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Context and aim: a short recap

Marine benthic communities are vital to sustain ecosystem services but they are under constant 

stress from anthropogenic influences such as fishing, habitat alteration, mineral extractions and 

climate change (Gray, 1997; Levin et al., 2001). Monitoring these communities in a consistent 

and reliable procedure is necessary to understand the threats upon them. Studying the marine 

benthic communities in a traditional manner, using morphological inventories is challenging 

due to the need of large sample sizes and advanced taxonomic knowledge (Bucklin et al., 2011). 

Metabarcoding of environmental DNA (eDNA) can potentially greatly enhance the scientific 

knowledge for these ecosystems (Cowart et al., 2015; Aylagas et al., 2018).

Since the introduction of metabarcoding in the beginning of this decade (Taberlet et al., 2012a) 

the use of this method within scientific studies has increased exponentially (Garlapati et al., 2019; 

Jeunen et al., 2019). Metabarcoding of eDNA relies on the extraction of DNA from an environmental 

sample (e.g., sediment, water, soil) followed by the amplification of the targeted barcode (see 

Figure 1.3). These barcodes provide biodiversity information when taxonomically assigned 

with the help of a reference database. Metabarcoding has been used to assess biodiversity 

for all kinds of taxa and habitats, including the marine benthic environment (e.g., Chariton 

et al., 2015; Lejzerowicz et al., 2015; Lacoursière-Roussel et al., 2018; Brannock et al., 2018).

Whereas traditional morphological studies are executed following an established methodology, 

this is not (yet) the case for eDNA metabarcoding studies. Standardization of protocols has been 

suggested more than once, however this depends heavily on the ecological question at stake. 

Within the first part of this thesis, an attempt was made to find the optimal laboratory and 

bioinformatics workflow to assess marine benthic communities (Chapter 2) and this workflow 

was then tested for its quantitative aspects (Chapter 3). The second part of this thesis described 

the application of the optimal workflow in three case-studies in which (potential) anthropogenic 

influences in marine soft-sediment benthic environments were assessed. The three study sites 

ranged from a relatively simple intertidal system (Chapter 4), via a continental shelf system 

(Chapter 5) up to a highly complex deep-sea benthic system (Chapter 6). For each system, the 

ecological questions at stake were investigated whereas at the same time the applicability of 

the eDNA metabarcoding methods were explored.

Methodological choices

eDNA metabarcoding is a multi-step approach including sample collection, DNA extraction, 

barcode amplification, sequencing and bioinformatics analysis/taxonomic identification; 

collectively named the metabarcoding workflow (see Figure 1.3). The choice of workflow, i.e., 

the specific method chosen per step; should always be adjusted to the (ecological) question at 

stake (Makiola et al., 2020; Pompanon & Samadi, 2015) as the choices per step can each alter 
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the outcome as well as introduce their own specific biases within the study (Alberdi et al., 2018; 

Bik et al., 2012; Brannock & Halanych, 2015; Garlapati et al., 2019; Zinger, 2019). The aim of this 

thesis was to find a metabarcoding method which was able to investigate anthropogenic effects 

on the complete marine meiobenthic and macrobenthic community. Hence, the key features 

we were looking for were versatility and comprehensiveness. For this reason, a direct DNA 

extraction protocol for small sediment samples was chosen as it was able to detect both the 

meiofauna and macrofauna community within one sample (Chapter 2). The 18S rRNA gene was 

chosen as barcode region, again as this was proven to be the most versatile barcode region for 

the marine benthic community (Chapter 1, box 1.1).

Many methodological choices and issues arising from this have been discussed in the previous 

chapters. However, there are still a few points left worth discussing here. The first issue is the 

choice of the 18S rRNA gene and its implications. Within this thesis two regions within this gene 

were used as barcode, the longer V4-V5 region (Hadziavdic et al., 2014) and the slightly shorter 

V1-V2 region (Sinniger et al., 2016). Both regions had a 100% success within the diagnostic PCR’s 

on 35 different Wadden Sea benthic species (Table 1.1) and the longer V4-V5 region was preferred 

as this region encompassed more genetic variation (Hadziavdic et al., 2014; own in silico-analysis). 

