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Summary 
 

 

Biodiversity is worldwide suffering from a dramatic decline, whose underlying causes are still 

fairly unknown. The scientific investigation and identification of potential drivers of 

biodiversity loss are strongly hampered by the taxonomic impediment, which describes the 

shortage of taxonomic experts. As a result, studies dealing with changes in species 

communities usually only target a small set of taxa whereas the complex reciprocal 

relationships between taxa but also between the abiotic and biotic environment remain 

largely unresolved. By using Next Generation Sequencing (NGS) platforms it is now possible 

to assess unprecedented levels of biodiversity, allowing for the documentation of changes in 

species composition in a timely and cost-efficient manner.  

The Caucasus region has been described to be one of the world’s biodiversity hotspots, 

although the full magnitude of existing biodiversity is still unknown, due to the poorly 

developed local scientific infrastructure. Here we show that metabarcoding of soil samples 

allows for the timely assessment of the enormous degree of local existing biodiversity, what 

enables the detection of changes in species communities triggered by changes of the 

environmental parameters, e.g. height. To our knowledge, this is the first metabarcoding 

study aiming to assess invertebrate diversity of the Georgian Caucasus region. As eDNA 

metabarcoding of soils is still to mature, little is known about best practice procedures. Here, 

technical variables including choice of primer and in-silico filter are evaluated for their 

suitability and efficiency to monitor species communities along an elevational gradient 

(Chapter I). 



viii  Summary 

 
 

With ongoing scientific research, taxonomic resolution and sensitivity of molecular 

identification methods are continuously improving. In order to monitor the progress of 

ongoing renaturation measures in the Eifel National Park, Germany, changes in invertebrate 

community composition along a forest conversion gradient from non-native Norway spruce 

(Picea abies) to European beech (Fagus sylvatica) are documented. To capture a picture as 

complete as possible, species inhabiting the above ground habitat were sampled with Malaise 

traps (Chapter II) while ground dwelling organisms were captured by eDNA metabarcoding of 

soil samples (Chapter III). For both source materials important methodological considerations 

are discussed, comprising the evaluation of a new non-destructive DNA extraction method 

for bulk samples. Here it is shown that with a well-considered choice of marker, primer and 

source material, metabarcoding is a powerful tool for nature conservation purposes as it 

allows to monitor changes in biodiversity in a timely manner, enabling the identification of 

underlying causes of biodiversity loss. 

Invertebrate communities are defined and influenced by a complex network of interrelations 

and mutual influences between local occurring species. By metabarcoding the two types of 

samples, soil and Malaise trap bulk samples a complex picture of species communities 

encompassing both, above and below ground biodiversity is achieved. Here, a time lagged 

overlap of species occurrence between the two strata is observed, highlighting the power of 

metabarcoding to uncover species biology and thereby reciprocal relationships between 

species and how species community dynamics are affected by conversation measures 

influencing the abiotic and biotic environment (Chapter IV).  

This work contributes significantly to the development and refinement of metabarcoding 

approaches for the assessment of invertebrate diversity. In the future these methods will gain 

growing importance as the ongoing biodiversity loss remains strong making the identification 

of its driver to one of the most important tasks of current nature conversation research.  
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Biodiversity 

 

In the origin of species (Darwin 1859) it says 

 “(…) whilst this planet has gone cycling on according to the fixed law of gravity, from so simple 

a beginning endless forms most beautiful and most wonderful have been, and are being, 

evolved”.  

Darwin was not the first to recognize the immense number of lifeforms on earth, but his hy-

pothesis concerning the evolution of species was groundbreaking. Today when referring to 

the entity of these “endless forms of life” we often use the word “biodiversity”. The term was 

coined by Walter Rosen in 1986 (Takacs 1996) during the National Forum of BioDiversity in 

Washington, USA. A group around Rosen and the second initiator of the event Edward Wilson 

wanted to create a new buzzword to promote awareness of nature conservation (Erasga 

2012). The term ‘biodiversity’ was formerly used to simply encompass the variety of life on 

earth but today it has become one of the most important concepts in modern science. Indeed 

it has become a buzzword although many other definitions are existing and there are even 

more measures to describe it. A large number of people equalize biodiversity with the total 

number of occurring species, also referred to as species richness which can be described by 

several measures like alpha-, beta- and gamma diversity (Whittaker 1960). But there is a wide 

consensus in the scientific world that biodiversity cannot be reduced to a single number, alt-

hough this is often claimed by decision-makers like politicians (Purvis and Hector 2000). For 

scientific purposes a broader definition of biodiversity is needed which includes genetic diver-

sity, diversity on the ecosystem level and one that includes spatial and compositional attrib-

utes to cover important features such as function and resilience (Mace et al. 2012). The ‘Con-

vention About Biological Diversity’, which came into force on the 29th December 1993 and is 

nowadays signed by 193 countries, defines biological diversity as 

“the variability among living organisms from all sources including, inter alia, terrestrial, ma-

rine and other aquatic ecosystems and the ecological complexes of which they are part; this 

includes diversity within species, between species and of ecosystems.” 
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This definition is outstanding as it highlights the variability that arises from species being part 

of ecological complexes. Furthermore, it outpoints that the resulting interactions are both 

cause and consequence of biodiversity (Mace et al. 2012).  

Biodiversity is characterizing and forming habitats all over the world (Jones et al. 1994). Next 

to abiotic factors, the existing biodiversity is having major influence on the development and 

conservation of habitats. Many studies already pointed out that ecosystem functions are 

highly influenced by the functional traits of organisms (Heemsbergen et al. 2004; Thompson 

and Townsend 2006) and that the existence of specific organisms is actually crucial for the 

maintenance and function of the corresponding ecosystem (Jones et al. 1994; Simberloff 

1998; Ellison et al. 2005; Siddig et al. 2016). It is well-known, that a high biodiversity loss rate 

is often associated with changes in ecosystem functions, like a reduction in productivity 

(Hooper et al. 2012). Highly diverse ecosystems have a higher productivity, recycling and de-

composing rate, also they capture more biologically essential resources (Balvanera et al. 2006; 

Cardinale et al. 2011; Hooper et al. 2012). Moreover, biodiversity is of crucial importance for 

ecosystem functioning, sustainability and resilience, but the magnitude and relative diversity 

of global species richness remains unknown (Fonseca et al. 2010). Approximations for the total 

number of species living on earth may vary between 3 to 100 million (May 2010). These wide 

disparities on species richness highlight a large gap in our basic knowledge about life on earth 

(Mora et al. 2011), which furthermore underlines the importance to study biodiversity. Nev-

ertheless, many scientists agree that the total number of species on earth ranges around 8.7 

million species worldwide (Mora et al. 2011), but biodiversity is not evenly distributed across 

the globe (Mittermeier et al. 1999; Myers et al. 2000; Grosberg et al. 2012). Life can be found 

in terrestrial, aquatic and marine environments, but species composition differs dramatically 

within these habitats (Grosberg et al. 2012). Transition of species between these three realms 

is limited by at least three factors – productivity, habitat complexity and the physical proper-

ties of the surrounding media (Grosberg et al. 2012). These key factors directly affect the kind 

of adaption and thereby to what extent speciation is likely to occur, which is moreover influ-

encing the interactions between species (Grosberg et al. 2012).  Around 80% of all macro-
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scopic organism species are adapted to terrestrial habitats, while only 15% and 5% are inhab-

iting marine and aquatic habitats, respectively (Grosberg et al. 2012). This is mainly attributed 

to historical reasons, but also to the terrestrial physical setting which is more fragmented, 

opening up more possibilities to a higher diversity and the development of new dispersal strat-

egies (Vermeij and Grosberg 2010). Terrestrial ecosystems are influenced by a wide variety of 

abiotic and biotic factors. Their interactions lead to the formation of numerous unique habi-

tats hosting thousands of species including ecosystem engineers (Jones et al. 1994), founda-

tion species (Ellison et al. 2005) and keystone species (Simberloff 1998). Species belonging to 

either one of the two latter mentioned groups are mandatory for the existence and health of 

the corresponding ecosystem (Siddig et al. 2016). Ecosystem engineers are creating, modifying 

and maintaining the habitat for example by modulating the availability of resources to other 

species (Siddig et al. 2016), often paving the road for the introduction of new species by es-

tablishing micro habitats leading to higher diversity levels (Vieira and Romero 2013). The ex-

istence of foundation- and keystone species underlines that every single species can be crucial 

for keeping an ecosystem in balance. If this eco-balance gets disturbed the consequences can 

be disastrous. In 2005 a study showed, that the local environment highly depends on the ex-

istence of a foundation tree species (Ellison et al. 2005). Removing such trees from their hab-

itat had a major impact on many local species, for example the disruption of fundamental 

ecosystem processes like nutrient fluxes, carbon sequestration and rates of decomposition 

and thereby even dramatically alter the dynamic of associated aquatic ecosystems (Ellison et 

al. 2005). In addition, the local extinction of animal species can lead to a misbalance. The term 

“mesopredator-release” refers to the cascade effect, which can be triggered by the disappear-

ance of a top predator from a habitat (Soulé et al. 1988). As a consequence the population of 

smaller carnivores can grow explosively, which leads to a dramatic decline or even the extinc-

tion of prey species (Soulé et al. 1988; Crooks and Soulé 1999). This example describes a well-

understood relationship between species loss and the resulting consequences for the habitat. 

However, the interconnections of causes and consequences often remain unclarified. Ecosys-

tems are sometimes still affected by events that took place several years or decades ago or 
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the consequences of an event are realized heavily delayed (Tilman et al. 1994; Essl et al. 2015a, 

2015b). The latter is the case for the ongoing event of biodiversity loss.  

 

 

Biodiversity loss 

Only recently we realized that a silent loss of species in the order of magnitudes was and is 

still taking place all over the globe. In 2017 entomologists evidenced that Germanys insect 

biomass has declined by 70% over the last 27 years (Hallmann et al. 2017). On a yearly basis, 

this is a loss of approximately 2.8%. In 2018 a study revealed a 78%-98% decline of ground 

foraging and canopy dwelling arthropods in a tropical forest over a 36 years period, which is a 

mean decline between 2.7 and 2.2% per year (Lister and Garcia 2018). If both of the above 

mentioned studies were encompassing a shorter period, the loss rates would probably have 

been regarded as statistically non-significant (Sánchez-Bayo and Wyckhuys 2019). Therefore, 

longtime monitoring studies are indispensable. Fluctuations in insect populations can be a 

short-term response to stochastic environmental events or just the statistical ‘noise’ of natural 

population cycles (Woiwod and Harrington 1994; Conrad et al. 2004). Only with long time 

monitoring series the identification of significant directional trends is possible (Fox 2013). Un-

fortunately, long-term data is only available for a handful of taxa, that are mostly well-studied 

but species poor, like bumblebees and butterflies (Biesmeijer et al. 2006; Conrad et al. 2006; 

Franzén and Johannesson 2007; Frankie et al. 2009; Dupont et al. 2011; Fox 2013; Melero et 

al. 2016). Although this data is very revealing, the question remains on how applicable these 

trends are for further insect taxa (Tilman 2000; Hambler and Speight 2004; Fox 2013). The 

above mentioned examples are especially shocking viewed in the context of estimations that 

account approximately 80% of all terrestrial arthropod species to insects (Stork et al. 2015). 

Insect loss will probably have a cascade effect on birds, fish, mammals and amphibians as with 

declining insect biomass, food shortage for the above mentioned groups is just a question of 

time. In 2004 Thomas et al. showed that butterfly declines are exceeding similar changes as 
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described for birds and vascular plants in Great Britain (Thomas et al. 2004b; Fox 2013). An-

other study conducted in the Netherlands and Britain links local extinction of plant species 

with the decline of the associated pollinator populations (Biesmeijer et al. 2006). The obser-

vation of these cascade effects as well as the already observed enormous dimension of insect 

decline led scientist to the statement that the 6th big mass extinction is already on its way 

(Thomas et al. 2004b). Next to dramatic changes in ecosystems function, insect decline is in-

fluencing the well-being of humankind. Insects are accounting to the pollination of 80% of wild 

plant species (Potts et al. 2010) and 75% of cultivated species (Klein Alexandra-Maria et al. 

2007). As a result insect decline is directly influencing the human population, as a shortage in 

food resources is likely to occur (Vanbergen and the Insect Pollinators Initiative 2013). The 

research field dealing with the influence of ecosystems and its drivers on humanity is called 

ecosystem services.  

The silent disappearance of insects is not a new fact, but has been ignored for a long time 

(Nilsson et al. 2008; Potts et al. 2010; van Swaay et al. 2013) although it directly affects eco-

systems functions and services (Vanbergen and the Insect Pollinators Initiative 2013). On a 

global scale biodiversity loss and population declines have been recognized since the late 

1970th and as a result, scientific efforts escalated focusing on biodiversity assessment, conser-

vation studies and the direct impacts of biodiversity loss on ecosystem functions and services 

(Perrings et al. 1992; Daily 1997; Cardinale et al. 2012). Thereby it was shown, that some insect 

groups directly impact the delivery of key ecosystem services like pollination and pest control 

(Balmford and Bond 2005; Fox 2013). The Rothamsted Insect Survey (RIS) (Woiwod and Har-

rington 1994) was established in the early 1960s in order to provide and store information on 

the spatial variation of insect abundances. Based on the collected data it became clear that 

the macro-moth populations of England decreased around 12% during 10 year intervals. In 

numbers: from among 337 moth species, 222 populations declined between 1968 and 2003 

(Conrad et al. 2006). Similar dramatic declines were reported from Sweden. Macro-lepidop-

teran population at the Kullaberg Nature Reserve were monitored over a time period of 50 

years (Franzén and Johannesson 2007). From former 597 species, 159 were no longer found 

in 2004, while only 22 new species had newly colonized the area. In total macro-lepidopteran 
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population were suffering from a loss of 45% (Franzén and Johannesson 2007). In Spain 66 

butterfly species were monitored over a period of 20 years (1994-2014). Only 5 out of 66 pop-

ulations remained stable, for 15 populations an increase were documented but with 46, the 

majority of the populations were declining (Melero et al. 2016). 

Lepidopterans can be found in a broad range of habitats. They often express a high degree of 

host-plant specialization and are therefore often used as indicator species to assess the health 

of a habitat (Erhardt 1985; Summerville et al. 2004). Furthermore, they have a direct impact 

on the delivery of key ecosystem services like pollination (Johnson and Bond 1994). Addition-

ally, lepidopterans serve as prey for numerous insectivorous animals. Therefore, the loss of 

butterflies and moths can have unforeseeable consequences for ecosystem services, function 

and stability. Next to lepidopterans also further insect groups are suffering from populations 

loss. One of the most famous groups of insects are the hymenopterans, which includes bees 

and wasps. Wild bees are accountable for approximately 23% of crop flower pollination (Rader 

et al. 2016), making them one of the main pillars of animal pollination and thereby for ecosys-

tem services. Studies comparing historical records of bumblebee population with actual data 

draw a dark picture for the future of hymenopterans. In Denmark five out of 12 long-tongued 

bumblebee species disappeared over the last eighty years (Dupont et al. 2011). For central 

Europe 49 out of 60 Bombini species and subspecies were suffering from decline over the last 

136 years, while four species even went extinct (Kosior et al. 2007). In addition, other wild bee 

population are declining. In Britain a decline in 52% of wild bee species were recorded since 

1980. In the Netherland 67% of the species are suffering from decline (Biesmeijer et al. 2006). 

Additionally, a decline of wild bee populations outside of Europe has been observed. Between 

1972 and 1996 a 60% decline of wild bee species visiting dry forests along a highway in Costa 

Rica were documented (Frankie et al. 2009). Next to monitoring and documenting species de-

cline, several studies were conducted for the purpose of pinpointing the causes for biodiver-

sity loss (Sánchez-Bayo and Wyckhuys 2019). Within these studies direct human impact on the 

habitat e.g. changing habitats and pollution, was next to climate change and invasive species 

identified as a major trigger (Loreau et al. 2001; Thomas et al. 2004a; Pimm 2008; Butchart et 

al. 2010; Sánchez-Bayo and Wyckhuys 2019). 
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Over the last centuries and decades, human activities were increasingly shaping the landscape 

all over the world. Urbanization, agriculture and industrialization resulted in the destruction 

of natural habitat and finally in landscape fragmentation (Sánchez-Bayo and Wyckhuys 2019). 

It is an undisputable fact, that especially the intensification of agriculture frontier, has contrib-

uted to the progress of insect decline. Since 1700 croplands as well as pasturelands have mul-

tiplied five times (Ramankutty et al. 2018). Especially during the times when agriculture took 

major steps from traditional, low-input farming to industrial characterized intensive produc-

tions (Ollerton et al. 2014; Sánchez-Bayo and Wyckhuys 2019) insect populations were suffer-

ing. The cultivation of genetically-uniform monocultures, the invention of synthetic fertilizers 

and pesticides and the removal of local biodiversity havens (e.g hedgerows, wild meadows 

and small forests) withdrawals insects basis for life (Williams and Osborne 2009; Brooks et al. 

2012; Kennedy et al. 2013; Morandin et al. 2014; Sánchez-Bayo and Wyckhuys 2019).  Many 

studies account the use of synthetic fertilizers, pesticides and herbicides to the second biggest 

drivers for biodiversity decline (Sánchez-Bayo and Wyckhuys 2019). Due to its high degree of 

toxicity the application of insecticides has a direct negative influence on affected local insect 

communities (Mulé et al. 2017). But also herbicides can trigger the decline of insect popula-

tions. Herbicides have a negative effect on the diversity of the local vegetation and as a result 

on certain plants specialized arthropod species are vanishing from the habitat together with 

these plants (Marshall et al. 2003). To maximize crop yield many farmers are applying large 

amounts of fertilizers to their crops. The excessive use of fertilizers have led to the eutrophi-

cation of many aquatic systems, which has recently been linked to a decline in populations of 

insects with a partly aquatic lifestyle like dragonflies, Chironomidae, Trichoptera and Ephem-

eroptera (Kalkman 2010; Jenderedjian et al. 2012). Next to human activities also biological 

factors can play a role in insect decline. A good example is the arrival of new species within an 

intact ecosystem. Invasive species can cause food networks to collapse (Kenta et al. 2007). 

However, the drivers of Insect decline cannot be considered individually as they are often 

strongly interwoven with each other. In the curse of globalization species are often trans-

ported as stowaways to new habitats. Depending on the environmental conditions of the ar-

rival location they can easily harm the local populations. This is sometimes intensified by the 
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effects of climate change, which now allows many species to immigrate to new habitats 

(Thomas 2010), while local species are forced to narrow their distribution area (Freeman et 

al. 2018). Species decline is often a result of an interplay of many factors. Therefore, monitor-

ing biodiversity shifts is of uppermost importance, so that first indicators for a starting diver-

sity loss won’t be overlooked 

 

 

Assessment Methods  

In former days species identification studies were mainly based on the morphology of the or-

ganisms under investigation. The term “morphology” is derived from the ancient greek 

μορφή, morphé, meaning "form", and λόγος, lógos, meaning "word, study, research". Thus, 

morphology is the study of the form and structure of organisms. Because most taxa differ in 

their outer appearance from other taxa, species description and identification has been based 

on the external morphology (outer appearance characterized by shape, color, size, patterns 

and structure) for a long time, but later also on the internal morphology (bones, organs). Based 

on their shared morphological characters, types of organisms are grouped together in a mean-

ingful ways. These groups are called taxa and are assigned to a taxonomic rank. In modern 

taxonomy the eight major ranks are ’Domain’, ’Kingdom’, ’Phylum’, ‘Class’, ’Order’, ’Family’, 

’Genus’ and ‘Species’ The system of classifying  organisms in a nested hierarchy and naming 

them after a binominal nomenclature has been developed by the Swedish botanist Carl Lin-

naeus. Today, the classification groupings have dramatically changed but it’s still their major 

aim to reflect evolutionary relationships.  

Generally speaking, the more distant two taxa are from each other, the more morphologically 

different they are. But there’s no rule without an exception - not every species is unique in its 

outer appearance. Cryptic species can express an identical exterior but are evolutionary sep-

arated from each other and are therefore unrelated. On the other hand, some species can 

express a broad range of phenotypic plasticity, meaning that outer appearance can vary 

largely within a species. A good example is the strawberry poison frog (Oophaga pumilio), 
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which can occur in more than 15 different color morphs, ranging from plain red to multi col-

ored spotted specimens (Summers et al. 2003; Hagemann and Pröhl 2007). A taxonomist is 

able to identify between 1000 and 2000 species. To successfully conduct a study aiming to 

investigate total biodiversity of a habitat several experts have to co-operate. This is often chal-

lenging as experts are rare and inundated with enquiries. Considering the fact that worldwide 

7 million species are still waiting to be described, 8700 experts would be needed to do the job 

(https://www.bolgermany.de). Unfortunately, the worldwide number of experts lies between 

4000 and 6000. This shortage is usually referred to as the ‘taxonomic impediment’ (Wheeler 

et al. 2004). For the sake of completeness, it must be mentioned that not only the insufficient 

number of experts is described by the taxonomic impediment but also the incomplete 

knowledge of existing biodiversity as described before, experts unbalanced distribution across 

the globe and a thereby attendant underdeveloped worldwide taxonomic infrastructure 

(Coleman 2015). The taxonomic impediment has a direct influence on research. Due to the 

shortage of experts many studies are only focusing on certain sets of taxa instead of assessing 

total existing diversity. These narrowed studies prohibit conclusions about interactions, com-

plex networks and causes and consequences of biodiversity shifts. 

Invertebrates often serve as a proxy for habitat biomonitoring since they are widespread, very 

abundant, sensitive to environmental change and highly diverse (Rosenberg and Resh 1993). 

To assess the actual health status of a habitat on the basis of invertebrate diversity two pos-

sible methods can be applied (Lindenmayer and Likens 2011): First, the proof of the existence 

of an indicator species. An indicator species can be an individual taxon or a group of species, 

which is taken as a proxy for particular environmental conditions or changes (Lindenmayer 

and Likens 2011). Secondly, approaches which focus on the assessment of the entirety of the 

existing biodiversity (Lindenmayer and Likens 2011). Assessing the actual health status of an 

ecosystem based on indicator species has the great advantage that scientists can exclusively 

focus on sampling these target organisms, while assessing the total existing biodiversity un-

derlies the assumption that every species inhabiting the habitat has been captured and iden-

tified beyond doubt. Nevertheless, the use of indicator species is controversially discussed as 



12  Introduction - Barcoding 
 
 

the definition of an  indicator species is not always clear and its concept can be highly idiosyn-

cratic (Lehmkuhl et al. 2008; Roth and Weber 2008; Lindenmayer and Likens 2011). Addition-

ally, despite the fact that several species are strongly associated with certain environmental 

conditions or habitat types (Lindenmayer and Likens 2011; Morrison et al. 2012), it can be 

premature to assume that this species is a robust indicator for it (Lindenmayer and Likens 

2011). The bivalve Velesunio ambiguous was long time thought to be an indicator of the pres-

ence of heavy metals and therefore of the degree of pollution of the corresponding habitat 

(Walker 1981). However, subsequent studies proved that there is no correlation between the 

degree of pollution and the uptake of heavy metals by the bivalve (Millington and Walker 

1983; Lindenmayer and Likens 2011). Indicator species should therefore be chosen with cau-

tion. Additionally, populations of indicator species could be affected by unforeseeable 

changes in abiotic and biotic factors, which measurements are not subject to the correspond-

ing study. Because of these drawbacks, it can be dangerous to claim that monitoring popula-

tion dynamics or the protection of only certain taxa can be as informative or efficient as col-

lecting data of the overall biodiversity. To clarify the differences Purvis and Hector (2000) used 

the following metaphor: “Conserving one population of every species is rather like having one 

of each note in the Mozart concerto” (Purvis and Hector 2000). Overall,  the assessment of 

ecosystem health could be more accurate when studies are based on the total existing diver-

sity shaping the habitat (Lindenmayer and Likens 2011), which has longtime been hampered 

by the taxonomic impediment.  

 

 

Barcoding 

The development of sequencing tools opened the door for new monitoring methods on the 

basis of molecular characteristics. These tools partly circumvent the taxonomic impediment.  

Similar to most commercial products which can be easily identified on the basis of their asso-

ciated unique barcodes, species are clearly demarcated by unique DNA Barcodes (Hebert et 
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al. 2003). A DNA Barcode is defined as a short gene sequence, taken from a standardized por-

tion of a gene (Hebert et al. 2003). The international barcode of life (iBOL) initiative, which has 

the overarching objective to assess the magnitude and relative diversity of global species rich-

ness, uses a 648bp base-pair region of the mitochondrial cytochrome c oxidase subunit I (COI) 

for the identification of metazoans on species level.  

To create a new reliable barcode for a taxon, individuals of the target taxon must be collected 

and identified. This still requires taxonomic expertise, whereas molecular tools are not entirely 

independent from the taxonomic impediment as well. However, once individuals are collected 

and identified all metadata must be carefully collected and stored in a database together with 

a high resolution picture of the corresponding specimens. After DNA extraction, each speci-

men is deposited in a collection to serve as voucher specimen. The extracted DNA is the basis 

for the creation of the barcode. The standard molecular tools for generating DNA barcode 

libraries are PCR amplification of the target region on behalf of a well-executed design and 

selection of primers, followed by Sanger sequencing (Shokralla et al. 2014; Kress et al. 2015). 

The basics for sequencing is the process of DNA synthesis  and replication, which is the result 

of a complex interplay of DNA helicase, DNA polymerase, deoxynucleotides and finally the 

template DNA. At the beginning of every DNA replication process DNA helicase unwinds the 

twisted double helix structure and splits it into two single-stranded DNA strands. Afterwards 

RNA primase binds a primer to the single stranded DNA, which is used as a starting point for 

the DNA polymerase to create an “extension product” by attaching nucleotides to the 3’-hy-

droxyl end of the RNA primer. The growth of the extension product is performed in 5’ to 3’ 

direction by attaching new nucleotides with phosphodiester bridges between the 3’-hydroxyl 

group at the extension product and the 5’ phosphate group of the incoming deoxynucleotides 

(Clark and Pazdernik 2013). Because of their restricted ability to form hydrogen bonds with 

each other, only nucleotides complementary to the actual base of the template DNA are in-

corporated by the Polymerase.  Sanger presented a sequencing approach in 1977 (Sanger et 

al. 1977, 1978), which has been improved over the last three decades. For replication, Sanger 

uses next to deoxynucleotides (dNTPs), dideoxynucleotides (ddNTPs) which are lacking the 3’-
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hydroxyl group. This is hampering the formation of phosphodiester bonds. For Sanger se-

quencing four separate reactions are set up, each of them are containing radioactively labeled 

nucleotides and either ddA, ddT, ddC or ddG. Depending on concentration of dNTPs and 

ddNTPs, during elongation of the extension product DNA polymerase incorporates now a de-

oxynucleotides or the corresponding dideoxynucleotide. In contrast to the dNTPs the incor-

poration of ddNTPs ends the chain extension and the extension product is no longer elon-

gated. This results in the formation of several extension products differing in size. At the be-

ginning of Sanger Sequencing the resulting DNA fragments were separated from each other 

by electrophoresis using a polyacrylamide gel (Tipu and Shabbir 2015). For separation, an elec-

trical field is applied forcing the negatively charged fragments to move through the gel to-

wards the positive electrode. The higher the molecular weight of a fragment is, the slower it 

moves through the gel. With electrophoresis it is even possible to separate fragments from 

each other, which are only differing by one nucleotide in size (Clark and Pazdernik 2013). To-

day, sanger Sequencing is able to achieve read length of up to 1000bp (Kircher and Kelso 2010; 

Shokralla et al. 2014). This can be very helpful, when sequencing unknown genomes (de novo) 

or rearrange genomes segments (Shendure and Ji 2008; Mardis 2013). But the traditional 

Sanger DNA-sequencing method is not suitable for large-scale studies (Shokralla et al. 2012) 

as it is lacking the ability to read DNA from multiple templates in parallel, making it impossible 

to sequence the DNA of several hundreds of specimen at the same time (Shokralla et al. 2012). 

 

 

Metabarcoding 

During the last years tremendous steps have been taken towards a new technology which is 

able to produce an enormous amount of data when sequencing the DNA of several thousands 

of specimen in parallel (Barba et al. 2014). In 2000 the first “Next-Generation-Sequencing” 

was launched, which was capable of sequencing up to 25 million bases with an accuracy of 

99% or more in one to four hour run with de novo sequencing (Margulies et al. 2005). Since 

2006 this has increased to 400 million bases per run providing the possibility to sequence the 
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genome of single individuals (Noonan et al. 2006; Nowrousian et al. 2012). The first High 

Throughput Sequencing (HTS) which was applied to large scale biodiversity analysis was 

Roche’s 454 pyrosequencing platform in bacteria and later in eukaryotes (Sogin et al. 2006; 

Fonseca et al. 2010; Hajibabaei 2012; Lallias et al. 2015). Since then, NGS platforms were con-

tinuously further developed. Today, the Illumina MiSeq,HiSeq (Caporaso et al. 2012) and 

NextSeq (Elbrecht et al. 2016) platforms are increasingly used for environmental studies.  

Prior to sequencing specific Illumina adapters are ligated to the library fragments. Illumina 

platforms work with bridge PCR. Single molecule amplicons are pumped through the channels 

of a flow cell (Kircher and Kelso 2010), on which surface high-density forward and reverse 

primers, complementary to the ligated Illumina adapters, are attached (Shokralla et al. 2012). 

By active heating and cooling steps (Shokralla et al. 2012), the primers hybridize to the library 

fragments and a new strand is formed by reverse strand synthesis. When the new strand 

bends over, it hybridizes to one of the immobilized primers, forming a bridge between two 

primers (Kircher and Kelso 2010). In this way, a second strand is formed and finally several 

1000 copies are generated (Kircher and Kelso 2010). All amplicons arising from a single tem-

plate molecule during amplification remain clustered on a single location (Shendure and Ji 

2008). The density of the amplified clusters is thereby defined by the ratio of the primers. For 

sequencing a primer is hybridized to a universal sequence, which is flanking the strand. Illu-

mina works with sequencing by synthesis concept, meaning that in each cycle a mixture of 

four modified deoxynucleotides are added. Each of it contains one of four fluorescent labels 

together with a reversibly terminating moiety (Shendure and Ji 2008). The moiety ensures, 

that the incorporation reaction is stopped after each cycle. With fluorescent dyes, the label of 

the incorporated base is analyzed. The next cycle is started after removing the fluorescent 

label and the moiety with the help of chemical cleavage (Shendure and Ji 2008). The most 

common errors in Illumina are substitutions, which can be often traced back to an incomplete 

cleavage of the labels (Shendure and Ji 2008). Furthermore, A/C and G/T bases are respectively 

similar in their emission spectra and the limited separation from each other can only be ob-

served using optical filters. As a consequence, an increase in the number of substitution errors, 
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between A/C and G/T, is found (Kircher and Kelso 2010). Chemistry crystals, dust and lint par-

ticles are sometimes identified as clusters. This equals the so called ‘ghost wells’ in the Roche 

platform (Kircher and Kelso 2010). Furthermore, likely as a consequence of the growing 

amount background noises, error rate increases with ongoing sequencing process (Kircher and 

Kelso 2010). 

On the basis of NGS new research fields have emerged making it difficult to use the right ter-

minology as this is often still in flux (Douglas et al. 2012). In 2010 Fonseca et al. published the 

first NGS study dealing with the assessment of eukaryotic community composition. The anal-

ysis of homologous genes in order to perform a large-scale analysis of taxon richness was 

termed metagenetics (Creer et al. 2010). Since Fonseca et al (2010) published their pioneer 

work further marker gene studies were published using similar methods but giving them var-

ious nomenclature. Next to ‘metasystematics’ (Hajibabaei 2012) and ‘amplicon-sequencing’ 

(Creer et al. 2010, 2016), Taberlet et al. introduced the term metabarcoding (Taberlet et al. 

2012a). Today the term ‘metabarcoding’ is widely established to describe the method of using 

gene-specific PCR primers to amplify DNA from complex DNA mixtures (Creer et al. 2016; Fon-

seca 2018).  

A crucial step for assessing large-scale molecular biodiversity is the choice of the marker gene. 

So far, no marker has been identified to be capable to identify all taxa across the taxonomic 

tree. However, it was found that some barcode regions can provide a high taxonomic resolu-

tion and coverage for certain taxonomic groups of interest e.g. Cytochrome oxidase subunit I 

gene (COI) for arthropods (Andújar et al. 2018; Elbrecht et al. 2019), the small subunit 18S 

rRNA gen (18S) for Metazoa (Fonseca et al. 2010), the internal transcribed spacer (ITS) for 

fungi (Schoch et al. 2012), the maturase K gene (matK) and the large sub-unit of ribulose 1,5-

biphosphate carboxylase gene (rbcL) for plants (CBOL Plant Working Group et al. 2009) and 

the small subunit 16S rRNA gen (16S) for bacteria (Chakravorty et al. 2007).  

As the power of metabarcoding is directly linked to complexity and completeness of available 

databases (Somervuo et al. 2017) a lot of effort has been taken to establish well-maintained 
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reference databases populated with millions of taxonomically verified DNA reference se-

quences (e.g. BOLD, GenBank, Greengenes, SILVA).  Despites the increasingly large number of 

references and the often pronounced high taxonomic resolution of the above outlined marker 

it has been noticed that several metabarcoding studies still imply a high number of false neg-

ative results. For instance, it has been observed that the COI marker widely fails to amplify for 

hymenopterans when they are part of a bulk sample (Brandon-Mong et al. 2015). The COI 

marker is a very polymorphic, fast evolving gene and thus highly suitable for the identification 

of taxa on species level (Creer et al. 2010; Deagle et al. 2014). However, due to its protein 

coding character the marker is less constraint by selection whereas it is showing an increas-

ingly high number of mutation at the third codon of the primer binding sites leading to primer 

mismatches when targeting genetically diverse taxonomic groups (Piñol et al. 2015; Clarke et 

al. 2017). As a consequence the use of universal primers increasingly results in falsely esti-

mated alpha and beta diversities since some taxonomic groups will be missed due to primer 

bias (Ficetola et al. 2010; Deagle et al. 2014). Therefore, the use of several primers targeting 

the same gen region is highly recommended to enlarge taxonomic resolution (Deagle et al. 

2014). In contrast to the COI marker is the 18S marker characterized by highly conserved pri-

mer sites, enabling the identification of several taxa on the basis of a single primer (Fonseca 

et al. 2011). Combined with the fact that more than 150 copies of the marker gene can be 

found within each cell of the organism, facilitating the amplification of barcodes from micro-

scopic organism, the nuclear 18S marker offers a comparatively large taxonomic coverage 

(Creer et al. 2010). However, in contrast to the COI marker, evolves the 18S gene much slower, 

making it difficult and sometimes even impossible to identify taxa on species level. As a result 

studies based on the 18S marker often tend to underestimate truly existing biodiversity (Tang 

et al. 2012). It is therefore increasingly recommended to use several markers as this practice 

leads to a better taxonomic resolution and a wider taxonomic coverage (Zhang et al. 2018; 

Marquina et al. 2019a).  

A great advantage of metabarcoding is that it reduces the sampling effort to a minimum, while 

increasing the probability to sample every species inhabiting the target habitat, including mi-

crobial organisms and bacteria. Furthermore, it enables the possibility to sequence the genetic 
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information of whole-populations (Lazarevic et al. 2009) by analyzing DNA directly recovered 

from bulk (Braukmann et al. 2018; Watts et al. 2019) or environmental samples (Watts et al. 

2019), which can for example consist of soil, sediment, water or even air. (Taberlet et al. 

2012a; Barnes and Turner 2016; Deiner et al. 2017; Ruppert et al. 2019). Environmental DNA 

(eDNA) is defined as all DNA captured from environmental samples, without first isolating any 

target organisms (Taberlet et al. 2012a). eDNA can inter alia originate from skin, mucous, sa-

liva, sperm, secretions, eggs, feces, urine, blood, roots, leaves, fruits, pollen, rotting bodies or 

microorganisms. eDNA comprises several types of DNA. First, intracellular DNA, originating 

from living cells and living multicellular organisms, and secondly extracellular DNA (Levy-Booth 

et al. 2007; Pietramellara et al. 2009; Taberlet et al. 2012a, 2012b; Creer et al. 2016), which 

results from cell lysis after cell death (Pietramellara et al. 2009; Taberlet et al. 2012a, 2012b).  

While intracellular DNA is often intact, extracellular DNA can be highly degraded (Pietramel-

lara et al. 2009). The degree of degradation can significantly influence species detection rate 

as is has a direct influence on PCR bias (Krehenwinkel et al. 2018). However, the fade of eDNA 

in the environment has been studied only rudimentarily. This is especially true for terrestrial 

habitats. While several studies have focused on the investigation of eDNA degradation pro-

cesses in aquatic habitat (Strickler et al. 2015; Turner et al. 2015), little is known about envi-

ronmental influences affecting the persistence of eDNA in soil. However it is known that once 

DNA is in the environment it is vulnerable to degradation by enzymatic nucleases, while other 

fractions of the negatively charged DNA adsorb to negatively charged silica particles, clay and 

organic matter on behalf of cation and phosphate bridging (England et al. 2004; Taberlet et al. 

2012b). This makes the DNA much more resistant to digestion by enzymatic nuclease. De-

pending on source material and the local abiotic and biotic factors (Barnes et al. 2014) the 

timeframe of DNA persistence can vary from hours to hundreds and thousands of years 

(Jørgensen et al. 2012; Thomsen et al. 2012; Kucherenko et al. 2018). Furthermore, the deg-

radation dynamics of eDNA are influenced by intrinsic properties like DNA source (Pietramel-

lara et al. 2009), G+C content (Hofreiter et al. 2001; Vuillemin et al. 2017), molecular purity 

(Nielsen et al. 2000) and molecular weight (Ogram et al. 1994; Pietramellara et al. 2009). But 
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as outpointed already, extrinsic conditions like soil mineralogy (Levy-Booth et al. 2007; Pietra-

mellara et al. 2009; Gardner and Gunsch 2017), organic components (Ogram et al. 1988; Saeki 

et al. 2011), pH (Levy-Booth et al. 2007), temperature (Widmer et al. 1996; Gulden et al. 2005) 

and moisture (Widmer et al. 1996; Sirois and Buckley 2019) are influencing the fade of eDNA 

as well. Nevertheless, our understanding of the degradation processes and its influences on 

DNA persistence, especially for terrestrial habitats is still limited as only a few studies provide 

quantitative understanding of the underlying dynamics (Sirois and Buckley 2019). However, 

the importance to study eDNA fade in the environment is of uppermost importance as it can 

significantly influence the accuracy of conducted biodiversity assessments. Next to the assess-

ment of recent habitat communities, eDNA can also be used to reconstruct ancient ones e.g. 

by using ice or permafrost as source material (Haile et al. 2009; Jørgensen et al. 2012; Thom-

sen and Willerslev 2015). Accordingly, long time persistence of eDNA could distort conclusions 

made about current existing biodiversity. Additionally, the origin of extracted eDNA often re-

mains unclear as it could have been transported into the habitat by birds, large predators, 

stream currents or wind (Creer et al. 2016; Deiner et al. 2017). To circumvent these biases, 

community analysis are often based on DNA extracted from bulk samples, which has been 

coined ‘community DNA’ (Deiner et al. 2017). There is a thin line between eDNA and commu-

nity DNA. Next to the DNA of the collected organisms, bulk samples can also contain DNA from 

organisms not existing at the study site. This DNA can originate from the gut content of the 

collected specimens or is cutaneous intracellular and extracellular DNA (e.g. parasites) (Deiner 

et al. 2017). Depending on the purpose of the study and chosen target specimen, an appro-

priate source material must be chosen (Shokralla et al. 2010; Hajibabaei 2012; Taberlet et al. 

2012b; Lallias et al. 2015, 2015; Valentini et al. 2016). As already outpointed, the source ma-

terial has a direct influence on the interpretation of the study concerning time and space. 

While community DNA provides relatively exact information of the current composition of a 

local community, the risk that extracted eDNA is a relic of a past community or contains DNA 

from organisms no longer existing in the study area is significantly increased. Hence, the in-

terpretation of eDNA data must be performed very carefully to avoid false positive inferences 

(Deiner et al. 2017).  
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Depending on the study organisms, bulk samples for community DNA are collected in various 

ways. In terrestrial habitats, flying insects are usually collected with Malaise traps (Hallmann 

et al. 2017), while ground dwelling beetles are caught with pit falls traps (Greenslade 1964). If 

researchers are interested in nematode or annelid community compositions Baerman funnels 

are an appropriate method to circumvent sorting and sampling of soil samples manually 

(Walker and Wilson 1960; Van Vliet et al. 2004). In aquatic habitats, kick sampling is an appro-

priate method to sample macroinvertebrates (Lenat 1988). Until further processing, collected 

specimens are frozen or preserved e.g. in ethanol. A huge advantage of bulk samples is that 

newly discovered species are morphologically unharmed and it is still possible to describe 

them. In 2010 it was shown, that it is possible to extract DNA of the collected specimen directly 

from the preservative ethanol (Shokralla et al. 2010). Nevertheless, there is still no guarantee 

that the DNA of every specimen is contained within ethanol, as the mechanics of DNA release 

are not fully understood yet. Specimens contained in one bulk sample are differing in size, 

shape and morphology. While some beetles have a thick cuticle, small and fragile dipterans 

are much more vulnerable to disruptions. Furthermore, the size of the specimens has an in-

fluence on the amount of retrieved DNA. Due to the fact, that the amount of DNA of a large 

specimen in the resulting DNA template will exceed the one of a smaller organism, especially 

when grinding has been performed prior to extraction, an increasing number of metabarcod-

ing studies is now based of presorted bulk samples, which only contain specimens of similar 

sizes. Without size sorting a few large specimens would dominate the resulting dataset while 

smaller specimens would probably remain undetected (Elbrecht et al. 2017).  Elbrecht et al. 

(2017) showed that sorting by size and balancing the amount of tissue used per size fraction 

prior to grinding can increase the number of recovered taxa by 30%. After sorting the speci-

mens by size they are grinded to ensure that DNA of every specimen is present in the resulting 

DNA soup from which DNA will be extracted.  

When working with eDNA the extraction methods are highly depending on the type of target 

DNA. To extract intracellular DNA, living cells have to be lysed by adding a lysing agent to the 

sample and/or by applying mechanical disruption methods to it. However these approaches  
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are thought of to negatively affect quality and quantity of extracted extracellular DNA (Eng-

land et al. 2004). Next to intracellular DNA extracellular DNA can be used for the reconstruc-

tion of species communities as well. Former studies have indicated, that there must be a com-

petition between DNA and phosphate concerning the adsorption of particles (Taberlet et al. 

2012b), therefore extracellular DNA can be selectively extracted from soil samples by using a 

saturated phosphate buffer (England et al. 2004).   

For downstream analysis several bioinformatic tools are available. These tools keep develop-

ing in a phenomenal pace and new tools are made publicly accessible on a regular basis. The 

large number of available algorithms, programs and scripts is making the decision compli-

cated. But as its application can have a strong influence on the outcome of the analysis the 

choice of the in-silico tools should be carefully considered in 

order to achieve reliable results  (Kopylova et al. 2016). To nar-

row down the choice of tools the usage of pipelines like QIIME 

(Caporaso et al. 2010) and Vsearch (Rognes et al. 2016) can 

provide a good service. Pipelines can be programs, interfaces 

or web tools guiding the user through the whole analysis. Each 

pipeline is implementing a broad range of tools the user can 

choose from while performing the analysis. The choice of the 

pipeline should be closely coordinated with the choice of 

marker gene. Most pipelines have in common that they rely 

on a similar workflow comprising eight steps, illustrated in Fig-

ure 1. During preprocessing, raw sequences are trimmed to 

remove Illumina adapters as well as low quality bases (Martin 

2011). When working within Illumina datasets, the forward 

and reverse reads need to be joined together as Illumina al-

lows the sequencing of both ends of a fragment (Quail et al. 

2012). Subsequently a quality filtering step ensures that the 

merged paired end reads have a certain size and  that the 

phred score, which indicates a predicted error probability for 

Figure 1 

Figure 1 Bioinformatic work-
flow as found in sev-
eral metabarcoding 
pipelines 
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each base introduced during sequencing, is of acceptable level (Caporaso et al. 2010). During 

quality filtering, PCR artifacts and sequencing errors are removed. Special emphasis must be 

paid to Chimera detection and removal (Edgar et al. 2011). Chimeras are known to be hybrid 

products which are formed during PCR, when an incomplete extension of a read is leading to 

a foreign strand, which is copied to completion in the next cycle (Fonseca et al. 2012). After 

chimera removal, sequences are clustered into Operational Taxonomic Units (OTUs) (Kopylova 

et al. 2016). An OTU is a cluster of sequences falling into a fixed similarity threshold, which is 

commonly 97% sequence similarity level, but can vary within studies. There are several algo-

rithms available to cluster sequences into OTUs. The applied OTU clustering algorithm can 

have a huge impact on the number and quality of the resulting clusters (Kopylova et al. 2016), 

therefore choice should be made with care. The resulting OTU list should also undergo revi-

sion. Many rare OTUs, mainly OTUs with a low number of assigned sequences to it, are a result 

of PCR and sequencing errors (Huse et al. 2010). Approximately 38% of all OTUs containing 

only one sequence are erroneous (Brown et al. 2015). To exclude false positives from the da-

taset usually all singletons are discarded from the dataset (Huse et al. 2010; Kunin et al. 2010; 

Brown et al. 2015). Unfortunately, this practice means, that sometimes rare but real OTUs are 

lost as well. Depending on the studied ecosystem, genuinely infrequent species can be ex-

pected to be the largest proportion, but the exclusion of rare OTUs from the dataset distorts 

the overall picture of the community, as it only retains dominant species (Frøslev et al. 2017). 

Nowadays many post-clustering filter algorithms are available to filter the resulting OTU table 

for erroneous OTUs like LULU (Frøslev et al. 2017) and dbotu3 (Olesen et al. 2017). The core 

task of LULU is to identify and merge ‘daughter’ OTUs with consistently co-occuring sequences 

that are similar but more abundant ‘parent’ OTUs across a multi-sample data set, under the 

assumption that the ‘daughter’ OTUs are artefacts (Frøslev et al. 2017). These new tools are 

now increasingly implanted into studies to draw a more exact picture of species diversity 

(Drinkwater et al. 2019; Fløjgaard et al. 2019; Marquina et al. 2019b). 

For taxonomy assignment curated OTUs are aligned against a reference database. Several 

well-maintained databases are publicly available and can be downloaded to local work-

stations. First and foremost the choice of the reference database depends on the chosen gene 



Introduction - Metabarcoding  23 
 
 

marker. The SILVA database and Genebank can be used for the analysis of 16S and 18S da-

tasets, while the BOLD database is a good choice when working with COI sequences. Although 

most databases try to stick to a “gold-standard” erroneous sequence assignments can occur. 

In such cases DNA reference libraries lack information on certain taxonomic groups. There-

fore, the use of more than one reference database is expected to maximizing taxonomic cov-

erage and reliability of results (Macher et al. 2017). The resulting OTU table is a good basis for 

the following ecological analysis, which can easily be performed using Gnu R. Today several 

packages are available for conducting ecological analysis on the basis of OTU tables e.g. the 

package vegan (Dixon 2003; Oksanen et al. 2007) but also other bioinformatic tools, which are 

often open source provide goof results (e.g. EstimateS).  

Metabarcoding is a powerful tool to create species lists and allow insights into shifts of com-

munity composition. Therefore, it is a suitable method for long time monitor programs, which 

are urgently needed to document and understand population dynamics in relation to environ-

mental conditions. A growing understanding of the dynamics will enable a better protection 

of the native fauna and flora and will likely provide hints how to stop ongoing insect decline. 
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Abstract 

 

 

The Caucasus region is known for hosting a high degree of biodiversity but its full magnitude is 

still unknown as biodiversity assessment studies were long time hampered by the limited local 

scientific infrastructure. The Georgian–German Biodiversity Center (GGBC) Initiative is aiming to 

close this large gap of knowledge by improving the local infrastructure e.g. through the 

establishment of modern molecular biodiversity assessment methods including barcoding and 

metabarcoding. This preliminary study highlights the power of metabarcoding to uncover levels 

of soil diversity in the Caucasus region, which has never been described before. We were able to 

prove that metabarcoding of soil samples is able to unravel changes in the degree of biodiversity 

along an elevational gradient. Furthermore, we outline the current challenges of metabarcoding 

to assess soil diversity and show that the aim of GGBC to establish a well curated and complete 

barcode reference database for the region is of uttermost importance to allow for a timely, cost-

efficient and reliable assessment of local biodiversity. However, more work has to been done to 

enfold the complete power of metabarcoding for the assessment of soil invertebrate biodiversity 

e.g. by developing suitable primer-pairs and best-practice guidelines. To our knowledge, this is 

the first metabarcoding study based on eDNA from soil which compares the suitability of in-

silico post-clustering filtering strategies for the assessment of invertebrate community 

composition. We show that choice of methods significantly influences assessed community 

patterns, whereas it would be desirable to develop best-practice guidelines to ensure 
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comparability of studies allowing for the detection of general ecological patterns (e.g. changes 

in degree of biodiversity along an elevational gradient).  
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Introduction 

 

 

It is alarming that we are witnessing a dramatic decline in biodiversity (Butchart et al. 2010; 

Hallmann et al. 2017), without even knowing yet the full magnitude of biodiversity on earth 

(Mora et al. 2011). Estimates of total existing biodiversity range between 3 and 100 million 

species (May 2010) but up to today only about 1.5 million species have been described. To fill 

this large gap of knowledge several studies with the overreaching aim to assess national 

biodiversity and if necessary to describe new species, were launched all over the globe. While 

barcoding the German fauna and flora the ‘German Barcode of Life’- Initiative (GBOL) detected 

several new species like the Sciaridae (Insecta: Diptera) species Ctenosciara alexanderkoenigi 

(Heller and Rulik 2016), which was found in the center of a crowded city. This is highlighting 

that even in countries which have long time been considered to be well studied, many species 

are still waiting to be described. By using Next Generation Sequencing (NGS) platforms it is now 

possible to assess unprecedented levels of biodiversity in a timely and cost-efficient manner, 

partly circumventing the shortage of taxonomic experts (Douglas et al. 2012; Beng et al. 2016; 

Barsoum et al. 2019; Elbrecht et al. 2019) also referred to as the taxonomic impediment (Wheeler 

et al. 2004). However, molecular biodiversity assessment methods heavily rely on the 

completeness and complexity of available reference databases. One of the major aims of the 

GBOL initiative was the establishment of a large publicly available reference database, storing 

the barcodes of the German fauna and flora. This database provides the basis for the 

incorporation of molecular methods for biodiversity assessment tasks within Germany also 
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outside of academia e.g. assessing the saprobic index for evaluation of water quality. The well-

established scientific infrastructure of Germany has likely significantly contributed to the 

successful completion of this large project. Nevertheless, similar successful projects were also 

conducted in other parts of the world, but most of them had in common that the countries 

under investigation had already a well-established scientific infrastructure. However, 

biodiversity is not evenly distributed across the globe and some areas are outstanding in the 

number of occurring species. These areas are called biodiversity hotspots (Myers 1988, 1990; 

Mittermeier et al. 1999; Myers et al. 2000). Myers et al. (2000) defined 25 hotspots across the 

globe, which only comprise around 1.4 percent of total land surface but host around 44% of 

all vascular plants and 25% of all species in four vertebrate groups (Myers et al. 2000). Many 

theories have tried to define the reasons for the accumulation of species in these regions (Brown 

2014). The majority suggests, that it is not just a single factor that triggers for the tremendously 

fast development of new species. Moreover, they postulate that it is a combination of several 

factors like the historical background, the benign character of the physical environment (Karr & 

Freemark 1983) and the existing biological heterogeneity (Brown 2014, Karr & Freemark 1983) 

that sustain the development of an enormous range of lifeforms. One of those hotspots is the 

Caucasus region. The Caucasus region is located between the Black Sea and the Caspian Sea 

and stretches over several countries including Georgia, which scientific infrastructure is still in 

the developmental phase. Therefore, the local fauna and flora has only been rudimentary 

studied and it is likely that many species are still waiting to be described. To close these gaps 

of knowledge the Georgian-German Biodiversity Center (GGBC) Initiative has embraced the 

goal to explore the magnitude and diversity of the local fauna and flora in the Caucasus area. 

Within the scope of GGBC a first joint project of the Ilia-State University in Tbilisi, Georgia and 

the Zoological Research Museum Alexander Koenig Bonn, Germany was launched in April 2018 

with the aim to investigate the local biodiversity in the Kintrishi Protected Area. The park is 

located in southwestern Georgia (N41.75, E42.03) and covers an area of approximately 13.000 
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hectares, varying in altitude from 300 to almost 2500m above sea level. As a plio-pleistocene 

refugium (Tarkhnishvili et al. 2012) many local lifeforms are endemic, which is further featured 

by the extraordinary climate of the region. With 3000mm annual precipitation, Kintrishi is 

together with the Mtirala National Park the most humid area in the Caucasus region, 

supporting pristine mountain humid forests. Furthermore, subalpine and alpine belts are 

forming unique ecosystems at the steep slopes of the Lesser Caucasus, from dense forests to 

snow-capped stone deserts. The scientific investigations of the influence of height on species 

diversity has a long history. Darwin and Humboldt have noticed dramatic changes along an 

elevation gradient (Lomolino 2001). In the course of time, two main but contradicting 

hypotheses were framed to describe these changes. The discontinuity hypothesis states that 

groups of species have similar distribution areas along an environmental gradient. The 

transition to another group is thereby more or less clearly defined (Grytnes and McCain 2007). 

In contrast to that, the continuum hypothesis proposes that every species in a habitat is 

independently distributed along an environmental gradient and that the distribution area of 

the existing species are not limited by a common boundary (Grytnes and McCain 2007). During 

the 50ies and 60ies Whittaker conducted several studies to test for the correctness of these 

hypotheses (Whittaker 1952, 1960, 1967; Whittaker and Niering 1965). He ended up with the 

conclusion that species form independent range boundaries along an environmental gradient, 

supporting the continuum hypothesis. Moreover, Whittaker found that some organism groups 

were decreasing in diversity along an elevational gradient, while others were shaping a 

humped curve with maximum species richness at mid-elevation levels. Furthermore, 

Whittaker investigated the degree of change in species composition which he coined “beta -

diversity” (Whittaker 1960). Although some findings of Whittaker had an enormous influence 

on the future of the research field of ecology by underlining the importance of the use of 

ordination techniques, his finding of the humped shape distribution of species r ichness along 

an elevational gradient, had in the course of time largely been forgotten. Thus, the assumption 
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that biodiversity decreases with height had widely been accepted (Grytnes and McCain 2007). 

It was only many years later in 1995 when Rahbek reviewed 97 papers on changes in biodiversity 

patterns along an elevational gradient to verify the at the time widely held assumption of 

biodiversity declines with increasing elevation level. Surprisingly he found that most studies 

describe an increase in biodiversity until a peak is reached at mid-elevation levels, followed by a 

decline at higher elevations (Rahbek 1995). Nevertheless, most of the reviewed studies were only 

focusing on certain taxa, which is also a result of the taxonomic impediment (Wheeler et al. 2004) 

which describes the challenges of biodiversity assessment studies arising from the shortage of 

taxonomic experts.  

Although, the existing biodiversity in the Caucasus region is still to wide parts unknown and 

barcode reference databases are therefore extremely incomplete, the concept of Operational 

Taxonomic Units (OTUs) allows an insight to the magnitude of the existing local biodiversity and 

is furthermore able to mirror changes in species composition over environmental gradients (Beng 

et al. 2016). To assess total existing biodiversity as complete as possible the study substrate must 

be appropriately chosen. Commonly used sampling devices usually only target a narrowed set of 

taxa e.g. Malaise traps will largely miss to assess ground dwelling invertebrates like annelids. 

However, for aquatic habitats it has been observed that sediments serve as a sink for 

environmental DNA originating from all kind of organisms including Nematoda, Arthropoda and 

Chordata (Fonseca et al. 2017). Similar to these findings the extraction and analysis of eDNA from 

soil is thought to provide meaningful insights into the local terrestrial biodiversity. Soil is teeming 

with life and the existing local biodiversity can vary strongly already on small geographical scale 

as it highly depends on moisture, acidity, temperature, nutrient content, organic matter and last 

but not least on soils physical appearance described by texture and structure (McCredie et al. 

