species on Earth (Engel et al., 2021; Gonzalez-Oreja, 2008).

The main issue with recording Earth’s unknown biodiversity is that the bulk of it is found in groups
that have received very little taxonomic attention in the past, either because they are difficult to study
or because it is assumed that they have little economic importance or applied research value (Hartop
et al., 2022). However, some of these groups are so species-rich and abundant, that they conversely
must conduct essential functions in ecosystems and thus need to be included in biodiversity research

(Hartop et al., 2022).

Dark Taxa

Originally used by Page (2016) to refer to all unnamed sequences in DNA reference libraries, the term
“dark taxa” has evolved to address all of these species-rich groups for whom most species are left
undescribed (Hartop et al., 2022; Hausmann et al., 2020). It is suspected that a large proportion of
these “open-ended” dark taxa are found within two insect orders, Diptera (flies) and Hymenoptera
(ants, wasps, bees) (Hausmann et al., 2020). Within these orders, dark taxa mostly include families of
non-brachyceran Diptera (primarily mosquitoes, gnats, midges) and nearly all families of parasitoid
Hymenoptera (wasps). One large-scale study conducted by Paul Hebert and his team demonstrates
the magnitude of diversity among such groups (Hebert et al., 2016). After barcoding more than one
million insects, they were able to conclude that just for one family of flies (Cecidomyiidae; gall
midges), a total of two million species are estimated to occur world-wide (Hebert et al., 2016), which

already exceeds the number of currently described animal species.

Making dark taxa tangible to science using traditional morphology-based methods alone is not
feasible, and as just recently stated by Meier et al. (2023), they require a completely different set of

taxonomic protocols for assessment. One major constraint is the lack of taxonomic expertise for these
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groups (Hardulak, 2020). The distribution of expertise among insect taxa is highly uneven, with (too)
many working on groups that are well-resolved, and too few working on dark taxa (Boero, 1996;
Giangrande, 2003). Yet even with available experts, procedures would be much too time-consuming
and demanding (Hartop et al., 2022). Most specimens of dark taxa are miniscule (<2 mm), so
identifications require meticulous preparation of individuals such as dissection and mounting on
microscopic slides (Ekrem et al., 2010; Jaschhof & Jaschhof, 2022). The abundance of these tiny
specimens in samples makes the workload especially overwhelming; in environmental- and bulk
samples, dark taxa can make up to 70% of all specimen numbers, representing thousands of small-

bodied, similar-looking individuals (GBOL III, 2023).

As mentioned by Giangrande (2003), we are in dire need of a taxonomic renaissance in descriptive
taxonomy if we want to study species diversity more effectively. We cannot apply the same methods
that have been used for the last 250 years unchanged because morphological methods alone do not
provide sufficient discriminatory information for the tiny, cryptic diverse species of dark taxa. As
highlighted by Hartop (2022), who is dedicated to tackling the Phoridae (also a dark taxon of flies),
studying hyperdiverse groups requires a multilevel approach (Hartop et al., 2022). Scientists have been
proposing the use of integrative taxonomy in recent years, which consists of applying multiple
methods in parallel to accurately delimitate and identify species (Dayrat, 2005; Meier et al., 2006;
Schlick-Steiner et al., 2010; Will et al., 2005). Instead of dismissing morphology-based methodologies,
these are complemented with methods from different disciplines in one workflow. Integrative
workflows increase vigor because ultimately, no single methodology is error-free (Dayrat, 2005; Meier
et al., 2006; Schlick-Steiner et al., 2010; Will et al., 2005). In recent years, various integrative pipelines
have been developed in order to tackle a much larger number of specimens and/or species in a rapid

and cost-efficient manner (Moriniere et al., 2016; Srivathsan et al., 2018; Wang et al., 2018).
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The German Barcode of Life Project

With the launch of its third phase in 2020, the national German Barcode of Life (GBOL) project is
currently dedicated to studying several dark taxa of Diptera and Hymenoptera using the latest
methods of integrative taxonomy. The consortium includes researchers, PhD students, and students
from the Zoological Research Museum Alexander Koenig (ZFMK) in Bonn, the State Museum of
Natural History Stuttgart (SMNS) in Stuttgart, the Bavarian State Collection of Zoology in Munich
(SNSB-ZSM), the Department of Animal Ecology and Tropical Biology of the University of Wiirzburg,
and the Entomological Society of Krefeld. Moreover, the project makes use of countless intra- and
international cooperations from external experts to implement as much taxonomic and ecological
expertise as possible into its research. It is in the framework of GBOL III that research for this thesis
has been conducted, also including the analysis of data that were collected in the previous phases of

the project.



Global Discussion

GLOBAL DISCUSSION

As expressed by Meier et al. (2006), “several of the biggest challenges in taxonomy and systematics
are related to a toxic mixture of small size, abundance, and rarity”, making the analysis of species-
rich arthropod bulk samples especially difficult. This “toxic mixture” refers to non-other than the
bulk of cryptic and megadiverse dark taxa that were targeted in this thesis. Essentially, very little is
known about their true species numbers and ecological functions, so effectively tackling these insects
requires different approaches than those that have been used for the last 250 years (Hartop et al., 2022;
Meier et al., 2022). Instead of applying conventional morphology-based sorting and identification
protocols, large-scale DNA barcoding and metabarcoding techniques were applied to assess the
sampled biodiversity. In this manner, the means were provided to conduct species delimitations,
identifications, and conversely, diversity assessments in a rapid, cost-efficient, and more objective

manner.

Small, abundant, rare

In Germany, taxonomic research in entomology has a long history, with notable contributions from
renowned scientists spanning several centuries, including naturalists Carl Linnaeus (1707-1778) and
Johann Christian Fabricius (1745-1808), entomologists Johann Wilhelm Meigen (1764-1845) and Ernst
Heeger (1783-1866), and zoologist Willi Hennig (1913-1976) (Boventer, 1960; Carpenter, 1945; Dupuis,
1984; Manktelow, 2010; Sneli et al., 2009). Today, Germany houses extensive insect collections in
various national museums and research institutes, as well as entomological societies and
organizations that promote the research and taxonomy of insects, also among citizen scientists.
Overall, its fauna is considered as being well studied (Hausmann et al., 2020), yet the results of this

thesis contradict this statement as they show that there are severe knowledge gaps that need to be
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addressed. Interestingly, this work shows that almost as many species are awaiting description in
Germany as in the tropics - the tropics, which are renowned for their very high species richness while
being severely understudied (Basset et al., 2012). For both settings (Sumatra and Germany), almost
identical proportions of dark taxa were obtained from samples in terms of abundance and biodiversity
(Fig. 3). These findings evince that so much less is known about the true diversity of the German insect
fauna than often assumed. Therefore, it is imperative for research efforts to become more evenly

distributed across taxa, also in relation to their estimated diversity.

In Publication III, a closer look was taken at just four dark taxa of flies (Cecidomyiidae, Chironomidae,
Phoridae, and Sciaridae) to provide data-based species number estimates for Germany. Based on the
calculations, 1,800 new species are expected (at the very least) just for these four taxa in Germany.
This number already increases the current species count of Diptera in Germany by almost 20%.
Moreover, these results demonstrate that contrary to popular belief, researchers don't have to travel
to remote areas to witness this remarkable array of insects - they are present in both urban and rural
areas, right on our doorsteps. For example, in Publication II, an extreme diversity of Cecidomyiidae
(gall midges) was recovered from samples collected in an urban setting: The institute’s premises
which is nested in a residential neighborhood adjacent to a busy street that leads to a large interstate.
Because only half of the collected samples were processed, it is believed that the true diversity of
Cecidomyiidae is in fact much higher at this site and that the true diversity is in fact even higher.
Among the four taxa that were tackled in Publication 111, Cecidomyiidae displayed by far the highest
recovery ratios. Merging data from Publications I-III revealed that 13% of all processed specimens and
20% of all recovered BINs were associated with just this one taxon. Considering these and similar
findings by Moriniere et al. (2019) and Hebert et al. (2016) alike, Cecidomyiidae may be by far the most
diverse and species-rich taxon among all Diptera (Sev¢ik et al., 2016). In fact, following their analysis

of over one million Canadian insects, Hebert et al. (2016) concluded that at least two million species
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of Cecidomyiidae may be found world-wide. This estimate already exceeds the number of all

described species on Earth.
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Figure 3. Proportion of dark taxa and BIN frequency from samples collected in Sumatra and Germany.

To understand the driving force behind this hyperdiversity, Moriniere et al. (2019) examined the
average interspecific variations of COI among various families of Diptera. Here, the authors were able

to show that interspecific variations are much lower among species of Cecidomyiidae than among
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those of other families, which implies an increased evolutionary rate. This is thought to be caused by
haplodiploidy (Hebert et al., 2016), a form of reproduction in which females develop from fertilized
eggs and are diploid and males from unfertilized eggs and are haploid (Lohse & Ross, 2015; Normark,
2004). According to Patten et al. (2015), haplodiploidy leads to a decrease in nuclear introgression in
relation to mitochondrial introgression, so this “seemingly increased” rate of mitochondrial
introgression facilitates the generation and maintenance of new species (Lohse & Ross, 2015). This
unusual form of reproduction has originated at least ten times in insects (Normark, 2003; Otto &
Jarne, 2001) and is also present among the taxon Sciaridae (Normark, 2004), another megadiverse dark

taxon for which a high recovery ratio was obtained in this thesis.

Dealing with the tip of the diversity-iceberg

Across all studies, results suggest that the trap sites were drastically undersampled. This fact, in
combination with the high proportion of rare species that was recovered, implies that the true insect
diversity at the sampling sites is in fact much higher. Ultimately, this thesis is just dealing with the tip

of the diversity-iceberg and much work lies ahead to uncover the rest.

Examining BIN-frequencies across all datasets revealed that more than half of the recovered dark
taxa (61%) are represented by one or two specimens only (Fig. 3). As stressed by Lim et al. (2012), 25-
30% of all species are so rare that they have only been collected once (Bickel, 1999; Coddington et al.,
2009; Novotny et al., 2007). On top of that, these are often hidden in species-rich samples that are
filled to the brim with specimens of common species (Longino, 2009; Meier et al., 2016). With
sequencing costs having drastically decreased in the last decade, DNA barcoding is more widely
accessible (Coissac et al., 2016; Meier et al., 2016), yet applying large-scale Sanger sequencing to
hundreds of thousands of specimens to uncover rare species remains costly. Against the backdrop

that essentially only a fraction of the sample contents was processed, it is therefore assumed that a
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multitude of rare species have been overlooked in this thesis. For example, in Publication I, some
samples from Malaise trap 1 were processed completely, while for the rest of samples (including those
from Malaise trap 2) a limit of 15 96-well-plates were filled which corresponds to 1,475 specimens each.
From the premises of the institute, only every fourth sample was chosen for sequencing, and from
these, 32,592 specimens were barcoded, which is only about 25% of collected specimens (Publication
ID. In Publication III, every second sample from the Bavarian Forest National Park was selected for
processing, and of the estimated 52,000 specimens that were inside, 29,481 specimens were barcoded,
corresponding to 56% of all specimens. Sampling in the Allgdu Alps recovered well over a million

specimens, but here, only 20,250 specimens were processed (2%).

Yet even if every single specimen were to have been analyzed from every single sample, the results
indicate that the actual amplitude of diversity would have been underestimated regardless due to the
limited sampling that was conducted in space (few traps) and time (short sampling season). In
Publication I, the Malaise traps were operated for three months only. In tropical settings, where
insects are present and mobile all year round, a three-month-sampling period provides very limited
coverage of the temporal diversity. Also, sampling was conducted with just two Malaise traps which
is very little considering that the tropics are spatially very heterogeneous, providing a wide array of
microhabitats in x-dimensions (Basset et al., 2012). As demonstrated by Basset et al. (2012), the canopy
is by far the most species-rich habitat of tropical forests. While Malaise traps are very effective at
collecting arthropods (Matthews & Matthews, 2017), no additional sampling methods were applied to
sample the diverse canopy communities that have been observed in other studies (Basset et al., 2012;
Ozanne et al., 2003). With these traps, only arthropods that are found in the litter and understory
habitats were targeted yet still, the results suggest that here, +38% (Malaise trap 1) and +44% (Malaise
trap 2) more species could have been recovered with a doubled sampling effort. Interestingly, only

24% of species were shared between trap sites. The fact that more than 80% sample coverage was
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recovered throughout this study indicates that arthropod diversity patchiness may be at play, which

is common for tropical forests (see Milton and Kaspari, 2007).

In Publication III, sampling was done with 14 Malaise traps: One was placed on the premises of the
Bavarian State Collection on Zoology (see also Publication II), two were operated in the Bavarian Forest
National Park, and twelve were operated in the Allgiu Alps in an altitudinal transect (1,036-2,160 m
asl) ranging from the Oytal to the Schochen and Nebelhorn Mountains. Using fourteen Malaise traps
in total provides limited spatial coverage, especially because in Publication III, the goal was to analyze
this data to provide species estimates at the national level. All traps were situated in Bavaria, limiting

the faunistic coverage of samples to Southern Germany only.

Diversity assessments with COI

In all studies, molecular methods were applied to conduct COI-based diversity assessments. Using
BINs as species proxies, extensive insect community analyses were performed despite the fact that
less than 25% of all processed specimens (and 21% of all BINs) were linked to a named species on BOLD.
In fact, a large proportion of sequences in the datasets were only identifiable to the family- or order-
level (Publication I: 93% of specimens; Publication II: 30% of specimens; Publication III: 30% of
specimens), underlining the presence of taxonomic gaps within BOLD. Because the majority of the
uploaded sequences were assigned to a BIN on BOLD, it was possible to bypass this lack of taxonomic

information (see Hebert et al., 2016; Ortiz et al., 2017).

While BINs are commonly used as species proxies in diversity research (Blagoev et al., 2016; Hebert et
al., 2010; Ortiz et al., 2017; Ratnasingham & Hebert, 2007; Reid et al., 2011), there are varying opinions
regarding the feasibility of doing so (see Meier et al., 2022). The greatest concern regarding the use of
BINs is that the RESL-algorithm on BOLD is proprietary, meaning that it is not 100% transparent
(Meier et al., 2022). Users on BOLD are unable to see which parameters are used for initial clustering,
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merging, and refinement of COI-sequences. Because of this, both Meier et al. (2022) and Cranston et
al. (2013) recommend using more than one species delimitation algorithm in order to test the
robustness of clusters. Following this recommendation, sequence data was analyzed with three
separate clustering algorithms (see Publication I and V). With ASAP (Assemble Species by Automatic
Partitioning), hierarchical clustering is done using pairwise genetic distances of sequences (Puillandre
et al., 2021). The program builds numerous partitions ranked by scores, with the best ones provided
in the output to be used for analysis. Speciesldentifier version 1.9 (Meier et al., 2006) was used for
objective clustering using a preset threshold (3%) for comparative purposes and to increase
confidence regarding the relative extent of diversity in the traps. Although cluster counts were overall
more conservative with ASAP than with Speciesldentifier or RESL, the recovered diversity patterns
were overall very similar across methods. Still, it should not be assumed that OTU counts are equal to
species numbers in a 1:1 ratio, because there are various molecular factors (such as heteroplasmy,
hybridization, recent speciation, NUMTs sequencing, introgression or homogenization of mtDNA
haplotypes) that can challenge COI-based delimitation techniques (Buhay, 2009; Dobson, 2007; Duron
et al., 2008; Hazkani-Covo et al., 2010; Kmiec et al., 2006; Pamilo et al., 2007). These can lead to
algorithms assigning members of a single species into different clusters (thus overestimating
diversity) or several species into one (thus underestimating diversity). Despite this, numerous studies
have been able to show that there is an overall strong correspondence between BINs- and species
numbers (see Hebert et al., 2016; Raupach et al., 2010), and when analyzing more than a million insect
specimens, Hebert et al. (2016) recovered patterns of species richness that were overall congruent

with expectations.
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Integrative taxonomy for hyperabundant and -diverse taxa

Tackling hyperabundant and hyperdiverse taxa from large bulk samples is challenging when applying
conventional methods of taxonomy (Meier et al., 2023), so in this thesis, an integrative and
complementary workflow was developed in order to study such groups more effectively. This was
done using the model taxon Chironomidae. Despite chironomids being crucial organisms in aquatic
ecosystems, many biodiversity studies or biomonitoring surveys of aquatic habitats are ignoring them
(Dorié et al., 2021; Raunio et al., 2011). This is due to several factors: (i) Chironomids are relatively
difficult to identify (Cranston, 2008; Proulx et al., 2013), (ii) only few taxonomists with the required
expertise are available for species-level identification (Chan et al., 2014; Cranston et al., 2013), (iii)
traditional morphology-based species delimitations often require laborious dissection and mounting
of specimens on microscope slides (Ekrem et al., 2010; Gadawski et al., 2022), and (iv) they can be
extremely species-rich even in relative low-diversity, temperate, and boreal ecosystems (Lundstrom
et al., 2010). In an ecosystem, their abundance and diversity can be higher than that of all other
macroinvertebrates combined (Gratton & Zanden, 2009; Karima, 2021; Marziali et al., 2010). The
workload associated with the processing of these organisms is therefore immense when applying
conventional identification methods (Brodin et al., 2012; Rosenberg, 1992), so it is simply easier to

exclude them from analysis.

The results in Publication IV suggest that the established multi-level sorting system was successful: A
coverage of over 9o % in species- and cluster counts was obtained, and Chaou statistics indicate that
substantially more species would not have been captured by increasing the sampling effort. This is
interesting, because after sorting chironomids into morphotype groups, ultimately only 7% of all
specimens were processed and identified. This suggests that the method of grouping specimens into

morphotypes, then selecting vouchers for subsequent analysis can be easily delegated to



Global Discussion

parataxonomists. Overall, in-depth knowledge of chironomids morphology is not essential for this
stage of sample processing, because sorting is based on phenotypic traits such as size, coloration,
venation, setation, and shapes of antennae which simply require having a good “eye” and patience
(Ekrem et al., 2010; Krell, 2004). This approach was also applied by Ekrem et al. (2010) to subsample
non-biting midges for analysis in their study. The identifications of voucher specimens recovered up
to seven taxonomic entities per single morphotype, indicating that when in doubt, it is simply easier
to merge more specimens into one larger morphotype and compensate by increasing the number of

selected vouchers.

Applying traditional morphology to identify vouchers revealed that no-species level information
could be provided for almost 20% of them, which is not surprising considering that chironomids are
difficult to identify. Morphological identifications require extensive knowledge which can generally
only be provided by an expert, but still, the availability of an expert taxonomist does not automatically
guarantee error-free species identifications, as demonstrated in this and other studies (see Failla et
al., 2016). Not only did the analyses reveal a 9% error rate among morphological identifications, six of
the “single species morphotypes” that were said to be distinguishable enough under the stereo
microscope for direct species assignment were incorrectly identified. For another 9% of specimens,
only identifications to the family or to the genus-level could be provided. False identifications were
almost always within a given genus, hence, between closely related species whose morphological
differences are often very subtle and therefore require dissection and meticulous analysis (Ekrem et
al., 2010). For diverse morphotypes, the number of taxonomic entities recovered using morphology
was often over- or underestimated. This reflects the fact that on one hand, these taxa can display high
levels of intraspecific morphological variation (Carew et al., 2007, 2011), and on the other hand, closely
related species exhibit strong similarities, leading to the erroneous synonymization of species

(Anderson et al., 2013). Despite having drastically reduced the taxonomist’s workload by analyzing
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only a small portion of all collected individuals, they still spent about 500 active working hours
processing, mounting, and identifying specimens, which was prone to errors over time (person.
comment V. Baranov). Ultimately, these results clearly demonstrate the difficulty in meeting the
requirements of ecological studies when using morphology alone, especially when working with

cryptic species.

The DNA-barcoding workflow that was applied in parallel was much faster. In total, about 63 working
hours were invested in this pipeline from tissue lysis and DNA extraction, to the recovery and editing
of sequences, to the upload to BOLD. Identifications were straightforward using BOLD, and examining
BIN assignments revealed possible cases of unresolved cryptic diversity: Seven species were involved
in multiples BIN assignments and four BINs were linked to interim species names. According to recent
research, the genera that these species belong to, namely Cladopelma, Polypedium, Pscetrocladius, and
Smittia overall display very high intraspecific variations in the COI barcode region across species,
making it very difficult to identify a barcode gap for species discrimination (Cranston et al., 2012;
Pillot, 2008; Tang et al., 2022). These genera also include species complexes whose taxonomic position
is yet unresolved, so many traditionally described species are suspected to comprise more than one
cryptic species that are awaiting formal description (Carew et al., 2005; Lehmann, 1970; Saether, 1971).
As mentioned, interim species names were linked to four BINs in the dataset, which happens when a
genetic difference is detected and/or has been confirmed within one traditional species, yet no species
name can be provided at the given time. This can be an indication for the need of a taxonomic revision
or a formal species description (Ekrem et al., 2019; Moriniére et al., 2019). In other words: Interim
species names provide species with an “intermediate name” until they obtain a formal species name

(see Geiger et al., 2016; Moriniere et al., 2016).

Despite the DNA barcoding pipeline accelerating identifications, researchers must take the time to

examine their accuracy. Because even if a high quality reference library is used as a backbone to
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analysis (Chimeno et al., 2019; Ekrem, 2007), it does not mean that is is 100% error-free. Several
studies have examined the accuracy and reliability of voucher sequences (see Bridge et al., 2003;
Meiklejohn et al., 2019; Vilgalys, 2003), concluding that one of the greatest sources for errors is the
misidentification or mislabeling of voucher specimens. The problem is caused by the fact that public
databases such as BOLD or GenBank are inclusive, enabling any user to upload voucher sequences
(Vilgalys, 2003). Without curation (which is demanding against the backdrop that uploads are ongoing
and increasing), misidentifications can go unnoticed and quickly inflate the database if sequences
with unknown identifications are matched to these. Although Vilgalys (2003) specified inclusivity as
being the driving factor behind the upload of “junk data”, inclusivity in itself is a regulator because
the more data is being uploaded, the more obvious misidentifications become, even for non-experts.
With this in mind, every molecular-based identification in Publication IV was double-checked for
accuracy and not blindly trusted. For this, a neighbor-joining tree was created of publicly available
sequences of vouchers that have been morphologically identified by a taxonomic expert prior to being
uploaded to BOLD. Sequence records that were either identified using the “BIN taxonomy match” tool
on BOLD, or that did not provide any information on the method of voucher identification whatsoever
were excluded from analysis. As addressed by Brodin et al. (2012), reference databases need to be
expanded as best as possible in order to provide a better taxonomic coverage of species and their
intraspecific variation. Quantity, however, should not come at a cost of quality. Because it is not
feasible for taxonomic experts to review large batches of records on BOLD, it should become
mandatory that all records are provided with an identifier and identification method upon their
upload to BOLD so that less-experienced researchers can rely on the data even when no taxonomic
expert is available. Ultimately, it is in our own interest as scientists that reference libraries be as
accurate as possible, so in order to achieve this, every user needs to take responsibility and check the

integrity of their data before making it public.
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Applying two identification pipelines in parallel on the same vouchers revealed discrepant results for
a third of cases. After meticulous review of the data, the cause for these discrepancies were traced
back to (i) misidentifications or the lack of species-level assignments by the taxonomic expert via
morphology, (ii) misidentifications of voucher sequences on BOLD, (iii) the lack of public data on
BOLD (no match), or (iv) multiple BIN-assignments or BIN-sharing cases on BOLD. By comparing the
outputs of each methodology, it became obvious that each method has its own limitations. Meticulous
revision revealed that 9% of vouchers were morphologically misidentified by the taxonomic expert.
For another 9% of vouchers, morphology could not provide identifications at the species-level,
meaning that for 18% of vouchers, morphology did not provide accurate or comprehensive species-
level information. On the other hand, morphology did provide more comprehensive species
information for a total of 40 specimens (14%). Here, species-level IDs were provided for five BINs that
were not yet on BOLD, and for six BINs that were linked to discrepant identifications by expert

taxonomists.

These results demonstrate that while each method has its own drawbacks, using them in combination
increases rigor. DNA barcoding does not require difficult-to-acquire taxonomic knowledge and
drastically fast-forwards the process of identification of difficult-to-study organisms. At the same
time, barcode registries are only as good as the quality of their vouchers, which have been identified
using morphology. When tackling megadiverse dark taxa, no method should be applied on its own, as

each has its own repertoire of biases and limitations (Engel et al., 2021; Hartop et al., 2022; Krell, 2004).

Yet every method is subjective

No matter which method - or better yet - methods one chooses to sample, delimit, or describe species,
it (or they) will always provide an arbitrary result. Scientists create models and frameworks to simplify

and describe complex systems in nature, yet as good as these can be, there will always be a level of
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incongruence between the resulting output and reality itself. Therefore, as underlined in this thesis,
the best approach at tackling something that is unknown is to apply different methodologies from
different disciplines to obtain independent outputs that together, provide a more comprehensive

picture.

Morphology has been viewed as the golden standard in taxonomy for a long time, yet too few discuss
the fact that morphology is a subjective method in itself. Not only do accurate morphological
identifications highly rely on the availability and accuracy of determination keys, they also rely on the
identifier’s ability to conduct these identifications from an objective perspective (Ekrem et al., 2019).
Snodgrass (1935) stated that ‘anatomy is what yvou can see with your eyes, morphology is what you think
you see with your mind. In other words, morphology is based on a larger frame of reference and one's
subjective judgment. Or, put very simply, morphology is the sum total of one's imagination or perceived
notion of a particular structure, organ, or organ system.” As expressed by Ayodhya P. Gupta (1994),
“..morphology is a subjective product of the morphologist's mind” adding that “in the decades ahead,
arthropod anatomy-morphology will be pursued vigorously at the molecular level because, to be on the
cutting edge, it will have to remain in the mainstream of modern biology. This view should in no way be
construed lto mean that studies of classical anatomy-morphology at the gross, macro, micro, and
ultrastructural and subcellular levels will not be needed or become irrelevant; on the contrary, such studies
will serve as prerequisites to those at the molecular level.” Just like morphology, molecular identification
methods themselves suffer from a wide range of biases (Tedersoo et al., 2019). Sources of bias range
from molecular factors affecting the genetic variability of the specimens in question (i.e., numts,
recent speciation, prevalence of paraphyly, high degree of infection by endosymbiotic bacteria), to
laboratory protocols used (i.e., nature of sample, extraction protocols, primers, sequencing), to
bioinformatic pipeline (clustering algorithms) and the reliability of identifications in reference

databases (Virgilio et al., 2010). Essentially, scientists are always working with alternative
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representations of reality and conversely, every framework that scientists work with is nothing but a
subset. A sampling site, for example, is nothing but a subset of a region and/or habitat, and sampling
methods will always only collect a proportion of a site’s true diversity. Depending on trap type, a bias
favoring the sampling of some taxa over others is always present, meaning that the community
captured will never depict the true insect community of a sampled site (Karlsson et al., 2020).
Furthermore, the setup of a trap in terms of site choice, orientation, and above-ground-level is
another source of bias, and these factors strongly influence sampling results (Chan-Canché et al.,
2020). Then, once samples are collected, only a fraction of these are processed, from which only a few
vouchers are selected for analysis. Each step of this process narrows our perspective of reality further

until ultimately, only the tiniest aspect of a very complex world is examined.

Against this backdrop, different methodologies will always provide discrepant results. The mere
purpose of models is to break down the complexity of natural systems so that scientists can study
specific aspects in isolation and understand driving mechanisms (Parker, 2010). The greater the
simplification of a model is, the greater is the uncertainty of its output (Loucks et al., 2017). Yet
discordant results do not necessarily challenge the rigor of another method (Stegenga, 2009). Instead,
these provide more in-depth knowledge and often, we simply do not have the ability to interpret the
results as they should. As expressed by Stegenga (2009), "Hypotheses are better supported with evidence
generated by multiple techniques that rely on different background assumptions.” The least we can do is
apply as many different models to the same framework to minimize levels of uncertainty, thus

obtaining a more resilient representation of what we think is reality.