However, due to the termination of the 454 sequencing platforms we had to change to a shorter 

region compatible with Illumina sequencing, the preferred platform at that time. Quantitative 

measure are difficult with this 18S rRNA gene for two reasons. Firstly, the discriminative power 

is relatively low and species-level identifications are not possible. But more importantly, the 18S 

rRNA gene is shown to contain intragenomic variation and length polymorphisms (Bik et al., 2013; 

Hugert et al., 2014). Such variations could induce an overestimations of OTU’s and therefore an 

overestimations of the existing biodiversity. 

Another methodological issue not mentioned in the different thesis chapters is the choice of 

polymerase enzyme. Nichols et al., (2018) found that polymerase enzymes can bias the PCR 

amplification process based on the GC content. Within this study, the phusion taq polymerase 

was used. This choice was based on the high fidelity and low error rate during DNA synthesis, a 

feature also shown in the study by Nichols et al., (2018). However, the phusion taq polymerase 

enzyme was in the same study also show to be least accurate regarding quantitative outcomes. 

Although this paper was published after all the experimental work was done, still precautions 

were taken to minimize this effect such as PCR replicates. The issue with the polymerase enzyme 

is one of many issues which might arise during the PCR amplification process, a delicate process 

which can influence read abundance highly (Alberdi et al., 2017). 

The detection of specimens using the direct DNA extraction method is influenced by the biology 

of the species and the dynamics of the environment; often named the ecology of eDNA (Barnes 
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and Turner, 2016; Lacoursiere-Roussel & Deiner, 2019; Stewart, 2019). The ecology of eDNA 

and its influence in marine benthic metabarcoding studies is further reviewed in box 7.1. In 

short, the amount of eDNA released by an organism differs highly between different taxonomic 

groups whereas this release also differs between seasons within a taxonomic group. Also, abiotic 

factors can influence the distance the eDNA can travel in the environment as well as the rate at 

which this DNA is either stored or degraded in the sediments. Results from both chapter 2 and 

3 showed the necessity to carefully consider this ecology of eDNA at the experimental design 

phase of a metabarcoding study.

The case-studies within this thesis can be classified as one short-temporal study (Chapter 4) 

and two spatial studies (Chapter 5 and 6). Each of these studies require their own methodology. 

Within the temporal study it was important that the eDNA sampled belonged solely to the 

presently existing community. Extracellular DNA can be stored within marine sediments and 

is thereby protected against degradation (Dell’Anno and Corinaldesi, 2004; Alawi et al., 2014). 

Hence, the eDNA in sediments might encompass DNA from species which already disappeared 

from the specific location. To be able to study short-temporal changes, sediment samples as 

used in chapter 4 were pre-rinsed in a phosphate-buffer to remove extracellular DNA from the 

sediments (Taberlet et al., 2012b). In contrast, for spatial studies described in chapters 5 and 6, 

the extracellular DNA stored in the sediment helped studying the complete benthic community. 

Especially in the deep-sea (Chapter 6), species abundances are low, and most species might 

only be detected via their excreted DNA (Guardiola et al., 2015 and 2016). Therefore, sediment 

samples within chapter 5 and 6 were used directly, which means both the extracellular as well 

as the intracellular DNA was extracted and amplified.