1992; Baker et al. 1998; Curry 2004). In contrast to aquatic samples has soil been described to be 

a rather poor integrator of the whole local biodiversity (Taberlet et al. 2018). While for aquatic 

habitats many studies have been conducted with the aim to establish a best-practice guideline 
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(Leese et al. 2016), depending on target organisms this is still lacking for soil. Next to source 

material (Koziol et al. 2019), marker (Yang et al. 2013) and primer choice (Elbrecht et al. 2019), 

DNA extraction methods (Dopheide et al. 2019), completeness of reference library (Somervuo et 

al. 2017) are also in-silico steps (e.g. choice of filtering and clustering algorithms) known to 

directly influence taxonomic composition and diversity estimates (Frøslev et al. 2017). Some 

species show a high degree of intraspecific variations and as a result sequences belonging to the 

same species are clustered into more than one Operational Taxonomic Unit (OTU), leading to an 

artificial increase of calculated α-diversity (Frøslev et al. 2017). Furthermore, PCR and sequencing 

errors are known to contribute significantly to an artificial increase in number of recovered OTUs 

(Quince et al. 2009; Goodwin et al. 2016). To circumvent these sources of errors several 

algorithms are now available, which were developed to remove artifactual sequences from large-

scale datasets. Most of them targeting low-quality reads (Huse et al. 2010) and chimeric 

sequences (Edgar et al. 2011; Schloss et al. 2011). To further decrease error rate most studies 

apply a second filtering step post OTU-clustering. The majority of these post-clustering filtering 

strategies are built on the assumption that the highest number of infrequent OTUs result from 

erroneous sequences (Huse et al. 2010; Kunin et al. 2010; Brown et al. 2015). As a result, OTUs 

with a low sequence abundance are often excluded from the dataset, although it can be expected 

that especially in very diverse habitats, rare but mostly infrequent species are accounting for a 

high proportion of the existing diversity (Nemergut et al. 2011; Frøslev et al. 2017). While some 

studies are following a “light” strategy by only excluding singletons, meaning OTUs that 

encompass only a single sequence, some studies cut off all OTUs which do not account for a 

random chosen proportion of total sequence count per sample. Both methods have in common 

that mostly OTUs of dominant species are retained, while rare species often remain undetected 

(Frøslev et al. 2017). Recently a post-clustering algorithm has been developed which is following 

a different strategy, LULU. The LULU algorithm identifies ‘daughter-OTUs’ with consistently co-

occuring sequence similar, but more abundant ‘parent’ OTUs (Frøslev et al. 2017). The algorithm 
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assumes that the ‘daughter’ OTUs are artefacts and should therefore be merged with the ‘parent’ 

OTUs. 
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Aims of the Study 

 

 

To our knowledge, up to today no metabarcoding study has been conducted in the Georgian 

Caucasus area. Species lists and biodiversity estimates for that region are solely based on 

traditionally generated data and computer models. Here, we are presenting the first 

metabarcoding data investigating the hypothesis that biodiversity is shaping a humped curve 

over an elevation gradient in a biodiversity hotspot. We hypothesize that most of the discovered 

OTUs won’t be assigned to any taxon, as many species and even genera and families existing in 

that region have not yet been described and have therefore not been barcoded. Furthermore, 

we investigate the influence of in-silico filtering methods on taxa detection rate.  
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Material and Methods 

 

 

Sampling Strategy 

 

26 soil samples were collected in Kintrishi Protected Area in south-western Georgia (N41.75, 

E42.03) (figure I.1). The sample sites were distributed over a height gradient encompassing six 

elevation levels (EL) ranging from 325m to 2450m above sea level (figure I.2, table I.1).   

 

 

Figure I.1 Location of Kintrishi Protected Area in south-western Georgia (N41.75, E42.03)  
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Figure I.2 Location of sampling sites in Kintrishi protected Area in south-western Georgia. In total six 

elevation levels were sampled, here highlighted in coloration of sample site.  
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Table I.1 Geographical characteristics of the 18 sampling sites. Depicted for each sampling site is 

the height (vertical distance from sea level in meters), elevation level (EL1-EL6), 

coordinates (altitude N and latitude E) and sampling dates (day.month.year). 

Sample Site Height [m] Elevation Level Coordinates [GMS] Sample Date 

Sample Site 07 404 EL1 41°44'13.7"N 41°58'45.2"E 21.04.2018 

Sample Site 08 403 EL1 41°44'16.0"N 41°58'42.9"E 21.04.2018 

Sample Site 09 401 EL1 41°44'16.2"N 41°58'41.6"E 21.04.2018 

Sample Site 01 1035 EL2 41°43'45.7"N 42°04'39.3"E 20.04.2018 

Sample Site 02 1020 EL2 41°43'46.0"N 42°04'38.9"E 20.04.2018 

Sample Site 03 1031 EL2 41°43'46.4"N 42°04'38.2"E 20.04.2018 

Sample Site 04 1264 EL3 41°44'38.9"N 42°05'00.3"E 20.04.2018 

Sample Site 05 1252 EL3 41°44'36.3"N 42°04'54.4"E 20.04.2018 

Sample Site 06 1235 EL3 41°44'36.0"N 42°05'02.7"E 20.04.2018 

Sample Site 10 1697 EL4 41°44'52.8"N 42°05'45.3"E 24.04.2018 

Sample Site 11 1637 EL4 41°44'51.7"N 42°05'42.5"E 24.04.2018 

Sample Site 12 1634 EL4 41°44'53.5"N 42°05'38.4"E 24.04.2018 

Sample Site 13 2268 EL5 41°45'18.6"N 42°06'45.0"E 02.06.2018 

Sample Site 14 2280 EL5 41°45'19.1"N 42°06'46.2"E 02.06.2018 

Sample Site 15 2280 EL5 41°45'19.4"N 42°06'46.7"E 02.06.2018 

Sample Site 16 2465 EL6 41°45'44.9"N 42°06'56.6"E 16.06.2018 

Sample Site 17 2462 EL6 41°45'43.0"N 42°06'58.4"E 16.06.2018 

Sample Site 18 2450 EL6 41°45'41.8"N 42°06'56.9"E 16.06.2018 

 

At each sampling site three soil samples (biological replicates) were taken. The three soil samples 

were collected between approximately 20m and 50m apart from each other. For sampling a 

44mm id stainless steel sampler was used.  Each biological sample comprised four pooled 44mm 
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diameter x 100mm soil samples, taken two meters apart from each other. After sampling soil 

cores were stored at -20°C until further processing. With the exception of elevation level 5, 

climate stations were installed at each height level. Every hour the mean soil and air temperature 

[°C] as well as the mean relative air humidity [%] of the last 60 minutes were locked. Next to this, 

climate station 3 located at elevation level 3 collected data of the local solar radiation [W/m²]. 

Unfortunately, climate station 3 failed 4 hours after set-up, leading to insufficient data.   

 

 

DNA Extraction 

DNA extraction was performed using the Macherey Nagel NucleoSpin® Soil kit, following 

manufacture’s protocol.  

 

 

Choice of Primers and Library Preparation 

In order to increase taxonomic coverage and resolution a nuclear and a mitochondrial marker 

were chosen. The nuclear 18S rRNA marker which can detect a high percentage of the existing 

invertebrate groups as it has a high taxonomic coverage together with the more variable 

mitochondrial cytochrome oxidase subunit I (COI) marker, which enables a better taxonomic 

resolution but at the cost that several groups are missed (Tang et al. 2012; Cowart et al. 2015). 

To amplify the 313bp of the COI barcoding region, the primers mlCOIintF (5'-

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGWACWGGWTGAACWGTWTAYCCYCC -3') (Leray et 

al. 2013) and dgHCO2198 (5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 
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TAAACTTCAGGGTGACCAAARAAYCA-3') (Leray et al. 2013) were used. To amplify the 380bp V4 

region of the nuclear 18S rDNA, the primers TAReuk454FWD1 (5′-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCAGCASCYGCGGTAATTCC-3′) and TAReukREV3r (5′-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT ACTTTCGTTCTTGATYRA-3′) were chosen (Stoeck 

et al. 2010). For library preparation a two-step PCR amplification procedure was done (figure I.3).  

 

 

 

Figure I.3 Illustration of the 2-step PCR approach 
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Approximately 10ng of template DNA was used for all PCR reactions. For PCR1 the mastermix 

consisted of 7.5µl Q5 Hot Start High-Fidelity 2X Master Mix (New England BioLabs), 1µl Sigma 

H2O, 0.5ul of forward primer, 0.5µl of reverse primer, 0.5µl Bovine Serum Albumin 

(thermoscientific) and 1µl template DNA, making up a total of 15µl. The first PCR (PCR1) 

conditions consisted of an initial denaturation step of 2 min at 98°C, followed by 20 cycles with 

40 s at 98°C, 40 s at 45°C, 30 s at 72°C (COI) or 20 cycles with 40 s at 98 °C, 40 s at 55 °C, 30 s at 

72 °C (18S), and a final extension of 3 min at 72°C.  Following PCR1 the PCR products were purified 

with HT ExoSAP-ITTM (appliedbiosystems) by adding 4µl of HT ExoSAP-ITTM to each sample. 

Samples were first heated up for 15 min at 37°C, followed by 15 min at 80°C and subsequently 

cooled down for 5 min at 4°C. To add the Illumina index tag adaptors a second PCR (PCR2) using 

8l of purified PCR1 products was performed. For PCR2 the purified PCR products were split onto 

two PCR tubes. Each tube contained 12.5µl Q5 Hot Start High-Fidelity 2X Master Mix (New 

England BioLabs), 3ul Sigma H2O, 1.2µl of forward primer, 1.2µl of reverse primer and 8µl purified 

PCR1 product. The PCR2 conditions consisted of an initial denaturation of 2 min at 98°C, followed 

by 20 cycles with 40 s at 98°C, 30 s at 55°C, 30 s at 72°C and a final extension of 3 min at 72°C. 

PCR2 products were visualised by gel electrophoresis and purified using the QIAquick Gel 

Extraction Kit (Qiagen), according to manufacturer’s instructions. All final purified amplicons 

(PCR2) were quantified using the Quantus Fluorometer (Promega) and diluted to the same 

concentration (3 ng/l) before being pooled together to create two amplicon libraries (18S and 

COI). The resulting purified amplicon pools were sequenced on two runs of Illumina Miseq (2x 

300bp) sequencing platform at Liverpool University’s Centre for Genomic Research (Liverpool, 

UK). 
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Bioinformatics and Data Analysis 

 

Preparation of OTU Table 

Data sequenced at the Centre of Genomic Research (Liverpool, UK) had already undergone 

first quality check: The raw fastq files were trimmed for the presence of Illumina adapter 

sequences using Cutadapt version 1.2.1. Furthermore, sequences were trimmed using Sickle 

version 1.200 with a minimum window quality score of 20. Reads shorter than 20bp after 

trimming were removed.  

The remaining fastq sequences were checked for the presence of the COI and 18S primers with 

Cutadapt version 1.18 (Martin 2011) using the following settings: maximum error rate (-e): 0.1, 

minimum Overlap (-O): 20, minimum sequence length (-m): 50). Sequences lacking either 

forward or reverse primer were removed. From the retained sequences detected primers 

were trimmed before paired-end reads were merged with vsearch version 2.7.0 (Rognes et al. 

2016). Merged sequences with a length of 360-400bp for the 18S and 293-333bp for the COI 

dataset respectively were retained for further analysis and filtered with a maxEE threshold of 

1.0 using vsearch (version 2.7.0) (Rognes et al. 2016). Subsequently fastq-sequences were 

demultiplexed using the script split_libraries_fastq.py implemented in QIIME1 (Caporaso et al. 

2010). A phred quality threshold of 19 was chosen. Dereplication, size sorting, denovo chimera 

detection as well as OTU clustering with a 97% cutoff was conducted with vsearch 2.7.0 

(Rognes et al. 2016). Finally, an OTU table was build by using the --usearch_global function in 

vsearch 2.7.0 (Rognes et al. 2016) followed by the python script “uc2otutab.py” written by 

Robert Edgar  (https://drive5.com/python/uc2otutab_py.html). Taxonomy assignment was 

performed with blastn (version 2.9.0) (Altschul et al. 1990). For the COI Dataset next to the BOLD 

database (including barcodes of Annelida, Arthropoda, Chordata, Mollusca, Nematoda and 

Tardigrades), the complete GBOL database was used as reference database. For the 18S dataset 
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the sequences and taxonomy files were downloaded according to these criteria: ((18S) OR V4 

AND ((animals[filter] OR fungi[filter] OR plants[filter]))). To investigate whether the post-

clustering filter algorithm had an influence on the community composition, two filter protocols 

were applied. 

 

In-silico Filter: 0.01-Filter 

The following R script written by Vasco Elbrecht was applied to cut off the tail of the OTU rank-

abundance curve (i.e. low alpha-diversity) at 0.01% abundance:  

data <- read.csv("5_OTU_table_0.01_taxonomy.csv", sep = ";", header = T)  

ncol(data) 

data <- data[,-1] 

data <- data[-c(2:10)] 

ncol(data) 

data <- data[-c(107)] 

mysum <- colSums(data[,-1]) 

ncol(mysum) 

data2 <- data[1:106] 

for (i in 1:105){data2[,i+1] <- (data[,i+1])/(mysum[i])*100} 

colSums(data2[,-1]) 

meep <- data2[,-1] 

ncol(meep) 

meep[,-1][meep[,-1]<0.01] <- 0  

temp <- meep[, 1:105] 

write.table(temp, sep=",", row.names=FALSE, file="OTU_Table_001_percentages.txt") 

data_perc <- read.csv("OTU_Table_001_percentages.txt", stringsAsFactors=F) 
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ncol(data_perc) 

data3 <- data[,2:106] * (data_perc [,1:105] > 0) 

data4<-cbind(data$ID, data3) 

write.table(data4, sep=",", row.names=FALSE, file="OTU_Table_001_filtered.csv") 

To be considered a valid OTU for each sample tested, the number of sequences assigned to 

each OTU had to account for at least 0.01% of the total number of sequences found within the 

sample. If the number of sequences was lower the corresponding OTU was considered invalid 

and was removed from the sample. If the OTU was considered invalid for all tested samples, 

it was entirely removed from the OTU table.  

 

In-silico Filter: Lulu curation 

The second post-clustering filter approach tested was the Lulu-algorithm (Frøslev et al. 2017) 

Curation was started with an initial blasting of OTU representative sequences against each other 

using blastn (version 2.9.0). The following parameter settings were chosen for both datasets (COI 

and 18S): 'query coverage high-scoring sequence pair percent' (-qcov_hsp_perc) was set to 80, 

meaning that a sequence was reported as match when 80% of the query formed an alignment 

with an entry of the reference file. Secondly ‘minimum percent identity’ (-perc_identity) was set 

to 84, requiring the reference and query sequence to match at least to 84% to be reported as a 

match.  The format of the output file was customized using the –outfmt settings ‘6 qseqid sseqid 

pident’. The resulting output file included the names of the query sequences and the names of 

the reference sequences next to percentage of identical match. Subsequently, the resulting list 

was uploaded into R (version 3.5) (R CoreTeam 2013) in order to apply the R-package ‘lulu’ 

(version 0.1.0) (Frøslev et al. 2017) for post-clustering filtering using standard settings. The LULU 

algorithm filters the dataset for suspicious OTUs. Afterwards, suspicious OTUs are either 
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classified as “daughter OTU” and merged with the corresponding “parent OTU” or are discarded 

from that dataset. 

 

Diversity and Community Analysis 

 The resulting curated OTU tables were loaded into Excel where data got cleaned up and 

formatted for upload into R (R CoreTeam 2013). For statistical analysis several R packages were 

used. We used R studio running R version 3.5. Rarefaction curves were calculated in R using 

the packages vegan (version 2.5-6) (Dixon 2003) and ggplot2 (version 3.2.1.) (Wickham 2016). 

Venn diagrams showing number and proportion of unique and shared OTUs between technical 

replicates (figure I.5a,b) and biological replicates (figure I.6a,b) respectively were prepared 

using the R package dplyr (version 0.8.3) (Wickham et al. 2015) and the R package 

Venn.Diagram (version: 1.6.20) (Chen and Boutros 2011). The resulting plots were modified 

using Microsoft PowerPoint. Similar to that Venn diagrams showing number of shared and 

unique OTUs assigned to Arthropoda between post-clustering filter strategy depending on 

marker and reference database used (figure I.12) were prepared. Barplot showing number of 

detected OTUs depending on elevation level and in-silico filter (figure I.7) as well as barplots 

visualizing differences in taxonomy assignment rate depending on marker, in-silico filter and 

database (figure I.13-I.16) were prepared with ggplot2 (Wickham 2016) and later modified 

using PowerPoint (Microsoft). UpsetR-Plots showing detailed number of unique and shared 

OTUs between elevation level (figure I.8a,b) were prepared using the R package UpSetR 

(version 1.4.0) (Conway et al. 2017). Heatmaps visualizing calculated jaccard similarity indices 

between elevation level (figure I.9) were prepared using the R package ggplot2 (Wickham 

2016). Underlying calculation were done in Microsoft Excel based on the formula: J(X,Y) = 

|X∩Y| / |X∪Y|. PCoA plots indicating differences in assessed community composition for the 

COI and 18S dataset (figure I.10) were prepared using the R package betapart (version 1.5.1) 
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(Baselga and Orme 2012) and vegan (version 2.5-6) (Dixon 2003). Calculated Marioko plots 

visualizing number of assignments and corresponding BlastID (figure I.11) were prepared using 

the R package ggplot2 (Wickham 2016).  
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Results 

 

 

A total of 10,895,629 sequences were generated using the Illumina Miseq sequencing platform 

which contained both COI primers and matched the required length of 293-333bp. After 

paired-end merging, further quality checking and chimera removal, the COI dataset comprised a 

total of  4,706,004 sequences. For the 18S dataset a total of 11,115,493 sequences were found 

containing the 18S rRNA region of interest indicated by the presence of both primers and a query 

length of 360 – 400bp. After pair-end read merging, chimera removal and further quality filtering 

a total of 8,965,469 sequences were retained in the dataset. 

In the next step, retained sequences of both datasets were clustered into Operational Taxonomic 

Units (OTUs) with a cutoff of 97%. The 4,706,004 sequences of the COI dataset were clustered 

into 23414 OTUs, while the 8,965,469 18S sequences were split onto 131399 OTUs. Both post-

clustering filter algorithm strongly reduced the number of recovered OTUs. In detail, LULU 

curation reduced the number of OTUs contained in the COI dataset by approximately 20% from 

23414 OTUs to 18785. For the 18S dataset, LULU curation resulted in an even stronger reduction 

by approximately 70%. Out of the formerly 131399 OTUs, 39066 OTUs were retained in the 18S 

dataset. The application of the 0.01-Filter lead to a slightly stronger reductions in number of OTUs 

within both datasets. Number of COI OTUs fell from 23414 to 11457 OTUs after post cluster-

filtering curation. This accounts for a reduction of almost 51%. Number of OTUs of the 18S were 

reduced by 79% from formerly 131399 OTUs to 27122 OTUs. 
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Suitability and Efficiency of Sampling Strategy 

 

The conducted rarefaction curves did not reach an asymptote, which is indicating that sampling 

effort was not suitable for assessing total existing biodiversity. This is consistent for both markers 

and in-silico filters (figure I.4) 

 

 

Figure I.4 Rarefaction curves calculated for the a) 18S dataset curated with the 0.01-Filter, b) COI 

dataset curated with the 0.01-Filter, c) 18S dataset curated with the LULU-algorithm, d) 

COI dataset curated with the LULU-algorithm  
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The two technical replicates taken of each sampling site were strongly differing in number of 

OTUs. This was especially true for the 18S dataset: It was observed that two technical 

replicates were differing in numbers by up to 691 OTUs. Additionally it was found, that only a 

small proportion of OTUs was present in both technical replicates (from here on referred to 

as ‘shared OTUs) (figure I.5a and I.5b). A significant influence of filtering strategy on relative 

number of shared OTUs between technical replicates was observed. For the 18S dataset it was 

found that LULU curation increased average percentage of shared OTUs between technical 

replicates in comparison to the 0.01 Filter. Only at sample site 10, where technical replicates 

of the LULU curated dataset shared approximately 22.5% of OTUs a higher percentage was 

found when the same dataset was curated with the 0.01 Filter (35.5%). At the remaining 17 

sampling sites, on average 13.79% of OTUs were shared between technical replicates when 

the 0.01-Filter was used for curation, while after LULU curation approximately 22.64% of OTUs 

were present in both replicates (figure I.5a). 
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Figure I.5a Number and proportion of unique and shared OTUs between technical replicates of 

the 18S dataset, depending on curation method used. At each of the six elevation levels 

three biological replicates were taken (shown in columns, indicated by cardinals).  
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Figure I.5a (Continued.) Each biological replicate consisted of two technical replicates (indicated 

as ordinals) here shown as overlapping circles. The graph shows number and relative 

proportion of OTUs with which each technical replicate accounts to total number of 

OTUs per biological replicate. It further indicates number of OTUs detected with both 

technical replicates per biological replicate of each elevation level. The dashed line 

separate the two types of in silico analysis (0.01-Filter and LULU curation)  

 

Similar results were found for the COI dataset. The two technical replicates amplified with the 

COI maker usually shared more OTUs when the LULU algorithm was used for post-clustering 

curation (LULU curation: 12.7% of OTUs; 0.01-Filtering: 11.53% of OTUs). Only for sample sites 

5 (Lulu: 11.8%; 0.01: 12.2%), 10 (Lulu: 15%; 0.01: 24.8%), 14 (Lulu: 11.4%; 0.01: 14.3%) and 18 

(Lulu: 19.4%; 0.01: 21.4%) a higher proportion of OTUs was shared between replicates when 

the 0.01-Filter was applied (figure I.5b). Regardless of applied post-clustering filter algorithm, 

proportion of OTUs shared between technical replicates of each sample site was higher for 

the 18s compared to the COI dataset. In detail, replicates amplified with the 18S primer pair 

and filtered with the 0.01-Filter shared on average 13.82% of OTUs, while replicates amplified 

with the COI primer pair shared on average 11.54% of all OTUs. When the Lulu algorithm was 

applied replicates of the 18S dataset shared on average 22.6% of OTUs, while on average 

12.71% of the COI OTUS were detected in both replicates 
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Figure I.5b Number and proportion of unique and shared OTUs between technical replicates of 

the COI dataset, depending on curation method used. At each of the six elevation levels 
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Figure I.5b (Continued. ) three biological replicates were taken (shown in columns, indicated by 

cardinals). Each biological replicate consisted of two technical replicates (indicated as 

ordinals) here shown as overlapping circles. The graph shows number and relative 

proportion of OTUs with which each technical replicate accounts to total number of 

OTUs per biological replicate. It further indicates number of OTUs detected with both 

technical replicates per biological replicate of each elevation level. The dashed line 

separate the two types of in-silico analysis (0.01-Filter and LULU curation)  

 

For the COI dataset the number of unique and shared OTUs between biological replicates of 

each of the six elevation level showed, that regardless of the applied filter algorithm, less than 

15% of all recovered OTUs were shared between all three biological replicate (figure I.6a) 

taken at each elevation level. The relative number of shared OTUs between biological 

replicates was significantly higher when using the Lulu algorithm for post-clustering filtering 

(paired-sampled t-test: df=5, p=0.013). On average 6.91% of OTUs of the COI dataset filtered 

with the LULU algorithm were shared between all three sampling sites of each elevation level, 

while only 4.94% of OTUs were shared between biological replicates when the 0.01-Filter was 

used for post-clustering curation.   

Within the 18S dataset up to 20.4% of OTUs were shared between the three biological 

replicates of each elevation level (figure I.6b). However, it was observed that relative number 

of shared OTUs varied strongly between applied filter algorithm depending on elevation level. 

In-silico filter had a significant influence on proportion of shared OTUs between biological 

replicates of each elevation level (paired-sampled t-test: df=5, p<0.001). For elevation level 2, 

3 and 6 percentage of shared OTUs was more than three times higher when the dataset was 

curated with the LULU algorithm. For the remaining three elevation level percentage of shared 

OTUs at least doubled with LULU curation. On average biological replicates of each elevation 
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level shared 5.57% of all OTUs retained with the 0.01- Filter, while 13.88% of LULU OTUs were 

shared between biological replicates of each elevation level.  

 

 

Figure I.6a Venn diagram showing number of unique and shared OTUs of the COI – dataset 

between biological replicates of each elevation level depending on applied  in-silico 

filter algorithm. 
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Figure I.6b Venn diagram showing number of unique and shared OTUs of the 18S – dataset 

between biological replicates of each elevation level depending on applied in-silico 

filter algorithm. 
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Biodiversity Patterns and Shifts along an Elevational Gradient  

 

Within both datasets, number of detected OTUs were strongly varying between elevation 

levels (figure I.7). Regardless of curation method, the highest diversity was found at elevation 

level 3 (1030m a.s.l.) (figure I.7). Based on the dataset filtered with the 0.01-Filter lowest 

degree of diversity was found at elevation level 4 (1630m a.s.l.), while with Lulu-curation 

elevation level 5 was identified to host the lowest degree of biodiversity. This  finding was 

consistent over both datasets (18S & COI). Furthermore, both datasets had in common, that 

degree of diversity at elevation level six was exceeding the one detected at elevation level 4 

and 5.  

 

Figure I.7 Number of OTUs recovered from each elevation level depending on marker and 

applied post-clustering filter algorithm (0.01-Filter and Lulu curation). Color codes 

apply to marker-in-silico filter combinations  
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When curating the two datasets with the 0.01-Filter between 53.6% and 74.9% of OTUs were 

exclusively recovered from a single elevation level (from here on referred to as unique OTU) 

(figure I.8.1). Within the 18S dataset the highest number of unique OTUs was recovered from 

elevation level 1 (3285 OTUs), followed by elevation level 3 (3194 OTUs), elevation level 2  

(2692 OTUs) and finally elevation level 6 (2418 OTUs). With only 1473 unique OTUs the lowest 

number was found at elevation level 4 and 5 (figure I.8.1a). Only 80 OTUs were shared 

between all six elevation levels. For the COI dataset a slightly differing pattern was observed. 

Elevation level 3 showed a slightly higher number of unique OTUs (2174 OTUs) compared to 

elevation level 1 (2154 OTUs). The next highest number of unique OTUs was found at elevation 

level 2 (1475 OTUs), followed by elevation level 6 (1357 OTUs), elevation level 5 (741 OTUs) 

and finally elevation level 4 (678 OTUs) (figure I.8a). The comparatively small number of 19 

OTUs were detected at all six elevation levels (figure I.8.1b). 

For the two marker datasets curated with the LULU algorithm, a similar pattern as found. The 

highest number of unique OTUs was found at elevation Level 3 (18S: 5542; COI: 3354 OTUs) 

while the lowest was found at elevation Level 5 (18S: 2621 OTUs; COI: 3354) (figure I.8.2). 

From all identified OTUs per dataset (18S: 39066 OTUs; COI: 18785 OTUs) a high percentage 

was exclusively found at a single elevation level. This applied for 62.01% of OTUs of the 18S 

dataset  (figure I.8.2a) and 72.95% of all OTUs of the COI dataset (figure I.8.2b).Number of 

OTUs detected at all six elevation level varied strongly between the two marker dataset. With 

1110 OTUs (2.8%) significantly more OTUs of the 18S were present at all six elevation level, 

while only 74 OTUs of the COI dataset (0.4%) were independently of elevation level found.  
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Figure I.8.1 Upset R-plots showing number of unique and shared OTUs between elevation levels 

for the a) 18S and b) COI dataset which were curated with the 0.01-Filter. Each row of 

the Upset R-plot corresponds to one elevation level (EL=Elevation level), while each 

column indicate a set consisting of a unique combinations of elevation levels. Light 

grey circles indicate that the elevation level was not part of the set, while black and 

colored points indicate a participation of the elevation level. Bars on top of each 

column indicate number of OTUs per set. Colored bars and dots indicate that the 

corresponding number of OTUs was exclusively recovered from one elevation level.  

Number of OTUs detected at all six elevation levels are highlighted in brown as well as 

the corresponding set.  
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Figure I.8.2 Upset R-plots showing number of unique and shared OTUs between elevation levels 

for the a) 18S and b) COI dataset which were curated with the LULU algorithm. Each 

row of the Upset R-plot corresponds to one elevation level (EL = Elevation level), while 

each column indicate a set consisting of a unique combinations of elevation levels. 

Light grey circles indicating that the elevation level was not part of the set, while black 

and colored points indicate a participation of the elevation level. Bars on top of each 

column indicate number of OTUs per set. Colored bars and dots indicate that the 

corresponding number of OTUs was exclusively recovered from one elevation level. 

Number of OTUs detected at all six elevation levels are highlighted in brown as well as 

the corresponding set.  
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In order to analyze similarity levels of beta-diversity between the different elevation levels the 

Jaccard-similarity index was calculated. Jaccard-similarity indices were higher for the 18S 

dataset (0.04 up to 0.29) compared to the ones calculated for the COI dataset (0.02 up to 

0.17). The on average calculated Jaccard-similarity indices for the COI dataset was depending 

on post clustering filter algorithm with 0.07 and 0.11 slightly lower compared to mean 

calculated Jaccard-similarity indices calculated for the 18S dataset (0.08 and 0.20). Comparing 

differences in Jaccard-similarity indices between curation algorithm, it becomes apparent that 

LULU curation results in a more homogenous diversity as Jaccard-similarity index doubled in 

comparison to the 0.01-Filter.  

With an average Jaccard-similarity index of 0.15 and 0.20, which means that on average there 

is 15% and 20% similarity in terms of community composition between Level 5 and Level 6 

using the COI or 18S marker, respectively highest Jaccard-similarity index was found between 

these two height levels. This was followed by elevation level 4 in comparison to elevation level 

5 for which average Jaccard-similarities of 0.15 and 0.17 were calculated. The third highest 

similarity in terms of community composition between two height levels was found between 

elevation level 2 and 3 with average jaccard similarities between 0.14 and 0.18) (figure I.9).  
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Figure I.9 Heatmaps based on Jaccard-similarity index indicating levels of beta-diversity between 

the different elevation levels (EL) depending on choice of marker and in-silico filter 

algorithm. a) 0.01-Filter +  18S dataset, b) 0.01 – Filter + COI dataset, c) 18S dataset + 

LULU algorithm, d) COI dataset + LULU algorithm. Increase in Jaccard-similarity indices 

is highlighted by fade of coloration from yellow over green to blue.  
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Regardless of choice of post-clustering filter strategy, principal component analysis (PCoA) for 

the COI and for the 18S dataset based on a prepared presence absence matrix, indicate that 

assessed species communities were significantly different between elevation levels (figure 

I.10). This was further confirmed with Adonis test (18S- 0.001-Filter 18S: F5= 1.816, p=0.001; 

Lulu 18S: F5=2.160, p=0.001; 0.001-Filter COI: F5=1.839, p=0.001; Lulu COI: F5=1.961, p=0.001). 

Regardless of post-clustering filter algorithm applied, we found that for the 18S dataset each 

elevation level formed a distinct cluster (figure I.10a,c). Similar finding were obtained for the 

COI dataset. However, a slightly overlap of clusters calculated for community composition 

found at elevation level 1 and 2 was detected (figure I.10b,d).  
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Figure I.10 Principal component analysis on OTU presence-absence matrix. a) PcOA for the 18S 

dataset curated with 0.01-Filter: PCoA1 explained for 6.88% of variation, PCoA2 

explained for 5.78% of variation; b) PcOA for the COI dataset curated with 0.01-Filter: 

PCoA1 explained for 7.14% of variation, PCoA2 explained for 5.78% of variation; c) 

PcOA for the 18S dataset curated with 0 LULU-algorithm: PCoA1 explained for 9.10% 

of variation, PCoA2 explained for 6.75% of variation; d) PcOA for the COI dataset 

curated with the LULU algorithm: PCoA1 explained for 8.19% of variation, PCoA2 

explained for 5.61% of variation. 
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Shifts in Metazoan Communities along an Elevational Gradient 

 

To show differences in number and quality of taxonomy assignments between markers and 

dataset curated with different post-clustering algorithms a Marioko plot was prepared (figure 

I.11). Post-clustering filter strategy strongly influenced number of retrieved arthropod OTUs. 

For the 18S dataset almost twice as many OTUs assigned to Arthropoda with a blast hit of at 

least 90% were found for the 18S dataset curated with the 0.01-Filter (0.01-Filter: 669 OTUs; 

Lulu: 367 OTUs). For both COI datasets a contradicting picture was found. Almost twice as 

many OTUs with an assignment to Arthropoda were detected when the COI dataset was 

curated with the LULU algorithm (BOLD + 0.01 Filter: 57 OTUs; Bold + Lulu: 104 OTUs; GBOL + 

0.01 Filter: 42 OTUs; GBOL + Lulu: 82 OTUs).  

The average blastID of assignments to Arthropoda did not differ significantly between in-silico 

filters. On average OTUs of the 18S dataset curated with the 0.01-Filter were assigned to 

Arthropoda with a blast hit of 95.72%, while OTUs of the 18S dataset curated with the LULU 

algorithm were on average assigned to Arthropoda with blastID of 95.26%. Regardless of 

reference database used for taxonomy assignment of the COI dataset average blastID of 

assignments to Arthropoda was slightly higher for the COI dataset in comparison to the 18S 

dataset, but did not differ significantly between filter algorithms (BOLD + 0.01-Filter:  97.36; 

BOLD + Lulu: 97.05; GBOL + 0.01-Filter: 97.61; GBOL + Lulu: 97.31) (Figure I.11).  

For the COI dataset number of assignments with a blastID of 99% or more to Arthropoda 

almost doubled when the LULU algorithm was used for post-clustering curation (BOLD + 0.01-

Filter:  32 OTUs; BOLD + Lulu: 54 OTUs; GBOL + 0.01-Filter:29 OTUs; GBOL + Lulu: 50 OTUs). In 

contrast to that, no differences in number of OTUs with an high quality assignment to 

Arthropoda was found between in-silico filter methods for the 18S dataset. (0.01-Filter: 45 

OTUs; Lulu 44 OTUs) 
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Figure I.11 Number of Arthropod OTUs retrieved with the two markers depending on post-

clustering filter algorithm applied, including information about number assignments 

per BlastID ranging from 90-100%  

 

Depending on reference database, between 43.2% and 45% of detected OTUs of the COI 

dataset assigned to Arthropoda were detected with both post-clustering filter methods (figure 

I.12). LULU curation resulted in the detection of 44 additional OTUs when the GBOL database 

was used as reference, while 54 additional arthropod OTUs were found with LULU curation 

when using the BOLD database. The 0.01-Filter resulted in the assignment of six and 

respectively seven additional OTUs to Arthropoda, which were not present in the list of 

assigned OTUs when curation was based on the LULU algorithm (figure I.12). Within the 18S 

dataset, 247 OTUs were assigned to Arthropoda regardless of post-clustering filter algorithm 
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applied. Furthermore the LULU algorithm retrieved 120 additional OTUs with an assignment 

to Arthropoda which were not present in the dataset filtered with the 0.01-Filter. Respectively 

422 OTUs assigned to Arthropoda were contained in the 18S dataset filtered with the 0.01-

Filter (figure I.22).   

 

 

Figure I.12 Number of shared and unique OTUs assigned to Arthropoda between post-clustering 

filter strategy depending on marker and reference database used  

 

For the 18S dataset a total of 10 Metazoa phyla were identified. Regardless of in-silico filter 

applied the highest number of OTUs was assigned to the four phyla Annelida, Arthropoda, 

Chordata and Nematoda. For all six elevation levels it was found that number of assigned OTUs 

increased when LULU curation was used for post-clustering filtering (figure I.13).  
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Figure I.13 Number of OTUs assigned on phylum level per elevation level for the two post-

clustering curation algorithms when using the GenBank as reference database for 

taxonomy assignment of the 18S dataset 

 

Taxonomy assignment of the COI dataset based on the BOLD database resulted in the 

detection of the four metazoan phyla Annelida, Arthropoda, Chordata and Nematoda (figure 

I.14). The post-clustering filter algorithm had a strong influence on number of detected OTUs, 

but its degree was found to be strongly depending on phylum. On average eight additional 

OTUs assigned to Arthropoda were found per elevation level when the dataset was curated 

with the LULU algorithm. However, approximately 7.5 additional OTUs assigned to Annelida 

were detected per elevation level when applying the 0.01- Filter algorithm. While for the 

Arthropods this finding was consistent over all six elevation level, the degree of influence of 

in-silico filter differed between elevation level for the phylum Annelida. While at elevation 

level 2 (+15 OTUs), elevation level 3 (+9 OTUs) and elevation level 4 (+26 OTUs) more OTUs 

assigned to Annelida were retrieved with the 0.01-Filter the opposite was the case for 
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elevation level 1 and elevation level 6 for which two and 3 additional OTUs were found when 

the dataset was curated with the LULU algorithm (figure I.14). For the phyla Chordata and 

Nematoda only low variations in number of detected OTUs depending on curation methods 

were found.   

 

 

Figure I.14 Number of OTUs assigned on phylum level per elevation level for two post-clustering 

curation algorithms when using the BOLD database as reference database for 

taxonomy assignment of the COI dataset 

 

For the COI dataset blasted against the GBOL database the four phyla Annelida, Arthropoda, 

Chordata and Streptophyta were identified (figure I.15). Number of assigned OTUs per 

elevation level was highest for the Arthropoda. The remaining three phyla were exclusively 

detected at a single elevation level. Furthermore, all three groups had in common that its 

detection was based on a single OTU. In-silico filter algorithm influenced number of OTUs 
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assigned to Arthropoda, but had no influence on number of OTUs assigned to Streptophyta 

and Chordata. The 0.01-Filter and LULU curation resulted in the detection of a single OTU at 

elevation level 3 which was assigned to Streptophyta. Additionally a single OTU assigned to 

Chordata was found at elevation level 6 with both curation methods. Based on LULU curation 

no OTU was assigned to the phylum Annelida. In contrast to that resulted the application of 

the 0.01-Filter in the detection of a single annelid OTU at elevation level 3. For the Arthropoda 

an increase of approximately 8.8 OTUs per elevation level was found when the LULU filter was 

used for post-clustering curation. However, the difference in number of OTUs between the 

two evaluated curation algorithms were strongly varying between elevation levels (figure 

I.15). While at elevation level 2 only one additional OTU was found when applying LULU 

curation instead of the 0.01-Filter at elevation level 6 18 additional OTUs were found.  

 

 

Figure I.15 Number of OTUs assigned on phylum level per elevation level depending on filter-

strategy based on the GBOL database  
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The choice of marker has a significant influence on insect order detection rate. The order 

Ephemeroptera and Megaloptera were exclusively found with the 18S marker, while the order 

Thysanoptera and Neuroptera were exclusively detected with the COI marker (figure I.16). The 

remaining seven orders Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, 

Orthroptera and Pscocoptera were detected with both markers. However, applied filter 

algorithm and in the case of the COI marker choice of reference database had an influence on 

taxa detection rate (figure I.16). With the 18S marker eight orders were identified regardless 

of filter algorithm applied. However, the ninth order Pscoptera was only detected when using 

the LULU-algorithm for post-clustering filtering. LULU curation also had an positive effect on 

number of detected orders with the COI maker. When blasting the COI sequences against the 

BOLD database six additional orders were identified. When using the GBOL database as 

reference LULU curation resulted in the detection of two additional orders (figure I.16).  

Next to number of orders, number of detected insect families per order were depending on 

choice of reference database and marker significantly higher  when using the LULU algorithm 

for post-clustering filtering (paired-sampled t-test: df = 16, p-value = 0.011). For the 18S 

dataset a slight increase in number of detected families of the orders Diptera and Psocoptera 

were found. However, the 0.01-Filter resulted in a slight increase in number of detected 

families of the order Megaloptera (figure I.16). For the COI dataset blasted against the BOLD 

database two coleopteran families, two hemipteran, one hymenopteran, two lepidopteran, 

one neuropteran, two psocopteran and one orthopteran families more were recovered when 

the dataset was curated with LULU. Taxonomy assignment on basis of the GBOL database led 

to similar results. An increase in number of families of the orders Coleoptera (+3), Diptera (+3), 

Hemiptera (+1), Hymenoptera (+3), Lepidoptera (+3), Neuroptera (+1), Orthoptera (+1) and 

Psocoptera (+2) were found.  



Chapter I - Results  87 

 
 

 

Figure I.16 Total number of insect families identified depending on applied in-silico filter strategy in 

combination with the 18S and COI marker respectively. Three different databases were 

used for taxonomy assignment (GenBank, BOLD and GBOL). 

 

 

Measured Abiotic Parameters 

 

Mean soil temperature measured ranged depending on elevation level between 3.06 °C and 

10.54 °C (table I.2). Over a 24h period soil temperatures slightly oscillated at the most between 

± 0.79°C (figure I.17), while air temperature showed considerably more variation over a one 

day trial period (± 5.44°C) (figure I.18).  Relative air humidity varied broadly over 24 hours at 

all elevation levels (table I.2)  
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Table I.2 Measured abiotic parameters per elevation level. Table 6 gives information about 

mean soil temperature [°C], mean air temperature [°C] and mean relative humidity [%] 

at each elevation level locked for the day of sampling   
 

Elevation 
Level 1 

Elevation 
Level 2 

Elevation 
Level 3 

Elevation 
Level 4 

Elevation 
Level 6 

mean soil temperature [°C] 10.54 (±0.47) 9.75 (±0.35) 7.70 (±0.13) 9.32 (±0.79) 3.06 (±0.28) 

mean air temperature [°C] 12.03 (±5.74) 6.92 (±0.88) 8.44 (±1.85) 9.22 (±4.40) 9.24 (±4.88) 

mean relative humidity [%] 75.8 (±11.7) 86.0 (±8.7) 66.4 (±10.7) 90.1 (±10.9) 50.8 (±12.7) 

 

 

 

Figure I.17 Measured soil temperature at each elevation level for the first 24hours after sampling 
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Figure I.18 Measured air temperature at each elevation level for the first 24hours after sampling 
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Discussion  

 

 

This study agrees with previous studies showing that species community composition changes 

along an elevation gradient (Whittaker 1952; Vetaas and Grytnes 2002; Hodkinson 2005; McCain 

2007). It also shows the applicability of metabarcoding to identify species and soil community 

structure for overall diversity assessments and the investigation of species distribution patterns. 

Using an amplicon-based metabarcoding approach it is possible to assess differences in species 

composition between samples on local scale (e.g. biological replicates) but also on larger scale by 

using Operational Taxonomic Units (OTUs) as a proxy for species. Nevertheless, the study 

underlines the importance of methodological considerations as choice of methods can directly 

influences study outcome.  

 

 

Technical Variables: Gene Markers, in-silico Filters and Choice of 

Databases 

 

Magnitude of Biodiversity Uncovered by Markers 

Both marker revealed similar community patterns across an elevational gradient. However, the 

amplification of the 18S marker resulted in the detection of a significantly higher number of OTUs 
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compared to the COI marker. This is consistent with former studies (Macheriotou et al. 2019). It 

is known that differences in number of recovered OTUs are mainly contributed to differences in 

degree of variability within primer binding sites of the two marker (Tang et al. 2012; Borrell et al. 

2017; Clarke et al. 2017). Because of its protein coding character is the COI marker less 

constrained by selection as mutations at many nucleotide positions do not change the coded 

protein (Deagle et al. 2014). As a result amplification success of the COI marker is highly differing 

between taxa whereas several groups are frequently missed (Yu et al. 2012; Zhou et al. 2013). 

This bias is further enhanced when metabarcoding highly diverse DNA mixtures as species with 

higher primer affinities will likely outcompete species with lower affinities (Morinière et al. 2016). 

Furthermore, the failed amplification of the taxa with lower affinities is often masked by an 

increase in sequences derived from taxa with higher primer affinities (Deagle et al. 2014). In 

contrast to the COI marker are the primer binding sites of the 18S marker gene highly conserved, 

what is enabling the amplification from a broader range of taxa (Lindeque et al. 2013; Hadziavdic 

et al. 2014). Especially, when working with eDNA extracted from soils, primer binding capacity 

can significantly influence study outcome as degree of biodiversity which can be found in one 

square meter of soil is outstanding (Schaefer and Schauermann 1990; Decaëns 2010). The more 

species are contributing to DNA mixture the higher the number of species which will be overseen 

when markers with highly variable binding sites are targeted (Morinière et al. 2016). We 

conclude, that due to differences in primer binding site the 18S marker results in the amplification 

of a broader range of taxa leading to an increase in number of recovered OTUs. This is also 

reflected in number of detected phyla. While the 18S marker detected 10 phyla, the COI marker 

identified only four.  
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Taxonomic Coverage and Resolution of Marker 

While highly conserved primer binding sites ensures for a more even amplification of DNA from 

a broad range taxa, also referred to as “taxonomic coverage”, a higher variability within the 

barcode allows for a higher taxonomic resolution (Hebert et al. 2003a; Andújar et al. 2018b). 

Taberlet et al. (2018) defined the perfect barcode as a short DNA fragment displaying a highly 

variable sequence which is flanked by two highly conserved regions. The central variable region 

is discriminative for all species of the target group, that is, it’s sequence is uniquely associated to 

a given species and not shared with others. Although, the COI dataset contained less OTUs 

compared to the 18S dataset and furthermore even less OTUs matched an entry of the here used 

reference databases, number of recovered insect families exceeded the one detected with the 

18S marker. Depending on insect order up to 17 families more were detected using the COI 

marker. This is contributed to the fact that the high taxonomic coverage of the 18S marker goes 

along with a decrease in taxonomic resolution (Clarke et al. 2017). Because of the low variability 

within the barcode region several species can possibly even share one barcode (Tang et al. 2012) 

leading to an increase in false negative results. In direct comparison has the COI barcode a 

significantly higher taxonomic resolution, what is enabling species delimitation (Hebert et al. 

2003a; Andújar et al. 2018b). Especially when targeting arthropods it has been shown that the 

COI marker should be given priority over the 18S marker (Cowart et al. 2015). However, the COI 

marker is not an all-purpose answer. Our results indicate that the COI marker seems to 

underestimate truly existing nematode diversity. Nematodes has been described to be highly 

diverse in soils and can reach abundances of up to several hundred specimens per gram 

(Hoorman 2011). Former studies have shown, that for nematodes species level assignments are 

usually higher for the 18S marker (Andújar et al. 2018a; Macheriotou et al. 2019) compared to 

the COI marker. On the one hand this is contributed to a higher degree of variability within the 

COI primer binding sites (De Ley et al. 2005; Creer et al. 2010) inhabiting amplification of the 

barcode region,  but could on the other hand also be a result of the absence of a definite barcode 
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gap (Derycke et al. 2010). The barcode gap is defined by the differences in genetic difference 

between the highest intraspecific variation and lowest interspecific divergence (Hebert et al. 

2003a, 2003b; Wiemers and Fiedler 2007; Meier et al. 2008; Kvist 2014). A lack of a barcode gap 

has also been observed within the phylum Annelida. Especially for the earthworms it has been 

described that several species show 0% interspecific divergence (Kvist 2014) usually resulting 

in a strong underestimation of local annelid diversity. When comparing number of OTUs 

assigned to Annelida between the two marker datasets, significantly more annelid OTUs were 

detected on basis of the 18S marker. However, the COI dataset was blasted against two 

different databases: the GBOL and the BOLD database. On basis of the BOLD database the 

phylum Nematoda was detected at all six elevation levels while, when using the GBOL 

database as reference, not a single OTU was assigned to that phylum regardless of sampled 

elevation level. This is highlighting the importance of choice of database which is  already 

known to have a direct influence on species detection rate (Somervuo et al. 2017; Andújar et 

al. 2018b). The here used GBOL database did not contain the barcode of any nematode species, 

prohibiting the detection of this phylum. In contrast to that contained the BOLD database 

barcodes of 64 nematode species. Similar observation were also made for the phylum 

Annelida. On basis of the BOLD database significantly more OTUs were detected compared to 

analysis using the GBOL database as reference. The BOLD database contained the barcodes of 

233 annelid species, while number of species represented with barcodes in the GBOL database 

was with 27 species significantly lower. These findings are consistent with former studies. 

Somervuo et al. (2017) have found that probability of false positive and negative assignments 

is negative correlated with size and completeness of the reference database. The use of 

reference database with a high taxonomic coverage and depth usually leads to an increase in 

species detection rate (Andújar et al. 2018b).  

However, In terms of completeness are COI databases unparalleled. This is mainly due to the fact 

that because of its high taxonomic resolution the Consortium for the Barcode of Life (CBOL) has 
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chosen the mitochondrial COI gene for standard DNA barcoding of single animal specimens 

(Hebert et al. 2003b; Ratnasingham and Hebert 2007). The first major program of the CBOL has 

been the BARCODE 500K project, which had the aim to establish a reference database containing 

the barcodes of 0.5 million species. This goal was met in August 2015, but the CBOL initiative kept 

going and even expanded. Today, more than 502.700 public barcode clusters are stored in the 

BOLD database. The barcode of life initiative encompasses now research organizations from 25 

nations.  Today, it can be said that no database for any other genetic region covers as many taxa 

as the Barcode of Life Database (BOLD) does for the COI (Deagle et al. 2014). For the 18S marker, 

no comparable efforts to establish a comparatively big and complete database have been 

undertaken, which might also result from the low taxonomic resolution of the 18S marker. Here 

it was shown that blast identity of COI sequences assigned to Arthropoda were higher compared 

to 18S sequences. This is likely an artefact of incomplete reference databases as the absence 

from species from the reference database increases, next to the risk of encompassing false 

negative results, also the risk of introducing false positive assignments as the next highest hit will 

be chosen. Despite the fact that the COI marker had a higher taxonomic resolution significantly 

less OTUs had an assignment. While for the COI dataset between 0.4% and 0.8% of total OTU 

count were assigned on phylum level, between 4.2% and 7.6% of OTUS of the 18S marker had a 

hit within the 18S reference database. This is either attributed to composition of extracted DNA 

mixture for the benefit of groups which increasingly fail to amplify using the COI marker, or 

secondly to incomplete reference databases. As already stated are COI databases rather complex. 

However, some areas are highly underexplored and several species are still waiting to be 

described. For the Caucasus region, new species are described on a regular basis (Kaplin 2019; 

Marin and Palatov 2019; Martynov and Žiak 2019; Teslenko et al. 2019). This is mainly due to two 

reasons. On the one hand, the Georgian Caucasus region is a biodiversity hot spot hosting an 

immense biodiversity. On the other hand Georgian biodiversity research was long time hampered 

by poorly developed scientific infrastructure. However, the largest proportion of newly described 
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species from that area are associated with above ground habitats including mammals and 

reptiles. Given the fact that soils host an immense biodiversity (Stork 1988; May 1990; André et 

al. 1994; Hågvar 1998; Curtis et al. 2002; Decaëns 2010; Nielsen et al. 2011; Andújar et al. 2015) 

it can be expected that numbers of species waiting to be described are exceeding number of 

above ground species several fold. Even soil from countries with a well established scientific 

infrastructure are known to be highly underexplored (Wall et al. 2005). In views to our study, the 

high number of undescribed species not being present in the databases has possibly lead to a 

high number of unassigned OTUs. Additionally it must be mentioned, that because of homoplasy 

variations at primer binding sites for the COI marker becomes saturated between distantly 

related taxa. As a result it is not possible to target for certain groups (e.g. arthropods) (Deagle et 

al. 2014). Furthermore, sample size, DNA extraction method as well as the number of PCR 

cycles can influence resulting biodiversity estimates for different taxonomic groups within soil 

(Dopheide et al. 2019). It is known that some regions of the bacteria genome are matching the 

commonly used COI primer binding sites, whereas next to metazoan DNA also bacteria DNA is 

amplified (Siddall et al. 2009; Yang et al. 2013, 2014; Horton et al. 2017; Mioduchowska et al. 

2018). Especially when working with soil samples the undesired amplification of bacterial DNA 

can significantly influence study results and species identification rates as the extreme 

dominance of bacteria within the study substrate is leading to a strong reduction of 

amplification success of metazoan DNA for the benefit of the amplification of bacteria DNA 

(Yang et al. 2013; Horton et al. 2017). As the here used reference databases did not contain 

complete genomes of bacteria we cannot proof the influence of the above described 

observations on our dataset but the high number of unassigned reads is supporting this 

hypothesis.   

Concluding we recommend to use both markers for the assessment of soil metazoan community 

composition. Annelida and Nematoda are important destruents highly influencing soil 

environmental parameter like texture, structure and nutrient composition (Coleman et al. 2004; 
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Lavelle et al. 2006) which in turn is directly influencing local fauna and flora. However, several 

arthropod species are ecosystems engineers and are indispensable for the maintenance of 

habitat health and function.   

 

In-silico Filter Algorithm 

Without taxonomic assignment it is difficult to make reliable statements about the degree of 

existing local diversity, especially as no best-practice advises are available for monitoring 

metazoan diversity on the basis of eDNA extracted from soil. Today it is well known that 

assessments of species communities via metabarcoding is significantly affected by applied 

methods including choice of marker, reference database (Andújar et al. 2018b), sampling strategy 

(Grey et al. 2018), extraction method (Deiner et al. 2015; Dopheide et al. 2019) and pipeline (Yang 

et al. 2013; Brandon-Mong et al. 2015; Anslan et al. 2018). In contrast to that, little known about 

the influence of post-clustering filter strategies on study outcome, which is why in-silico filter 

strategy is often randomly chosen. This study showed that post-clustering filter algorithm is 

depending on marker choice significantly affecting study outcome.  

 

Influence of In-silico Filter on the COI-Dataset 

Within the COI dataset the use of the 0.01-Filter resulted in the detection of a significantly lower 

number of OTUs assigned to Arthropoda when being compared to the LULU algorithm. In detail, 

regardless of reference database used almost twice as many OTUs were assigned to Arthropoda 

when the LULU algorithm was applied. Furthermore, although mean blastIDs did not differ 

significantly between filter algorithms, more OTUs with a high quality assignment (≥ 90% blastID) 

to Arthropoda were retained in the dataset when curating the dataset with LULU. This is 
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supporting the findings of Frøslev et al. (2017) who stated, that filter approaches cutting off the 

tail of a OTU rank-abundance curve (i.e. low alpha-diversity) are more prone to exclude real 

OTUs from the dataset. Our results contradicts the widely held assumption that that the highest 

number of infrequent OTUs result from erroneous sequences (Huse et al. 2010; Kunin et al. 2010; 

Brown et al. 2015). The fact that with the 0.01-Filter almost 50% less OTUs assigned to 

Arthropoda were recovered allows for the conclusion that many arthropod OTUs only contain a 

low number of sequences. This is mainly contributed to the high degree of diversity found in DNA 

mixture. It is likely that complexity of the dataset is determining the degree of influence of filter 

algorithm. A highly diverse DNA mixture results in the detection of a higher number of OTUs 

compared to a very homogenous mixture. In turn, a lower proportion of total read count is 

assigned to each OTU. Cutting of the tail of a rank abundance curve increases the risk of excluding 

low abundance OTUs derived from rare, infrequent species from a highly diverse dataset. Rare 

infrequent species are often making up the lion share of existing diversity (Nemergut et al. 2011; 

Frøslev et al. 2017). Especially when working with soil samples, the undesired amplification of 

non-target DNA can significantly influence study results. This is mainly due to the fact that non-

target microorganisms (e.g. bacteria) are dominating the soil habitat (Whitman et al. 1998; Fierer 

et al. 2007). As already mentioned, is the COI marker known to co-amplify certain regions of the 

bacteria genome (Siddall et al. 2009; Yang et al. 2013; Horton et al. 2017; Mioduchowska et al. 

2018) leading to a strong reduction of amplification success of metazoan DNA for the benefit of 

the amplification of non-target DNA (Yang et al. 2013; Horton et al. 2017; Marquina et al. 2019). 

It can be expected, that concentration of DNA of bacterial origin is surpassing amplified metazoan 

DNA by several orders of magnitudes (Yang et al. 2013; Horton et al. 2017). Additionally, 

distribution patterns and population density of macro-organisms are strongly differing from 

patterns found for microorganisms (Taberlet et al. 2012; Dopheide et al. 2019).  In general are 

microorganisms more evenly distributed within a habitat, whereas the distribution patterns 

of macroorganisms are patchier as they are less abundant and bigger in size (Taberlet et al. 
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2012; Dopheide et al. 2019). As a result, several prokaryotic organisms of the same species 

contribute to DNA mixture, while in the DNA mixture contained DNA originated from a certain 

arthropod species is more likely to have derived from a single individual. As a result, OTUs 

resulting from metazoan DNA are more infrequent und usually contain less sequences, whereas 

they are more prone to be excluded from the dataset by the 0.01-Filter. 