Trying to bypass specimen destruction in DNA metabarcoding

DNA metabarcoding has become a well-established method for large-scale diversity assessments

(Shum & Palumbi, 2021). Still, a consensus workflow is lacking in some fields of research (Elbrecht &
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Leese, 2015), with one subject of debate being the nature of sample used for analysis. Traditionally,
sample contents are homogenized into a fine powder from which the DNA is extracted in one
extraction step (Yu et al., 2012). While homogenization of tissue releases the most DNA, this comes at
the cost of losing the structural integrity of specimens, preventing the recovery of abundance data or
a-posteriori morphological analysis and/or verification of specimens’ identity (Aylagas et al., 2016,
2018). Therefore, in Publication V, the collection medium of a sample (EtOH), which is otherwise
discarded, was tested for its usability as a DNA source for analysis. If so, specimens can be left intact,
providing scientists with a wealth of ecological information that can be analyzed at any given time. In
contrast to other studies, the aim was not to compare differences in OTUs recovered with tissue-
based and with ethanol-based DNA because it has already been shown (and it is expected) that these
recover different subsets. Instead, we examined whether ecological gradients were conserved across
methods. In ecology, where researchers always work with subsets of communities, identical
taxonomic recovery may not always be as crucial as the conservation of ecological and environmental
information.

As expectled, very different arthropod communities were obtained with each method (see also
(Elbrecht et al., 2017; Kirse et al., 2022; Marquina et al., 2019), and the reasons for this are discussed in
Publication V. Regarding the depiction of ecological gradients, information was only partly conserved
in the collection medium of samples. Testing for significant differences in community compositions
based on three factors (trap site, habitat type, and seasonality) recovered that habitats and sites had
no effect on community compositions, but seasonality did. Statistical analysis of the individual insect
orders (Diptera, Hymenoptera, Lepidoptera, Coleoptera, and Hemiptera), almost always indicated
significant differences that were driven by seasonality (adonis2 p = 0.001). These seasonal gradients
were strongest among Hymenoptera and Coleoptera. It is not clear as to why seasonal trends in
ethanol are better conserved among some groups and lesser so among others. However, it is

speculated that a group's trophic level may have a meaningful impact, as arthropod specimens that
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fall prey to other arthropods are introduced into the ethanol as gut content (Marquina et al., 2019).
Differing temporal-based factors (e.g. predator-prey interactions, predator metabolic rates, time
elapsed since prey consumption) would skew natural patterns of abundances because gut-based DNA
of the same species is introduced into the ethanol at random points of time. In addition, there are
numerous methodological, environmental and biological/physiological constraints that have a direct
influence on the success rates of gut content sequencing (see Eitzinger et al., 2013; Greenstone et al.,
2010; von Berg et al., 2008). With too many sources of bias that are introduced into the analysis of the
ethanol-based DNA, and no possibility of discriminating between ingested and captured arthropods,
seasonal patterns are especially prone to distortion among groups that include many prey species.
This is reinforced by the fact that seasonal gradients were best depicted among Hymenoptera,
Coleoptera, and Hemiptera, which encompass species that are less susceptible to falling prey to other
arthropods, so they are also less likely to be introduced into the ethanol of samples as gut content.
Typical predators of Coleoptera, Hymenoptera, and Hemiptera are, for example, birds, bats, and frogs
(Britanmnica, 2022). Other arthropods that predate these taxa include Odonata and Araneae, both of
which are less represented in the dataset. In contrast, predators of Diptera and Lepidoptera (which
depicted highly skewed gradients) were very abundant in the trap samples, as these include many

taxa of Hymenoptera, Coleoptera, Diptera, and Araneae (Flint et al., 1998).

Consistent with previous findings, alpha-diversity assessments demonstrated that the ethanol-based
DNA (1) failed at discriminating between the terrestrial and riparian habitats and (2) underrepresented
the magnitude of arthropod diversity within every single habitat (see Erdozain et al., 2019; Linard et
al., 2016). Recently, (Zenker et al., 2020) conducted DNA metabarcoding exclusively on the preservative
ethanol of automatic light trap samples to compare the alpha and beta diversity of arthropod
communities in Brazil. Unfortunately, they did not examine or process the tissue of these samples at

all, so no reference was available as a guideline to their interpretations. Observing the alpha-diversity
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curves that were obtained, it is strongly believed that the sole use of preservative ethanol can clearly
lead to false conclusions, and therefore, the sole use of ethanol-based DNA should be discouraged

until further research has been conducted.

To conclude, ethanol-based DNA sequencing did not provide information on ecological gradients,
except for the case of seasonal patterns. The conserved seasonality among some taxa is an interesting
starting point for further investigations, but until more research has provided successful results, it is
recommended that researchers covering terrestrial ecosystems be careful when using ethanol-based
DNA. It is important to mention that in this study, 80% ethanol (1 vol% MEK) was used for arthropod
sampling. DNA extractions were conducted in spring 2020 following the collection season (April-
October 2019). According to (Marquina et al., 2020), this concentration of ethanol is too low for optimal
DNA preservation over time. Therefore, it is highly encouraged for others to use 95% ethanol for

sampling to guarantee optimal DNA preservation.
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CONCLUSION

This thesis addresses the difficulties associated with the research of the small, cryptic diverse, and
highly abundant dark taxa. One major constraint is the inability to link these insects to species names
or ecological functions. Here, the use of innovative molecular approaches enabled in-depth analysis
of dark taxa despite the majority of specimens not being associated to a species name. An integrative
workflow (combining morphology and molecular biology) was developed with the goal of accelerating
bulk sample processing with a more targeted approach at voucher selection for subsequent analysis.
This workflow rendered successfully, with results depicting that more than 9o% of the collected
diversity was recovered although essentially less than 7% of specimens were actually assessed in
detail. At the same time, this thesis depicts the limitations (and thus difficulties) associated with the

use of one single method for the analysis of challenging groups.

Technological advances are currently expediting biodiversity research, and the next decade will most
certainly be witness to substantial breakthroughs in the field of taxonomy. Recent developments
include a sorting robot (the DiversityScanner) which has the ability to recognize and sort insect
specimens based on overview images of bulk samples (see Wiihrl et al., 2022). Especially interesting is
the fact that it is able to process very small specimens, including many dark taxa (<2 mm) (Wiihrl et
al., 2022). In another very recent study, a workflow was developed that combines HotSHOT with
MinION (Oxford, Nanopore, Oxford, UK) technologies to conduct fast and accurate species-level
sorting of ecological samples (see Vasilita et al., 2023). With a modest amount of equipment,
manpower, and training, the authors were able to conduct species-level sorting within hours, which
came down to 2.5 minutes per specimen (Vasilita et al., 2023). Fresh off the press, Meier et al., (2023)
propose a new protocol termed “dark taxonomy” which - as suggested in this thesis - uses integrative

taxonomy for overcoming the taxonomic impediments for dark taxa. Commendably, the authors have
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chosen to first tackle species from samples that are most relevant in biomonitoring frameworks,
which is in stark contrast to the taxonomy biases prevailing in other studies. Of course, accurate
identifications are only possible if identified sequences are present in databases, however, coupling
these approaches with other workflows, such as the one developed in this thesis (also see Hartop et

al., 2022), could drastically expedite the work for taxonomists.

Ultimately, the greatest hurdle in taxonomy is the mindset of those conducting the research and with
taxonomists ever more embracing the implementation of non-conventional, future-oriented, and/or

Al-based technologies half the battle is already won.
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Abstract

Arthropods account for a large proportion of animal biomass and diversity in terrestrial sys-
tems, making them crucial organisms in our environments. However, still too little is known
about the highly abundant and megadiverse groups that often make up the bulk of collected
samples, especially in the tropics. With molecular identification techniques ever more evolv-
ing, analysis of arthropod communities has accelerated. In our study, which was conducted
within the Global Malaise trap Program (GMP) framework, we operated two closely placed
Malaise traps in Padang, Sumatra, for three months. We analyzed the samples by DNA bar-
coding and sequenced a total of more than 70,000 insect specimens. For sequence cluster-
ing, we applied three different delimitation techniques, namely RESL, ASAP, and
Speciesldentifier, which gave similar results. Despite our (very) limited sampling in time and
space, our efforts recovered more than 10,000 BINs, of which the majority are associated
with “dark taxa”. Further analysis indicates a drastic undersampling of both sampling sites,
meaning that the true arthropod diversity at our sampling sites is even higher. Regardless of
the close proximity of both Malaise traps (< 360 m), we discovered significantly distinct
communities.

Introduction

In the age of rapid biodiversity decline, taxonomists find themselves in a race against time to
discover and describe new species before they become extinct [1-5]. However, identifying spe-
cies in several megadiverse groups of organisms requires in-depth taxonomic expertise, which
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is either in decline or very limited, the latter being the case in the so-called dark taxa [6, 7].
This mismatch between high species numbers awaiting discovery and few researchers available
for doing so is also known as the “taxonomic impediment”. It is prominent among arthropods
[8], and considering that arthropods account for a large proportion of the animal biomass and
diversity in terrestrial ecosystems [9-11], is a direct constraint to global biodiversity research.
Often, ecological surveys must limit their analyses to a subset of known species (e.g., flagship
indicator species) because there is not enough know-how to analyze the highly abundant,
often minute specimens that make up the bulk of the sample [12, 13].

As a potential remedy, molecular identification techniques have greatly evolved in the last
decade, providing accelerated sample processing methodologies in various fields of research
[14]. DNA barcoding, for example, is a method that uses a short DNA sequence of the COI
gene in the mitochondrial DNA to identify and distinguish species from one another [15-17].
Paul Hebert and colleagues first introduced it in 2003, and today, it is a standard approach for
molecular identification or presorting species [18]. DNA barcoding is easy to use [even for
non-experts], widely available, and nowadays economic [16, 19-22].

In 2012, the Global Malaise trap Program was initiated by the Centre for Biodiversity Geno-
mics (CBG) at the Biodiversity Institute of Ontario (BIO) with the large-scale worldwide
deployment of Malaise traps (see https://biodiversitygenomics.net/site/projects/gmp/). Malaise
traps are very efficient at capturing flying insects and are, therefore, commonly used in surveys
of terrestrial arthropods [23-26]. More than 158 sites in 33 countries were sampled and ana-
lyzed via DNA barcoding to provide an overview of the global arthropod biodiversity and pro-
vide detailed temporal and spatial information on arthropod communities (see https://
biodiversitygenomics.net/site/projects/gmp/). In a joint project with the Andalas University,
two Malaise traps were deployed in Padang, Sumatra, Indonesia, and operated for three
months each. Insect communities in tropical regions are notorious for being extraordinarily
diverse [11, 27, 28] yet severely understudied [29, 30], making the large-scale sequencing of the
Malaise traps contents especially interesting. In this study, we present and evaluate the
sequencing results recovered for each Malaise trap.

Materials and methods
Collecting

In 2016, we deployed two Malaise traps, installed ca. 360 m apart from each other. We set up
the traps at the northern forest edge of the 500-hectare campus area of the University of Anda-
las at the eastern part of Padang City, West Sumatra Province, Indonesia (Fig 1). The traps
were located in a semi-open area dominated by ferns, interspersed with medium-sized and a
few large-sized trees. The trap locations were set up in spots with sparse vegetation in such a
way that flight paths were open in both directions of the traps. The adjacent tropical forest was
dominated by secondary tree vegetation and is connected to the Bukit Barisan mountain
range. Both Malaise traps were operated from May 5th to July 30th. The collection bottles were
emptied biweekly and topped up with fresh 80% EtOH. Samples were stored in a freezer until
further processing. Because both traps were located on the grounds of the university, no collec-
tion permit was needed.

Sample processing

All collection bottles were sent to the Centre for Biodiversity Genomics for sorting and fur-
ther processing. An attempt was made to barcode as many specimens as possible, but due to
funding constraints, not all specimens were processed, and for some collection bottles, a
maximum of fifteen 96-well microplates were filled (Table 1). A selective strategy was used
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WEST
SUMATRA

Fig 1. Collection sites. Malaise trap sites near Padang, West Sumatra. Created by the authors using QGis.

https://doi.org/10.1371/journal.pone.0290173.g001

to narrow down the number of specimens especially for the samples with only 15 plates pro-
cessed. Individuals chosen for sequencing were selected to capture as much diversity as pos-
sible based on size and morphospecies. Two sizes of sieves were used to subsample from
three different size classes (no sieve, 8mm sieve, and 2mm sieve). As most of the diversity
was likely hidden in the smaller organisms (particularly the abundant insect orders: Hyme-

noptera, Coleoptera, and Diptera), more specimens were chosen from the smallest size

class. Additionally, more Hymenoptera and Coleoptera were selected as opposed to Diptera
because Diptera are often so abundant in Malaise trap samples that there is a higher risk of

oversampling the same species.
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Table 1. Malaise trap sample information. Collection dates, sequencing capacity, specimens processed, and sequences obtained per sample.

Malaise Trap | Sample Nr. | Collection Interval | Sequencing capacity Nr. Specimens Nr. Sequences
Trap 1 |1 | 05-13 May | All specimens 5,969 5,101
Trap 1 | 2 | 13-20 May 15 plates 1,475 1,232
Trap 1 l 3 | 20-27 May | All specimens 9,070 5,836
Trap 1 |4 |27 May-03 June | 15 plates 1475 | 1082
Trap 1 |s | 03-10 June All specimens 9,886 7,760
Trap 1 | 6 | 10-24 June 15 plates 1,475 1,325
Trap 1 !77 | 24 June-01 July | All specimens 6,266 5,730
Trap 1 |8 | 01-08 July | 15 plates 1,475 1,216
Trap 1 |9 08-15 July All specimens 4,230 3,776
Trap 1 |10 15-22 July | 15 plates 1,475 1,267
Trap 1 1 | 22-30 July All specimens 9,566 8,567
Trap 2 | 1 | 05-13 May All specimens 10,102 8,439
Trap 2 | 2 13-20 May | 15 plates 1,475 1,229
Trap 2 |3 | 20-27 May 15 plates 1,504 1,136
Trap 2 | 4 27 May-03 June | 15 plates 1,475 1,169
Trap 2 | 5 03-10 June | 15 plates 1,529 | 1,250
Trap 2 |6 10-24 June 15 plates 1,475 1,349
Trap 2 | 7 | 24 June-01 July 15 plates 1,490 1,241
Trap 2 |8 01-08 July 15 plates 1,475 1,280
Trap 2 | 9 | 08-15 July |15 plates 1,491 11,285
Trap 2 | 10 15-22 July 15 plates 1,475 1,272
Trap 2 | 11 22-30 July | 15 plates 1,644 1,258

https://doi.org/10.1371/journal.pone.0290173.001

Tissue lysis was performed overnight at 56°C, and DNA extraction was conducted using an
automated, silica membrane-based protocol [31]. To reduce costs and the amount of reagents
needed for PCR amplification of the COI gene, the DNA extracts from four 96-well plates
were consolidated into 386-well PCR plates [23, 32]. The PCR products were diluted, unidirec-
tionally sequenced, then cleaned-up using an automated magnetic bead-based method before
being sequences on an ABI 3730 xl DNA Analyzer (Applied Biosystems). For more details on
the laboratory protocols, see [23].

All barcoded specimens are currently stored at the Center for Biodiversity Genomics
(CBG) natural history archive (collection code BIOUG) at the University of Guelph, Canada.
However, this collection, as well as the rest of the unprocessed material, will eventually be repa-
triated to Museum Zoological Bogoriense in Cibinong, Indonesia.

Data analysis

All specimen metadata and sequence data were uploaded to the Barcode of Life Data System
(BOLD), an online workbench and database [32]. All data is publicly available on BOLD in
two datasets (doi.org/10.5883/DS-GMTINDOI and doi.org/10.5883/DS-GMTINDO2). We
also uploaded the BOLD data spreadsheet including all metadata of specimens to Figshare.
Sequences were assigned a Barcode Index Number (BIN) by the BOLD system using the
RESL-algorithm. BINs represent globally unique identifiers for clusters of sequences as a spe-
cies proxy [32]. Every sequence > 300 base pairs (bp) is automatically assigned to a Barcode
Index Number (BIN) that is already in BOLD if sequence similarity based on the RESL-algo-
rithm is fulfilled [32]. Sequences with > 500 bp which do not find a match, serve as founders
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of new BINs. Family-level identifications were conducted using the BIN taxonomy match tool
on BOLD.

All analyses were performed in R version 4.2.1 [33], using the packages vegan version 2.5-7
[34], iNEXT version 2.0.20 [35], and SpadeR version 0.1.1 [36]. To assess our sampling effort,
we created accumulation curves of BINs for each Malaise trap (via iNEXT; iNEXT package)
and estimated the species diversity present at each sampling site (via ChaoSpecies; SpadeR
package). We created continuous diversity profiles for each trap (via Diversity; SpadeR pack-
age) to illustrate the variation in the three standard metrics of biodiversity that are quantified
by Hill numbers (q): species richness (q = 0), Shannon diversity (q = 1), and Simpson diversity
(q = 2). Hill numbers are a mathematically consolidated group of diversity indices that include
relative species abundances to quantify biodiversity. To evaluate the faunal similarity between
Malaise traps, we performed permutation multivariate analysis of variance (PERMANOVA)
(via adonis2; vegan package; Bray Curtis dissimilarity; 999 permutations). We differentiated
between location and dispersion effects by applying a beta dispersion test analogous to
Levene’s test (via betadisper; vegan package) and an F-test (via permutest; vegan package). For
visualization, we created a non-metric dimensional scaling (NMDS) ordination (via metamds;
vegan package; Bray Curtis dissimilarity). Using the universal insect trait tool (ITT; version
1.0) [37], we categorized all arthropod families into ecological guilds to analyze differences of
the functional diversity between the insect communities of the two trap sites in addition to
their taxonomic diversity.

Because the BIN concept has been challenged recently [38], we decided to compare the
number of OTUs recovered with other clustering algorithms. BINs should not be considered
synonymously of “species”, but rather as a dynamic tool to presort the global DNA barcode
database into MOTUs that taxonomists can further evaluate; BIN definitions might change on
BOLD as more sequences are added to the database. Since the assignment of BINs in a dataset
is affected by other sequences in BOLD that are not included in the dataset, we analyzed the
sequences of our datasets using the “Cluster Sequences” option in BOLD. This way, the result-
ing OTUs are directly comparable to the results of other species delimitation algorithms. As a
consequence, the number BINs found in our project on BOLD are slightly higher than in our
analyses because the system assigns BINs to sequences between 300 and 499 bp if the BIN is
already present in the database, whereas we limited analyses to sequences displaying a mini-
mum length of 500 bp. In addition to RESL, we analyzed our data using the Assemble Species
by Automatic Partitioning program (ASAP) [39] using the web interface, and we analyzed the
same data using Speciesldentifier version 1.9 [40]. ASAP employs pairwise genetic distances
for hierarchical clustering without using the information on intraspecific diversity, and Specie-
sldentifier is an algorithm that allows clustering sequences based on their pairwise genetic dis-
tances (p-distances). To visualize the outputs of the different clustering algorithms (RESL,
ASAP, SpeciesIdentifier), we created accumulation curves (via iNEXT; iNEXT package) depict-
ing the number of clusters obtained for each Malaise trap. Detailed specimen and sequence
data are accessible in BOLD as two citable datasets (doi.org/10.5883/DS-GMTINDO1 and doi.
org/10.5883/DS-GMTINDO2).

Results
Alpha-diversity assessments

We obtained 39,374 COI-sequences from Malaise trap 1, and 19,394 for Malaise trap 2 which
led to the recovery of 6,177 and 5,206 BINs respectively. Together, we obtained a total of 9,212
BINs, with 2,171 being shared between traps. More than two-thirds (6,125) of all BINs were
unique to BOLD, meaning that they were added for the first time with the upload of these
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sequences. Of the 58,769 specimens that were successfully sequenced, only 961 automatically
obtained a species-level identification, providing coverage for 231 species. The majority of
sequences provided identification only to the family level (94%), and most of these were associ-
ated to families of insects that are reknown for being challenging to study and therefore highly
underrepresented in databases (see Discussion). In this study, eight families of dark taxa were
largely represented among our data, namely Cecidomyiidae (gall midges), Ceratopogonidae
(biting midges), Chironomidae (non-biting midges), Phoridae (scuttle flies), Psychodidae
(sand flies), Sciaridae (dark-winged fungus gnats), Platygastridae and Braconidae (parasitoid
wasps). These eight families make up 70% of all specimen numbers, and 58% of all BINs. Fig 2,
which presents the frequency of rare and common BINs among the merged dataset, shows
that the majority of BINs (66%; 6,078 BINs) were represented by one or two specimens only.

proportion of
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Fig 2. Frequency of BINs and proportion of dark taxa. The majority of BINs are rare and are represented by one (BIN frequency = 1) or two (BIN frequency = 2)

specimens only. The pie charts represent the proportion of dark taxa among the BIN diversity (in black). These include members of Cecidomyiidae, Ceratopogonidae,
Chironomidae, Phoridae, Psychodidae, Braconidae, and Platygastridae.

https://doi.org/10.1371/journal.pone.0290173.9002
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Malaise trap 1. The BINs recovered from Malaise trap 1 provide coverage for 231 families
in 21 arthropod orders. The top ten most diverse (from most to least diverse) families are Ceci-
domyiidae (Diptera; 1,858 BINs), Chironomidae (Diptera; 491 BINs), Ceratopogonidae (Dip-
tera; 470 BINs); Phoridae (Diptera; 439 BINs), Platygastridae (Hymenoptera; 284 BINs);
Sciaridae (Diptera; 239 BINs), Psychodidae (Diptera; 145 BINs), Formicidae (Hymenoptera;
125 BINs), Cicadellidae (Hemiptera; 111 BINs), and Braconidae (Hymenoptera; 105 BINs). In
total, these families represent 70% of all recovered BINs for this Malaise trap. Chaol analysis
estimated that about 11,000 species may occur at this sampling site, and extrapolation to dou-
ble the number of captured and processed specimens would have increased the number of
recovered BINs to 8,531, which is an increase of 38% (Table 2). In the diversity profile, there is
no overlap between the species richness obtained through the analysis of specimens and that
estimated to occur at the trap sites (Hill number q =0, Fig 3B).

Malaise trap 2. Although we processed substantially fewer specimens from Malaise trap
2, we obtained almost as many BINs (Table 2 and Fig 3A). The BINs from Malaise trap 2 pro-
vide coverage for 254 families in 24 arthropod orders. The ten most diverse families are (from
most to least diverse): Cecidomyiidae (Diptera; 1,003 BINs), Phoridae (Diptera; 484 BINs),
Platygastridae (Hymenoptera; 305 BINs), Sciaridae (Diptera; 220 BINs), Ceratopogonidae
(Diptera; 189 BINs), Chironomidae (Diptera; 186 BINs), Cicadellidae (Hemiptera; 158 BIN's),
Braconidae (Hymenoptera; 152), Erebidae (Lepidoptera; 128 BINs), and Psychodidae (Diptera;
128 BINs). In total, these families represent 86% of all recovered BINs. Chaol analysis revealed
that about 10,000 species might occur at this trap site. Doubling the number of captured speci-
mens would have increased the obtained BIN diversity to 7,481, an increase of 44% (Table 2).
As for Malaise trap 1, there is no overlap between the number of empirical BINs obtained
from our analyses and the species richness estimated to be present at the site (Fig 3C)

Beta-diversity analysis

Analysis revealed that 2,171 BINs are shared between both traps, and Chaol-shared estimates
suggest that up to 4,281 (+ 183) BINs are shared between both communities at the trap sites.
PERMANOVA analysis of the sample contents uncovered that the arthropod communities
from the Malaise traps are significantly distinct from one another (adonis2 p = 0.001) and that

Table 2. The number of clusters obtained from the COI sequence data of each Malaise trap when applying different clustering algorithms (RESL; ASAP;

SpeciesIdentifier).

Algorithm Output Malaise trap 1 Malaise trap 2

RESL OTUs Number of clusters (n) 6,283 5,253
Sample coverage 0.918 0.843
Extrapolation to 2n 8,699 + 255 7,569 + 266

ASAP OTUs Number of clusters (n) 5,185 4,594
Sample coverage 10,934 0.869
Extrapolation to 2n 7106 + 211 6501 +213

Speciesldentifier OTUs Number of clusters (n) 5,967 5,054
Sample coverage 10921 0.851
Extrapolation to 2n | 8347 £ 274 7260 + 252

BINs Number of clusters (n) 6,177 5,206
Number rare clusters 4,132 4,730
Chaol community estimator 11,280 + 255 10,382 + 268
Sample coverage 0919 0.844
Extrapolation to 2n 18,531 7,481

https://doi.org/10.1371/journal.pone.0290173.t002
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Fig 3. Accumulation curves of the BIN diversity recovered for each Malaise trap. Dotted lines represent extrapolated values (up to
double the sampling effort), bold lines represent interpolated values. Shaded areas represent the 95% confidence intervals.

https://doi.org/10.1371/journal pone.0290173.9003

this significance is driven by location effects only (S1 Table). In the NMDS ordination, collec-
tion samples are clearly clustered based on Malaise trap (S1 Fig). Evaluating the data in more

detail, we see that despite high species turnover, both traps depict similar compositions at the
family level, which in turn has the same effect on the guild composition (Fig 4A and 4B).
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Fig 4. Relative BIN diversity. a. Relative BIN diversity across the top most abundant families in our Malaise traps. b. Relative BIN diversity across ecological guilds.

https://doi.org/10.1371/journal.pone.0290173.g004

COI clusters across methods

In total, 77,497 specimens of insects were processed, 52,362 from Malaise trap 1 and 25,135
from Malaise trap 2. Excluding all flagged sequences from analysis (and retaining only those
with at least 500 bp) reduced our numbers to 39,374 and 19,394 COI-sequences for each trap
respectively. For comparative analysis of cluster algorithms (in terms of cluster diversity), we
reran the RESL-algorithm on these sequences which led to the recovery of 6,283 (MT1) and
5,253 (MT2) OTUs that are unique to our project (Table 2). Speciesldentifier (using the 3%
threshold) suggested slightly fewer clusters than the RESL-algorithm, while ASAP (1st parti-
tion) calculated more conservative values, i.e., a much lower number of putative species
(Table 2 and Fig 5).

Discussion
Overwhelming species richness despite drastic undersampling

All accumulation curves (Figs 3A and 5) and diversity profiles (Fig 3B and 3C) indicate that we
have drastically undersampled both trap sites. This was expected for several reasons. First, our
collection effort was limited in space and time, using two Malaise traps for three months only.
Unlike temperate regions, generally speaking, no individual season in the tropics is highly
unsuitable in terms of activity for all arthropod species [41], meaning that arthropods are pres-
ent and mobile all year round [41, 42]. Therefore, sampling only three months provides a lim-
ited coverage of temporal species diversity. Second, while Malaise traps are very effective at
collecting arthropods [26], we did not use any additional sampling method to incorporate the
diverse canopy communities present in many tropical forests [29, 43, 44]. Our sampling
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techniques targeted arthropods that are found in the litter and understory habitats, whereas
[43] and colleagues have demonstrated that the highest species richness is found in the forest
canopy. Third, we did not process all collected individuals due to economic constraints. We
had a total of eleven collection events per trap. Seven bulk samples that were collected with
Malaise trap 1 were processed entirely; however, sequencing of all other samples was limited to
15 (1,475 specimens) plates per sample. Had we doubled our sampling effort, we would have
recovered at least 38% and 44% more putative species for Malaise trap 1 and 2, respectively
(Fig 3A). Sampling was slightly more comprehensive with Malaise trap 1, which is presumably
due to the fact that more individuals were processed from these samples. Nevertheless, we
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clearly only recovered a fraction of the actual diversity present at the sites: Chaol calculations
estimated much higher species numbers for each trap site, and we see no overlap between
empirical and estimated BIN numbers for all three diversity orders (species richness q = 0;
Shannon diversity q = 1; Simpson diversity q = 2).