Application

The second part of this thesis focused on the implementation of metabarcoding tools in studies 

which assessed anthropogenic influences on marine benthic communities. To be able to assess 

anthropogenic influences on marine benthic communities, a community characteristic, for 

instance community structure or biodiversity, needs to be measured. In the last decade, the 

number of publications in which metabarcoding has been implemented as a tool to assess 

biodiversity, including marine benthic biodiversity, has increased exponentially (Garlapati et 

al., 2019, Makiola et al., 2020); this also includes studies directed towards anthropogenic effects 

(Lanzen et al., 2016; Laroche et al., 2016). In most of these studies, the metabarcoding method 

has been described as a robust method and often as a valuable addition to current morphological 

studies or even as superior compared to traditional methods (Chariton et al., 2015; Laroche et 

al., 2016; Kelly et al., 2016). Within this thesis, the value of eDNA metabarcoding as a tool to 

examine anthropogenic effects on the benthic biodiversity was evaluated in three case-studies.
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The first case study (Chapter 4) examined the effects of mechanical dredging for the lugworm 

Arenicola marina on the benthic community at intertidal mudflats. This intertidal ecosystem 

withholds a species community with relatively low species richness and high abundances per 

species (Compton et al., 2013). This low complexity in combination with an easy accessibility to 

the experimental location allowed us to examine recovery rates of the benthic community after 

dredging on a temporal scale using both traditional morphological methods and metabarcoding 

methods. Both methods, the traditional and metabarcoding methods, showed a significant 

difference between experimental and control sites after Arenicola fishing. However, the two 

methods produced different outcomes regarding the time-range in which the benthic community 

was affected after dredging. The different results with respect to timing of the disturbance are 

directly related to the different parts of the communities that were targeted by the two methods 

(Balint et al., 2018; Garlapati et al., 2019). Whereas the traditional morphologic method targeted 

only the macrofauna community; the metabarcoding analysis targeted both the meiofaunal as 

well as the macrofaunal community. Still, with both methods, corresponding effects of dredging 

on key macrofaunal species were found.

Within the two other case studies (Chapter 5 and 6), the metabarcoding method was also able 

to distinguish between impacted and non-impacted sites. For the North-Sea (Chapter 5), an 

‘shadow’-effect of the epifauna on an artificial structure was found in the surrounding benthic 

communities. And in the deep-sea (Chapter 6), benthic communities were shown to be affected 

by hydrothermal plume fall-out. Especially for the deep-sea, a highly complex environment 

with relatively unknown communities, the metabarcoding approach can be a real asset in 

biomonitoring for anthropogenic disturbances (Dell’Anno et al., 2015; Guardiola et al., 2015; 

Sinniger et al., 2016). Although it can be argued that metabarcoding methods give different 

results compared to traditional morphological methods in terms of the subset of the community 

which was examined and in terms of quantification (Chapter 3); the case studies here showed 

that valuable conclusions can be drawn from metabarcoding data. However, as with each new 

method, the scientific community needs to become aware of the abilities and disabilities of 

a method (Makiola et al., 2020). Therefore, implementation of a metabarcoding approach 

should always be accompanied by a careful design and description of the work flow to prevent 

misinterpretation of the data (Alberdi et al., 2018; Cahill et al., 2018; Cowart et al., 2015; Grey 

et al., 2018; Lejzerowicz et al., 2015 and many others).

Future developments

Metabarcoding methods have undergone considerable developments in the past decade. The 

development of next-generation sequencing platforms made it possible to sequence barcodes 

of multiple species at once; facilitating the use of metabarcoding methods (Glenn, 2011). The 

methodology is still advancing rapidly, these technically and scientific advancements can bring 
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solutions to current challenges and limitations (Garlapati et al., 2019; Makiola et al., 2020). 

This part of the thesis will discuss some future developments. Only few developments will be 

discussed here; a selection has been made entailed to the challenges and limitations encountered 

in this thesis. These challenges and limitations include the limited level of taxonomic assignment 

(all chapters); the storage of eDNA in the environment (Chapter 4) and the ability to quantify 

species numbers or biomass (Chapter 3).