 

Influence of In-silico Filter on the 18S-Dataset 

Contrarily, the number of OTUs of the 18S dataset assigned to Arthropoda was significantly 

higher when using the 0.01-Filter. Overall, LULU curation resulted in a much stronger reduction 

in number of arthropod OTUs compared to the 0.01-Filter. However, almost no differences in the 

number of detected insect families was found. Because of the low taxonomic resolution of the 

18S marker the LULU algorithm has likely merged a high number of ’daughter’ OTUs with 

consistently co-occuring sequence similarity, but more abundant ‘parent’ OTUs (Frøslev et al. 

2017). In detail variation between taxa at lower taxonomic levels are strongly reduced which can 

justify the presence of false positive ‘daughter’ OTUs. As a result, number of 18S OTUs decreased 

much stronger in comparison to numbers of COI OTUs. The 0.01-Filter retained 670 arthropod 

OTUs in the dataset, while the LULU algorithm retained a lower number of 368 arthropod OTUs. 

However, within both filter datasets several OTUs were assigned to the same species/accession 

number. While the 0.01-Filter detected 137 different arthropod species, LULU curation resulted 

in the detection of 127 arthropod species. This is supporting our hypothesis that LULU curation 

merged similar OTUs, whereas number of species were only slightly affected. In total 114 

arthropod species were recovered with both in-silico filter algorithms.  

The fact that similar number of species were recovered with both in-silico filters leads to the 

conclusion that arthropod OTUs detected with the 18S marker likely contain a higher percentage 
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of total sequence count per sample compared to the COI dataset, and that moreover, 18S OTUs 

differ less dramatic in number of assigned sequences. This could either be due to the fact that a) 

the 18S dataset is less diverse supporting amplification of rare sequences; b) that sequences 

originating from several species were more likely to be assigned to the same OTU, increasing 

sequence count; c) because of the highly conserved primer binding sites, the 18S marker is 

supporting an equal amplification of sequences due to less dramatic differences in primer 

affinities.  

 

 

Biodiversity Distribution Patterns along an Elevational Gradient  

 

As already discussed is the detection rate of metazoan species based on the 18S marker less 

influenced by in-silico filter algorithm compared to the COI marker. Nevertheless, for the COI 

dataset is was observed that the application of the LULU algorithm resulted in a significant higher 

number of detected metazoan taxa compared to the 0.01-Filter. As LULU curation was not 

negatively influencing species detection rate for the 18S marker, it should be given priority over 

the 0.01-Filter. Therefore is the following ecological discussion based on the 18S and COI dataset 

curated with the LULU-algorithm. 

The here presented metabarcoding study conducted in the Georgian Caucasus region found that 

each elevation level is hosting a unique biodiversity. However, specific local diversity (alpha 

diversity) niches present within a few meters apart, independently of height were identified. It 

has long been discussed that habitat zonation and height could drive species diversity (Lomolino 

2001). The biodiversity patterns found here are supporting these findings.  
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Species turnover rate indicated by Jaccard-similarity index was not continuously highest between 

adjoining elevation level. Moreover, species composition associated with elevation level 1 was 

more similar to elevation level 6 than to elevation level 4 and 5. Therefore, the hypothesis that 

height is the main factor influencing species turnover rate has to be rejected. Nevertheless, 

height has undeniably a direct influence on local fauna and flora (Rahbek 1995; Sanders and 

Rahbek 2012), but the underlying causes are manifold. Next to climate (Grytnes 2003; Fu et al. 

2006), productivity (Wang et al. 2004; Malhi et al. 2017), source-sink dynamics (Kessler et al. 

2011), area (Rosenzweig 1995; Lomolino 2001; Sanders 2002), disturbances (Fu et al. 2006; 

Escobar et al. 2007; Rowe 2009), geometric constraints (Sanders 2002; Fu et al. 2006; Rowe 

2009), evolutionary history (Machac et al. 2011), soil composition (Grieve et al. 1990) is scale 

(Rahbek 1995) directly influencing detected community composition. Rahbek (1995) underlined 

the importance of scale when assessing differences in species community composition over a 

height gradient. Studies based on a single transect were more likely to form a humped curve for 

species diversity over elevation level, than the ones performed over a whole mountain range. 

The classical species-area relationship (SAR) hypothesis supports these findings as it asserts 

that the bigger the area, the more species it will host (Rosenzweig 1995). For this study, scale 

was very narrowed as samples were taken along a transect, without taking into account that 

each elevation level consists of subalpine or alpine belts along the slopes of the mountain. 

Wind, light intensity and duration of direct solar radiation per day as well as steepness of 

slopes are only three factors that can already differ strongly on small local scales (Rahbek 1995) 

and thereby affecting local biodiversity. As a result, bare mountain sites as wells as dense 

coniferous forests can be part of the same elevation level but due to very localized sampling, 

biodiversity associated with only one area is assessed resulting in a strong underestimation of 

biodiversity which is associated with the corresponding elevation level.  

However, diversity distribution patterns are highly dependent on the target organisms as well as 

on the local climate (Araújo et al. 2005). Local climate, in particular temperature is to some extent 
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directly influenced by height (Grytnes and McCain 2007; McCain 2007). While temperature at the 

lower height levels usually starts to increase earlier in the year, higher elevation levels often 

remain in a state of winter dormancy for a longer period of time. This has a direct influence on 

the start of the growing season. As a result, the lower elevation levels are already full of life, while 

at the upper elevation levels temperatures are still preventing melting processes (McCain and 

Grytnes 2001; Rolland 2003) whereas growing season is inhabited (Chmielewski and Rötzer 

2002). The here presented study was conducted between April 2018 and July 2018. While the 

lower elevation levels 1-4 were sampled in April, the higher elevation levels were inaccessible at 

that time due to the high amount of snow covering the mountain. Nonetheless, elevation level 4 

was still covered in snow at the time of sampling, which may have led to the low number of OTUs 

identified, as activity of many organisms groups is known to be limited by these harsh 

environmental conditions (Williams and Osman 1960). Although samples at elevation level 6 

were taken approximately one month after sampling of the lower elevation levels, 

temperatures had still not reached a similar high level. Taken into account that many species 

use day length as main factor for the onset and offset of diapause (Gullan and Cranston 2014), 

it can be assumed that species inhabiting higher elevation levels must have developed certain 

adaptations to be able to survive in the more harsh environment including behavioral 

(Whitman 1988) and physiological strategies (Block 1990; Prange 1990; Heinrich 2013), 

eventually leading to a higher degree of local endemism. However, here we observed that the 

highest degree of endemism (number of unique OTUs per elevation level) was found at 

elevation level 1. This is contradicting to former studies (Stotz et al. 1996; Vetaas and Grytnes 

2002): A study conducted in the Himalayan mountains showed that number of endemic vascular 

plants increases linearly from the lowland to 6000m asl. (Vetaas and Grytnes 2002). Contradicting 

to that, a second study showed that the highest number of endemic bird species was found at 

intermediate elevations (Stotz et al. 1996).  We conclude that organisms groups show different 

patterns of endemism along an elevational gradient. The underlying causes for these 
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contradicting patterns cover a broad spectrum, which can roughly be grouped into four 

categories influencing organism groups at varying degrees: (1) Climatic factors, which 

encompasses most abiotic influences. (2) Spatial influences, including area and spatial 

constraints. (3) The historical background of a certain area and the (4) biotic factors like 

community overlap or interactions between fauna and flora (Grytnes and McCain 2007). 

Although, the driving causes for endemism are not yet fully understood, the two above cited 

studies (Stotz et al. 1996; Vetaas and Grytnes 2002) indicate that isolation played a major role 

for speciation, as the highest degree of endemism was found above the height gradient were 

species richness reached a peak. Here we found that biodiversity reached a peak at elevation 

level three. In combination with the fact that the highest degree of endemism was found at 

elevation level 1 our results are contradicting this hypothesis. However, the high percentage of 

unique OTUs at each elevation level suggests that the here assessed biodiversity is strongly niche-

driven. Depending on dataset only a low proportion was found at all 6 elevation level indicating 

a small degree of cosmopolitanism (Fonseca et al. 2014).  Nevertheless, we assume that the here 

observed diversity patterns are likely highly influenced by methodological issues  as already 

discussed above. Additionally, former studies have shown that amount of soil used for 

extraction is influencing species detection rate including macro- and microorganisms (Ranjard 

et al. 2003; Dopheide et al. 2019).  

It is common knowledge that when working with eDNA replication including biological and 

technical replication (e.g. PCR replicates) is of uttermost importance (Ranjard et al. 2003; 

Ficetola et al. 2015; Fonseca 2018; Nichols et al. 2018; Taberlet et al. 2018; Beentjes et al. 2019) 

due to the heterogenous nature of eDNA. Here we took three biological replicates per 

elevation level. Taking biological samples is indispensable as replication allows for the 

estimation of variance of results due to local heterogeneity among others (Searle et al. 2016; 

Taberlet et al. 2018). Additionally, it has been shown that technical replicates (including PCR 

replicates) can further increase species identification rate and limit false negative results 
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(Ficetola et al. 2015; Fonseca 2018; Nichols et al. 2018). Therefore, we took two technical 

replicates from each biological replicate. Nevertheless, conducted rarefaction curves as well 

as the fact that on average only 6.9% of all recovered OTUs were shared between all three 

biological replicates of each elevation level is indicating that number of taken replicates was 

inadequately scaled to assess total existing diversity on local scale (per elevation level) as well 

as on larger spatial scale (between elevation level).  

On the one hand, this is contributed to the fact that both datasets were dominated by a high 

percentage of non-target DNA, indicated by a high number of non-assignments, likely 

originating from microorganisms including prokaryotes and fungi (Siddall et al. 2009; Yang et 

al. 2013; Horton et al. 2017; Mioduchowska et al. 2018). As the diversity and abundance of most 

prokaryotes and fungi are directly linked to local microhabitats it can be expected that high 

proportion of differences between assessed differences in species composition are attributed 

to these non-target species. On the other hand, sample size for assessing total existing 

macroorganisms diversity was not sufficient. Former studies have shown that the extraction 

of DNA from a larger amount of soil, results in a more accurate picture of local diversity 

(Dopheide et al. 2019). Additionally, the limited scale of the study has resulted in a narrowed 

picture of existing diversity. If a complete mountain belt would have been sampled it is likely 

that assessed degree of diversity would have increased by several orders of magnitude 

(Rahbek 1995), resulting in a more comprehensive picture of degree of diversity associated 

with each elevation level.  

In contrast to studies following traditional sampling methods with later identification of collected 

specimens on basis of morphological characters, this study presented here is based on molecular 

methods.  As already discussed can the use of eDNA be challenging due to methodological 

issues including primer bias, reference, sampling strategy and scale of sampled habitat. 

Additionally, it must be taken into account that, while morphological based identification 

allows for determining a time frame of species occurrence within the habitat, eDNA 
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degradation and persistence is prohibiting definite statements about species time of 

occurrence. Abiotic and biotic factors which can strongly differ between soil habitats are 

directly influencing the speed and pace of eDNA degradation (Ogram et al. 1988; Paget et al. 

1998; Demaneche et al. 2001; Levy-Booth et al. 2007). Although it is well known that 

extracellular DNA is generally rapidly degrading in soils (Sirois and Buckley 2019), time of 

persistence can be extended due to a complex interplay of chemical, biological and physical 

factors (Taberlet et al. 2018) distorting assessments of present biodiversity. After being 

released into the environment, extracellular DNA is prone to degradation by enzymatic 

nucleases. By binding to inorganic and organic surface-reactive particles such as clay, sand, silt 

and humic substances, phosphate and cation bonds (Taberlet et al. 2018) are formed, 

enhancing the time DNA can persist in the soil (Ogram et al. 1988; Paget et al. 1998; Demaneche 

et al. 2001; Levy-Booth et al. 2007). Furthermore, next to the binding capacity is soil 

composition directly influencing microbial diversity and abundance, which in turn is directly 

influencing decay processes of eDNA (Eichmiller et al. 2016). Furthermore is temperature 

directly influencing the fate of eDNA in soil (Strickler et al. 2015; Eichmiller et al. 2016). For 

aquatic systems it has been shown, that lower temperatures increase the time of persistence 

of eDNA. An increase in time of persistence will likely increase probability to recover rare 

species as eDNA gets accumulated over time.  In views to this study it is likely that due to lower 

temperatures at the higher elevation level, the extracted eDNA contained a higher percentage 

of DNA derived from organisms not any more present at the habitat.  
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Conclusion 

 

 

The data presented here is the result of a preliminary study aiming to uncover levels of soil 

diversity in the Caucasus region, never described before, by using NGS. This study proofed the 

applicability of metabarcoding to assess differences in the degree of diversity over an height 

gradient. Despite the fact that this study showed that metabarcoding of soil sampling is a 

promising tool for future monitoring studies, it must be admitted that more work has to be 

done to enfold the complete power of it. Next to the completion of existing barcode reference 

databases further studies are needed to develop suitable primers for the assessment of soil 

metazoan communities which are limiting the co-amplification of non-target DNA to a 

minimum.  

To our knowledge, this is the first metabarcoding study based on eDNA from soil which 

compares the suitability of in-silico post-clustering filtering strategies for the assessment of 

metazoan community composition. The study showed that choice of filtering strategy can 

significantly influences assessed community patterns. Therefore, it would be desirable to 

develop best-practice guidelines to ensure comparability of studies allowing for the detection 

of general ecological patterns e.g. the development of endemism depending on an elevational 

gradient.  
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Abstract 

 

 

The timely assessment of biodiversity is indispensable for the protection of local species 

communities. With metabarcoding it is possible to monitor biodiversity in a timely and cost-

efficient manner, allowing the evaluation of the current condition of a habitat based on total 

existing biodiversity, rather than on indicator species. Nevertheless, there are still no best 

practice recommendations for the assessment of insect community composition via 

metabarcoding. Here we show that the choice of primer, marker and reference database directly 

influences species detection rate, but that a careful selection of the above-mentioned 

parameters allows for the reliable and timely assessment of local insect diversity. Using a ‘one-

locus-several-primers’-strategy we were able to monitor changes in insect species community 

composition along a renaturation gradient from Norway spruce to European beech. Our study 

underlines the importance of renaturation measures for Germany’s insect diversity, as many 

native insect species rely on deciduous forests, which have over the last centuries increasingly 

been replaced with non-native boreal forests. We found that the dominating tree species directly 

influences insect community composition, but that with ongoing renaturation measures species 

communities found at spruce monocultures are in terms of composition more and more shifted 

towards species communities associated with beech monocultures. This study shows the 

applicability of metabarcoding for conservation purposes as it allows for the timely and cost 

efficient monitoring of species communities.
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Introduction 

 

 

Germanys Biodiversity at Risk 

In 2015 the Bundesamt für Naturschutz determined the number of animal species described for 

Germany to 48.000. Although Germanys fauna is thought to be well studied, it can be expected 

that several species are still waiting to be discovered. Only recently a new species of Sciaridae 

(Insecta: Diptera) was found in the garden of a zoological research museum (Heller and Rulik 

2016), a museum which is specialized on the assessment of new species and located in the center 

of a lively city. Despite the lack of knowledge about how many species exist in Germany, several 

studies have already shown that Germany is suffering from a dramatic insect decline (Hallmann 

et al. 2017; Homburg et al. 2019). In May 2013 the ‘IUCN Red List of Threatened Species’ released 

a call of action entitled “Germany’s biodiversity at risk” (Sánchez 2013). The report is based on 

the results the IUCN gained from the analysis of data collected for 1383 species. Six percent of 

these species were assigned to the status “threatened”, an additional 8% to “near threatened” 

and another three species already went extinct in the last few years. Unfortunately, the data are 

incomplete and information for large important taxonomic groups like Hymenoptera, and 

Diptera are missing (Sánchez 2013). Further studies draw an even darker picture of the future for 

Germany’s biodiversity. In 2015 the ‘Bundesamt für Naturschutz’ (BfN) released a report about 

species conservation in Germany, based on the red lists conducted for Germany by several 

experts (Ludwig et al. 1996; Haupt et al. 2009; Binot-Hafke et al. 2011; Gruttke et al. 2016). In 
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2011 Binot-Hafke and colleagues assigned 2704 out of 6057 invertebrate species to the category 

‘threatened’, ‘extremely rare’ or ‘extinct’, making up a total of 45,8%. Even more dramatic is the 

fact that it was not possible to stop the population decline of 1234 Invertebrate species of which 

scientists were aware of at the very latest since 1998 (Binot-Hafke et al. 2011). Finally, in 2018 a 

study brought worldwide attention to the ongoing insect decline, by stating that insect biomass 

of protected sites in Germany has declined by 75% over the last 27 years (Hallmann et al. 2017). 

 

 

Conservation Measures 

In order to stop the ongoing biodiversity loss, efforts have been made to reduce scientifically 

proven negative influences on species diversity to a minimum e.g. by reduction of emissions 

(Phelps et al. 2012), the establishment of protected areas on a large scale but also by the 

foundation of national parks on a local scale (Naughton-Treves et al. 2005). Since the first 

recognition of diversity loss, 14 areas distributed across Germany were declared as national parks 

making up a total of 16 German national parks. The Eifel National Park, which was founded in 

2004, is spread over an area of 10.880 hectares of which 8.190 hectares are covered with forest. 

A large biotope mapping project conducted between 2003 and 2005 assigned 50% of all trees in 

the Eifel National Park as invasive alien species e.g. spruce (figure II.1). 

One of the main tasks of national parks is the protection of the native fauna and flora. In order 

to meet these requirements measures were undertaken to restore the previous status of the Eifel 

National Park area, which was mainly characterized by deciduous mixed forests. Next to intensive 

large-scale deforestation activities in some areas, spruces were reduced by actions with a low 

intervention intensity e.g. by rejuvenation measures like underplanting. Measures of the first 

category are very effective but usually go along with the complete destruction of the affected 
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ecosystem. In contrast to 

that, actions with a low 

intervention intensity 

transform the habitat over a 

longer period of time 

allowing for the slow 

transition of a spruce forest 

to the desired beech 

monoculture. This process is 

supposed to go along with 

changes in faunal species 

communities whose 

composition is directly linked 

to the current status of the 

ecosystems.  Former studies 

have already shown that the 

dominating tree species has 

a major influence on abiotic (e.g. light, humidity, ph-value) (Barkman 1992; Leuchner et al. 2007, 

2011) and biotic factors (e.g. symbionts) (Magura et al. 2002; Konôpka et al. 2013) and thereby 

on local fauna and flora (Schmidt and Weckesser 2001; Barbier et al. 2008). In the literature, 

several examples can be found linking species presence and absence with certain environmental 

conditions like solar radiation (Gossner 2009), microclimate (Seibold et al. 2016) and food 

resources (Feeny 1970).  

 

 

Figure II.1 Existing forest types and its distribution in the Eifel 

National Park as monitored between 2003 and 

2005. Especially in the southern parts of the 

National Park are forests dominated by spruces.   

(© Nationalparkverwaltung Eifel) 
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The Forest Habitat 

Temperate deciduous forests like beech forests are an extreme habitat. No other forest type 

undergoes more dramatic changes throughout a one year period (Röhrig and Ulrich 1991; 

Ulyshen 2011). Life cycles in deciduous forests are highly driven by seasonal variations in light, 

precipitation and temperature. Depending on age of the forest and thickness of the stands, beech 

forests form monolayer canopies during summer season which have a major influence on the 

amount of light reaching the forest floor (Knapp and Jeschke 1991; Scherzinger 1996) and thereby 

on seasonal gradients in temperature (Frady et al. 2007). Later in the year, when temperature 

decreases, beech trees start to shed their leaves in order to get ready for winter dormancy. With 

the beginning of winter, a large amount of foliage is accumulated on the forest floor in layers of 

various thicknesses. These sheet-like layers of beech leaves have a toxic effect on many tree 

seedlings and are hardly promoting understory growth (Augusto et al. 2003). In spring, when 

temperatures increase and higher light levels reach the forest floor, the growing season is 

induced. Over the next weeks, new leaves and shoots emerge which will finally form a new 

canopy shading the forest floor. Compared to deciduous forests, evergreen boreal forests are at 

first sight less constrained by the seasons. Throughout the whole year, the thickness of the 

canopy does not undergo dramatic changes. Nevertheless, abiotic factors still have a major 

influence on the onset, course and offset of the growing season. During the growing season, 

coniferous trees form new needle sets. Unlike deciduous trees, lost or damaged leaves or rather 

needles are not replaced. Usually a branch of the Norwegian spruce consists of 5 to 8 needle sets 

(Sander and Eckstein 2001), one formed each year. After the last needle set has been formed, 

the branch will stop growing. Within a boreal forest, single dead trees usually leave a long-lasting 

gap. The prevailing all year round cold and shady climate in the boreal forest hampers tree 

growth. Nevertheless, spruce saplings can hold out in the understory for up to 250 years until 

thinning out of the canopy allows increased growth (Leibundgut 1984; Scherzinger 1996). Within 

deciduous forests the death of a single tree affects the ecosystem for a much shorter period of 
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time. The resulting clearing is flooded with light, which enables the growth of light demanding 

species next to beech regenerations. Nevertheless, when the latter finally reaches the height of  

the canopy the forest floor will soon be shaded again and the forest floor will again be covered 

in beech foliage (Scherzinger 1996). These two extremes already indicate that next to the 

dominating tree species, also the age of the forest has a direct influence on species communities 

associated with it.   

In general, it can be said that regardless of the dominating tree species, each established forest 

has undergone several forest-development stages (Leibundgut 1982). The first trees settling on 

a deforested area are usually light demanding species like members of the genus Betula (Fagales: 

Betulaceae). Later, more and more shade tree species occupy the space underneath the light 

demanding trees. Together with the light-demanding trees they form a transitional forest. After 

some years the shade tree species will over tower the light demanding trees and as a result the 

latter will disappear from the habitat and a circuit forest is formed (Leibundgut 1982). In the next 

decades the circuit forest will undergo several phases. During the optimal phase, a monolayer 

canopy characterizes the forest. During the aging phase single trees will die, which goes along 

with the formation of canopy gaps. The forest is now either entering the rejuvenation phase 

during which new emerging, shade tolerant trees are rapidly replacing dead trees. Alternatively, 

the circuit forests enters in the decay phase. During the decay phase several single gaps are 

formed which with time will merge, until finally large deforested areas are formed. The 

deforested areas are then colonized again  by light-demanding trees (Leibundgut 1982).  

Not only the dominating trees undergo succession. Moreover, total existing flora, including 

grasses and mosses is subject to change over the years. A forest is a stratified habitat consisting 

roughly of five layers (figure II.2). The ground layer encompasses plants like mosses and lichens. 

This layer is highly influenced by all strata over-towering it (Barbier et al. 2008; Budde et al. 2011). 

Not only microclimate conditions are mainly influenced by the conditions formed by the higher 

strata (Barbier et al. 2008), but also plant debris originating from the latter are accumulated here 
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(Augusto et al. 2003). The 

next layer is the herb layer, 

which is characterized by 

herbaceous plants like 

grasses, herbs, wildflowers 

and ferns. The herb layer is 

over-towered by the shrub 

layer, which is characterized 

by a woody vegetation like 

bushes and brambles or 

young immature trees. Subsequently, the next layer, the understory, encompasses immature 

trees of the habitat dominating trees. As soon as a gap opens in the canopy, trees of the 

undershrub will enhance growth and refill the gap (Leibundgut 1982). Finally, the uppermost 

stratum is the canopy layer. 

As already mentioned, depending on forest type seasonal variation in thickness of the canopy 

can occur. The canopy has a major influence on light intensity reaching the understory, the shrub- 

and the herb layer (Barkman 1992; Leuchner et al. 2007). Species composition of the herb and 

shrub vegetation is mainly driven by hummus accumulation, pH-value of the soil and light, which 

differs significantly between deciduous and boreal forests. Budde et al (2011) showed that 

relative light irradiance was lowest in pure beech stands, while coniferous stands where 

significantly lighter. Several authors have already pointed out the relevance of light for the 

development of a diverse herb and under shrub layer (Hill 1979; Jennings et al. 1999; Barbier et 

al. 2008). Indeed, Budde et al. (2011) showed that the dominating tree species of a forest have 

major influence on the diversity of the herb and shrub layer. The increase in light as well as the 

absence of a thick, toxic layer of foliage increases herb diversity within coniferous stands. While 

in pure beech stands nine herbs and five mosses were found, in pure spruce stands 19 herbs and 

Figure II.2 Schematic Visualization of the typical stratification 

characterizing European forests  
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11 mosses were sampled (Budde et al. 2011). Additionally, in mixed stands of beech and spruce 

the number of herbs and mosses was marginally higher (20 herbs, 13 mosses) compared to the 

number of species found at pure spruce stands. The results of Budde et al. (2011) are in 

accordance with further studies showing that floral diversity of the undershrub and herb layer 

changes slowly  from pure spruce stand over mixed stands to beech stands (Ammer et al. 2002; 

Fritz 2006). All studies have in common that species diversity reached a peak at the mixed stands. 

It can be expected that the more diverse the shrub and herb layers are, the more niches are 

provided for insects, favoring an increase in insect diversity. We therefore hypothesize that the 

replacement of spruces by beeches will lead to changes in the existing Insect species community. 

Furthermore, we argue that monitoring the changes in insect community composition will allow 

the control of the efficacy of ongoing renaturation measures.  

 

 

Methods for Assessing Arthropod Diversity 

Over the last decades several methods for monitoring community compositions have been 

developed. One of the most efficient systems for catching flying insects are Malaise traps. 

Malaise traps are named after the Swedish entomologist René Malaise (1892-1978) who first 

used this new style of trap for a biodiversity assessment study in Burma (Malaise 1937). The 

Malaise trap has a tent like structure, which is raised at one end. The construction of the traps is 

based on a passive sampling strategy. Close to the ground flying organisms enter the tent where 

a black net forces them to change direction. Most of the insects will try to escape by flying 

upwards into the direction of light, which is reinforced by a white net forming the roof of the 

trap. The highest point of the trap is equipped with a bottle of preservative ethanol in which the 

organisms get finally accumulated and preserved. As the Malaise trap follows a passive sampling 

strategy its effectiveness highly depends on the structure of the sampled habitat, the setup and 
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overall on the lifestyle of target organisms. Some organisms can escape from the Malaise traps 

(Campbell and Hanula 2007), while other insects such as many beetles accidentally escape by 

dropping to the ground when striking an obstacle like the net of the malaise trap (Juillet 1963). 

Nevertheless, catches with Malaise traps are very efficient and one bottle can contain up to 

several thousands of specimens (Geiger et al. 2016).  

Due to the direct preservation of caught organisms in ethanol, the collected specimens are 

usually well preserved. Therefore, Identification can be based either on morphological 

characteristics or on molecular data. Morphological identification suffers from the taxonomic 

impediment, which describes the shortage of experts, making identification a time consuming 

and costly process (Wheeler et al. 2004). In contrast to that, molecular species identification is to 

a certain extent independent of taxonomic experts, although taxonomists are still needed for the 

establishment of reference databases and the description of new species. Today, a broad range 

of species can already be identified with molecular tools (Elbrecht et al. 2019), without having to 

contact a taxonomist. Molecular species identification encompasses barcoding and 

metabarcoding. For identifying species on the basis of barcoding, each specimen must be 

individually treated which goes along with a high temporal expenditure. In contrast to that, 

metabarcoding allows for the simultaneous identification of thousands of specimens in a timely 

and cost-efficient manner. All three methods have their advantages and drawbacks. While 

morphological identification and barcoding provide information about abundances as each 

specimen is treated individually, metabarcoding is still lacking this feature. Nevertheless, 

abundance data can provide important information about changes in species communities 

(Alpha-, beta-, gamma diversity) (Whittaker 1960). Changes in species composition are often 

early indicators that an ecosystem is losing its balance. However, species presence-absence data 

is also a valuable source of information. The trade-off between required information density, 

workload, budget and last but not least project term must be taken into account when choosing 

an appropriate identification method.  



Chapter II - Introduction  135 

 
 

Metabarcoding Arthropod Diversity  

Metabarcoding is a straightforward method which has already been implemented into ecological 

landmark studies (Fonseca et al. 2010). Because of the wide range of applicability of 

metabarcoding e.g. water samples, soil samples, bulk samples and even feces, no standardized 

protocol has so far been developed. Even within sample groups, no consensus has so far been 

found. It has already been shown that some methods e.g. choice of primers and extraction 

method can perform well for several groups of organisms but will perform poorly for other 

groups of interest (Drummond et al. 2015; Dopheide et al. 2019). For identification of species 

accumulated in a bulk sample several extraction methods have so far been tested. In 2010 a study 

showed that it is possible to extract DNA directly from the preservative ethanol (Shokralla et al. 

2010). Two years later it was shown that up to 87% of all taxa included in a bulk sample can be 

detected by using that noninvasive extraction method (Hajibabaei et al. 2012).  Nevertheless, the 

findings of some later conducted studies contradict these results. Marquina et al. (2019b) 

showed that depending on extraction method, the insects traits like size or degree of 

sclerotization play a major role in determining if a species will be detected or not. Concluding, it 

can be assumed that DNA extraction directly from the preservative ethanol is unreliable. 

Therefore several studies now use grinding of the specimens (Gibson et al. 2014; Elbrecht et al. 

2019). However, the development of a non-destructive extraction method is still desirable as the 

grinding of species deprives the possibility of a morphological identification at a later stage e.g. 

when OTUs indicate that a rare, not yet barcoded or even a non-described species is present in 

the sample.   

Next to the extraction method, marker choice is a main factor influencing taxon detection rate 

as well as the accuracy of species identification against marker-specific reference databases 

(Andújar et al. 2018). Because of the rapidly expanding reference databases (Ratnasingham and 

Hebert 2007; Porter and Hajibabaei 2018) and its comparatively good taxonomic resolution 
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(Meusnier et al. 2008) the 658 bp long region of the Cytochrome c oxidase I subunit (COI) (Folmer 

et al. 1994) has become the marker of choice for assessing arthropod diversity. Making the COI 

marker to the standard metazoan marker is not without criticism. Especially when working with 

eDNA, microbial DNA is often coamplified (Yang et al. 2014). Furthermore, the COI marker is still 

struggling with taxonomic bias for PCR amplification within certain groups (Yu et al. 2012; Zhou 

et al. 2013; Clarke et al. 2014; Deagle et al. 2014; Brandon-Mong et al. 2015; Andújar et al. 2018). 

Today, several primer combinations are available targeting various parts of the Folmer region. 

The consideration of which primer pair to use is critical for the outcome of the study (Elbrecht et 

al. 2019). Depending on target organisms some primers can perform poorly as they do not match 

the template sequence, resulting in substantial bias in taxon detection (Elbrecht and Leese 2015; 

Piñol et al. 2015). PCR biases mainly result from the fact that the primer binding regions of the 

COI marker are not highly conserved. By definition, the perfect barcode is a short DNA fragment 

displaying a highly variable sequence which is flanked by two highly conserved regions. The 

central variable region is discriminative for all species of the target group, that is, its sequence is 

uniquely associated to a given species and not shared with others (Taberlet et al. 2018). Primers 

amplifying the chosen region will perfectly bind to the conserved regions and will ensure that 

DNA originating from the target species will be amplified without bias while amplification of non-

target taxa is prevented (Taberlet et al. 2018). The COI marker is a protein coding gene, which 

often goes along with third base wobbles, leading to taxonomic bias for PCR amplification within 

certain groups (Deagle et al. 2014). To avoid these biases, some studies have chosen makers 

displaying highly conserved primer binding sites like the nuclear ribosomal gene 18S (Creer et al. 

2010; Fonseca et al. 2010). Indeed, the 18S marker is more conserved than the COI marker, which 

is a curse and savior at the same time. On the one hand, the primer binding sites are more 

strongly conserved, which allows for a broader taxonomic coverage across the eukaryotic domain 

of life (Clarke et al. 2017). But on the other hand a broad taxonomic coverage is only achieved at 

the cost of a lower taxonomic resolution, as the central variable region of the target DNA 

fragment is often not uniquely associated with a given species (Tang et al. 2012). The four most 
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frequently used arguments for focusing on the COI marker are (a) the availability of an 

incomparably large reference database, (b) the good taxonomic resolution, (c) advances in the 

development of robust and reliable bioinformatic tools, assisting with quality filtering and the 

removal of spurious sequences and (d) the rapid progress in primer design (Andújar et al. 2018). 

 For the analyses of bulk samples some authors recommend the use of multiple primer sets or 

multiple marker genes (Alberdi et al. 2018; Zhang et al. 2018) to ensure the possible best 

taxonomic coverage, without reducing taxonomic resolution. In contrast to that, some authors 

state that there is no need to employ several primer sets targeting the same maker (Elbrecht et 

al. 2019). This already indicates that choice of primer plays a major role for the accuracy and 

completeness of metabarcoding studies. Especially the primer design has taken tremendous 

steps forward in recent years. Facing the challenge of third base wobbles, a broad palette of 

degenerate primers has been developed over the years. Many of these primers have been 

developed to target certain groups of organisms like certain Insect orders e.g. Hemiptera (Park 

et al. 2011), Hymenoptera (Mitrović and Tomanović 2018) or Coleoptera (Astrin and Stüben 

2008), while others were developed to target a broader range of organisms like all members of 

the phylum Arthropoda (Gibson et al. 2014). Although some of the available COI primers target 

different regions within the COI gene, many primers target the same region. These primers 

usually differ in their degree of degeneracy. A degenerate primer is a mixture of DNA 

oligunucleotides that differ in base composition for one or several nucleotide positions. The 

higher the proportion of degenerate positions, the higher the degree of degeneracy (Andújar et 

al. 2018). The use of highly degenerated primers is not without its critics. A higher degree of 

degeneracy usually goes along with a decrease in specifity, which may result in non-specific 

amplification, dimerization and primer slippages (Elbrecht et al. 2018, 2019).  
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Aims of this Study  

 

 

Part 1 – Evaluation of Methods   

Within this study, we tested three primer pairs amplifying the barcode region of two makers for 

their taxonomic coverage and resolution. We examine the influence of primer and marker choice 

on resulting beta diversity and calculated community composition patterns. Furthermore, we 

tested a new extraction method which is based on the application of a lysis buffer followed by 

salt precipitation.  

For taxonomy assignment two different databases were used in order to distinguish if a 

geographically limited database perform better than a bigger, but less specialized database.  

 

Part II – Ecological analysis  

We hypothesize that the replacement of spruces by beeches will lead to changes in the existing 

Insect species community.  Here we use metabarcoding to answer the question if monitoring of 

changes in insect community composition allows for conclusions about ongoing renaturation 

measures and if metabarcoding is yet capable to assess community patterns associated with the 

dominating tree species. 
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Material and Methods  

 

 

Sampling Strategy 

The here sampled 14 locations were located in the Eifel Nationalpark, which is situated in the 

south-western part of Germany close to the Belgian border (figure II.3).  

 

 

Figure II.3 Map of sampling sites. Map of all 14 sites sampled for this study. Area highlighted in purple 

corresponds to the current area of the Eifel national park 
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For this study a forest conversion gradient from Norway Spruce (Picea abies) to European Beech 

(Fagus sylvatica) was sampled. To reflect the different stages of conversion from spruce to beech, 

four forest types were defined: pure beech (PB), old beech (OB), young beech (YB) and pure 

spruce (PS) (table II.1).  

 

Table II.1 Geographical location and ecological characteristics of the 14 sampling sites. Depicted for 

each sampling site are the Coordinates (altitude N and latitude E) and the associated 

forest type 

 

 

Sample Sites Coordinates Forest Type 

Sample Site 01 50° 34'11.7984''N 6°21'32.1012''E Pure Beech 

Sample Site 02 50° 34'07.7016''N 6°21'27.3996''E Pure Beech 

Sample Site 03 50° 34'12.9000''N 6°21'27.3996''E Pure Beech 

Sample Site 04 50° 32'44.5992''N 6°20'15.2988''E Young Beech 

Sample Site 05 50° 32'41.3016''N 6°20'15.6984''E Young Beech 

Sample Site 06 50° 32'29.7996''N 6°20'11.1012''E Young Beech 

Sample Site 07 50° 32'29.7996''N 6°20'11.1012''E Old Beech 

Sample Site 08 50° 31'35.1984''N 6°20'25.2996'E Old Beech 

Sample Site 09 50° 32'48.3000''N 6°20'03.4008''E Old Beech 

Sample Site 10 50° 30'17.2008''N 6°19'48.1008''E Pure Spruce 

Sample Site 11 50° 30'18.2988''N 6°19'51.4020''E Pure Spruce 

Sample Site 12 50° 33'15.8004''N 6°21'07.3008''E Pure Spruce 

Sample Site 13 50° 30'16.0056''N 6°19'51.4704''E Pure Spruce 

Sample Site 14 50° 32'49.9632''N 6°20'00.7296''E Old Beech 
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The four forest types differed in tree species composition as well as in approximate age of trees. 

The pure beech and pure spruce sampling sites were located in monoculture stands which were 

either dominated by beeches or spruces respectively. The pure beech monoculture stands were  

approximately 180 years old and partly under special protection through North-Rhine Westfalia 

(Naturwaldzelle) (Sample Site 01). With a mean age of 60 years, the pure spruce stands were 

substantially younger. Spruces of the same age dominated the young beech sampling sites at 

which young beeches had been planted only recently. The beeches had therefore not yet reached 

three meters in size at the time of sampling. At the old beech sampling sites, beeches had already 

reached a height of more than 3 meters and actions to remove spruces from the forest had 

already been undertaken.   

 

 

Figure II.4 Forest conversion gradient: From spruce monocultures over with beeches underplanted 

spruce forests to beech monocultures. Photos were taken in summer 2016.   

 

In July 2016, 12 Malaise traps were set up in the Eifel National Park, North-Rhine Westfalia, 

Germany. At the beginning of the study three Malaise traps were placed in each forest type (table 

II.2). To ensure that the orientation of the Malaise traps did not affect sampling success, the 

highest point of each Malaise traps was set up pointing south. The traps were left in the field for 

the full duration of the experiment until April 2017 to ensure that insects were collected from 
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exactly the same locations. In October 2016 two additional traps (Malaise Trap 13 and Malaise 

Trap 14) were installed – one in the pure spruce stands (Sample Site 13) and a second in the old 

beech forests (Sample Site 14). All traps were equipped with a bottle filled with approximately 1 

litre of 99,96% pure ethanol over a two week period in July 2016 (13.07-27.07), October 2016 

(13.10-27.10), January 2017 (11.01-25.01) and April 2017 (12.04-26.04). The ethanol bottles were 

replaced after one week in the field. After each weekly collection, the ethanol was replaced to 

ensure that concentration of the preservative ethanol was stable. After final collection, the traps 

were left unequipped in the field until the start of the next sampling period. Between October 

2016 and January 2017 nine malaise traps were destroyed by heavy snow fall. The damaged traps 

were replaced at the start of the new sampling season in January 2017.  

 

Table II.2 Malaise trap collection periods. For each sampling season the time of the year, number of 

traps and time period of collection is depicted 

Season Time of the year Number of Traps Sampling Dates 

Season 1 Summer 12 13.07.2016 – 27.07.2016 

Season 2 Autumn 14 13.10.2016 – 27.10.2016 

Season 3 Winter 14 11.01.2017 – 25.01.2017 

Season 4 Spring 14 12.04.2017 – 26.04.2017 

 

 

DNA Extraction 

DNA extraction was performed after overnight incubation in lysis buffer using non-destructive 

methods. We followed a modified protocol of Aljanabi & Martinez (1997) adjusted for our 

purposes. Organisms were first sieved from the collecting ethanol. To ensure that no specimen 

was overseen or lost, we poured the content of each bottle through a mesh filter (MICROFIL®V 
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Filter White Gridded 0.45µm-diameter 47mm & 100ml Funnel Sterilized). To reduce the risk of 

accidentally loosing small specimens, we processed the filter with the specimens. The insects 

were dried for 10 minutes at room temperature. Depending on biomass between 15 and 25ml of 

extraction buffer (0.4M NaCl, 10mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0) and 2% Sodium dodecyl 

sulphate (SDS) was added to each bulk sample. Finally, 400 µg Proteinase K per ml was added to 

lysis buffer solution. The samples were left to digest at 52°C at 30rpm in the orbital shaker 

overnight. The next day, the lysate was poured out of the bottles using the MICROFIL®V Filter 

(White Gridded 0.45um-Dia 47mm & 100ml Funnel Sterilized – Q :24). The solution was equally 

split into three 15ml falcon tubes. A 6M NaCl solution was added to the falcon tubes to a 

concentration of 4mmol. After vortexing for 30 seconds, the tubes were centrifuged at 4700rpm 

for 30 seconds. The supernatant was transferred to a new falcon tube to which an equal amount 

of isopropanol was added. After carefully mixing by turning the tube a few times upside down, 

the tubes were left at -20°C for one hour and subsequently centrifuged at 4700 rpm for 60 

minutes. The supernatant was removed from the tube before submerging the resulting pellet 

with 20ml of ice cold 70% ethanol. The ethanol containing tubes were centrifuged for 15 minutes 

at 4700 rpm. Afterwards, the supernatant was discarded and the pellet was left to dry at 20°C 

overnight. The next day, 1ml of sterile H2O was added to the dry pellet. The resulting DNA solution 

was stored at -20°C until further processing.   

 

 

Choice of Primers and Library Preparation 

For amplicon library preparation of Malaise trap samples, three primer pairs targeting two 

different markers were used, using a two step PCR approach (figure II.4). In the first step, the 

fragment of interest was amplified using gene specific primers including an illumina adaptor 

overhang (referred to here as PCR 1), and in the second step (referred to here as PCR 2), Illumina 
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index adaptors were added (Bourlat et al. 2016; Fonseca and Lallias 2016).  

 

 

Figure II.5 Illustration of the 2-step PCR approach 

 

For the amplicon PCR we decided to use the nuclear 18S rDNA (18S) marker which is more 

conserved but can detect a wide range of taxonomic groups, together with the more variable 

mitochondrial Cytochrome C Oxidase Subunit I (COI) marker, which enables a better taxonomic 

resolution within the Metazoa but at the cost that several other groups are only incompletely 

assessed e.g. Chordata and Echinoderms (Tang et al. 2012; Cowart et al. 2015).  

For 18S, the primers TAReuk454FWD1 (5′-CCAGCASCYGCGGTAATTCC-3′) and TAReukREV3r (5′-
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ACTTTCGTTCTTGATYRA-3′) were chosen, amplifying approximately 380bp of the V4 region of the 

nuclear 18S rDNA (Stoeck et al. 2010). Furthermore, two different primer pairs targeting the same 

313bp of the 658bp long barcoding region of the mitochondrial Cytochrome C Oxidase subunit I 

gene (COI).  Firstly, the forward primer mlCOIintF (5'-GGWACWGGWTGAACWGTWTAYCCYCC-3') 

(Leray et al. 2013) combined with the reverse primer Fol-degen-rev (5'-

TANACYTCNGGRTGNCCRAARAAYCA-3') (Yu et al. 2012) and secondly  mlCOIintF combined with 

the reverse primer dgHCO2198 (5'-TAAACTTCAGGGTGACCAAAAAATCA-3'), a less degenerate 

version of Fol-degen-rev (Leray et al. 2013). 

 

mICOIintF/Fol-degen-rev 

10ng of template DNA was used for PCR1 using the forward primer mlCOIintF (5'- 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGWACWGGWTGAACWGTWTAYCCYCC-3') (Leray et 

al. 2013) and the reverse primer Fol-degen-rev (5'- 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TANACYTCNGGRTGNCCRAARAAYCA-3') (Yu et al. 

2012). The amplicon PCR (PCR 1) consisted for each sample of 7.5µ Q5 Hot Start High-Fidelity 2X 

Master Mix (New England BioLabs), 1 µl Sigma H2O, 0.5ul forward primer (10µM), 0.5ul reverse 

primer (10µM), 0.5ul Bovine Serum Albumin (thermoscientific) and 1ul template DNA making up 

a total of 15ul. The following PCR Program was applied:  1 cycle 98°C for 2 minutes, 25 cycles of 

98°C for 1 minute, 50°C for 45 seconds and 72°C for 1 minute. Final elongation 72°C for 5 minutes. 

After PCR1 the resulting product was checked for size by gel electrophoresis. Successfully 

amplified samples were quantified using the Quantus Fluorometer (Promega). Samples with a 

DNA concentration lower than 3ng/µl as well as samples that failed to amplify were repeated. 

After a cleanup step using Ampure XP magnetic beads (Beckman Coulter) at a ratio of 0.8:1 to 

remove primer dimers, PCR1 amplicon products were sent for further processing (indexing, 

pooling and sequencing) to MacroGen Inc. Seoul. Here PCR2 was conducted using the following 
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PCR program: 1 cycle 95°C for 3 minutes, 10 cycles of 95°C for 30 seconds, 55°C for 30 seconds 

and 72°C for 30 seconds. Final elongation 72°C for 5 minutes. 

The resulting purified amplicon pool was sequenced on an Illumina Miseq (2x 300bp) sequencing 

platform (MacroGen Inc. Seoul). 

 

miCOIintF/dgHCO2198 

10ng of template DNA was used for PCR1 using the primers mlCOIintF (5'-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGWACWGGWTGAACWGTWTAYCCYCC -3') (Leray 

et al. 2013) and dgHCO2198 (5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

TAAACTTCAGGGTGACCAAARAAYCA-3') (Leray et al. 2013). The PCR1 mix for each sample 

consisted of 7.5µl Q5 Hot Start High-Fidelity 2X Master Mix (New England BioLabs), 1ul Sigma 

H2O, 0.5µl of forward Primer (10µM), 0.5µl of reverse primer (10µM), 0.5ul Bovine Serum 

Albumin (thermoscientific) and 1µl template DNA, making up a total of 15µl. The following PCR 

Program was applied: 1 cycle 98°C for 2 minutes, 20 cycles 98°C for 40 seconds followed by 45°C 

for 40 seconds and 72°C for 30 seconds with a final elongation at 72°C for 3 minutes. Following 

PCR1 the PCR products were purified by adding 4µl of HT ExoSAP-ITTM (Applied Biosystems) to 

each sample. Samples were first heated at 37°C for 15 minutes removing excess primers and 

dNTPs, then at 80°C for 15 minutes to inactivate the enzyme and subsequently cooled at 4°C for 

5 minutes.  

For PCR2 (index PCR) the purified PCR products were split into two PCR tubes. While with PCR1 

the gene region of interest was amplified, in PCR2 molecular identification (MID) tags in 

combination with NGS platform specific primers were incorporated. For each sample a unique 

combination of MID tags targeting both amplicon ends were chosen. 

Each tube contained 12.5µl Q5 Hot Start High-Fidelity 2X Master Mix (New England BioLabs), 3µl 
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Sigma H2O, 1.2µl of Index forward primer (10µM) (AATGATACGGCGACCACCGAGATCTACAC  

NNNNNNNN ACACTCTTTCCCTACACGACGCTC), 1.2µl of index reverse primer (10µM) 

CAAGCAGAAGACGGCATACGAGAT NNNNNNNN GTGACTGGAGTTCAGACGTGTGCTC) and 8µl of 

purified PCR1 product. The PCR2 program was run as follows: 1 cycle at 98°C for 2 minutes, 

followed by 20 cycles of 40 seconds at 98°C, 30 seconds at 55°C and 30 seconds at 72°C. Final 

elongation at 72°C for 3 minutes. The PCR Products were visualised by gel electrophoresis and 

bands of the expected size were cut out. Cut out gel pieces of the same sample were merged 

before being purified using the QIAquick Gel Extraction Kit (Qiagen). DNA quantification was 

conducted with the Quantus Fluorometer (Promega). All purified and quantified tagged 

amplicons were pooled equimolarly. The resulting purified amplicon pool with a concentration of 

3ng/µl was sequenced on a Illumina Miseq (2x 300bp) sequencing platform at Liverpool 

University’s Centre for Genomic Research (Liverpool, UK).  

 

TAReuk454FWD1/TAReukREV3 

10ng of template DNA was used for PCR1 using the primers TAReuk454FWD1 (5′-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCAGCASCYGCGGTAATTCC-3′) and TAReukREV3r (5′-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT ACTTTCGTTCTTGATYRA-3′). The PCR1 (amplicon 

PCR) mix for each sample consisted of 7.5ul Q5 Hot Start High-Fidelity 2X Master Mix (New 

England BioLabs), 1ul Sigma H2O, 0.5ul of forward primer (10µM), 0.5ul of reverse primer (10µM), 

0.5µl Bovine Serum Albumin (thermoscientific) and 1µl template DNA making up a total of 15µl. 

The following PCR Program was applied:   1 cycle at 98°C for 2 minutes, 20 cycles at 98°C for 40 

seconds, 55°C for 40 seconds, 72°C for 30 seconds. final elongation at 72°C for 3 minutes. 

Following PCR1 the PCR products were purified with HT ExoSAP-ITTM (appliedbiosystems) by 

adding 4µl of HT ExoSAP-ITTM to each sample. Samples were first heated up to 37°C for 15minutes 

then to 80°C for 15 minutes and subsequently cooled down at 4°C for 5 minutes.  
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For PCR2 (index PCR) the purified PCR products were split into two PCR tubes. Each tube 

contained 12.5µl Q5 Hot Start High-Fidelity 2X Master Mix (New England BioLabs), 3µl Sigma H2O, 

1.2µl of index forward primer (10µM) (AATGATACGGCGACCACCGAGATCTACAC  NNNNNNNN 

ACACTCTTTCCCTACACGACGCTC), 1.2µl of index reverse primer (10µM) 

CAAGCAGAAGACGGCATACGAGAT NNNNNNNN GTGACTGGAGTTCAGACGTGTGCTC) and 8µl 

purified PCR 1 product. The PCR2 program started with 1 cycle at 98°C for 2 minutes, followed by 

20 cycles at 98°C for 40 seconds, 30 seconds at 55°C and 30 seconds at 72°C. Final elongation at 

72°C for 3 minutes. The PCR Products were visualised by gel electrophoresis and bands of the 

expected size were cut out. Cut out gel pieces of the same sample were merged before being  

purified using the QIAquick Gel Extraction Kit (Qiagen). DNA quantification was conducted with 

the NanoDrop (XXX). All purified and quantified tagged amplicons were pooled equimolarly. The 

resulting purified amplicon pool was sequenced on a Illumina Miseq (2x 300bp) sequencing 

platform at Liverpool University’s Centre for Genomic Research (Liverpool, UK). 

 

 

Bioinformatics and Data Analysis 

Data sequenced at the Centre of Genomic Research (Liverpool, UK) had already undergone 

first quality check: The raw fastq files were trimmed for the presence of Illumina adapter 

sequences using Cutadapt version 1.2.1. Furthermore, sequences were trimmed using Sickle 

version 1.200 with a minimum window quality score of 20. Reads shorter than 20bp after 

trimming were removed. Sequences were received from MacroGen Inc. Seoul in Casava 1.8 

paired-end demultiplexed fastq format. 

The fastq sequences were checked for the presence of the COI and 18S primers with Cutadapt 

version 1.18 (Martin 2011) using the following settings: maximum error rate (-e): 0.1, minimum 
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Overlap (-O): 20, minimum sequence length (-m): 50). Sequences lacking either forward or 

reverse primer were remove. Detected primers were trimmed from the remaining sequences. 

Paired-end reads were merged with vsearch version 2.7.0 (Rognes et al. 2016). Merged 

sequences with a length of 360-400bp for the 18S and 293-333bp for the COI dataset 

respectively were retained for further analysis and filtered with a maxEE threshold of 1.0 using 

vsearch (version 2.7.0) (Rognes et al. 2016). Subsequently fastq-sequences were demultiplexed 

using the script split_libraries_fastq.py implemented in QIIME1 (Caporaso et al. 2010). A phred 

quality threshold of 19 was chosen. Dereplicating, size sorting, denovo chimera detection as 

well as OTU clustering with a 97% cutoff was conducted with vsearch 2.7.0 (Rognes et al. 2016). 

Finally, an OTU table was build by using the --usearch_global function in vsearch 2.7.0 (Rognes 

et al. 2016) (Rognes et al. 2016) followed by the python script “uc2otutab.py” written by Robert 

Edgar  (https://drive5.com/python/uc2otutab_py.html). For taxonomy assignment sequences 

were blasted against the GBOL database using blastn 2.9.0+ (Altschul et al. 1990).  

The resulting OTU table was loaded into Excel were data got cleaned up and formatted for 

upload into R (R CoreTeam 2013). Statistical analysis was conducted with R studio running R 

version 3.5 using several R packages. Visualizations comparing number of OTUs/Species 

depending on choice of marker, primer and database were prepared using the R package 

ggplot2 (Wickham 2016). Data used for the preparation of Venn diagrams visualizing the 

number and percentage of shared and unique insect species with a BlastID of at least 99% 

between primer-pairs depending on organisms group (figure 14) were processed with the R 

package dplyr (version 0.8.3) (Wickham et al. 2015) before final diagrams were prepared with 

the R package Venn.Diagram (version: 1.6.20) (Chen and Boutros 2011). Bar plots showing 

number of recovered OTUs/Specimens depending on method, marker and primer were 

prepared with the R package ggplot2 (Wickham 2016). PCoA Plot, showing differences in 

recovered insect (BlastID ≥ 90%) communities depending on combination primer, marker and 

database choice were prepared using the R package betapart (version 1.5.1) (Baselga and Orme 
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2012) and vegan (version 2.5-6) (Dixon 2003). Calculated heatmaps visualizing calculated 

jaccard similarity indices for insect communities were prepared using the R package ggplot2 

(Wickham 2016). Underlying calculation were done in Microsoft Excel based on the formula: 

J(X,Y) = |X∩Y| / |X∪Y|.  With the R package ggplot2 (Wickham 2016) stacked bar plots were 

created showing number of OTUs assigned to species level within the suborder Nematocera, 

depending on blastID. Calculated Marioko plots visualizing number of species depending on 

sampling season and forest type were prepared using the R package ggplot2 (Wickham 2016). 

The same R package was used for preparing stacked barplot showing number of species per 

insect order depending on forest type and season. PCOA plots showing differences in species 

communities depending on forest type and season were prepared using the R package 

betapart (version 1.5.1) (Baselga and Orme 2012) and vegan (version 2.5-6). The same two 

packages were used for the visualization of the distance to centroid indicating homogeneity 

between samples within forest types depending on season (figure 20B). Homogeneity 

between samples and forest types was further visualized via Venn Diagrams. Venn Diagrams 

were prepared on basis of the R package Venn.Diagram (version: 1.6.20) (Chen and Boutros 

2011) and modified using Microsoft PowerPoint. Stacked barplots showing number of 

permanent resident and visitor species were prepared using the R package ggplot2 (Wickham 

2016). Finally, UpsetR-Plot showing detailed number of unique and shared permanent resident 

species (BlastID ≥ 99%) between forest types depending on season was prepared using the R 

package UpSetR (version 1.4.0) (Conway et al. 2017).  
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Results & Discussion 

 

 

Part 1 – Evaluation of Methods  

 

Choice of Marker 

Many studies have already shown that metabarcoding is a powerful tool, enabling the 

assessment of biodiversity in a reliable, cost efficient and timely manner (Gibson et al. 2014; 

Braukmann et al. 2018; Elbrecht et al. 2019). Over the last years, several metabarcoding studies 

were conducted in order to assess diversity of various organism groups. Depending on target 

group different genetic markers were chosen to draw a picture as complete as possible of existing 

diversity (Yu et al. 2012; Elbrecht et al. 2016, 2019; Marquina et al. 2019a). For the assessment 

of arthropod diversity the COI marker have increasingly been used (Elbrecht et al. 2019; Thomsen 

and Sigsgaard 2019). However, due to its protein coding character several authors recommend 

the use of more conserved markers e.g. 18S (Deagle et al. 2014; Horton et al. 2017). 

Unquestionable the choice of marker has a significant influence on study outcome. This is also 

mirrored in the here presented study. The two markers tested here, resulted in the detection of 

significant different numbers of OTUs (figure II.6). The two COI datasets contained, depending on 

primer, between 3077 (Fol_degen_rev) and 2565 OTUs (dgHCO2198), while the 18S dataset 
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contained the lower slightly lower number of 1558 OTUs (figure II.6). The fact that with the COI 

marker almost up to twice as many OTUs were found, is likely contributed to the different 

degrees of variability of the two genes of interest. In direct comparison is the 18S marker much 

stronger conserved. This is a curse and savior at the same time. On the one hand the primer 

binding sites are less variable, which is supporting binding of primers whereas a broader 

taxonomic coverage across the eukaryotic domain of life is achieved (Clarke et al. 2017). On the 

other hand this goes for the costs of a lower taxonomic resolution. Due to its lower degree of 

variability within the discriminative region of the gene, reads originating from distinct species are 

more likely to be clustered together into the same OTU. As a result, especially on lower taxonomic 

level existing biodiversity is often strongly underestimated (Wangensteen et al. 2018). As a 

results the gap between number of assigned OTUs widens between the two markers with 

decreasing taxonomic level.   