Patchiness in arthropod diversity

Beta diversity assessments show that the communities from each trap site are significantly dis-
tinct and that this difference is driven by location effects only (all samples were dispersed
homogeneously) (S1 Table and S1 Fig). Even after pooling all collection events together, we
observed only 24% overlap in putative species between traps despite the close proximity

(< 400 m). One can argue that due to the limited sequencing of sample contents, we are
unknowingly comparing two very different subsets of actual similar communities, which was
also mentioned by [45] as a factor contributing to the overestimation of beta-diversity [45].
However, we suggest that this is not the case because we recovered more than 80% sample cov-
erage for each Malaise trap. Instead, we argue that we here witness arthropod diversity patchi-
ness, as described by [46]. Forest floors are highly heterogeneous in the tropics over small
spatial scales, resulting in high microhabitat richness in x-dimensions [46-48]. Nutrient avail-
ability, habitat heterogeneity, spatial variation of plant communities, degree of exposure to
predators, and ecosystem disturbances are just some factors that define these microhabitats
and their arthropod communities [47, 49, 50].

Prior studies on tropical rainforests have demonstrated that because the majority of insects
are herbivores and host-specific, vegetation has a high impact on the prevailing arthropod spe-
cies, which can account for up to 60% of insect variation [45, 51]. In our study, almost half of
all recovered species per trap were phytophages (Fig 4B), meaning that differing vegetation at
each trap site could be a driving factor behind the high species turnover [52]. Moreover,
because Malaise traps capture insects that happen to fly through a very limited area, various
factors such as trap location, orientation, height based on vegetation, light exposure and sur-
rounding structures also have a direct effect on captured communities [53, 54]. In a recent
study [54], examined the effects of Malaise trap spacing on species richness and composition,
and found that community-similarity decreased among all major taxa with increasing trap-to-
trap distances. Also, they found that 18 m between traps was the cut-off value where the num-
ber of shared species dropped significantly [54]. These results reinforce our assumption that
we are in fact sampling and comparing two very different insect communities with one
another.

Guild structures

Despite recovering a high species turnover between trap sites, community compositions at the
family level were very similar (Fig 4A). In consequence, guild structure was also conserved
(Fig 4B). However, we highly encourage further research to look into this because we analyzed
guild structures only at the family-level. Although it is convenient to place entire families into
guilds, it is also a source of error because species of the same families can cover a wide range of
feeding behaviors [48]. However, assigning single species to guilds is a major challenge, espe-
cially in large-scale surveys. There is too little literature on the feeding activities of single spe-
cies, and even then, different life stages of the same species can fall into different guild
categories (e.g., parasitoid Hymenoptera), and for some taxa, feeding activities of adult species
are completely unknown [48]. Also, only a small proportion of our sequences provided identi-
fication at the species level, meaning that we cannot apply feeding traits to species proxies. In
this study, we did not conduct morphological identifications. Instead, all family-level
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identifications were assigned automatically using the identification tool on BOLD. It is there-
fore important to note that accurate results are only guaranteed provided that high quality ref-
erence libraries are being used as a backbone, which include sequences of vouchers that have
been accurately identified morphologically. Despite these sources of bias, we still believe that
we can rely on these assigned identifications as we are only using them at the family-level, for
which extensive information is available on BOLD.

For the family-level guild assignment, we used the Insect Trait Tool that was developed by
[37]. Because this tool was developed for the Central European fauna, the extended trait infor-
mation provided by the tool may not be accurate for tropical fauna. However, because we con-
ducted only a broad guild analysis, we do not think that this is problematic in our study.

Dark taxa: Abundant, diverse, unknown

In our study, the majority of all BINs were rare, being represented by one or two specimens
only (Fig 2). Although we did expect to capture a high proportion of singleton species, we
recovered a surprisingly higher frequency of rare species than expected for large-scale tropical
surveys, which is typically at about 32% [55, 56]. A closer look at the data revealed that the
majority of these singletons are associated with “dark taxa”, highly diverse groups of arthro-
pods (mostly Diptera and Hymenoptera) for which little taxonomic or life-history information
is available [6, 8]. In total, 70% (40,807) of all processed specimens and 58% (5,340 BINs) of all
recovered putative species in this study are shared by eight dark taxa families only, namely
Cecidomyiidae (gall midges), Ceratopogonidae (biting midges), Chironomidae (non-biting
midges), Phoridae (scuttle flies), Psychodidae (sand flies), Sciaridae (dark-winged fungus
gnats), Platygastridae and Braconidae (both parasitoid wasps).

As demonstrated in this study, dark taxa can be highly abundant and often make up the
bulk of an insect sample not only in the tropics, but also in temperate regions [6, 57]. With this
being a global phenomenon, the inability to associate these insects to species names or ecologi-
cal functions is a large constraint to biodiversity research, conservation priority setting as well
as understanding ecosystem functioning. One recent publication [20] highlighted that dark
taxa are so abundant that they should be included in any holistic biodiversity assessment, but
tackling them with traditional taxonomic techniques is too slow [20, 58]. Specimens of dark
taxa are often small-bodied and cryptic diverse, so often (especially for Diptera), specimens
need to be dissected and studied microscopically. Moreover, species identifications for these
insects is often only possible with the use of multiple approaches in parallel to ensure accurate
results. Integrative approaches that combine various methodologies are therefore becoming
ever more important in making these groups tangible to science [4, 20, 59].

Since 2020, the third phase of the nationwide German Barcode of Life project (GBOL III:
Dark Taxa; https://bolgermany.de/home/gbol3/de/projekte/) is dedicated to tackling difficult
groups of taxa and training a new generation of taxonomists. In this initiative, integrative
methods are being used in order to speed up the identification of dark taxa and making them
more tangible to science. to do this, researchers are using (among others) a reverse and inte-
grative taxonomical approach to effectively target and study their groups of interest. This con-
sists of first applying molecular methods (including MinION technologies) to rapidly
distinguish sequences clusters among thousands of preselected specimens, then applying mor-
phological methods to target specimens of specific clusters for species identification. This tech-
nique drastically reduces the workload because time-consuming specimen processing and
morphological analysis is drastically reduced. However, this approach it still time consuming,
because it still requires the processing of thousands of individuals, as in our case [60]. One
technology that is currently expediting biomonitoring surveys is metabarcoding, which allows
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the analysis of entire bulk samples in one sequencing run [14, 17]. However, this method only
provides information on community compositions and not on abundance data, nor it the link
between sequence and specimen conserved [60, 61]. This makes it especially difficult to study
dark taxa because they consist of many species that are not yet described, so these remain
undescribed because specimens cannot be easily pinpointed [60].

Just recently, new technological developments have emerged which can help accelerate bio-
monitoring studies by speeding up the greatest bottleneck of ecological research-sample sorting.
Bulk samples of arthropods often contain hundreds to thousands of specimens, that need to be
sorted before conducting species-level analyses. In their study, [60] present a compact insect sort-
ing robot which has the ability to recognize and sort insect specimens based on overview images
of bulk samples. Especially interesting is the fact this robot, the DiversityScanner, is able to pro-
cess very small specimens (<3 mm) [60]. Specimens are automatically selected by the scanner,
imaged, assigned to a class or family, then moved to a microplate. Another study, [62], propose a
workflow that combines HotSHOT with MinION technologies to conduct fast and accurate spe-
cies-level sorting of ecological samples [62]. With a modest amount of equipment, manpower,
and training, the authors were able to conduct species-level sorting within hours, which came
down to 2.5 minutes per specimen. Of course, species identification can only be provided if iden-
tified sequences are present in databases, however, coupling this approach with the aforemen-
tioned reverse workflow that is applied in the GBOL III project could drastically expedite the
work for taxonomists. Because no taxonomic expertise is necessary for the laboratory produces,
taxonomists can be first brought on board to analyze vouchers after cluster analysis.

Employing DNA-based delimitation methods: Working with species
proxies

BOLD not only provides a variety of analytical- and visualization techniques, its interface is
also very user-friendly, making it easy for all researchers (even with little or no bioinformatic
knowledge) to use [32]. Due to this, BOLD is commonly used in DNA barcoding research, so
consequently, its integrated RESL algorithm and BIN system is also commonly used for
sequence data clustering. For our analyses, we used BIN-counts as a proxy for species diversity,
as has been done in various studies [6, 23, 63-66]. However, there are varying opinions regard-
ing using BINs for species delimitation [39, 46], especially when assuming that BIN numbers
are equal to species numbers in a 1:1 ratio. Therefore, as [67] recommended, we analyzed our
sequence data with several species delimitation methods that apply different algorithms to
compare the number of clusters recovered with each method. We used SpeciesIdentifier for
objective clustering using a preset threshold (3%) for comparative purposes and to increase
confidence regarding the relative extent of diversity in our traps. We recovered slightly fewer
clusters than with the RESL-algorithm from BOLD [Malaise Trap 1: 5,967 versus 6,283 OTUs;
Malaise Trap 2: 5,054 versus 5,253 OTUs]. With ASAP, hierarchical clustering was done using
pairwise genetic distances of sequences. The program builds numerous partitions ranked by
scores, with the best ones provided in the output to be used for analysis. With ASAP, we
obtained much more conservative cluster counts than with the RESL (and SpeciesIdentifier)
algorithm, especially for Malaise trap 1 (Table 2 and Fig 5). Analysis across methods displayed
similar trends in regard to sample coverage, depicting that the sample contents of Malaise trap
1 were much better sampled than of Malaise trap 2 (Table 2).

Conclusion

Here, processing only a fraction of bulk samples collected during merely three months of Mal-
aise trap sampling recovered more than 9,000 putative species and high species turnover
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among two very close sites. Despite processing more than 77,000 specimens, community anal-
ysis suggests that we strongly undersampled both collection sites. Community compositions at
the family level were conserved between traps, revealing similar ecological guild functions. The
majority of specimens collected and processed belong to the so-called dark taxa, for which little
taxonomic and life history information is available. Comprehensive specimen sampling, KI-
powered sample processing, and highest throughput sequencing coupled with trait analysis
will be crucial to address this knowledge gap, for which the technological is being created now
[38, 68-70].
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S1 Fig. Non-metric dimensional scaling (NMDS) of the community compositions. NMDS
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Gallmiicken in Bayern: DNA Barcoding vermittelt neue Einblicke in die
Mega-Vielfalt bislang (zu oft) ignorierter Mikrodipteren

(Diptera, Cecidomyiidae)

Caroline CHIMENO, Dieter DOCZKAL, Gerhard HASZPRUNAR, Axel HAUSMANN,
Mathias JASCHHOF, Marion KOTRBA, Kate PEREZ, Michael RAUPACH & Stefan SCHMIDT

Abstract

531 genetic clusters (BINs) of gall midges were retrieved in a single Malaise trap that was set up in
2017 within the inner-city premises of the Bavarian State Collection of Zoology in Munich, Germany.
Although the sample obtained from this trap is very limited in time and space, the number of detected
BINs correspond to 63,5% of the number of Cecidomyiidae species known in Germany up to date.
Based on data collected from our utterly limited sample, and taking the variety of yet unexplored
habitats into account, we conclude that Germany’s fauna of gall midges must comprise considerably
more species than previously expected.

Einleitung

»Wie viele Tierarten gibt es?* ist eine Frage, die Biologen schon immer beschéftigt hat und gleichzeitig
eine, die stets nur mit mehr oder weniger vagen Schitzungen beantwortet wurde. Obwohl es immer
wieder neue Abschitzungen gab und gibt, haben diese bislang wenig Gewissheiten gebracht. Das liegt
unter anderem daran, dass vor allem taxonomisch gut bearbeitete Gruppen untersucht wurden, wihrend
weniger bekannte, oftmals kryptisch-vielfiltige Gruppen unberiicksichtigt blieben (z. B. ODEGAARD
2000, MORA et al. 2011, CICCONARDI et al. 2013, CALEY et al. 2014, WUEHRL et al., 2021). Aktuellere
Studien, welche die Artenzahl anhand von Sequenzvariationen in der COI-DNA Barcode Region des
mitochondrialen Genoms erfassen, sind vom taxonomischen Bearbeitungsstand weitgehend unabhéngig.
Dabei fasst ein Algorithmus dhnliche Sequenzen zu sogenannten ,,molecular Operational Taxonomic
Units* (mOTUs) zusammen. Diesen werden im internationalen Barcode of Life Data System (BOLD)
sogenannte ,,Barcode Index Numbers* (BINs) zugeordnet, welche biologische Arten verhdltnismaBig
gut abbilden kénnen (RATNASINGHAM & HEBERT, 2013, SCHMIDT et al. 2015, HAUSMANN et al. 2013).
Eine entsprechende Studie von HEBERT et al. (2016) kommt fiir die Insektenfauna zu dem Schluss, dass
es global weit tiber 10 Millionen Insektenarten geben konnte. Diese Zahl {iberschreitet die kurz zuvor
verdffentlichte, auf einer Extrapolation aus Kéfer-Pflanzen-Interaktionen beruhenden Schitzung von 5,5
Millionen Arten bei weitem (STORK et al. 2015). Frithere Schitzungen lagen bei 510 Millionen (MORA
et al. 2011) bis hin zu 30 Millionen Arten (ERWIN 1982).

Innerhalb der Insekten gehoren die Zweifliigler (Diptera; Fliegen und Miicken) und Hautfliigler
(Hymenoptera; Ameisen, Bienen und Wespen) zu den vier artenreichsten Ordnungen, zusammen mit
den Coleoptera und Lepidoptera. Beide Ordnungen enthalten Familien, die trotz eines vermuteten ex-
trem hohen Artenreichtums in der taxonomischen Forschungslandschaft bislang nicht gebiihrend
berticksichtigt wurden. Es ist heute offenkundig, dass die weltweiten Schitzungen von Artenzahlen vor
allem deshalb so ungenau und widerspriichlich ausfallen, weil man {iber das uniiberschaubare Heer
kleiner Fliegen und Wespen bislang nur sehr vage Vorstellungen hat. Einige der in diesem Sinne ver-
nachldssigten Familien — auch bekannt als ,Dark Taxa“ — stehen jetzt im Mittelpunkt des neuen
GrofBiprojekts “German Barcode of Life IIl: Dark Taxa™ (GBOL III), das im Juli 2020 begann. Ziel
dieses Projekts ist es, das taxonomische und molekulare Wissen fiir diese Gruppen mittels eines integra-
tiv-taxonomischen Ansatzes erheblich zu erweitern, um die erfassten Arten weiterfithrender Forschung
(z.B. Nutzpflanzenschutz) zugédnglich zu machen. Eine der Zielgruppen von GBOL II sind die
Gallmiicken (Cecidomyiidae), nach Meinung vieler Dipterologen das ,,dunkle Taxon“ schlechthin. Die
Vertreter dieser Familie gehoren mit einer Korperlinge von etwa 1,5-2,5 mm zu den kleinsten Dipteren
(,,Mikrodipteren*). Die Imagines vieler Arten sind sogar kleiner als 1 mm. HEBERT et al. (2016) kamen
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zu dem Schluss, dass allein in Kanada von etwa 16.000 Gallmiicken-Arten auszugehen ist, was eine
Verzehnfachung bisheriger Erwartungen bedeutet und nahelegt, dass es weltweit 1.8 Millionen Gall-
miicken-Spezies geben kdnnte. Somit wire diese Gruppe die mit Abstand artenreichste Familie im
Tierreich (HEBERT et al. 2016). Fiir Deutschland wurden bisher ca. 840 Arten der Familie Cecidomyi-
idae identifiziert (MEYER & JASCHHOF 1999). Eine von MORINIERE et al. (2019) publizierte DNA
Barcode Sammlung — ein Ergebnis von GBOL I und IT — umfasst 927 BINs, von denen nur 44 ein Art-
name zugeordnet werden konnte.

Als Teil von GBOL IIT hat die Zoologische Staatssammlung Miinchen (SNSB-ZSM) den Projekt-
teil ,,Gallmiicken* {ibernommen. Schon im Vorfeld der Studie war im Rahmen des internationalen
,»Global Malaise Trap Program*® ein Jahr lang (2017) eine Malaisefalle auf dem Gelidnde des Instituts im
Miinchener Stadtgebiet betrieben worden.

Materialien und Methoden
Die Feldarbeit

Im Jahr 2017 wurde eine Malaisefalle auf dem Geldnde der Zoologischen Staatssammlung aufgestellt
(48.165° N, 11.485° O; 519 m .N.N.). Der im Miinchener Stadtgebiet gelegene Fallenstandort liegt in
einem Wohnviertel mit kleinrdumigen Gartenanlagen, wihrend das Geldnde der ZSM auf ca. 25.000 gm
Fldche von Wiesen und einigen Gehdolzen bedeckt ist. Auf dem Geldnde wurden vom Bund Naturschutz
in Bayem e.V. seit mehreren Jahren Pflegemafinahmen zur Erhéhung der Biodiversitdt durchgefiihrt.
Die Malaisefalle wurde von April bis Dezember betrieben und die Fangflasche zweiwochentlich ausge-
wechselt.

Jede zweite Sammelprobe wurde zur nachfolgenden Bearbeitung ausgewdhlt, mit den folgenden
Leerungsterminen: 10. April, 08. Mai, 05. Juni, 03. Juli, 31. Juli, 28. August, 25. September, 23. Okto-
ber, 20. November und 29. Dezember 2017.

Probenbearbeitung

Alle Proben wurden zur Bearbeitung an das Centre for Biodiversity Genomics (CBG) in Guelph,
Kanada, geschickt. Dort wurden nach morphologischen Kriterien insgesamt 32.592 Arthropoden einzeln
aus den Sammelproben selektiert. Da die Arthropoden im Ganzen fiir die Sequenzierung verwendet
wurden, wurden nicht-invasive Voucher-Recovery-Protokolle fiir die DNA-Extraktion verwendet, d.h.
die dufere Insektenhiille blieb intakt fiir morphologische Untersuchungen. Die Belegexemplare wurden
im Nachhinein zur anschlieffenden Dokumentation und Archivierung an die ZSM zuriickgeschickt. Das
CBG verarbeitete die Proben unter Verwendung standardisierter Protokolle zur DNA-Extraktion, PCR-
Amplifikation und Sanger-Sequenzierung (http://ccdb.ca/resources/). Alle Sequenzdaten und Trace-
Dateien (Sequenz-Chromatogramme) sind in der Barcode of Life Database (BOLD; http://www.boldsys
tems.org) im Container-Projekt GMTBZ in den Einzel-Projekten GMGMO bis GMGMX hinterlegt. Die
in dieser Arbeit analysierten Daten der Familie Cecidomyiidae sind im Datensatz DS-CECIDZSM (doi:
dx.doi.org/10.5883/DS-CECIDZSM) dffentlich zugdnglich. Zuriickgesendete Proben wurden fiir neue
BINs z. T. fotografiert und dokumentiert.

Datenanalyse

Zur Analyse der Daten wurden die in BOLD verfiigbaren Analyse-Tools verwendet. Die mittlere und
maximale intraspezifische Variation und die minimale genetische Distanz zur néchsten Art wurden
unter Verwendung des Kinmura-2-Parameter-Modells berechnet (KIMURA 1980, PULLANDRE et al. 2012).
Anhand der Distanzen wurden fiir die Sequenzen mittels RESL-Algorithmus mOTUs ermittelt und
BINs zugewiesen (RATNASINGHAM & HEBERT 2013).
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Resultate

Von 32.593 Sequenzen wurden 26.534 (81.4%) der Sequenzen BINs zugeteilt, die insgesamt 3.870
BIN-Clustern zuzuordnen sind. Voraussetzung fiir die Zuordnung einer Sequenz zu einer bereits
existierenden BIN ist eine Mindestlinge von 300 bp. Fiir die Generierung einer neuen BIN ist eine
Sequenzlinge von mindestens 500 bp erforderlich. Die 26.534 Sequenzen erstrecken sich iiber drei
Arthropoden-Klassen und decken 21 Ordnungen ab, von denen Diptera (14.850 Exemplare) und Hyme-
noptera (7.859 Exemplare) bei weitem den Grofiteil ausmachen. Von den insgesamt 2.643 Sequenzen
von Vertretern der Familie Cecidomyiidae konnten 325 Sequenzen (12,3%) insgesamt 30 bekannten
Arten zugeordnet werden, da diese in BOLD bereits erfasst waren. Die restlichen 2.318 Sequenzen
konnten bisher keiner bekannten Art zugeordnet werden (Tab. 1). Dabei lieflen sich 2.157 Sequenzen
nur bis zur Familie, und 161 nur bis zur Gattung bestimmen. Den 2.643 Cecidomyiidae-Sequenzen
wurden insgesamt 531 BINs zugewiesen. In vier Féllen ist eine bislang vermeintlich gute , Art* jeweils
durch zwei BINs repréisentiert: Dasineura spadicea RUBSAAMEN, 1917; Campvionyza flavipes MEIGEN,
1818; Lestodiplosis jumiperina FELT, 1907; Peromyia caricis KIEFFER 1901. 175 der insgesamt 531
BINs (33%) haben durch dieses Projekt erstmalig Eingang in BOLD gefunden; diesen neuen BINs
wurden insgesamt 453 Individuen zugeordnet.

Tabelle 1: Ubersicht der 2.643 Sequenzen im Cecidomyiidae-Datensatzz Anzahl der Sequenzen fir die entspre-
chende Gattung sowie Anzahl der Sequenzen mit Artname und prozentualem Anteil (in Klammer) und Auflistung
der beschriebenen Arten.

Gattung/Art Anzahlen: | Sequenzen | Sequenzen mit Artname (%) BINs Arten
Asphondylia 11 0 (0%) 1 0
Asteromyia 62 0 (0%) 2 0
Campylomyza 220 220(100%) 3 2
Campviomyza dilatata

(FELT, 1907)

Campviomyza flavipes

(MEIGEN, 1818)

CecidIntGen* 24 0 (0%) 2 0
Clinodiplosis 4 4 (100%) 1
Clinodiplosis cilicrus

(KIEFFER, 1889)

Contarinia 6 2(33,3%) 3 1

Contarinia asclepiadis
(GIRAUD, 1863)

Dasineura 15 11 (73.3%) 6
Dasineura leguminicola
(LINTNER, 1879)
Dasineura spadicea
(RUBSAAMEN, 1917)

[§*]

Felfiella 7 0 (0%)

=]
=]

Leptosyna 2 2 (100%) 1 1
Leptosyna nervosa
(WINNERTZ, 1852)

Lestodiplosis 6 6 (100%)
Lestodiplosis juniperina
(FELT, 1907)

(]
—

%]

1 (50%)

b3
—

Micromya
Micromya licorum
(RONDANI, 1840)
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Gattung/Art Anzahlen:

Sequenzen

Sequenzen mit Artname (%)

BINs

Arten

Mikiola

0 (0%)

Monardia
Monardia toxicodendri
(FELT, 1907)

3 (100%)

Monobremia
Monobremia subterranea

(KIEFFER, 1898)

2 (100%)

Nikandria
Nikandria brevitarsis
(MAMAEV, 1964)

1 (100%)

Obolodiplosis
Obolodiplosis robiniae
(HALDEMAN, 1847)

1 (100%)

Ozirhincus
Ozirhincus millefolli
(WACHTL, 1884)

22

1(4,5%)

Peromyia

Peromyia aeratipennis
(SKUSE, 1888)
Peromyia borealis
(HACEMAN, 1970)
Peromyia boreophila
(JASCHHOF, 2001)
Peromyia caricis
(KIEFFER, 1901)
Peromyia cornuta
(EDWARDS, 1938)
Peromyia fimgicola
(KIEFFER, 1901)
Peromyia impexa
(SKUSE, 1888)
Peromyia monilis
(MAMAEYV, 1965)
Peromyia ovalis
(EDWARDS, 1938)
Peromyia perpusilla
(WINNERTZ, 1870)
Peromyia ramose
(EDWARD, 1938)
Peromyia scutellata
(MAMAEV, 1990)
Peromyia upupoides
(JASCHHOF, 1997)

46

44 (95,7%)

16

13

Porricondyia
Porricondvla colpodioides
(MAMAEV, 1963)

25

25 (100%)

Resseliella
Resseliella theobaldi
(BARNES, 1927)

1 (100%)

Rhopalomyia

14

0 (0%)
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Gattung/Art Anzahlen: | Sequenzen | Sequenzen mit Artname (%) BINs Arten
Scizomyia 6 0 (0%) 5
Sitodiplosis 2 0 (0%) 1
Winnertzia 1 1(100%) 1

Winnertzia tridens
(PANELIUS, 1965)

nicht identifiziert 2.157 0 (0%) 472 0

Summe 2.643 325(12,3%) 535%* 30

* Temporédr-Name
** Vier Sequenzen wurden zwar jeweils einer BIN zugeordnet, blieben jedoch unbestimmt Diese BINs
erschemen doppelt in der Tabelle: emmal unter der dazugehonge Art, und nochmal unter , mcht identifizierte
Sequenzen“. Aus diesem Grund sind 1 der Summe 535 BINs aufgelistet, obwohl es sich um 531 eindeutige
BINs handelt.

Die 531 BINs aus dieser Studie entsprechen 63.5% der Anzahl der aktuell fiir ganz Deutschland
bekannten Artenund 57,3% der von MORINIERE et al. (2019) gefundenen Anzahl von BINs, wobei nur
153 BINs dieser Studie auch von MORINIERE et al. (L.c.) nachgewiesen wurden. Abbildung 1 stellt die
Hiaufigkeitsverteilung der Sequenzzahlen pro BIN im Datensatz dar. Einige wenige BINs waren in sehr
groBen Individuenzahlen vertreten, wéihrend einem Grofiteil der BINs sehr wenige Individuen zuzu-
ordnen waren. 251 BINs, fast die Hilfte aller BINs, wurden durch ein einziges Individuum reprisentiert
(Abb. 1).

250

200

150

100

Anzahl der BINs

50

1 2 3 4 5-10 11-20 21-100 =101
Hiufigskeilsklasse

Abb. 1: Anzahl der BINs pro Haufigkeitsklasse (abhangig von der Individuenzahl pro BIN). Fast zwe1 Dnttel aller
BINs sind nur durch ein (251) oder zwet (93) Individuen vertreten.

Diskussion

Mit einer einzigen Falle im Stadtgebiet von Miinchen konnte auf dem Gelidnde der Zoologischen Staats-
sammlung Miinchen eine Diversitdt von 531 Gallmiicken-BINs nachgewiesen werden. Auch wenn
BINS nicht Arten gleichzusetzen sind, so besteht doch eine hohe Ubereinstimmung zwischen Anzahl
BINs und Anzahl Arten (HAUSMANN et al. 2013, PENTINSAARI et al. 2014, SCcHMIDT et al. 2015,
RATNASINGHAM & HEBERT 2013), so dass mit einer Artenzahl von iiber 500 Arten von Gallmiicken zu
rechnen ist. Diese hohe Artenvielfalt an Gallmiicken ist auch deshalb bemerkenswert, weil mit hoher
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‘Wahrscheinlichkeit bei weitem nicht alle am Standort vorkommenden Arten erfasst wurden. Zum einen
beschrénkt sich die bisherige Auswertung auf lediglich 10 Wochen. Zum anderen ist die Erfassung des
Artenspektrums eines Standortes von zahlreichen Faktoren abhidngig. Im bisher ausgewerteten Material
sind fast zwei Drittel aller BINs nur durch ein oder zwei Individuen vertreten, also als selten einzu-
stufen. Es ist davon auszugehen, dass es noch viel mehr seltene Arten im Untersuchungsgebiet gibt,
deren Erfassung noch aussteht. Hinzu kommt die Erfahrung, dass bei der Vorauswahl von Morpho-
spezies am Stereomikroskop fiir das nachfolgende Sequenzieren 20% oder sogar deutlich mehr der
Arten nicht erkannt werden. Die tatsdchliche Diversitit diirfte also deutlich héher liegen, so dass es
prinzipiell denkbar ist, dass allein an dem von uns untersuchten Standort mehr Arten vorkommen, als
bisher in ganz Deutschland nachgewiesen wurden. Die tatsdchliche Diversitdt der Gallmiicken in
Deutschland diirfte alle bisherigen Schétzungen weit iibersteigen.

