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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; 

González-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; 

Morinière 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 (Morinière 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-III). 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, (ii) 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 90% 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.
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ZUSAMMENFASSUNG 

Neueste Studien haben gezeigt, dass die tatsächliche Anzahl rezenter Arten drastisch unterschätzt 

wird und dass ein großer Teil der Vielfalt noch darauf wartet, entdeckt und beschrieben zu werden 

(Engel et al., 2021; González-Oreja, 2008). Diese unerforschte Diversität zu erfassen stellt jedoch eine 

große Herausforderung dar, denn der Großteil 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; Morinière et al., 2019). Dark Taxa sind so 

hyperdivers, dass präzise Artenzahl-Schätzung nur schwierig zu realisierbar sind - daher werden 

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

Der Großteil dieser “Dark Taxa” reiht sich in eine der beiden Ordnungen Diptera (Fliegen) und 

Hymenoptera (Ameisen, Bienen, Wespen) ein. Diesen Taxa gehören zum Beispiel Mücken, 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 erklären, warum diese Gruppen in der Vergangenheit wissenschaftlich 

weitestgehend unterrepräsentiert wurden. Gleichzeitig weist die Tatsache, dass Dark Taxa in Proben 

so häufig vorkommen (sie können mehr als 70 % der Individuen in einer Probe ausmachen) auf eine 

wesentliche ökologische Rolle hin. Dies bedeutet im Umkehrschluss, dass es umso wichtiger ist, diese 

Gruppen für die Forschung greifbar zu machen, damit sie in Naturschutzmaßnahmen einbezogen 

werden können. 

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 für sich keine ausreichenden 

Unterscheidungsmerkmale für die winzigen, kryptischen und vielfältigen Arten der dunklen Taxa. 

Glücklicherweise bieten die jüngsten Fortschritte in der Molekularbiologie die dringend benötigten 

Möglichkeiten, um die Entdeckung neuer Arten zu beschleunigen (Morinière et al., 2016). Diese 

treiben nicht nur die Probenbearbeitung und Artenbestimmung drastisch an, sondern ermöglichen 

auch die Analyse ganzer Insektengemeinschaften in einem Arbeitsgang. Darüber hinaus empfehlen 

immer mehr Wissenschaftler die Verwendung integrativer Arbeitsabläufe, bei denen Methoden aus 

verschiedenen Disziplinen zur Artbeschreibung und -abgrenzung eingesetzt werden. Die Anwendung 

dieses komplementären Ansatzes erhöht die wissenschaftliche Aussagekraft, da keine einzelne 

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

Das Hauptziel dieser Arbeit ist daher die Entwicklung eines integrativen Workflows für die schnelle 

Verarbeitung großer Proben von Dark Taxa. Zu diesem Zweck werden drei spezifische Ziele verfolgt, 

nämlich (1) die Identifizierung der unbekannten Diversität in gemäßigten Regionen, (2) die 

Entwicklung einer integrativen Methode zur Aufarbeitung dieser Insekten und (3) die Prüfung der 

Verwendbarkeit von Ethanol in Insektensammelproben für Metabarcoding-Anwendungen. 

Das erste Ziel ist es, das Bewusstsein zu schärfen für die weite Verbreitung von unbekannter 

Diversität nicht nur in tropischen, sondern auch in gemäßigten Zonen (Publikationen I-III). Dafür 

wurden die Metabarcoding-Daten von mehreren Insekten-Aufsammlungen analysiert. Hiermit 

konnte das hohe Vorkommen von Dark Taxa in Malaisefallen-Proben (im Sinne der Diversität, sowie 

großer Individuenanzahl pro Spezies) gezeigt werden. Außerdem wurden die Artenzahlen für vier 

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

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

wurde, konnte im nächsten Schritt eine Strategie für die Bearbeitung eines spezifischen Dark Taxons 
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in großen 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 möglicher Unstimmigkeiten zwischen den Methoden untersucht. Die Ergebnisse 

zeigen, dass sich unter der Verwendung dieses integrativen Ansatzes mehr als 90 % aller Arten 

nachweisen ließen, nachdem vorab weniger als 10 % aller Individuen morphologisch identifiziert 

wurden. Zusätzlich wäre die alleinige Anwendung einer der beiden Identifizierungsmethoden 

anfälliger für Fehler gewesen, die wahrscheinlich unentdeckt geblieben wären. 

Abschließend wird die Verwendbarkeit von in Ethanol gelöster DNA für (klassischerweise destruktive) 

Metabarcoding-Anwendugen bewertet. In dieser methodischen Arbeit wird geprüft, ob ökologische 

Informationen in der DNA erhalten bleiben, die aus der Sammelflüssigkeit von Insektenproben 

extrahiert wird. Sollte dies der Fall sein, würde dies bedeuten, dass das Fixativ einfach abgegossen 

und für die Analyse verwendet werden kann, während alle Individuen für weitere Analysen intakt 

bleiben. Die Resultate zeigen, dass DNA auf Ethanolbasis keine ökologischen Informationen bewahrt. 

Bis zukünftige, 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 gemäßigten Klimazonen beheimatet ist, 

trotz der wachsenden taxonomischen Hindernisse effizient zu untersuchen.
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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 80 million (Erwin, 1983, 1991, 2004; Gaston, 1991; Hodkinson & Casson, 1991; 

May, 1988; Ødegaard, 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).   
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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, terrestrial 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, (ii) 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). 
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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., 2011). 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; Martín-López 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; Sánchez-Fernández 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  
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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; Vårdal & 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; Vårdal & Taeger, 2011). This method of trapping takes advantage of 
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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).  

 

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; Morinière 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 et 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., 
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butterflies, beetles). However, species-level identifications of large insect bulk samples are 

challenging, time-consuming, costly, and sometimes even impossible (Morinière 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 (Čandek & 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 (Andújar 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 (Baloğlu 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; Morinière 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; 

Morinière 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; Morinière 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. 
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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 (Morinière 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; Morinière 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; González-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 (Morinière 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 Würzburg, 

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.
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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 III, 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 Morinière et al. (2019) and Hebert et al. (2016) alike, Cecidomyiidae may be by far the most 

diverse and species-rich taxon among all Diptera (Ševčík 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. 

 

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

 

To understand the driving force behind this hyperdiversity, Morinière 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 

II). 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 Allgäu 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 Allgäu 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. SpeciesIdentifier 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 SpeciesIdentifier 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 

(Dorić 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 (Lundström 

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 90 % in species- and cluster counts was obtained, and Chao1 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 
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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; Morinière 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; Morinière 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 you 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 to 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 expected, 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 

(Britannica, 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 



Global Discussion 

44 

 

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 90% 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 Wührl et al., 2022). Especially interesting is 

the fact that it is able to process very small specimens, including many dark taxa (<2 mm) (Wührl 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 

AI-based technologies half the battle is already won. 
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After having read this thesis, I do have one question. 
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