Out of the 1558 OTUs of the 18S dataset, 44.5% (694 OTUs) were assigned to Arthropoda, while 

depending on choice of primer and reference database, between 43% and 62% of the OTUs of 

the COI dataset were assigned to this phylum (GBOL: dgHCO2198: 1578 OTUs, Fol_degen_rev: 

1599 OTUs; BOLD database: dgHCO2198: 1605 OTUs, Fol_degen_rev: 1323 OTUs) (figure II.6a). 

On average, the COI marker detected slightly more than twice as many Arthropod OTUs. On class-

level this gap widened. Approximately more than four times as many OTUs were assigned to 

Insecta using the COI marker. Between 91% and 94% of the recovered COI OTUs, with an 

assignment to Arthropoda were assigned to Insecta (1206 OTUs -1505 OTUs). Within the 18S 

dataset only 50% of the 649 recovered Arthropod OTUs (361 OTUs) accounted for this class 

(figure II.6b).   
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Figure II.6  Number of assigned OTUs depending on choice of marker, primer and used reference 

database. A) Total number of detected OTUs, including number of ‘Not assigned’ OTUs 

and highlight the number of detected OTUs assigned to Arthropoda. B) number of OTUs 

assigned to Insecta out of total number of OTUs assigned to Arthropoda 
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As a result of differences in taxonomic resolution, the degree of insect diversity assessed by the 

two markers showed major variations. While the COI marker identified depending on primer pair 

between 17 and 18 insect orders, only 12 orders were recovered with the 18S marker (figure II.7). 

Out of them, five orders encompass regardless of primer and marker choice at least 86% of all 

recovered Insect OTUs. The five orders were Coleoptera, Diptera, Hemiptera, Hymenoptera and 

Lepidoptera (figure II.7A), from here on referred to as highly abundant insect orders. Out of them, 

the order Diptera accounted for the highest share of OTUs (GBOL Database: Fol-degen-rev: 

52.01%, dgHCO2198: 68.40%; BOLD Database: Fol_degen_rev: 48.1%, dgHCO2198: 69.10%; 18S: 

56.5%). The remaining four highly abundant insect orders Coleoptera (GBOL: Fol-degen-rev: 

6.93%, dgHCO2198: 5.47%; BOLD: Fol-degen-rev: 9.22%, dgHCO2198: 5.20%; 18S: 3.99%), 

Hymenoptera (GBOL: Fol-degen-rev: 20.04%, dgHCO2198: 7.40%; BOLD: Fol-degen-rev: 20.53%, 

dgHCO2198: 6.96%; 18S: 8.75%), Hemiptera (GBOL: Fol-degen-rev: 9.21%, dgHCO2198: 6.44%; 

BOLD: Fol-degen-rev: 8.65%, dgHCO2198: 6.25%; 18S: 5.04%) and Lepidoptera (GBOL: Fol-degen-

rev: 4.15%, dgHCO2198: 3.67%; BOLD: Fol-degen-rev: 5.5.8%, dgHCO2198: 3.77%; 18S: 12.2%) 

were represented by significantly less OTUs. Next to the five highly diverse orders, several less 

diverse orders were identified. Its number was strongly depending on choice of marker (figure 

II.7B). The COI marker resulted in the detection of at least 11 less diverse orders while with the 

18S marker only seven were identified. Furthermore, numbers of OTUs assigned to less diverse 

orders were strongly differing between marker datasets. While with the COI marker, depending 

on primer between 49 and 67 OTUs were assigned to less diverse orders, only 26 OTUs of the 18S 

dataset had an assignment to one of these taxa (figure II.7B).   
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Figure II.7 Number of OTUs assigned to orders of the class Insecta with a BlastID of at least 90%, 

depending on choice of primer, marker and reference database. Figure II.6A shows the 

highly diverse groups, while Figure II.6B includes all orders represented by less than 20 

OTUs.   

 

We conclude that the lower the taxonomic level, the more dramatic the influence of marker 

choice. Therefore and as expected led the lower taxonomic resolution of the 18S marker to a 

significantly lower number of identified species. To reliable assign OTUs on species level a blast 

hit of at least 99% was required. This applied to OTUs assigned to Insecta of the 18S dataset. In 

contrast to that, depending on primer choice between 478 and 810 Insect OTUs of the two COI 



158  Chapter II - Results & Discussion 

 
 

datasets had an high-quality assignment on species level to Insecta. However, the total number 

of identified species was lower as several species had double assignments, what means that they 

were represented by more than one OTU. In terms of total number of identified insect species, 

the COI marker was clearly superior over the 18S maker. While with the 18S marker 30 insect 

species were reliable identified the COI marker detected up to 671 species (figure II.8).  

 

 

Figure II.8 Number of recovered insect species (blastID ≥ 99%) per order, depending on choice of 

marker, primer and reference database. Figure II.7A includes all species of the highly 
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Figure II.8  (Continued.) diverse orders Coleoptera, Diptera, Hemiptera, Hymenoptera and 

Lepidoptera, while Figure II.7B shows number of detected species of remaining, usually 

less diverse insect orders 

 

 

Choice of Reference Database 

The higher number of species recovered with the COI marker is not least attributable to the 

extremely large publicly available reference database for this marker. It is known that study 

outcome and completeness of resulting species list is closely linked to complexity and 

completeness of available reference databases (Gibson et al. 2014; Corse et al. 2019). A study 

investigating fecal samples from bats for their preferred diet, has shown that samples collected 

in the Paleartic displayed a much higher taxonomic resolution compared to samples taken in 

Africa (Corse et al. 2019). The authors of the study hypothesized that the lack of precise species 

discrimination is contributed to the fact that megadiverse environments like equatorial areas are 

suffering from relatively incomplete public databases. A fact that has also been mentioned by 

further scientists (Cowart et al. 2015; Beng et al. 2016; Lopes et al. 2017). Because of its high 

taxonomic resolution, the Consortium for the Barcode of Life (CBOL) has chosen the 

mitochondrial COI gene for standard DNA barcoding of single animal specimens (Hebert et al. 

2003; Ratnasingham and Hebert 2007). This decision contributed significantly to the 

establishment of the now unparalleled large publicly available reference databases. In August 

2015 the international barcode of life initiative completed their first major program BARCODE 

500K, which had the overreaching goal of barcoding 0.5 million species. Today, more than 

502.700 public barcodes clusters are stored in the BOLD database. The barcode of life initiative 

encompasses now research organizations from 25 nations. All barcodes retrieved in the scope of 

the barcode of life initiative are supposed to be stored in the international BOLD Database in 

order to make them publicity available. Today, it can be said that no database for any other 
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genetic region covers as many taxa as the Barcode of Life Database (BOLD) does for the COI 

(Deagle et al. 2014). However, many of the national initiative which were conducted under the 

auspices of the CBOL have established own, geographically limited barcode reference databases. 

The German Barcode of Life project (GBOL) was launched in 2012 with the overreaching goal to 

barcode the German fauna and flora. In the scope of the GBOL project the GBOL database was 

established. The GBOL database now comprises the barcodes of 16906 arthropod species, what 

accounts for approximately 45% of the for Germany described arthropod diversity (German 

Barcode of Life Consortium et al. 2011). Although it is the major aim of the Barcode of Life 

initiative to store all produced barcode retrieved under the auspices of the CBOL in a single 

reference database – the BOLD database this goal has yet not been met. Out of the 16906 

barcodes contained in the GBOL database, many are still waiting to be uploaded to the BOLD 

database.   

Here it was found that the usage of the BOLD database as reference database resulted in a higher 

number of detected species of the four highly diverse orders Coleoptera, Diptera, Hymenoptera 

and Lepidoptera. When the GBOL database was used as reference database a higher number of 

species of less abundant insect orders (figure II.8B) were identified. Furthermore, number of 

detected species of the highly diverse order Hemiptera was significantly higher. While incomplete 

databases are usually leading to wrong negative results, very complex databases can increase the 

risk of false positive assignments as many taxonomy assignment algorithms are only choosing the 

best hit, without taking the probability of species existence within the habitat into account. When 

blasting our dataset against the BOLD database the dipteran species Atypophthalmus inustus was 

found detected in a single bulk sample with a blastID of 99.02%. A closer look in the reference 

database showed that the species is represented by the small number of three sequences 

retrieved from specimens found in Finland. Although, the species has been described for 

Germany there are to our knowledge no recent records. Sequences originating from undescribed 



Chapter II - Results & Discussion  161 

 
 

species are more likely to be assigned to a closely related species the more complex the database 

becomes.  

However, the comparatively higher number of barcodes contained in the BOLD database is 

mirrored in number of OTUs being assigned on species level (figure II.8). Especially within the 

dipterans, a better species coverage was achieved with the BOLD database as reference. In detail, 

up to 145 species more were identified compared to the GBOL database. However, many species 

of the order Diptera are highly active and are capable to travel long distances in a rather short 

time. This is making the order Diptera only conditionally suitable for assessment of the current 

status of a habitat. Furthermore, for many dipteran species little is known about their biology 

and their associated habitat. Often the less diverse groups e.g. Raphidioptera and Thysanoptera 

and much better studied, making them to more reliable indicator species for the current status 

of the habitat. For these less diverse groups a better taxonomic resolution was achieved with the 

GBOL database (figure II.8B). The GBOL database is well curated and there were no entries on 

species level, without a definite species name. This was not the case for the BOLD database in 

which several entries were found with an unclear entry on species level, either only containing 

an accession number or the hint, that the species had not yet been described. This made the 

analysis to a time consuming task, as every entry had to be checked twice. Another advantage of 

the GBOL database is the fact that it only contains species for which a proof of existence for the 

geographical area Germany exists. Although this may prohibits for the detection of possible 

invasive species, this is a great advantage as it limits the risk of encompassing false positive 

assignments. Therefore, the use of a less complex but for the area more accurate databases is 

recommended. Additionally, it should be noted that all barcodes obtained with the GBOL project 

are supposed to be placed into the BOLD database. Unfortunately, this goal has not yet been met 

whereas it is likely that several species which main distribution area is located within Germany 

are not yet present in the BOLD database, whereas the species would likely be missed when using 

the BOLD database as reference.  
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Choice of COI Primer Pair 

Because of the above discussed differences in performence of databases, the following analysis 

is based on the GBOL database. In contrast to the choice of marker had the choice of primer less 

influence on number of recovered taxa on higher taxonomic level. On class level, the use of the 

dgHCO2198 primer pair resulted in the detection of one insect order less in comparison to the 

Fol_degen_rev primer pair (figure II.7). Nevertheless, on lower taxonomic level significant 

differences in number of recovered taxa were observed (figure II.9). Depending on insect order 

the Fol_degen_rev and HCO2198 primer pair resulted in the detection of two distinct insect 

species communities (figure II.14). Only 53% of all recovered species were detected with both 

used primer pair (figure II.9). With 120 

species more, a significantly higher number 

of species was detected with the 

Fol_degen_rev primer pair. As both primers 

are targeting for the same region of the 

mitochondrial COI region, the large 

discrepancy in number of detected species is 

not attributable to incomplete reference 

databases.  Moreover, variations in primer 

affinities are likely to be the main reason for 

these findings.  

Both primer pairs shared the forward primer mlCOIintF. The mICOIintF primer is only partly 

degenerated. It contains seven wobbles bases, each of them allowing two different bases to 

match (figure II.10). The calculated degeneracy value for mICOIintF is 128, resulting in 128 

different primer combinations.  

 

Figure II.9 Venn diagram showing number 

of unique and shared detected 

insect species (BlastID ≥ 99%) 

between COI primer pairs. 



Chapter II - Results & Discussion  163 

 
 

 

Figure II.10 Forward primer mICOIintF. Wobble bases are highlighted in red 

 

While both primer pairs consisted of the same forward primer, the chosen reverse primers were 

strongly differing in their degree of degeneracy (figure II.11). While the Fol-degen-rev is highly 

degenerated, the dgHCO2198 does only allow for two base wobbles. The first wobble position 

allows the binding of Adenine and Guanine, while the second allows for Thymine and Cytosine to 

bind. The Fol-degen-rev primer has three position at which Adenine and Guanine are allowed to 

bind and two positions at which Thymine can be replaced by Cytosine and vice versa. 

Furthermore, three base positions allow any nucleotide to bind. The calculated amount of 

degeneracy for the Fol-degen-rev is 2048, what dramatically increases the amount of number of 

sequences which can be amplified. 

 

 

Figure II.11 Reverse primers dgHCO2198 and Fol-degen-rev. Wobble bases are highlighted in blue and 

red respectively  

 

A high degree of degeneracy enables the amplification of a broader taxonomic range as PCR 

biases are mitigated (Yu et al. 2012; Krehenwinkel et al. 2017). The number of mismatches 

between the primers and the template DNA defines the affinity of the primer for the different 

templates (Marquina et al. 2019a). The higher the affinity the more easily the template DNA will 

be amplified. As a result several organism groups are subsequently overrepresented (Clarke et 



164  Chapter II - Results & Discussion 

 
 

al. 2014), while other groups will largely be missed (Yu et al. 2012). Some studies have already 

shown, that the amplification success for different organism groups therefore even depends on 

the degree of degeneracy by describing a positive effect of primer degeneracy degree and 

amplification success (Morinière et al. 2016). In general, species with higher affinities will likely 

capture more primer molecules during PCR while species with lower affinities will yield lower 

level amplicons and fewer reads (Hajibabaei et al. 2011; Brandon-Mong et al. 2015). When 

degenerated primers are used this bias can to some extend be reduced (Clarke et al. 2014; 

Elbrecht and Leese 2017; Elbrecht et al. 2019). 

The study presented here is partly supporting these findings. Based on the direct comparison of 

retrieved insect communities from six Malaise trap bulk samples, collected at the pure beech 

sites in summer and autumn season the performance of the two COI primer pairs, differing in its 

degree of degeneracy were compared. It was found that depending on target insect order the 

two primer pairs recovered different insect communities in terms of composition and diversity.  

The number of identified hymeopteran families varied widely between chosen primer pairs. On 

basis of the six malaise traps samples taken at the pure beech sites in summer and autumn season 

we found that a higher number of insect families were retrieved with the Fol_degen_rev primer 

pair. While the less degenerated dgHCO2198 primer detected 12 hymenopteran families, the 

Fol_degen_rev primer retrieved the same 12 hymenopteran families but also detected six 

additional families (figure II.12), which were not found by the less degenerated dgHCO2198 

primer pair.  
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Figure II.12  Number of OTUs assigned to families of the insect order Hymenoptera. Coloration of bars 

are indicating choice of marker, primer and reference database.  

 

Similar results were obtained for the dipteran suborder Nematocera. Amplification with the 

Fol_degen_rev primer resulted in the detection of 16 nematoceran families out of which only 15 

were also recovered with the dgHCO2198 primer pair (figure II.13). These results indicate that 

the amplification success of the order Hymenopteran and the suborder Nematocera is positively 

correlated with the degree of degeneracy of chosen primer pair. Nevertheless, using primers with 

a high degree of degeneracy has also its drawbacks. A recent study found that highly degenerated 

primers performed poorly on a malaise trap sample (Elbrecht et al. 2019). Often, a high degree 

of degeneracy goes along with a decrease in specifity, which may result in non-specific 
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amplification, dimerization and primer slippages (Elbrecht et al. 2018, 2019). As a result, a higher 

degree of degeneracy may promote the detection of certain organism groups, while hampering 

the identification of other. 

 

 

Figure II.13 Number of Individuals and OTUs assigned to families of the Insect suborder Nematocera. 

Bars are representing number of detected OTUs with molecular methods differing in 

choice of primer, marker and reference database, while morphological identified number 

of specimens are shown as red points.  

 

Assessed Coleoptera community composition revealed even more significantly differences in 

primer performance depending on degree of primer degeneracy. While the Fol_degen_rev 
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primer pair detected 21 families, the dgHCO2198 primer pair identified only 18 (figure II.14). 

Although the number of detected species retrieved with the Fol_degen_rev primer pair 

surpassed the number found with the dgHCO2198, it cannot be stated that the highly 

degenerated primer pair outperformed the latter. This is because the two primer pairs did not 

result in the detection of the same 18 families. Moreover, the five families Coccinellidae, 

Eucnemidae, Monotomidae, Oedemeridae and Ptinidae were exclusively found with the 

Fol_degen_rev primer pair, while the two families Leiodidae and Sphindidae were exclusively 

recovered with the less degenerated dgHCO2198 primer pair.  

However, when taking the full dataset into account and not only the here investigated six bulk 

samples, the Fol_degen_rev primer pair was also capable to detect the two families Leiodidae 

and Sphindidae. Thus, the highly degenerated primer pair is generally working for these families, 

which is indicating that bulk sample composition might influence primer performance. This is in 

alignment with previous studies (Brandon-Mong et al. 2015). It has been shown, that the COI 

region of several hymenopteran specimens can be successfully amplified using the Leray primer 

pair mICOIintF/HCO2198 for single-specimen PCR, but the same species will be missed when 

being part of a bulk sample (Brandon-Mong et al. 2015). A possible explanation for these findings 

is that the DNA mixture extracted from the unsorted Malaise traps is highly diverse. DNA with a 

lower affinity to the primer will more likely be outcompeted by DNA with a higher affinity, leading 

to false negative results (Morinière et al. 2016). Morinière et al. (2016) showed that 

metabarcoding of presorted Malaise traps on order level recovered a higher number of high score 

BINs compared to metabarcoding of unsorted traps. It can be expected that taxonomic coverage 

of a primer pair is directly influenced by number and taxonomic classification of the organisms 

contained in the sample as it directly influences competition for primer molecules resulting from 

different affinities of species in their primer binding sites (Hajibabaei et al. 2011; Brandon-Mong 

et al. 2015). 
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Figure II.14 Number of OTUs (90% BlastID) and Individuals per detected Coleoptera family depending 

on choice of primer, marker, reference database and identification method. Number of  

recovered OTUs are represented by bars, while number of morphological identified 

specimens are represented by red points.   

 

However, next to primer affinities also the amount of DNA with which a species contribute to 

extracted DNA mixture is influencing species detection rate. For the insect order Coleoptera and 

the dipteran suborder Nematocera all families being present in the six bulk samples were 

morphologically identified. When the morphologically obtained data were compared to list of 

detected families with metabarcoding we found that all formerly morphological identified 

nematoceran families were detected using the highly degenerated Fol_degen_rev primer pair 
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(100% detection rate). The dgHCO2198 primer pair found one family less (93.75% detection 

rate)(figure II.11). Out of the 27 morphological identified coleopteran families, 18 were identified 

with the Fol_degen_rev primer pair (66.67% detection rate), while the dgHCO2198 primer pair 

recovered 17 (62.96% detection rate). The six families Carabidae, Ciidae, Corylophidae, 

Lampyridae, Nitidulidae and Scraptiidae were not identified with metabarcoding targeting the 

COI marker. The reasons for the incomplete assessment are manifold. 

The family Scraptiidae had no record in the GBOL database, whereas it was not possible to 

retrieve this family with metabarcoding using this database for taxonomy assignment. The 

remaining five families were represented in the database by several species and barcodes. 

Nevertheless, a closer look on number of recovered individuals per family showed, that for four 

out of the five families left undetected only a single individual was found in the six bulk samples 

(figure II.14). Former studies have already discussed the effect of unbalanced biomass of species 

detection rate. It has been shown, that taxa are more likely to be detected when they are part of 

a bulk sample which only contains specimen of similar sizes (Elbrecht et al. 2017). The larger a 

specimen, with the more DNA it contributes to DNA mixture used for library preparation. Reads 

with higher abundances will most likely capture more primer molecules leading to a high 

amplicon yield, while lower abundance reads may not yield any amplicons (Hajibabaei et al. 

2011). Thus, highly abundant species or species of larger body size are more likely to be captured 

with metabarcoding, while smaller or less abundant species are more likely to be missed. 

Therefore it is increasingly recommended to presort samples prior to DNA extraction (Elbrecht 

et al. 2017). However, here a lysis buffer based DNA extraction method was followed, for which 

the influence of differences specimen size and abundance in combination with complexity of the 

bulk sample has so far not been tested. However, here it was observed, that that an increase in 

degree of degeneracy does not guarantee for a more precise biodiversity assessment which 

allows for the assumption that the above mentioned parameter also plays an important role for 

study outcome when using non-destructive extraction methods.    
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Choice of Extraction Method 

Former studies have already successfully applied a modified protocol of the non-destructive 

DNA-extraction method of Aljanabi and Martinez for the extraction of DNA from feces 

(Vesterinen et al. 2016; Kaunisto et al. 2017). Additionally,  a second study showed the suitability 

of the  method for the extraction of Arthropod DNA from bulk samples (Ritter et al. 2019). Ritter 

et al. (2019) tested the efficiency of five DNA extraction protocols on five insect bulk samples. As 

they did not find any significant differences in number of captured sequences between the 

protocols, they concluded that the success rates of the protocols are comparable. Kaunisto et al. 

(2017) compared the salt extraction method modified from Aljanabi and Martinez with two 

commercial kits. The salt extraction method produced the highest number of reads, but the 

number of detected taxa was only marginal higher than the one found with the commercial 

Macherey Nagel Nucleospin Kit. To our knowledge, the salt-precipitation protocol has not yet 

been tested with a mock community, whereas the suitability of this method might vary between 

different groups of organisms. Specimens morphology could potentially influence DNA extraction 

success rates. Especially within the coleopterans a high number of families were not recovered 

(figure II.14). Next to the above discussed primer bias, the extraction methods can likely strongly 

contributed to the here observed poor detection rate. Beetles are often characterized by a thick 

and hard cuticle, which could possibly hamper the release of DNA into the lysis buffer, while soft 

tissue specimens like members of many dipteran families are more prone to be destructed by 

the lysis buffer, leading to a higher read yield. As already discussed, the proportion with which a 

species contributes to the DNA mixture is influencing species detection rate. Reads with higher 

abundances will most likely capture more primer molecules leading to a high amplicon yield, 

while lower abundance reads may not yield any amplicons (Hajibabaei et al. 2011). To circumvent 

these bias deeper sequencing can be performed which goes along with a possible tradeoff in 

terms of non-specific binding and increased costs (Hajibabaei et al. 2011; Brandon-Mong et al. 
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2015). To prove if the success rate of the salt-extraction method is indeed biased by the 

morphology of specimens, tests with a mock community should be performed.  

Within the suborder Nematocera two families were detected by molecular methods which were 

not morphologically indentified. For the coleopterans three families were exclusively recovered 

with metabarcoding. Given the fact that these organisms were not overseen by morphological 

identification, the absence of whole specimens of these families in the bulk sample does not 

necessarily point to false positive results. DNA of these species could be brought into the Malaise 

trap bulk samples in several ways such as from the gut contents of arthropods or in form of eDNA 

attached to insect being present in the sample. Regarding the gut contents of arthropods in a 

Malaise trap, it has been documented that many species tend to regurgitate their gut contents 

while being preserved (Zizka et al. 2018). Although preservative ethanol in each Malaise traps 

was exchanged at collection and finally removed before extraction, it cannot be excluded that 

parts of the gut contents remained in the sample.  In addition, the organisms found in a bulk 

sample have been interacting with the environment before entering the malaise trap, introducing 

other potential sources of eDNA to the sample. A recent study has shown that eDNA can be 

extracted from the surface flowers, revealing the various pollinator species that have visited the 

flowers (Thomsen and Sigsgaard 2019). Flower pollinators may serve as potential vectors for the 

distribution of exogenous DNA into the Malaise traps. When grinding specimens prior to 

extraction it can be assumed that exogenous DNA represents only DNA traces in relation to DNA 

originating from whole specimen in the sample and will therefore likely be highly 

underrepresented and as a result outcompeted by more abundant sequences. However, the 

amount of DNA released by each specimen when performing DNA extraction with the above 

described non-destructive extraction method remains unknown. Therefore, it cannot be 

excluded that the here used non-destructive extraction method is more prone to introduce false 

positive results into analysis in comparison to methods based on grinding of insects.  
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Influence of Choice of Methods on Detected Community Patterns 

 

Marker Choice 

The two markers revealed different insect community patterns (figure II.15). PCoA plots indicate 

that across all seasons insect communities assessed with the 18S marker were not significantly 

different between the three by spruces dominated forest types (figure II.15). However, over the 

full year it was observed that insect communities associated with the pure beech stands were 

different from the one found at the remaining three forests. This is indicated by the formation of 

a distinct cluster. In contrast to that, insect species community composition detected with the 

COI marker were depending on season slightly different at all four forest stands. Regardless of 

choice of primer pair and reference database each forest type formed a distinct cluster (figure 

II.15). (figure II.15).  

It can be assumed that these contradicting findings are a direct result of differences in taxonomic 

resolution of the two marker. Because of the lower taxonomic resolution of the 18S marker, less 

insect OTUs were detected. On higher taxonomic level, many taxa do not show a high degree of 

specialization, but on lower taxonomic level many species are highly adapted to the colonized 

habitat. Furthermore and as already discussed, the higher degree of conservation of the 18S 

marker may lead to the fact sequences originating from several species are clustered into a single 

OTU. As a result differences in species communities between the four habitats become blurred, 

hampering a precise assessment of the current status of the ecosystem based on total existing 

biodiversity.  
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Figure II.15 PCOA plots indicating differences in Insect communities between forest types depending 

on sampling season, choice of marker, primer and reference database. PCoA plots were 

calculated on the basis of OTUs with an assignment to Insecta based on a blastID of at 

least 90%. 

 

The resulting lower variation in insect diversity within the four forest stands is also mirrored in 

the calculated beta diversity. The Jaccard similiarty-index was calculated on the basis of a 

presence absence matrix based on all OTUs assigned to the class Insecta.  Overall, it was found 

that Jaccard-similarity indices calculated for the 18S dataset were significantly lower compared 

to the ones calculated for the COI dataset, regardless of choice of primer (figure II.16). Regardless 

of primer and marker used, the lowest index was calculated for the comparison of the two 

monocultures, indicating strong differences in local insect communities of the two forest types. 
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The highest Jaccard-similarity indices were calculated for the two mixed stands, which is 

highlighting that insects communities of these forests were more similar compared to the one 

found at the two monocultures. When comparing insect community composition found in the 

pure beech stands with insect communities of pure spruce and mixed spruce stands, beta-

diversity dropped from old beech over young beech to pure spruce stands. This finding was 

consistent for both marker datasets. For the pure spruce stands a less definite result was 

obtained.  While the 18S dataset calculated an increase of the Jaccard-similarity index from pure 

beech over old beech to young beech stands, the COI datasets showed a higher Jaccard similarity 

index for the old beech than for the young beech stands (figure II.16).   

 

 

Figure II.16 Heatmaps showing jaccard similarity indices between forest types, depending on choice 

of primer and reference database. Analsis is exclusively based on OTUs assigned to Insecta 

with a blastID of at least 90%  
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Here it was shown, that marker choice significantly influences detected biodiversity patterns. 

However, a higher taxonomic resolution leads to a more accurate calculation of beta diversity 

and observed species turnover. In case of ecological studies, which are dealing with Insect 

diversity patterns, the use of a marker with a high taxonomic resolution should therefore be given 

priority over a marker with a broader taxonomic coverage.  

 

 

Primer Choice  

Although, calculated insect species communities were strongly depending on COI primer used 

(figure II.14), the detected species distribution patterns show only slight variations (figure II.15, 

figure II.16). PCoA plot based on assessed species communities calculated for the summer season 

were slightly differing between primers. While PCoAs based on the dgHCO2198 primer pair 

indicate that species community of the young beech and old beech sites were more similar to 

each other, the PCoAs of the Fol_degen_rev primer pair dataset indicate a higher overlap of 

species communities of the pure spruce and young beech sites (figure II.15). Similar patterns 

were observed in autumn season. Based on the Fol_degen_rev dataset, the pure spruce, young 

beech and old beech sites were clustering togetherr, PCoA plot calculated for the dgHCO2198 

dataset showed overlapping clusters for the old beech and young beech sites as well as for the 

old beech and pure spruce sites, but not for the young beech and pure spruce stands. In winter 

and spring the two primer pairs revealed similar community patterns (figure II.15). As already 

discussed has the choice of primers a significant influence on species identification rate. The 

lower the taxonomic level the more significant the observed differences between the two primer 

pairs in terms of assessed community composition. On family level nematoceran communities 

were only slightly differing between the two primer datasets (figure II.13). However, on species 

major differences in communities are observed (figure II.17). Surprisingly found the less 
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degenerated dgHCO2198 primer pair more OTUs with an assignment on species level (figure 

II.17A). However, several of these OTUs were assigned to the same accession number and 

thereby to the same species. After merging these double assignments, number of detected OTUs 

with assignment on species level was slightly higher for the Fol_degen_rev dataset (figure II.17B). 

Next to that, number of high-quality species assignments, meaning assignments with a blastID of 

at least 99% were slightly higher with Fol_degen_rev primer pair (figure II.17C,D).  

 

      

Figure II.17 Total and relative number of OTUs assigned on species level to the dipteran suborder 

Nematocera. Shade of coloration indicates blastID of assignment. While figure A and C 

are including all OTUs assigned to Nematocera on family level, figure B and D are based 

on a dereplicated dataset, meaning that OTUs assigned to the same accession number 

were counted as one.   

 

Despite that similar number of OTUs were assigned on species level to an unique entry of the 

reference database, resulting species list were strongly differing between primer pairs (figure 

II.18A). For Nematocera slightly more species were detected using the Fol_degen_rev primer pair 
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(Fol_degen_rev: 100 species, dgHCO2198: 97 

species). Out of them 79 species were 

detected by both primer pairs, making up 

66.9% of total recovered nematoceran species 

diversity (figure II.18B). On broader taxonomic 

scale, encompassing all recovered species of 

the class Insecta only half of all species were 

recovered by both primer pairs (figure II.18A). 

These results clearly show that a lack of 

knowledge about species composition within 

a single Malaise trap bulk sample makes 

general predictions on primer performance 

based on their degree of degeneracy 

premature. Nevertheless, it clearly 

demonstrates that the choice of primer plays 

a important for the detection probability of 

several species. As already discussed is  

composition and number of species contained 

in a bulk sample influencing amplification  and 

thereby detection rate of species (Morinière 

et al. 2016). Former studies which rely on the exact identification of specimens on species level 

are therefore increasingly using a “one-locus-several-primer-sets” strategy (Corse et al. 2019). 

This is attributed to the fact, that some taxa are recovered by one primer set but not by another 

and vice versa. Studies on species level rely on a taxonomic resolution as precise as possible. 

False negative results can lead to wrong conclusion about species behavior, species occurrence, 

species preference and even protection status assigned to the corresponding species and finally 

to wrong conclusions about the effect of abiotic on biotic factors on species occurrence.  

Figure II.18 Venn diagrams showing 

Number of detected insect (A) 

and nematoceran (B) species 

(blastID ≥ 99%) depending on 

choice of primer pair.  
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Conclusion – Part I 

Here we were able to show that choice of marker, primer and reference database can 

significantly influence species detection rate. Because of its higher taxonomic resolution and the 

higher completeness of available reference database should priority rather be given to the COI 

over the 18S marker. Although, both marker revealed similar species community patterns, with 

the COI marker retrieved species lists were more detailed. In views to conservation studies, 

species lists should be as complete as possible as not the total number of recovered species 

provide information about conservational value of the forest, rather the number of endangered, 

specialists and endemic species should be considered.  

Our study has shown that choice of primer can dramatically influence resulting species lists. 

Although, the degree of degeneracy of primers is positively influencing taxa detection rate, 

degeneracy is not universal tool. Here several species were exclusively found with the less 

degenerated dgHCO2198 primer pair. Former studies which rely on the exact identification of 

specimens on species level are increasingly using a “one-locus-several-primer-sets” strategy 

(Corse et al. 2019). The here presented results are encouraging this trend as the combination of 

a highly degenerated primer with a second primer pair resulted in the detection of up to 16 

percent more species.  
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Results & Discussion 

 

Part II – Ecological Analysis 

 

Because of the above discussed findings, the following ecological analysis is based on a “on one-

locus-several-primer-sets” strategy. After combining the COI datasets all sequences were blasted 

against the GBOL reference database. OTUs with an assignment on species level to Insecta were 

checked for double assignments and if necessary subsequently merged. In total 717 insect 

species with a BlastID of at least 90% were identified. Out of them, 630 species were identified 

with a blastID of at least 99%. Only those were taken into account for ecological analysis.  

 

 

Influence of Biotic and Abiotic Conditions 

Depending on season, we found distinct insect community compositions among the four sampled 

forest types. Overall species richness was highest at the old beech stands (425 species), followed 

by the pure spruce (390 species), pure beech (377 species) and finally young beech sites (347 

species). Hoewver, depending on season these proportions shifted. We observed that degree of 

fluctuation in species diversity between seasons strongly depended on composition of 

dominating tree species (figure II.19). 
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Figure II.19 Number of species (blastID ≥ 99%) found per forest type and season. Black bars are 

indicating total number of recovered species per season. Green bars are indicating 

number of species recovered from the pure beech sample sites, blue bars are number of 

species found at the old beech sample sites, purple bars show number of species detected 

at the young beech forest stands and red is indicating number of species recovered from 

the pure spruce stands 

 

Seasonal Fluctuations within Habitats 

Former studies have already shown that seasonal and annual variation in environmental 

conditions lead to changes in population size and thereby to changes in community structures 

(Schowalter 2016). This study is confirming these results. Within all four sampled forest types, 

species diversity was shaping a reverse humped curve over the one-year sampling period. A peak 
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was reached in summer season, before species diversity dropped again until a low was reached 

in winter with approximately more than 200 species less (figure II.19).   

Insects are poikilothermic organisms, which body temperature is closely linked to prevailing air 

temperature (Szujecki 1986). As a result, degree of activity of insects is mainly driven by air 

temperature. In detail, it has been shown that insect activity increases until temperature reaches 

an optimum but past the optimum activity will decrease again (Williams and Osman 1960).  As 

Malaise traps are flight interception traps, its efficiency is directly linked to species degree of 

activity. Because of the harsh abiotic conditions in wintertime, insect activity decreases to a 

minimum resulting in a strongly reduced number of caught insects. Nevertheless, the widely held 

assumption that insects are unable to regulate their body temperature is not true. Several species 

show adaptions to the prevailing abiotic conditions in winter allowing them to stay active. Next 

to behavioral strategies, which includes avoidance or active seeking of warm or cold places 

(Whitman 1988), also physiological strategies were invented e.g. by changing rates of 

evaporation and respiration (Prange 1990; Heinrich 2013), control of body temperature due to 

an increase in muscular activity (Heinrich 2013) and the accumulation of polyhydric alcohols and 

antifreeze proteins can be found within the cells 

of many insect species (Block 1990). Finally, body 

shape and body color are often adapted to the 

local climatic conditions (Heinrich 2013). Here one 

OUT was found, which had an 93.7% assignment 

to the Mecoptera family Boreidae (figure II.20). 

The family Boreidea was exclusively detected in 

winter season, which is the typical time of 

appearance of the adult form of this family (Glime 

2006) earning it the English name ‘snow 

scorpionflies’. Snow scorpionflies are dark 

Figure II.20 Photography of voucher 

specimen of Boreus 

westwoodi (Mecoptera: 

Boreidea) (© BY-SA 4.0: 

GBOL / Museum Koenig) 
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colored, allowing them to adsorb long-wave and short-wave radiation. This enables the 

regulation of body temperature to a certain extent and unlinks species body temperature from 

the prevailing air temperature (Courtin et al. 1984). 

 

Influence of Day Length on Insect Activity  

Changes in seasonal activity of the Mecoptera family Boreidae shows that light plays an 

important role in the life of most insects. Only insects living in caves or deeper soil layers are not 

directly affected by light, while all other insects are at least in one life stage highly driven by it 

(Szujecki 1986). On a seasonal basis is light the main abiotic factor timing reproduction, activity-

patterns, development, body structure and even sex-determination in insects. In temperate 

zones, day length is usually closely linked to changes in temperature and humidity, which makes 

it to a reliable and good predictor for insects as it ensures a perfect timing for mating and the 

development of the different life stages in views to seasonal conditions e.g. food availability 

(Gullan and Cranston 2014). The seasonal development cycle of most Insects is therefore to wide 

parts determined by day length (Gullan and Cranston 2014). Day length is acting as a signaling 

factor stimulating a complex physiological process during which endocrinal glands release 

hormones, which in turn activates the sexual and moulting glands (Szujecki 1986). Day length, 

light intensity, incoming wave length as well as temperature plays an important role for the onset 

and offset of diapause in the life of insects during winter season (Gullan and Cranston 2014). 

Time of onset and offset of diapause can directly influence species occurrence within the 

different seasons.  

For most species only the imagoes are targeted with Malaise traps. Therefore, the life stage in 

which an organism hibernates is often linked to time at which species can be captured with 

Malaise traps in the next year. While species hibernating as imagoes usually occur earlier in the 

year, species which overwinter as larvae or in the egg stage usually first complete development 
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before emerging. They are usually appear a 

bit delayed in the Malaise trap catchments. 

Depending on species, both hibernation 

strategies can be observed within the 

suborder Heteroptera (Insecta: Hemiptera). 

Here, 15 heteropteran species were detected 

in the Malaise trap catchments collected in 

April. Later in the year, in summer 29 species 

were found (table II.3). Out of the 15 species 

found in spring, six are known to hibernate in 

the egg stage and nine as Imagoes (figure 

II.21). In summer season, this proportion 

shifted. Out of the 27 detected species, 18 

have been described to overwinter in the egg 

stage and only eleven as Imagoes. We 

conclude that species hibernating in the egg 

stage are more likely to occur later in the year. 

A closer look at the diet of the discovered 

species revealed that none of the six species 

in the egg stage hibernating species which 

were found in spring season, was having an 

exclusively phytophagous diet, while out of 

the 18 in summer detected egg-hibernating-

species 5 are known to be exclusively 

phytophagous (figure II.21). Some insects are adapted to feeding on early leaves, as leaves can 

become toxic or too tough for a certain species to feed on (Feeny 1970), while other species can 

occur later in the year, as they require other food resources. It can be concluded that hibernation 

Figure II.21 Number of detected Heteropta 

species in summer and spring 

season depending on hibernation 

strategy and preferred diet 
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and foraging strategy are closely linked to time of species appearance within a habitat and 

thereby to detection probability with Malaise traps.   

 

Influence of Forest Types on Seasonal Dynamics of Insect Communities 

As discussed is day length one of the main drivers for the onset and offset of several activity 

patterns as it is fairly independent from any prevailing condition whereas further abiotic factors 

like humidity, direct solar radiation and temperature can quickly change on small geographical 

scale, characterizing several temporal ecological niches, which are occasionally occupied by 

various insect groups. As a result, it might be that some groups of insects are more diverse in 

habitats characterized by certain abiotic and biotic conditions than others. A strong influence on 

prevailing abiotic and biotic conditions is having the dominating tree species (Leuchner et al. 

2011).  

Within all four sampled forest types, the highest number of species found were members of the 

order Diptera. At least 50% of all detected insect species per forest type and season were 

dipterans (figure II.22). Next to Diptera, the orders Coleoptera, Hymenoptera, Lepidoptera and 

Hemiptera were showing a high degree of diversity across all seasons within all forest types. The 

remaining ten here detected order were not represented by more than 10 species within each 

season strongly limiting its informative value about the current status of the ecosystem. 

Therefore focus was set on the five highly abundant orders.  

All of them show strong variations in diversity between forest types and seasons. Additionally, 

they have in common that a peak in diversity was found in summer season within all four forest 

types (figure II.22). In spring, the highest diversity of Diptera, Lepiodptera and Hemiptera showed 

was observed at the pure beech sample sites, while hymenopterans were most diverse at the old 

beech sampling sites (figure II.22). These differences in species diversity between forest types 



Chapter II - Results & Discussion  185 

 
 

depending on insect order is the result of a complex interplay of abiotic and biotic factors in 

combination with species lifestyle and adaptations.  

 

 

 

Figure II.22 Number of species per insect order recovered from each forest type depending on 

sampling season. 
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At the beginning of the year, the pure beech sample sites are flooded with light. The leafless 

canopy is not shading the forest floor and the incoming sunlight, which intensity and duration 

increases during spring will warm up air temperature and thereby also soil and foliage. Mean soil 

temperature at the pure beech sample sites in spring had already reached 12.3 °C while mean 

soil temperature at the pure spruce sample sites was 6.8 °C. The higher temperature at the pure 

beech sample sites, together with an increased amount of light had possibly already induced 

spring growth while the colder spruce stands were still in the state of dormancy. Phytophagous 

Insects and their corresponding host plants are often stimulated by similar temperature and 

photoperiodic cues to initiate spring growth and activity (Chapin III et al. 2011). Depending on 

species, diapause is terminated by increasing length of photoperiod or increasing temperatures 

(Koštál 2006; Gill et al. 2017). As the light intensity and temperatures are increasing more sharply 

in the leafless beech forests compared to the shady spruce sample sites, a reactivation of insect 

activity will probably occur earlier in the year at the pure beech sites than in the shady pure and 

mixed spruce stands. This would explain for the higher degree of diversity found in spring at the 

pure beech sampling sites. More insects had already been triggered to emerge from the 

hibernation grounds, than at any other location. This is also indicated by calculated jaccard-

similarity index between seasons within each forest type (figure II.23).  

In all forest stands, the calculated jaccard indices were lowest for the winter season compared 

to any other season, indicating that a comparatively small number of insects were active in 

winter. Nevertheless, only at the pure beech stands a comparatively high beta diversity was 

calculated for comparison of insect diversity of spring and summer season (0.29), while at the 

remaining three forest types the calculated jaccard similarity was rather low (Old Beech:0.19; 

Young Beech:0.17 Pure Spruce:0.15). Especially in comparison to the one calculated for the same 

forest types for comparison of local diversity of summer with the one of autumn season (Pure 

Beech: 0.29; Old Beech: 0.28; Young Beech: 0.22 Pure Spruce: 0.21) (figure 19). This is indicating 

that already in spring conditions at the pure beech sites met the requirements of species 



Chapter II - Results & Discussion  187 

 
 

occurring in summer season, which was only to a lesser extent the case at the spruce dominated 

forests.  

 

 

Figure II.23 Jaccard similarity indices of insect communities between seasons depending on forest 

type 

 

Like Insect communities are also plant communities of the undershrub and herb layer highly 

influenced by the dominating trees (Budde et al. 2011). It has been shown that the herb layers of 

mixed forest stands are known to be more diverse compared to the one of monocultures. 

Furthermore, former studies found that understory species composition of spruce-beech mixed 

stands are more closely related to the one found at pure spruce stands than to understory species 

composition associated with pure beech stands (Budde et al. 2011). This is mainly due the fact 

that thick layers of foliage are usually covering the forest floor of beech monocultures. The foliage 

has a toxic effect on many tree seedlings resulting in a strongly reduced understory growth 

(Budde et al. 2011) (Figure 28). A reduction in understory growth has a direct influence on faunal 

diversity as an increase in herb layer and undershrub diversity goes along with an increase in 

faunal species diversity (Ekschmitt et al. 2003; Bos et al. 2007). Many Insects like pollinators and 

phytophagous species are feeding on the plants of the herb and undershrub layer (Proesmans et 
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al. 2019). While spruces and beeches are anemophilic (wind pollination) species which depend 

on anemochory (wind dispersal), most plants of the herb layer have showy floral displays, 

indicating that insects and other animals are potentially important pollinators (Barrett and 

Helenurm 1987). Looked at the opposite way, this means that a broader range of possible food 

resources are provided for insects the more diverse the undershrub layer is.  

Additionally, it has been observed that in temperate deciduous forests the understory shrub is 

generally developing leaves much earlier than the dominating trees (Walter 1984). Herbs and 

trees are following different life strategies. While herbs are starting to grow and photosynthesis 

is onset, as soon as that conditions are favorable, larger trees usually start a bit delayed into 

growing season (Walter 1984). This is mainly contributed to their physiology. Herbs have only a 

very narrow root system, not providing any access to deeper soil structures. That makes them 

very susceptible to short term droughts (Walter 1984). In contrast to trees, herbs won’t reduce 

their photosynthetic activity. Moreover, photosynthetic activity is performed, until the complete 

aerial shoot system and leaves are dead (Walter 1984). In contrast to that is the photosynthetic 

activity of trees induced but also inhibited by changes of the abiotic environment (Walter 1984). 

These major differences in plant life strategies can result in a much longer photosynthetic active 

phase of herbs. The complexity and diversity of the herb layer and undershrub of a forest can 

therefore drastically influence arthropod species composition of a habitat as it provides several 

food resources.  

The fact that the hymenopterans were more diverse at the old beech and pure spruce stands, 

can likely be a result of different lifestyles. While at the pure beech sites seven hymenopteran 

species were recovered in spring, 14 hymenopteran species were found at the old beech sites 

(figure II.22). Next to an increase in number of species associated with a parasitic life style, 

especially the family Tenthredinidae was more diverse at the old beech stand (table II.7). A high 

proportion of Imagoes of the family Tenthredinidae are known to be common flower visitors, 

while the larvae are usually feeding on plant parts. Former studies have already shown, that 
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diversity of the herb layer is directly influencing pollinator abundances (Proesmans et al. 2019). 

We therefore conclude that the higher number of possible food resources of forest stands 

characterized by a highly diverse undershrub and herb layer is likely to be the driver for the 

increase in number of pollinator species at the old beech sites.  

 

 

Influence of Forest Type on Insect Community Composition 

Highest total number of Insect species was found at the old beech stands (425 species) (figure 

II.11). The young beech stands, which were differing from the old beech stands in age of the 

underplanted beeches, harbored 347 species which was the lowest number of species detected 

within all four forest types. With 390 species 30 more species were recovered from the pure 

spruce stands in comparison to the pure beech forests (Figure II.19). Next to total number of 

recovered species, seasonal species community composition were strongly differing between 

forest types (figure II.24A) 

The calculated PCoA Plots based on species composition recovered from the three and 

respectively four sample sites of each forest type showed depending on season different patterns 

(figure II.24A). In summer and autumn season a distinct cluster was calculated for the pure beech 

sites, while the remaining three forest types were clustering together. In winter season a similar 

picture was found, with the exception that the clusters of the pure beech and old beech sites 

were also slightly overlapping. In spring a distinct cluster was formed for each forest type (figure 

II.24A). When calculating the distance of each datapoint to the centroid of the corresponding 

cluster we observed that especially samples of the autumn and spring season taken within one 

forest type showed a high degree of heterogeneity (figure II.24B). 
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Figure II.24 Calculated PCoA per forest type and season (A). The more distinct a formed cluster, the 

less similar the associated insect species community composition to the remaining three 

forest types. Figure II.21B shows the degree of homogeneity between samples per forest 

type and season. The lower the distance to centroid value, the more homogenous are the 

replicates.  

 

A closer look at the number of shared and unique species within biological replicates per forest 

type and season clearly showed that detected insect diversity is strongly varying even within 

forest types (figure II.25), confirming results indicated by calculation of distance to centroid for 

each forest type per season (figure 24B). Within each season, only a small proportion ranging 

from 1.96% to 34.6% of all OTUs were found in all three and respectively four biological replicates 
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of each forest type per season. Moreover, up to 50% of total species count retrieved from a single 

forest type within one season was recovered from only biological replicate.  

 

 

Figure II.25 Number and relative percentage of unique and shared species between sample sites of 

each forest type depending on season 
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Although, relative number of unique species were differing between seasons, relative number of 

shared species between all sample sites of one habitat did not exceeded 34.6% at any point. A 

high percentage of unique species can indicate that numbers of samples taken were not sufficient 

to assess total existing diversity. Nevertheless, it should be kept in mind that many insects are 

highly active and are capable to travel long distances. Therefore, it cannot be excluded that 

several of the caught insects are possibly just passing through a habitat without being adapted 

or strongly interacting with the local fauna and flora.  

Therefore, here it is differentiated for further analysis between visitor species, which were 

detected in only one biological replicate per forest type and season and permanent residents, 

which were found in more than one biological replicate per forest type and season. Taking only 

permanent residents into consideration the number of detected insect species per forest type 

dropped significantly (Figure II.26) by up to 60%. Out of the formerly 630 detected species, 367 

were identified as permanent residents of at least one of the four habitats. The remaining 263 

species were classified as visitor species (Figure II.26). While in summer and spring the greater 

part of detected species were indeed permanent resident species, in autumn and winter more 

than half of all detected species were potential visitors. Especially in winter the proportion of 

permanent resident species were lower than 30% (figure II.26).  
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Figure II.26  Number of permanent resident and visitor species associated with each forest type 

depending on season 

 

After excluding all visitor species from the dataset, we found that depending on season between 

3.23% and 21% of all recovered species were present in all four forest types (figure II.27). 

Nevertheless, in winter season only 31 species were left in the dataset out of which 70.9% 

occurred only within a single forest type. In the remaining three seasons between 36.98% and 

53.49% of the detected species were unique to one of the four forest types (figure II.27). The 

highest relative number of unique species were found in spring season. In detail, the highest 

number of species exclusively found in one habitat was found at the pure beech sites (34 species) 

which is further underlining the above discussed variation in degree of influence of dominating 

tree species on abiotic and biotic factors influencing species diversity in spring. 

 



194  Chapter II - Results & Discussion 

 
 

 

Figure II.27 Venn Diagram showing number and relative percentage of unique and shared permanent 

resident species between forest types depending on season 

 

While a comparatively high number of permanent resident species occurred within several 

habitats the calculated Upset-R plot showed that a high number of permanent resident species 

were exclusively occurring in one of the four sampled seasons and were not swapping between 

habitats between the seasons (figure II.28). Furthermore, especially at the pure beech and old 

beech stands many permanent resident species were found in summer and spring, but not at any 

other forest type or season. The upset R plot only includes intersection encompassing more than 

two species. Out of the 367 detected permanent resident species, 230 were exclusively found in 

one season. However, number of shared species between summer and autumn season was 

higher compared to number of species occurring in summer and spring season, again indicating 

that several species had not yet emerged from hibernating sites in spring  
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Figure II.28 Upset-R Diagram showing number of unique and shared permanent resident species 

between forest types, depending on season. The Diagram is only showing intersections 

encompassing more than one species.  

 

 

Detected Specialists 

Species presence and absence is directly linked to available food resources (Proesmans et al. 

2019). Especially within phytophagous insects, food preferences play a major role for species 

occurrence in certain habitats. Within the beech forest as well as within the spruce forests we 

found a range of species which occurrence is in the literature often associated with the respective 

dominating tree species of the two monocultures. These species are usually specialists of which 
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at least one development stage depends on the dominating tree species as food source. If focus 

is set on potentially permanent resident species we were able to identify several specialists for 

the two dominating tree species.  

Specialists were found within all major Insects order. A closer look at the resulted species lists 

(Table II.3-II.8), clearly showed that especially the less diverse groups e.g. Neuroptera were more 

likely to be recovered from the pure beech sites, compared to the pure spruce sites (table II.3). 

In contrast to that, hymenopteran species were more likely to be permanent residents at the 

spruce than at the pure beech stands (table II.7). Overall, the highest number of permanent 

resident hymenopteran species were recovered from the old beech stands in summer season. 

The reasons for these findings have already been discussed.  

The species Hemerobius pini and Coniopteryxs pygmaea (figure II.29), both members of the order 

Neuroptera has been described to be strictly bound to coniferous trees (Paoletti 2012). Indeed, 

both species were solely found at sampling sites where spruces were present (table II.3).  Within 

the groups of Lepidoptera the four species Chionodes electella, Eupithecia tantillaria, Epinotia 

pygmaeana and Epinotia tedella (figure II.29) were identified. Although they belong to three 

different families they have in common that the larvae are specialized on feeding on the needles 

of spruces. Out of them, none species was found at the pure beech sites, while two were detected 

in all of the three forest stands characterized by the presence of spruces (table II.8).  
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Figure II.29 Photos of voucher specimens of species which occurrence is associated with spruces: 

Hemerobius pini (Insecta: Neuroptera), Coniopteryxs pygmaea (Insecta: Neuroptera), 

Chionodes electella (Insecta: Lepidoptera), Eupithecia tantillaria (Insecta: Lepidoptera), 

Epinotia pygmaeana (Insecta: Lepidoptera) and Epinotia tedella (Insecta: Lepidoptera) (if 

not other stated: © BY-SA 4.0: GBOL / Museum Koenig) 

 

For the lepidopterans specialized on foraging on beeches a similar pattern was found. Six species 

were found which have been described to exclusively feed on beeches. Out of them the species 

Nematopogon swammerdamellus, Cyclophora linearia, Operophtera fagata and Stigmella 

tityrella (figure II.30) were exclusively detected in the pure beech stands (table II.8). The two 

species Phyllonoryceter maestingella and Stigmella hemargyrella (figure II.30) are also known to 

have larvae which are specialized on feeding on beech. In contrast to the larvae, are adult 

lepidopterans lacking a foraging preference. Furthermore, their ability to fly enables them to 

travel long distances. This could be an explanation why both above mentioned species were next 

to the pure beech and mixed beech stands also found at the pure spruce stands (table II.8).  
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Figure II.30 Photos of voucher specimens of species which occurrence is associated with beeches: 

Nematopogon swammerdamellus (Insecta: Lepidoptera), Cyclophora linearia (Insecta: 

Lepidoptera), Operophtera fagata (Insecta: Lepidoptera), Stigmella tityrella (Insecta: 

Lepidoptera), Phyllonoryceter maestingella (Insecta: Lepidoptera) and Stigmella 

hemargyrella (Insecta: Lepidoptera) 

 

Specialists can not only be found within the order Lepidoptera. Out of the Insecta order 

Coleoptera three species belonging to the genus Ernobius (Coleoptera: Anobiidae) were 

identified. Ernobius abietinus, Ernobius abietis and Ernobius angusticollis (figure II.31). Their 

occurrence has been described to be associated with the presence of coniferous trees. Indeed, 

all three species were not found at the pure beech sample sites, but occurred in at least one of 

three forest stands being characterized by the presence of spruces (table II.4). Rhynchaenus fagi 

(figure II.31), a coleopteran species specialized on feeding on beeches was not found at the pure 

spruce sites but within all three beech forest types. The larvae of the spruce web-spinning sawfly 

Cephalcia avensis (Hymenoptera:Pamphiliidae) (figure II.31) are exclusively feeding on the 
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needles of spruces. Between May and July active flying adults can be found in the habitat. Within 

our dataset the species was detected at the old beech, young beech and pure spruce sites during 

summer season but was absent from the pure beech sampling sites (table II.7).  

Our definition of permanent residents and potential visitors requires the sampled species to 

occur comparatively frequently within one habitat. Unfortunately, many species are rare. They 

are not absent from a habitat because of a lack of specialization but rather because of a 

comparatively small population size. The beech-sawfly Nematus fagi (Hymenoptera: 

Tenthredinidae) (figure II.31) has only recently been described to be a character species of old 

beech forests (Kraus and Floren 2002). Long time no correlation between dominating tree species 

and occurence of N. fagi was observed, as the sawfly seemed to be not very frequently in forests. 

In contrast to that Kraus and Floren (2002) stated that Nematus fagi is by no means rare. The 

species has rather been overlooked because of its hidden life. They described Nematus fagi as a 

species which spend large parts of their life in the canopies of beech forests, where they are 

easily overseen. Our data underlines these findings as members of the species were exclusively 

found at the pure beech sampling sites, although they did not meet our definition of a permanent 

resident, which is possibly a result of the insufficient sampling strategy not encompassing the 

canopy of the forest. This result show that collected insects are primarily reflecting species 

community associated with the undershrub layer.   
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Figure II.31 Photos of voucher specimens: Occurrence of the three coleopeteran species Ernobius 

abietinus, Ernobius abietis and Ernobius angusticollis as well as the hymenopteran species 

Cephalcia avensis has been described to be associated with spruces, while Rhynchaenus 

fagi and Nematus fagi are associated with beech trees (if not other stated: © BY-SA 4.0: 

GBOL / Museum Koenig) 

 

The overall number of permanent resident species was highest at the old beech stands (Pure 

beech: 194 species; Old beech: 233 species; Young beech: 183 species; Pure spruce 176 species). 

This is consistent with finding of former studies (Engel and Ammer 2001; Elmer et al. 2004). The 

mixed-species stands are more stratified and provide therefore more niches, which goes along 

with an increase in food resources, foraging niches and nest sites (Ammer et al. 2008). Pictures 

taken at the four sampling areas are showing changes in habitat complexity (Figure II.32).The 

stratification of the habitat is unquestionable an important factor influencing species diversity. 