Von den bislang ermittelten 531 BINs konnten nur 30 (<6%) per Sequenzvergleich einer bereits
beschriebenen und in BOLD identifizierten Art zugeordnet werden. Die {ibrigen 501 BINs blieben un-
bestimmt. Zudem waren 175 Sequenzen neu fiir die internationale Barcode of Life-Datenbank (BOLD),
d.h. sie wurden bisher ausschliefllich auf dem Gel4nde der ZSM nachgewiesen. Diese Befunde verdeut-
lichen zweierlei: in BOLD ist der Anteil bestimmter Arten bei taxonomisch vernachlédssigten ,.Dark
Taxa* nach wie vor sehr gering, und es ist mit der Entdeckung einer groBen Anzahl neuer Arten zu
rechnen, und das selbst im Stadtgebiet von Miinchen.

Ausblick

Mit der Erforschung der Gallmiicken im Rahmen des Projektes ,,GBOL III - Dark Taxa“ verfolgt die
Zoologische Staatssammlung Miinchen das Ziel, die Diversitit der deutschen Gallmiickenfauna mit
einem integrativ-taxonomischen Ansatz in einer Weise zu erfassen, dass (1) die Gesamtartenzahl realis-
tischer als bisher abgeschétzt werden kann, (2) das Verhiltnis von beschriebenen zu unbeschriebenen
Arten deutlich wird und (3) fiir eine moglichst groBe Zahl von Arten ein deutscher Nachweis per DNA-
Barcode erbracht wird. Zudem erwarten wir, dass die Taxonomie der Gallmiicken um eine Reihe von
Art-Neubeschreibungen aus Deutschland bereichert werden kann. Im Rahmen von ,,GBOL III: Dark
Taxa* werden an der SNSB-ZSM in den Jahren 2020 bis 2023 weitere wenig bekannte Insektengruppen
bearbeitet: die Chironomidae (Diptera), Microgastrinas (Hymenoptera, Braconidae), Diapriidae (Hy-
menoptera) und einige weitere Gruppen. Die SNSB-ZSM reiht sich damit in das internationale Netz-
werk von Forschern ein, die in den Jahren 2019-2026 die ehrgeizigen Ziele des globalen BIOSCAN
Programms (https://ibol.org/programs/bioscan/) zu verwirklichen suchen.

Literatur

CALEY, J.M., FISHER, R. & K. MENGERSEN 2014: Global species richness estimates have not converged.
— Trends in Ecology and Evolution 29, 187—188.

CICCONARDL F., FANCIULLL P.P. & B. C. EMERSON 2013: Collembola, the biological species concept
and the underestimation of global species richness. — Molecular Ecology 22, 5382-5396.

ERrwmv, T. L. 1982. Tropical forests: their richness in Coleoptera and other arthropod species. — The
Coleopterists Bulletin 6, 74-75.

GAGNE, R.J. & M. JASCHHOF 2017: A Catalog of the Cecidomyiidae (Diptera) of the World. — Digital,
762. Verfiigbar unter: http://www.ars.usda.gov/ ARSUserFiles/80420580/Gagne 2017 World Cat
_4th ed.pdf.

HAUSMANN, A., GODFRAY, H. C. J., HUEMER, P., MUTANEN, M., ROUGERIE, R., VAN NIEUKERKEN, E. T.,
RATNASINGHAM, S. & P. D. HEBERT 2013: Genetic patterns in European geometrid moths
revealed by the Barcode Index Number (BIN) system. — PloS ONE 8 (12), 84518 (11 pp).

HEBERT, P. D. N., RATNASINGHAM, S., ZAKHAROV, E. V., TELFER, A. C., LEVESQUE-BEAUDIN, V.,
MILTON, M. A., PEDERSON, S., JANNETTA, P. & J. R. DEWAARD 2016: Counting animal species with
DNA barcodes: Canadian insects. — Philosophical Transactions of the Royal Society B: Biological
Sciences, 371 (1702), 20150333 (10 pp).

110




NachrBl. bayer. Ent. 70 (3/4), 2021 107

KIMURA, M. 1980: A simple method for estimating evolutionary rates of base substitutions through
comparative studies of nucleotide sequences. — Journal of Molecular Evolution 16 (2), 111-120.

MEYER, H. & M. JASCHHOF 1999: Cecidomyiidae, 18-32. In: SCHUMANN, H., BAHRMANN, R. & A. STARK
(eds): Entomofauna Germanica 2. Checkliste der Dipteren Deutschlands. — Studia dipterologica,
Supplement 2, 1-354.

MoRa, C., TITTENSOR, D.P., ADI, S., SIMPSON, A.G.B. & B. WoRM 2011: How many species are there on
earth and in the ocean? — PLOS Biology 9, 1001127 (8 pp).

MORINIERE, J., BALKE, M., DOCZKAL, D., GEIGER, M. F., HARDULAK, L. A., HASZPRUNAR, G., HAUS-
MANN, A., HENDRICH, L., REGALADO, L., RULIK, B., SCHMIDT, S., WAGELE, J. W. & P. D. N. HEBERT,
2019: A DNA barcode library for 5,200 German flies and midges (Insecta: Diptera) and its impli-
cations for metabarcoding-based biomonitoring. — Molecular Ecology Resources 19, 900-928.

ODEGAARD, F. 2000: How many species of arthropods? Erwin’s estimate revisited. — Riological Journal
of the Linnean Society 71, 583-597.

PENTINSAARI, M., HEBERT, P. D. N. & M. MUTANEN 2014: Barcoding beetles: a regional survey of 1872
species reveals high identification success and unusally deep interspecific divergences. — PLOS
ONE 9, 108651 (10 pp).

PUILLANDRE, N., LAMBERT, A., BROULLLET, S. & G. ACHAZ 2012: ABGD, Automatic Barcode Gap Dis-
covery for primary species delimitation. — Molecular Ecology 21 (8), 1864-1877.

RATNASINGHAM, S. & P.D.N. HEBERT 2013: A DNA-based registry for all animal species: the Barcode
Index Number (BIN) system. — PLOS ONE 8 (7), 66213 (16 pp).

SCHMIDT, S., SCHMID-EGGER, C., MORINIERE, J., HASZPRUNAR, G. & P. D. N. HEBERT 2015: DNA bar-
coding largely supports 250 years of classical taxonomy: identifications for Central European bees
(Hymenoptera, Apoidea partim). — Molecular Ecology Resources 15 (4), 985-1000.

STORK, N.E., MCBROOM, J., GELY, C. & HAMILTON, A.J. 2015: New approaches narrow global species
estimates for beetles, insects, and terrestrial arthropods. — PNAS June 16, 2015 112 (24) 7519—
7523; first published June 1, 2015; https://doi.org/10.1073/pnas.1502408112.

WUEHRL, L., PYLATIUK, C., GIERSCH, M., LAPP, F., VON RINTELEN, T., BALKE, M., SCHMIDT, S., CERRETTL
P. & R. MEIER 2021: DiversityScanner: Robotic discovery of small invertebrates with machine
learning methods. bioRxiv, 2021.05.17.444523.

Anschriften der Verfasser:

M. Sc. Caroline CHIMENO
Miinchhausenstrafie 21

81247 Miinchen, Deutschland
E-Mail: chimeno@snsb.de

Dr. Axel HAUSMANN
Miinchhausenstrafle 21

81247 Miinchen, Deutschland
E-Mail: hausmann.a@snsb.de

Kate PEREZ

50 Stone Road East

Guelph, Ontario, NIG2W 1,
Kanada

E-Mail: kperez@uoguelph.ca

Dieter DOCZKAL
Miinchhausenstralle 2

81247 Miinchen, Deutschland
E-Mail: doczkal@snsb.de

Dr. Mathias JASCHHOF
Olands Skogsby 161

38693 Férjestaden, Schweden
E-Mail: mjaschhofi@yahoo.de

Dr. habil. Michael RAUPACH
Miinchhausenstralle 21

81247 Miinchen, Deutschland
E-Mail: raupach(@snsb.de

Prof. Dr. Gerhard HASZPRUNAR
Miinchhausenstrafie 21

81247 Miinchen, Deutschland
E-Mail: haszprunar(@snsb.de

Dr. Marion KOTRBA
Miinchhausenstrafie 21

81247 Miinchen, Deutschland
E-Mail: kotrba@snsb.de

Dr. Stefan SCHMIDT
Miinchhausenstrafie 21

81247 Miinchen, Deutschland
E-Mail: schmidt.s(@snsb.de

111




112



Publication III:

Peering into the Darkness: DNA Barcoding Reveals Surprisingly High
Diversity of Unknown Species of Diptera (Insecta) in Germany

Published in Insects
Chimeno, C., Hausmann, A., Schmidt, S., Raupach, M. J., Doczkal, D., Baranov, V., Hiibner, J., Hocherl,
A., Albrecht, R., Jaschhof, M., Haszprunar, G. & Hebert, P. D. (2022). Peering into the Darkness: DNA

Barcoding Reveals Surprisingly High Diversity of Unknown Species of Diptera (Insecta) in Germany.
Insects, 13(1), 82. 10.3390/insects13010082

113



114



. insects

Article

Peering into the Darkness: DNA Barcoding Reveals
Surprisingly High Diversity of Unknown Species of Diptera
(Insecta) in Germany

Caroline Chimeno 1*, Axel Hausmann !, Stefan Schmidt !, Michael J. Raupach ', Dieter Doczkal !,
Viktor Baranov 2(7, Jeremy Hiibner !, Amelie Hocherl !, Rosa Albrecht !, Mathias Jaschhof 3,
Gerhard Haszprunar 12 and Paul D. N. Hebert *

check for
updates

Citation: Chimeno, C.; Hausmann,
A.; Schmidt, S.; Raupach, M J.;
Doczkal, D.; Baranov, V.; Hiibner, J.;
Haocherl, A.; Albrecht, R.; Jaschhof,
M.; et al. Peering into the Darkness:
DNA Barcoding Reveals Surprisingly
High Diversity of Unknown Species
of Diptera (Insecta) in Germany.
Insects 2022, 13, 82. https:/ /doi.org/
10.3390/ insects13010082

Academic Editor: Ding Yang

Received: 16 November 2021
Accepted: 5 January 2022
Published: 12 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

4.0/).

SNSB-Zoologische Staatssammlung Miinchen, Miinchhausenstr. 21, 81247 Miinchen, Germany;
hausmann.a@snsb.de (A.H.); schmidt.s@snsb.de (S.5.); raupach@snsb.de (M.].R.); doczkal@snsb.de (D.D.);
huebner@snsb.de (J.H.); hoecherl@snsb.de (A.H.); albrecht@snsb.de (R.A.); haszprunar@snsb.de (G.H.)
Department Biology II, Ludwig-Maximilians-University of Munich (LMU), GroRhaderner Str. 2,
Martinsried, 82152 Planegg, Germany; baranowiktor@gmail.com

3 Station Linné, Olands Skogsby 161, 38693 Farjestaden, Sweden; mjaschhof@yahoo.de

4 Centre for Biodiversity Genomics, University of Guelph, Guelph, ON N1G 2W1, Canada;
phebert@uoguelph.ca

Correspondence: chimeno@snsb.de

Simple Summary: Roughly two-thirds of the insect species described from Germany belong to
the orders Diptera (flies) or Hymenoptera (wasps, bees, ants and sawflies). However, both orders
contain several species-rich families that have received little taxonomic attention until now. This
study takes the first step in assessing these “dark taxa” families and provides species estimates for
four challenging groups of Diptera (Cecidomyiidae, Chironomidae, Phoridae and Sciaridae). The
estimates given in this paper are based on the sequencing results of over 48,000 fly specimens that
have been collected in southern Germany via Malaise traps that were operated for one season each.
We evaluated the fraction of species in our samples belonging to well-known fly families in order
to estimate the species richness of the challenging “dark taxa” (DT families hereafter). Our results
suggest a surprisingly high proportion of undetected biodiversity in a supposedly well-investigated
country: at least 18002200 species await discovery and description in Germany in these four families.

Abstract: Determining the size of the German insect fauna requires better knowledge of several
megadiverse families of Diptera and Hymenoptera that are taxonomically challenging. This study
takes the first step in assessing these “dark taxa” families and provides species estimates for four
challenging groups of Diptera (Cecidomyiidae, Chironomidae, Phoridae, and Sciaridae). These
estimates are based on more than 48,000 DNA barcodes (COI) from Diptera collected by Malaise traps
that were deployed in southern Germany. We assessed the fraction of German species belonging to
11 fly families with well-studied taxonomy in these samples. The resultant ratios were then used
to estimate the species richness of the four “dark taxa” families (DT families hereafter). Our results
suggest a surprisingly high proportion of undetected biodiversity in a supposedly well-investigated
country: at least 1800-2200 species await discovery in Germany in these four families. As this
estimate is based on collections from one region of Germany, the species count will likely increase
with expanded geographic sampling.

Keywords: Diptera; insects; dark taxa; taxonomic impediment; species estimates; DNA barcoding;
biodiversity; German insect fauna

1. Introduction

Although the Central European insect fauna is considered to be well studied, gaps in
knowledge of its taxonomy and biodiversity remain [1]. About 33,300 species of insects
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are documented from Germany, of which roughly two-thirds of these taxa belong to one
of the two orders: Diptera (flies) and Hymenoptera (wasps, bees, ants, and sawflies) [1-8].
However, both orders contain several species-rich families which have received less at-
tention than others in Germany’s long history of taxonomic research [1]. This reflects the
confluence of several factors, such as extreme species richness combined with a high rate of
cryptic diversity and, most importantly, the limited taxonomic attention directed to small
specimens (<2 mm) whose morphological characteristics are difficult to evaluate. Successful
identification of species in these groups using morphology is time-consuming and requires
taxonomic expertise, the availability of which is decreasing [9-14]. This imbalance of few
researchers but high species numbers still awaiting documentation is commonly referred
to as the taxonomic impediment [9,15,16]. Against the backdrop of a worldwide decline
in insect abundance, the taxonomic impediment is an alarming constraint to biodiversity
surveys [17-21]. One such constraint is noticeable in the framework of DNA barcoding
applications, where species proxies (Barcode Index Numbers, BINs) often lack a linkage
to a known species [22]. Page [22] coined the term “dark taxa” for these nameless BINs,
and in 2020, Hausmann et al. [1] used it to address species-rich, taxonomically challenging
groups of insect families whose diversity remains mostly undescribed. These include
certain families of non-brachyceran Diptera (mosquitoes, gnats, midges), some families of
Brachycera (flies), and nearly all families of parasitoid Hymenoptera (wasps) which often
make up the majority of the insect biodiversity present in environmental and bulk sam-
ples [23]. With the shortage of taxonomic specialists, the functional role of “dark taxa” in
ecosystems is far too understudied, meaning that they cannot be included in biomonitoring
or conservation surveys.

The most recent project in the German Barcode of Life initiative, GBOL I1I: Dark Taxa,
was launched in mid-2020 to tackle these challenging groups. Its two main goals are:
(1) to study various DT families using an integrative taxonomic approach which combines
morphological and sequence data [1,24], and (2) to expand the DNA barcode reference
library established by three earlier initiatives (Barcoding Fauna Bavarica, GBOL I, GBOL
1I) [24-26]. Work conducted by GBOL II generated a reference library for the order Diptera
based on 50,963 COI sequences, data that provided barcodes for 5200 BINs [13]. A recent
commentary on this study presented a classical dipterist’s perspective on the situation
for the better-known families of Diptera [27]. It explored ways to extend the involvement
of expert taxonomists in assigning Linnean names to BINs. However, the challenge in
implementing similar work on DT families was not addressed, highlighting the need to
seek new approaches so these taxa can finally become more accessible to research.

This study begins this effort by considering the German fauna of four DT families
of Diptera which lack estimates of their species numbers: Cecidomyiidae (gall midges),
Chironomidae (non-biting midges), Phoridae (scuttle flies), and Sciaridae (dark-winged
fungus gnats) (Figure 1). To address this goal, we examine the diversity of these DT
families in our Malaise trap collections. We employ BIN data resulting from the sequence
analysis of samples from southern Germany and use these results to estimate the extent
of undocumented biodiversity in these families in Bavaria and Germany. An important
backbone to our calculations is species numbers inferred from essential contributions of
Germany's over 200-year-long history of taxonomy [5-8,28-38].
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Figure 1. Selected representatives of the DT families analyzed in our study: Cecidomyiidae (top left);
Phoridae (top right); Sciaridae (bottom left) and Chironomidae (bottom right). Scale bars represent
1 mm.

2. Materials and Methods
2.1. Malaise Tap Sites

In 2012, the Global Malaise Trap Program was launched by the Centre for Biodiversity
Genomics (CBG) at the University of Guelph to provide a global overview of arthropod
diversity [39]. As part of this project, 14 Malaise traps were deployed at various sites in
Germany (Figure 2 and Table 1). In 2012, one trap was operated from May to September in
the Bavarian Forest National Park (BENP), a conifer-dominated montane forest. In 2014,
12 Malaise traps were placed along an altitudinal transect (1036-2160 m) in the Allgau
Alps, ranging from the Oytal to the Schochen and Nebelhorn Mountains. Traps in lower
altitudes (Oytal) were deployed in May, whereas those in higher altitudes (Schochen and
Koblat) were deployed in June. All traps in the Allgdu Alps were operated until October.
Finally, in 2017, one trap was deployed at the Bavarian State Collection of Zoology (ZSM)
in Munich, which is situated in a residential neighborhood rich in backyard gardens. This
trap was operated from April to December. Altogether, the sampled sites represent a het-
erogeneous array of habitats typical of southern Germany. The specifics of trap deployment
(habitat type, site, orientation, height) strongly influence its catch [40]. Collection dates
varied among sites but are detailed in Table Al. Denatured ethanol (80%) was used to
preserve specimens.
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Figure 2. Malaise trap sites. Locations where the 14 Malaise traps were deployed in 2012, 2014, and
2017 ((A,B) shows enlarged map of Allgdu Alps) as Germany’s contribution to the Global Malaise
Trap Program.

Table 1. Malaise trap information. Trap site, exact location, elevation, and habitat type.

Site Trap Coordinates Elevation Habitat
BENP Trap 1 48.9509° N 13.422° E 842 m Natural forest
Z5M Trap 2 48.1648° N 11.4849° E 519 m Urban, pre-alpine meadow
Allgéu Alps: Oytal Trap 3 47.39205° N 10.34093° E 1122 m Lake rock face
Allgau Alps: Oytal Trap 4 47.38903° N 10.34846° E 1200 m Cone of scree
Allgéu Alps: Oytal Trap 5 47.38842° N 10.34440° E 1056 m Rough pasture
Allgéu Alps: Oytal Trap 6 47.38695° N 10.34438° E 1036 m River
Allgdu Alps: Schochen Trap 7 47.39202° N 10.36991° E 1930 m Alpine grassland
Allgdu Alps: Schochen Trap 8 47.39232° N 10.37057° E 1908 m Spring
South-exposed ridge with
Allgau Alps: Schochen Trap 9 47.39368° N 10.36926° E 2032 m Blaugras-
Horstseggenrasen
Allgau Alps: Schochen Trap 10 47.39307° N 10.36229° E 2010 m South-exposed rock
Allgdu Alps: Schochen Trap 11 47.39360° N 10.36615° E 1980 m Snow bed
Allgau Alps: Koblat Trap 12 47.42223° N 10.34783° E 2160 m South-exposed rock face
Allgau Alps: Koblat Trap 13 47.42147° N 10.35465° E 2033 m Snow bed
Allgau Alps: Koblat Trap 14 47.42272° N 10.35730° E 2005 m Mountain pine bush

2.2. Processing of Specimens

Samples from two sites (BFNF, ZSM) were sent directly to the CBG for analysis. Due
to funding constraints, roughly every second weekly sample from the BENP and every
fourth weekly sample from the ZSM were selected for DNA barcode analysis. Based on
the number of specimens in the samples that were processed, the full year of collecting at
these sites yielded about 52,000 and 130,000 specimens, respectively. Using morphology,
specimens from these locales were sorted to an order prior to sequence analysis and to a
family after analysis. In total, tissue samples or whole individuals of 62,073 specimens
(29,481 from BENP; 32,592 from ZSM) were transferred to 96-well microplates for DNA
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extraction. Samples from the Allgiau Alps were sorted by a dipterist at the ZSM before
being dispatched in 96-well microplates to the CBG for sequence analysis. Rough estimates
suggest the Allgau samples included well over a million specimens, but funding was only
available to process about 2% of them (20,250 specimens).

At the CBG, specimens were processed using standard protocols for DNA extraction,
PCR amplification of the barcode region of COL, and sequencing. Specimens from the BENP
and the Allgdu Alps were Sanger sequenced on an ABI 3730XL [41], while specimens from
the ZSM were sequenced on Sequel [42].

2.3. Data Analysis

All specimen metadata and sequence data were uploaded to the Barcode of Life Data Sys-
tem (BOLD), an online workbench and database [32]. These data are publicly available in three
datasets: DS-BFNF, DS-ZSMTRAP and DS-ALGALPS. Each sequence > 300 base pairs (bp)
was automatically assigned to a Barcode Index Number (BIN) already in BOLD if sequence
similarity based on the (RESL-) BIN algorithm was fulfilled [43]. Sequences > 500 bp which
did not find a match served as founders of new BINs. All data were downloaded on
8 February 2021 for further analysis. Therefore, the present results correspond to BINs as-
signed at that time (BIN assignments can change as new sequences are added to BOLD).
Employing BINs as a proxy for species, we employed Chaol [44] to estimate species counts
for the dipteran families selected for analysis. We then calculated the ratio between the
observed number of BINs in our samples to the estimate of species richness generated
by Chaol to ascertain the proportion of species at the sampling sites that have not been
captured by our Malaise traps and that await analysis. We also generated continuous
diversity profiles that illustrated variation in three standard metrics of biodiversity, which
are quantified by Hill numbers (q): species richness (q = 0), Shannon diversity (q = 1), and
Simpson diversity (q = 2) [34]. Hill numbers are a mathematically consolidated group of
diversity indices which include relative species abundances in order to quantify biodi-
versity [45]. All calculations were performed in R version 3.3.6 with the Chaol estimates
calculated using the SpadeR package [46].

2.4. Extrapolating Species Numbers

We selected, more or less randomly, 11 dipteran families whose taxonomy and fauna
have been intensively studied to date in order to assess the fractions of the Bavarian and
German faunas represented in our samples (Table 2). By comparing the known species
counts for these 11 families with the species recovered from our Malaise traps, we could
estimate the percentage of these taxa that were recovered, providing a basis for estimating
the completeness of our sampling. These values could then be used to estimate species
diversity for our four DT families: Cecidomyiidae—gall midges; Chironomidae—non-
biting midges; Phoridae—scuttle flies, and Sciaridae—dark-winged fungus gnats.

Species numbers for Germany and for Bavaria were obtained from extensive literature
(Table 2). For each family where a species count for Bavaria was unavailable, we adopted a
count equal to 0.80 of the species number for Germany. This value was conservative because
where species lists were available for both Bavaria and Germany, the ratio often exceeded
0.80 (Table 2). Moreover, this proportion corresponds to past evidence that Bavaria hosts
80-85% of the German fauna in well-studied invertebrate groups, both terrestrial and
limnic [2,47].
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Table 2. Species numbers for 15 families of Diptera. Species numbers for the Bavarian and German
faunas are shown for 11 families of Diptera with well-established taxonomy and for four families
with limited knowledge (Cecidomyiidae, Chironomidae, Phoridae, Sciaridae). *—estimated at 80% of
German fauna.

Taxon Bavarian Species German Species Species Count
Count Count Bavaria/Germany

Asilidae 68 [28] 85 [29] 0.80
Calliphoridae B0 62 [35] 0.80 *
Drosophilidae 64 [28] 81[37] 0.79
Ephydridae 140 * 174 [38] 0.80*
Muscidae 267 * 334 [48] 0.80 *
Sarcophagidae 107 * 134 [35] 0.80*
Stratiomyidae 59 [28] 71 [30,48] 0.83
Syrphidae 389 [28] 458 [31] 0.85
Tabanidae 47 [28] 58 [8,48] 0.81
Tachinidae 361 [28] 501 [48] 0.72
Tipulidae 120 [33] 142 [32] 0.85
Cecidomyiidae 328 [38] 859 [5-8] 0.38
Chironomidae 576 [28] 781 [5-8] 0.74
Phoridae 302 378 [5-8] 0.80 %
Sciaridae 231 [28] 343 [43] 0.67
All Diptera 7635 * 9544 [8] 0.80 *

We estimated species numbers for the DT families through the following steps:

1. We calculated a Recovery Ratio by dividing the number of BINs detected through
sequencing by the species count for each of the 15 families and for all Diptera
(BIN/species ratio). This approach generated a ratio for each well-known family,
for each DT family, and for all Diptera.

2. We estimated the maximum number of species for each “dark taxon” for both Ger-
many and Bavaria by dividing its BIN count by the average BIN/species ratio of all
11 well-known families.

3. We estimated the minimum species number for each “dark taxon” by dividing all
Diptera BINs by all Diptera species (i.e., 9544). Because this calculation includes
numerous families with cryptic diversity, the resultant values underestimate the
diversity of the DT families.

In the same fashion, we extrapolated species numbers employing the Chaol values
for the four DT families.

3. Results
3.1. Sequencing Results

COI sequences were recovered from 85.4% of the insects (70,293 /82,323) that were
analyzed (Table 3) and success was even higher for Diptera (91%). Diptera comprised
nearly two thirds of the specimens that were analyzed and more than half of the resultant
BINs. When results for Diptera from the three collection sites were pooled, the resulting
48,230 COI sequences were assigned to 4863 BINs and included species from 85 families.
Across all sites, roughly 20% of the BINs were new to BOLD and almost 70% of them
were Diptera with representatives from 56 families. Almost half of all dipteran BINs (2146;
44.1%) and 55% of the new dipteran BINs belonged to the four DT families.
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Table 3. Sequence results for the three sampling sites. Total sample size, number of processed
specimens, sequences recovered, BINs, BINs new to BOLD, Diptera specimens, and Diptera BINs.