The limitation of taxonomic assignments to higher taxonomic levels can have various reasons, 

two main reasons are highlighted here. Firstly, the limited availability of annotated reference 

sequences in reference databases hinders taxonomic assignments of OTU’s. Building global 

reference databases is an ongoing effort and large databases such as GenBank™, the SILVA 

database or the BOLD databases are already existing. However, the limited availability of 

reference sequences is still hampering for studies in less known areas, such as the deep-sea, 

or studies of less well-known taxa (Aylagas et al., 2016; Bucklin et al., 2011). Whereas a local 

reference database of macrofauna in the intertidal Wadden Sea could easily be compiled, 

this is far more difficult for the deep-sea due to the limited taxonomic knowledge that is 

available and the difficulty to obtain deep-sea samples. An option to avoid any dependency 

on reference databases would be the use of taxonomic-free approaches. One such approach 

has been introduced for freshwater diatoms and is based on solely the internal variation of a 

gene (Apotheloz-Gerret-Pentil et al., 2017). Although authors reported that biodiversity might 

have been underestimated and a thorough calibration of the used method was needed, they 

expected that this method could be adapted in biomonitoring studies in the future. While only 

OTU’s were used within this taxonomic-free study, combining this approach with exact sequence 

variants (ESV’s) could possibly further enhance this approach (Callahan et al., 2017). Secondly, 

the marker sites used in this thesis do not contain enough genetic variability to distinguish OTU’s 

up to the species level. At the start of this study, the choice for this 18S gene was made based on 

the available sequencing methods at that time; Illumina sequencing was the most cost-effective 

option for metabarcoding studies then (Glenn, 2011). The V1-V2 region of this 18S gene seemed 

the best and most versatile option giving the restriction of the maximum barcode length (Deagle 

et al., 2014; Sinniger et al., 2016). The introduction of third-generation sequencers such as those 

based on Nanopore technologies is a big advancement in this respect (Garlapati et al., 2019; 

Makiola et al., 2020). The third-generation sequencing platforms can produce reads up to 2Mb; 

hereby facilitating the use of far longer barcodes, increasing the genetic resolution per barcode 

and thereby increasing the level of taxonomic identification.

The second limitation is the storage of eDNA in the environment. As described in the above 

section, DNA molecules absorbed in the sediment matrix via phosphate bridges can be protected 

from degradation (Dell’Anno and Corinaldesi 2004; Alawi et al., 2014). The samples used within 
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chapter 3 and 4 were pre-rinsed with a phosphate-buffer to remove any temporal-buffering of 

DNA in the sediments. However, this is one of the many solutions to counter this problem. Another 

solution often applied is using an eRNA inventory instead of eDNA (Balint et al., 2018; Guardiola 

et al., 2016; Laroche et al., 2018; Wood et al., 2020). Although stricklty this is not a ‘future 

development’ as this approach has been around for a long time, it is still worth mentioning here 

(Pawlowski et al., 2014). RNA degrades more quickly after cell death compared to DNA, therefore 

eRNA possibly provides a better representation of the viable community (Pochon et al., 2017). 

However, the rapid degradation makes sampling and extraction procedures more difficult and 

could potentially lead to an underestimation of the community diversity (Laroche et al., 2018).

The ability to quantify abundance or biomass of the benthic community is very limited within the 

metabarcoding approach. In accordance with other studies, only a few benthic taxa showed a 

positive relationship between the morphological and metabarcoding dataset (Chapter 3) (Alberdi 

et al., 2018; Lamb et al., 2019). The limited possibilities for quantification within metabarcoding 

studies have been reported in many publications and rapid developments are underway to 

overcome this problem. A possible solution would be the use of intraspecific genetic variation 

as proxy for abundancy (Elbrecht et al., 2018; Makiola et al., 2020). Prerequisite for such an 

approach would be the calibration of intraspecific genetic variation within the population. Hence, 

this approach is still limited to easily accessible and well-studied populations. Even though 

quantification is limited, relative read abundances accurately represented variations in species 

abundancies as shown in chapter 4 of this thesis. The use of relative read abundances has been 

favoured by many over the use of presence/absence ratios (Grey et al., 2018; Lamb et al., 2019; 

Lanzen et al., 2016).