As already discussed, the more diverse the different layer are the more ecological niches and 

food resources are provided.  
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Figure II.32 Photos of the four sampled forest types in summer season 

 

 

Pollinators 

As already discussed, especially several hymenopteran species are known to require a diverse 

herb and undershrub layer (Proesmans et al. 2019). Within the group of pollinators, bees 

(Hymenoptera: Apoidea) are the most specialized pollinators as almost all species feed 

exclusively on floral resources as both larvae and Imago (Kevan and Baker 1983; Proctor et al. 

2012). Next to bees, hoverflies (Diptera: Syrphidae) are often mentioned as one of most 
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important groups of flower visitors (Larson et al. 2001). Within our dataset we found four bee 

species and 12 species belonging to the hoverflies. Out of the four Apidae species only one was 

assigned to the group of permanent residents, while the remaining three families seem to occur 

only occasionally within a habitat. Within the Syrphidae, nine species were permanent residents 

of one or more habitats. Like all other insect groups is the occurrence of pollinators directly linked 

to available food resources, which is highly driven by season and associated abiotic factors like 

light intensity and temperature.  

Within the bees only the species Bombus terrestris was active during spring season. The species 

was found at the pure beech and young beech sampling sites but at both sites they occur as 

visitors. Out of the hoverflies, seven species already occurred in spring. Three of them were found 

at the pure beech sampling sites, four at the old beech and young beech sites respectively and 

two at the pure spruce sites. Out of them, the species Syrphus torvus occurred in all four above 

mentioned habitats. S. torvus is known to be able to travel long distances and has even been 

described to be a migratory species (Schmid 1999; Jensen 2001). Nevertheless, it was marked as 

permanent species for all four habitats in spring season.  

 In summer season six Syrphidae species were found at the pure beech sampling sites. Out of 

them, only two were permanent resident of one of at least one of the four sampled forest types. 

Between spring and summer season hoverfly diversity strongly increased in the two mixed forest 

stands. In both stands, six species were found. All of them were permanent residents of the old 

beech stands and four of the young beech stand. This is likely due to the fact that with increasing 

temperatures, growing season was induced. At the pure spruce sampling sites five species were 

found out of which only one was marked as permanent resident species. A single bees species 

was found in summer season. The visitor species Bombus hortorum was detected at the old beech 

and young beech sites. Only four species of the above mentioned pollinator groups were marked 

as permanent resident for the pure beech stand within the summer season. The low number of 

pollinators belonging to these two big groups can likely be a results of the reduced herb layer. 
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This is once more highlighting the importance of dominating tree species for the herb and 

understory layer and thereby on pollinator species composition. 

 

Parasitoids 

Some authors argue that plant diversity does not necessarily increase insect diversity (Haddad et 

al. 2009; Scherber et al. 2010). With an increase in trophic level and degree of omnivory, effect 

of plant diversity on insect richness weakens (Haddad et al. 2009; Scherber et al. 2010). 

Therefore, it is also interesting to have a closer look at co-occurrence of parasitoids and their 

hosts or of possible mutual relationships and predator-prey interactions. The major parasitoid 

groups identified in this study are the parasitoid wasps including the two hymenopteran families 

Ichneumonidae and Braconidae and the dipteran family Tachinidae. Five permanent resident 

species were found within the family Tachinidae. Within our dataset the species Cyzenis jucunda 

(figure II.33), belonging to the genus Cyzenis was found at the young beech, old beech and pure 

beech sampling sites in spring. The genus Cyzenis is known to parasite on lepidopteran larvae. 

Especially the species Cyzenis albicans (figure II.33) is known to have a host preference on the 

winter moth Operophtera brumata (Hassell 1968) (Lepidoptera: Geometridae), but has also been 

observed to parasite other members of the family Geometridae. Although the preferred host 

species of C. jucunda is still unknown (Herting 2017), former studies have shown that C. jucunda 

and C. albicans are closesly related (O’Hara and Cooper 1992), what possibly could point to a 

similar host preference. C. jucunda appeared as permanent resident at the pure beech stands in 

spring 2017 due to the time when the Geometridae member Opheroptera fagata (figure II.32) 

was present in the same habitat. Similar correlation were also be observed for further 

parasitoids. Nevertheless, the identification of parasitoid-host relationship is difficult. Firstly, 

within the group of parasitoids many different strategies has been evolved. Next to idiobiont 

parasitoids, which usually paralyze the host species, some parasitoids have evolved koinobiont 
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strategies, which still allows the host species to keep on moving, feeding and developing (Gullan 

and Cranston 2014). Furthermore, parasitoids can be ecto- and endoparasitoids. While the latter 

develop inside the host, ectoparasitoids are feeding on the host from the outside. While idiobiont 

parasitoids can be endo- and ectoparasitoids, koinbiont strategies are usually only observed 

within the group of endoprasitoids (Gullan and Cranston 2014). Hosts of koinbiont parasitoids 

are usually feeding in comparatively less sheltered locations, where they can easily be attacked 

by the parasitoids (Quicke 2015). Many of these host species usually pupate in more concealed 

and safe locations, which is also an advantage for the parasitoids as its transformation from 

larvae to imago is therefore happening in a sheltered location (Quicke 2015).  

 

 

Figure II.33 Photos of voucher specimens of Cyzenis jucunda (Insecta: Diptera), Cyzenis albicans 

(Insecta: Diptera) and Opheroptera fagata (Insecta: Lepidoptera) (© BY-SA 4.0: GBOL / 

Museum Koenig) 

 

These wide variety in parasitoid lifestyle makes the simultaneous assessment of host species and 

their parasitoids often very complicated. Time constraints are hampering the simultaneous 

assessment of parasitoids and their hosts. Parasitoids exploiting the larvae of their host, usually 

occur a bit later in the year after their host has already laid their eggs. Some lepidopterans even 

hibernate in the egg stage, which means that their Imagoes are usually active in autumn, while 

flying specimens of the associated parasitoid is usually found in spring. This is leading us to 
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another challenge when it comes to investigating parasitoid-host relationships. Not all 

parasitoids are attacking flying insects. Some species are specialized on exploiting spiders and 

ground living coleopterans, which won’t be captured by Malaise traps.  

 

 

 

Table II.3 Detected permanent resident species of less diverse orders 
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Table II.4 Detected permanent resident species of the order Coleoptera 
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Table II.5a Detected permanent resident species of the order Diptera  
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Table II.5b Detected permanent resident species of the order Diptera  

 



Chapter II - Results & Discussion  209 

 
 
Table II.5c Detected permanent resident species of the order Diptera  
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Table II.5d Detected permanent resident species of the order Diptera  
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Table II.6 Detected permanent resident species of the order Hemiptera  
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Table II.7 Detected permanent resident species of the order Hymenoptera  

 

 

 

 

 

 



Chapter II - Results & Discussion  213 

 
 
Table II.8 Detected permanent resident species of the order Lepidoptera  
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Influence of Methods on Study Outcome  

 

Sampling Strategy 

Regardless of targeted ecosystems, ecologists are facing several difficulties when assessing insect 

community composition. Because of insects small size, various life cylces which often goes along 

with seasonal variations in lifeforms, activity level, food preferences and the exceptional high 

number of species, the sampling strategy must be chosen with care. Additionally, next to the 

above mentioned obstacles, geographic circumstances and the local flora characterizing the 

study area can highly influence insect sampling success. While insect activity in grasslands and 

other treeless landscapes is to wide extent restricted to an area which can be easily accessed by 

ecologists, ecologists working in forests are overtowered by their study substrate (Leather 2008). 

Overall, assessing insect diversity associated with forests can be challenging as many more 

factors have to be taken into account. Former studies have shown that older forests potentially 

host a greater diversity. With increasing age, the canopies become structurally more complex, 

resulting in a greater variety of niches and microhabitats (Ishii et al. 2004). This often goes along 

with an increase in arthropod diversity (Jeffries et al. 2006) as the more niches are present the 

more requirements of species on a habitat are potentially matched. Like most sampling devices, 

Malaise traps are not equally efficient for all groups of insects. Malaise traps are passive sampling 

advices, which success rate is directly linked to species morphology, habitat type, and species 

activity level. Malaise traps were invented as flight interception traps, which main purpose is to 

capture insects moving with low distance to the ground. Therefore, the traps are particularly 

effective for capturing insects associated with the understory environment, on condition that 

they are actively flying through the environment (Leather 2008). Within our study, Malaise traps 

were exclusively placed on the forest floor. As a result, arthropod species associated with the 

canopies were not assessed, although it can be expected that insect diversity associated with the 
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forest canopy is exceptional high (Erwin 1983, 2001; Novotny and Basset 2005; Dial et al. 2006) 

and could provide valuable information about current status of the habitat. Former studies have 

shown that diversity and community composition of arachnids (Larrivée and Buddle 2009), 

hymenopterans (Sobek et al. 2009), coleopterans (Vance et al. 2003; Maguire et al. 2014), 

dipterans (Maguire et al. 2014) and lepidopterans (Schulze et al. 2001) are significantly differing 

between forest strata. It is likely that sampling of the canopies would had significantly influenced 

number of recovered species and thereby calculated degree of diversity of each of the four 

sampled forest types.  

As flight interception traps are Malaise traps especially efficient when targeting flying insects like 

dipterans and hymenopterans, whereas non-flying insects are often missed. However, insects 

not being capable to flight might even be better indicator species for the health and current 

status of an ecosystem as they are more limited in their travel distances. Furthermore, our study 

set up does not allow for general statements about species presence and absence depending on 

season. Two weeks of sampling allow only for a short glimpse on existing local diversity within 

each season. Many highly adapted species occur only for a short time period like many species 

of mayflies and stoneflies (Dobrin and Giberson 2003). Even highly abundant species, which are 

capable to fly are often missed by Malaise traps because of insects complex life cycles and 

accompanying time constraints.   

 

Time Constraints  

Insects can roughly be divided into two groups: the Hemimetabola and the Holometabola. While 

the Hemimetabola are undergoing a gradual change from egg over nymph to imago, 

holometabolous  insects are undergoing a complete metamorphosis including a pupal stage 

(Dettner and Peters 2011). After hibernating as larvae the sawfly Athalia cordata pupate and 

finally emerge as Imago in late April. They soon lay they eggs underneath the leaves of various 
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plants belonging to the genus Ribes. During May and June the eggs undergo a full development 

until the second generation of imagos hatch in late June. Although the species is present in the 

habitat all around the year, the forms capable to fly are usually observed from late April till 

September. Within this study A. cordata was detected during summer season at the old beech 

and young beech sample sites, but did only match the requirements for being a permanent 

resident in the latter (table II.7). It is likely that sampling in spring (12.04 – 26.04.2017) took place 

shortly before the emergence of the adult forms of A. cordata, while at the time of sampling in 

autumn (13.10 – 27.10.2016) the adult forms had already passed away. These time constraints 

can influence study outcome even more dramatically, when only some members of a species are 

capable to fly in a short time frame. A good example is the hymenoptera family Formicidae. As 

social insects, each ant of an ant colony has a certain task, which is important for the maintenance 

of the colony. To be best adapted to their tasks several morphological adaptation can be found 

within one ant species. This can make the proof of existence of a certain ant species within a 

habitat challenging, especially if only Malaise traps are used as sampling devices. In our study 

only three species of the family Formicidae were detected. Formicidae are known to be highly 

abundant and as ecosystem engineers their presence is even crucial for the maintenance of the 

health of the habitat. While in summer, the species Myrmica ruginodis was found at the Pure 

beech and Old beech sampling sites, in autumn it was only recovered from the pure beech sites. 

M. ruginodis is known to have a short flight season between mid and late summer (Noordijk et 

al. 2008). For the genus Myrmica is has been described, that mating takes place at aggregation 

sites, meaning that male dominated swarms occur in high abundances at places (Noordijk et al. 

2008) which are often characterized by certain structures or abiotic parameters like a high light 

intensity (Kannonski 1963). Members of the genus Myrmica are considered to travel only short 

distances (Elmes 1991; Hicks 2012). Therefore, is can be assumed that Mrymica ruginodis is 

present at the old beech and pure beech stands throughout the year but did not appear at any 

time as permanent resident species. We conclude, that because of the short time frame of flight 

activity the absence of flying forms during winter and spring season proves that a Malaise trap is 
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not a suitable sampling device for the assessments of organisms which are only actively flying for 

a short period of time when sampling is limited to a short period of time.  

Furthermore, some insect orders encompass flightless as well as flightworthy forms. The highly 

diverse order Coleoptera consists of 211 families (Bouchard et al. 2011). One of the feature which 

distinguish members of the order Coleoptera from most other insects are the development of 

elytra, which are hard wing-cases formed out of the front wing pair (Honomichl et al. 1998). 

Depending on family and genus the degree of hardness of the elytra is differing. In general, to be 

able to fly elytra must be raised enabling movement of hind wings. Some species has lost the 

ability to fly like some members of the family Carabidae (Honomichl et al. 1998) what makes a 

proof of existence of these species on the basis of Malaise traps catchments unreliable. For 

middle Europe a total of 800 species belonging to the family Carabidae has been described (de 

Jong et al. 2014). The carabids are a highly diverse group, which belong to the most important 

insect predators (Lövei and Sunderland 1996; Riley and Browne 2011) within the forest 

ecosystem. In our study, only one species of the family Carabidae - Harpalus rufipes was 

identified. In contrast to many other carabid species is Harpalus rufipes still able to fly, although 

this behavior is only rarely observed (Alford 2014). Nevertheless, H. rufipes was detected at the 

pure beech, young beech and pure spruce sites at different times of the year. However, the 

species does not match the requirements of being a permanent resident of a certain forest type 

at any time of the year. Nevertheless, H. rufipes is known to be a cultural successor and not very 

exacting. It can be expected that the species is present within all three forest types thoughout 

the year, but is because of their limited fly activity only occasionally caught.  

Next to seasonal variations, also daily variations in number of caught insects have been observed 

(Matthews and Matthews 1983). Abiotic factors are having a major influence on species activity 

status and thereby on the effectiveness of Malaise traps. It has already been described that 

during long lasting periods which are characterized by a climate hampering insect activity, the 

effectiveness of Malaise traps is strongly reduced (Matthews and Matthews 1983).  
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Metabarcoding for Assessing Arthropod Communities  

Metabarcoding is a powerful tool to circumvent the taxonomic impediment. Although, 

metabarcoding has unquestionable many advances over the morphological identification of 

species, like cost efficiency, timely results and the lower risk of misidentifying cryptic species or 

species expressing a broad range of phenotypic plasticity, it also has some drawbacks. When 

working with Malaise traps, species are accumulated in so called bulk samples. DNA isolated from 

bulk samples is called community DNA (cDNA) (Deiner et al. 2017). cDNA is a mixture of the DNA 

of all organisms contained in the sample. Many authors assume that the analysis of cDNA mirrors 

the accurate species composition which was present at the specified time at the sample site 

(Deiner et al. 2017). However, this is only partly true. Many insects are known to travel long 

distances to avoid unfavourable abiotic conditions. Within the order Lepidoptera the monarch 

butterfly Danaus plexippus migrates from the west coast of California to his overwintering sites 

in central Mexico and back (Brower 1995, 1996; Knight et al. 1999; Rogg et al. 1999). Within 

Europe the butterfly Vanessa cardui migrates each year from Scandinavia to West Africa 

(Stefanescu et al. 2013). Next to the butterflies many other insects has been described to travel 

long distances like hoverflies (Syrphidae) (Schmid 1999; Jensen 2001) and beetles (Hodek et al. 

1993). On their way from one site to another they will get in contact with the biotic environment. 

As a results they can easily be infested with parasites like mites (Arachnida: Acari). Next to DNA 

of the host animal, also the DNA of the parasite is now part of the community DNA extracted 

from the bulk sample, although the parasite does not naturally occur at the sample site. 

Furthermore, community DNA can also be infested with eDNA originating from a total different 

habitat. While migrating from one habitat to another highly mobile insects are easily becoming 

transport systems for eDNA. eDNA can originate from faeces, mucus and many other sources, 

which may serve as food for the migrating insects. A recent study has shown that eDNA from 

pollinators get accumulated in the flower buds (Thomsen and Sigsgaard 2019). Migrating 
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hoverflies, feeding on such a flower will potentially uptake spurs of eDNA originating from prior 

flower visitor species. 

 Like the DNA originating from parasites, also the eDNA attached to the captured insect will 

become part of the community DNA. Although we did not destroy the specimens, we cannot 

exclude the possibility that DNA originating from the gut content of the caught insects were 

released into the bulk sample. Therefore, the above mentioned definition about community DNA 

of Deiner et. al (2017) should be revised. In views to our study the introduction of eDNA into the 

bulk sample could have let to wrong positive results concerning species activity level. Many 

insects are hibernating on the ground underneath the foliage, or under the bark of trees where 

they are vulnerable to attacks from predators being active during winter season. Furthermore, 

depending on climate and abiotic conditions eDNA can persist a long time in the environment 

(Harrison et al. 2019). After getting in contact with it, winter active species like the winter snow 

scorpion fly could become potentially vectors transporting eDNA into the Malaise traps, what will 

lead to false positive detection of species.  

Furthermore, metabarcoding of bulk samples is still suffering from primer bias. Although many 

universal primer pairs has been developed a recent study have shown that none of the 21 most 

frequently used primer pairs had a 100% detection rate within a mock community (Elbrecht et 

al. 2019) . Nevertheless, Elbrecht et al (2019) showed that average detection rate for taxa was 

high with 91%. Depending on sequencing depth the primer pair miCOIIntF/Fol-degen-rev on 

which this study is partly based, had a recovery rate of up to 95.7 %. 

Another crucial drawback of metabarcoding is the missing ability to quantify species relative 

abundances (Fonseca 2018). Template secondary structure (Fonseca et al. 2012), annealing 

temperature (Elbrecht et al. 2019), primer-template mismatches, copy number variation of the 

target loci, amplicon size and taxon-specific amplification bias (Elbrecht and Leese 2015; 

Krehenwinkel et al. 2017) can alter abundance estimates. Species relative abundances are crucial 

for nature protection strategies. Next, to scientific interest in numbers, numbers are a powerful 



220  Chapter II - Results & Discussion 

 
 

tool to raise awareness for insect decline. The study of Hallmann et al (2017), which stated that 

in the last 27 years insect biomass were suffering from a decrease of 75% arose world wide 

interest and politics have become aware of the urgent need of action. Since than, several 

research initiatives have been funded.  

Although this study cannot claim to have assessed the full existing diversity within four forest 

types, a good overview over species diversity being associated with the undershrub along a forest 

conversion gradient have been acquired. This study has proven several hypothesis concerning 

changes of faunal diversity over a forest conversion gradient which were long time based on a 

limited number of insect groups. We showed that insect diversity patterns of the undershrub are 

changing with seasons. The age of the mixed forests play thereby an important role. The old 

beech forests were more stratified, which goes along with an increase in number of niches. 

Nevertheless, the conservational value of a forest is not measured by the number of species 

which it harbors. Moreover, the occurrence of native, endemic and endangered species should 

be taken into account. For conservation purposes a less diverse natural forests can be more 

valuable for conservation purposes than an artificial diverse monoculture stand (Ammer et al. 

2008). Overall, non endangered species was recovered with this study, nor did we find an impact 

of forest type on species abundance as metabarcoding did not allow for this sample design. 

Nevertheless, the maintenance and protection of the native insect fauna is only possible when 

restoring the native flora. This study clearly demonstrate that the fauna is directly linked to the 

local flora. Moreover, we observed that calculated jaccard similarity indices were increasing with 

ongoing process of renaturation indicating that species communities are slowly changing from 

the ones adapted to pure spruce stands to pure beech stands (Figure 6). When monitoring the 

process of ongoing renaturation measurements sampling should be performed over a longer 

period of time, otherwise, many species which may serve as indicator species are likely missed.   
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Conclusion Part II 

 

As hypothesized current status of renaturation measures was mirrored in changes in insect 

species composition. However, the complex interplay of the abiotic and biotic environment 

consisting of flora and fauna is making it hard to identify the main drivers of these changes. 

Although, many experiments and studies have investigated reciprocal relationships between all 

kinds of influential factors, it would still be presumptuous to make predictions about community 

fade on the basis of a single factor e.g. dominating tree species.  

While a decrease in biodiversity was recorded for only recently underplanted spruce forests, we 

showed that with increasing age the establishment of mixed forests led to an increase in species 

diversity. However, it should be kept in mind, that the conservational value of a forest is not 

measured by the number of species which it harbors. Moreover, the occurrence of native, 

endemic and endangered species should be taken into account. For conservation purposes a less 

diverse natural forests can be more valuable for conservation purposes than an artificial diverse 

monoculture stand (Ammer et al. 2008). Out of the 367 recovered permanent resident species, 

which were discovered within this study (Table 1-6) the low number of 57 had an entry in the 

register of the ‘Rote Liste Deutschland’. None of these 57 species were listed as endangered or 

threatened by extinction. Therefore, we were not able to show the value of the renaturation 

measures for the protection of endangered species.  

Nevertheless, we were able to show that number of beech specialists were more likely to occur 

in beech forests, while species adapted to spruces were only present within these habitats. 

Therefore, we conclude that the transformation of the non-native spruce forests to deciduous 
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forests, will likely go along with the disappearance of several species, for the benefit of the 

establishment of insect species community which is more similar to the one formerly being 

associated with the deciduous forests characterizing the Eifel before the establishment of the 

commercial wood industry.  
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Abstract 

 

 

Metabarcoding has proven to be a powerful tool for the assessment of species communities from 

all kinds of habitats. When aiming to assess terrestrial invertebrate diversity, studies are 

frequently based on bulk samples which collection requires a comparatively high sampling effort. 

eDNA metabarcoding has been shown to be capable to limit sampling effort to a minimum while 

uncovering diversity of organism groups frequently being missed when collecting bulk samples 

(e.g. Nematodes). However, several authors have stated that eDNA from soil is a rather poor 

integrator for total biodiversity. Here the potential of eDNA metabarcoding of soil samples for 

assessing invertebrate biodiversity was evaluated. It is shown that choice of marker and 

extraction method is significantly influencing species detection rates, observed distribution 

patterns and thereby assessed invertebrate community composition. Next to an increase in amount 

of starting material, the application of a lysis step led to an increase in number of detected 

invertebrate species. While DNA extraction from a larger amount of soil allows for the detection 

of species with lower population densities, lysis enabled the assessment of transient organisms. 

Furthermore, choice of marker significantly influenced detected community composition. While 

the 18S marker resulted in the detection of a higher number of annelid and nematode species, 

the COI marker was more suitable for monitoring changes in arthropod community structure. 

This is highlighting the advantage of multiplexed studies for monitoring complex invertebrate 

communities. The here presented study significantly contributes to the development of best 
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practice guidelines for metabarcoding of soil samples by highlighting advantages and 

disadvantages of several important methodological considerations.  
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Introduction  

 

 

“It’s not the soil itself, it’s the soil life that is the most important element.” – Geoff Lawton 

Soil is teeming with life. The degree of biodiversity which can be found in one square meter of 

soil is outstanding (Schaefer and Schauermann 1990; Decaëns 2010), making soil to the largest 

reservoirs of biodiversity on Earth (Lukac 2017). On a global scale, 25% of all described 

multicellular species reside in the soil (Curtis et al. 2002; Nielsen et al. 2011; Andújar et al. 2015), 

which is making up more than five times the known biodiversity of forest canopy (Stork 1988; 

May 1990; Decaëns 2010). Already in 1985 soil communities were described as ‘the poor man’s 

rainforest’, referring to the enormous degree of biodiversity of which only a small portion has 

already been described (Usher 1985). A statement of Wall et al. (2005) best describes the large 

gap of knowledge about existing metazoan community composition in soils: There is probably no 

soil in the world, for which it would be possible to identify all residing invertebrates and 

microorganisms.  

The enormous dimension of biodiversity associated with the soil habitat (André et al. 1994; 

Decaëns 2010) is further highlighted by the fact that it can vary strongly already on a small 

geographical scale. This is because biodiversity in soil is highly driven by moisture, acidity, 

temperature, nutrient content, organic matter and last but not least by soils physical appearance 

described by texture and structure. Both, texture and structure depend on geological factors 

which led to the formation of the soil parent material (Orgiazzi et al. 2016). Texture describes the 
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type and composition of mineral particles, which are classified according to their diameter into 

the four major groups gravel (> 2 mm), sand (2.0 - 0.063 mm), silt (0.63 - 0.02 mm) and clay (< 

0.002 mm) (Orgiazzi et al. 2016). Structure refers to the arrangement of these soil particles into 

larger aggregates of different sizes and shapes and the resulting pore spaces formed between 

them (Orgiazzi et al. 2016). With increasing sampling depth structure and texture can change 

several times in a single soil core, resulting in the formation of several strata.  

Most soils can be structured into five strata- which are also referred to as horizons (Orgiazzi et 

al. 2016). The uppermost layer is the O-horizon. This horizon is characterized by a high degree of 

organic content consisting of undecomposed or partly compost plant remains. Depending on 

vegetation cover, diversity and composition the thickness of the O-horizon can vary between a 

few millimeters and several centimeters. Underneath the O-horizon lays the A-horizon (Orgiazzi 

et al. 2016), which is characterized by a mixture of organic and mineral material. The 

combinations of these minerals is supporting biological and chemical activities whereas the A-

horizons is often referred to as “engine room” of the soil (Orgiazzi et al. 2016). Together with the 

O-horizon forms the A-horizon the top soil. Underneath the A-horizon is the B-horizon located. 

This horizon is dominated by clay and iron minerals (Bardgett 2005). However, due to abiotic 

transport and bioturbation also smaller amounts of organic material can frequently be found 

in the B-horizon. The next lower level is the C-horizon which is located directly on top of the 

bedrock or parent material which is called the R-horizon (Orgiazzi et al. 2016).  

Ever since the invention of agriculture, humanity was aware of the importance of a wide range 

of abiotic factors influencing fertility of arable land, but the importance of the biosphere was 

thereby widely neglected (Decaëns et al. 2006; Decaëns 2010). This led to the implementation of 

various practices in forestry and agriculture, like the application of fertilizers and pesticides 

whose influences on the existing biodiversity was and still is to wide parts unknown (Decaëns 

2010). It was not until the beginning of the 21st century that politicians from all over the world 

became aware of the urgent need to protect soil biodiversity particularly as soil degradation can 
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lead to annual costs of several billion dollars (Kuhlman et al. 2010; Telles et al. 2011). With the 

‘Message from Malahide’ in 2004 the EU outlined the priority objectives and targets for 2010 in 

order to halter biodiversity decline. In 2006 the EU released the “Thematic Strategy on Soil 

Protection” with the objective to define a common and comprehensive approach, focusing on 

the preservation of soil functions which includes prevention and restoration measurements 

(https://eur-lex.europa.eu/homepage.html references: COM(2006)231, COM(2006)232, 

SEC(2006)1165, SEC(2006)620). In 2012 the EU published a report of the implementation of the 

‘Soil Thematic Strategy’ which clearly outpoints that after five years the formerly defined goals 

were still not met, mainly because a EU-wide monitoring and protection program had not yet 

been designed (https://eur-lex.europa.eu/homepage.html references: COM(2012)46). In the 

meantime, the ongoing decline of biodiversity is still strong thus making the development of 

timely and cost-efficient assessment strategies even more important than ever before.  

New molecular tools such as metabarcoding and new sequencing platforms are a promising tool 

for this kind of tasks. It has already been shown that these methods are capable to accelerate 

and refine species community assessment studies (Elbrecht et al. 2019). Especially eDNA 

metabarcoding studies are expected to contribute significantly to the gain of knowledge about 

existing biodiversity in the near future. In contrast to studies based on community DNA, meaning 

DNA extracted from bulk samples, eDNA metabarcoding studies require only a very limited 

sampling effort. Environmental DNA (eDNA, i.e genomic DNA from different organisms and/or 

cellular material (Creer et al. 2016)) can be extracted from soil without separating target 

organisms prior to DNA extraction. Several studies have already shown the applicability of eDNA 

metabarcoding for the assessment of invertebrate diversity associated with the soil habitat 

(Bienert et al. 2012; Yang et al. 2013; Horton et al. 2017; Oliverio et al. 2018). However, a proof 

of concept for many invertebrate taxa like arthropods is still missing, precluding the development 

of best practice advices. However, it is well known that methodological decisions often have a 

direct influence on the recovered community composition (Alberdi et al. 2018; Dopheide et al. 
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2019). One crucial step that influences the outcome of diversity assessments is the choice of the 

DNA extraction method (Delmont et al. 2011; Fonseca 2018). While for microbial communities, 

studies have already investigated the influence of extraction methods (Delmont et al. 2011) and 

sample size (Kang and Mills 2006) on assessed community composition, similar detailed studies 

for many groups of invertebrates are still missing. It is likely, that for invertebrates specific 

sampling strategies could be more appropriate than the ones identified as most suitable for the 

assessment of prokaryote communities, because invertebrate morphology, size and abundance 

is more heterogeneous (Taberlet et al. 2012; Dopheide et al. 2019).  

Today, many commercial kits are available, but most of them are optimized for assessing 

microbial diversity (Zinger et al. 2016). This is also reflected in the low amount of required starting 

material. However, even for microbial communities it has been shown that a low amount of 

source material results in less consistent and representative pictures of the local microbial 

community (Ranjard et al. 2003). Presumably, this bias is further enhanced when targeting 

invertebrates because of the above outlined differences in abundances, size and distribution 

patterns. A recent study has shown that extraction methods using larger amounts of soil resulted 

in the detection of a significantly higher number of invertebrate species (Dopheide et al. 2019). 

Nevertheless, Dopheide et al. (2019) did not take soil composition into account, although it has 

been shown that soil composition is having major influence on extracellular DNA yield (Taberlet 

et al. 2018). For microbial communities it has been observed that soil composition is determining 

suitability and thereby effectiveness of extraction methods and that under certain condition 

some methods should be preferably used although they provide poor results when conditions 

are not met (Sagova-Mareckova et al. 2008). This is because available commercial kits can 

strongly differ in workflow and composition of chemicals. 

Another important consideration which is required when aiming to assess invertebrate 

communities composition from eDNA samples is the choice of marker (Fonseca 2018). Marker 

choice can significantly influence the composition of the recovered community as it has a direct 
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influence on taxa detection rate as well as on the accuracy of species identification against 

marker-specific reference databases (Yu et al. 2012; Yang et al. 2013; Andújar et al. 2018). This is 

inter alia attributed to the fact that markers are strongly differing is the degree of variability of 

primer binding sites (Deagle et al. 2014) and barcode region (Yu et al. 2012). By definition, “the 

perfect barcode is a short DNA fragment displaying a highly variable sequence which is flanked 

by two highly conserved regions. The central variable region is discriminative for all species of 

the target group, that is, it’s sequence is uniquely associated to a given species and not shared 

with others” (Taberlet et al. 2018). Markers with highly conserved binding sites are usually more 

effectively amplified. However, decreasing variability usually goes along with a decrease in 

taxonomic resolution. Furthermore, complexity of reference databases plays a major role for 

completeness of the resulting species lists. For assessing invertebrates, the 18S and COI gene 

have the most appropriate reference databases. Both genes have already been tested for 

targeting soil community composition (Yang et al. 2013; Horton et al. 2017). While the COI marker 

seems to miss a wide range of taxa (Yang et al. 2013), the taxonomic resolution of the 18S 

database is hampering taxonomic identification at the species level (Tang et al. 2012; Yang et al. 

2013). Several studies have now proven that a multiplexed study design (combination of several 

markers) can significantly contribute to a more complete picture of assessed biodiversity (Cowart 

et al. 2015; Drummond et al. 2015; Zhang et al. 2018; Marquina et al. 2019a). However, for soil 

invertebrates it remains unclear which marker are most suitable. Here we test the COI marker, 

known for its high taxonomic resolution for arthropods (Andújar et al. 2018), with the 18S marker 

which has already successfully been amplify for a broad range of metazoans (Horton et al. 2017).  
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Aims of the Study 

 

 

1) Evaluation of suitability of different extraction methods for the assessment of soil 

invertebrate communities 

2) Validation of the COI and 18S gene marker to examine soil invertebrate communities and 

test for the hypothesis that a multiplex approach is more powerful compared to single 

marker assessment studies.   



  



Chapter III - Material and Methods  251 

 
 

 

Material and Methods  

 

 

Sampling Strategy  

All sample sites were located in the Eifel Nationalpark, which is situated in the south-western part 

of Germany close to the Belgian border (figure III.1).  

 

 

Figure III.1 Location of the 14 sampling sites located at the Eifel National Park, Germany   
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For this study a forest conversion gradient from Norway Spruce (Picea abies) to European Beech 

(Fagus sylvatica) was sampled. To reflect the different stages of conversion from spruce to beech, 

four forest types were defined: pure beech (PB), old beech (OB), young beech (YB) and pure 

spruce (PS) (table 1).  

 

Table III.1 Geographical location and ecological characteristics of the 14 sampling sites. Depicted for 

each sampling site are the Coordinates (altitude N and latitude E) and the associated 

forest type 

 

 

Sample Sites Coordinates Forest Type 

Sample Site 01 50° 34'11.7984''N 6°21'32.1012''E Pure Beech 

Sample Site 02 50° 34'07.7016''N 6°21'27.3996''E Pure Beech 

Sample Site 03 50° 34'12.9000''N 6°21'27.3996''E Pure Beech 

Sample Site 04 50° 32'44.5992''N 6°20'15.2988''E Young Beech 

Sample Site 05 50° 32'41.3016''N 6°20'15.6984''E Young Beech 

Sample Site 06 50° 32'29.7996''N 6°20'11.1012''E Young Beech 

Sample Site 07 50° 32'29.7996''N 6°20'11.1012''E Old Beech 

Sample Site 08 50° 31'35.1984''N 6°20'25.2996'E Old Beech 

Sample Site 09 50° 32'48.3000''N 6°20'03.4008''E Old Beech 

Sample Site 10 50° 30'17.2008''N 6°19'48.1008''E Pure Spruce 

Sample Site 11 50° 30'18.2988''N 6°19'51.4020''E Pure Spruce 

Sample Site 12 50° 33'15.8004''N 6°21'07.3008''E Pure Spruce 

Sample Site 13 50° 30'16.0056''N 6°19'51.4704''E Pure Spruce 

Sample Site 14 50° 32'49.9632''N 6°20'00.7296''E Old Beech 
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The forest types differed in tree species composition as well as in approximate age of the trees. 

The pure beech and pure spruce sampling sites were located in monoculture stands which were 

dominated either by beeches or spruces respectively. The pure beech monoculture stands were 

approximately 180 years old and partly under special protection through North-Rhine Westfalia 

(Naturwaldzelle) (Sample Site 01). With a mean age of 60 years, the pure spruce stands were 

substantially younger. Spruces of the same age dominated the young beech sampling sites. At the 

young beech sampling sites, young beeches had been planted only recently and had not yet 

reached three meters in size at the time of sampling. At the old beech sampling sites, beeches 

had already reached a height of more than 3 meters and actions to remove spruces from the 

forest had already been undertaken (figure III.2).   

 

 

Figure III.2 Forest conversion gradient from spruce monocultures over with beeches underplanted 

spruce forests to beech monocultures. Photos were taken during summer season (July 

2016).   

 

Each soil sample consisted of approximately twenty 44mm diameter x 100mm cores, taken 5 cm 

apart from each other. As already mentioned, is especially the top soil teeming with life (Coleman 

et al. 2004; Orgiazzi et al. 2016), which is why here only the O- and A-horizons (top 10cm) were 

sampled. A total of 162 soil samples were collected and kept in individual 250 ml containers. 
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Shortly after sampling, soil samples were transported to the laboratory and stored at -20°C until 

further processing.  To monitor changes in local existing biodiversity over a time period of one 

year a sampling trial was conducted at each season (Summer, Autumn, Winter Spring)  (table 

III.2). 

 

Table III.2 Time of sampling. Depicted for each sampling period is the name of the season, associated 

time of the year, number of samples taken and sampling dates (d,m,y) 

Season Time of the year Number of Samples Sampling Dates 

Season 1 Summer 36 27.07.2016 

Season 2 Autumn 48 27.10.2016 

Season 3 Winter 48 25.01.2017 

Season 4 Spring 48 26.04.2017 

 

 

DNA Extraction 

Two different extraction strategies were applied for the extraction of eDNA from soil samples. 

Firstly, a commercial DNA extraction kit and secondly the Taberlet et al.  (2012)  phosphate buffer 

protocol. The first method uses 0.5 g of soil per sample followed by DNA extraction using a 

commercial silica membrane based kit. Briefly, after thoroughly mixing the sample, DNA was 

extracted from 0.5g soil per sample using the Macherey-Nagel NucleoSpin® Soil kit following the 

manufacturer's protocol.  

The second method allows the extraction of DNA from larger amounts of starting material. With 

a phosphate buffer based solution (Na2HPO4; 0.12M; pH 8)  (Taberlet et al. 2012) eDNA from 50 

-100g of soil per sample were extracted following the protocol of Taberlet et al. (2012). Briefly, 
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soil samples were removed from the -20°C chamber approximately 12 hours before DNA 

extraction and stored at +4°C overnight. The next morning, each sample was thoroughly mixed 

before a saturated phosphate buffer solution of equal weight was added. All samples were 

processed in duplicates and placed in an orbital shaker at 120 rpm for 15 minutes. Two 2ml 

Eppendorf safe lock tubes were filled with 1.7 ml of the resulting mixture and centrifuged for 10 

min at 10000g. Afterwards, 400µl of the resulting supernatant were transferred to a new 2ml 

collection tube to which 200μl of SB binding buffer, included in the Macherey-Nagel NucleoSpin® 

Soil kit, was added. Lysate duplicates were loaded onto the same NucleoSpin® Soil Column and 

centrifuged at 10000 g for one minute. For the rest of the extraction, the standard manufacturer's 

protocol of the Macherey-Nagel 'Genomic DNA from soil' kit was followed starting from step 8. 

Finally, DNA was eluted with 50μl of SE Buffer (Macherey-Nagel). 10ul of the resulting elution step 

was combined with 90μl pure H2O (Sigma), followed by DNA purification using the PowerClean® 

Pro DNA Clean-Up Kit (MO Bio Laboratories, Inc.) following the manufacturer's protocol.  

 

Choice of Primers and Library Preparation 

For amplicon library preparation of soil samples, two primer pairs targeting two different markers 

were used. Library preparation was conducted following a two step PCR approach (figure III.3). In 

the first step, the fragment of interest was amplified using primers targeting specific gene regions 

together with annealing an Illumina adaptor overhang (referred to as PCR 1). In the second step 

(referred to as PCR 2) Illumina adaptor and index-tag primers are added (Bourlat et al. 2016; 

Fonseca and Lallias 2016).  
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Figure III.3 Illustration of the 2-step PCR approach 

 

Here two different markers were targeted: Firstly, the 18S rRNA (18S) nuclear marker which is 

more conserved but can detect a wide range of taxonomic groups and secondly, the more variable 

Cytochrome C Oxidase Subunit I (COI) mitochondrial marker which enables a better taxonomic 

resolution within the Metazoa, but at the cost of an incomplete assessment of other groups e.g. 

Chordata (Tang et al. 2012; Cowart et al. 2015). To amplifying approximately 380bp of the V4 

region of the nuclear 18S rRNA the forward primer TAReuk454FWD1 (5′-

CCAGCASCYGCGGTAATTCC-3′) was combined with the reverse primer TAReukREV3r (5′-

ACTTTCGTTCTTGATYRA-3′) (Stoeck et al. 2010). The mitochondrial COI primer pair consisted of 

the forward primer mlCOIintF (5'-GGWACWGGWTGAACWGTWTAYCCYCC-3') (Leray et al. 2013) 
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and the reverse primer dgHCO2198 (5'-TAAACTTCAGGGTGACCAAAAAATCA-3') (Leray et al. 2013), 

together targeting a 313bp region of the 658bp long barcoding COI gene.   

Approximately 10ng of template DNA was used for all PCR reactions. For PCR1 the chosen forward 

and reverse primers were preceded by the universal Illumina adaptors, 5′-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT primer- 3′ and 5′-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT primer -3’, respectively. For PCR1 the mastermix 

consisted of 7.5µl Q5 Hot Start High-Fidelity 2X Master Mix (New England BioLabs), 1µl Sigma 

H2O, 0.5µl of forward Primer, 0.5µl of reverse primer, 0.5µl Bovine Serum Albumin 

(thermoscientific) and 1µl template DNA, making up a total of 15µl. The first PCR (PCR1) 

conditions consisted of an initial denaturation of 2 min at 98°C, followed by  20 cycles with 40 s 

at 98°C, 40 s at 45°C, 30 s at 72°C (COI) or 20 cycles with 40 s at 98 °C, 40 s at 55 °C, 30 s at 72 °C 

(18S), and a final extension of 3 min at 72°C.  Afterwards, PCR1 products were purified with HT 

ExoSAP-ITTM (appliedbiosystems) by adding 4µl of HT ExoSAP-ITTM to each sample. Subsequently, 

samples were first heated up for 15 min at 37°C, followed by 15 min at 80°C and finally cooled 

down for 5 min at 4°C. To add the Illumina index tag adaptors a second PCR (PCR2) using 8l of 

purified PCR1 products was performed. For the index PCR2 the forward and reverse primers 

included the P5 and P7 index Illumina adaptors, followed by an 8-bp Illumina Nextera barcode 

and the universal Illumina adaptors, respectively. For PCR2 the purified PCR products were split 

onto two PCR tubes. Each tube contained 12.5µl Q5 Hot Start High-Fidelity 2X MasterMix (New 

England BioLabs), 3µl Sigma H2O, 1.2µl of forward primer, 1.2µl of reverse primer and 8ul purified 

PCR1 product. The PCR2 conditions consisted of an initial denaturation of 2 min at 98°C, followed 

by 20 cycles with 40 s at 98°C, 30 s at 55°C, 30 s at 72°C and a final extension of 3 min at 72°C. 

PCR2 products were visualized by gel electrophoresis and purified using the QIAquick Gel 

Extraction Kit (Qiagen), according to manufacturer’s instructions. All final purified amplicons 

(PCR2) were quantified using the Quantus Fluorometer (Promega) and diluted to the same 

concentration (3ng/l) before being pooled together to create two amplicon libraries (18s and 
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COI). The resulting purified amplicon pools were sequenced on two runs of Illumina Miseq (2x 

300bp) sequencing platform at Liverpool University’s Centre for Genomic Research (UCGR, 

Liverpool).  

 

 

Bioinformatics and Data Analysis 

Raw data was initially quality checked at UCGR, where fastq files were trimmed for the 

presence of Illumina adapter sequences using Cutadapt version 1.2.1. Sequences were then 

trimmed using Sickle version 1.200 with a minimum window quality score of 20. Reads shorter 

than 20bp after trimming were removed. Sequences were received from MacroGen Inc. Seoul 

in Casava 1.8 paired-end demultiplexed fastq format. 

The fastq sequences were checked for the presence of the COI and 18S primers with Cutadapt 

version 1.18 (Martin 2011) using the following settings: maximum error rate (-e): 0.1, minimum 

Overlap (-O): 20, minimum sequence length (-m): 50). Sequences lacking either forward or 

reverse primer were removed from the dataset. Subsequently paired-end reads were merged 

with vsearch version 2.7.0 (Rognes et al. 2016). Merged sequences with a length of 360-400bp 

for the 18S and 293-333bp for the COI dataset respectively were retained for further analysis 

and filtered with a maxEE threshold of 1.0 using vsearch (version 2.7.0) (Rognes et al. 2016). 

Afterwards fastq-sequences were demultiplexed using the script split_libraries_fastq.py 

implemented in QIIME1 (Caporaso et al. 2010). Thereby A phred quality threshold of 19 was 

chosen. Dereplicating, size sorting, denovo chimera detection as well as OTU clustering with a 

97% cutoff was conducted with vsearch 2.7.0 (Rognes et al. 2016). Finally, an OTU table was 

built by using the --usearch_global function in vsearch 2.7.0 (Rognes et al. 2016) followed by 

the python script “uc2otutab.py” written by Robert Edgar  
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(https://drive5.com/python/uc2otutab_py.html). Resulting OTU tables of both markers were 

further curated with LULU (Frøslev et al. 2017). Curation was started with an initial blasting of 

OTU representative sequences against each other using blastn (version 2.9.0). The following 

parameter settings were chosen: 'query coverage high-scoring sequence pair percent' (-

qcov_hsp_perc) was set to 80, meaning that a sequence was reported as match when 80% of 

the query formed an alignment with an entry of the reference file. Secondly minimum percent 

identity (-perc_identity) was set to 84, requiring the reference and query sequence to match 

at least to 84% to be reported as a match.  The format of the output file was customized using 

the –outfmt settings ‘6 qseqid sseqid pident’. The resulting output file included  the name of 

the query sequence and the name of the reference sequence next to percentage of identical 

match. Subsequently, the resulting filtered OTU match list was uploaded into R (version 3.5) 

(R CoreTeam 2013). Subsequently the  R-package ‘lulu’ (version 0.1.0) (Frøslev et al. 2017) was 

used to perform post clustering curation using standard settings. The LULU algorithm filters 

the dataset for suspicious OTUs. Afterwards, suspicious OTUs are either classified as “daughter 

OTU” and merged with the corresponding “parent OTU”, or are discarded from that dataset.  

For taxonomy assignment COI sequences were blasted against the BOLD database using blastn 

2.9.0+ (Altschul et al. 1990). As the BOLD database is strongly limited in number of bacterial 

sequences and barcodes of many eukaryotic species outside Metazoa, a second database was 

downloaded from GenBank using the following search critera: (COI[All Fields] OR COX1[All 

Fields]) OR CO1[All Fields] AND (fungi[filter] OR protists[filter] OR bacteria[filter] OR 

archaea[filter]). All sequences not assigned to Metazoa when blasted against the downloaded 

BOLD database, where in a second step compared to the GenBank reference database. For 

taxonomy assignment of the 18S sequences a similar approach was used. First, all sequences 

were blasted against a customized reference database downloaded from GenBank according 

to the following criteria: ((18S) OR V4 AND ((animals[filter] OR fungi[filter] OR plants[filter] ))). 
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Sequences without assignment were in a second step blasted against the newly released 

SILVA132 release.   

The resulting OTU table was loaded into Excel and formatted for upload into R (R CoreTeam 

2013). For statistical analysis several R studio v3.5 packages were used. To compare the 

number of OTUs and proportion of taxonomic assignments between samples and per gene 

marker the R package ggplot2 was used (Wickham 2016). The proportion of species/ OTUs 

recovered per gene marker were calculated using the R package dplyr (version 0.8.3) (Wickham 

et al. 2015) and visualized using R package Venn. Diagram (version: 1.6.20) (Chen and Boutros 

2011). The resulting plots were modified using Microsoft PowerPoint. Similar analysis were 

done to visualize the number of shared and unique species (including arthropods) between 

extraction methods depending on choice of marker and the number of unique and shared 

arthropod species between sampling sites per forest type and season. Taxonomic composition 

for each extraction method was prepared using Microsoft PowerPoint after calculating the 

overlap and number of unique species using the R package Venn.Diagram (version: 1.6.20) 

(Chen and Boutros 2011). To identify differences in community composition for the COI and 

18S dataset a Principal Coordinate Analysis (PCoAs) was calculated using the R package 

betapart (version 1.5.1) (Baselga and Orme 2012) and vegan (version 2.5-6) (Dixon 2003), 

thereby “jaccard” was chosen as family of dissimilarity indices. To identify ecological trends of 

community composition and species distribution along the different forests and seasons 

Marioko plots using the R package ggplot2 (Wickham 2016) were calculated. To further assess 

spatial patterns of beta diversity the R package betapart (version 1.5.1) (Baselga and Orme 

2012) and vegan (version 2.5-6) were used. This allowed multiple-site dissimilarity measures 

to account for compositional heterogeneity between samples within forest types and 

depending on season. UpsetR-Plot showing detailed number of unique and shared species 

(BlastID ≥ 99%) between forest types was prepared using the R package UpSetR (version 1.4.0) 

(Conway et al. 2017). To visualize differences in chemical composition between soil samples 
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the R package ‘yarrr’ (version 0.1.5) (Phillips 2017) was used. Finally, sediment classification 

after Plot and Pye were visualized using GRADISTAT (Blott and Pye 2001).  

 

 

Granulometry  

Granulometry tests were performed at Instituto Português do Mar e da Atmosfera (IPMA) 

located in Portugal. For soil granulometry analysis all samples went through several steps:  

pre-treatment, sieving, grain size by laser diffraction, sieve merging, Malvern data, sample 

classification and elemental analysis of carbon, nitrogen and hydrogen.  

 

Pre-treatment  

All soil samples were pre-treated due to high organic matter content. Samples were subjected 

to hydrogen peroxide (H2O2) attack, intended to destroy the organic matter. On day one, 25 

ml of hydrogen peroxide (130 volumes) was added to the sub-samples, stirred and allowed to 

react. Depending on the reaction (noted by effervescence), a further 50 ml of hydrogen 

peroxide with the same concentration was added if necessary. The next day, 50 ml of the same 

compound was added, and depending on the reaction repeated with 75 ml of the compound. 

The process was repeated until no reaction was any more noticeable. Afterwards, the 

sediment was placed in an oven for 24h, at a temperature of 60°C, here the soil samples were  

covered by an aluminium foil in order to ensure that no trace of effervescence could 

contaminate further samples. This step was repeated as often as necessary to allow 

evaporation of the excess H2O2. During this stage, the subsamples were stirred several times 

a day. On a regular basis distilled water was added to replace evaporated water. Finally, 
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samples were let to evaporate in order to eliminate any vestiges of hydrogen peroxide and 

gases. This process was carried out 4-5 times, until the sediment was clean and the water was 

clear. From this moment on the samples were prepared for the next phase.  

 

Sieving  

The grain size analysis included the separation of two main fractions by wet sieving diameters 

larger than 500µm and less than 500µm. Each fraction was dried at the oven (60°C), where the 

maximum total weight was around 19g. The >500 µm fraction accounted for a minimum of 

0.26g and on average of 3g of total weight. The fraction above 500µm was sieved out using 

mesh screens of different sizes (8mm, 4mm, 2mm, 1mm, 500 m and bottom). The resulting 

fractions were weighed and the respective percentage calculated.  

 

Grain Size Analysis by Laser Diffraction  

The fraction below 500µm was analysed using the Mastersizer 2000 (Malvern Inc.) through a 

wet dispersion unit - the Hydro G. This equipment uses the laser diffraction as a measure of 

grain-size. It can detect very small particles of up to 0.01µm. The equipment measures the 

relative amount of volume, with which each size class contributes to the whole sample. This 

type of analysis follows specific “Standard Operating Procedures” (SOP) according to the 

sample type. This is of paramount importance in order to ensure that consistent results are 

obtained. The SOP started with the register of the sample name followed by a laser calibration 

and the measurement of laser background. A few µl of a sodium hexametaphosphate solution 

was added to the wet dispersion unit. The mixture was submitted to ultrasonic power for 3 

minutes, where the sample deflocculate and disaggregate. The SOP used included 3 

measurements and the respective average calculation. The measurements required 
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consistency. If case of major differences within the three measurements analysis was 

repeated. 

 

Merging of Sieves and Malvern Data 

In contrast to Malvern data were sieving results weight based. Malvern data are given in 

volume percentage of sediments of each size fraction. Therefore, the results are not directly 

comparable making it difficult to assimilate size data obtained by using several methods. In 

order to achieve results including grain-size of the whole samples, results achieved with both 

methods were merged. The respective percentages were recalculated with the assumption 

that the density of the materials is equal for both methods.  

The calculated results (in percentages) were loaded into GRADISTAT program (version 8.0) 

(Blott & Pye, 2001). The following statistics were calculated: mean, mode(s), sorting (standard 

deviation), skewness, kurtosis, and a range of a cumulative percentile values (the grain size at 

which a specified percentage of the grains are coarser), namely D10, D50, D90 among others.  

The statistical parameters used in this work were the “Geometric method of moments” (Blott 

& Pye, 2001).  

 

Sample Classification  

The samples were classified according to the percentages of the main grain-sizes classes 

(gravel, sand and mud) (Blott and Pye 2012). Classification encompass five first-order size 

classes (boulder, gravel, sand, silt and clay), each of them has five second-order subdivisions 

with limits defined at one phi intervals. 
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Elemental Analysis (C, N) 

Total Carbon (TC) was determined using an elemental analyzer TruSpec CHNS Micro (Version 

2.72) from LECO. The elemental analyzer measured the relative proportion of elemental 

content of carbon, nitrogen and hydrogen of dried samples. The applied detection method for 

carbon is an optimized, low noise and non-dispe  rsive Infrared (IR) absorption. On a first stage, 

the samples were grinded on a planetary micro mill from Fritsch (Pulverisette 7 Classic Line) 

over 5 minutes at 600 rpm. To remove remaining organic matter, the samples were submitted 

to a 3 hours combustion at 400°C, with 1 hour rising temperature levels in a Labotherm L3/S 

muffle from Navertherm. Using tin capsules (3,2 x 4 mm) with 1-2 mg of each sample, the 

elemental analyses were performed on three trials of each grinded sample and on two trials 

on the respective combusted sample. The relative content of total carbon (TC) was obtained 

from the first three trials, while relative total inorganic carbon content (TIC) was assessed from 

the last two trials. The total organic carbon content (TOC) was calculated as difference 

between TC and TIC. The relative precision range of repeated measurements of the samples 

and standards was 0.05%. 
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Results & Discussion 

 

 

Influence of Marker Choice 

Amplification of the COI marker resulted in the detection of 25,036,251 high quality-filtered 

reads, which were subsequently clustered into 31781 OTUs. When amplifying the V4 region of 

the 18S marker 22,036,784 quality filtered reads were obtained, which were clustered into 

33953 OTUs. After Lulu curation 23004 OTUs remained in the COI dataset (72.4%), while 53.9% 

of detected 18S OTUs were excluded from the dataset leaving 15650 OTUs for further analysis. 

Although the COI barcode is already on its way to become the standard metazoan community 

DNA metabarcode, it still stands in the firing line of critics when working with eDNA (Deagle et 

al. 2014). Several authors have already stated, that the applicability of the COI marker is 

strongly limited for eDNA studies, as it appears to amplify primarily bacteria DNA (Yang et al. 

2013; Horton et al. 2017). This is leading to a high percentage of non-target OTUs which can 

often not be assigned to any taxon. The here presented study is supporting these findings. 

When comparing the two marker datasets, assignment rate of the COI dataset was 

significantly lower (figure III.4). While 64% of all retrieved 18S OTUs had an assignment, only 

12.59% of the COI OTUs (figure III.4a) matched an entry in the reference databases based on 

a blast identity cutoff of at least 90%. Considering the very complex available COI databases 

for Metazoa the low assignment rate suggests that the COI marker is more constraint by non-
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target amplification in comparison to the 18S marker. However, only 17 OTUs of the COI 

dataset had an assignment to Bacteria, which is contradicting the results of Yang et al. (2013) 

who stated that the highest percentage of OTUs retrieved from soil samples accounts for 

bacterial species. Nevertheless, we cannot entirely reject Yang et al. (2013) hypothesis as 

Horton et al. (2017) suggests, that primer binding regions of the metazoan COI gene are similar 

to DNA regions within the genomes of other taxonomic groups including Bacteria. To test for 

this hypothesis and to proof the findings of Yang et al. (2013) it would be necessary to blast 

all unassigned OTUs against a widely extended reference database containing the genomes of 

several bacteria. However here it was shown that next to bacteria are also further non-target 

groups are increasingly amplified by the COI marker e.g. fungi. While the COI marker is highly 

discriminative for several metazoan groups, it widely fails to distinguish species of these non-

target groups (Dentinger et al. 2011). As a result, COI reference databases for eukaryotic taxa 

outside Metazoa are fairly incomplete, hampering taxa identification. Nevertheless, despite 

incomplete databases a high number of COI OTUs was assigned to Fungi. This shows that the 

use of the mICOIIntF primer in combination with the dgHCO2198 COI primer lead to the 

amplification of a high amount of non target DNA. It is likely that with growing complexity of 

databases, number of assignments to non-target taxa will further increase. However, here 

focus was set on Metazoa. While 21.4% of OTUs contained in the 18S dataset (3350 OTUs) 

were assigned to Metazoa, only 4.1% of the OTUs contained in the COI dataset had an 

assignment to this taxon (953 OTUs) (figure III.4b).  

The kingdom “Metazoa” comprises a broad range of phyla encompassing several marine, 

aquatic and terrestrial life forms. With the 18S marker 10 phyla were identified: Annelida, 

Arthropoda, Chordata, Cnidaria, Gastrotricha, Mollusca, Nematoda, Platyhelminthes, Rotifera, 

Tardigrada (figure III.4b). With the COI maker only six phyla were identified. This is not least 

contributed to the fast that the here used customized COI-reference database did not contain 

reference sequences of the phyla Cnidaria, Gastrotricha, Platyhelmintes and Rotifera as these 
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taxa were not targeted. However, it cannot be excluded that some unassigned OTUs of the 

COI dataset derived from these four phyla as 2% of OTUs detected with the 18S dataset were 

assigned to them.   