BFNP ZSM Allgiu Alps Total
Samples (trap x collection events) 1x9=9 1x10=10 8x7+4x10=96 100
All
Specimens 29,481 32,592 20,250 82,323
COI sequences (% success) 25,217 (85.6%) 28,923 (88.7%) 16,152 (79.8%) 70,293 (85.4%)
BINS (% new to BOLD) 2565 (19.4%) 3870 (15.8%) 4043 (23.0%) 8790 (23.8%)
Diptera
Specimens (% of all specimens) 23,114 (78%) 15,448 (47%) 14,238 (70%) 52,800 (64%)
COI sequences (% success) 20,909 (91%) 14,983 (97%) 12,338 (87%) 48,230 (91%)
BINS (in % of all BINs) 1571 (61%) 1676 (43%) 2632 (65%) 4863 (55%)
Diptera BINs new to BOLD 375 260 736 1413
DT BINs new to BOLD (% of all " " - o
new Diptera BINs) 337 (90%) 215 (83%) 215 (29%) 780 (55%)
3.2. Estimation of Taxon Diversity Using BIN/Species Ratios
The 11 well-known families of Diptera displayed BIN/species ratios that ranged
from 0.19-0.60 (e 0.33 + 0.9) for Bavaria and from 0.15-0.48 (& 0.27 + 0. 7) for Germany
(Table 4, Figure Ala). Dividing all Diptera BINs by all known Diptera species produced
a ratio of 0.64 for Bavaria and 0.51 for Germany. While one DT family (Chironomidae)
possessed a ratio (0.38, Germany) that overlapped the upper end of the values for the
11 well-known families, the other three had far higher ratios. In fact, the BIN count for
Phoridae and Sciaridae nearly matched the known species count for Germany, while the
count for Cecidomyiidae exceeded it.
Table 4. Fifteen families of Diptera, 11 with well-developed taxonomy and four that are less well
known. The number of BINs recovered in this study is followed by the known species count for
Bavaria and Germany, the ratio of species counts for Bavaria and Germany, and BIN/Species ratios
for Bavaria and Germany.
T Bavarian German Bavarian/German BINs/Bavarian  BINs/German
axa BINs s 2 5 : x
Species Species Species Species Species
Asilidae 13 68 85 0.80 0.19 0.15
Calliphoridae 2 50 62 0.80 0.44 0.35
Drosophilidae 27 64 81 0.79 0.42 0.34
Ephydridae 32 140 174 0.80 0.23 0.18
Muscidae 160 267 334 0.80 0.60 0.48
Sarcophagidae 35 107 134 0.80 033 0.26
Stratiomyidae 14 59 71 0.83 0.24 0.20
Syrphidae 131 389 458 0.85 0.34 0.29
Tabanidae 9 47 58 0.81 0.19 0.16
Tachinidae 126 361 501 0.72 0.35 0.25
Tipulidae 43 120 142 0.85 0.36 0.30
Average values 0.33 £ 09 0.27 £0.7
Cecidomyiidae 1163 328 859 0.38 3.55 1.35
Chironomidae 296 576 781 0.74 0.51 0.38
Phoridae 348 302 378 0.80 15 0.92
Sciaridae 339 231 343 0.72 1.47 0.99
Average values 1.67 £ 0.9 0.91 +0.3
All Diptera 4863 7635 9544 0.80 0.64 0.51

3.3. Estimation of Taxon Diversity Using Chaol/Species Ratios

Chaol estimates of species richness were obtained for the 15 families of Diptera
(Table 5). BIN/Chaol ratios averaged 0.76 for the 11 well-known families. The diversity
profiles for 10 of these families showed overlap between the species richness in our samples
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and that estimated to occur at the sites sampled by our Malaise traps (Hill number q =0,
Figure 3). Muscidae was the sole exception as its predicted diversity was considerably
higher than currently recognized. Chaol/species ratios ranged from 0.21-0.82 (0.46 + 0.2)
for Bavaria and from 0.16-0.66 (0.37 & 0.2) for Germany (Table 5).

Table 5. Proportion of undocumented Diptera biodiversity for Bavaria and Germany based on Chaol
estimates for 15 families.

Bavarian German Chaol/ Chaol/

Taxon BINs Chaol BIN/Chaol 7 : Bavarian German
Species Species Speci Speci

pecies pecies
Asilidae 13 16 0.81 68 85 0.24 0.16
Calliphoridae 22 28 0.79 50 62 0.56 0.45
Drosophilidae 27 38 0.71 64 81 0.59 0.47
Ephydridae 32 88 0.36 140 174 0.63 0.51
Muscidae 160 220 0.73 267 334 0.82 0.66
Sarcophagidae 35 41 0.85 107 134 0.38 0.31
Stratiomyidae 14 16 0.88 59 71 0.27 0.23
Syrphidae 131 158 0.83 389 458 0.41 0.34
Tabanidae 9 10 0.90 47 58 0.21 0.17
Tachinidae 126 153 0.82 361 501 0.42 0.31
Tipulidae 43 59 0.73 120 142 049 0.42

Aveiegp 0.46 + 0.2 037 +0.2

values

Cecidomyiidae 1163 1937 0.60 328 859 591 2.25
Chironomidae 296 479 0.62 576 781 0.83 0.61
Phoridae 348 432 0.81 302 378 143 1.14
Sciaridae 339 468 0.72 231 343 2,03 1.36

Average 255417 134 £ 0.5

values

All Diptera 4863 6927 0.70 7635 9544 0.91 0.73

The BIN /Chaol ratios for the DT families were similar to those for the well-known
families, ranging from 0.60-0.81 (& 0.69 + 0.8). The diversity profiles for all four families
(Figure 4) showed no overlap between observed and estimated species richness (i.e., Hill
number q = 0). Chaol/species ratios indicated coverages of 0.83-5.91 for Bavaria and
0.61-2.25 for Germany (Table 5). Excluding Chironomidae, all DT families possessed ratios
well above 1. Considering all Diptera, our samples recovered about 70% of the species
estimated to occur at the study sites, meaning that as many as 6927 BINs of Diptera could
have been collected during sampling. Chaol/species ratios were 0.91 for Bavaria and 0.73
for Germany.
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Figure 3. Diversity profiles for 11 well-known taxa. The empirical (BIN counts; dotted blue) and
estimated (Chaol; red) diversity profiles for communities where Malaise traps were deployed,
as quantified by Hill numbers for each of the 11 well-known families for values of the diversity
order (q) from 0-3 with 95% confidence intervals (shaded areas based on bootstrap analysis of
100 permutations). Species richness is depicted by ¢ = 0; Shannon diversity by q = 1; and Simpson
diversity by q =2.
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Figure 4. Diversity profiles for the four DT families. The empirical (BIN counts; dotted blue) and
estimated (Chaol; red) diversity profiles for communities where Malaise traps were deployed, as
quantified by Hill numbers for each of the four “dark taxa” families for values of the diversity
order (q) from 0-3 with 95% confidence intervals (shaded areas based on bootstrap analysis of
100 permutations). Species richness is depicted by q = 0; Shannon diversity by q = 1; and Simpson
diversity by q =2.

3.4. Extrapolating Species Numbers

We employed the two ratios to estimate the number of species in the DT families. First,
we used BIN/species ratios to extrapolate species numbers based on the number of ob-
served BINs. Second, we used the Chaol/species ratios to estimate species numbers based
on the estimated BIN diversity. The first approach generates more conservative values than
the second. We divided the number of observed BINs by the (BIN or Chaol)/species ratio
for all Diptera to calculate minimum species numbers. To obtain an upper limit, we divided
the number of observed BINs for each family by the average (BIN or Chaol)/species ratio
for all well-known families. The following calculation is presented below (e.g., Sciaridae).

As 339 Sciaridae BINs were recovered, the minimum species estimate for Bavaria was
530 (339/0.64), while the upper estimate was 1027 (339/0.33). Similarly, the number of
species in Germany could be estimated as ranging from 665 (339/0.51) to 1255 (339/0.27)
species. By making similar calculations for each DT family, an overall estimate for total
species numbers in Bavaria and Germany was obtained (Table 6). The number of species
that await discovery in each region can then be obtained by subtracting the number of
known species from these estimates.
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Table 6. BINs and calculated estimates. Total number of BINs recovered for each family from all
traps, our calculated estimates, number of recorded species, and potential amplitude of new records
for Bavaria and Germany.

Estimates Bavarian biid Estimates German New
Dark Taxa BINs ; 3 Records < Records
Bavaria Species B . Germany Species
avaria Germany
BIN/species ratio
Cecidomyiidae 1163 1817-3524 328 1489-3196 2280-4307 859 1421-3448
Chironomidae 296 463-897 576 0-321 580-1096 781 0-315
Phoridae 348 544-1055 302 242-753 682-1289 378 304-911
Sciaridae 339 530-1027 231 299-796 665-1256 343 322-913
Chaol/species
ratio
Cecidomyiidae 1937 21294211 328 1801-3883 2653-5235 859 1794-4376
Chironomidae 479 526-1041 576 0-465 656-1295 781 0-514
Phoridae 432 475-939 302 173-637 592-1168 378 214-790
Sciaridae 468 514-1017 231 283-786 641-1265 343 298-922

In total, we recovered 2146 BINs for the DT families which is 22% of the total count of
dipteran species known from Germany. Our conservative estimate suggested that just the
DT families comprise about 3300-6500 species in Bavaria versus 4200-7900 in Germany.
Based on the current species count for Diptera in Bavaria (7635) and Germany (9544), and
our estimate of new record, this implies an increase of 25-66% and by 19-59% respectively.

By comparison, the Chaol analysis suggested that 3316 BINs of the DT families
occurred at our sampling sites, a 54% increase from current estimates. Based on this
approach, there about 2200-5800 species in Bavaria and 2200-6600 in Germany that may
still await documentation. Hence, this approach raises the species count for Diptera by
29-75% for Bavaria and by 22-69% for Germany.

4. Discussion

Although members of the order Diptera comprise almost a third of Germany’s insect
fauna, the true diversity of the four highly diverse families [1] examined in this study is
likely much higher than previously assumed [13,38]. By assessing the number of BINs
sequenced from our collections and extrapolating species numbers, we obtained an initial
estimate of their species numbers. Our results suggest that at least 1900-2200 dipteran
species await discovery in Bavaria versus 18002200 in Germany. Although our species
estimates were only based on sequencing Bavarian specimens, they are likely a good
approximation of diversity in Germany as 80-85% of the invertebrate species found in
Germany occur in Bavaria [2,36]. While Bavaria does have some habitats (e.g., alpine)
that are not found in other regions of Germany, other habitats (e.g., coastal marshes) are
absent [2], meaning that species specialized in the latter habitats will not occur in the state.

4.1. DNA Barcoding: Using BIN Numbers as Proxies for Species Numbers

Prior studies [49] have demonstrated that DNA barcoding is not only effective for spec-
imen identification, but is also valuable for estimating species numbers [50-53]. Although
there is strong correspondence between BIN counts and species numbers [49,54], several
factors can lead to differences [54]. For example, COI numts can lead to the overestimation
of species numbers if they are preferentially amplified in some specimens [55-58]. Con-
versely, the introgression of mitochondrial DNA (mtDNA), incomplete lineage sorting, and
recent speciation can lead to underestimation of species numbers [59-61]. Other factors that
challenge COl-based species identifications include heteroplasmy [62] and the homogeniza-
tion of mtDNA haplotypes due to the maternally inherited endosymbiont Wolbachia [63,64].
These underlying molecular factors can lead the BIN algorithm on BOLD to assign members
of a single species to several BINs or to assign several species to a single BIN. In groups
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with well-developed taxonomic systems, the BIN algorithm typically underestimates the
true species count by about 10% as it was designed to deliver a conservative value for
species diversity [65]. In addition to this internal constraint, two operational factors may
have led our study to substantially underestimate actual species numbers:

1.  Limited geographic sampling as our data originates from few sites in Bavaria only,
covering a tiny fraction of habitat types otherwise present.

2. Limited funding constrained analysis to just 5% of the 1.2 million specimens that
were collected.

4.2. BIN & Chaol/Species Ratios: Well-Known Families versus DT Families

We assessed the completeness of the species coverage provided by our Malaise trap
samples in two ways. First, we calculated the ratio of the BINs recovered for each family
and its known species count for Bavaria and Germany. We then made the same calculation
employing Chaol estimates, which, in contrast to the first approach, includes species that
were present at our sampling sites but not caught nor sequenced. Thus, it is important
to note that our first approach generates more conservative values than the second. By
calculating the BIN /Chaol ratios for each taxon, we were able to make the proportion of
diversity that was not captured tangible.

Overall, the resulting (BIN or Chaol)/species ratios were much higher for the DT
families than for the well-known ones (Tables 4 and 5). Average ratios among the well-
known families were well under 1 (ranging from 0.33-0.46 for Bavaria and 0.27-0.37 for
Germany), indicating that our collections only included a fraction of the known diversity
from Bavaria and Germany. This was expected because we only sampled few sites and
only processed a fraction of our dipteran specimens. The much higher ratios for the DT
families (average ranging from 1.67-2.55 for Bavaria and 0.91-1.34 for Germany) strongly
suggest the presence of undescribed, unknown species. The Cecidomyiidae were the most
dramatic case as we detected 1163 BINs, a value 35% higher than the species count for
this family in Germany [8]. In fact, a quarter of all Diptera BINs belonged to this family,
reinforcing conclusions from earlier studies indicating that this is the most diverse family
of flies [13,49]. For example, extensive sampling at sites across Canada [49] revealed more
than 10,000 BINs, a result which suggested that the Cecidomyiidae may include two million
species worldwide. The Bavarian fauna has received little taxonomic attention as only
328 species are recorded versus a likely count of 687 species based on the presumption that
80% of the German fauna occurs there. By contrast, our analysis of 7148 specimens revealed
1163 BINs, a count for Bavaria which is threefold higher than the number of recorded
species. Chironomidae was an exception among our DT families, as we obtained ratios that
were consistent with those of the well-known families (Table 5). Although Chironomidae is
a dark taxon, extensive research concerning the systematics, taxonomy, and nomenclature
of European and Neotropical species has and is being conducted at the Bavarian State
Collection of Zoology (ZSM) by the late Ernst Fittkau (former director of the ZSM) and his
students including Martin Spies, the current editor of the Chironomid Home Page [66]. We
therefore expect that the chironomid fauna of Bavaria and Germany is well documented
and that, in contrast to the other DT families, a much lower amplitude of new species
will be discovered in the following years of GBOL IIIl. Among the well-known families,
the Muscidae displayed the highest BIN/species indicating that the current species count
considerably underrepresents its actual diversity. As a result, the Muscidae should also be
recognized as a DT family.

4.3. Discrepancies in Taxa Coverage in Our Malaise Traps

Our estimated species counts for the DT families are based on the presumption that
recovery success for the 11 families with strong taxonomy is a useful predictor of recovery
success for the DT families. Our results did reveal threefold differences in recovery success
among the well-known families, being lowest for Asilidae and Tabanidae and highest for
the Muscidae. In our study, we used Malaise traps as a source of insect material, because
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they enable sampling of high numbers of flying insects, especially Diptera [67-69]. How-
ever, a bias favoring the sampling of some taxa over others is always present, meaning that
the community captured with such traps does not depict the true insect community of a
sampled site [67]. Furthermore, the setup of a Malaise trap in terms of site choice, orienta-
tion, and above-ground-level is another source of bias, and these factors strongly influence
sampling results [40]. To incorporate such variations, we used different approaches for
extrapolating species numbers including Chaol estimate calculations, which consider the
unsampled taxa present at the sampling sites. The resulting Chaol values indicated that
we only recovered about 70% of the dipteran species present at the sites. In this manner, we
obtained BIN estimates for each family that consider recovery success and unsampled taxa.
Qur results indicate that more than 3316 more BINs await detection, a total that would
raise the number of Dipteran species in Germany by a third.

5. Conclusions

In this study, we aimed at estimating the number of species in the Bavarian and
German faunas for four families of Diptera that are prime examples of “dark taxa”. Our
estimates were inferred from the analysis of sequence data, reproducible genetic patterns,
rather than on speculations. The confidence intervals on these estimates are broad (Table 5),
reflecting the various factors that influence any effort to gauge species diversity. Despite
our limited geographic sampling effort, our results strongly suggest that a surprisingly
high proportion of Germany’s biodiversity is yet to be discovered.
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Appendix A

Table Al. Collection events for each Malaise trap.

Site

Trap

Processed Collection Events

BENP 2012

ZSM-SNSB

Allgau Alps: Oytal

Allgdu Alps: Oytal

Allgiu Alps: Oytal

Allgédu Alps: Oytal

Allgdu Alps: Schochen

Allgau Alps: Schochen

Allgau Alps: Schochen

Allgau Alps: Schochen

Allgdu Alps: Schochen

Allgau Alps: Koblat

Allgau Alps: Koblat

Allgau Alps: Koblat

10

11

12

13

14

8 May; 22 May; 8 June; 20
June; 4 July; 25 July; 12
August; 3 September; 22
September 2012.

10 April; 8 May; 5 June; 3 July;
31 July; 28 August; 25
September; 23 October; 20
November; 29 December 2017.
4 May; 17 May; 1 June; 16
June; 5 July: 20 July; 7 August;
29 August; 2 October; 27
October 2014.

4 May; 17 May; 1 June; 16
June; 5 July: 20 July; 7 August;
29 August; 2 October; 27
October 2014.

4 May; 17 May; 1 June; 16
June; 5 July: 20 July; 7 August;
29 August; 2 October; 27
October 2014.

4 May; 17 May; 1 June; 16
June; 5 July: 20 July; 7 August;
29 August; 2 October; 27
October 2014.

21 June; 4 July; 17 July; 6
August; 4 September; 29
September; 19 October 2014.
21 June; 4 July; 17 July; 6
August; 4 September; 29
September; 19 October 2014.
21 June; 4 July; 17 July; 6
August; 4 September; 29
September; 19 October 2014.
21 June; 4 July; 17 July; 6
August; 4 September; 29
September; 19 October 2014.
21 June; 4 July; 17 July; 6
August; 4 September; 29
September; 19 October 2014.
23 June, 4 July, 17 July; 8
August; 8 September; 5
September, 27 September; 20
October 2014.

23 June, 4 July, 17 July; 8
August; 8 September; 5
September, 27 September; 20
October 2014.

23 June, 4 July, 17 July; 8
August; 8 September; 5
September, 27 September; 20
October 2014.
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ABSTRACT

Background: Integrative taxonomy is becoming ever more significant in biodiversity
research as scientists are tackling increasingly taxonomically challenging groups.
Implementing a combined approach not only guarantees more accurate species
identification, but also helps overcome limitations that each method presents when
applied on its own. In this study, we present one application of integrative taxonomy
for the highly abundant and particularly diverse fly taxon Chironomidae (Diptera).
Although non-biting midges are key organisms in merolimnic systems, they are often
cast aside in ecological surveys because they are very challenging to identify and
extremely abundant.

Methods: Here, we demonstrate one way of applying integrative methods to tackle
this highly diverse taxon. We present a three-level subsampling method to drastically
reduce the workload of bulk sample processing, then apply morphological and
molecular identification methods in parallel to evaluate species diversity and to
examine inconsistencies across methods.

Results: Our results suggest that using our subsampling approach, identifying less
than 10% of a sample’s contents can reliably detect >90% of its diversity. However,
despite reducing the processing workload drastically, the performance of our
taxonomist was affected by mistakes, caused by large amounts of material.

We conducted misidentifications for 9% of vouchers, which may not have been
recovered had we not applied a second identification method. On the other hand, we
were able to provide species information in cases where molecular methods could
not, which was the case for 14% of vouchers. Therefore, we conclude that when
wanting to implement non-biting midges into ecological frameworks, it is imperative
to use an integrative approach.
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sample processing, Non biting midges, Molecular species identification, Morphological species
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INTRODUCTION

Chironomidae (non-biting midges) is by far the most ecomorphologically diverse and
widely distributed ingroup of aquatic insects (Hilsenhoff, Thorp e Covich, 2001; Armitage,
Pinder ¢ Cranston, 2012). Occurring in every zoogeographic region, including Antarctica,
non-biting midges inhabit nearly all aquatic and semiaquatic, marine and terrestrial
habitats (Armitage, Pinder ¢ Cranston, 2012). Characteristic behavioral and physiological
adaptations have enabled these flies to colonize extreme environments such as caves up to
1,000 m deep, hot springs, high-altitude waters, glacial streams, and even highly polluted
waters or sewage systems (Andersen et al., 2016; Gadawski et al., 2022). In aquatic systems,
their abundance can be higher than that of all other macroinvertebrates combined, making
them a keystone taxon in freshwater ecology (Gratton ¢ Zanden, 2009; Marziali et al.,
2010; Karima, 2021). The bottom-dwelling larvae not only represent almost every feeding
group but, being ecosystem engineers, they also contribute enormously to sediment- and
water-mixing, and to the global oxygen- and carbon-cycle (Halker et al., 2015; Baranov,
Lewandowski & Krause, 2016; Antczak-Orlewska et al., 2021). As ecosystem engineers, the
Chironomidae are involved in modifying the availability of nutrients (chiefly phosphorous,
but also nitrogen), as well as oxygen and carbon availability for other aquatic organisms
(Halker et al., 2015; Baranov, Lewandowski & Krause, 2016). All life stages (even the
short-lived adults) play a vital role in aquatic and terrestrial food webs, serving as an
important food source for fish, birds, bats and other arthropods (Gratton ¢ Zanden, 2009;
Raunio, Heino & Paasivirta, 2011; Armitage, Pinder ¢ Cranston, 2012; Wirta et al., 2015;
Herren et al, 2017). This combination of high ecosystem functionality, high abundance,
and habitat specificity of the Chironomidae to their environment makes them suitable
biological indicators for ecological assessments (e.g., water quality control) (Sether, 1977;
Lencioni, Marziali ¢ Rossaro, 2012; Dori¢ et al., 2021).

Despite this, only a limited subset of biodiversity studies or biomonitoring surveys of
aquatic habitats incorporate species- or genus-level information of the Chironomidae and
oftentimes, they are neglected altogether (Raunio, Heino ¢ Paasivirta, 2011; Dori¢ et al.,
2021). This is due to several factors: (i) non-biting midges are relatively difficult to identify
(Cranston, 2008; Proulx et al., 2013), (ii) only few taxonomists with the required expertise
are available for species-level identification (Cranston et al, 2013; Chan et al., 2014), (iii)
traditional morphological-based species delimitations often require laborious dissection
and mounting of specimens on microscope slides (Ekrem, Stur ¢ Hebert, 2010; Gadawski
et al., 2022), and (iv) they can be extremely species rich even in relative low-diversity
temperate and boreal ecosystems (Lundsirom et al., 2010). The workload associated with
the processing of non-biting midges from large bulk samples, common in ecological
surveys, is immense when applying traditional identification methods (Rosenberg, 1992;
Brodin et al., 2012). In humid climates, or during wetter years, the number of specimens to
be processed can increase from hundreds of thousands to sometimes millions of
specimens.

There are few methods that can help overcome the pitfall of processing an “infinite”
number of specimens, with the most obvious one (and most resource-demanding) being
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the employment of more taxonomists or parataxonomists (Engel ef al, 2021) to help
accelerate specimen processing and identification. The availability of expert taxonomists,
however, is in decline and even then, financing such manpower at a large scale is often not
feasible and remains time-consuming (Hausmann et al., 2020; Chimeno et al., 2022).
Therefore, researchers often subsample bulk samples to reduce the sorting effort, or limit
sample processing to a few key families or species (Mandelik, Roll ¢ Fleischer, 2010; Porter
et al., 2014; Keck et al., 2017; Bohan et al., 2017; Chimeno et al, 2023). One promising
alternative that is currently in development is the use of automatic machine-based
identification approaches for species identification (see Milosevi¢ et al., 2020).

As demonstrated by Milosevi¢ and authors, after vigorously training their artificial neural
network on 1,836 specimens belonging to ten similar-looking species of Chironomidae,
they recovered 99% identification success when presenting their network new images.
Despite these promising results, this technology is not yet applicable at a large scale
because it requires laborious sample preparation and a vigorous training-phase of the
target taxa (Milosevic et al., 2020).

Currently, one of the most common and promising methodologies for large-scale
species identification is DNA barcoding, a molecular-based identification method (Brodin
et al., 2012; Moriniére et al., 2016). It uses a short DNA fragment to differentiate species
from one another, and does so at a lower cost and faster pace than traditional
morphological methods (Hebert et al., 2003; Ekrem, Willassen & Stur, 2007; Porter et al.,
2014; Moriniére et al., 2016). With the rise of DNA barcoding, high quality species-level
information of Chironomidae is increasingly becoming more accessible to research
(Ekrem, Stur & Hebert, 2010; Baloglu, Clews & Meier, 2018), and studies examining the
efficiency of this method in research of these insects reveal an overall congruence of
80-90%, making it a great complement to taxonomic methodologies (Carew, Pettigrove ¢~
Hoffimann, 2005; Pfenninger et al., 2007; Ekrem, Willassen & Stur, 2007; Carew et al., 2007;
Carew, Marshall & Hoffmann, 2011; Lin, Stur & Ekrem, 2015). However, just as any
identification method, DNA barcoding has its own limitations (Dayrat, 2005; Will, Mishler
& Wheeler, 2005; Schlick-Steiner et al., 2010) and therefore, numerous studies resort to
applying a combined methodological approach for species identifications (Pires ¢
Marinoni, 2010; Sheth & Thaker, 2017).

With many studies highlighting the need for a smart and efficient integration of both
morphological and molecular species identification methods (Hausmann et al., 2020;
Hartop et al., 2022), our study aims to present and evaluate one way to do so for a
particularly diverse and complicated group of insects: the Chironomidae. To tackle the
large amounts of insect material, we apply a three-level subsampling technique that we
present in the Methods section. We also compare our DNA- and morphology-based
species identifications in terms of accuracy, to demonstrate how the use of each method on
its own can provide discrepant results. We are processing bulk samples of Diptera that
have been collected in the framework of the federal-funded field experiment “Verlust der
Nacht” (https://www.igb-berlin.de/projekt/verlust-der-nacht) and the follow-up project
“Artenschutz durch umweltfreundliche Beleuchtung” (https://www.igh-berlin.de/projekt/
artenschutz-durch-umweltvertraegliche-beleuchtung-aube) located in the Westhavelland
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Nature Park in northeast Germany. The project was launched in 2012 with the goal of
studying the effects that artificial lighting at night has on species communities.

MATERIALS AND METHODS

Study area and experimental design

The “Verlust der Nacht” experiment was conducted by the Leibniz Institute of Freshwater
Ecology and Inland Fisheries (IGB) in a large-scale facility established in 2012 (see
Holzhauer et al. (2015), Manfrin et al. (2017) for details). The facility is located in a 750-
km? Dark-Sky Reserve within the Westhavelland Nature Park in the Berlin-Brandenburg
Metropolitan Region (https://www.darksky.org/our-work/conservation/idsp/reserves/
westhavelland/). The landscape is characterized by a system of drainage ditches
(approximately 5 m wide, average annual water depth 50 + 26 cm). In the grassland
adjacent to the drainage ditch, we installed three parallel rows (3, 23 and 43 m away from
the drainage ditch) of four conventional 4.75 m high streetlights located 20 m apart. Each
lamp post in the lit site was equipped with one 70-W high-pressure sodium lamp
(VIALOX NAV-T Super 4Y, yellow 2,000 K, Osram, Munich, Germany). In the control
(dark) site only the lamp posts were installed (i.e., without bulbs) providing identical
physical structure yet remaining dark. The lamps used in the lit site had a maximum
illuminance of approximately 50 Ix directly under the lamp, with the minimum
illuminance between two adjacent streetlamps of the same row being approximately 10 Ix,
and a minimum illuminance between rows of streetlamps of ca. 1 Ix (see Holzhauer et al.
(2015) for further details about light distribution and spectral composition). From spring
2012 onward, the lit site was illuminated at night, i.e., between civil twilight at dusk and
dawn. The lit and control sites are very similar in their environmental characteristics (e.g.,
water physico-chemistry, hydromorphology, riparian vegetation) and ~600 m (800 m
along the drainage ditch) apart, separated by a row of trees.