Concluding remarks

This thesis showed the value of metabarcoding approaches to assess anthropogenic effects on 

marine benthic communities. Like any other method, this method comes with its own strengths 

and limitations. A thorough knowledge about the exact features of a method is the way forward 

to a better interpretation of the results. Nonetheless, the rapid developments still on going in 

the metabarcoding approach will overcome many of the disabilities in time and thereby making 

this approach a fast, versatile and easily reproducible approach.

7
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Box 7.1 The ecology of eDNA

To be able to fully interpret the results of a metabarcoding study towards the marine 

benthic community, it is necessary to understand the processes which influence the 

amount of eDNA in the environment, from source to sink (Barnes & Turner, 2016; 

Stewart, 2019; Lacoursière-Roussel & Deiner, 2020). Primary, eDNA is a mixture of all DNA 

molecules, independently of state (e.g., tissue, dead or dying cells, larvae or extracellular), 

in the environment. The source of this eDNA can be the species itself, as well as any 

excreted or shed material such as faeces, slime, skin flakes or gametes. The sink of eDNA is 

the removal from the environment, either through degradation or transport. Any process 

between the source and sink of eDNA, transport, storage and degradation will influence 

the amount and diversity of eDNA sampled at a location (Barnes & Turner, 2016; Stewart 

et al., 2019).

The transportation of eDNA from one environment to another (Barnes & Turner, 2016), 

could possibly lead to false positive detections and thereby potential misinterpretations. 

A recent and alarming example has been described for invasive carps. An invasive carp 

species was detected at a valuable lake system based on the presence of its DNA (Jerde et 

al., 2011). However, the invasive carp species was only physically found behind the barriers 

which were installed to prevent its invasion; only its DNA was transported into the lake 

system (Jerde, 2019). Next to horizontal transportation, also vertical transportation, for 

example from a pelagic environment to a benthic environment, is prone to cause false 

positive identifications. The amount of eDNA transported from the pelagic environment 

to the benthic environments depends on abiotic factors such as water movement and 

depth. Figure 7.1 shows the percentage of reads which belonged to either the pelagic taxa 

or benthic taxa for each case-study described in this thesis. For the North Sea, almost 50% 

of the eDNA in sediments was derived from pelagic species, in the deep-sea and Wadden 

Sea this percentage was much smaller (< 5%). 
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Box 7.1 Continued

The samples from the Wadden Sea were pre-rinsed with a phosphate-buffer to remove 

extracellular DNA from the samples and thereby possibly removing the pelagic DNA 

stored in the sediments, hence, the relatively low percentage here seems to be mostly 

dictated by external body features. For instance, nematodes have been shown to bear 

an external cuticle, which prevents the release of free DNA into the environment and 

leads to lower diversity and read numbers within this group when only extracellular DNA 

would be sampled (Guardiola et al., 2015 & Chapter 2, Figure 2.2). However, as nematodes 

are highly abundant and widespread in most marine benthic environments, the direct 

extraction of DNA from sediment samples, an extraction method which also includes 

complete specimens present, still leads to a high amount nematode DNA (Guardiola et 

al., 2016 & Chapter 2, Figure 2.2). Other species bearing a physical barrier for DNA release 

are crustaceans that form an external skeleton. Indeed, a lower detection probability was 

found for this taxonomic group (Chapter 3, Figure 3.3). DNA release by organisms may also 

differ between seasons. An example was described in Chapter 3, Figure S3.1; high relative 

amounts of bivalve DNA were found during the spawning season whereas no specimens 

of these bivalves were found at the sampled locations by the morphological approach. 

This high eDNA signal was probably caused by the presence of gametes or larvae that had 

been transported from nearby living bivalves. Only a few studies so far have looked at 

seasonal variability of eDNA, mostly from fish communities. One of these studies found a 

higher abundance of eDNA in the water during the spawning season (Stewart, 2019); and 

also, like the example described here, poses a coupling between the release of gametes 

and the increased release of DNA into the environment.
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