 

  

Figure III.4 Number of OTUs assigned to Bacteria, Fungi, Metazoa and remaining Eukaryotes 

(blastID ≥ 90%). Furthermore, number of unassigned OTUs is indicated in light grey (a). 

Number of OTUs assigned to Metazoa on phyla level (blastID ≥ 90%) (b) 
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Here the focus was set to the Metazoa phyla Annelida, Arthropoda and Nematoda. This choice 

was made as all three phla play a major role for the maintenance of the soil habitat (Coleman 

et al. 2004). For the three chosen phlya the numbers of detected species and therefore also 

the assessed taxonomic composition varied according to the gene marker used (figure III.5). 

For the annelids 12 different species were identified at 99% blast match sequence similarity 

with GenBank and BOLD database respectively. The 18S rRNA gene recovered the eight annelid 

species Achaeta affinis, Achaeta unibulba, Bryodrilus ehlersi, Eisenia fetida, Mesenchytraeus 

armatus, Mesenchytraeus flavus, Mesenchytraeus pelicensis and Oconnorella cambrensis, 

whereas the COI marker detected the four annelid species Achaeta bifollicula, Achaeta 

brevivasa, Dendrobaena octaedra and Dendrodrilus rubidus. Accordingly, there were no 

shared annelid species between the two markers (Figure III.5a), evidencing how 

complementary nuclear and mitochondrial markers can be (Drummond et al. 2015).  

 

 

Figure III.5 Number of species (blastID ≥ 99%) recovered with either or both markers depending 

on organism group   

 

To check for possible biases introduced by incomplete reference databases, the completeness 

of the two used reference database for the 12 detected annelid species were investigated. All 

of the eight species recovered with the 18S marker had next to an entry in GenBank also an 

entry in the BOLD database. In contrast to that, none of the four species detected with the 
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COI marker had an entry in the in-house customized 18S GenBank database. This is indicating 

that the COI maker may not be a perfect match when targeting annelids, while identification 

of annelids on basis of the 18S marker is likely to be more hampered by incomplete reference 

databases. The reasons why the COI marker failed to detected the eight species found with 

18S marker can be manifold. The fact that the metazoan primer binding sites are often not 

highly conserved for the COI gene limits DNA amplification in favor for DNA of other groups. 

Deagle et al. (2014) showed that as a result of homoplasy, variation at the primer binding sites 

becomes saturated between distantly related taxa, what is hampering the development of 

primers, targeting only certain groups. A fact, which becomes increasingly important the 

higher the proportion of non-target DNA is in the DNA mixture. Additionally, it has been 

described that several annelid taxa are lacking an appropriate sized COI barcode gap (Kvist 

2014). The barcode gap is the differences in genetic difference between the highest 

intraspecific variation and lowest interspecific divergence (Hebert et al. 2003a, 2003b; Wiemers 

and Fiedler 2007; Meier et al. 2008; Kvist 2014). A lack of this gap usually leads to false negative 

and positive results. In 2014 Kvist et al. showed that of the phylum Annelida especially 

earthworms are suffering from an insufficiently sized barcode gap. In fact, interspecific 

comparison of many earthworm species show 0% divergence. In views to this study the 

absence of a sufficiently sized barcode gap might have led to the assignment of sequences 

originating from different species to the same taxon, leading to false negative results and 

finally to the underestimation of local existing annelid diversity.  

While the COI marker failed to recover eight species, the 18S marker left four species 

undetected. As all of them had no entry in the 18S database its detection was not possible. 

This highlights that the power of metabarcoding is directly linked to completeness of available 

reference databases. Andújar et al. (2018) stated that the utility of a reference sequence 

database is a function of  (a) the inherent power of the marker for taxonomic assignment; (b) the 

taxonomic coverage (number of species and phylogenetic diversity represented in the database) 



270  Chapter III - Results & Discussion 

 
 

and depth (number of individuals sequenced per species) of reference sequences; and (c) the 

adequate formatting and curation of the database. To tell a long story short, the size and 

completeness of a reference database is negatively correlated with the probability of false 

positive and negative assignments (Somervuo et al. 2017). The more complex the reference 

database is, the more likely are reliable assignments on lower taxonomic ranks (Somervuo et al. 

2017). In terms of completeness are COI databases unparalleled. Due to its high taxonomic 

resolution the Consortium for the Barcode of Life (CBOL) decided to use the COI marker for 

standard DNA barcoding of single animal specimens (Hebert et al. 2003b; Ratnasingham and 

Hebert 2007). The first major program of the CBOL has been the BARCODE 500K project, which 

had the overreaching aim to establish a reference database containing the barcodes of 0.5 million 

species. This goal was met in August 2015, but the CBOL kept going and even expanded. Today, 

more than 502.700 public barcodes clusters are stored in the BOLD database. No database for 

any other genetic region covers as many taxa as the Barcode of Life Database (BOLD) does for 

the COI (Deagle et al. 2014). With some exceptions, the 18S marker does not have species-level 

resolution and thus discriminating between close-related species (e.g. cryptic) could be daunting 

or impossible. Many closely related species do only show slight variation within the 18S barcode 

regions whereas it cannot be excluded, that two distinct species are showing the same barcode 

(Tang et al. 2012). Additionally, eventual low maintenance of existing nuclear databases can also 

contribute to 18S poor taxonomic assignments in particular on lower taxonomic ranks. All of this 

is increasing the risk of false positive assignments and a resulting distorting of the assessed 

degree of existing biodiversity. Nevertheless, it should be kept in mind that some groups are also 

largely underrepresented within the BOLD database e.g. Nematodes. Up to today around 30.000 

nematode species have been described but estimates put the number of total nematode species 

as high as a million (Kiontke and Fitch 2013).  Out of the 30.000 described species, the barcodes 

of 2141 species are stored in the BOLD database. In comparison to that, contained the in-house 

customized 18S GenBank database the barcodes of 6796 Nematode species. While 469 OTUs of 
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the 18S dataset were assigned to Nematoda, only 22 OTUs of the COI dataset had an assignment 

to this phylum. Against the background that one gram of soil can hold several hundreds of 

nematodes (Hoorman 2011) these results allow for the assumption that the COI marker largely 

underestimated local nematode diversity. Former studies have already shown that the Folmer 

region gives very poor amplification results for marine nematode species (De Ley et al. 2005; 

Bhadury et al. 2006; Derycke et al. 2010b). It has been observed that nematodes show a high 

nucleotide variability and indels at the COI primer sites (Blouin et al. 1998; Creer et al. 2010). Due 

to these exceptional high mutation rates the design of universal primer targeting this gene is 

impossible as its use will in any case result in poor amplification and consequently poor taxa 

recovery rate. Although amplification success of the 18S region was significantly higher it has 

been described that the low taxonomic resolution of this marker does often not allow for the 

discrimination of closely related species (De Ley et al. 2005; Derycke et al. 2010a). Therefore, it 

was not possible to fully assess nematode diversity on basis of the here used marker combination.   

While the 18S marker detected more annelid and nematode species, assessed arthropod 

diversity with the COI marker was significantly higher. The COI gene exclusively uncovered 146 

species, ca. 70% of all detected arthropod species, whereas the 18S retrieved only 57 species 

not found by the COI marker. Additional five species were detected by both markers (figure 

III.5b). This result accords with several former studies showing that the 18S marker is prone 

to underestimate the real diversity of several metazoan species (Tang et al. 2012), including 

Arthropoda (Cowart et al. 2015; Drummond et al. 2015). While the primer binding sites of the 

18S marker are stronger conserved (Clarke et al. 2017), species-level resolution is strongly 

hampered for the 18S marker. Consequently, it agglutinates distinct species into the same OTU. 

Especially on lower taxonomic level the higher degree of conservation is therefore likely to lead 

to a strong underestimation of the total existing biodiversity. This is also reflected in number of 

recovered species of the Arthropoda class Insecta. While 96 insect species with a blastID of at 

least 99% were detected with the COI marker, solely the six insect species Agriotes acuminatus 
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(Insecta: Coleoptera), Cooloola ziljan (Insecta: Orthoptera), Geostiba circellaris (Insecta: 

Coleoptera), Hadrotes crassus (Insecta: Coleoptera), Photophorus jansonii (Insecta: Coleoptera) 

and Stigmella lycii (Insecta: Lepidoptera) were found when analysis was based on the 18S marker. 

Remarkably, none of the six species was detected with the COI marker. A closer look on species 

biology marks the results obtained with 18S marker as suspicious. While the reference database 

used for the COI dataset was geographically limited to middle Europe, the here used 18S 

reference sequences retrieved from GenBank were not geographically bound. The available 

literature for the six insect species, detected with the 18S maker, reveal that all of them are only 

described from areas outside of Europe, which is indicating an accumulation of false positive 

results. This is highlighting that the use of markers with low taxonomic resolution in combination 

with unsuitable reference databases increases the risk of encompassing false positive results. 

Overall, arthropod reference databases for ribosomal markers are still very limited for most 

taxonomic groups (Clarke et al. 2014), which supports the use of mitochondrial markers for these 

taxa. 

This study indicates that a multiplex approach can significantly increase number of detected 

target invertebrate taxa (Annelida, Arthropoda, Nematoda). Despite the fact that the COI region 

is unique among at least 95% of studied species of diverse groups of organisms including birds, 

insects, fish etc. (Hajibabaei et al. 2007) and is thus capable of delineating most species of these 

groups, it is not an all-purpose answer as it’s taxonomic resolution and coverage is limited for 

many invertebrate taxa (e.g. Annelida and Nematoda) (Kvist 2014; Creer et al. 2016). Combining 

the COI marker with a ribosomal marker can strongly increase detection rate, as despite its low 

taxonomic resolution for many arthropod taxa  it has been shown that the 18S marker is capable 

of identifying several nematodes on species level (Bhadury et al. 2006). The use of a multiplexed 

study design is further supported by the fact that so far no primer or single gene region has 

been identified that will amplify all taxa on an eDNA sample, hampering assessments of 

complete biodiversity levels. The use of several genes/ regions will come closer to having the 
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full biodiversity picture of a given habitat (Cowart et al. 2015; Drummond et al. 2015; Zhang et 

al. 2018; Marquina et al. 2019a). A recent study found that the combination of at least two 

markers can improve the taxonomic resolution by up to 10% (Marquina et al. 2019a). However, 

marker performance and resulting number of detected species is strongly depending on 

references databases. Especially for arthropods databases for ribosomal markers are very limited 

(Clarke 2014). However, databases are fast growing. Today, more than 2.5 million COI sequences 

(Porter and Hajibabaei 2018) and 1.4 million 18S sequences are inter alia stored in GenBank, 

making it to one of the largest repository of genetic data for biodiversity (Strasser 2008; Porter 

and Hajibabaei 2018) and thus allowing for the reliable identification of a broad range of taxa 

(Leray et al. 2019). With ongoing effort to complete databases which is nowadays supported by 

the application of new methods like genome skimming, and the detection of markers with high 

taxonomic resolution, the power of multiplex studies will further enfold and open the door for 

biodiversity studies aiming to reliable identify a wide range of taxa.  

 

Influence of Extraction Method  

Former studies have already shown that eDNA extraction method commonly used for soil 

samples can significantly influence taxa detection rate (Dopheide et al. 2019).  Dopheide et al. 

(2019) compared community composition recovered from 1.5g of soil extracted with the MoBio 

Powersoil RNA extraction kit (MoBio Laboratories, Carlsbad, CA) with the community 

composition assessed from 15g of soil extracted with a phosphate buffer following the Taberlet 

et al. (2012) protocol. The protocol includes the use of the Nucleospin Soil DNA extraction Kit 

(Macherey Nagel GMBH & CO. KG) for purifying and eluting DNA. Prior to this study, the 

effectiveness of the MoBio Powersoil RNA extraction kit with the Nucleospin Soil DNA extraction 

kit (Macherey-Nagel GMBH & CO. KG) was compared. It was observed that the use of the 

Macherey Nagel Kit resulted in higher DNA yields. These findings are likely attributable to two 
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main factors. Firstly, the Macherey Nagel Kit can to some extent be adjusted to soil composition 

of the sample, secondly, the two extraction kits are differing in number of washing and 

purification steps. Depending on soil composition (organic content, inorganic matter, humic 

substances etc.) DNA yield and DNA purity can be strongly influenced by the buffer utilized. While 

with the MoBio kit only a single extraction buffer system is available, the Macherey Nagel Kit 

allows for the choice between two lysis buffers and also an enhancer (called SX). For soil samples 

under investigation, the combination of lysis Buffer SL2 and the enhancer SX clearly increased 

DNA yields in comparison to any other combination. Furthermore, the two kits work with several 

purification steps, which likely increases DNA purification and concentration of remaining PCR 

inhibitors. As differences in the protocol workflow and chemical composition of the commercial 

DNA extraction kits may have resulted in different PCR biases due to variations in persisting 

amounts of PCR inhibitor substances, the results of Dopheide et al. (2019) are questionable. It 

cannot be stated without doubt that the extraction of a larger amount of soil leads to an increase 

in arthropod species detection rate. To exclude this bias we here compared communities 

assessed with the phosphate buffer after Taberlet et. al (2012) and the commercial Macherey-

Nagel kit.   

DNA extraction with the commercial Macherey Nagel Kit resulted in the detection of 18339 

COI OTUs and 13164 18S OTUs. When using the phosphate buffer for DNA extraction the 

resulting 18S dataset contained 13034 OTUs, which were slightly less compared to the number 

of OTUs retrieved when extraction was conducted with the Macherey Nagel kit.  Similar 

findings were obtained for the COI dataset. Approximately 1000 OTUs less were recovered 

when extraction was conducted with the phosphate buffer (17329 OTUs) (figure III.6) These 

results are surprising as according to Dopheide et al. (2019) amount of starting material used 

for extraction is positively correlated with number of retrieved OTUs. Besides to amount of 

starting material the two extraction methods were targeting different kinds of eDNA. While 

the phosphate buffer exclusively allows for the extraction of extracellular DNA, extraction with 
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the Macherey Nagel Kit includes a lysis step, which enables the extraction of intracellular DNA 

next to extracellular DNA. The highest amount of intracellular DNA in soil usually originates 

from microbial organisms (Taberlet et al. 2012). As shown here and also described in the 

literature both markers are suffering from non-target amplification (Yu et al. 2012; Yang et al. 

2014), a bias which is likely to be increased with the application of a lysis step as more 

microbial DNA is made available for extraction. Indeed, for both marker datasets an increase 

in number of detected microbial eukaryotes was found when DNA extraction was performed 

with the Macherey Nagel kit (figure III.6). Next to an increasing amount of available microbial 

DNA, the amplification of intracellular microbial DNA is further supported by the fact  that 

intracellular DNA is usually of a higher quality compared to extracellular DNA, which is 

supporting binding of primers leading to an higher amplification success. Nevertheless, for 

Bacteria an inconclusive result was obtained when comparing number of retrieved OTUS 

depending on extraction method. While for the 18S marker an increase in detected bacterial 

OTUs was found when extraction was conducted with the Macherey-Nagel kit, contradicting 

results were obtained with the COI marker (figure III.6). This is surprising but might be best 

explained by the here used reference database which were not suitable for the identification 

of bacterial species. As already discussed, number of detected bacteria fall short of 

expectations and the here identified number of taxa does not represent truly existing bacterial 

diversity. To test for the hypothesis if an increased amount of bacterial DNA is influencing 

invertebrate species detection rate more specialized markers, for which well curated 

databases are available, should be used. However, because of the high number of unassigned 

reads, we cannot exclude the possibility that number of OTUs derived from bacterial reads 

might be strongly differing between extraction methods, especially as number of OTUs 

detected after extraction with the Macherey-Nagel kit exceeded the one obtained with the 

phosphate buffer (figure III.6). Furthermore, an increase in amount of bacterial DNA might 

have influenced metazoan species detection rate as with an increase in number of species 
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contributing to eDNA mixture the primer affinities will concomitantly change (Morinière et al. 

2016; Elbrecht et al. 2017). The higher diverse and rich the samples, the lower the taxonomic 

coverage (Fonseca et al. 2012) presumably resulting in the assessment of different community 

composition.  

 

 
Figure III.6 Total number of OTUs and number of OTUs assigned (blastID ≥ 90%) to Bacteria, 

Eukaryotes (excluding Fungi and Metazoa), Fungi and Metazoa depending extraction 

methods and marker choice.  
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Due to differences in obtained number of OTUs depending on extraction method it is 

hypothesized that extraction method is significantly influencing assessed community 

composition. This was confirmed by analysis of variance (ANOVA) (COI: adonis: F323=11.629, 

p<0.001; 18S: F323=34.051, p<0.001) and subsequently visualized with a Principal Coordinate 

Analysis (PCoAs). Based on calculated presence-absence matrices for both marker datasets it 

was found that data obtained with each of the two extraction methods formed a distinct 

cluster (Figure III.7a,b). To further identify differences in terms of community composition 

between DNA extraction methods (beta diversity) the degree of sample dispersion 

homogeneity was tested (Figure III.7b). For the COI as well as for the 18S dataset betadisper-

test indicated a very heterogeneous dispersion within samples of each extraction group (COI: 

F1= 5.92, p=0.02; 18S: F1=4.79, p<0.03). This suggests that even on small scales, large variation 

in species composition occur. This pattern has already been observed along and within marine 

coast transects of only 10 m apart using metabarcoding (Fonseca et al. 2014).  
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Figure III.7 PCoA plots indicating differences in assessed community composition for the (a) COI 

and (b) 18S dataset. Light brown coloration is indicating community composition 

assessed using the phosphate buffer, while community composition assessed with the 

Macherey Nagel kit is highlighted with a dark brown colored. The same coloration 

scheme was used for the group dispersion plots indicating homogeneity of assessed 

community composition within all soil samples extracted with the same extraction 

method for the (c) COI dataset and (d) 18S dataset.   

 

When focusing on the two target groups Annelida and Arthropoda no definite trend was 

observed indicating that one extraction methods is superior over the other in terms of 

revealed degree of diversity. Moreover, number of assigned OTUs with either of the two 

extraction methods was closely linked to choice of marker. Amplification of the COI marker 
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resulted in a higher number of OTUs assigned to Arthropoda and Annelida respectively when 

the Macherey Nagel kit was used for DNA extraction (figure III.8a). The opposite was found 

with the 18S dataset for which number of OTUs assigned to Annelida and Arthropoda was 

higher when the phosphate buffer was used for DNA extraction (figure III.8b). As already 

outpointed is the taxonomic resolution of the COI marker limited for the phyla Annelida and 

Nematoda. Additionally, it has been shown that although the COI marker is often described as 

the currently best choice for the identification of Metazoa (Andújar et al. 2018) it still fails to 

amplify some groups of arthropods (Marquina et al. 2019a), especially when these arthropods 

are contained in a bulk samples (Brandon-Mong et al. 2015). A bias which is probably enhanced 

when working with eDNA. Due to the much higher complexity of processed DNA mixture shifts 

in primer affinities occur. The fact that marker choice was influencing number of OTUs 

assigned to Arthropoda and Annelida depending on choice of extraction method is supporting 

these findings. Due to its low variability in primer sites, amplification success of the 18S marker 

might be less influenced by complexity of DNA mixture as primer affinities are more similar 

for many invertebrate taxa. However, an increase in amount of starting material is likely to 

correlate with variability in contained DNA, hampering COI amplification success. Additionally, 

the lysis step implemented into the extraction with the Macherey Nagel kit could have 

significantly contributed to the above described findings. Lysis led to an increase in amount of 

DNA derived from transient species. This intracellular DNA is of much better quality, 

supporting amplification. Furthermore, it is likely that amount of DNA released from transients 

invertebrate species due lysis, clearly exceeded the one found as traces in the soil. The amount 

of DNA with which a species contributes to DNA mixture is significantly influencing its 

detection rate (Elbrecht et al. 2017). It is therefore likely, that the higher number of annelid 

and arthropod species recovered with the COI marker when extraction was based on the 

Macherey Nagel kit is directly contributed to the application of the lysis buffer and to changes 

in occurring primer and amplification bias.   
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Figure III.8 Number of assigned OTUs (BlastID ≥ 90%) to the three target groups Annelida, 

Arthropoda and Nematoda depending in extraction method based on the a) COI 

marker and b) 18S marker.  

 

However, while the 18S primer is known to have a rather poor taxonomic resolution whereas 

many OTUs are often not assigned on species level or are assigned to the same species,  it is 

surprising that out of the 692 arthropod OTUs recovered with the COI marker only 177 were 

assigned on species level (figure III.8a). This either suggests that (a) a high percentage of 

ground dwelling arthropods has not yet been barcoded or (b) that several OTUs are artifacts 

which could be the result of a high number of sequencing artifacts or degradation. 
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Former studies have already stated, that most commercial kits are not suitable for the 

assessment of arthropod community composition (Dopheide et al. 2019). The majority of 

commercial kits are designed for the assessment of microbial communities which is thought 

to require the extraction of a much smaller amount of soil (Taberlet et al. 2012; Dopheide et al. 

2019). It is often argued that macro-organism distribution patterns, size and population 

density is strongly differing from the ones of microorganisms (Taberlet et al. 2012; Dopheide 

et al. 2019), whereas an increase in amount of starting material could likely increase detection 

probability. Some studies have already proven this hypothesis by showing that number of 

detected macroorganisms increased with amount of source material used for DNA extraction 

(Dopheide et al. 2019). Our study is only partly supporting these findings. Indeed, on basis of 

the 18S marker higher number of arthropod and annelid species were retrieved when DNA 

was extracted from a larger amount of soil (figure III.9ab). However, this positive relationship 

was not found for the COI dataset (figure III.9ab). In detail, the two extraction methods 

recovered exactly the same four annelid species when the COI marker was amplified (figure 

III.9b). These findings might be strongly affected by the low taxonomic resolution of the COI 

marker for earthworms (Kvist 2014). Former studies have shown that annelids can reach 

abundances of up to 134 000 specimens per m2 (Coleman et al. 2004). Additionally, detection 

probability of annelids is further increased by the fact that several Enchytraeids produce a high 

amount of fecal pellets. It has been shown that these pellets can make up to 29% of the volume 

of the higher A- horizon in a Scottish grassland soil (Davidson et al. 2002). Although only 0.5g 

of soil were used for the extraction with the Macherey Nagel Kit, the possibility of capturing 

Enchytraeid DNA was therfore exceptional high. Additionally, the absence of a COI barcoding 

gap may have led to the assignment of sequences originating from several species to the same 

OTU, resulting in a strong underestimation of total existing annelid diversity.  
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Figure III.9 Venn diagram showing number of shared and unique species between extraction 

methods depending on choice of marker. Figure III.9a is based on a BlastID of at least 

90%, while figure III.9b) required a BlastID of at least 99%. 

 

Using the COI marker both extraction methods resulted in the detection of similar numbers of 

arthropod species based on a blastID of at least 99% (Figure III.9b). Overall, 146 arthropod 

species were identified. Out of them, 39 species were exclusively found by each of the two 

extraction methods. The remaining 68 were recovered with both methods (figure III.9b). This 

is indicating that the two extraction methods are targeting different arthropod communities. 

It can be expected that several species were exclusively detected by the phosphate buffer due 

to the larger amount of soil used for extraction (Taberlet et al. 2012; Dopheide et al. 2019). 

Furthermore, differences in detected species composition are inherent to the specifies of the 

methods, one targeting extracellular and intracellular DNA, with cell lysis disruption and the 
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other only targeting extracellular eDNA.  The application of the lysis step made DNA contained 

in living cells (e.g. eggs, larvae and other dormant lifeforms) available for DNA extraction. A 

closer look on order level of the arthropod class Insecta further supports this hypothesis. 

During the summer season when insect activity is higher, extraction with the Macherey Nagel 

indicated a peak in diversity of the order Diptera (figure III.10). 

 

 

Figure III.10 Number of shared and unique detected arthropod species (blastID ≥ 99%) between 

extraction methods depending on season. Detailed number of species per insect order 

recovered with either one or both of the two extraction methods are shown.  

 

In particular, the assessed community composition of the nematoceran families Sciaridae, 

Mycetophilidae and Limoniidae as well as the brachyceran family Phoridae showed a higher 

degree of diversity when DNA extraction was conducted with the Macherery Nagel kit (figure 

III.11). The families Sciaridae and Mycetophilidae both belong to the Sciaroidae (Barnard 

2011), a superfamily which encompass a high number of species which larvae feeds on either 

fungal fruiting bodies or mycelia in dead wood and soil litter (Jakovlev 2012). Especially the 



284  Chapter III - Results & Discussion 

 
 

larvae of the family Sciaridae are known to be usually associated with soil litter, where they 

feed on plant roots (Binns 1981). The third nematoceran family for which an increase in 

diversity was observed when the Macherey Nagel kit was used for DNA extraction was the 

Liimonidae. Although the majority of species belonging to this family are known to develop in 

aquatic habitats, next to them this family also encompass species known to develop in drier 

soils (Reusch and Oosterbroek 1997). Indeed, this has been described for three of the here 

found four Liimonidae genera (Chilotrichia, Dicranomyia and Limonia). Next to the three above 

described nematoceran families, an increase in diversity was also found for the braychceran 

family Phoridae when extracting DNA with the Macherey Nagel kit. Similar to described 

nematoceran taxa is the larvae of Phoridae commonly found in forest soils (Disney 2012). This 

accumulation of in the soil residing species supports the hypothesis that the Macherey Nagel 

kit and the phosphate buffer are targeting different arthropod community. As  already 

discussed enables the application of a lysis step the extraction of DNA from small, at the time 

of sampling living organisms including transient species (e.g. eggs and pupae). It is likely that 

lysis resulted in the release of a high amount of intracellular DNA originated from these living 

organisms. Due to this increase in amount of high quality DNA, amplification of these species is 

supported. While extraction with the Macherey Nagel kit is therefore supporting insect detection 

rate, the opposite is likely the case for the extraction with the phosphate buffer. As only DNA 

traces are recovered amplification probability is strongly decreased. Additionally, the richness 

and diversity of the eDNA mixture could have changed primer affinity. In fact, the amplification 

success of hymenopteran DNA depends on composition and complexity of bulk eDNA samples 

(Brandon-Mong et al. 2015). High abundant species with higher affinities (close related) will likely 

capture more primer molecules during PCR, while species with lower affinities will yield lower 

level amplicons and fewer reads (Hajibabaei et al. 2011; Brandon-Mong et al. 2015). When larger 

amounts of soil are extracted, the DNA mixture becomes more complex. As a result, changes in 

primer affinities may occur, whereas amplification of DNA of some species is now hampered as 
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other species have a better primer affinity. Furthermore, eDNA mixtures extracted from soil are 

known to be dominated by non-target species, likely occurring in higher abundances (e.g. 

bacteria and fungi) (primer-template mismatches that lead to taxonomic detection bias). 

 

 

Figure III.11 Number of detected dipteran species (BlastID 99%) per family in summer season 

depending on extraction method 

 

When comparing arthropod species composition recovered from each of the three biological 

replicates taken per forest type and season, the phosphate buffer dataset uncovered a more 

homogenous species distribution across taken biological replicates. Depending on season  

between 33.32% and 62.9% of arthropod species retrieved with the Macherey Nagel kit were 

exclusively detected in one of the three biological replicates (figure III.12a), while with the 

phosphate buffer between 30% and 45.92% of arthropod species were found in only one of the 

three soil samples taken at each sampling site (figure III.12b). This indicates that arthropod 
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diversity identified with the phosphate buffer is more homogenous across samples what 

corroborates the idea of when using larger amounts of soil for DNA extraction, it will increase the 

chances to assess a more complete picture of existing arthropods diversity.  

 

 

Figure III.12a Number of unique and shared species between sampling sites (cardinals) depending on 

forest type (columns) and season (rows) using the Macherey-Nagel kit. The data shown 

here comprises all arthropod species detected with either one or both of the two used  
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Figure III.12a  (Continued.) markers (18S and COI). Only species detected with a BlastID of at least 99% 

to the reference databases are considered.  

 

 

Figure III.12b Number of unique and shared species between sampling sites (cardinals) depending on 

forest type (columns) and season (rows) based on the extraction with the phosphate 

buffer.  The data shown here comprises all arthropod species detected with either one or 

both of the two used markers (18S and COI). Only species detected with a blastID of at 

least 99% to the reference databases are considered.   
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However, the relative high percentages of species exclusively recovered from one sampling site 

across both extraction methods indicates that sampling strategy was not adequately scaled and 

that a higher number of samples is required to assess total exiting arthropod diversity. 

Rarefaction curves with extrapolation (figure III.13a) and sample completeness curves (figure 

III.13b) are supporting this hypothesis. Sample completeness curves show that the here taken 

162 soil samples resulted in a slightly lower sample coverage when extracted with the Macherey 

Nagel kit. This is indicating that more samples are needed to be extracted with the Macherey 

Nagel kit compared to the phosphate buffer in order to reach a similar high coverage. 

Nonetheless, rarefaction curves clearly indicate that the use of a single extraction method is not 

suitable for the assessment of total existing arthropod diversity. While individual extrapolation 

of the Macherey Nagel kit dataset and the phosphate buffer dataset respectively calculated a 

maximum of approximately 215 arthropod species when 750 samples are taken, the combined 

dataset reached a significantly higher arthropod diversity of 270 species at the same sampling 

depth. This underlines our hypothesis that two distinct arthropod communities were assessed by 

the two extraction methods and furthermore allows for the statement that a combination of 

both methods could significantly increase species detection rate. 
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Figure III.13 Rarefaction curves (solid line) with extrapolation (dashed line) showing number of 

detected arthropod species depending on number of soil samples taken with each 

extraction method (a). Additionally sample completeness curves were calculated showing 

sample coverage depending on number of soil samples (b).  
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Here it was shown that the choice of marker had a significant influence on retrieved species 

composition (figure III.4). Additionally, it was observed that the two extraction methods revealed 

two distinct invertebrate communities. When aiming to assess complete species composition the 

use of the Macherey- Nagel kit can support the detection of dormant and non-active species. 

However, this study is also supporting the hypothesis that extracting DNA from larger amounts 

of soil is enhancing the probability to detect macro-organism with large distribution patterns 

but small population densities (Taberlet et al. 2012; Dopheide et al. 2019). It should be kept in 

mind, that the more complex the extracted DNA mixture becomes, the higher the resulting 

primer bias. To assess a picture of existing species diversity as complete as possible including 

species in dormant life stages the use of a commercial DNA kit, which includes a lysis step in 

combination with a sampling strategy of great extent, which comprises the sampling of several 

hundreds of samples, should be given priority over the use of a phosphate buffer. However, if 

a study is not interested in the assessment of transient species (e.g. eggs, pupae), the 

phosphate buffer is a less labor intensive and more cost efficient choice, which provides a 

good overview of existing species community.  

 

 

Influence of Forest Type on Soil Composition 

Forest stands covered with different tree species generate a divergence in soil properties and 

may thereby influence soil microbial communities (Chandra et al. 2016) which could 

concomitantly drive mesofauna diversity as well. In this study, it was observed that soil 

composition differed significantly between the four forest types (figure III.14 and figure III.15). 

This study  compared the five soil components gravel, sand and mud, which comprises inter 

alia silt and clay between the four forest types. It was observed that the amount of mud was 
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significantly different between forest types (Anova: F3=46.25, p<0.001) (figure III.14). Tukey 

post-hoc analysis revealed that the pure beech stands are characterized by a significant 

(p<0.001) lower amount of mud compared to the other three forest types (old beech – pure 

beech (16.68, 95%-CI[11.75, 21.63]); young beech – pure beech (22.34, 95%-CI[17.13, 27.54]) 

pure spruce – pure beech (15.82, 95%-CI[10.88, 20.76])). Furthermore, the forest types were 

characterized by a significantly different amount of gravel (Kruskal-Wallis test: Chi 

square=87.47,  p<0.001, df=3) (figure III.14). Subsequent conducted post-hoc test (Tukey HSD) 

showed that the amount of gravel was significantly higher (p<0.001) at the pure beech sites 

compared to the other three stands (old beech – pure beech (-20.54, 95%-CI[-24.99, -16.08]) 

young beech – pure beech (-24.45, 95%-CI[-29.14, -19.75]) pure spruce – pure beech (-15.14, 

95%-CI[-19.59, -10.69])). Additionally, soils of the pure spruce stands contained a higher 

amount of gravel than the two mixed stands (pure spruce – old beech (5.40, 95%-CI[1.20, 

9.60], p=0.005), pure spruce – young beech (9.31, 95%-CI[4.85, 13.76], p<0.001)) (figure III.14). 

These results underline observations in the field that the O- and A-horizon of the pure beech 

sites were strongly reduced. The O-horizon consists of dead plant debris e.g. leafs and twigs. 

The A-horizon is located directly under the O-horizon and it is characterized by a mixture of 

organic matter and minerals (Orgiazzi et al. 2016). Underneath the A-horizon is the B-horizon 

which is dominated by clay and iron minerals (Orgiazzi et al. 2016). However, also smaller 

amounts of organic material can be found here which usually get washed into the layer by 

rainwater (Orgiazzi et al. 2016). It is known that thickness of the O-horizon can dramatically 

differ between forest types (Scheu et al. 2003).  Generally, it is known that litter of spruce 

stands tend to accumulate at the forest floor in thick layers (Nihlgård 1971; Mardulyn et al. 

1993; Albers et al. 2004; Berger and Berger 2012). This is inter alia attributed to morphological 

properties of needles and leafs which are directly influencing texture, compaction, density and 

the environmental characteristics of the litter layer (Paluch and Gruba 2012). Litter input in 

pure spruce stands is significantly lower compared to pure beech stands (Scheu et al. 2003). 
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Furthermore, spruce needles decompose more quickly than beech leaves (Albers et al. 2004). 

However, a major difference between spruce needles and beech leaves is the higher content 

in polyphenols (Gallet and Lebreton 1995) known to delay decomposition processes, by 

controlling N-dynamics which is the limiting factor for microbial activity (Albers et al. 2004). As 

a result, polyphenols have been described to be a driving force for the formation of thick 

organic layers, which further influences soil abiotic parameters such as pH-value. Abiotic 

conditions prevailing in different forest stands have a direct influence on local decomposition 

rates. Interestingly, the degree of influence of prevailing conditions on decomposition rate is 

differing between spruce needles and litter of deciduous tree species (Albers et al. 2004).  

However, regardless of thickness of the O-horizon the first 10cm of the forest floor were 

sampled. The applied sampling was designed to sample the A and O-horizon, but variation in 

relative proportions of horizons contributing to sample might have occurred between 

samples. Because of different amounts of soil originating from each strata, ratio of minerals 

and organic content within samples might have been shifted and resulted in variations in 

composition of the mud fraction across forets types. Mud consists of silt (4-63µm) and clay (< 

4µm). The amount of silt differed significantly between forest types (Kruskal -Wallis rank sum 

test: Chi square=80.70, p<0.001, df=3). Conducted post-hoc test showed significant 

differences between each of the mixed stands and the monoculturous stands (young beech-

pure beech: paired-wilcoxon-test, p<0.001; young beech-pure spruce: p=0.001; old beech-

pure beech: p<0.001; old beech-pure spruce: p=0.024, table 3). Furthermore, soils at the pure 

beech and pure spruce stands, differed significantly in amount of silt (p<0.001).  
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Table III.3      Paired-Wilcoxon-test results for comparison of amount of silt [%] between sampling sites. 

 pure beech old beech young beech pure spruce 

pure beech 1 >0.001*** >0.001*** >0.001*** 

old beech >0.001*** 1 0.227 0.024* 

young beech >0.001*** 0.227 1 0.001** 

pure spruce >0.001*** 0.024* 0.001** 1 

 

Additionally the relative percentage of clay found at each sampling site differed between 

forest types (Kruskal-Wallis rank sum test: Chi2=24.851, p>0.001). Conducted post hoc-test 

showed significant differences between the two monocultures (paired-sampled Wilcoxon test: 

p<0.001), the two mixed stands (paired-samples Wilcoxon test: p<0.001) as well as between 

pure spruce and old beech stands (paired-sampled Wilcoxon test: p=0.017), and pure beech 

and young beech stands (paired-sampled Wilcoxon test: p<0.001). No differences were found 

between the young beech and pure spruce stands, nor between the old beech and pure beech 

sites. (table III.4, figure III.15). 

 

Table III.4    Paired-Wilcoxon-test results for comparison of amount of clay [%] between sampling sites. 

 pure beech old beech young beech pure spruce 

pure beech 1 0.838 >0.001*** >0.001*** 

old beech 0.839 1 >0.001*** 0.017* 

young beech >0.001*** >0.001*** 1 0073 

pure spruce >0.001*** 0.017* 0.073 1 
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Figure III.14 Classification of soil texture after Blott and Pye (2012) depending on forest type. 

Considered parameters were proportion of gravel, sand and mud 
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Figure III.15 Classification of soil texture after Blott and Pye (2012) depending on forest type. 

Considered parameters were proportion of sand and silt and clay.  
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Former studies showed that soil texture is often closely linked to local dominating tree species 

(Dutta and Agrawal 2002). Although usually soil texture is thought to be a limiting factor for 

faunal species distribution it has been observed that trees can alter soil texture (relative amount 

of silt and clay) to a certain extent. This study is partly supporting these findings. The old beech 

and pure beech stands showed similar amount of clay, so does the pure spruce and young beech 

stands. This indicates that with ongoing renaturation process, clay content slowly shifts. 

However, tree species are differing in their ability to modify the same (Dutta and Agrawal 2002). 

Dutta and Agrawal (2002) discussed that this is mainly attributed to the fact that the local flora 

is maintaining nutrient regeneration by addition of various sources of organic matter, altering 

abiotic and biotic conditions. An increase in organic matter enhances N-mineralization leading to 

an increase of plant available nutrients (Dutta and Agrawal 2002) supporting the establishment 

of a diverse herb and undershrub layer and thereby soil-nutrient cycling. Additionally, with 

increasing plant cover porosity of soils decreases. Porosity is a main driver for fragmentation, 

redistribution and aggregation of particles in soils (Dutta and Agrawal 2002). However, the pure 

beech and old beech stands were strongly differing in development of a herb and shrub layer. 

This is also reflected in total organic content (TOC)-Nitrogen (N) ratio (TOC:N). The TOC:N is a 

value giving information about the humus form as it is closely linked to variation in tree species 

composition (Lovett et al. 2002; Albers et al. 2004). Conducted Kruskal-Wallis rank sum test 

showed significant differences in TOC/N-ratio between forest types (Chi2=49.81, p<0.001) 

(figure III.16). Subsequently conducted paired-sampled Wilcoxon test showed significant 

differences between all four samples sites. 
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Figure III.16 Total organic content - Nitrogen ratio depending on forest type. The TOC:N ratio allows 

for conclusions about changes in humus form between forest types.  

 

Followed by differences in soil physical appearance and humus type significant differences in 

chemical composition were found. Results of chemical soil composition analysis showed that 

content of nitrogen (Kruskal-Wallis-test: Chi square =43.71, p<0.001, df=3), carbon (Kruskal-

Wallis-test: Chi square=51.89, p<0.001, df=3), hydrogen (Kruskal-Wallis-test: Chi 

square=43.71, p=0.002, df=3), organic nitrogen (Kruskal-Wallis-test: Chi square=39.04, 

p<0.001, df=3), carbon carbonate (Kruskal-Wallis-test: Chi square=37.07, p<0.001, df=3) and 

total organic carbon (Kruskal-Wallis-test: Chi square= 51.501, p<0.001, df=3) were significantly 

different between forest types (figure III.17). Post-hoc tests (Mann-Whitney-U-Test) showed 

that the old beech stands were differing from the three other forest types in views of carbon, 

nitrogen, hydrogen, total organic carbon and carbon carbonate content. Furthermore and as 

already mentioned organic nitrogen content of the two mixed stands was significantly 

different from the one found at the two monocultures but was not significantly differing 

between mixed stands. Additionally, the young beech stands were significantly different from 

the remaining three stands in terms of nitrogen-, carbon-, hydrogen- and total organic 

content. The two monocultures were not differing in views of chemical soil composition.  
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Several studies have shown that tree species have a significant influence on C and N content 

in forest soils (Nihlgård 1971; Vesterdal et al. 2013; Cremer et al. 2016). For beech and spruce 

monocultures usually a different amount of N content is documented (Nihlgård 1971; Vesterdal 

et al. 2013; Cremer et al. 2016). The data presented here are not supporting these findings. 

However, these result are in agreement with further studies (Hagen-Thorn et al. 2004; Trum et 

al. 2011). It has been shown, that these contradicting results arose from sampling depth. The 

classification of soil horizons is corresponding to successive stages of decomposition within 

the different layers (Wardle 1993). Vesterdal et al. (2008) observed that the influence on tree 

species highly depended on sampled soil layer. While species with a lesser content of Carbon 

(C) and Nitrogen (N) in the forest floor, had usually a higher content of C and N in the 

associated mineral soil than species with a higher C and N content in the forest floor. As a 

result, when combining forest floor and mineral soil this opposite trend may lead to an offset 

in differences in forest floor C and N resulting in similar contents for several tree species. Next 

to Vesterdal et al. further studies have observed similar trends (Finzi et al. 1998; Hagen-Thorn 

et al. 2004; Oostra et al. 2006).  

However, a strong increase in carbon and nitrogen content at the two spruce-beech mixed 

stands (figure III.17) was observed. Former studies have already shown that spruce needles 

and beech leafs tend to decompose more quickly in beech or spruce-beech mixed stands 

(Albers et al. 2004) compared to pure spruce stands. Additionally, it has been shown that 

mixing the litter of the two tree species leads to an accelerated decomposition process 

(Sariyildiz et al. 2005). Both facts are mainly a result of different microbial activities. The 

accumulation of spruce needles lead to a retardation of decomposition processes as it goes 

along with a decreasing pH values. Humus formation encompasses the binding of base cations 

within organic residues which can then not be used for nutrient transformation (Albers et al. 

2004). The more base cations are captured the higher the concentration of protons the 

rhizosphere plants exchange for base cation (Albers et al. 2004). The low pH value in 
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combination with a high polyphenol content are likely the main drivers for the retardation of 

decomposition processes which goes along with an decrease in microbial biomass (Albers et 

al. 2004). In the mixed stands decomposition is accelerated, although it does not meet the one 

at pure beech stands. This is mainly due to the fact that abiotic conditions are still differing 

between mixed and beech monoculture stands as well as the fact that microbial communities 

of spruce stands seem to be less responsive to environmental conditions (Albers et al. 2004). 

However, the continuous input of leaf litter due to the presence of spruce trees results in an 

increased amount of N and C. It can be assumed that the combination of both factors leads to 

a higher amount of C and N at the mixed stands compared to the two monocultures.  
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Figure III.17 Differences in soil chemical composition between the four tested forest types. While the 

two monoculture were not differing from each other in tested chemical composition. The 

mean calculated nitrogen, carbon, hydrogen, total organic carbon and organic nitrogen 

content was significantly higher at the two mixed forests, reaching a peak at the old beech 

stands.   
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Influence of Soil Composition on Assessed Species Communities  

The fate of eDNA in soils may plays a role for the reconstruction of species communities. We 

have already discussed that the dominating tree species had a direct influence on soils physical 

and chemical composition. The fade of extracellular DNA in the environment depends on a 

complex interplay of chemical, biological and physical factors, which determines times of 

persistence and degree of degradation (Pietramellara et al. 2009). After being released into the 

environment, extracellular DNA is prone to degradation by enzymatic nucleases. However, by 

binding to inorganic and organic surface-reactive particles such as clay, sand, silt and humic 

substances, phosphate and cation bonds are formed (Taberlet et al. 2018). This is a curse and 

savior at the same time. Binding of extracellular DNA to environmental particles enhances the 

time DNA can persist in the soil (Ogram et al. 1988; Paget et al. 1998; Demaneche et al. 2001; 

Levy-Booth et al. 2007) but hampers DNA extraction (Zinger et al. 2016). However several 

studies suggested that extracellular DNA in soil is degrading rapidly (Sirois and Buckley 2019). 

Nevertheless, the number of binding sites are varying widely between soil particles. It has 

been shown, that clay particles are capable to bind more DNA than sand (Levy-Booth et al. 

2007). Sandy loam soils consisting of 6.2% of clay adsorbed 40% more DNA compared to sandy 

soils with a relative amount of 0.1% of clay (Blum et al. 1997). In views to this study an 

increased amount of silt and clay may have resulted in incremented DNA binding, protecting 

DNA from nuclease mediated enzymatic hydrolisation (Crecchio et al. 2005; Levy-Booth et al. 

2007) and by adsorbing nucleases and DNAses, reducing the potential for enzymatic DNA 

restriction (Blum et al. 1997; Levy-Booth et al. 2007). As a result, it cannot be excluded that the 

higher amount of clay at the pure beech and young beech sites may have resulted in a lower 

degree of DNA degradation leading to a more exact picture of the existing diversity. For the 

sake of completeness, it should be mentioned that not only soil composition is influencing the 

fade of extracellular DNA. Moreover, pH value and cation concentration influences DNA 
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binding capacity of soil. However, because of a defect-sampling device, measured pH-value 

could not be included into analysis.  

 

Influence of Forest Type on Annelid Community  

The dominating tree species has a major influence on soil chemical and physical properties (Dutta 

and Agrawal 2002), which again is directly driving annelid diversity and abundances. However, as 

each tree species is affecting local abiotic and biotic conditions and thereby soil properties to a 

different degree, investigations of its influence on existing annelid diversity are challenging.  

Several studies have assessed annelid diversity of different forests and have emphasized that 

annelid diversity in deciduous forests is surpassing the one found in boreal stands (Reich et al. 

2005; Schwarz et al. 2015). The results presented here are contradicting these findings. The 

Conducted PCoA on basis of all OTUs assigned to Annelida (presence-absence matrix of the 

multiplexed dataset) indicate no significant differences in annelid community composition 

between forest types (figure III.18). It cannot be excluded that these findings are strongly 

distorted by the already outlined disadvantages of the here used markers for assessing annelid 

diversity.  As shown and confirmed by the literature (Kvist 2014; Lejzerowicz et al. 2015),  none 

of the markers  was capable of retrieving total annelid species composition. In detail, only 12 

species were reliably detected with a blastID of at least 99% (figure III.5), what is indicating an 

underestimation of existing annelid diversity. Next to basing analysis on number of recovered 

species, several studies are trying to assess total biodiversity by using number of OTUs as proxy 

for species to avoid false negative detections due to incomplete databases. However, it is 

questionable if total existing annelid diversity is reflected by the number of the here observed 

OTUs. The total number of OTUs assigned to Annelida with a blastID of at least 90% was 768 

OTUs, which is in terms of described annelid diversity for the here investigated forest types 
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exceptional high. On species level it was observed that up to 159 OTUs were assigned to the same 

species, resulting in the detection of the smaller number of 40 species. Out of the 159 OTUs which 

were assigned to Achaeta unibulba, six OTUs had a blast ID of at least 99% percent. It is 

hypothesized that the high number of OTUs per species is a result of (a) incomplete databases, 

leading to false negative results or (b) because of the high intraspecific variability within the 

group of Annelida (Kvist 2014) members of the same species were clustered into different OTUs, 

artificially increasing OTU count. 

 

 

Figure III.18 PCoA plot indicating differences in assessed a) arthropod and b) annelid communities 

depending on forest type 

 

Here, no influence of soil physical properties on annelid diversity was found. In detail no 

correlation between annelid OTU abundances or species richness and soil texture (particle 

size) was observed. This is surprising as further studies have shown, that annelid species differ 
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in their preferred habitat due to differences in soil texture (Baker et al. 1998; Ivask et al. 2008). 

While some species prefer sandy habitats, some prefer loamy soils (Beylich and Graefe 2009). 

It has been discussed that this is mainly a result of the influence of soil composition on water 

storage capacity and aeration by differences in texture (Beylich and Graefe 2009). While coarse 

textured soils have large pores, facilitating aeration, fine textures soils are characterized by 

small particles, which allow only for small pores, hampering aeration. After a heavy rain 

shower when pores are filled up with water, coarse textured soils like soils dominated by sands 

are rapidly draining, while drainage of fine soil e.g. soils dominated by clay can take up to 

several days. Temperature and soil moisture are the main driver of annelid biology and li fe 

processes (Gerard 1967; Phillipson et al. 1976). Many annelids living in temperate areas have a 

temperature preference of 10 to 20 degrees with relatively low upper lethal temperatures of 

25 to 35 degrees (Curry 2004). In temperate regions, high temperatures are usually closely 

linked to moisture shortage. However, former studies have discussed that temperature is 

likely not the driving force of seasonal earthworm mortality but moisture stress (Gerard 1967; 

Phillipson et al. 1976). It has been suggested that population density of annelids is strongly 

driven by moisture (McCredie et al. 1992). The reasons for a lacking correlation between 

annelid diversity and soil texture can be manifold. Next to methodological issues affecting 

study outcome (primer bias, fade of eDNA in soil, incomplete reference databases, uneven soil 

sampling, low number of samples) further abiotic and biotic parameters e.g.  food preferences 

and food availability could have influenced annelid species composition associated, limiting 

the driving effect of soil texture. It has been observed that litter input is correlating with an 

increase in earthworm abundances (Curry 2004; Eisenhauer et al. 2009). Indeed, here an 

increase in number of OTUs assigned to Annelida was found at the pure beech sites in autumn 

season, when litter input was highest. It is likely that the high organic input in form of litter is 

possibly limiting the role of clay as storage system for organic content and moreover, is the 

accumulation of leafs on the forest floor presumably limiting evaporation extent. However, an 
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increase in annelid diversity was not found at the two mixed sites in autumn season, although 

an increase of organic input occurred. Although soil composition has been described to affect 

annelid community composition, several more parameters must be taken into account, 

including biological factors like existing plant functional groups (Deleporte 2001; Campana et 

al. 2002; Eisenhauer et al. 2009). The effect of flora on annelid community composition and age 

structure has been described to strongly vary between seasons. Eisenhauer et al. (2009) 

observed that especially surface feeding aneric earthworm abundance are highly influenced 

by plant productivity and high quality inputs of plant residues. To some extend this is 

supported by this study. Annelid species diversity based on a blastID of at least 99% was 

significantly differing with changes in TOC:N ratio in summer (spearman correlation test: 

p=0.02) and spring seasons (spearman correlation test: p=0.005). Number of OTUs assigned 

to Annelida found at the two mixed stands, clearly exceeded the number of OTUs found at the 

pure beech monocultures (figure III.19) where an undershrub or herb layer was widely absent. 

Only in autumn, when litter input dramatically increased at the pure beech sites an increase 

in number of OTUs was found. The fact that the highest diversity of annelids was found at the 

pure spruce sites in autumn and spring is surprising as a former study has observed that 

earthworm abundances are lower at spruce stands compared to beech forests (Reich et al. 

2005). Additionally thinning of spruce forests can lead to an increase in earthworm numbers 

(Castin-Buchet and André 1998). Overall, spruces have a negative effect on earthworms 

richness (Schwarz et al. 2015). Similar to number of OTUs (blastID ≥ 90%), the highest number 

of identified annelid species (BlastID ≥ 99%) was found at the pure spruce forests. While at the 

pure beech and old beech sites 9 and respectively 10 species were found, 11 species were 

detected at the pure spruce and young beech sites. Although some observations of changes 

in annelid diversity are consistent with recent literature focusing on annelid biology  the 

already discussed methodological issues might have distort the here presented diversity 

patterns. 
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Figure III.19 Number of detected annelid OTUs (BlastID ≥ 90%) within the four sampled forest types 

depending on season 

 

 

Influence of Forest type on Arthropod Community  

Compared to extraction with the phosphate buffer resulted the use of the Macherey Nagel kit 

in the detection of a higher number of unique arthropod OTUs. This is likely contributed to an 

increase in number of detected transient species (e.g. eggs and pupae). Extraction with the 

phosphate buffer uncovered a more homogenous picture of existing biodiversity per forest 

type, here indicated by a reduced number of OTUs exclusively detected at one sample site per 

forest type and season as well as by a higher sample coverage reached with 162 soil samples 
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(figure III.13b). Nevertheless, the phosphate buffer has likely failed to detected a wide range 

of transient species, which were at the time of sampling not actively interacting with the soil 

habitat. Next to extraction method, also choice of marker significantly influenced number of 

recovered species. The 18S maker strongly underestimated the truly exiting insect diversity 

although several arthropod species were exclusively detected with this marker. This is 

highlighting the advantages of a multiplexed study. Therefore, the following ecological 

discussion on arthropod community patterns depending on landscape parameters is based on 

the species community data retrieved by both markers. Furthermore, only OTUs assigned on 

species level with a blast identity of at least 99% are taken into account. 

In contrast to the assessed annelids community composition, differed arthropods community 

structure significantly between forest types (figure III.18b) (Adonis: F3=14.419, p>0.001). For 

each forest type it was observed that a high number of arthropod species were exclusively 

recovered from one sampling site per season. In detail between 30.88% and 50% of all 

recovered species were unique to one sampling site (figure III.20). This suggests that the 

sampling strategy was not sufficient to assess total existing diversity.  



308  Chapter III - Results & Discussion 

 
 

 

Figure III.20 Number of unique and shared arthropod species (blastID ≥ 99%) between sample sites 

of each forest type depending on season 

 

Depending on species and the at the time of sampling expressed life stage, distribution 

patterns of arthropods can strongly vary. While many flying forms (e.g. Lepidoptera, Diptera 

or Hymenoptera) are capable to travel long distances, less mobile organisms (e.g. Chilopoda, 

Diplopoda or Malacostraca) are more likely to stay within a habitat. Additionally, species life 
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cycle and behavioral adaptations can directly influence detection rate. Overall is the soil matrix 

thought to be a rather poor integrator of the whole local biodiversity compared to aquatic 

ecosystems (Taberlet et al. 2018). Several studies have already shown that eDNA extracted 

from soil samples is poorly reflecting diversity of flying insects (Marquina et al. 2019b; Ritter et 

al. 2019). However, several flying organisms are also occasional inhabitants of the soil layer 

(Coleman et al. 2004). Depending on activity patterns and life cycle, species presence in the 

soil layer can be documented with molecular methods when sampling strategy is adequately 

scaled and timed. Because of the rapid degradation time of DNA in soils (Sirois and Buckley 

2019) time frame for sampling is limited as many flying species are only occasionally 

interacting with the soil and time of occurrence is usually strongly correlated with species 

lifecycle. Additionally, extraction method must be appropriately chosen. The appearance of 

the hymenopteran species Cephalcia lariciphila is usually closely linked to the presence of 

coniferous forests as the larva feeds on the needles of the trees (Billany and Brown 1980). Four 

weeks after hatching the mature larva drops to the ground, where it quickly digs into the soil 

(EFSA Panel on Plant Health (PLH) et al. 2017). The larva builds an earth-walled chamber at a 

depth of 5-20 cm, where it finally pupates. During the dormant stage of the larvae, detection 

probability is enhanced when applied extraction method encompasses a lysis step. While C. 

lariciphila was captured with the Macherey Nagel kit at the pure spruce site in autumn and at the 

old beech sites in autumn and summer, extraction with the phosphate buffer resulted in the 

detection of the species in autumn at the pure spruce sites. The probability to detect C. lariciphila 

in soils sampled during autumn season is strongly enhanced, as it corresponds to the in the 

literature described time of the year when larvae drops to the ground in order to dig into the soil 

for pupation. The fact that the Macherey Nagel kit retrieved the species also in summer seasons 

underlines the already highlighted assumption that a lysis step enables the detection of transient 

species. However, it has been described that the larvae of C. lariciphila can remain in the soil for 

several years (EFSA Panel on Plant Health (PLH) et al. 2017), whereas its detection would have 
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been possible and likely for the full duration of the study. Again, methodological issues could 

explain for observed absence of the species during winter and spring season. As already 

mentioned, only a lysis step can enable the extraction of DNA from insects currently undergoing 

inactive life stages. This applies for the Macherey-Nagel kit. However the kit has been designed 

for the extraction of DNA from the low amount of 0.5g of soil. The likelihood of recapturing the 

same species again in a random sample of 0.5g of soil is rather low unless several biological 

replicates are taken or the species has a high population density. 

Depending on arthropod class, number of species recovered from only a single or several forest 

stands were differing. While 42.6% of detected arachnid species were recovered from all four 

forest types, this applied for only 9.8% of observed insect species. Furthermore, almost 60% of 

all insect species were exclusively recovered from one forest type, but only 26% of the recovered 

arachnid species showed this distribution pattern. These differences are likely a direct effect of 

food preferences and life style of these two investigated arthropod classes.  