Insect collection

We collected insects emerging from the drainage ditch from both lit and dark sites from
May to October 2014. Emerging insects were sampled using four floating pyramidal
emergence traps (0.85 m x 0.85 m, 300-um mesh), placed in the drainage ditch ca. 1 m
from the bank and directly in front of each streetlamp. Sampling duration ranged from
seven (one night samplings) to approximately 185 h (1 week samplings) and occurred
monthly except in July when the sampling was conducted twice. Flying adult non-biting
midges were collected from the grassland adjacent to the drainage ditch using 24 flight
interception traps, 12 at each site. Flight intercepting traps were placed 0.5 m below each
lamp and consisted of two perpendicular acrylic panels (each 204 mm x 500 mm x 3 mm)
mounted above a collecting funnel. The flight intercepting traps were collecting insects for
one 24-h sampling period every month except in July when sampling was conducted twice.
Based on astronomical sunset and sunrise, the 24-h sampling periods were always split into
a night-sampling (8-14 h, depending on the season) followed by a day-sampling (10-16 h),
replacing the collecting jars after each of them. Sampling always occurred on rainless days/
nights within 24 h of either first- or third-quarter moon. Both emergence and flight
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intercepting traps were equipped with collecting jars containing 70% ethanol as a
preservative medium (see Manfrin et al. (2017) for further details).

Morphotype sorting and subsampling for processing

We obtained bulk samples of pre-sorted adult “Nematoceran” flies (crane flies, midges,
gnats, mosquitoes etc.) stored in 90% ethanol that were collected in the sampling year 2014
(see “Insect collection”). From these samples, our senior author, who is a trained expert of
non-biting midges, sorted specimens using a stereo microscope and grouped them into
different morphotypes. To do this, we used three different approaches based on the
“difficulty” of specimen sorting (Fig. 1). Large and/or conspicuous species that are easy to
recognize, such as Prodiamesa olivacea (Meigen, 1818) or Ablabesmyia phatta (Egger,
1863), were quickly sorted into their own distinct morphotypes and assigned a preliminary
species name. Specimens that were more difficult to group (because they belong to genera
that have similar-looking representatives when viewed under the stereo microscope) were
sorted at the genus-level, hence, grouped into genera-morphotypes if possible. Hence, if
several genera have similar-looking representatives under the stereo microscope, we sorted
representatives of several genera into one morphotype. Lastly, for specimens that our
expert taxonomist found difficult to address, subsets were mounted on temporary glycerol
slides to be examined at x400 magnification in a first step, so that similar specimens can be
assigned to the same morphotype in a second step. From every morphotype group, we
selected a representative number of morphotype voucher specimens (about 10%). For very
abundant morphotypes where 10% of specimens is still too much, we sampled fewer
individuals. Selected specimens were used for molecular and morphological species
identifications.

Sequencing of selected specimens

For specimens larger than 2 mm, we used a single leg or leg segment as a tissue sample that
was transferred to a 96-well plate. For smaller individuals, we extracted DNA
non-destructively (i.e., subsequent voucher recovery) from the whole body. After lysis, we
extracted genomic DNA using the BioSprint96 magnetic bead extractor and the respective
kits by Qiagen (Hilden, Germany). We carried out a polymerase chain reaction (PCR) in a
total reaction volume of 20 pl, including 2 pl of undiluted DNA template, 0.8 ul of each
primer (10 pmol/pl), 2 pl of ‘Q-Solution” and 10 pl of ‘Multiplex PCR Master Mix’,
containing hot start Taq DNA polymerase and buffers. The latter components are available
in the Multiplex PCR kit by Qiagen (Hilden, Germany).

Thermal cycling was performed on GeneAmp PCR System 2,700 machines (Life
Technologies, Carlsbad, CA, USA) as follows: hot start Taq activation: 15 min at 95 °C; first
cycle set (15 repeats): 35 s denaturation at 94 °C, 90 s annealing at 55 °C (-1 °C/cycle) and 90
s extension at 72 °C. Second cycle set (25 repeats): 35 s denaturation at 94 °C, 90 s annealing
at 40 °C and 90 s extension at 72 °C; final elongation 10 min at 72 °C. As established within
the German Barcode of Life (GBOL) project at the ZFMK, we used the standard degenerate
barcoding primers LCO1490-]]: 5'-CHACWAAYCATAAAGATATYGG- 3’ and
HCO2198-JJ: 5'-AWACTTCVGGRTGVCCAAARAATCA- 3’ (Astrin & Stiiben, 2008).
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Figure 1 Three-level sorting workflow that was used in this study for bulk sample processing. For
each morphotype distinguished in a bulk sample, we conducted morphological & molecular identifica-
tions of selected vouchers. The procedure was different based on the difficulty of the specimens involved

in sorting. Full-size 4] DOT: 10.7717/peer;.15336/fig-1

Purification and sequencing were conducted by the BGI Group (Hong Kong, China) using
the amplification primers.

Traces were semi-automatically edited, then assembled sequences using the MUSCLE
alignment approach (Edgar, 2004), and checked for the occurrence of stop-codons or hints
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of nuclear mitochondrial DNA segments (NUMTs) in Geneious version 7.1.9 (http://www.
geneious.com; Kearse ef al., 2012). Further details such as voucher information, primer
pairs, sequence data and trace files were deposited to BOLD and GenBank. These can be
found under the following information (http://doi.org/10.5883/DS-ALANCHIR; GenBank
accession numbers OP927392-0P927685).

Morphological identifications

After DNA barcoding (or in parallel, depending on whether whole specimens were
transferred to plates or just tissue samples), we mounted the specimens (or their empty
shells) on permanent slides in Euparal and Hydromatrix following standard procedure
(Kirk-Spriggs ¢ Sinclair, 2017). Morphological identifications were conducted with aid of
numerous identification keys and papers covering palaearctic Chironomidae (see
Lehmann (1970), Saether (1971), Hirvenoja (1973), Wiederholm (1989), Ekrem (2002a),
Langton & Pinder (2007), Pillot (2008), Gilka (2011)). These identifications were conducted
by our senior author which has conducted various research on the taxonomy of
Chironomidae (see Baranov (2011a, 2011b, 2013), Baranov & Perkovsky (2013), Baranov &
Przhiboro (2014), Baranov, Andersen ¢ Hagenlund (2015), Baranov, Andersen ¢
Perkovsky (2015), Baranov, Géral & Ross (2017), Baranov et al. (2019)).

DATA ANALYSIS
All sequence records including metadata were uploaded to the online database Barcode of
Life Data System (BOLD; Ratnasingham ¢ Hebert, 2007). Sequences =300 base pairs (bp)
were automatically assigned a Barcode Index Number (BIN) on BOLD if sequence
similarity based on the (RESL-) BIN algorithm was fulfilled. Sequences 2500 bp which did
not find a match served as founders of new BINs. The dataset was downloaded on April 11,
2022, for analysis and can be viewed on Figshare (https://doi.org/10.6084/m9.figshare.
21803013). Therefore, the present results correspond to BINs assigned at that time (BIN
assignments can change as new sequences are added to BOLD). In addition to using the
RESL-algorithm that is implemented into BOLD, we also applied Assemble Species by
Automatic Partitioning (ASAP; Puillandre, Brouillet ¢ Achaz, 2021) and Speciesldentifier
version 1.9 (Meier et al., 2006) to cluster our sequences at 3%. ASAP uses pairwise genetic
distances for hierarchical clustering without using information on intraspecific diversity,
and Speciesldentifier is an algorithm that allows to cluster sequences based on their
pairwise intra- and interspecific genetic distances. The outputs of all three algorithms were
used to compare the number of Operational Taxonomic Units (OTUs) obtained with each
and comparing diversity assessments. To compare all methodologies, we created a
Neighbor-Joining in MEGA11 (version 11.0.13) of all sequence data and added
morphological species-, ASAP-, RESL-, and Speciesldentifier labels (Data S1). Because all
depict similar performance (see results), subsequent taxonomic analyses were conducted
only using the RESL outputs.

To assess our sampling effort, we calculated Chaol and Chao2 estimates using the
ChaoSpecies function of the SpadeR package (version 0.1.1; Chao et al, 2016) in R (version
4.2.1) on abundance and incidence data, respectively (Data 52). We did this to estimate the
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species diversity at the sampling site and to compare it to that which was empirically
observed in our samples. Then, we used the iNEXT function from the iINEXT package
(version 3.0.0; Hsich, Ma ¢ Chao, 2016; Hsieh, Ma ¢ Chao, 2020) to extrapolate the species
diversity obtained with each methodology (morphology, RESL, ASAP, and
Speciesldentifier) to double the sampling effort. To depict the species diversity recovered
per morphotype, we created accumulation curves using the iNEXT function on results
derived from each identification method (morphological and molecular).

To double-check our identifications and to recover possible misidentifications, we
created a dataset from BOLD containing 19,525 public COI-sequences of 1,035 species of
non-biting midges collected throughout Europe (Data S3). We applied the following
selection criteria to build a neighbor-joining tree: Kimura 2 Parameter distance model,
sequences =200 bp, and excluding contaminants, records flagged with stop codons, and
records flagged as misidentifications. To facilitate review, we colored the tree based on
barcode clusters (BINs). We added the names of identifiers along with the identification
method to each entry to discriminate high-level taxonomists that used morphological
methods to vouchers from parataxonomists relying on the BOLD engine for sequence
identification. We considered expert identifications as those conducted by researchers with
taxonomic experience of Chironomidae, such as Elisabeth Stur (Norwegian University of
Science and Technology; Norway; see Stur ¢ Ekrem (2000, 2006, 2011, 2015), Stur &
Wiedenbrug (2005), Stur ¢ Spies (2011)), Torbjern Ekrem (Norwegian University of
Science and Technology, Norway; see Ekrem (2002a, 2002b, 2007), Ekrem & Stur (2009),
Ekrem, Stur ¢ Hebert (2010)), Yngve Brodin (Swedish Museum of Natural History,
Sweden; see Brodin, Lundstrém e» Paasivirta (2008), Siri ¢~ Brodin (2014)), Piotr Gadawski
(University of Lodz; Poland; see Gadawski et al. (2022), Gitka & Gadawski (2022),), and
Sophie Wiedenbrug (University of Sao Paulo, Brazil) (see Wiedenbrug, Lamas ¢~
Trivinho-Strixino (2012, 2013), Silva & Wiedenbrug (2015), Wiedenbrug ¢ Silva (2016)).

RESULTS

Identification of specimens

Overall, we sorted through 4,549 specimens of non-biting midges which made up the bulk
(99.6%) of “Nematoceran” specimens in our samples. We recovered 48 morphotype
groups, and in total selected 331 specimen-vouchers, of which more than half were females
(Data S2).

Molecular identifications

We applied DNA barcoding to all 331 specimens and obtained 315 COI-barcodes (95%)
that we uploaded to BOLD. Five sequences contained cross contaminations, and another
16 were identified as not being non-biting midges, but species of the taxa Anisopodidae,
Chaoboridae, Culicidae, Hybotidae, Psychodidae, Sciaridae, and Trichoceridae.

The remaining COI-sequences were clustered into 77 BINs which provided coverage for 55
species and four interim species (essentially being morphotype analogs that are widely
used in ecological studies) (Ablabesmyia sp. 2ES, Smittia sp. 8ES, Smittia sp. 14ES, and
Thienemanniella sp. 3TE). Interim species names are assigned on BOLD when molecular
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Figure 2 Accumulation curves of species and clusters recovered across methods. Dotted lines
represent extrapolated values (for up to double the sampling effort), bold lines represent interpolated
values. Accumulation curves show the number of morphologically identified species and that of clusters
recovered with RESL, ASAP, and Speciesldentifier. Full-size K& DOI: 10.7717/peerj.15336/fig-2

analysis detects genetic differences, but no species name can be provided due to the lack of
a taxonomic revision or of formal species description (Stur ¢ Ekrem, 2011; Moriniére et al.,
2016). Seven BINs did not provide conclusive species-level identification and five BINs did
not match to public data, providing no molecular identification. In five cases, two BINs
were assigned to the same species (Cladopelma viridulum—BOLD:AAD7363 and BOLD:
AAV3586; Polypedilum cultellatum—BOLD:AAH7761 and BOLD:ACX5929; Polypedilum
sordens—BOLD:ACY3855 and BOLD:ADF3485; Smittia stercoraria—BOLD:AAN5358
and BOLD:AANS5355; Smittia sp. 14ES —BOLD:AAM7064 and BOLD:ACW5117). Data
S2 provides an overview of the entire dataset.

We applied two other clustering algorithms (SpeciesIdentifier and ASAP) to our COI
data. Although both SpeciesIdentifier (using 3% threshold) and ASAP (1st partition) did
suggest slightly fewer clusters than the RESL-algorithm, all derived species diversities fall
into the 95% confidence interval (Fig. 2), and the results were largely consistent across
methods (Tables 1-3, Figs. 3B-3C).

Morphological identifications

Using morphological methods, we identified a total of 76 species. A total of 34 specimens
were left unidentified at a higher taxonomic level: 22 at the genus-, and 12 at the
family-level.
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Table 1 Chaol/2 estimates and iNEXT extrapolation values across methods.

Method/Algorithm Output Values
Morphology Sample size (n) 260
Number of tax. entities 76
Number of rare entities 44
Sample coverage 091
Chaol estimate 89+ 7SE
iNEXT extrapolation (2n) 87 + 12 SE
Chao2 estimate 109 + 15 SE
Jackknife SE/bias 0.0036/0
Molecular: RESL Sample size (n) 294
Number of clusters 77
Number of rare clusters 40
Sample coverage 0.93
Chaol estimate 87 £ 6 SE
iNEXT extrapolation (2n) 86 = 10 SE
Chao2 estimate 100 + 11 SE
Jackknife SE/bias 0.0039/-2.3502¢
Molecular: ASAP Sample size (n) 294
Number of clusters 71
Number of rare clusters 34
Sample coverage 0.94
Chaol estimate 79x5SE
iNEXT extrapolation (2n) 78 £+ 9 SE
Chao2 estimate 92+ 11
Jackknife SE/bias 0.0042/0
Molecular: SpeciesIdentifier Sample size (n) 294
Number of clusters 75
Number of rare clusters 39
Sample coverage 0.93
Chaol estimate 85+ 6 SE
iNEXT extrapolation (2n) 84 + 11 SE
Chao2 estimate 98 + 11
Jackknife SE/bias 0.0040/0
Note:

Results after applying Chaol and Chao2 biodiversity calculations to each datatype (morphological; molecular: RESL,
ASAP, Speciesldentifier), including sample sizes (Nr. of specimens), taxonomical entities (Nr. of species for
morphological data; clusters for molecular data), sample coverage, Chaol and Chao2 estimates, jackknife validations, and
extrapolations to double the sample size.

Assessing our sampling effort

Chaol species richness estimates suggest that 79 + 5 to 89 + 7 species may have been
present in the community that we sampled (Table 1). Sample-based Chao2 estimates were
slightly higher, suggesting 92 + 11 to 109 + 15 species. Extrapolation to double the
sampling effort would have increased the number of recovered entities by 11-17% (Fig. 2).
Sample coverage was above 90% for all data (morphology, RESL, ASAP, SpeciesIdentifier).
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Table 2 Cases of discrepancies between morphological and molecular-based identifications.

Discrepancy Morphotype Nr. of Morphological ID of BIN Molecular ID linked to BIN
sequences specimen
Type 1 “Acricotopus lucens” 2 Acricotopus Iucens BOLD:AAG5487  Procladius crassinervis
“Chironomus” 1 Chironomus plumosus BOLD:ACT6966  Chironomus obtusidens
“Chironomus” 1 Chironomus prasinatus ~ BOLD:AAU4046 ~ Chironomus annularius
“Chironomus” 1 Chironomus sp. BOLD:ADF1214  Benthalia carbonaria
“Dicrotendipes” 1 Dicrotendipes tritomus ~ BOLD:AAU1021 Dicrotendipes nervosus
“Endochironomus” 2 Endochironomus BOLD:AAWS5643 Endochironomus tendens
albipennis
“Endochironomus” 1 Endochironomus BOLD:AAWS643  Endochironomus tendens
stackelbergi
“Glyptotendipes” 1 Glyptotendipes BOLD:ACD4470  Glyptotendipes pallens
cauliginellus
“Glyptotendipes” 1 Glyptotendipes glaucus BOLD:ACD4470  Glyptotendipes pallens
“Glyptotendipes” 1 Glyptotendipes glaucus ~ BOLD:AAC0597 ~ Glyptotendipes paripes
“Parachironomus” 3 Parachironomus gracilior  BOLD:ACY5073  Parachironomus monochromus
“Paratanytarsus/Rheotanytarsus” 1 Paratanytarsus laetipes ~ BOLD:AAI6018  Cricotopus bicinctus
“Procladius ferrugineus” 2 Procladius ferrugineus BOLD:AAG5487  Procladius crassinervis
“Procladius pectinatus” 1 Procladius pectinatus BOLD:ACW5385 Procladius culiciformis
“Pseudosmittia obtusa” I Pseudosmittia obtusa BOLD:ACP4407  Pseudosmittia trilobata
“Smittia aterrima” 2 Smittia aterrima BOLD:AANS5358 Smittia stercoraria
“Tanypus punctipennis” 1 Tanypus punctipennis BOLD:ADJ7832  Tanypus kraatzi
“Tanytarsus” 1 Tanytarsus reei BOLD:ACF7553  Tanytarsus heusdensis
“Tanytarsus” 2 Tanytarsus dispar BOLD:ACG9929 Tanytarsus medius
“Xenopelopia nigricans” 1 Xenopelopia nigricans BOLD:ADJ7832  Tanypus kraatzi
Type 2 “Ablabesmyia phatta” 1 Ablabesmyia phatta BOLD:ACK3818  Ablabesmyia sp. 2ES
“Chironomidae” 12 Chironomidae sp. BOLD:AAC0597  Glyptotendipes paripes
“Cladopelma/Cryptochirc 1 Cladopelma sp. BOLD:AAV3586 Cladopelma viridulum
Harnischia”
“Cladopelma/Cryptochironomus/ 1 Cladopelma sp. BOLD:AAV8096 Cladopelma virescens
Harnischia”
“Endochironomus” 9 Endochironomus sp. BOLD:AAWS5643 Endochironomus tendens
“Glyptotendipes” 1 Glyptotendipes sp. BOLD:ACD4470  Glyptotendipes pallenses
“Psectrocladius” 1 Psectrocladius sp. BOLD:AAU0273  Psectrocladius limbatellus
“Smittia terrestris” 2 Smittia terrestris BOLD:ACP4736 Interim species Smittia sp. 8ES
“Smittia terrestris” 74 Smittia terrestris BOLD:ACW5117 Interim species Smittia sp. 14ES
“Thienemanniella” 1 Thienemanniella vittata BOLD:AAV3048 Interim species Thienemanniella
sp. 3TE
Type 3 “Acricotopus lucens” 1 Acricotopus lucens BOLD:AEO5089 No public data
“Chironomus” 6 Chironomus curabilis BOLD:ACD8415 Chironomus curabilis/nuditarsis
“Cricotopus” 2 Cricotopus sp. BOLD:AEO5089 No public data
“Cricotopus” 3 Cricotopus sylvestris BOLD:AAAS5299  Cricotopus sylvestris/glacialis
“Cricotopus” 1 Cricotopus tricinctus BOLD:AEG4456  Cricotopus tricinctus/sylvestris/

trifasciatus

(Continued)
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Table 2 (continued)

Discrepancy Morphotype Nr. of Morphological ID of BIN Molecular ID linked to BIN
sequences specimen
“Cricotopus” 9 Cricotopus sylvestris BOLD:AAAS5299  Cricotopus sylvestris/glacialis
“Glyptotendipes” 4 Glyptotendipes BOLD:AAF8348  Glyptotendipes cauliginellus/
cauliginellus lobiferus

“Metriocnemus” 1 Metriocnemus sp. BOLD:ADV3586 No public data
“Microtendipes chloris” 5 Microtendipes chloris BOLD:ACY5270 Microtendipes pedellus/chloris
“Parachironomus” 1 Parachironomus sp. BOLD:ADV3586 No public data
“Procladius crassinetvis” 4 Procladius crassinervis BOLD:ACB6320  Procladius sp.
“Psectrocladius oxyura” 1 Psectrocladius oxyura BOLD:AEO4348 No public data
“Tanytarsus usmaensis” 2 Tanytarsus usmaensis BOLD:AEO0788 No public data

Note:
Morphotypes, number of sequences, and identifications that were involved in discrepant results, namely complete incongruences in identification across methods (type 1),
molecular methods provided more species-level information than morphology (type 2), and Morphology provided more species-level information while molecular
methods provided inconclusive or no identification at all (type 3).

Discrepancies between morphology- and DNA-based identifications
Overall, we recovered discrepant identifications among 103 specimens (Table 2), and
categorized them as follows:

Type 1: Cases with complete incongruence in identifications across methods (27
specimens).

Type 2: Molecular methods provided higher taxonomic resolution than morphology (36
specimens).

Type 3: Morphology provided higher taxonomic resolution while molecular methods
provided inconclusive or no identification at all (40 specimens).

Meticulous revision of our molecular and morphological data revealed that all type-1
discrepancies were caused by misidentifications that were performed by the senior author
(Viktor Baranov), which involves 9% of all voucher specimens. For another 9% of
vouchers, morphological identifications could not provide identifications at the
species-level (type-2), meaning that for a total of 18% of vouchers, morphology did not
provide accurate or comprehensive species-level identifications.

On the other hand, morphological identification methods did provide more
comprehensive species information for a total of 40 specimens (14%). Here, we were able
to provide species-level IDs for five BINs that did not provide public data on BOLD, and
for six BINs that were linked to discrepant identifications by taxonomists.

Uncovering species diversity from morphotypes

Of the 48 morphotypes that we distinguished during sorting, we identified 77 species
(including misidentifications) using morphology and 78 BINs using molecular methods
(Table 3). The most abundant (and thus higher sampled) morphotypes within our samples
were “MT Glyptotendipes”, “MT Parachironomus”, “MT Paratanytarsus/Rheotanytarsus”,
“MT Cladopelma/Cryptochironomus/Harnischia”, and “MT Cricotopus”. These

morphotypes encompass 42% (125) of all analyzed specimens. Species identification,
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Table 3 Overview of all analysed specimens of Chironomidae. Number of specimens, morphologically identified species, BINs, ASAP- and
Speciesldentifier OTUs recovered per morphotype.

Morphotype Specimens Morph. identified species BINs ASAP SP-ID
“Ablabesmyia longistyla” ! 1 1 1 1
“Ablabesmyia monilis” 2 1 1 1 1
“Ablabesmyia phatta” 2 1 1 1 1
“Acricotopus lucens” 3 1 2 2 2
“Benthalia” b 1 1 1 1
“Chironomidae” 12 0 1 1 1
“Chironomus” 14 5 6 5 6
“Cladopelma/Cryptochironomus/Harnischia” 22 5 6 5 6
“Coryneura™ 6 2 2 2 2
“Cricotopus” 20 4 5 5 5
“Dicrotendipes” 5 2 1 1 1
“Endochironomus” 12 2 1 1 1
“Glyptotendipes” 32 5 4 4 4
“Guttipelopia guttipennis” 11 1 1 1 1
“Kiefferulus tendipediformis” 4 1 1 1 1
“Metriocnemus atriclava” 1 1 1 1 1
“Metriocnemus” 2 1 1 1 1
“Microchironomus”™ 5 1 1 1 1
“Microtendipes chloris” 5 1 1 1 1
“Microtendipes pedellus” 1 1 1 1 1
“Nanocladius dichromus” 1 1 1 1 1
“Orthocladius oblidens” 2 1 1 1 1
“Parachironomus” 26 4 5 5 5
“Paraphaenocladius impensus” 2 1 1 1 1
“Paratanytarsus/Rheotanytarsus” 25 6 7 6 7
“Polypedilum sordens” 6 1 2 2 2
“Polypedilum” 10 2 3 2 3
“Procladius crassinervis” 10 1 2 2 2
“Procladius culiciformis” 5 1 1 1 1
“Procladius ferrugineus” 2 1 1 1 1
“Procladius nigriventris” 2 1 1 1 1
“Procladius pectinatus” 1 1 1 1 1
“Procladius” 3 0 1 1 1
“Psectrocladius limbatellus” 5 1 2 1 1
“Psectrocladius oxyura” 2 1 2¢ 2 2
“Psectrocladius” i 0 1 1 1
“Pseudosmittia albipennis” 1 1 1 1 1
“Pseudosmittia obtusa” 1 1 1 1 1
“Smittia aterrima” 2 1 1 1 1
“Smittia edwardsi” 2 1 1 1 1
“Smittia stercoraria” 1 1 1 1 1
(Continued )
Chimeno et al. (2023), Peerd, DOI 10.7717/peerj.15336 | 13/29

147




PeerJ

Table 3 (continued)

Morphotype Specimens Morph. identified species BINs ASAP SP-ID
“Smittia terrestris” 9 1 3 2 2
“Tanypus punctipennis” i 1 1 1 1
“Tanypus vilipennis” 1 1 1 1 1
“Tanytarsus usmaensis” 2 1 1 1 1
“Tanytarsus” 8 6 4 4 4
“Thienemanniella” 1 1 1 1 1
“Xenopelopia nigricans” 1 1 1 1 1
Total 294 76 88 71 75

Notes:

Morphotype-names are in quotation marks, and those that include morphological misidentifications are in bold.

Includes multiple BINs.

revealed that each of these morphotypes comprise 4-7 different taxonomic entities.
In 15 cases, more BINs than morphologically identified species were recovered per
morphotype. Morphotypes that include morphological misidentifications are in bold.
We created accumulation curves based on our morphological (Fig. 3A) and molecular
data (Fig. 3B), depicting the number of recovered taxonomic entities for the most diverse
morphotypes (with at least four taxonomic entities), and extrapolating to double the
sampling effort. Most morphotypes that depict an accumulation curve, reach an
asymptote. Comparing graphs, we see that in some cases, too many species were identified
morphologically per morphotype (see “MT Tanytarsus” and “MT Glyptotendipes”) and
too few in others (see “MT Paratanytarsus/Rheotanytarsus”).

DISCUSSION

In this study, we applied an integrative approach to facilitate sample processing of highly
diverse non-biting midges. We applied a three-level subsampling technique and compared
species recovered with each identification method (molecular and morphological) with the
goal of assessing how an integrative approach can increase the incorporation of the
Chironomidae into monitoring programs and biodiversity studies using a simplified
approach (but without losing too much species information).

Morphotype sorting

Our results suggest that our morphotype sorting method was successful: We obtained a
coverage of over 90% in species and cluster counts (Table 1), and the plateauing
accumulation curves in Fig. 2 indicate that we would not have captured substantially more
species by increasing our sampling effort. This is interesting, because after sorting
non-biting midges into morphotype groups, we ultimately processed and identified only
7% of all specimens. Considering this, we believe that the task of grouping them into
morphotypes, then selecting specimens for subsequent analysis can be easily delegated to
parataxonomists. Overall, in-depth knowledge of Chironomidae morphology is not
essential for this stage of sample processing, because sorting is based on phenotypic traits
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A. Species diversity per morphotype B. BIN diversity per morphotype (RESL)
@ -
@]
=
2
2
o - -
N, of specimens Nr. of specimens
C. OTU diversity per morphotype (ASAP) D. OTU diversity per morphotype (SpeciesiD)
e T SRR Lol
~ -
© - "
z ) |
% - v
2 o e i i e A
a < -

T T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

N of specimens Nr. of specimens

® "MT Chironomus"

@ "MT Cladopelma / Cryptochironomus / Hamischia®
“MT Cricotopus*

® "MT Glyptotendipes”
“MT Parachironomus®

@ "MT Paratanytarsus / Rheotanytarsus®

@ “MT Tanytarsus®

Figure 3 Accumulation curves of the diversity of (A) species, (B) BINs, (C) ASAP-OTUs, and
(D) Speciesldentifier-OTUs recovered for each chironomid morphotype. Dotted lines represent
extrapolated values (up to double the sampling effort), bold lines represent interpolated values. Accu-
mulation curve of number of morphologically identified species (A) and BINs (B) recovered per mor-
photype based on the number of sampled specimens. Multiple BIN cases have been accounted for and
removed. Full-size Eal DOI: 10.7717/peerj.15336/fig-3

such as size, coloration, venation, setation, and shapes of antennae which simply require
having a good “eye” and patience (Krell, 2004; Ekrem, Stur ¢ Hebert, 2010). This approach
was also applied by Ekrem, Stur ¢ Hebert (2010) and authors to subsample non-biting
midges for analysis in their study. We are aware that in our case, sorting was not conducted
by a parataxonomist, but by an experienced scientist (Ekrem, Stur ¢ Hebert, 2010).
However, our taxonomist sorted these directly from the ethanol fluid using a stereo
microscope, which does not provide a high-enough resolution for distinguishing genus- or
species-level morphological features, especially not in ethanol. When confronted with large
numbers of especially challenging specimens, our taxonomist resorted to either mounting
representatives on temporary slides for guidance, or grouping specimens in the very few
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genera that have distinct features even at low resolutions (e.g., Cricotopus, Ablabesmyia and
Tanypus). Our identifications of voucher specimens recovered up to seven taxonomic
entities per single morphotype, indicating that when in doubt, it is simply easier to merge
more specimens into one larger morphotype and compensate by increasing the number of
vouchers.

Applying Chao statistics, we estimated that about 80 putative species may be present at
the sampling sites. However, it is important to mention that to a certain degree, we are still
underestimating the actual diversity of the Chironomidae that are present at the sampling
sites. We applied our Chao statistics to a subset of the data, meaning that we are
unintentionally inflating the probability of encountering a “new” and/or rare species,
which in turn results in lower species estimates. To counteract this, we additionally applied
a sample-based Chao?2 estimator on the incidence data, which, resulted in much higher
species estimates (Table 1). Needless to say, we may still be underestimating species
numbers.

Using DNA barcoding: working with species proxies

In our study, we clustered our COI sequences using three delimitation algorithms, namely
RESL, ASAP, and SpeciesIdentifier. Because the RESL algorithm and its BIN system is
directly integrated into BOLD’s interface, it is commonly used in DNA barcoding
applications. However, there are varying opinions regarding the sole use of BINs for
species delimitation (see Cranston et al., 2013; Meier et al., 2022), especially when assuming
that BIN numbers are equal to species numbers in a 1:1 ratio. Therefore, as recommended
by Cranston et al. (2013), we analyzed our sequence data with several delimitation methods
that apply different clustering algorithms. It is important to note that regardless which
method one chooses for analysis, clustering algorithms remain arbitrary. Our results
indicate that all three algorithms performed well, with molecular operational taxonomic
unit (MOTU) diversities derived from each depicting overlapping 95% confidence
intervals. Overall, we obtained very comparable results for all three clustering methods.
In fact, using the NJ-tree to depict the assignment of specimens into clusters depicted
almost identical results (see Data S1).

Using the RESL-algorithm led to the assignment to 77 BINs. Although BINs are a strong
proxy for species boundaries (Zahiri et al., 2014; Hebert et al., 2016), it is important to keep
in mind that they do not always reflect existing taxonomic systems (Raupach et al., 2010;
Hausmann et al., 2013; Zahiri et al., 2014; Hawlitschek et al., 2017). Incongruences between
BINs and traditional species names include multiple BIN assignments (more than one BIN
is detected in a traditionally recognized species) and BIN sharing (the same BIN is detected
across more than one recognized species) (Hawlitschek et al., 2017; Chimeno et al., 2022).
Ideally, multiple BIN assignments would imply the presence of cryptic diversity whereas
BIN sharing, which is commonly found among taxa with uncertain taxonomy or
challenging species groups, is an indication for the need of species synonymization
(Hausmann et al., 2013). However, ideal conditions are not the rule and there are various
molecular factors (such as heteroplasmy, numts sequencing, introgression or
homogenization of mtDNA haplotypes) that can challenge COI-based species
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identifications (Kmiec, Woloszynska ¢ Janska, 2006; Dobson, 2004; Pamilo, Viljakainen ¢
Vihavainen, 2007; Duron et al., 2008; Buhay, 2009; Hazkani-Covo, Zeller ¢ Martin, 2010),
making it important to incorporate morphological information whenever possible.
Additionally, accurate species identification is only guaranteed provided that high quality
reference libraries are being used as a backbone to analysis (Ekreni, Willassen ¢ Stur, 2007;
Chimeno et al., 2019). These, in turn, rely on the accuracy of morphological identifications
conducted on voucher specimens (Ekrem, Willassen ¢ Stur, 2007). Mistakes in reference
databases are challenging to uncover, especially if one is working with molecular data only.
Yet requesting taxonomists to meticulously revise identifications of vouchers is not
feasible. Instead, we suggest that it is mandatory that all records uploaded to BOLD are
provided with an identifier and identification method, so that others can rely on the data
when no expert is available. As suggested by Brodin et al. (2012) and authors, reference
databases need to be expanded as best as possible in order to provide a better taxonomic
coverage of species and their intraspecific variation. Quantity, however, should not come at
a cost of quality. In our case, we double-checked every molecular-based identification
using a neighbor-joining tree of public sequence data of vouchers that were
morphologically identified by a taxonomist and uploaded to BOLD. Sequence records that
were either identified using the “BIN taxonomy match” tool on BOLD, or that did not
provide any information on the method of voucher identification whatsoever, were
disregarded completely.

Discordances in our molecular dataset include multiple BINs assignments for a total of
seven species, and the assignment of four interim species names. Although multiple
BIN-assignments are an indication for cryptic diversity, extensive analysis is required to
uncover the driving factors in the recovered genetic differences. On the other hand, interim
species names are assigned to BINs when a genetic difference is detected, yet no species
name can be provided. This can be an indication for the need of a taxonomic revision or a
formal species description (Moriniére et al, 2019; Ekrem et al., 2019). In other words:
Interim species names provide species with an “intermediate name” until they obtain a
formal species name. Because of this, such species can still be implemented into analyses,
as in our study, because their BIN assignments act as “taxonomic handles” (see Moriniére
et al. (2016), Geiger et al. (2016)).

The seven species involved in multiple-BIN cases are Cladopelma viridulum,
Polypedilum cultellatum, Polypedilum sordens, Psectrocladius oxyura, Psectrocladius
limbatellus, Smittia stercoraria, and Smittia terrestris. Research has shown that these
genera (especially Cladopelma, Polypedilum, Pscetrocladius and Smittia) display much
higher intraspecific variations in the COI barcode region across species, making it hard to
identify a barcode gap that is needed for species discrimination (Pillot, 2008; Cranston,
Hardy & Morse, 2012; Tang et al,, 2022). These genera include species complexes whose
taxonomic position is yet unsolved, and many traditional species are suspected to comprise
more than one cryptic diverse species that are awaiting formal description (Lehimann,
1970; Saether, 1971; Carew, Pettigrove ¢ Hoffmann, 2005; Song et al., 2018; Chimeno et al.,
2022). Song et al. (2018), for example, recovered a total of five BINs for P. cultelatum
without finding any morphological discrepancies between adult specimens, and therefore
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concluded that they may be dealing with potential cryptic species within a species
complex. However, when Carew, Pettigrove ¢ Hoffmann (2005) did not find DNA
marker-associated morphological variations among individuals of the genus Cladopelma,
they realized that this was due to the fact that these variations are only present among
immature stages.

With the increase in barcoding campaigns, more COI-data of the Chironomidae is
being made publicly available. One valuable asset of DNA barcoding is the fact that
different life stages of the same species can be easily linked to one another without having
to undergo larvae rearing which can be time-consuming, expensive, and for some species
very challenging (Stoeckle, 2003; Blaxter, 2004; Ekrem, Willassen & Stur, 2007; Stur &
Ekrem, 2011). With increased sequencing of larval stages, the COI sequences can be
matched with those inferred from adult species and thus help enormously in resolving at
least some taxonomic uncertainties (Carew, Pettigrove & Hoffmann, 2005; Sinclair ¢~
Gresens, 2008; Montagna et al., 2016).

Using morphology for species delimitation

In contrast to molecular identification methods, which use an algorithm for unbiased
taxonomic clustering, accurate morphological identifications rely highly on (1) the
availability and accuracy of species determination keys and (2) the identifier’s ability to
conduct identifications from an objective perspective (Ekrem et al., 2019). Chironomid
identification requires extensive knowledge (which can generally only be provided by an
expert) and ideally, as demonstrated by Carew, Pettigrove ¢~ Hoffmann (2005), more than
one single life-stage (e.g., adults) of a single species should be assessed. Unfortunately,
taxonomic expertise is overall in steady decline especially for those working on
small-bodied and less conspicuous taxa (Engel et al., 2021; Chimeno et al., 2022). Still, the
availability of a taxonomist does not automatically guarantee error-free species
identifications, as demonstrated in this and other studies (Failla ef al., 2016). Not only did
we have a 9% error rate among morphological identifications, six of the “single species
morphotypes” that were said to be distinguishable enough under the stereo microscope for
direct species assignment were incorrectly identified. For another 9% of specimens, we
could only provide identification to the family or to the genus-level.

False identifications were almost always within a given genus, hence, between closely
related species whose morphological differences are often very subtle and therefore require
specimen mounting and meticulous analysis (Ekrent, Stur ¢ Hebert, 2010). For diverse
morphotypes, the number of taxonomic entities recovered using morphology was often
over- or under-estimated. This reflects the fact that on one hand, these taxa can display
high levels of intraspecific morphological variation (Carew et al., 2007; Carew, Marshall &
Hoffimann, 2011), and on the other hand, closely related species exhibit strong similarities,
leading to the erroneous synonymization of species (Anderson, Stur ¢ Ekrem, 2013).
Despite having drastically reduced our taxonomist’s workload by analyzing only a small
portion of collected individuals, our taxonomist still spent about 500 active working hours
processing, mounting, and identifying specimens, which was prone to errors over time
(person. comment Baranov). This is a stark contrast to the 63 working hours for our
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molecular approach. Although females are known to be even more difficult to identify than
males, misidentifications were much more frequent among male individuals (70% of all
type-1 discrepancies).

Overall, despite applying a three-level subsampling approach, which reduced the
processing workload drastically, the performance of our taxonomist was affected by
mistakes, caused by large amounts of material. These large amounts of material, however,
represent the everyday life conditions in ecological surveys. For almost 20% of selected
vouchers, no species-level information was provided, and we therefore conclude that it is
difficult to meet the requirements of ecological studies using morphology alone.

CONCLUSION

Our current contribution shows that while both morphological identification and DNA
barcoding have their own limitations, they are highly complementary in tackling large
insect samples. While DNA barcoding does not require difficult-to-acquire taxonomic
knowledge and drastically fast-forwards the process of identification of non-biting midges,
barcode registries are only as valuable as the quality of their vouchers. Hence, without
morphological identifications, there is no DNA barcoding. We presented one way to apply
an integrative approach on Chironomidae, and presented a three-level sorting method for
large samples. We were able to demonstrate that DNA barcoding less than 10% of a
sample’s contents can reliably detect >90% of its diversity, bringing us one step closer
towards optimizing processing workflows for very large insect samples.
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INTRODUCTION

Evaluating the state of an ecosystem requires adequate monitoring of
biodiversity (Liu et al., 2021). This includes having knowledge on the
inhabiting communities at one or more ecological levels and assessing
changes over time and space (Coissac et al., 2012; Niemeld, 2000).
Arthropods are especially suitable as ecological indicators, because
they are abundant, species rich, and sensitive to slight environmental
changes due to their functionality in an ecosystem (Medhi
et al., 2021; Schowalter, 2017). However, identifying arthropod spe-
cies using conventional morphological approaches is challenging,
often dependent on specialised taxonomists (the availability of which
is in decline), and time-consuming (Chimeno et al, 2022; Ji
et al., 2013; Moriniére et al., 2016; Yu et al., 2012).

Following the advent of DNA barcoding (Hebert et al., 2003),
molecular approaches have become more frequent in biomonitoring
surveys (Cristescu, 2014; Hardulak et al., 2020; Shokralla et al., 2012).
One approach that is expediting biodiversity monitoring is DNA meta-
barcoding (Liu et al., 2020; Makiola et al., 2020). This method extends
single species delimitation to the identification of entire communities
holistically by extracting genetic material from entire bulk samples and
sequencing a standard DNA marker via high-throughput sequencing
(HTS) (Aylagas et al., 2018; Cristescu, 2014; Hardulak et al., 2020; Ji
et al, 2013; Keck et al., 2017; Meusnier et al., 2008; Taberlet
et al., 2012; Yu et al, 2012). Not only does DNA metabarcoding
enable highly standardised, reliable and cost-efficient community anal-
ysis, it also enables biodiversity assessments of larger community sub-
sets across a broad range of ecosystems (Liu et al., 2021; Moriniére
et al., 2016). Analysis of biodiversity patterns driven by ecological gra-
dients is therefore much more comprehensive than in conventional
biomonitoring where scientists are often limited to the evaluation of
few key taxa (Bohan et al, 2017; Keck et al., 2017; Mandelik
et al., 2010; Porter et al., 2014).

Although DNA metabarcoding has become a well-established
method (Shum & Palumbi, 2021), a consensus workflow is still lacking
in some fields of research (e.g. studies on terrestrial arthropods; see
Elbrecht & Leese, 2015). Numerous studies are therefore dedicated to
testing its robustness across protocols (Deagle et al., 2014; Hardulak
et al., 2020; Ji et al,, 2013; Marquina et al., 2019). One subject of
debate, for example, is the nature of samples used for sequencing.
Homogenisation of arthropod tissue has quickly become a favoured
approach, because most DNA is released upon tissue destruction.
More DNA, however, comes at a cost of losing the specimen’s struc-
tural integrity, which erases any possibility for subsequent morpholog-
ical analysis (Aylagas et al., 2016, 2018).

Due to its non-destructive nature and easy application, the inter-
est for ethanol-based DNA sequencing has greatly increased in recent
years. Instead of regarding ethanol as a mere preservative that is dis-
carded upon specimen analysis, it could be poured out, filtered and its
contents subjected to molecular analysis. Thus, ethanol-based DNA
metabarcoding can provide an extensive community analysis all while
keeping the specimens intact (Erdozain et al., 201%; Marquina
et al, 2019). Studies testing the consistency of taxonomic results
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between the use of specimen tissue and preservative ethanol are still
sparse, and those that have provide divergent results. Studies con-
ducted on freshwater benthic macroinvertebrates were overall more
successful (Hajibabaei et al., 2012; Zizka et al., 2019) than those con-
ducted on terrestrial arthropods (see Kirse et al, 2022; Linard
et al., 2016; Marquina et al., 2019), and when examining real-life Mal-
aise trap samples of terrestrial arthropods, Marquina et al. (2019)
recovered significantly different arthropod communities with each
approach, displaying little to almost no overlap between OTUs of the
same samples. The authors therefore concluded that when dealing
with Malaise trap samples, the ethanol-based DNA should not be used
a sole substitute to tissue DNA, but at most be regarded as a comple-
mentary source of information (Marquina et al., 2019).

In this study, we also aim at comparing detected arthropod com-
munities across methods but in a different context. In ecology, where
researchers always work with subsets of communities, identical taxo-
nomic recovery may not always be as crucial as the conservation of
ecological and environmental information. Ji et al. (2013) were the
first to examine the reliability of metabarcoding for depicting ecologi-
cal trends among the homogenised tissue of arthropod communities.
Since then, numerous studies have successfully applied destructive
metabarcoding approaches to evaluate patterns in biodiversity (see
Barsoum et al., 2019; Liu et al, 2021; Watts et al,, 2019). In this
respect, we aim to determine for the very first time whether environ-
mental information is also conserved in the preservative ethanol of
terrestrial arthropod bulk samples. We compare results of tissue
homogenate metabarcoding with that of the preservative ethanol of
the same samples to see whether we obtain similar ecological patterns
among our communities. If this were the case, the preservative etha-
nol can in fact be regarded as a valuable non-destructive source of
DNA for metabarcoding applications in environmental research. To
answer our question, we set up Malaise traps to capture arthropod
communities from different localities and habitats. For direct compari-
son we performed, for each bulk sample, metabarcoding on (1) the
homogenised arthropod tissue and (2) the ethanol-based DNA.

MATERIALS AND METHODS
Arthropod sampling

In 2019, we installed eight Malaise traps in the Bavarian Forest
National Park, which is located in southeast Germany along the bor-
der with the Czech Republic (Figure 1). Six traps, ranging from 650 to
800 m.a.s.l., were set in the catchment areas of the streams Kolbers-
bach, Grosse Ohe, and Kleine Ohe: one was installed directly above
each stream using wooden beams, and one in the surrounding forest.
Two further traps were installed in open meadows located in Kolbers-
bach and Bergerau. All traps were in operation from the end of April
to September. The collection bottles were replaced every 2 weeks
with new ones that were distinctive to the specific trap. All collection
bottles had been bleached prior to the start of the experiment, and
between collection events, the bottles were cleaned with distilled
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FIGURE 1 Location of the eight Malaise traps that were set up in the Bavarian Forest National Park and in operation from April to
September 2019. KOL (Kolbersbach); GO (GroRe Ohe); KO (Kleine Ohe); BER (Bergerau); R (riparian); F (forest); M (meadow)

water and ethanol. The 80% ethanol (1 vol% MEK) was used for
arthropod sampling.

Laboratory procedures

In the laboratory, we processed each sample individually to avoid
cross-contaminations. We used cellulose tea bags to separate the
arthropod tissue from its preservative ethanol (first phase ethanol
used for sampling). A fresh bag was used for each sample. We
weighed the tissue and transferred it to fresh 96% ethanol. We sub-
sampled 50 ml of the ethanol (after thorough mixing) which we fil-
tered (using sterile cellulose nitrate filters for vacuum filtration,
0.45 pm) and stored individually in 96% ethanol at —30°C until analy-
sis (Advanced Identification Methods GmbH, Leipzig, Germany). The
arthropod tissue and the ethanol filters were dried separately over-
night in an oven at 60-70°C to remove all residual ethanol. We homo-
genised the arthropod tissue and the ethanol filters separately with
stainless steel beads in a FastPrep 96 (MP Biomedicals) and used a
90:10 solution of animal lysis buffer (buffer ATL, Qiagen DNeasy Tis-
sue Kit, Qiagen, Hilden, Germany) and Proteinase K for lysis, which

was performed overnight in a 56°C oven. All samples were cooled to
room temperature for subsequent DNA extraction. We took 200 pl
aliquots of each lysate from which DNA was extracted using the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. PCR was performed using 5 pl of
the extracted genomic DNA, 12.5 pl Plant MyTAQ (Bioline, Lucken-
walde, Germany), and 1 pl HTS adapted mini-barcode primers
mICOIntF 5'-GGW ACW GGW TGA ACW GTW TAY CCY CC-3' and
dgHCO 5'-TAA ACT TCA GGG TGA CCA AAR AAY CA-3' (see
Moriniére et al., 2016, 2019). We used the following PCR profile of
95°C for 5 min; 3 cycles of 96°C for 15 s; 48°C for 30's; 65°C for
90 s; then 30 cycles of 96°C for 15s; 55°C for 30 s; 65°C for 90 s
and a final extension of 76°C for 10 min.

We examined amplification success and fragment lengths via gel
electrophoresis, cleaned up the amplified DNA using ExoSap (Thermo
Fisher), and resuspended it in 50 ul molecular grade water for each
sample. lllumina Nextera XT (lllumina Inc., San Diego, USA) indices
were indexed to the samples using a second PCR reaction. We used
standard lllumina i5/i7 indices. Here, the same annealing temperature
(55°C) was used as in the first PCR reaction, but with fewer cycles (7).
Ligation success was confirmed by gel electrophoresis and DNA
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concentrations were measured using a Qubit fluorometer (Life Tech-
nologies, Carlsbad, USA), which resulted in ~52 ng/pl for the tissue
samples and ~24 ng/pl for the ethanol samples. We measured the

DNA concentrations for each tagged sample, then pooled samples
together (taking each PCR product into account) in order to obtain
40 pl pools that comprised concentrations of 100 ng/pl DNA each.
The pools were purified using MagSi-NGSprep Plus (Steinbrenner
Laborsysteme GmbH) beads. A final elution volume of 20 pl was used
for HTS, which was performed on an lllumina MiSeq using v3 chemis-
try (2 x 300 bp, 600 cycles, maximum of 25 million paired-end reads).
We aimed at obtaining 250 k RAW reads (125 k paired-end after
merging) per sample. Overall, we used six negative controls per
96-well plate: two negative controls of DNA extractions, two ampli-
con PCR negative controls, and two indexing PCR negative controls.

Bioinformatic analysis

Briefly, we merged the paired-end reads using USEARCH
v11.0.667_i86linux32 (Edgar, 2010). We trimmed adapters using
CUTADAPT (Martin, 2011) and all reads that did not contain them
were filtered out. Quality filtering, de-replication, chimera filtering,
and clustering were carried out using the VSEARCH suite v2.9.1
(Rognes et al., 2016). We quality-filtered all reads containing more
than one expected error per read, and then de-replicated them, first
at the sample level, and then again at the combined dataset level after
concatenating all sample files into one large FASTA file. This file was
also filtered for singletons (reads that only occur once in the entire
dataset). To save processing power, we pre-clustered the reads at
98% identity before chimera filtering using the VSEARCH centroids
algorithm. As recommended by Rognes et al. (2016), we then carried
out de novo chimera filtering, followed by the final round of clustering
into OTUs at 97% identity.

In order to create the OTU table, the reads had to be mapped
back to the created OTUs. To do this, we used a Perl script obtained
from Rognes et al. (2016) to recover all quality- and chimera-filtered
reads from the individual samples, including singletons, as well as
reads that were previously removed by the two rounds of de-
replication  (https://github.com/torognes/vsearch/wiki/VSEARCH-
pipeline). To reduce likely false positives, we excluded read counts in
the OTU table that constituted less than 0.01% of the total number of
reads in the sample. We then blasted the OTUs in Geneious (v.10.2.5;
Biomatters, Auckland, New Zealand) and following methods described
in the study by Moriniére et al. (2016). We first blasted against a local
copy of the NCBI nucleotide database (downloaded from ftp://ftp.
ncbi.nlm.nih.gov/blast/db/) and then also against a custom database
built from data downloaded from BOLD (www.boldsystems.org;
Ratnasingham & Hebert, 2007, 2013), including taxonomy and BIN
information. We exported the resulting CSV files from Geneious,
including the OTU ID and NCBI/BOLD annotations for each detected
OTU, and then combined them with the OTU table generated by the
bioinformatic pre-processing pipeline. To provide another measure of
control other than BLAST, we then classified OTUs into taxa using the
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Ribosomal Database Project (RDP) naive Bayesian classifier (Wang
et al., 2007) trained on a cleaned COI dataset of Arthropods and
Chordates (plus outgroups; Porter & Hajibabaei, 2018). We filtered
out all OTUs where the combined number of reads in the negative
control samples constituted more than 20% of the total number of
reads. Finally, we annotated the OTUs using NCBI taxonomic informa-
tion (downloaded from https://ftp.ncbi.nlm.nih.gov/pub/taxonomy/).

Statistical analysis

All analyses were performed using R version 3.6.3 (R Core Team,
2012), and the packages vegan version 2.5-7 (Oksanen et al., 2020),
INEXT version 2.0.20 (Hsieh et al., 2020), rtk version 0.2.6.1 (Saary
et al., 2017), stats version 3.4.3 (included in the standard R). An exam-
ple R script and input data sets are deposited on Figshare (doi:
https://doi.org/10.6084/m9.figshare.c.5666860.v2). We evaluated
metabarcoding results of tissue- and ethanol-based DNA for all
arthropods, then individually for each of the top five biodiverse
arthropod orders in our dataset. For all arthropods and each individual
order, we created an OTU x sample table with associated environ-
mental variables (sites, habitats, seasonality) and sample type (tissue
and ethanol). All reads were converted to presence/absence (Yu
etal, 2012).

For statistical testing, the OTU dataset was rarefied to the lowest
number of reads to equalise the sampling effort (via rtk; rtk package).
To test whether community compositions differ based on associated
environmental variables, we performed permutation multivariate analy-
sis of variance (PERMANOVA) (via adonis2; vegan package; Jaccard dis-
similarity method; 999 permutations). This method is best for testing
compositional differences among multiple factors (Anderson, 2017). To
differentiate between location and dispersion effects, we applied a beta
dispersion test analogous to Levene’s test (via betadisper; vegan pack-
age) and an F-test (via permutest; vegan package). In cases of unequal
dispersion, we used a Tukey test (via TukeyHSD; stats package) to
locate the variables responsible for inner group variation.

To visualise and compare environmental trends between the
tissue- and the ethanol-based DNA communities, we used non-metric
dimensional scaling ordinations (NMDS; via metaMDS; vegan package)
or multidimensional scaling (PCoA; via cmdscale; stats package) of Jac-
card dissimilarity matrices. We used the functions vegdist (to calculate
a dissimilarity matrix), ordiplot (plotting function), ordiellipse (to add
ellipses to ordination plot), and ordispider (to add spider graphs to the
plot) from the vegan package. We created an ordination of each sam-
ple type (tissue and ethanol) for all arthropods, then for each of the
top five most abundant arthropod orders.

We performed an alpha-diversity analysis (via iNEXT) of tissue-
and ethanol-based DNA for the entire arthropod dataset. INEXT uses
observed sample incidence data (presence-absence data) to compute
diversity estimates for sample-size and coverage-based rarefaction
and extrapolation (R/E) curves using Hill numbers (Chao &
Chiu, 2016): Indices such as the Shannon index and Simpson diversity
have always been used by biologists to portray biological diversity in a
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TABLE 1 Malaise trap sample information

Location Habitat Malaise traps Malaise trap pl
Kleine Ohe Forest 1 11
Riparian 1 11
Grof3e Ohe Forest 1 11
Riparian 1 11
Kolbersbach Forest 1 11
Riparian 1 11
Meadow 1 10
Bergerau Meadow 1 11

Note: Number of bulk samples obtained for each location and habitat type.
Abbreviation: PERMANOVA, permutation multivariate analysis of
variance.

given system; however, researchers have demonstrated that the non-
linearity of these metrics can mislead researchers when evaluating
their results. Thus, diversity values were converted into equivalents,
also known as Hill numbers, to overcome these shortcomings (Chao &
Chiu, 2016; Cox et al., 2017; Jost, 2006). Hill numbers differ among
themselves only by an exponent g, providing results for species rich-
ness (g = 0), Shannon diversity (g = 1) and Simpson diversity (g = 2).
Chao and Jost (2012) established coverage-based R/E methods, which
standardise samples by completeness rather than by size in sample-
based approaches (see Colwell et al., 2012), which is highly dependent
on the sampling effort. Integrating both approaches offers the best of
both worlds: a consolidated framework for (1) estimating species rich-
ness and (2) statistical conclusions. For each sample type (tissue and
ethanol), we constructed a list of presence-absence data for each
habitat (samples x OTUs) to obtain the correct input format. All three
measures of Hill numbers (q) were used in our analysis, but we only
look at the species richness (g = 0) in this study. We created three
plots for each sample type: a sample-size-based R/E curve plot, a sam-
ple completeness curve plot, and a coverage-based R/E plot.