The here detected arachnid species belong to a total of six orders. While the Mesostigmata, 

Ixodiden, Opiliones and Trombidiformes were represented by four, one, six and three species 

respectively, while significantly more species of the orders Araneae and Sarcoptiformes were 

found. Out of the 24 Sarcoptiformes species found, 23 were detected in at least two of the four 

sampled forest types. Only a single species was unique to one forest type. This applied for a much 

higher proportion of detected Araneae species. From 22 species, 9 were exclusively recovered 

from a single forest stands. Former studies showed that ground-dwelling spider communities can 

be significantly affected by the covering tree species (Schuldt et al. 2008; Ziesche and Roth 2008). 

To be exact, it’s not the dominating tree species itself which is influencing spider assemblages, 

moreover the underneath the canopy established microhabitat mosaic defined by differences in 

litter type, ground vegetation, soil characteristics and microclimatic parameters like irradiation 

and humidity, which are not necessarily bound to the stand type itself is the major driver (Schuldt 
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et al. 2008; Ziesche and Roth 2008). Floral diversity is positively correlated with structural 

diversity, which in turn strongly influences spider community composition (Jocque 1973). The 

four sampled forest types were differing in its degree of stratification. While the two mixed 

stands were characterized by the presence of a strongly developed ground-, litter-, herb- and 

undershrub layer, the latter two layers were fairly absent at the pure beech sites. It is 

hypothesized that due to a limited amount of niches provided for possible prey species, less 

spiders were present in the habitat. Spiders are generalist predators which have already been 

observed to be limited in abundances by densities of prey organisms (Wise et al. 1999). However, 

the limited number of niches does not entirely explain the here presented findings. It is striking 

that only six Araneae species were found within the pure beech stands as spider assemblages of 

this habitat type have been described to be very diverse (Scharff et al. 2003). Overall, the fact 

that only one Araneae species was found at all four forest types indicate a high rate of false 

negative errors, likely resulting from methodological issues. Next to primer bias, the sampling 

method might not have been suitable. It has already been discussed that larger metazoans are 

more likely to be detected when a larger amount of soil is used for DNA extraction (Dopheide et 

al. 2019). This study showed that a high proportion of detected arthropods were exclusively 

recovered from one sampling site per forest type depending on season (figure III.21b). This leads 

to the hypothesis that sampling effort might has not been suitable to assess total exiting 

arthropod community. Suggesting that smaller organisms with a higher population density e.g. 

mites will have a higher detection rate. Former studies showed that number of mites can exceed 

number of spiders in the same habitat by hundred fold (Huhta and Koskenniemi 1975). Migge et 

al. (1998) showed that the average oribatid mite (Arachnida: Sarcoptiformes) density in European 

spruce and beech forests is as high as 160 000 ind/m2  encompassing 68 species. Next to the 

higher population density are mites more actively interacting with the soil layer, which is likely 

increasing detection probability. Oribatid mites are known to be important components in the 

decomposer community (Huhta et al. 2012). Here a total of 28 mite species were found when 
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combining the data from all four forest types. Out of them, only two mite species were unique 

to one forest type. This supports the hypothesis that species population density is directly 

influencing species detection rate. However, in comparison to former studies is the total number 

of detected Acari species rather low, suggesting a high number of false negative result (Baulieu 

et al. 2019). However, in comparison to spiders are databases for mites fairly incomplete 

increasing the risk of incorporating false negative results. The here presented data suggests that 

Araneae distribution patterns are increasingly determined by local microhabitat mosaics, while 

mites are less influences by local abiotic and biotic conditions. nonetheless spiders are omnivore 

predators making this hypothesis highly unlikely, as it has been shown for arthropods that a 

higher degree of omnivory weakens the effects of plant diversity on species richness (Haddad et 

al. 2009; Scherber et al. 2010).  

While spiders are omnivorous predators, insects are occupying several food niches and are 

thereby often showing a high degree of specialization (e.g. parasitoids, pollinators etc.). Within 

the arthropod class Insect, species from eight orders were identified, but number of species were 

not equally distributed between orders. Only one species each of the orders Hymenoptera, 

Orthoptera, Psocoptera and Thysanoptera were found. In contrast to that were number of 

detected species of the orders Lepidoptera, Hemiptera, Diptera and Coleoptera with 6, 9, 44 and 

39 species significantly higher. The latter four orders, from here on referred to as highly diverse 

orders, had in common that a high number of species was exclusively recovered from one forest 

type (figure III.21a). Out of the 39 detected coleopteran species, 23 species were exclusively 

found in one forest stand. This accounts for 59% of all recovered coleopteran species. Similar but 

slightly lower proportions of unique species were observed for the remaining three highly diverse 

orders: 56% of the recovered dipteran species, 50% of lepidopteran species and 56% of all 

detected hemipteran species were unique to one habitat.  
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Figure III.21 Upset-R plot showing number of unique and shared a) Insect and b) arachnid species 

identified on basis of a blastID of at least 99% between forest types. 

 

The high number of species only occurring within one forest type could suggest that either a high 

percentage of the here recovered insect species show a high degree of specialization or that the 

dataset is suffering from an accumulation of false negative results. The later hypothesis is 

supported by the fact, that species rarefaction curves indicate an insufficient sampling effort per 

forest type and season for assessing total existing biodiversity. (figure III.13).  
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As already discussed had the extraction method a significant influence on the number of detected 

species and thereby on assessed insect community composition (figure III.9, III.10, III.13). While 

for the beetles DNA extraction with the phosphate buffer resulted in a higher number of detected 

species, for the dipterans a higher number of species was found when using the Macherey-Nagel 

kit for DNA extraction (figure III.10). Comprising data from all seasons and forest types 17 

coleopteran species were only detected when the phosphate buffer was used for DNA extraction. 

In contrast to that, revealed extraction with the Macherey Nagel kit the presence of five 

coleopteran species, which were left undetected by the phosphate buffer. For the dipterans, a 

contradicting picture was found. Extraction with the Macherey Nagel kit resulted in the detection 

of 18 species not found by the phosphate buffer, but the same method left seven species 

undetected. As discussed, is the phosphate buffer more suitable for the detection of larger 

metazoan species with low population densities, whereas the Macherey Nagel kit enables the 

detection of transient species but fails to detect organisms with a low population density. As a 

result, the number of dipteran species recovered with the Macherey-Nagel kit exceeded the one 

found with the phosphate buffer (figure III.22).  A high percentage of them are members of 

families known to have larvae developing in the organic layer of the forest floor. Due to their 

small body size it is likely that the amount of DNA released by dipteran larvae into the soil is 

rather low compared to species with larger body sized (e.g. coleopterans). As a result, DNA 

originating from larger organisms is likely surpassing dipteran DNA in available extracellular DNA. 

For bulk samples, it has been shown that body size plays an important role for detection rate. 

Species with larger body sizes accounts for a significantly higher proportion of DNA in the DNA 

mixture. It has been shown that reads with higher abundances will most likely capture more 

primer molecules leading to a higher amplicon yields, while lower abundance reads may not yield 

any amplicons (Hajibabaei et al. 2011). Unfortunately, little is known about the release of eDNA 

into the environment and to what extent differences depending on body size, morphological 

characteristics but also species might occur. Therefore, it remains unclear to what extent the 
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above discussed concept is applicable for eDNA. However, when applying a lysis step proportion 

of DNA originated from transient species in extracted DNA mixture is likely to be increased. As a 

result a shift in proportions of DNA contributing to DNA mixture away from non-target 

microorganisms towards these bigger organisms occurs, subsequently enhancing detection 

probability of the latter.  

 

 

Figure III.22 Number of detected dipteran species (BlastID ≥ 99%) per family depending on extraction 

method. 

 

A similar shift in proportion might be observed, when small species show a high population 

density as already described for Acari. Although number of dipteran species exclusively recovered 

with the Macherey-Nagel kit exceeded the one detected with the phosphate buffer, a high 

number of small sized Sciaridae species was recovered with both extraction methods. Sciaridae 

are known to dominate nematoceran larvae communities within forest soils (Schulz 1996; Elmer 

and Roth 2001). For several Sciaridae species it has been observed that up to 250 000 larvae can 
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accumulate on a very narrowed area (Menzel and Mohrig 2000; Menzel and Schulz 2007). The 

high population density of Sciaridae larvae is supporting detection probability with both 

extraction methods as it goes along with an increase of proportion with which the species 

contributes to extracted eDNA mixture. 

In contrast to nematoceran larvae are population densities of coleopteran larvae usually lower. 

This is intera alia attributed to the fact that the larvae of several beetle families are predatory 

and even show cannibalism (Tschinkel 1981; Osawa 1989; Currie et al. 1996; Dodds et al. 2001). 

As a result detection probability was much lower with the Macherey-Nagel kit compared to the 

phosphate buffer. Furthermore, many dipteran species only occasionally inhabit the ground layer 

e.g. as larvae like the dipteran families Tipulidae and Limoniidae (Coleman et al. 2004). As a result 

species occurrences within these habitats are closely linked to time of the year. In contrast to 

that, many coleopteran families can be found in the soil layer all year round. Several members of 

the coleopteran family Staphylinidae and the ground beetle Carabidae occupy the ground strata 

throughout the year, resulting in an increase in the detection probability, especially when using 

the phosphate buffer. However, out of the 23 detected coleopteran species 21 were exclusively 

found in one season. This is once more indicating an insufficient sampling strategy.  

Concluding it can be assumed that sampling was not adequately scaled leading to a high 

proportion of false negative results distorting invertebrate assessment.  The differences found in 

species composition depending on forest type are therefore more likely to be an artefact of 

inappropriate sampling strategy.  
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Conclusion 

 

 

Here it was shown that species detection rates, distribution patterns and finally resulting 

assessed community composition are significantly influenced by choice of DNA extraction 

method, marker and sampling strategy.  

DNA extraction of larger amounts of soil does not necessarily lead to a more complete 

assessment of local community composition. Moreover, depending on target taxa DNA 

extraction from smaller amount of soil can obtain similar high numbers of recovered species. 

Further studies are required to identify the main drivers for these findings. The here presented 

results indicate that the application of a lysis step is strongly influencing assessed community 

composition. Among other things, this might be the result of changes in eDNA composition 

due to the release of intracellular DNA. However, little is known about natural and with a lysis 

step induced eDNA release processes and how it might vary between species. Specimen size 

and morphology might play next to behavioral aspects an important role. These large gaps of 

knowledge highlight the importance of further scientific research in order to develop, scale 

and refine eDNA metabarcoding approaches for the assessment of soil invertebrate diversity.  

The enormous diversity of eDNA found in soil requires the development of target specific 

primer to limit the amplification of non-target DNA to a minimum. With increasing amount of 

soil used for extraction this tasks gains in importance as the higher the amount of starting 
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material, the more complex the resulting DNA mixture. This is curse and savior at the same 

time. On the one hand species with low population densities are more likely to be detected 

with increasing amount of starting material, on the other hand, the higher number of species 

contributing to eDNA mixture further increases primer bias  

However here it was shown that eDNA is a promising tool for the assessment of invertebrate 

communities. We assume that with increasing completeness of databases and the 

development of more specific primer pairs metabarcoding will significantly increase 

knowledge about life in soil. 
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Abstract 

 

 

In the light of recent evidence for dramatic insect declines worldwide, it has become increasingly 

important to deliver methods for the rapid, cost efficient and reliable assessment of insect 

communities. Metabarcoding matches these requirements and furthermore allows the 

assessment of biodiversity in a non-invasive way. This is because metabarcoding can be 

performed using different types of source material ranging from community DNA extracted from 

bulk tissue samples, to environmental DNA (eDNA) which encompasses intracellular and 

extracellular DNA captured from environmental samples such as water, soil, sediment or air. 

While many studies have already shown that eDNA originating from a broad spectrum of aquatic 

organisms gets accumulated in the sediments, it is still under discussion how well eDNA extracted 

from soil reflects the whole local biodiversity. Here we show that metabarcoding of eDNA from 

soil is a valuable complement to community DNA extracted from Malaise trap catches. Several 

species were identified in both types of sample at the same location but at different times of the 

year. Although soil seems to be a rather poor integrator for above ground arthropod biodiversity, 

it is capable of reflecting biodiversity associated with the belowground strata for at least some 

life stages of the species also found in Malaise traps. Furthermore, we showed that Malaise traps 

and soil samples respectively represented only a fraction of the total detected arthropod 

diversity, resulting in the characterization of two significantly different arthropod communities. 

We conclude that analysis based on a single substrate will likely underestimate total local 
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diversity but the use of more than one substrate source in the same location and a time series of 

samples allows to capture a more complete picture of local species diversity and turnover.  
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Introduction 

 

 

In the last years, tremendous steps have been taken towards developing timely and cost- efficient 

methods for the monitoring of biodiversity. Since then, metabarcoding has increasingly been 

used to address ecological questions which have long remained unresolved due to 

methodological limitations (Kartzinel et al. 2015; Lopes et al. 2015; Purcell et al. 2017). In contrast 

to the traditional morphology based identification of species and barcoding, metabarcoding is 

capable of identifying several thousands of specimens in parallel. Nevertheless, metabarcoding 

still has some major drawbacks. While with barcoding and traditional morphological 

identification species abundances are easily assessed as each specimen is individually treated and 

identified, for terrestrial arthropods it is not yet possible to draw conclusions from the 

metabarcoding results as to number of individuals in the sample. However it is possible to infer 

relative abundances of the species in a sample. In terms of biomonitoring is metabarcoding 

clearly superior to conventional physical methods as it allows the assessment of local biodiversity 

in an non-invasive way, without causing destructive impacts to the biological community or the 

environment (Wheeler et al. 2004) hence metabarcoding can be performed using a wide range 

of source material. Depending on source material, the extracted DNA can be divided into two 

major groups: community DNA (cDNA) and environmental DNA (eDNA). cDNA encompasses all 

DNA which is isolated from bulk-extracted mixtures of organisms which were prior to DNA 

extraction separated from the substrate (Deiner et al. 2017). In contrast to that is eDNA all DNA 

captured from an environmental sample without first isolating any target organisms (Taberlet et 
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al. 2012a). Especially the latter has opened up new possibilities for the detection of local diversity 

and how it is connected to environmental parameters, in a non-invasive way. For aquatic 

habitats, several protocols have been invented to effectively monitor metazoan species on the 

basis of eDNA directly extracted from water (Valentini et al. 2016) and sediment samples 

(Fonseca et al. 2017). Based on these experiences efforts are now undertaken to develop gold-

standard genomic tools and novel ecogenomic indices for routine application in biodiversity 

assessments of aquatic habitats (Leese et al. 2016). In contrast to that is metabarcoding from soil 

samples  yet to mature.  

A well-known problem of eDNA studies is the risk of false negative results, meaning that target 

species are present in a habitat, but DNA is not recovered (Guillera‐Arroita et al. 2017). An 

important parameter which defines whether a species is detected or not is the concentration of 

eDNA from the targeted species in the environment (Garlapati et al. 2019). The concentration of 

eDNA is among other parameters, determined by the way it got deposited in the environment. 

Sources of genetic material organisms shed into the environment are manifold (Barnes and 

Turner 2016). For example, eDNA may result from fecal matter (Andersen et al. 2012), tissue 

from decaying carcasses (Kamoroff and Goldberg 2018) or shed epithelial cells (Sassoubre et al. 

2016). Former studies have already shown, that species with a small body size, highly sclerotized 

species and species with a low population density such as rare and perhaps endangered species 

are more likely to be missed (Guillera‐Arroita et al. 2017) as less genetic material is released into 

the environment resulting in a lower DNA concentration. Furthermore, sampling strategy and 

extraction method are known to directly influence species detection rate (Ranjard et al. 2003; 

Dopheide et al. 2019).  

Former metabarcoding studies have already shown that in aquatic habitats, species detection 

rate is directly linked to the substrate type used for eDNA extraction (Koziol et al. 2019). It is likely 

that this is also true for terrestrial habitats, especially as the soil matrix seems to be a rather poor 

integrator of the whole local biodiversity compared to aquatic ecosystems (Taberlet et al. 2018). 
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While many studies have already dealt with the persistence of eDNA in aquatic habitats (Dejean 

et al. 2011; Barnes et al. 2014; Deiner and Altermatt 2014; Collins et al. 2018; Salter 2018), little 

is known about the fate of eDNA in soils. A recent study has shown that moisture, temperature, 

habitat and agricultural management are influencing eDNA degradation rate (Sirois and Buckley 

2019), but the underlining causes are still to a wide extent unknown. Furthermore, Ogram et al. 

(1988) showed that soil characteristics have an major influence on absorption rate of eDNA to 

soil particles and thereby on eDNA degradation rate (Cai et al. 2006) but the complexity and wide 

range of possible binding mechanisms (Pietramellara et al. 2009) is not allowing for general 

statements pointing to accurate prediction of time of eDNA persistence. This is why the 

identification of soil dwelling organisms from eDNA can be particularly challenging.  During DNA 

extraction, humic substances are often co-extracted along with the nucleic acids (Wang et al. 

2017). Humic substances are known to inhibit PCR (Matheson et al. 2010) which results in major 

PCR biases leading to the underestimation of the local diversity due to false negative results. 

Although eDNA extracted from soil samples has already been proven to provide reliable 

information about the existing diversity of several organism groups  like annelids (Bienert et al. 

2012), plants (Yoccoz et al. 2012) and vertebrates (Andersen et al. 2012; Leempoel et al. 2019), 

a proof of concept is still missing for many invertebrate groups. 

However, robust molecular techniques would be particularly desirable for assessing soil 

invertebrate communities as due to their high taxonomic and functional diversity, the role of 

many soil invertebrate taxa for ecosystem function still remains unclear (Wardle 2006; Cardoso 

et al. 2011). Among the invertebrates, arthropods are one of the most diverse groups whose 

members can be found across a wide range of terrestrial habitats. Arthropod diversity is 

especially outstanding in forests as these ecosystems are very complex providing a broad range 

of niches (Szujecki 1986). Forests are roughly divided into two strata: the ground and the above 

ground layer. While some arthropods such as Chilopoda are usually associated with the ground 

layer, some groups like many lepidopterans are usually associated with the above ground strata. 
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Both strata are closely linked to each other by mutual relationships of the associated abiotic and 

biotic environment (Wardle et al. 2004), but the line between the strata is blurred. While some 

species are present in one stratum all year round, the appearance of other taxa in one or both 

strata is seasonally driven. The latter is often observed for insects, which usually have a complex 

lifecycle (Danks 2007). Insects with ground dwelling larvae can, once developed into an imago, 

leave the below ground strata and find their way into above ground habitats. The time an insect 

persists in any life stage varies strongly between species and is often seasonally driven (Danks 

2007). When monitoring both strata over a longer time period, it is likely that a time lagged 

overlap of species occurrences can be observed between strata. However, depending on target 

organisms several studies are still based on a single sampling method e.g. Malaise traps, pit fall 

traps, light traps, bait traps or soil samples. Flying insects are often sampled with Malaise traps 

but time and duration of sampling can thereby strongly influence whether a species is sampled, 

as several species only show flight activity for a short period of time (e.g. ants) (Noordijk et al. 

2008). Species with a short flight period are therefore more prone to be missed when only a 

single sampling strategy is applied, leading to false negative results. Combining several sampling 

strategies will likely increase number of recovered species, even when only targeting flying 

species.  

We expect that species associated with the ground strata at least in one life stage can be well 

monitored with eDNA extracted from soil. Nevertheless, it is still unclear to what extent soil 

serves as a sink for eDNA originating from species not actively interacting with it. However, it is 

likely that species detection rate is directly linked to the current life stage of the organism. This 

encompasses two cases: first, the organism is not present in the soil anymore and therefore not 

interacting with it (e.g. Imagoes which have already found their way out to above ground 

habitats) and secondly, the organism is present in the soil, but it is currently not interacting with 

it (e.g. organisms in the pupal or dormant stage). While organisms that are actively interacting 

with the habitat leave a track of DNA traces (e.g. originating from feces, excretions or epithelial 
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cells) through the habitat, inactive organisms might be harder to detect unless directly captured. 

Choice of method for DNA extraction can therefore directly influence species detection rate. For 

example, methods involving or not a lysis step can be used. eDNA encompasses intracellular and 

extracellular DNA. The first is defined as DNA which is still located within cell membranes, while 

the latter has already been released from it. Intracellular DNA can only be extracted from the 

sample when a lysis step is applied, cracking open the cell membranes resulting in the release of 

the DNA. When using methods that target exclusively extracellular DNA, it is likely that transient 

species in the form of eggs or pupae are missed. Applying a lysis step might therefore increase 

the chance that non-active organisms are also detected in the environmental sample. 

Studies encompassing both soil eDNA and malaise trap samples are rare (Yang et al. 2014; Horton 

et al. 2017; Marquina et al. 2019) and to our knowledge only two studies have so far used both 

methods to address ecological questions (Yang et al. 2014; Marquina et al. 2019). Although 

several species are known to be only occasional inhabitants of either of the two habitats and time 

of occurrence is highly depending on species life stage, no study has so far addressed seasonal 

turnover rates between substrates and thereby habitats. It is therefore likely that detected 

differences in arthropod species composition (Marquina et al. 2019) might have resulted from 

insufficient sampling, whereas year-round monitoring could reveal less distinct arthropod 

communities between the two habitats.  
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Aims of the study  

 

 

The aims of this study are to investigate the possibility of soil eDNA as a source of information 

for existing local (ground and above ground) arthropod diversity. We aim to answer the following 

questions: 

1) Do soil samples and Malaise traps detect similar arthropod species communities? 

2) To what extent does variation in Arthropod species communities exist between seasons 

and forest types depending on sampling method? 

3) Is there a time-lagged overlap of species occurrences between the ground and above 

ground strata?  
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Material and Methods  

 

 

Sampling strategy 

 

All sample sites were located in the Eifel National park, which is situated in the south‐western 

part of Germany close to the Belgian border (figure IV.1).  

 

 

Figure IV.1 Location of sampling sites. Current area of the Eifel National Park is highlighted in purple.  
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For this study a forest conversion gradient from Norway Spruce (Picea abies) to European Beech 

(Fagus sylvatica) was sampled. To reflect the different stages of conversion from spruce to beech, 

four forest types were defined: pure beech (PB), old beech (OB), young beech (YB) and pure 

spruce (PS) (table IV.1).  

 

Table IV.1 Geographical and ecological characteristics of the 14 sample sites. Depicted for each 

sample site are the Coordinates (altitude N and latitude E) and the associated local forest 

type 

 

 

The forest types differed in tree species composition as well as in approximate age of the trees. 

The pure beech and pure spruce sampling sites were located in monoculture stands which were 

Sample Sites Coordinates Forest Type 

Sample Site 01 50° 34'11.7984''N 6°21'32.1012''E Pure Beech 

Sample Site 02 50° 34'07.7016''N 6°21'27.3996''E Pure Beech 

Sample Site 03 50° 34'12.9000''N 6°21'27.3996''E Pure Beech 

Sample Site 04 50° 32'44.5992''N 6°20'15.2988''E Young Beech 

Sample Site 05 50° 32'41.3016''N 6°20'15.6984''E Young Beech 

Sample Site 06 50° 32'29.7996''N 6°20'11.1012''E Young Beech 

Sample Site 07 50° 32'29.7996''N 6°20'11.1012''E Old Beech 

Sample Site 08 50° 31'35.1984''N 6°20'25.2996'E Old Beech 

Sample Site 09 50° 32'48.3000''N 6°20'03.4008''E Old Beech 

Sample Site 10 50° 30'17.2008''N 6°19'48.1008''E Pure Spruce 

Sample Site 11 50° 30'18.2988''N 6°19'51.4020''E Pure Spruce 

Sample Site 12 50° 33'15.8004''N 6°21'07.3008''E Pure Spruce 

Sample Site 13 50° 30'16.0056''N 6°19'51.4704''E Pure Spruce 

Sample Site 14 50° 32'49.9632''N 6°20'00.7296''E Old Beech 
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either dominated by beeches or spruces respectively. The pure beech monoculture stands were  

approximately 180 years old and partly under special protection through North‐Rhine Westfalia 

(Naturwaldzelle) (Sample Site 01). With a mean age of 60 years, the pure spruce stands were 

substantially younger. Spruces of the same age dominated the young beech sampling sites. At the 

young beech sampling sites, young beeches had been planted only recently which had not yet 

reached three meters in size at the time of sampling. At the old beech sampling sites, beeches 

had already reached a height of more than 3 meters and actions to remove spruces from the 

forest had already been undertaken (figure IV.2).   

 

 

Figure IV.2 Forest conversion gradient: From spruce monocultures over with beeches underplanted 

spruce forests to beech monocultures. Photos were taken during summer season (July 

2016).   

 

In July 2016, 12 Malaise traps were set up in the Eifel National Park, North‐Rhine Westfalia, 

Germany. Three malaise traps were installed per forest type, to capturing flying insects (table 

IV.2). To ensure that the orientation of the Malaise traps did not affect sampling success, the 

highest point of each traps was set up pointing south. The traps were left in the field for the full 

duration of the experiment until April 2017, in order to ensure that insects were collected from 

exactly the same locations. In October 2016, two additional traps (Malaise Trap 13 and Malaise 

Trap 14) were installed at two further sample sites (Sample Site 13 and Sample Site 14). All traps 

were equipped with a bottle filled with approximately 1 litre of 99,96% pure ethanol over a two 
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week period in July 2016 (13.07‐27.07), October 2016 (13.10‐27.10), January 2017 (11.01‐25.01) 

and April 2017 (12.04‐26.04) (table IV.2). The ethanol bottles were replaced after one week in the 

field. After each weekly collection, the ethanol was replaced to ensure that concentration of the 

preservative ethanol was stable. After final collection, the traps were left unequipped in the field 

until the start of the next sampling period. Between October 2016 and January 2017 nine malaise 

traps were destroyed by heavy snow fall. The damaged traps were replaced at the start of the 

new sampling season in January 2017.  

 

Table IV.2 Malaise trap collection periods. For each sampling season the time of the year, number of 

traps and time period of collection is depicted 

Season Time of the year Number of Traps Sampling Dates 

Season 1 Summer 12 13.07.2016 – 27.07.2016 

Season 2 Autumn 14 13.10.2016 – 27.10.2016 

Season 3 Winter 14 11.01.2017 – 25.01.2017 

Season 4 Spring 14 12.04.2017 – 26.04.2017 

 

 

Close to each Malaise trap, three soil samples were taken. Soil sampling sites were located 4m 

and respectively 5m apart from the trap, forming a triangle in the centre of which the malaise 

trap is located (figure IV.3). One corner of the sampling triangle was pointing south, while the 

both remaining corners were pointing north‐west and northeast respectively. 
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Figure IV.3 Overview of study set up. The Malaise trap is at the centre of a triangle formed by soil 

sampling locations. For soil sampling the upper 10cm of soil were taken. At each sampling 

site three biological replicates, each consisting of 20 soil cores were taken.  

 

Each sampling site was sampled four times in the course of a one‐year period. Soil samples and 

Malaise trap trials were synchronized. Soil sampling was scheduled on day 14 of each Malaise 

trap trial, when final bottles were collected (table IV.3). Each soil sample consisted of 

approximately twenty 44mm diameter x 100mm cores, taken 5 cm apart from each other. In total 

162 soil samples were taken. Shortly after sampling soil samples were stored at ‐20°C until further 

processing. 
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Table IV.3 Soil sample collection periods. For each sampling season the time of the year, number of 

traps and date of collection is depicted 

Season Time of the year Number of Samples Sampling Dates 

Season 1 Summer 36 27.07.2016 

Season 2 Autumn 48 27.10.2016 

Season 3 Winter 48 25.01.2017 

Season 4 Spring 48 26.04.2017 

 

 

 

DNA Extraction 

Malaise Traps 

DNA extraction was performed after overnight incubation in lysis buffer using non‐destructive 

methods. We followed a modified protocol of Aljanabi & Martinez (1997) adjusted for our 

purposes. Organisms were first sieved from the collecting ethanol. To ensure that no specimen 

was overseen or lost, we poured the content of each bottle through a mesh filter (MICROFIL®V 

Filter White Gridded 0.45µm‐diameter 47mm & 100ml Funnel Sterilized). To reduce the risk of 

accidentally loosing small specimens, we processed the filter with the specimens. The insects 

were dried for 10 minutes at room temperature. Depending on biomass between 15ml and 25ml 

of extraction buffer (0.4M NaCl, 10mM Tris‐HCl pH 8.0, 2 mM EDTA pH 8.0) and 2% Sodium 

dodecyl sulphate (SDS) was added to each bulk sample. Finally, 400 µg Proteinase K per ml was 

added to lysis buffer solution. The samples were left to digest at 52°C at 30rpm in the orbital 

shaker overnight. 

The next day the lysate was poured out of the bottles using the MICROFIL®V Filter (White Gridded 



Chapter IV - Material and Methods  351 

 
 

0.45um‐Dia 47mm & 100ml Funnel Sterilized – Q :24). The solution was equally split into three 

15ml falcon tubes. A 6M NaCl solution was added to the falcon tubes to a concentration of 

4mmol. After vortexing for 30 seconds, the tubes were centrifuged at 4700rpm for 30 seconds. 

The supernatant was transferred to a new falcon tube to which an equal amount of isopropanol 

was added. After carefully mixing by turning the tube upside down a few times, the tubes were 

left at ‐20°C for one hour and subsequently centrifuged at 4700 rpm for 60 minutes. The 

supernatant was removed from the tube before submerging the resulting pellet with 20ml of ice 

cold 70% ethanol. The ethanol containing tubes were centrifuged for 15 minutes at 4700 rpm. 

The supernatant was then discarded and the pellet was left to dry at 20°C overnight. The next 

day, 1ml of sterile H2O was added to the dry pellet. The resulting DNA solution was stored at ‐

20°C until further processing.   

 

Soil Samples  

DNA extraction of the soil samples was conducted using two different extraction methods, a 

commercial DNA extraction Kit and the Taberlet et al.  (2012b)  phosphate buffer protocol. The 

first method uses 0.5 g of soil per sample followed by DNA extraction using a commercial silica 

membrane based kit. Briefly, after thoroughly mixing the sample, DNA was extracted from 0.5g 

soil per sample using the Macherey‐Nagel NucleoSpin® Soil kit following the manufacturer's 

protocol.  

The second DNA extraction method comprised using 50 - 150g of soil per sample using a 

phosphate buffer based solution (Taberlet et al. 2012b). This method allows DNA to be extracted 

from larger amounts of starting material. For DNA extraction using the phosphate buffer solution 

(Na2HPO4; 0.12M; pH 8) we followed the protocol of Taberlet et al. (2012b). Briefly, soil samples 

were removed from the ‐20°C chamber approximately 12 hours before DNA extraction and stored 
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at +4°C overnight. The next morning, each sample was thoroughly mixed and equal weight of 

saturated phosphate buffer solution was added. All samples were processed in duplicates and 

placed in an orbital shaker at 120 rpm for 15 minutes. Two 2ml Eppendorf safe lock tubes were 

filled with 1.7 ml of the resulting mixture and centrifuged for 10 min at 10000g. 400µl of the 

resulting supernatant were transferred to a new 2ml collection tube to which 200μl of SB binding 

buffer included in the Macherey‐Nagel NucleoSpin® Soil kit was added. Each duplicate lysate were 

loaded onto a NucleoSpin® Soil Column and  centrifuged at 10000g for one minute, respectively 

(merged duplicates from each sample). For the rest of the extraction, the standard manufacturer's 

protocol for the Macherey‐Nagel NucleoSpin® kit was followed starting from step 8. Finally, DNA 

was eluted with 50μl of SE Buffer (Macherey‐Nagel). 10ul of the resulting elution step was 

combined with 90μl pure H2O (Sigma), followed by DNA purification using the PowerClean® Pro 

DNA Clean‐Up Kit (MO Bio Laboratories, Inc.) following the manufacturer's protocol.  

 

 

Choice of Primers and Library Preparation 

For amplicon library preparation of soil samples, a COI primer pair targeting 313bp of the 658bp 

long barcoding region of the mitochondrial Cytochrome c Oxidase subunit I gene (COI) were used, 

using a two step PCR approach (figure IV.4). In the first step, the fragment of interest is amplified 

using primers targeting specific gene regions and also including an Illumina adaptor overhang 

(referred to as PCR 1), and in the second step (referred to as PCR 2) Illumina adaptor and index‐

tag primers are added (Bourlat et al. 2016; Fonseca and Lallias 2016).  
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Figure IV.4 Illustration of the 2‐step PCR approach 

 

10ng of template DNA was used for PCR1 using the primers mlCOIintF (5'- 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGWACWGGWTGAACWGTWTAYCCYCC -3') (Leray 

et al. 2013) and dgHCO2198 (5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

TAAACTTCAGGGTGACCAAARAAYCA-3') (Leray et al. 2013). The PCR1 mix for each sample 

consisted of 7.5µl Q5 Hot Start High‐Fidelity 2X Master Mix (New England BioLabs), 1ul Sigma 

H2O, 0.5µl of forward Primer (10µM), 0.5µl of reverse primer (10µM), 0.5ul Bovine Serum 

Albumin (thermoscientific) and 1µl template DNA, making up a total of 15µl.  

The following PCR Program was applied:  1 cycle 98°C for 2 minutes, 20 cycles 98°C for 40 seconds 
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followed by 45°C for 40 seconds and 72°C for 30 seconds with a final elongation at 72°C for 3 

minutes. Following PCR1 the PCR products were purified by adding 4µl of HT ExoSAP‐ITTM (Applied 

Biosystems) to each sample. Samples were first heated at 37°C for 15 minutes removing excess 

primers and dNTPs, then at 80°C for 15 minutes to inactivate the enzyme and subsequently 

cooled at 4°C for 5 minutes.  

For PCR2 (index PCR) the purified PCR products were split into two PCR tubes. While with PCR1 

the gene region of interest was amplified, in PCR2 molecular identification (MID) tags in 

combination with NGS platform specific primers were incorporated. For each sample a unique 

combination of MID tags targeting both amplicon ends were chosen.  

Each tube contained 12.5µl Q5 Hot Start High‐Fidelity 2X Master Mix (New England BioLabs), 3µl 

Sigma H2O, 1.2µl of Index forward primer (10µM) (AATGATACGGCGACCACCGAGATCTACAC  

NNNNNNNN ACACTCTTTCCCTACACGACGCTC), 1.2µl of index reverse primer (10µM) 

CAAGCAGAAGACGGCATACGAGAT NNNNNNNN GTGACTGGAGTTCAGACGTGTGCTC) and 8µl of 

purified PCR1 product. The PCR2 program was run as follows: 1 cycle at 98°C for 2 minutes, 

followed by 20 cycles of 40 seconds at 98°C, 30 seconds at 55°C and 30 seconds at 72°C. Final 

elongation at 72°C for 3 minutes. The PCR Products were visualised by gel electrophoresis and 

bands of the expected size were cut out. Cut out gel pieces of the same sample were merged 

before being purified using the QIAquick Gel Extraction Kit (Qiagen). DNA quantification was 

conducted with the Quantus Fluorometer (Promega). All purified and quantified tagged 

amplicons were pooled equimolarly. The resulting purified amplicon pool with a concentration of 

3ng/µl was sequenced on a Illumina Miseq (2x 300bp) sequencing platform at Liverpool 

University’s Centre for Genomic Research (Liverpool, UK).  
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Bioinformatics and Data Analysis 

Data sequenced at the Centre of Genomic Research (Liverpool, UK) had already undergone 

first quality check: The raw fastq files were trimmed for the presence of Illumina adapter 

sequences using Cutadapt version 1.2.1. Furthermore, sequences were trimmed using Sickle 

version 1.200 with a minimum window quality score of 20. Reads shorter than 20bp after 

trimming were removed. Sequences were received from MacroGen Inc. Seoul in Casava 1.8 

paired-end demultiplexed fastq format. 

The fastq sequences were checked for the presence of the COI primers with Cutadapt version 

1.18 (Martin 2011) using the following settings: maximum error rate (-e): 0.1, minimum 

Overlap (-O): 20, minimum sequence length (-m): 50). Sequences lacking either forward or 

reverse primer were remove. Detected primer pairs were trimmed off from the remaining 

sequences. Subsequently, paired-end reads were merged with vsearch version 2.7.0 (Rognes 

et al. 2016). Merged sequences with a length of 293-333bp were retained for further analysis 

and filtered with a maxEE threshold of 1.0 using vsearch (version 2.7.0) (Rognes et al. 2016) 

before fastq-sequences were demultiplexed using the script split_libraries_fastq.py 

implemented in QIIME1 (Caporaso et al. 2010). Thereby a phred quality threshold of 19 was 

chosen. Dereplicating, size sorting, denovo chimera detection as well as OTU clustering with a 

97% cutoff was conducted with vsearch 2.7.0 (Rognes et al. 2016). Finally, an OTU table was 

build by using the --usearch_global function in vsearch 2.7.0 (Rognes et al. 2016) followed by 

the python script “uc2otutab.py” written by Robert Edgar  

(https://drive5.com/python/uc2otutab_py.html). For taxonomy assignment sequences were 

blasted against the GBOL database using blastn 2.9.0+ (Altschul et al. 1990).  

The resulting OTU table was curated with LULU (Frøslev et al. 2017). Curation was started with 

an initial blasting of OTU representative sequences against each other using blastn (version 
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2.9.0). The following parameter settings were chosen: 'query coverage high-scoring sequence 

pair percent' (-qcov_hsp_perc) was set to 80, meaning that a sequence was reported as match 

when 80% of the query formed an alignment with an entry of the reference file. Secondly 

minimum percent identity (-perc_identity) was set to 84, requiring the reference and query 

sequence to match at least to 84% to be reported as a match.  The format of the output file 

was customized using the –outfmt settings ‘6 qseqid sseqid pident’. The resulting output file 

included the name of the query sequence and the name of the reference sequence next to 

percentage of identical match. Subsequently, the resulting filtered OTU match list was 

uploaded into R (version 3.5) (R CoreTeam 2013). Subsequently the  R-package ‘lulu’ (version 

0.1.0) (Frøslev et al. 2017) was used to perform post clustering curation using standard 

settings. The LULU algorithm filters the dataset for suspicious OTUs. Afterwards, suspicious 

OTUs are either classified as “daughter OTU” and merged with the corresponding “parent 

OTU”, or are discarded from that dataset.  

The resulting curated OTU table was loaded into Excel where data were formatted for upload 

into R (R studio running R version 3.5). For statistical analysis, several R packages were used. 

Marioko plots (figure IV.2 and figure IV.12) were prepared using the R package ggplot2. Data 

used for the preparation of Venn diagrams visualizing the number and percentage of shared 

and unique arthropod species with a BlastID of at least 99% between soil samples treated with 

two different extraction methods (figure IV.4) were processed with the R package dplyr 

(version 0.8.3) before final diagrams were prepared with the R package Venn.Diagram 

(version: 1.6.20). PCoA Plots, showing differences in arthropod species (BlastID ≥ 99%) 

composition between sample types (figure IV.5) were prepared using the R packages betapart 

(version 1.5.1) and vegan (version 2.5-6). Additionally, PERMANOVA was calculated using the 

R package vegan. The bar chart showing number of unique and shared species (BlastID ≥ 99%) 

between soil samples and Malaise traps (figure IV.9) was prepared using Microsoft 

PowerPoint. Underlying calculations for each group of arthropods under investigation were 
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conducted using the R package Venn.Diagram. Heatmaps visualizing calculated Jaccard-

similarity indices (figure IV.10, figure IV.11 and figure IV.15) for arthropod species 

communities ((BlastID ≥ 99%) were prepared using the R package ggplot2. Underlying 

calculations were done in Microsoft Excel based on the formula: J(X,Y) = |X∩Y| / |X∪Y|. 

UpsetR plots showing detailed number of unique and shared arthropod species (BlastID ≥ 99%) 

within and between sample type depending on forest type and season were prepared using 

the R package UpSetR (version 1.4.0).  
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Results and Discussion 

 

 

Differences and Similarities between Arthropod Communities 

Recovered From Malaise Traps and Soil Samples 

 

Number of recovered OTUs, depending on sample type and extraction method 

The overall number of OTUs found with Malaise traps was significantly lower than number of 

OTUs retrieved from soil samples (figure IV.5). One reason for the large discrepancy in OTU 

numbers retrieved are the two different types of DNA extracted from soil and Malaise samples. 

DNA extracted from soil samples is called environmental DNA (eDNA). eDNA comprises DNA from 

all lifeforms present in a habitat, including Metazoa, fungi and also prokaryotes (Taberlet et al. 

2018). Here two different methods for extracting eDNA from soil samples were used. While the 

phosphate buffer exclusively targets extracellular DNA, the Macherey Nagel kit incorporates a 

lysis step allowing for the extraction of intracellular and extracellular DNA. The broader spectrum 

of DNA targeted with the Macherey Nagel kit is also mirrored in the number of detected OTUs. A 

total of 12855 OTUs were found with the Macherey Nagel kit, out of which 1.5% (188 OTUs) were 

assigned to the phylum Arthropoda (figure IV.5). DNA extraction conducted with the phosphate 

buffer resulted in the detection of 11431 OTUs which were slightly less OTUs than being found 

with the Macherey Nagel kit. Nevertheless, the number of OTUs assigned to the phylum 

Arthropoda (1.6%, 185 OTUs) was similarly high for the two extractions methods. Although the 
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Macherey Nagel kit targets a broader range of eDNA, the phosphate buffer has been described 

to be the better choice when targeting DNA derived from arthropods (Dopheide et al. 2019). This 

is due to the much higher amount of soil which can be and was finally processed with the 

phosphate buffer. The Macherey Nagel Kit is optimized for the assessment of microbial diversity 

(Zinger et al. 2016), which is also reflected in the low amount of starting material required (this 

kit is designed to extract DNA from 0.5g of soil). In contrast to that, here the phosphate buffer 

was used to extract DNA from up to 150g of soil. Invertebrate morphology, size and abundance 

is more heterogeneous compared to prokaryote whereas the extraction of eDNA from a larger 

amount of soil is likely to increase the number of recovered species (Taberlet et al. 2012b; 

Dopheide et al. 2019). Nevertheless, even for microbial communities it has been shown that a 

low amount of source material results in a less consistent and representative overview of the 

local microbial community (Ranjard et al. 2003). Presumably, this bias is further enhanced when 

targeting invertebrates because of the above outlined differences to microbial groups. A recent 

study has shown, that methods using a higher amount of starting material were indeed capable 

of recovering a broader diversity of arthropod taxa (Dopheide et al. 2019). Nevertheless, here 

the number of OTUs assigned to Arthropoda was similarly high between the two extraction 

methods, which is indicating that a lysis step enables the extraction of DNA derived from ‘whole’ 

transient individuals, which are frequently missed when exclusively extracellular DNA traces are 

targeted. 

In comparison to the number of OTUs retrieved from the soil samples, the number of OTUs 

detected with the Malaise traps was significantly lower, with a total of 9218 OTUs detected across 

all seasons and forest types. Out of them, 95.22% were assigned to Arthropoda (figure IV.5). As 

already described encompasses cDNA all DNA resulting from specimens contained in a bulk 

sample (Deiner et al. 2017). However, here we define DNA extracted from Malaise trap catches 

as lysis DNA (lysDNA). In addition to DNA originating from caught specimens, extracted lysDNA 

also contains DNA originating from other sources such as from the gut contents of arthropods in 
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the sample, pollen sacks on the legs of bees, or mammal blood derived from blood sucking 

insects. Regarding the gut contents of arthropods in a Malaise trap it has been documented that 

many species tend to regurgitate their gut contents while being preserved (Zizka et al. 2018). 

Although preservative ethanol in the Malaise traps was exchanged at collection and finally 

removed before extraction, it cannot be excluded that parts of the gut contents remained in the 

sample. In addition, organisms contained in one bulk sample have been interacting with the 

environment before entering the Malaise trap, introducing other potential sources of eDNA to 

the sample. A recent study has shown that eDNA can be extracted from the surface of flowers, 

revealing the various pollinator species that have visited the flowers (Thomsen and Sigsgaard 

2019). Flower pollinators may serve as potential vectors for the distribution of exogenous DNA 

into the Malaise traps, although this would represent only DNA traces in relation to the cDNA.  

The high number of OTUs found in soil samples reflects the extremely high biodiversity in soil, 

also described as the third biotic frontier (Wardle 2002; Wardle et al. 2004). One gram of soil can 

contain several hundreds of nematodes (Hoorman 2011) and up to 5 x 104 bacterial species 

(Roesch et al. 2007). As a result, only between 1.46% and 1.61% of all OTUs recovered from soil 

(depending on extraction method) were assigned to the phylum Arthropoda. On the contrary, 

the proportion of all OTUs assigned to Arthropoda from Malaise traps was as high as 95%. In 

addition, while a total of 400 Arthropod species were identified with the Malaise traps, only 119 

were recovered from the soil samples. This comparatively low number is surprising, considering 

former studies which have described arthropods as particularly ubiquitous and diverse in soils 

(Usher and Parr 1977; Oliverio et al. 2018). It has been stated that one square meter of forest soil 

may host up to thousands of soil arthropod species (Schaefer and Schauermann 1990). The large 

discrepancy between these numbers indicates that the here presented metabarcoding study 

encompass a high number of false negative results. Indeed, other studies have shown that 

metabarcoding of soil samples tends to underestimate local arthropod diversity (Yang et al. 2013; 

Oliverio et al. 2018). Many studies have already tried to target the main drivers for an 



362  Chapter IV - Results and Discussion 

 
 

accumulation of false negative results. Incomplete reference databases and primer biases have 

been frequently mentioned  (Cowart et al. 2015; Beng et al. 2016; Lopes et al. 2017). The 

outstanding high degree of biodiversity which can be found in soil, is directly reflected in 

complexity of DNA extracts, whereas primer bias is strongly enhanced (Brandon-Mong et al. 

2015; Morinière et al. 2016). This is due to differences in primer affinities. While the amplification 

of DNA originated from well-matched taxa is supported, species with low primer affinities often 

remain undetected. Several authors have tried to solve this issue. It is now increasingly 

recommended to sequence at a higher sequencing depth (Elbrecht et al. 2017; Alberdi et al. 2018) 

as it increases the probability of sequencing rare and infrequent sequences. The here used 

sequencing depth was lower than 100.000 sequences per sample, a value which is recommended 

for metabarcoding of macrozoobenthos bulk samples (Elbrecht and Steinke 2019). For eDNA 

studies an even higher sequencing depth would be required. A former study has shown that 

number of OTUs recovered from faecal sample was positive correlated with sequencing depth 

(Alberdi et al. 2018). A plateau in number of recovered OTUs was almost reached when 

sequencing depth was as high as 1.5 million sequences per sample. We therefore assume that 

sequencing depth chosen here was not deep enough leading to the observed accumulation of 

false negative results. Next to primer bias and insufficient sequencing depth incomplete 

databases are also known to be a limiting factor for the identification of arthropods associated 

with the soil habitat. Estimates indicate that less than 5% of below ground biodiversity has so far 

been described (Wall et al. 2005) and it can be expected that even fewer species are represented 

in barcode reference databases. Next to that, eDNA is more prone to degradation in comparison 

to DNA extracted from bulk samples. A recent study has shown that degradation bias plays only 

a minor role for metabarcoding studies working with Malaise traps (Krehenwinkel et al. 2017). 

This is also true for samples left in the field under unfavorable conditions whereas it is possible 

to monitor species occurrence over several weeks. For soil samples it has been shown that eDNA 

degrades quickly (Sirois and Buckley 2019). As a result, species occurrence can only be traced 
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back for a narrowed time period. The here detected low number of arthropod OTUs retrieved 

from soil samples might therefore also been attributed to a higher degradation rate.   

 

 

Figure IV.5 Number of retrieved OTUs (97% similarity) from the Malaise traps and soil samples 

depending on extraction method applied. For each dataset number of OTUs with an 

assignment to the phylum Arthropoda are highlighted in black. 

 

Out of the 9218 OTUs recovered with the Malaise traps, 8777 OTUs were assigned to the Phylum 

Arthropoda with a blast identity of 90% or more. To reliably assign an OTU on species level, a 

blast identity of at least 99% was required. Out of all OTUs assigned to Arthropoda, 12.02% met 

these requirements resulting in the assignment of 1032 OTUs on species level. Out of the 185 
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arthropod OTUs recovered from soil with the phosphate buffer, 139 were assigned on species 

level (75%), while the Macherey Nagel Kit retrieved 135 Arthropod OTUs (71%) with an 

assignment to species level (figure IV.6). These results are indicating that reference databases 

are still suffering from a lack of completeness. Although the GBOL database is likely the most 

complete database for Germany’s arthropods, the barcodes of several species are still missing 

(German Barcode of Life Consortium, 2011). In detail from the 37494 arthropod species which 

have been described for Germany only 45% (16906 species) have so far been barcoded. 

Additional 3% (1161 species) have already been collected but are still waiting to be barcoded. 

The remaining 52% have not been collected in the scope of the GBOL project (German Barcode 

of Life Consortium et al. 2011) which is highlighting that a significant proportion of arthropod 

taxa has so far been excluded from GBOL. It has been suggested that this is mainly contributed 

to insufficient expertise, which is highlighting that molecular biodiversity assessment approaches 

are only partly circumventing the taxonomic impediment. However, new research attempts are 

on its way to fill these large gaps of knowledge e.g. the GBOL III – Dark Taxa project. 
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Figure IV.6 Number of OTUs assigned to Arthropoda retrieved from the Malaise traps and the two 

types of soil samples respectively. Next to overall number of detected arthropod OTUs 

(black bars) number of OTUs per blastID ranging from 90-100% are shown.  

 

Influence of soil extraction method on detected species communities  

As already mentioned, is choice of extraction method expected to directly affect number of 

detected species. To evaluate the effectiveness of the two soil extraction methods, the number 

of unique and shared OTUs assigned to Arthropoda at species level with a BlastID of at least 99% 

were compared. For the following analysis, all samples of each extraction type were combined 

(Phosphate Buffer: 162 Samples; Macherey Nagel: 162 Samples). It was found that 60 species, 

corresponding to half of all discovered arthropod species were detected in both types of soil 

samples. Additional 29 species were exclusively detected by the Macherey-Nagel kit, while 

phosphate buffer extraction resulted in the detection of 30 additional species (figure IV.8a). 

Overall, 128 species were identified from the soil samples, out of which 90 species are members 
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of the arthropod class Insecta. Out of them, 43 species were recovered by both extraction 

methods, while either one of the two extraction methods (figure IV.8b) exclusively recovered 24 

and 23 species respectively.  

This is highlighting the importance of choice of extraction method. As already mentioned, 

extraction with the Macherey Nagel Kit encompasses a lysis step which enables the extraction of 

intracellular DNA. In contrast to the phosphate buffer, the Macherey Nagel kit is therefore 

capable to target more organisms (such as hibernating individuals or individuals in the pupal 

stage). When comparing both extraction methods, the presence and absence of several species 

in the phosphate buffer samples and Macherey Nagel kit samples respectively underline this 

theory.  

Within the Lepidoptera five species were recovered with the phosphate buffer, while eight were 

found with the Macherey Nagel kit (figure IV.8d). All species detected with the phosphate buffer 

were also retrieved with the Macherey Nagel kit. Additionally the species Noctua pronuba, 

Phyllonorycter maestingella and Ypsolopha ustella were found (figure IV.7). 

  

 

Figure IV.7 Photos of voucher specimens of Noctua pronuba, Phyllonorycter maestingella and 

Ypsolopha ustella (if not other stated: © BY-SA 4.0: GBOL / Museum Koenig) 
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These three lepidopteran species have in common that they hibernate in the pupal stage, 

whereas time of occurrence in the soil strata is limited. Indeed, all three species were only 

detected in one season. Depending on life cycle stage, the three species occurred at different 

times of the year in the soil samples. N. pronuba was recovered from the soil samples in winter. 

The larvae of N. pronuba has been described to be present in the soil from September through 

March (Green et al. 2016). P. maestingella belongs to the group of the leafminers. The larva of P. 

maestingella mines the leaves of various Fagus species until it pupates on the lower side of the 

leaves where it also hibernates. In autumn, when the trees shed leaves, pupae of the species 

drop with the falling leafs to the ground (Miller 1973; Askew and Shaw 1979). Here P. 

maestingella was recovered from the soil samples taken in the autumn season, which aligns with 

the in the literature described occurrence of the species within the soil habitat. Within our study, 

Y. ustella was found in the soil samples taken during summer season. In contrast to the two 

formerly described species, is the imago of Y. ustella active during winter (Soszyńska-Maj and 

Buszko 2011). Pupae of this species are usually found in early summer between May and June .  

While for the lepidopterans more species were recovered with the Macherey Nagel kit, for the 

coleopterans a higher number of species was found when the phosphate buffer was used for 

DNA extraction. In total, 35 coleopteran species were found, out of which 11 species were 

exclusively recovered from the phosphate buffer samples. The smaller number of five species 

was exclusively detected in soil samples extracted with the Macherey Nagel kit. The remaining 

13 species were detected with both extraction methods (figure IV.8e). Overall, six more 

coleopteran species were found with the phosphate buffer. In contrast to the lepidopterans, are 

many coleopteran species are more closely and permanently associated with the ground layer, 

including active and inactive life stages. During the active phases, the species release DNA traces 

in the environment e.g. in form of feces. Depending on population size, the number of individuals 

occurring within a certain area can vary strongly. It can be assumed that the higher amount of 



368  Chapter IV - Results and Discussion 

 
 

soil processed with the phosphate buffer resulted in a higher species detection rate as more 

extracellular DNA traces are contained.  

 

 

Figure IV.8 Venn Diagrams showing the number of unique and shared species (BlastID ≥ 99%) 

between the two types of soil samples (differing in extraction method). In total six Venn 

diagrams are shown, each based on a certain group a) Arthropoda b) arthropod class 

Insecta, c) arthropod class Chilopoda, d) insect order Lepidoptera e) insect order 

Coleoptera and f ) insect order Diptera.  

 

Despite these findings, the PCoA plot (figure IV.9a) did not indicate a significant difference in 

retrieved arthropod community composition between the two types of soil samples. When 

comparing arthropod species communities detected with the two types of soil samples and the 

Malaise traps on the basis of a PCoA plot, only two distinct clusters are formed. While the 

Phosphate Buffer and the Macherey Nagel Kit samples cluster together, the second cluster is 

formed by the Malaise trap samples. This indicates that arthropod species community 

composition recovered from Malaise traps is clearly different from species community 
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composition of soil samples, while, as expected, species communities recovered from the two 

soil sample extraction methods are more similar. When combining both types of soil samples, 

soil samples and Malaise traps form two distinct clusters (figure IV.9b). Major differences in 

arthropod species diversity between the two sample types is further confirmed with 

PERMANOVA (Pseudo-F=12.151, p=0.001).  

 

 

Figure IV.9 PCoA plots indicate significant differences in arthropod species communities assessed via 

soil and Malaise trap samples (blastID ≥ 99%). Figure IV.9a) shows that extraction method 

used for the extraction of eDNA from soil samples had no significant influence on 

recovered species community composition. For Figure IV.9b) species composition 

assessed with the two types of soil samples combined and compared to community 

composition assessed with Malaise traps. The resulting PCoA plot indicates that 

arthropod species community composition varies significantly between sample type 

which was further confirmed by PERMANOVA (Pseudo-F=12.151, p=0.001). 

 

Although PCoA did not indicate significant differences between arthropod species communities 

assessed with either one of the two extraction methods, a high number of species only recovered 

with either one of the two extraction methods indicate that the two datasets complement each 

other (figure IV.8). In order to draw a picture as complete as possible for arthropod community 
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composition of the soil layer, the Macherey-Nagel kit samples and the phosphate buffer samples 

were combined for all further analyses. From here on, we refer to this combined dataset as 'soil 

samples'.  