RESULTS

Overall, we collected 87 Malaise trap samples throughout the season
(Table 1). In total, 174 samples were sequenced: 87 tissue samples and
their corresponding ethanol. From all samples, we detected 3636 OTUs
belonging to six phyla, namely Arthropoda (3620 OTUs), Annelida
(5 OTUs), Chordata (3 OTUs), Platyhelminthes (4 OTUs), Mollusca
(3 OTUs), and Tardigrada (1 OTU). Limiting our analyses to arthropods,
we recovered 2725 OTUs from tissue-based DNA, 1823 OTUs from
ethanol-based DNA, and 934 (25.8%) from both (Figure 2a). These
belong to 31 orders, of which the top five most diverse are (from most
to least diverse): Diptera (1554 OTUs), Lepidoptera (610 OTUs), Hyme-
noptera (555 OTUs), Coleoptera (392 OTUs) and Hemiptera (132 OTUs)
(Figure 2b). Together, these orders represent 89.6% of all arthropod
OTUs. In total, 49.5% more arthropod OTUs were recovered from anal-
ysis of tissue-based DNA than ethanol-based DNA.
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Tissue-based DNA sequencing results of all arthropods

PERMANOVA analysis found a significant difference in community
compositions based on trap site, habitat type, and seasonality (all ado-
nis2 p = 0.001) (Table 2). The measured significance among sites,
however, also includes dispersion effects that are caused by uneven
sample distribution among the trap site Groe Ohe. Interaction
effects were significant between habitats and sites (adonis2
p = 0.002), habitats and seasonality (adonis2 p = 0.001), and sites and
seasonality (adonis2 p = 0.032) but not for all three together. Consis-
tent with the statistical results, the NMDS plot (Figure 3a; Figure S1a)
reveals clear distinctions in communities based on habitat type and
along a chronological seasonal gradient. Differences based on trap
sites are not as prominent.

Sample-size-based rarefaction curves show that the forests (1743
OTUs) are the richest habitats that we sampled, followed by riparian
(1413 OTUs) and lastly the meadow habitats (1401 OTUs) (Figure 4a;
left). Extrapolation to double the sampling units reveals that both ter-
restrial habitats (forest, meadow) display a higher species richness
than the riparian habitats and that at least 25% more OTUs could
have been obtained for each habitat type (forest +25.9% OTUs; ripar-
ian +26.9%; meadow +27.9%). Sample coverage was highest for sam-
ples collected in the forest (90.6%) and riparian (90.5%) habitats
(Figure 4a; right). Doubling the sampling effort would not have pro-
vided a much higher coverage for these habitats. Sample coverage
was lowest for the meadow landscapes (85.8%), which is due to the
lower number of sampling units for this habitat type; our extrapolation
curve shows that a very similar coverage would have been obtained
with more sampling effort. Coverage-based rarefaction and extrapola-
tion curves show similar results when comparing to sample-size-based
R/E: the highest species richness was found among the forest habi-
tats. Furthermore, species diversity within the terrestrial habitats was
higher than that of the riparian habitats at equivalent coverage levels.

Ethanol-based DNA sequencing results of all
arthropods

Hypothesis testing of the ethanol-based DNA results found no signifi-
cant difference in community compositions based on trap site (ado-
nis2 p = 0.463) nor habitat type (adonis2 p = 0.073; with dispersion
effects) (Table 1). Testing for seasonality revealed a significant differ-
ence in community composition (adonis2 p = 0.001) with the inclu-
sion of dispersion effects. Tukey testing revealed that samples
collected from Week 18 to 24 are dispersed highly differently than
those from Week 26 to 38. Interaction effects were significant
between trap sites and seasonality (adonis2 p = 0.005). In the NMDS
plot, samples are plotted into two distinct groups, with those on the
left side being more dispersed than those on the right (Figure 3b;
Figure S1b). There is no clear distinction between the different habi-
tats nor between trap sites, and samples are not plotted along a chro-
nological seasonal gradient. Furthermore, gradient lines for collection
Weeks 32-38 are missing.
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(a) Source of detected OTUs. Pie chart displaying the number of OTUs found with each metabarcoding approach. (b) OTU

abundances per order. The bar chart shows results for the top five most abundant orders; together, these represent 89.6% of all arthropod OTUs

detected throughout all samples.

TABLE 2 Statistical analysis of all arthropod OTUs (rarefied)

PERMANOVA Permutest
DNA source Variables Df SS R? F Pr(>F) P
Tissue-based DNA Site 3 24271 0.07801 3.0618 0.001*** 0.001***
Habitat 2 36.995 0.11890 7.0004 0.001*** 0.891
Week 1 28.128 0.09040 10.6448 0.001%** 0.996
Site:Habitat 2 0.9315 0.02994 1.7626 0.002**
Site:Week 3 10.294 0.03309 1.2986 0.039*
Habitat:Week 2 10.358 0.03329 1.9600 0.001***
Site:Habitat:Week 2 0.4163 0.01338 0.7877 0.913
Residuals 71 187.608 0.60299
Total 86 311.133 100.000
Ethanol-based DNA Site 3 0.6735 0.02768 0.9504 0.483 0.394
Habitat 2 0.7430 0.03054 1.5726 0.054 0.023*
Week 1 32.637 0.13413 13.8157 0.001*** 0.002**
Site:Habitat 2 0.3951 0.01624 0.8362 0.588
Site:Week 3 14.996 0.06163 21160 0.006"*
Habitat:Week 2 0.5635 0.02316 1.1927 0.216
Site:Habitat:Week 2 0.4215 0.01732 0.8921 0.521
Residuals 71 167.725 0.68931
Total 86 243.325 100.000

Note: Results of PERMANOVA (testing for differences in OTU community compositions) and permutation tests (P. test) via permutest (checking for
homogeneity of multivariate dispersion) based on 999 permutations. Significance codes: 0 “***”; 0.001 “**; 0.01 “*”; 0.05 “; 1« ™.

Abbreviation: PERMANOVA, permutation multivariate analysis of variance.

Sample-size-based rarefaction curves show that the forests are
the richest habitats that we sampled (1349 OTUs), followed by the
riparian (1207 OTUs) and the meadow habitats (747 OTUs)
(Figure 4b; left). Extrapolation to double the sampling units shows
similar curves for the forest and riparian habitat, displaying a much

higher species richness than the meadow habitats. At least 29% more
species could have been obtained for each habitat (forest +30.3%
OTUs; riparian + 29.8% OTUs; meadow +>36.8% OTUs) when dou-
bling the sampling effort. Sample coverage was highest among the
riparian habitats (91.7%), followed by the forest (91.6%) and lastly the
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FIGURE 3 Non-metric dimensional scaling (NMDS) plots of arthropod community compositions of samples collected from four sites
(Bergerau, GroBe Ohe, Kleine Ohe, Kolbersbach) covering three habitat types (riparian, forest and meadow). Sites are different symbols and
habitats are different colours. Points nearest in plot space have similar species assemblages. In the NMDS plots, seasonality is displayed with
ordisurf and ranges from calendar Week 18 to 39. (a) Arthopod communities of tissue-based DNA; NMDS of tissue-based DNA sequencing
(3D analysis; stress = 0.1492). (b) Arthopod communities of ethanol-based DNA; NMDS of ethanol-based DNA sequencing (3D analysis;

stress = 0.039). Ellipses are 95% Cl of centroids for each sample type.

meadow (88.9%) habitats (Figure 4b; right). Doubling the sampling
effort would not have provided a much higher coverage for these
habitats.

Analysis of the most abundant orders

We performed individual statistical analyses for each of the top
five most abundant arthropod orders in our dataset. For each of
the five orders, analysis of the tissue-based OTUs depicted
highly significant differences in community compositions based
on each of the three environmental variables (Table 3). The
majority of the significant results are driven by location effects
only: For almost all orders, sample dispersion was homogenous

among habitat types (exception:
collection events.

Hymenoptera) and among
Sample dispersion, was not homogenous
among site types for Diptera, Hymenoptera, and Coleoptera.
Consistent with these statistical results, the NMDS/PCoA plots
reveal clear distinctions in communities based on habitat type
and along a chronological seasonal gradient (Figures 5a,c.e and
6¢; Figures S2a,c.e and S3a,c). Sample clustering based on trap
site is not clearly visible.

For every order, analysis of the ethanol-based OTUs displayed no
significant differences in community compositions based on sites nor
based on habitats (Table S1). Accordingly, in the NMDS/PCoA plots,
there is no clear clustering as samples originating from different habi-
tats and sites overlap one another (Figures 5b,df and 6b.d;
Figures S2b,d,f and S3b,d). Testing for community differences based
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FIGURE 4 Rarefaction and extrapolation curves for q = 0 (species richness): (a) Arthopod communities of tissue-based DNA; sample-size-
based rarefaction and extrapolation; (b) Arthopod communities of ethanol-based DNA; coverage levels for each habitat (meadow, forest, riparian).
Solid lines represent rarefaction, while dashed lines represent extrapolation up to the double of sampling units. Shaded areas represent the 95%
confidence interval using the bootstrap method on the basis of 100 repetitions.

on seasonality revealed highly significant results (all adonis2
p = 0.001) for all orders except for Hemiptera (adonis2 p = 0.102).
Accordingly, samples of Hymenoptera and Coleoptera are plotted
along a clear chronological seasonal gradient, however, less so for
Diptera, and not at all for Lepidoptera. Samples of Lepidoptera were
not homogenously dispersed throughout collection events. Although
statistical analysis depicted no significant difference in community
compositions of Hemiptera based on seasonality, samples are plotted
along a chronological gradient in the Principal Coordinate Analysis
(PCoA) ordination (Figure 6d; Figure S3d).

DISCUSSION
Discrepant arthropod communities

We detected completely different arthropod communities based on
the DNA source used for sequencing (Figure 3c), which is congruent
with findings of previous studies (see Elbrecht et al., 2017; Kirse
et al., 2022; Marquina et al., 2019). For example, the preservative eth-
anol of an arthropod sample is more likely to contain the DNA of soft-
bodied individuals because they release their DNA more freely into
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PERMANOVA Péiiiiast
Diptera Variables Df SS R? F Pr(>F) P
Tissue-based DNA Site 3 22.200 0.07504 2.8960 0.001*** 0.001***
Habitat 2 34.308 0.11597 6.7132 0.001*** 0.709
Week 1 26.279 0.08883 10.2844 0.001*** 0.911
Site:Habitat 2 0.9900 0.03347 1.9373 0.001***
Site:Week 3 0.9553 0.03229 1.2461 0.064
Habitat:Week 2 0.8364 0.02827 1.6365 0.006™*
Site:Habitat:Week 2 0.3811 0.01288 0.7457 0.935
Residuals 71 181.423 0.61325
Total 86 295.838 100.000
Ethanol-based DNA Site 3 0.9106 0.02918 0.8816 0.771 0.353
Habitat 2 0.7696 0.02466 1.1176 0.222 0.531
Week 1 17.614 0.05643 51159 0.001*** 0.905
Site:Habitat 2 0.5214 0.01671 0.7572 0.937
Site:Week 3 13.953 0.04470 1.3509 0.029*
Habitat:Week 2 0.6922 0.02218 1.0052 0.435
Site:Habitat:Week 2 0.7158 0.02293 1.0395 0.346
Residuals 71 244,450 0.78321
Total 86 312,113 100.000
Hymenoptera Variables Df SS R* F Pr(>F) P
Tissue-based DNA Site 3 1.979 0.05536 1.7995 0.001*** 0.005"**
Habitat 2 2.262 0.06327 3.0852 0.001*** 0.01*
Week : I 1.918 0.05366 52331 0.001*** 0.84
Site:Habitat 2 0.985 0.02755 1.3435 0.021*
Site:Week 3 1.084 0.03032 0.9857 0.511
Habitat:Week 2 0.705 0.01972 0.9618 0.567
Site:Habitat:Week 2 0.790 0.02210 1.0775 0.274
Residuals 71 26.029 0.72802
Total 86 35.753 100.000
Ethanol-based DNA Site 3 0.9530 0.03167 0.9032 0.632 0.534
Habitat 2 0.7099 0.02359 1.0093 0.416 0.488
Week 1 20410 0.06783 5.8030 0.001*** 0.649
Site:Habitat 2 10.128 0.03366 1.4398 0.066
Site:Week 3 12.143 0.04036 1.1508 0.218
Habitat:Week 2 0.8514 0.02830 1.2104 0.176
Site:Habitat:Week 2 0.7971 0.02649 1.1331 0.251
Residuals 64 225.099 0.74810
Total 79 300.895 100.000
Coleoptera Variables Df SS R? F Pr(>F) P
Tissue-based DNA Site 3 1.918 0.05018 1.5507 0.002*** 0.002***
Habitat 2 1.938 0.05073 23513 0.001*** 0.056"
Week 1 2107 0.05513 5.1109 0.001*** 0.383
Site:Habitat 2 0.867 0.02269 1.0517 0.321
Site:Week 3 1.320 0.03455 1.0677 0.227
(Continues)
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TABLE 3 (Continued)

Coleoptera Variables Df ss R? F Pr(>F) P
Habitat:Week 2 1.212 0.03171 1.4699 0.004***
Site:Habitat:Week 2 0.822 0.02151 0.9970 0.442
Residuals 68 28.031 0.73350
Total 83 38.215 100.000

Ethanol-based DNA Site 3 10.180 0.03768 1.0945 0.292 0.061
Habitat 2 0.4528 0.01676 0.7303 0.870 0.219
Week 1 15.747 0.05828 5.0793 0.001*** 0.559
Site:Habitat 2 04536 0.01679 0.7316 0.865
Site:Week 3 11.681 0.04323 1.2559 0.136
Habitat:Week 2 0.9149 0.03386 14754 0.065
Site:Habitat:Week 2 0.6636 0.02456 1.0702 0.357
Residuals 67 207.721 0.76883
Total 82 270.179 100.000

Lepidoptera Variables Df ss R? F Pr (>F) P

Tissue-based DNA Site 3 1.879 0.05602 14913 0001 0.108
Habitat 2 1.734 0.05169 2.0642 0.001*** 0.147
Week 1 1.280 0.03817 3.0485 0.001** 0.884
Site:Habitat 2 0.804 0.02398 0.9577 0.597
Site:Week 3 1.563 0.04660 1.2406 0.010*"
Habitat:Week 2 1.362 0.04062 1.6222 0.001***
Site:Habitat:Week 2 0.981 0.02926 1.1684 0.093
Residuals 57 23.936 0.71367
Total 72 33.540 100.000

Ethanol-based DNA Site 3 0.5955 0.02709 0.9858 0.430 0.452
Habitat 2 0.6804 0.03095 1.6893 0.075 0.028*
Week a | 38.188 0.17369 18.9634 0.001*** 0.013*
Site:Habitat 2 0.3038 001382 0.7542 0.634
Site:Week 3 15.042 0.06841 2.4898 0.006**
Habitat:Week 2 0.4878 0.02219 1.2112 0.226
Site:Habitat:Week 2 0.2980 0.01355 0.7399 0.666
Residuals 71 142.978 0.65031
Total 86 219.863 100.000

Hemiptera Variables Df SS R? F Pr (>F) P

Tissue-based DNA Site 3 27.244 0.10038 25727 0.001*** 0.313
Habitat 2 20.499 0.07553 2.9036 0.001*** 0.19
Week 1 0.7811 0.02878 22128 0.009** 0.959
Site:Habitat 2 0.8555 0.03152 1.2118 0.190
Site:Week 3 13171 0.04853 1.2437 0.121
Habitat:Week 2 0.8404 0.03096 1.1904 0.207
Site:Habitat:Week 2 0.9230 0.03401 1.3074 0.113
Residuals 50 176.493 0.65029
Total 65 271.405 100.000

Ethanol-based DNA Site 3 11.624 0.06741 0.8683 0.784 0.712
Habitat 2 0.8268 0.04794 0.9264 0.623 0.889

(Continues)
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TABLE 3 (Continued)

Hemiptera Variables Df ss R? F Pr (>F) P
Week 1 0.5979 0.03467 1.3398 0.118 0.004**
Site:Habitat 2 0.7798 0.04522 0.8737 0.721
Site:Week 3 16.973 0.09843 1.2679 0.054
Habitat:Week 2 07129 0.04134 0.7988 0.882
Site:Habitat:Week 2 0.7580 0.04395 0.8493 0.774
Residuals 24 107.098 0.62104
Total 39 172.449 100.000

Note: Results of PERMANOVA (testing for differences in OTU community compositions) and permutation tests (P. test) via permutest (checking for
homogeneity of multivariate dispersion) based on 999 permutations. Significance codes: 0 “***”; 0.001 “**”; 0.01 “*; 0.05 “”; 1« ™.

Abbreviation: PERMANOVA, permutation multivariate analysis of variance.

the preservative fluid than higher sclerotised individuals (Elbrecht
et al,, 2017; Moriniére et al., 2016). In general, small-bodied or fragile
individuals are also more apt to be detected in the preservative fluid
because their bodies (or detached parts) may pass through the mesh
of the filter during sample processing (Marquina et al., 2019). Compar-
ing each community, we find that metabarcoding results of tissue
DNA resulted in sample compositions that are coherent with typical
catchings of Malaise traps: predominantly Diptera and Hymenoptera,
followed by other orders in much lower abundances (Geiger
et al, 2016; Gressitt & Gressitt, 1962; Karlsson et al., 2020;
Matthews & Matthews, 2017; Moeed & Meads, 1987; Schmidt
et al., 2019; Skvarla, 2015). In contrast, we recovered a strikingly high
proportion of Lepidoptera when metabarcoding the ethanol-based
DNA. Of all lepidopteran OTUs that we recovered in total, more than
half of these were detected exclusively in the ethanol-based DNA,
making Lepidoptera the most abundant order after Diptera. Interest-
ingly, Lepidoptera is also the only (abundant) order for which we
recovered more OTUs from the ethanol-based DNA than from the tis-
sue DNA. We believe that this may be explained by several interacting
factors: First, Lepidoptera possess soft-bodied abdomens, meaning
that the DNA of these individuals is easily released into the preserva-
tive ethanol (Elbrecht et al., 2017; Moriniére et al., 2016). Second, a
large proportion of Germany's lepidopteran fauna are small-bodied
microlepidoptera meaning that the DNA of these individuals is more
likely to be concealed by that of larger ones in the tissue (Herrich-
Schiaffer & Hibner, 1843; Marquina et al., 2019). Thus, these individ-
uals are likely underrepresented in the tissue and overrepresented in
the ethanol. Third, both macro- and microlepidoptera serve as impor-
tant food sources for other arthropods (Strazanac & Butler, 2005).
Because some species are known to regurgitate their stomach con-
tents when coming in contact with ethanol (Marquina et al., 2019), we
believe that a substantial proportion of lepidopteran OTUs recovered
in the ethanol may in fact be gut-based DNA.

Depicting ecological gradients

As expected, we found that communities recovered from the tissue
DNA depicted clear biodiversity patterns based on environmental

factors (see Barsoum et al, 2019; Liu et al., 2021; Watts
et al., 2019). All statistical tests that we performed on tissue DNA
revealed highly significant differences in communities for all three
variables (sites, habitats, seasonality) individually, but also as a
result of interaction effects. We created ordinations to obtain
visual overviews of the sample data and in all cases, the environ-
mental trends depicted in the plots were coherent with the statisti-
cal results. Environmental trends were strongest for Diptera, which
was expected because Malaise traps are very efficient at catching
flies; hence, sample size and sample representativeness are much
higher for this order than for others (e.g. Coleoptera, Lepidoptera)
(Matthews & Matthews, 2017).

Metabarcoding the ethanol-based DNA of the same Malaise
trap samples demonstrated that ecological trends were only partly
conserved in the preservative fluid. Habitats and sites had no
effect on community compositions, but seasonality did. For all
orders (except Hemiptera), statistical analysis depicted highly sig-
nificant differences in communities driven by seasonality (adonis2
p = 0.001). Seasonal gradients were strongest among Hymenop-
tera and Coleoptera, and permutation testing validated that these
differences were only driven by location effects. Gradients were
not as prominent for Diptera and not at all visible for Lepidoptera.
Although statistical testing found that seasonality had a significant
effect on lepidopteran communities, we believe that this result is
strongly driven by dispersion effects and that we may be dealing
with a type |l statistical error. Permutation testing revealed that
communities collected in the first half of the season were more dis-
persed than those collected in the second half (permu p = 0.009),
and the box plot of Tukey's results displayed absolutely no overlap
between these groups. Interestingly, although we measured no sig-
nificant difference in hemipteran community compositions based
on seasonality, samples are clearly plotted along a chronological
gradient in the ordination. In this case, we suspect that we may be
possibly dealing with a type | statistical error, but further analyses
are needed.

We are not certain as to why seasonal trends in the ethanol are
better conserved among some groups and lesser so among others.
However, we speculate that a group's trophic level may have a mean-
ingful impact, as arthropod specimens that fall prey to other arthropods
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are introduced into the ethanol as gut content (Marquina et al., 2019).

Differing temporal-based factors (e.g. predator-prey interactions, pred-
ator metabolic rates, time elapsed since prey consumption) would
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especially skew natural pattems of abundances because gut-based
DNA of the same species is introduced into the ethanol at odd points
of time. In addition, there are numerous methodological, environmental
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FIGURE 6 Non-metric dimensional scaling (NMDS)/PCoA plots of individual orders. Coleoptera: (a) tissue-based DNA sequencing (PCoA);
(b) ethanol-based DNA sequencing (PCoA). Hemiptera: (c) tissue-based DNA sequencing PCoA,; (d) ethanol-based DNA sequencing PCoA.
Samples collected from four sites (Bergerau, GroBe Ohe, Kleine Ohe, Kolbersbach) covering three habitat types (riparian, forest and meadow).
Sites are different symbols and habitats are different colours. Points nearest in plot space have similar species assemblages. In the NMDS plots,
seasonality is displayed with ordisurf and ranges from calendar Week 18 to 39.
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and biological/physiological factors that have a direct influence on suc- possibility of discriminating between ingested and captured arthropods,
cess rates of gut content sequencing (Eitzinger et al,, 2013; Greenstone seasonal patterns are especially prone to distortion among groups that
et al., 2010; von Berg et al., 2008). With too many sources of bias that include many prey species. In our study, seasonal gradients were best
are introduced into the analysis of ethanol-based DNA, and no depicted among Hymenoptera, Coleoptera, and Hemiptera, but lesser

FIGURE 5 NMD/PCoA plots of individual orders. Diptera: (a) tissue-based DNA sequencing (3D analysis; stress = 0.1649); (b) ethanol-based
DNA sequencing (2D analysis; stress = 0.1533). Hymenoptera: (c) tissue-based DNA sequencing (PCoA); (d) ethanol-based DNA sequencing
(PCoA) and Lepidoptera: (e) tissue-based DNA sequencing (PCoA); (f) ethanol-based DNA sequencing (PCoA). Samples collected from four sites
(Bergerau, GroRe Ohe, Kleine Ohe, Kolbersbach) covering three habitat types (riparian, forest and meadow). Sites are different symbols and
habitats are different colours. Points nearest in plot space have similar species assemblages. In the non-metric dimensional scaling (NMDS) plots,
seasonality is displayed with ordisurf and ranges from calendar Week 18 to 39.
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so (or not at all) for Diptera and Lepidoptera. We believe that because
the former orders encompass species that are less susceptible to falling
prey to other arthropods, they are also less likely to be introduced into

the ethanol of our samples as gut content. Typical predators of Coleop-
tera, Hymenoptera, and Hemiptera are, for example, birds, bats, and
frogs (Britannica, 2022). Other arthropods that predate on these taxa
include Odonata and Araneae, both of which are lesser represented in
our dataset. In contrast, predators of Diptera and Lepidoptera are very
well represented in our Malaise trap samples, as these include many
taxa of Hymenoptera, Coleoptera, Diptera, and Araneae (Flint &
Dreistadt, 1998).

Sequencing ethanol-based DNA failed at depicting spacial pat-
terns. We detected no significant differences among trap sites nor
among habitats for all orders. Consistent with previous findings,
alpha-diversity assessment demonstrated that the ethanol-based
DNA (1) failed at discriminating between the terrestrial and riparian
habitats and (2) underrepresented the magnitude of arthropod diver-
sity within every single habitat (see Erdozain et al., 2019; Linard
et al., 2016). Recently, Zenker et al. (2020) conducted DNA metabar-
coding exclusively on the preservative ethanol of automatic light trap
samples to compare the alpha and beta diversity of arthropod commu-
nities in Brazil. Unfortunately, they did not examine or process the tis-
sue of these samples at all, so no reference was available as a
guideline to their interpretations. Observing our alpha-diversity
curves, we strongly believe that the sole use of preservative ethanol
can clearly lead to false conclusions, and we therefore discourage its
sole use until further research has been conducted.

Overall, we find that ethanol-based DNA sequencing did not pro-
vide information on ecological gradients, except for the case of sea-
sonal patterns. The conserved seasonality among some taxa is an
interesting starting point for further investigations but until more
research has provided more successful results, we recommend
researchers dealing with terrestrial ecosystems to be careful when
using ethanol-based DNA. It is important to note that in this study,
we used 80% ethanol (1 vol% MEK) for arthropod sampling. We con-
ducted DNA extractions in spring 2020 following the collection sea-
son (April-October 2019). According to Marquina et al. (2021), this
concentration of ethanol is too low for ideal DNA preservation over
time. We therefore highly encourage others to use 95% ethanol for
sampling to guarantee optimal DNA preservation.

Non-destructive DNA extractions as a promising
alternative

A striking subject of today’s (and the future's) research concerns the
advancing methodology of non-destructive DNA extractions. Numerous
studies dedicated to the development of non-destructive methodologies
for sequencing are emerging, showing that it is possible to extract DNA
(although in smaller quantities) from specimens while keeping their
structural integrity intact (Batovska et al., 2021; Carew et al,, 2018;
Kirse et al., 2022; Marquina et al., 2022; Martins et al., 2019; Martoni
et al, 2022; Nielsen et al., 2019). Such protocols roughly consist of
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leaching DNA from whole individuals by temporarily submerging them
in a digestive buffer (Castalanelli et al., 2010; Krosch & Cranston, 2012;
Nielsen et al., 2019; Porco et al., 2010; Wong et al., 2014). While vari-
ous studies have tested non-destructive DNA extractions on single
arthropod specimens or samples of mock communities (see Castalanelli
et al,, 2010; Marquina et al., 2022; Nielsen et al., 2019), we only found
one study that did so on real-life bulk samples of terrestrial arthropods
from Malaise traps (see Kirse et al., 2022). Malaise traps are especially
challenging to process as they can contain hundreds to thousands of
individuals (Geiger et al., 2016), each displaying various degrees of scler-
otisation, which require different incubation times for adequate non-
destructive DNA extraction (Elbrecht et al., 2017). Moreover, there are
many options in which non-destructive DNA extractions can be per-
formed, ranging from an optional step of sample sorting, to the choice
of lysis buffer, to incubation times of specimen in the fluid, to the proto-
col used for extraction (Kirse et al., 2022; Marquina et al., 2022; Martoni
et al, 2022). With so many factors, numerous researchers are in the
process of testing these different options in determining which combi-
nation is most effective. One very recent study is especially interesting
as the authors conducted comparative analysis on real-life (however
sorted) Malaise trap samples (see Kirse et al., 2022). The authors were
able to demonstrate that when choosing the right protocol, non-
destructive analysis can provide comparable results in terms of species
richness and community composition.

On the basis of these results, we believe that in time, non-
destructive DNA extractions will become the preferred technique for
obtaining DNA from terrestrial arthropod bulk samples. Not only is
the sample integrity conserved for further studies, this technique is
also quick and provides a lower contamination risk in comparison to
traditional tissue-based approaches (Kirse et al., 2022). On this note,
we highly encourage future work to test whether ecological trends
are also conserved in the OTUs recovered from such analyses. We
strongly believe that this is the case as Kirse and authors have shown
that they recovered comparable OTU communities in their study
using both methods.

CONCLUSION

Returning to the topic of ethanol-based DNA, we recommend
researchers dealing with terrestrial ecosystems to be careful when
using this approach. These results are not comparable to those
obtained using the traditional destructive approaches. However, we
do invite researchers in the field of aquatic ecology to look into our
research question. Overall, preservative ethanol sequencing on
aquatic macroinvertebrates has provided better results as these com-
munities are dominated by soft-bodied specimens—thus, it would be
expected that environmental trends are better conserved in the etha-

nol of such samples.
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After having read this thesis, I do have one question.

“Do you understand the words that are coming out of my mouth?”

- Detective Carter from Rush Hour
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