 

Influence of sample type (Malaise versus soil) on detected species communities 

In total, 55 arthropod species were identified which were found in both types of samples - the 

soil and the Malaise trap samples. These 55 species accounted for 11.8% of all detected 

arthropod species. Overall, 74.3% of all detected species of the phylum Arthropoda were 

exclusively recovered from the Malaise traps (345 species), while 64 species (13.8%) were found 

in the soil samples but not in the Malaise traps. A closer look at the different arthropod classes 

reveal major differences in detected species diversity between soil samples and Malaise traps 

(figure IV.10).  
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Figure IV.10 Number of unique and shared species (BlastID ≥ 99%) between Malaise traps and soil 

samples depending on class. For the class Insecta number of shared and unique species 

per order is visualized  

 

Arachnida 

A total of 29 Arachnida were detected, out of which 12 were only found in the soil samples, while 

16 were exclusively recovered from the Malaise traps (figure IV.10). However, arachnids have 

been described to be extremely diverse in soil environments. When the conditions are suitable, 
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up to hundreds of thousands of individuals of the Arachnida order Acari can be found per square 

meter (Maraun and Scheu 2000). Surprisingly, we did not detect any species of the order in the 

soil samples, nor in the Malaise traps - all detected arachnid species were either members of the 

Arachnida order Araneae (23 species), Opiliones (six species) or Pseudscorpiones (one species) 

respectively. We assume that this is mainly attributed to incomplete databases, leading to false 

negative results. Especially Araneae are known to be a highly diverse group within forest 

ecosystems (Scharff et al. 2003). Spiders show a wide range of adaptions to the colonized forest 

habitat, including variation in foraging strategy and preferred habitat. While some species are 

adapted to the ground strata, some are more likely to be found in the above ground layers e.g. 

on tree trunks or in the canopy (Scharff et al. 2003). In this study, only a single arachnid species 

was present in the soil samples and the Malaise traps: Tenuiphantes zimmermanni (figure IV.11). 

The species has been described to colonize next to the leaf layer also the herb and shrub layer 

(Roberts 1996; Harvey et al. 2002). The detection of T. zimmermanni within both sample types is 

therefore aligned with the description of the biology if the species which can be found in the 

literature  

 

 

Figure IV.11 Photos of voucher specimes of the here detected Araneae species: Tenuiphantes 

zimmermanni, Anyphaena accentuate were recovered from the soil samples while 

Inermocoelotes inermis were found in the Malaise traps (© BY-SA 4.0: GBOL / Museum 

Koenig). 
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All further detected Araneae species were either detected within the soil samples or Malaise 

traps respectively. Remarkably, similar numbers of Araneae species were recovered from the soil 

samples (10 species) and Malaise traps (13 species).  

As already mentioned, only one species was recovered from both sample types, indicating two 

different arachnid communities. The effectiveness of Malaise traps for assessing spider 

community composition has long been under discussion. General techniques such as sweeping, 

beating, suction samplers and pitfall traps (Churchill and Arthur 1999; Ludy and Lang 2004) were 

thought to be more efficient for assessing spider richness and diversity, although most of these 

techniques are dramatically more labor-intensive. Nevertheless, in the course of the last years 

several studies using Malaise traps have noticed that spiders are a common bycatch (Geiger et 

al. 2016; deWaard et al. 2019). This led to the question whether Malaise traps could also be useful 

for the assessment of local spider diversity as well as flying insect diversity. Oxbrough et al. (2010) 

finally tested the efficiency of Malaise traps for assessing local spider diversity in comparison to 

pitfall traps. They found that both methods were equally efficient in terms of numbers of 

retrieved species, but that the sampling devices target different species, resulting in the 

detection of two different spider communities. Given the fact that pitfall traps mirror ground 

diversity, the results presented here are supporting these findings. Nevertheless, Oxbrough et al. 

(2010) found that while the proportion of arboreal, web-building species was higher in Malaise 

traps, actively hunting species were more likely to be found in pitfall traps (Oxbrough et al. 2010). 

Further studies made similar observations (Jennings and Hilburn 1988). However, the study 

presented here is contradicting these findings. In detail, the only active hunting species detected 

was recovered from the Malaise traps (Anyphaena accentuata (figure IV.11)) (Kreuels and 

Buchholz 2006), while all species recovered from the soil were net-building predators. Instead of 

foraging strategy, association with habitat type seemed to be the major driver for determining 

whether a species was recovered with either of the two sampling methods. All species recovered 

from the soil samples are known to be typical inhabitants of the litter layer or the soil itself (e.g. 
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Inermocoelotes inermis (figure IV.11)). With the exception of A. accentuata, all species detected 

in the Malaise traps are net-building species which are usually found in the shrub layer. Although 

the description of recovered species in the literature matches our findings, the completeness of 

the assessed Araneae community is questionable. Several other studies have already shown the 

Arachnid diversity associated with temperate forests to be more diverse (Hsieh and Linsenmair 

2012; Samu et al. 2014).  

 

Malcostraca, Chilopoda & Diploda 

As expected, species belonging to the three arthropod classes Malacostraca, Chilopoda and 

Diploda were found in the soil samples but not in the Malaise traps. This is due to the fact that 

all three classes are mainly associated with the ground strata as they lack the ability to fly and 

only occasionally climb up to higher forest strata.  

 

Collembola 

Two species of the class Collembola were found, which were both present in the soil samples as 

well as in the Malaise traps. Although Collembola are mainly described as colonizers of the soil 

and litter layer, many studies have already shown that collembols are also common inhabitants 

of the upper forest strata (Palacios-Vargas et al. 1998; Yoshida and Hijii 2006). Despite lacking 

the ability to fly, they are often found entering Malaise traps by climbing up the net (Fjellberg 

1992). Despite the fact that the class Collembola has been described as one of the most diverse 

arthropod groups, the order was for a long time outside the focus of scientific interest. Therefore, 

the group is highly underexplored and several species are still waiting to be described (Rusek 

1998). As a result, the reference databases are very incomplete, possibly leading to a large 

number of false negative results. 
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Insecta 

Regardless of sample type, the class Insecta accounted for the highest proportion of recovered 

species. Insects were represented by 419 species out of which 329 were exclusively recovered 

from the Malaise traps (78.5%). In contrast, only 38 species (9.1%) were exclusively found in the 

soil samples, while the remaining 52 species (12.4%) were shared between both types of samples 

(figure IV.10). Because of the high functional and genetic diversity of the class Insecta, we decided 

to analyze this group at order level. In total 10 insect orders were detected, all of them had in 

common that the number of species recovered from the Malaise traps clearly exceeded the 

number of species found in the soil samples (figure IV.10). Moreover, all species of the orders 

Plecoptera, Neuroptera, Raphidioptera and Trichoptera were exclusively found in the Malaise 

trap. This already indicates that, as expected, flying species are more likely to be missed with soil 

sampling. This was further confirmed when analyzing data from highly diverse orders dominated 

by flying species such as the dipterans, hymenopterans and lepidopterans. All three orders were 

significantly less diverse in the soil samples. In detail, only four dipteran, three hymenopteran 

and two lepidopteran species were exclusively recovered from the soil samples, while 198, 8 and 

44 species respectively were exclusively detected in the Malaise traps. For the hymenopterans 

no overlap between the two sample types were found (figure IV.10), although this group contains 

a wide range of species constantly occupying the ground as well as the above ground stratum, 

such as several ground nesting bees and wasps. Indeed, approximately 70% of all described bee 

and wasp species nest in the ground (Cope et al. 2019). However, the hymenopterans are one of 

the most difficult arthropod groups to target with metabarcoding using universal primers. Former 

studies have already shown that hymenopteran sequences tend to show a low affinity to primers 

compared to other arthropod group. With increasingly complexity of DNA mixture several 

hymenopteran species increasingly remain undetected (Brandon-Mong et al. 2015). The most 

diverse group of flying insects detected were the dipterans. In total 232 dipteran species were 

found out of which 198 species (85%) were exclusively detected in the Malaise traps, 30 species 
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were shared between soil samples and Malaise traps and only the four species Corynoptera 

winnertzi, Pyratula zonata, Synapha fasciata, Tanytarsus ejuncidus (figure IV.12) were exclusively 

recovered from the soil samples.  

 

 

Figure IV.12 Photos of voucher specimens of the here exclusively recovered from the soil samples 

recovered dipteran species Corynoptera winnertzi, Pyratula zonata, Synapha fasciata, 

Tanytarsus ejuncidus (if not other stated: © BY-SA 4.0: GBOL / Museum Koenig) 

 

The reasons why these four species were not part of the species community recovered from the 

Malaise traps can be manifold. Former studies have already shown that the detection of some 

species can be challenging with molecular methods when they are part of a bulk sample 

(Brandon-Mong et al. 2015). Because of different primer affinities (primer bias) (Hajibabaei et al. 

2011) and variations in amount of DNA, especially less abundant and small species are often 

missed (biomass bias) (Elbrecht et al. 2017). Furthermore, sampling with Malaise traps was only 
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conducted over a rather short period of time. It is possible that no flying specimens were present 

in the habitat at the time of sampling, but that eggs and larvae of the species were present in the 

soil.  

As already mentioned, the order Diptera was the most diverse group in the Malaise trap 

catchment. Out of the 400 arthropod species recovered, 228 were dipterans accounting for more 

than half of all recovered species. In the soil sample, a total of 34 dipteran species were found, 

making up 28.6%. This indicates that the soil is indeed a rather poor integrator for total existing 

biodiversity. Nevertheless, for the assessment of other groups, soil samples can be a valuable 

complement to Malaise traps catches, such as for coleopterans. 

In total, 62 Coleoptera species were found out of which only nine were present in both sample 

types: the soil and the Malaise traps (figure IV.9). 27 coleopteran species were exclusively 

detected in the Malaise traps and 26 respectively in the soil samples. Nine further species were 

recovered from both sample types. The efficiency of Malaise traps to sample coleopterans is 

highly dependent on biology of the target species.  Although former studies have shown that 

Malaise traps can efficiently capture a wide range of flying coleopteran species (Hosking 1979),  

this kind of trap is not suitable for the detection of ground dwelling species. Indeed, almost 43% 

of all coleopteran species were not recovered with the Malaise trap. A closer look at the species 

list reveals that especially species of the families Staphylinidae and Curculionidae were 

exclusively found in the soil samples. Within the Curculionidae a total of 11 species were detected 

of which six were not found in the Malaise traps.  All six species (Acalles ptinoides, Barypeithes 

araneiformis, Barypeithes pellucidus, Otiorhynchus scaber, Sciaphilus asperatus and 

Strophosoma capitatum (figure IV.13)) are wingless weevils (Gratwick 1992; Cateau et al. 2016), 

which means they are unlikely to be detected by a flight interception trap.  
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Figure IV.13 Wingless weevil species recovered from soil samples via metabarcoding: Acalles 

ptinoides, Barypeithes araneiformis, Barypeithes pellucidus, Otiorhynchus scaber, 

Sciaphilus asperatus and Strophosoma capitatum (© BY-SA 4.0: GBOL / Museum Koenig). 

 

For the Staphylinidae, only four out of 14 species were detected in the Malaise traps. Although 

all 14 species have wings, the ten species exclusively recovered from the soil sample have in 

common that they  are members of ground dwelling genera (Balog et al. 2003; Betz et al. 2018). 

We suggest that species lifestyle significantly influences whether a species is recovered from 

either of the two sample types. For the sake of completeness, it should be mentioned that the 

low overlap of species recovered from both types of sample may also result from methodological 

issues. In former experiments (see Chapter II) it was shown that out of 26 morphologically 

identified coleopteran families found in a total of six bulk samples, nine families were not 

recovered with metabarcoding. Similarly to this study DNA extraction was performed in a non-

destructive manner, by overnight lysis in a lysis buffer. The effectiveness of lysis buffer on highly 

sclerotized insects has not been fully tested, but it has been shown in a recent study that highly 
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sclerotized insects release less DNA into the preservative ethanol than soft tissued ones 

(Marquina et al. 2019).  A significantly lower amount of DNA from coleopterans could have led 

to false negative results as the percentage of DNA with which a species contributes to the DNA 

mixture determines whether a species is recovered (Elbrecht et al. 2017). Further experiments 

would need to be conducted using mock communities and testing non-destructive overnight lysis 

versus homogenization of the whole sample. 

This study clearly demonstrates that Malaise traps and soil samples represented only a fraction 

of the total detected arthropod diversity, resulting in the characterization of two significantly 

different arthropod communities. This result is in accordance with prior conducted studies  

(Marquina et al. 2019). Additionally, similar results were also obtained from aquatic habitats. A 

former study investigated the effect of four commonly used eDNA substrates to explore 

taxonomic diversity of coastal ports (Koziol et al. 2019). As each of the four substrates drew a 

significantly different picture of the existing local biological diversity, the study concludes that an 

analysis based on a single substrate will likely underestimate total local diversity, which we can 

now also confirm for terrestrial habitats. 

 

Seasonal Variations in Arthropod Species Communities Depending on 

Sample Type 

When monitoring arthropod diversity over the duration of a full year, variations in the number 

of detected species and the composition of arthropod communities occur between seasons. This 

is mainly due to the fact that arthropods are poikilothermic organisms. Roughly said, their body 

temperature depends on the outside temperature (Szujecki 1986). The seasonal developmental 

cycle of many arthropods is therefore strongly determined by day length, as this is one of the 

most reliable predictors for upcoming abiotic conditions (Gullan and Cranston 2014). In 
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temperate zones, changes in day length usually predict changes in solar radiation, temperature 

and humidity. These factors highly influence seasonal conditions like food availability, whereas 

reliable predictions about upcoming changes allow for a perfect timing for mating and the 

development of the different life stages (Gullan and Cranston 2014). Day length thereby acts as 

a signaling factor stimulating a complex physiological process during which endocrine glands 

release hormones, which in turn activates the sexual and moulting glands (Szujecki 1986). As well 

as reproductive processes, the onset of diapause during winter is strongly driven by changes in 

day length, light intensity, incoming wavelength as well as temperature (Gullan and Cranston 

2014). Although there is a wide consensus that arthropod and in particular insect activity is 

directly linked to time of year regardless of habitat preference, arthropod species communities 

recovered from the soil sample and from the Malaise traps showed different dynamics in the 

course of the year. In order to specify the main drivers for species variations within and between 

forest types depending on season we calculated the corresponding Jaccard-similarity indices for 

each of the two datasets. Within the soil samples the highest Jaccard-indices were found within 

the two monocultures between seasons (figure IV.14). In detail, arthropod communities of the 

two monocultures showed the highest Jaccard-similarity index between autumn season and the 

winter and spring season respectively (figure IV.14). This indicates that community composition 

associated with the ground layer of the two monoculture stands was more constrained by forest 

type than by seasonal variation.  
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Figure IV.14 Heatmap showing variations in jaccard similarity indices between forest types depending 

on sampling season. The calculation was based on assessed arthropod species community 

composition assessed via soil samples 

 

A different picture was found for arthropod species communities recovered from the Malaise 

traps. In contrast to the soil samples, Jaccard-similarity indices between forest types were higher 

when samples were taken at the same time of the year but at different locations (figure IV.15). 

This indicates that arthropods associated with the above ground habitat are more likely than 

ground dwelling species to be found in several habitats within one season.   
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Figure IV.15 Calculated heatmap shows variations in jaccard similarity indices between forest types 

depending on sampling season. The calculation was based on arthropod species 

community composition assessed via Malaise traps. 

 

These findings are not surprising. As already shown, several arthropod classes like Chilopoda, 

Malacostraca and Diplopoda were exclusively recovered from the soil samples, while the number 

of flying arthropod species recovered from the Malaise traps exceeded that found in the soil 

samples many times over. On the one hand, this clearly points to the fact that soil is indeed a 

poor integrator for flying arthropod diversity. On the assumption that eDNA extracted from the 

soil samples originated to a large degree from species directly interacting with the ground layer, 

instead of from traces coming from species inhabiting the forest canopies, the above described 

findings are not surprising. Flying arthropods can travel long distances and easily access several 

habitats. This is further supported by the fact that within each season and forest type several 



Chapter IV - Results and Discussion  383 

 
 

species were only found in one of the three and respectively four Malaise traps. In a former study 

we were able to show that in summer season, when insects were most diverse, between 40% 

and 52.3% of all insect species detected within a certain forest type were only recovered from 

one of the three Malaise traps (Chapter II). This high portion of non-overlapping species between 

traps located in a single forest type may point to the fact that several species occur only in low 

abundances or secondly that several species are highly active and are just passing through a 

habitat. Species associated with the soil are less mobile and the highest portion of them won’t 

travel long distances. Nevertheless, seasonal dynamics also occurred in arthropod species 

communities of the ground layer (figure IV.16).  

As already mentioned, the overall number of arthropod species recovered from the Malaise traps 

exceeded the number of species found with the soil samples three fold (figure IV.16). Depending 

on sampling season, this proportion shifted towards the soil samples. For the Malaise trap 

samples, the highest total number of arthropod species was found in the summer season (251 

species), followed by autumn (137 species) and spring (118 species). A low was reached in winter, 

when only 38 arthropod species were recovered (figure IV.16a). A different pattern was found 

for arthropod diversity recovered from the soil samples. In summer, autumn, winter and spring 

the number of recovered arthropod species differed only slightly. The lowest number of 

arthropod species was found in autumn with 45 species. Two more species were found in 

summer season (47 species) and an additional five species were detected in spring (52 species) 

(figure IV.16a). In contrast to the Malaise trap samples, the highest number of arthropod species 

recovered from the soil samples was found in winter (figure IV.16a).  Similar findings were 

observed for the arthropod class Insecta (figure IV.16b). As already explained, Malaise traps are 

flight interception traps, the efficiency of which is directly linked to the degree of activity of 

existing flying insect communities. As a result of decreasing temperatures and low level of light 

in the winter months, many insects enter their hibernation state in later autumn. As a result, the 

number of insects caught in the winter months with Malaise traps decreases dramatically. In 
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contrast, an accumulation of arthropod species can be observed in soil samples during winter. 

This can be best explained by choice of hibernation site. While some insects prefer the bark of 

trees, dead wood, hedges and meadows, many insects actively seek leaf litter or dig soil chambers 

for hibernating. As a result, an accumulation of species in the soil can be observed in winter.   

 

 

Figure IV.16 Number of detected arthropod species (blastID ≥ 99%) per sample type depending on 

sampling season. The colored bars indicate the total number of detected species per 

sample type and method, irrespective of forest type and season. The grey shaded bars 

represent numbers of detected species per season.  
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Hymenoptera 

Eight species of the order Hymenoptera were found with the Malaise traps. Out of them five 

were detected in the summer season, four in autumn and one in spring, while none was detected 

in winter (figure IV.16c). From the soil samples, less than half as many species were recovered. 

Over the one year period, only three hymenopteran species were detected (figure IV.16c). Two 

of them belong to the order Formicidae (Formica sanguinea and Myrmica ruginodis (figure 

IV.17)), which are known to spend most of their lifetime on the forest floor. Additionally, we 

found the species Cephalcia lariciphila (figure IV.17), a member of the family Pamphiliidae.  

 

 

Figure IV.17 Photos of voucher specimens of the three Hymenoptera species Formica sanguinea, 

Myrmica ruginodis and Cephalica lariciphila (if not other stated: © BY-SA 4.0: GBOL / 

Museum Koenig) 

 

C. lariciphila is usually found in coniferous forests where the larva feeds on the needles of the 

trees. Four weeks after hatching, the mature larva drops to the ground, where it quickly digs into 

the soil (EFSA Panel on Plant Health (PLH) et al. 2017). The larvae then builds an earth-walled 

chamber at a depth of 5-20 cm, where it finally pupates. The flight period of C. lariciphila is rather 

short. After emerging from the soil between May and June, adult individuals directly mate, before 

the females fly to the canopies for oviposition. Interestingly, females have  also been observed 
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reaching the canopies by climbing up the tree trunk, rather than by flying (EFSA Panel on Plant 

Health (PLH) et al. 2017). The short flight period combined with a rather short sampling period 

can be expected to be the reason why no specimens of C. lariciphila were found in the Malaise 

traps. C. lariciphila was found in the soil samples taken at the pure spruce sites in autumn. 

Nevertheless, we would have expected to find the species also at other times of the year as it has 

been described that the larvae can remain in the soil for several years (EFSA Panel on Plant Health 

(PLH) et al. 2017). Again methodological issues could be made accountable for this. The larva 

remains inactive in its earth walled chamber until its emergence in May and June. During the 

inactive phase it could only be detected with the Macherey-Nagel kit, which is designed for the 

extraction of 0.5g of soil. The likelihood of recapturing the species again in a random sample of 

0.5g of soil is rather low. Nevertheless, when interpreting these results it should be kept in mind 

that hymenopterans are one of the most difficult insect groups to target with metabarcoding 

using a universal primer (Brandon-Mong et al. 2015). The number of hymenopteran species 

recovered from Malaise traps (8 species) seems rather low, considering hymenopterans are 

among the most diverse insect orders. Studies have shown that several hundred parasitic 

hymenopteran species can be present in a single beech forest (Ulrich 1999a, 1999b). Universal 

COI primer pairs have already been shown to be unsuitable for the detection of hymenopterans 

contained in a bulk sample (Brandon-Mong et al. 2015), which is presumably even complicated 

further when working with eDNA. With further research, it should be possible to design a COI 

primer which fits better to the order Hymenoptera. 

 

Lepidoptera 

Within the Malaise traps a total of 50 lepidopteran species were identified. 36 species were 

present in summer, while only five, three and nine species were found in autumn, winter and 
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spring respectively. Within the soil samples, the highest number of lepidopteran species was 

found in the winter season (figure IV.16f). 

Two Lepidopteran species were exclusively recovered from soil. Nematopogon robertella and 

Nemophora congruella (figure IV.18) have both been observed to have a rather short flying 

period from May until the end of June, an interval during which Malaise sampling was not 

conducted. The fact that both species were recovered from soil further confirms our hypothesis 

that soil samples can supplement sampling through Malaise traps when assessing arthropod 

diversity in a habitat.  

 

 

Figure IV.18 Photos of voucher specimens of the two Lepidoptera species Nematopogon robertella 

and Nemophora congruella  

 

Nevertheless, it should be kept in mind that likelihood of detection is closely linked to species 

lifestyle. Our study shows that only species of which at least one life stage is associated with the 

ground layer are recovered from soil samples, suggesting that DNA is recovered from the 

dormant life stages (eggs, pupae, larvae) themselves.   
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Coleoptera 

The total number of coleopteran species recovered from all samples of a single sample type was 

highest for the Malaise traps (36 species). A closer look at each season revealed that this pattern 

was only found in the summer season, while the number of detected species in autumn, winter 

and spring was higher in the soil samples (figure IV.16e). Interestingly, the highest number of 

species in the soil was found in the winter season, while with the Malaise traps no coleopteran 

species were found in the same season (figure IV.16e). In winter season, a total of 25 species was 

recovered from the soil samples. At the same time of the year no coleopteran species was 

captured with the Malaise traps. Overall, out of the 25 species detected in the soil samples in the 

winter season only eight were also present in the Malaise traps at some time of the year. As 

already mentioned, several coleopteran species are adapted to a ground dwelling lifestyle and 

flights of these species can only be occasionally observed. This dramatically lowers efficiency of 

Malaise traps when aiming to assess total existing coleopteran diversity. The reduced sampling 

success with Malaise traps directly leads to a limited species overlap between Malaise traps and 

soil samples.  

Nevertheless, out of the 25 coleopteran species recovered from the soil samples in winter nine 

species were present in soils all year round while six species appeared in winter and in at least 

one additional season. The remaining ten species were recovered from soil in winter but had no 

record in any other season. Out of these ten species, three species (Malthodes mysticus, 

Malthodes fuscus and Ernobius abientinus) were also detected with Malaise traps but in summer 

and spring respectively. The remaining seven species (Acalles ptinoides, Ampedus nigrinus, 

Otiorhynchus scaber, Propylea quatuordecimpunctata, Pteryx suturalis, Sciaphilus asperatus, 

Xantholinus laevigatus) were exclusively recovered from the soil samples of the winter season. 

This underlines the necessity of combining several sampling strategies and seasons. Next to the 

assessments of species which cannot be detected with Malaise traps like the wingless weevils  A. 
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ptinoides, O. scaber, S. asperatus (figure IV.13) and the ground dwelling Staphylinidae species X. 

laevigatus (figure IV.19), the use of several sampling strategies also increases the chance of 

sampling rather frequent species like P. quatuordecimpunctata (figure IV.19). 

 

  

Figure IV.19 Photos of voucher specimens of the Coleoptera species Propylea quatuoredecimpuctata 

and Xantholinus laevigatus (© BY-SA 4.0: GBOL / Museum Koenig) 

 

P. quatuordecimpunctata is a common beetle within several habitats (Pervez 2011). The species 

is specialized on feeding on aphids and other small arthropods, forcing it to travel through the 

habitat when searching for prey. In the warm summer months the species is highly active and 

flight can be observed on a regular basis. Nevertheless, P. quatuordecimpunctata was not found 

in the Malaise trap bulk samples. A possible explanation might be that coleopteran are known to 

be able to evade Malaise traps. Several species have been observed dropping to the ground after 

hitting the black middle mesh of the Malaise traps instead of flying upwards. Furthermore, like 

several other insects, coleopterans are only active during a certain time window. P. 

quatuordecimpunctata is known to have a rather long life span. The adult beetles have been 

observed to live up to 2 years, forcing them to hibernate twice (gbif.org). A typical hibernating 
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ground is the leaf layer close to the ground. As a result, probability increases that the species will 

be found in winter in soil samples.   

 

 

Time-lagged Overlap of Arthropod Species Occurrences between Forest 

Strata 

 

Overlap between soil bound and flying arthropod species across the seasons 

Calculated jaccard similarity indices between soil samples and Malaise traps based on arthropod 

species identified with a blastID of at least 99% indicate that some species occupy different 

habitats at different times of the year (figure IV.18). Jaccard similarity index was calculated 

between the Malaise traps and soil samples depending on season and forest type (figure IV.18). 

Within all forest types, the highest similarity indices were found when soil samples were 

compared to Malaise traps of the summer season. Indeed, subsequently calculated UpsetR plot 

showed that malaise trap samples from summer had the highest overlap with soil samples (figure 

IV.20).  

Four species were recovered from the Malaise traps in summer season, which were present in 

the soil throughout the year (Athous subfuscus (Insecta: Coleoptera), Corynoptera minima 

(Insecta: Diptera), Ctenosciara lutea (Insecta: Diptera), Phymatopus hecta (Insecta: Lepidoptera). 

Further six species were detected in the Malaise trap catchments of the summer season, which 

were also present in the soil samples of the winter season. Additionally, three species were 

detected in the soil samples taken in spring and winter and three species in the soil samples from 

autumn and winter season.  Malaise traps of no other season had similarly high jaccard indices 
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when compared to the soil samples. Especially during the warm summer months, above ground 

arthropods are highly active (Szujecki 1986), which is also mirrored in the high number of 

arthropod species recovered in the summer season using Malaise traps (figure IV.16). 

Nevertheless, our results indicate that a large proportion of these species are seeking different 

habitats in the course of the year, mirroring the complex life cycle of arthropods (table IV.4, figure 

IV.20). 

 

 

Figure IV.20 UpsetR plot showing number of unique and shared arthropod species between sample 

types depending on season. 
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Table IV.4 List of species found in soil samples and Malaise traps depending on forest type and sampling season 
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Lepidoptera 

The lepidopteran species Phymatopus hecta (figure IV.16) was found in the soil in all four 

sampling seasons but was only present in the Malaise traps in summer season. Occurrence of P. 

hecta is associated with the herb layer. The larvae feed on the roots of the fern Pteridium 

aquilinum before they hibernate in the soil (Speidel 1994). The last larval instar starts feeding on 

young shoots at surface level, before they pupate in the soil. Unlike many other lepidopteran 

species, have females of P. hecta been observed to drops its eggs above possible food plants in 

flight (Turner 2015), which increases the likelihood that eggs will be found on the forest floor. 

The close association of P. hecta with the ground strata strongly increases the probability that 

the species is recovered from the soil. Other species such as Epinotia tedella (figure IV.20) were 

only found in the soil samples during the winter season. In contrast to P. hecta, only one life stage 

of E. tedella is associated with the ground strata. E. tedella  specializes its feeding on young spruce 

needles (Kosibowicz et al. 2014), forcing the species to spend most of its life in above the  ground. 

 

 

Figure IV.21 Photos of voucher specimens of the two lepidopteran species Epinotia tedella and 

Phymatopus hecta 



394  Chapter IV - Results and Discussion 

 
 

Larvae of E. tedella drop to the forest floor for pupation where they hibernate. Field observations 

have even shown that some larvae remain in the tree canopy where they pupate and overwinter 

(Kosibowicz et al. 2014). Thus, some individuals of E. tedella do not interact with the ground 

strata at any life stage, but the probability of recovering E. tedella from soil samples is strongly 

increased in the winter season. E. tedella was caught in the Malaise traps in the summer season, 

which is the usual time of occurrence for the imagoes. The appearance of E. tedella in the two 

sample types at different times of the year mirrors the life cycle of the species. For all three above 

mentioned lepidopteran species, time of detection within the two strata matched developmental 

cycle described in the literature in the associated habitats, which underlines the power of 

metabarcoding to monitor species dynamics within habitats and seasons. 

 

Coleoptera 

Similar time shifts were also observed for species which are more challenging to target with 

metabarcoding. The Coleopteran species Athous subfuscus (figure IV.21) was present in the soil 

throughout the whole year, but was recovered from Malaise traps only in the summer season. A. 

subfuscus has a long developmental time of approximately six years, during which the larvae 

remain in the soil and undergo 12 different larval stages (Strey 1973). Imagoes emerge from the 

soil between April and July and are active until summer. The comparatively long developmental 

time of A. subfuscus from egg to imago is mirrored by the all year-round presence of A. subfuscus 

in soil samples, while the rather short lifespan of the imagoes limits the time during which the 

species can be detected with Malaise traps. Next to time constraints also methodological issues 

can hamper species detection rate with Malaise traps. The coleopteran species Polydrusus impar 

(figure IV.21) was recovered from soil samples of the winter and spring seasons, but was only 

found in Malaise traps in summer season.  
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Figure IV.22 Photos of voucher specimens of the coleopteran species Athous subfuscus and Polydrusus 

impar (© BY-SA 4.0: GBOL / Museum Koenig) 

 

While the larvae of P. impar feed on the roots of coniferous trees, the imagoes are usually found 

in the canopies during the summer season (Kula 2003). Species diversity associated with the 

canopies of forests is highly underexplored, not least because scientists aiming to investigate 

species diversity associated with the forest canopy are over towered by the study substrate. As 

a result, complex and costly methods like canopy fogging are required. As already described, 

several species like P. impar spend parts of their life associated with the ground strata, where 

their presence can now easily be confirmed with metabarcoding of soil samples. These examples 

highlight the power of metabarcoding to detect species diversity and turnover in a time series of 

samples collected in several substrates in the same location. 

 

Diptera 

For many dipteran species little is known about their biology, hampering direct comparison of 

our findings with existing descriptions of species biology. Overall, 30 species from 15 different 
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families were recovered from both sample types. The families widely differed in lifestyle, ranging 

from families mainly characterized by pollinator species (e.g. Syrphidae) to families with a high 

proportion of predatory species (e.g. Asilidae). 17 dipteran species were recovered from the soil 

samples in winter, which were not present in the Malaise traps at this time of the year. This allows 

for the assumption that like coleopterans and lepidopterans, dipterans are using the ground 

strata for hibernation. Nevertheless, it should be kept in mind that eDNA extracted from soil 

samples may also result from the decaying carcasses. Marquina et al. (2019) only found a 

deferred overlap between species occurrence in soil and Malaise trap samples for the insect 

order Diptera, which they assume was partly a result of the accumulation of dead specimens in 

the soil. The extended time lagged overlap was probably contributed by the fact that samples 

were taken late in the season when a majority of ground dwelling larvae had probably already 

developed into imagoes and had emerged from the ground habitat.  

 

Influence of forest type on species recovery  

Location of the Malaise traps (forest type) was not a factor influencing the recovery of a species 

next to Malaise traps although from the soil. Across all four forest types, highest jaccard-similarity 

indices calculated for the comparison of soil samples and Malaise traps were found for Malaise 

traps collected in summer season. A different picture was found when comparing arthropod 

species communities detected between soil samples taken within a specified forest type and 

Malaise traps. Soil samples taken at the pure beech sampling sites showed the highest jaccard-

similarity index to Malaise traps when soil samples were taken in winter, while arthropod species 

communities of the soil samples taken at the old beech sites were more similar to Malaise traps 

when taken in autumn or spring respectively (figure IV.22). Finally, soil samples of the pure spruce 

sites showed the highest overlap with Malaise traps when soil sampling took place in summer. 

Overall, we observed an accumulation of species inhabiting the above ground strata during 
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summer at the ground layer of the pure beech sites in winter season. This may result from the 

different prevailing abiotic and biotic conditions at the four forest types favoring hibernation e.g. 

the accumulation of leaf litter.  

 

  

Figure IV.23 Heatmap showing jaccard similarity indices for the comparison of the assessed arthropod 

species community associated with each of the four forest types, depending on sample 

type and season 
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Conclusion 

 

 

This study shows that choice of sampling method and substrate is critical for the outcome of DNA 

metabarcoding studies targeting Arthropoda. While the metabarcoding of bulk samples is 

becoming increasingly reliable (Elbrecht et al. 2019), assessing arthropod diversity on the basis 

of eDNA extracted from soil is still to mature. Nevertheless, this study has shown that despite the 

current limitations of soil eDNA metabarcoding, the method is already capable of supplementing 

results of species assessment studies based on Malaise trap catches. Our study confirms the 

findings of other studies which have shown that a limited sampling time window increases the 

risk of missing species, regardless of sampling method used (Marquina et al. 2019). All species 

described here were recovered from Malaise traps and soil samples respectively in concordance 

with species biology and lifecycle descriptions found in the literature. The complex life cycles and 

the time shifts between species occurrences in ground and above ground habitats required the 

combination of several sampling strategies to capture a picture as complete as possible of the 

occurring arthropod diversity. Our study underlines that depending on targeted taxa, the use of 

several sample types is highly recommended, when aiming to assess total species diversity. 

Furthermore, the use of several sample types allows for the scientific investigation of new 

research questions. It enables the monitoring of species occurrences over a longer period of time 

and can give deep insights into a species' ecology and life cycle. Furthermore, it also allows us to 

monitor seasonal species turnover rates between habitats e.g. when species prefer a certain 

habitat for hibernation. Based on this study, we recommend extending sampling with Malaise 
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traps over several seasons to lower the risk of missing species with a short flight period such as 

the hymenopteran family Formicidae and complementing it with metabarcoding of eDNA 

extracted from soil samples. 
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Over the last years, metabarcoding has become a reliable and cost efficient tool, enabling the 

assessment of biodiversity in a timely manner. Despite enormous steps towards the 

implementation of metabarcoding (e.g. food security, wildlife protection, assessment of water 

quality) some aspects of metabarcoding still require more research to transition DNA-based 

biodiversity assessment to an accepted alternative to traditional morphology-based approaches.  

 

 

Current Limitations  

By definition metabarcoding describes ‘the taxonomic identification of multiple species extracted 

from a mixed sample (community DNA or environmental DNA) which have been PCR-amplified 

and sequenced on a high-throughput platform’ (Deiner et al. 2017). Several authors have stated 

that the dependency of metabarcoding on PCR is one of the major weaknesses of these methods 

since it can lead to primer taxonomic preferential amplification and diversity bias (Taberlet et al. 

2012; Clarke et al. 2014; Cristescu 2014). Metabarcoding studies usually aim at amplifying DNA 

molecules derived from many species in a single PCR run. Therefore,  it is of uttermost 

importance to use highly universal primers to ensure that sequences originating from different 

taxa are amplified with similar efficiencies and no species gets missed in diversity assessments 

(Taberlet et al. 2012). Consequently, several markers have been tested for their taxonomic 

resolution and coverage, but none is capable of providing a high-resolution picture of total 

existing biodiversity. However, several barcode regions were identified to have a high taxonomic 

resolution and coverage for certain taxonomic groups of interest. e.g. Cytochrome c oxidase 

subunit I gene (COI) for arthropods (Andújar et al. 2018; Elbrecht et al. 2019), the small subunit 

18S rRNA gene (18S) for Metazoa (Fonseca et al. 2010), the internal transcribed spacer region 

(ITS) for fungi (Schoch et al. 2012; Blaalid et al. 2013), the maturase K gene (matK) and the large 
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subunit of ribulose 1,5-bisphosphate carboxylase gene (rbcL) for plants (CBOL Plant Working 

Group et al. 2009) and the small subunit 16S rRNA gen (16S) for bacteria (Chakravorty et al. 2007). 

Although all of them have proved capable of  identifying a large number of taxa from groups of 

interest, an accumulation of false negative results is still frequently observed (CBOL Plant 

Working Group et al. 2009; Yu et al. 2012). This is mainly due to primer bias, inter alia introduced 

due to species-specific differences in primer affinities. For instance, the COI marker is a protein 

coding gene, therefore the third position of the codons is often highly variable as it is less 

constrained by selection (Piñol et al. 2015; Clarke et al. 2017). As a result, primer binding sites 

are not strictly conserved and primer affinities can significantly vary between species supporting 

the amplification of well-matched taxa, while species with low primer affinities often remain 

undetected. The degree of incorporated primer bias is highly unpredictable as it is determined 

by several factors (Morinière et al. 2016; Elbrecht et al. 2017). Together with the complexity of 

the DNA mixture (Morinière et al. 2016) and low sequencing depth, also differences in specimen 

biomass contained in bulk sample (Elbrecht et al. 2017) is known to increase PCR bias. In order 

to avoid or reduce primer bias, several strategies have been found and increasingly applied, e.g. 

by presorting samples (Morinière et al. 2016; Elbrecht et al. 2017), lowering the primer annealing 

temperature, or by using highly degenerate primers (Clarke et al. 2014; Elbrecht and Leese 2017). 

Nevertheless, an increase in degree of primer degeneracy as well as suboptimal annealing 

temperatures are known to introduce new potential biases like the amplification of non-target 

DNA (Siddall et al. 2009; Horton et al. 2017). While in bulk samples the lion’s share of DNA 

accounts for trapped metazoan specimens, in eDNA mixtures extracted from soil samples this 

proportion is shifted towards microbial DNA resulting in a high amplification rate of non-target 

DNA (Yang et al. 2013; Macher et al. 2018). As a result, due to differences in primer affinities and 

the unwanted amplification of non-target DNA, several target species are missed as only a limited 

number of sequences of the target groups are amplified. 
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A recent study has shown that pursuing a one locus several primers strategy, meaning the use of 

several primer pairs targeting the same locus within the same group of taxa (Corse et al. 2019), 

can be key to efficiently describe species diversity (Esnaola et al. 2018). Although this approach 

seems to be a promising alternative to highly degraded primers, it doesn’t come without 

drawbacks. The spectrum of target species can only be extended as far as it matches the 

taxonomic coverage and resolution of the chosen marker for the targeted group (Creer et al. 

2010; Derycke et al. 2010; Kvist 2014; Andújar et al. 2018). Furthermore, even highly conserved 

primers do not entirely exclude the amplification of non-target DNA (Mioduchowska et al. 2018) 

and the use of a single marker is often problematic as intra- and interspecific variability can 

greatly vary within organism groups (Brown et al. 2015; Chain et al. 2016). Although the COI 

marker is often referred to as marker of choice for the identification of metazoans (Andújar et al. 

2018), it fails to robustly identify annelids (Kvist 2014) and nematodes (De Ley et al. 2005; 

Bhadury et al. 2006; Derycke et al. 2010). Additional observations were made for matK for the 

identification of several plant taxa (CBOL Plant Working Group et al. 2009; Fahner et al. 2016). 

Furthermore, the use of a single marker only allows for the exploitation of a limited proportion 

of taxonomic information contained in the DNA mixture. To increase the proportion of valuable 

taxonomic information  and thereby number of recovered taxa the combination of several 

markers is increasingly recommended (Cowart et al. 2015). By now several studies have shown 

that the combination of several markers can significantly increase taxonomic resolution and 

coverage (Zhang et al. 2018; Marquina et al.  2019). Nevertheless, when targeting several 

markers, library preparation and sequencing costs increase rapidly, together with duration of 

laboratory work and time of analysis. In order to reduce costs and effort, it is possible to multiplex 

several markers within the same PCR (De Barba et al. 2014). However, this method received 

criticism as well. Primer melting temperatures may differ considerably in sub-optimally compiled 

primer pairs, leading to strong variations in amplification success (Taberlet et al. 2018). Although 

this bias can be bypassed by adjusting melting temperatures and primer concentrations (Taberlet 
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et al. 2018) this method is highly susceptible to introduce a high number of false negative results 

as sub-optimal PCR conditions are limiting amplification success.   

 

 

Outlook  

Development of PCR-free Approaches 

Such PCR-based approaches limitations  contributed to a necessarily narrow primer and marker 

choice (Taberlet et al. 2018), attempts have been undertaken to develop PCR-free approaches 

like ‘shotgun-based metabarcoding’. Shotgun sequencing, also often referred to as 

‘metagenomics’, ‘environmental genomics’, ‘ecogenomics’ and ‘community genomics’ refers to 

a DNA-sequencing based method, aiming to profile mixed communities (Porter and Hajibabaei 

2018) by sequencing all genomic material from many diverse taxa simultaneously (Venter et al. 

2004). The genomic DNA is thereby fragmented to the size appropriate for the chosen sequencing 

platform (Piper et al. 2019). The resulting sequences represent a random subsample of the DNA 

extract and contain a complex set of taxonomical information of mitochondrial and nuclear origin 

(Tang et al. 2015; Crampton-Platt et al. 2016). Shotgun-based metabarcoding can be combined 

with a target enrichment step (Dowle et al. 2016; Shokralla et al. 2016). Although even without 

target enrichment, promising results can be obtained (Srivathsan et al. 2015, 2016), a target 

enrichment step is recommended as its application allows for the enrichment of a set of marker 

prior to sequencing (Porter and Hajibabaei 2018) leading to a strong reduction of sequencing cost 

and saving in sequencing time (Mamanova et al. 2010). For example, when targeting pathogens 

or parasites, it is possible to enrich samples with sequences from these organisms, while reducing 

the reads for taxa with highly abundant DNA, e.g. the host. Shotgun-based metabarcoding 

without enrichment by capture increases the cost at least 1000fold (Taberlet et al. 2018) and 
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furthermore leads to a high number of taxonomically non-informative reads (Crampton-Platt et 

al. 2016). As a result, the identification of some taxa is, depending on sequencing depth, 

frequently based on a very low number of informative reads (Pedersen et al. 2016), strongly  

increasing the risk of incorporating false negative results. 

Today, several methods are pooled under the designation ‘target enrichment’, including 

commonly used PCR (Mamanova et al. 2010). These can be also found under the name of hybrid 

capture and molecular inversion probes (MIPs) as the most widely PCR-free used approaches 

(Mamanova et al. 2010; Porter and Hajibabaei 2018).   

 

Molecular Inversion Probes (MIPs) 

Target enrichment on the basis of MIPs uses single-stranded oligonucleotides consisting of 

universal sequences (common backbone), flanked by universal primers which are bordered by 

target-specific sequences (Stefan et al. 2016). After probes anneal on either site of the target 

region of  polymerase fills the resulting sequence gap (Mamanova et al. 2010). Afterwards, the 

resulting loop is closed by ligation (Mamanova et al. 2010; Stefan et al. 2016). For PCR-

amplification on the basis of universal primers directed at the common backbone (Mamanova et 

al. 2010) only circularized probes are kept, while exogenous host DNA and uncircularized probes 

are digested by exonucleases (Mamanova et al. 2010; Stefan et al. 2016; Porter and Hajibabaei 

2018). Although this method has been proven to have a high specifity of MIP captures 

(Mamanova et al. 2010), the number of taxa which can be simultaneously targeted is rather low 

compared to other target enrichment approaches (Porter and Hajibabaei 2018). This is mainly 

due to the fact that the MIP approach is limited in number of target regions which can be 

captured under uniform conditions (Mamanova et al. 2010). In contrast to this method, stands 

target enrichment by hybrid capture, which is more suitable for biodiversity assessment studies 

as a complex set of taxa can be targeted.   
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Hybrid Capture 

Similar to molecular inversion probes, hybrid enrichment uses large oligonucleotides for the 

capture of target DNA. A great advantage of this method is the possibility to encompass an 

extremely high number of oligonucleotides (Piper et al. 2019) designed complementarily to 

target specific target sequences (Jones and Good 2016), allowing to capture several loci (Piper et 

al. 2019) at once. For hybrid capture, oligonucleotides are bound to beads in solutions. After 

hybridization of target sequences to oligonucleotides, several washing steps are applied in order 

to remove non-target sequences from the solution. Hybrid capture favors the capture of short 

fragments with high specificity (Mamanova et al. 2010) as longer sequences tend to show a 

higher number of cross-hybridizations (Mamanova et al. 2010) and thereby an increasing 

proportion of off-target sequences (Gnirke et al. 2009). This preference towards the capture of 

short fragments is promoting the capture of degraded DNA, which is increasingly found in eDNA 

samples (Thomsen and Willerslev 2015). As a result, it can be anticipated that hybrid capture can 

significantly improve eDNA metabarcoding when being used for the replacement of the initial 

mixed template PCR step (Shokralla et al. 2016). Due to the high complexity of resulting DNA 

mixtures and the extreme dominance of microbial DNA, the amplification of rarer species of e.g. 

arthropods is strongly hampered (Yang et al. 2013; Shokralla et al. 2016; Horton et al. 2017). Even 

when aiming to amplify the Folmer region of the COI marker, which has been shown to be most 

suitable for the detection of arthropods, it has been observed that the vast majority of resulting 

amplified sequences account for bacterial DNA (Yang et al. 2013) hampering the identification of 

arthropods. Former studies have shown that hybrid capture is highly efficient for the capture of 

arthropod and insect DNA, leading to a higher detection rate of these taxa compared to 

traditional metabarcoding approaches which uses an initial mixed-template PCR step (Shokralla 

et al. 2016). This is making it to a promising tool for the development of monitoring approaches 

using eDNA. Furthermore, the absence of a PCR- step can likely lead to a more meaningful 

interpretation of read numbers, e.g. to try to infer species abundance estimates.  
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Metabarcoding as a Quantitative Tool 

The development of molecular biodiversity assessment approaches are capable of retrieving 

relative abundance data but to obtain absolute abundances has not been possible and has 

already been referred to as the “holy grail” of metabarcoding (Clarke et al. 2017). Some studies 

have suggested that, depending on species, a modest but positive relationship between species 

abundance and sequencing read abundance exists (Evans et al. 2016). This relationship has been 

used to make semi-quantitative but valid statements about population growth trends for single 

species (Tillotson et al. 2018). Nevertheless, these studies are only approximations as it is well 

known that several methodological considerations can significantly influence number of reads 

(Elbrecht and Leese 2015; Piñol et al. 2015; Krehenwinkel et al. 2017).  Especially the current 

dependency of metabarcoding on PCR is limiting its use for quantitative biodiversity survey 

studies (Elbrecht and Leese 2015; Piñol et al. 2015). Differences in primer affinities are leading to 

the introduction of amplification biases which degree is determined by complexity and bulk 

sample composition, making it highly unpredictable (Hajibabaei et al. 2011; Brandon-Mong et al. 

2015; Elbrecht and Leese 2015; Morinière et al. 2016). However, although PCR bias can to some 

extent be overcome by replacing the initial mixed-template PCR step, e.g. by hybrid capture, it 

remains challenging to retrieve absolute abundance data (Krehenwinkel et al. 2017). The 

character of the target marker must be taken into account as depending on marker the number 

of gene copies varies strongly across cells, tissues, species and also individuals (Taberlet et al. 

2018), making it indispensable to have a priori knowledge on  the above outlined characteristics 

of the target marker for each species of interest. Databases containing the required data would 

allow for the development of bioinformatic algorithms capable of calculating a close estimation 

of species abundances. For the establishment of a database containing species specific data of 

marker characteristics for a broad range of taxa (e.g. all arthropods), an immense research effort 

is required. However due to the enormous gain of information, this effort would be reasonable 
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as the implementation of a correction factor would open the door for new field of application 

e.g. the development of theoretical models based on abundance data.  

 

Development of Reference Databases 

Up to now it was not possible to identify a single marker which is capable to identify all taxa 

across the tree of life. As this would be desirable due to cost and time constraints, new markers 

are emerging on a regular basis. Several of those markers have been shown to deliver 

comprehensive surveys, but are limited for the use of species identification due to incomplete 

databases (Elbrecht et al. 2016). The completeness of the associated reference databases is 

significantly influencing detection rate and furthermore determines how many reads are 

assigned to each taxon (Shokralla et al. 2016). Shokralla et al. (2016) showed that more 

sequences are assigned to orders which tend to be overrepresented in databases compared to 

less abundant orders. This highlights the importance of database complexity especially as 

metabarcoding is striving to provide quantitative results by using read number assigned to each 

taxon as a proxy for species abundance. However, it has been shown that the combination of two 

or more markers can increase species detection rate by up to 10%, a proportion which is likely to 

further increase with completeness of databases. Unfortunately, barcode reference databases 

are strongly differing in completeness between markers. While a lot of effort has been 

undertaken to establish well curated and comprehensive COI databases for arthropods, 

ribosomal marker reference databases are still very limited for most taxonomic groups (Clarke et 

al. 2014). This is inter alia due to the standard barcoding system (Coissac et al. 2016), which has 

long time relied on single species PCR-based approaches and Sanger sequencing for the 

establishment of references databases. The increasing number of multiplexed studies, 

circumventing the problematic recovery of groups for which universal primers have been shown 

to be poorly working (e.g., COI for hymenoptera and matK for various plant lineages), requires 
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an extension of the current standard barcoding systems (Coissac et al. 2016). In order to provide 

a database as comprehensive as possible, genome-skimming is now increasingly applied (see 

here: PhyloAlps project: phyloalps.org). Genome skimming is the low coverage shotgun 

sequencing of genomic DNA (Straub et al. 2012) resulting in comparatively deep sequencing of 

the multi-copy fraction of the genome (plastome, mitogenome, and repetitive elements) 

(Dodsworth 2015). As a result, all markers are obtained simultaneously and can be stored as 

potential barcodes in a single reference database. This allows for a strong increase in 

phylogenetic signal which increases taxonomic resolution and coverage (Ruhsam et al. 2015; 

Coissac et al. 2016). Furthermore, in contrast to PCR approaches, genome skimming is capable of 

retrieving the barcodes of museum specimens, including type specimens which are often 

suffering from a high degree of DNA degradation (Besnard et al. 2014; Coissac et al. 2016). 

Despite the fact that the costs for genome skimming are still exceeding the ones of traditional 

PCR-based approaches (Taberlet et al. 2018), the already outlined advantages of genome 

skimming justify its use for the establishment of reference databases in the future as with 

growing complexity of databases taxonomic resolution and coverage of multiplexed studies will 

be further increased (Zhang et al. 2018; Marquina et al. 2019). 

 

Exact Sequence Variants 

For a long time, metabarcoding was based on the concept of operational taxonomic units (OTUs) 

which used clusters of sequences at a given cutoff as proxy for number of present taxa. In the 

literature a cutoff p-distance of 97% - 99% is usually found to approximate species. However, the 

degree of sequence dissimilarity within species (intraspecific variability) (Chain et al. 2016) and 

between species (interspecific variability) (Brown et al. 2015) can widely vary. While intraspecific 

variation can exceed a threshold of 3% (Brown et al. 2015), resulting in the oversplitting of taxa 

into several OTUs, interspecific variation can be lower fusing different species into one OTU and 
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distorting biodiversity measurements (Chain et al. 2016). Recently, several studies were 

published emphasizing that new concepts might be more suitable and sensitive for the 

measurement of biodiversity (Callahan et al. 2016, 2017; Needham et al. 2017). So-called exact 

sequence variants (ESVs) (Callahan et al. 2017), also often referred to as amplicon sequence 

variants (ASVs) (Callahan et al. 2016) or zero-radius OTUs (zOTUs) (Edgar 2016), are roughly said 

clusters of sequences which differ by as little as one nucleotide from each other (Callahan et al. 

2017) and thus represent true biological units (Porter and Hajibabaei 2018).  The advantage of 

OTU over ASV approaches are the higher degree of robustness to an artificial increase of assessed 

biodiversity due to the incorporation of sequencing artefacts. However, with the development 

of new bioinformatic sequence denoising approaches this issue has been addressed. For example 

DADA2 generates a parametric error model, which takes the entire sequencing run into 

consideration and uses the data to correct and collapse sequencing errors.  Several studies have 

now compared the use of ESVs and OTUs and found that both method detect similar community 

patterns (Glassman and Martiny 2018; Porter et al. 2019), although with exact sequence variants 

a slightly higher species diversity was found (Porter et al. 2019). However, the concept of exact 

sequence variants has an enormous advantage over the OTU concept as it is working with real 

biological units existing outside of the analyzed data (Callahan et al. 2017; Marshall and Stepien 

2019). While the comparison of two datasets based on OTUs requires a complete new analysis, 

which, depending on number of sequences per dataset, can be very time-consuming and often 

requires a high amount of computational power, studies based on ASVs can easily be compared 

with each other due to consistent labeling as each ASV (Callahan et al. 2017) accounts for a 

precise haplotype (Marshall and Stepien 2019). Furthermore, the development of a large 

reference database based on ASVs would allow for a direct comparison of detected ASVs across 

studies allowing for the detection of invasive species which have so far not been described. 

However, the comparability of studies is highly dependent on study design and bioinformatics 

pipeline choice.  
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Standardization  

One of the major concerns of metabarcoding is its current lack of standardization (Taberlet et al. 

2018). Standardized metabarcoding protocols ensure that experiments are fully replicable in 

time, space and across laboratories allowing for the comparison of several independently 

conducted studies, thus enabling the documentation and investigation of biological phenomena 

on a global scale, e.g., the development of endemism over a height gradient or the influence of 

forest type on arthropod community composition (boreal vs. deciduous forests). Previous studies 

have shown that standardization facilitates the acceptance of new methods inside and outside 

the scientific community (Malorny et al. 2003). It is therefore likely that standardization will also 

lead to an increased acceptance of metabarcoding approaches for non-scientific purposes (e.g., 

food security, wildlife protection, assessment of water quality by assessing the saprobic index), 

but also inside the scientific world e.g. for calculation of theoretical models. Usually, species and 

corresponding abundance data are used for the development of theoretical models (Pereira et 

al. 2010; Kaschner et al. 2011), whereas metabarcoding has long time not been in the focus of 

the scientific-model community. However, today, metabarcoding retrieves valid biodiversity 

data, which provide a reliable basis for the development of theoretical semi-mechanistic 

community level models (Mokany and Ferrier 2011). While biodiversity assessment data based 

on traditional methods are rare and mostly limited to a small set of species, several thousand 

metabarcoding datasets are now publicly available containing information about current and 

past biodiversity patterns from across the world. If these datasets had been obtained under 

standardized conditions, an immense and highly valuable unified dataset would now be available 

for the development of biodiversity models which could better monitor, among other aspects, 

global shifts in biodiversity to better estimate correlation with climate change, land use, etc.  

However, standardization also has a downside as it encompasses the risk of blocking further 

developments and thereby negatively influencing study results. While for metabarcoding of bulk 

samples several studies have already highlighted advantage and disadvantages of several 
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methodological considerations (e.g. marker choice, primer choice and bioinformatics tools) 

(Fonseca 2018), only a limited number of eDNA metabarcoding studies using soil samples to 

assess macroorganisms  have so far been conducted whereas several methodological questions 

are still left unanswered. The development of a guideline or even best practice advises for eDNA 

soil studies is desirable but at this point not recommended as it could hamper future 

developments and lead to an accumulation of studies with improvable results. Furthermore, 

depending on the aim of the study the experimental design must be accordingly adjusted. Former 

studies have already shown that environmental parameters (e.g. soil composition) can 

significantly influence the effectiveness of eDNA extraction method (Sagova-Mareckova et al. 

2008). For example DNA yield an purity extracted from soil samples can significantly vary 

between different types of soil depending on extraction methods. The assessed degree of 

biodiversity of soil samples are therefore only partially comparable with each other. This case 

also shows that prior to study, tests must be taken to ensure best possible results. Instead of 

formulating narrowly conceptualized guidelines and best practices, a first step towards 

standardization could be the use of a standardized eDNA template as positive control in each 

study (Taberlet et al. 2018). This would allow for subsequently conducted meta-analyses, and 

thereby for a direct control of effectiveness of study design. While increasingly more studies are 

now dealing with soil eDNA (Pietramellara et al. 2009; Sirois and Buckley 2019), little is known 

about taxon-dependent,  differential release of eDNA into these environments. Therefore, it is of 

topmost importance to perform systematic laboratory experiments to establish a basis for the 

development of protocols and best practice instructions leading towards standardization and 

thereby to a promising use of metabarcoding for commercial purposes, namely biomonitoring 

and conservation studies. 
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Conclusion Remarks 

 

Overall molecular methods combined with next generation sequencing platforms can provide 

reliable information about existing biodiversity. As these approaches keep developing at a 

tremendous pace, they are likely to contribute significantly to the identification and investigation 

of dimensions, drivers, and consequences of biodiversity loss, enabling the development of 

urgently needed biodiversity protection strategies in the near future.   
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