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Chapter 1

The marine ecosystem is one of Earth’s most valuable natural resources. It provides us with food, 

medicines and valuable minerals, together termed: ‘ecosystem services.’ Marine ecosystems, 

next to the rest of the global environment, have been extensively altered by humans (Chapin 

et al., 2000). Habitat loss, overexploitation, invasive species, pollution and climate change 

are regarded as the main threats (Gray, 1997; Bijma et al., 2013). Even though human impacts 

are highest in the coastal zones, also the deeper seas are experiencing an intensification of 

anthropogenic influences (Merrie and Olsson, 2014). Without major changes in policy and our 

own behaviour, pressure on the marine environment will further increase with consequences 

for biodiversity.

Biodiversity, or biological diversity, has been defined in various ways (Gaston et al., 1996) and 

the shortest definition would be ‘the variety of organisms at all levels’ (Wilson, 1992). In general, 

a higher biodiversity is linked to a higher level of ecosystem functions (Törnroos et al., 2015). 

But how can we measure biodiversity and how can biodiversity be linked to the state of an 

ecosystem? At this moment there is order-of-magnitude uncertainty in the estimation of species 

existing on earth overall, this uncertainty is even higher for marine (invertebrate) species (May, 

1988; Cardoso et al., 2011; Costello, 2015) suggesting current methods are inefficient. This thesis 

explores a novel approach of next generation monitoring (molecular techniques) to measure 

marine benthic biodiversity and will compare this novel approach to the traditionally broadly 

applied morphological taxonomy approach for measuring benthic biodiversity.

The benthic ecosystem

The benthic ecosystem spreads from the intertidal beaches and estuaries towards the cold and 

dark deep seas and is mostly inhabited by invertebrates, a group of species often understudied 

(Cardoso et al., 2011). The benthic ecosystem in the intertidal zone and in coastal areas is 

generally characterized by high fauna abundancies and biomass whereas species diversity is 

often low. The number of species and biodiversity was estimated to peak around 500m depth 

(Costello and Chaudhary, 2017) with a decline again towards the deeper parts of the ocean. High 

concentrations of benthos in the deep sea can however be found around so called ‘hotspots’; 

locations where chemicals seep from the ocean floor and chemotrophy gets a central role in 

primary production, for example in the surroundings of hydrothermal vents or cold seeps.

The importance of benthic communities has been widely recognized (Snelgrove et al., 1997; 

Worm et al., 2006) because of their role in the break down and recycling of organic matter, 

bioturbation, and the food web (Levin et al., 2001; Thrush et al., 2006), not only in coastal 

systems but also in deeper areas and the open ocean. Moreover, benthic communities often 

hold key positions in the marine food web and changes in the environment are often rapidly 

reflected in the benthic community (Schmid-Araya & Schmid, 2001). Species composition can 
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alter, or some species can completely disappear, under conditions of heavy stress (Balsamo et 

al., 2012). To be able to detect changes within the environment, measuring the benthic diversity 

at a temporal and spatial scale in a consistent and reliable way is required.

Taxonomy

The field of taxonomy, the scientific classification of living organisms, stands at the base 

for understanding biodiversity (McNeely, 2002; Thomson et al., 2018). The first attempt to 

classify organisms in groups was by the greek philosopher Aristotle in his book “The history 

of animals” written in 350BC. Although the system was not very methodological, it persisted 

for more than 2000 years until 1735. In this year, Linnaeus published his book “Systema 

Naturae”, the system of nature. Linnaeus developed the hierarchical system from kingdom 

to species and combined this with a binomial nomenclature. The framework for classifying 

living organisms described in Lenneaus is still, although greatly modified, essential for the 

system used currently. Within the current taxonomic systems, organisms are grouped in a 

taxonomic ranking system, consisting of eight taxa (Figure 1.1). The ability of naming species 

and clustering into groups is a first essential step in describing and comparing biodiversity.  

Figure 1.1 | Present taxonomic ranking system including the major ranks: domain, kingdom, phylum, class, 
order, family, genus and species. The common cockle (Cerastoderma edule) is used as example.

Research slowly changed from exploration in the past centuries towards research more driven 

by empirical questions. Hence, scientific output changed from the discovery and description of 

species to estimating abundancies and biodiversity as a measure for ecosystem functioning. 

To study benthic fauna, researchers have always relied on the morphological approach, which 

enables one to collect, identify and count species within a habitat.

1
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Morphological approach

Since Linnaeus, taxonomy has been defined based on morphological systematics. This system 

uses phenotypic characteristics to identify species. It assumes that individuals which are 

morphologically different represent different taxa and moreover, that closely related species 

differ less than distantly related species. Numerous dichotomous keys and pictorial guides have 

been developed to aid marine taxonomist to the identification of specimens up to the desired 

taxonomic level. By now, the world register of marine species (WoRMS, 2019) includes over 300 

thousand marine animal species from oceans all over the world.

The collection of biodiversity data using the morphological approach has been generally accepted 

for marine benthic research (Figure 2). Within this method, the infauna and sedentary epifauna are 

collected by a sampling device of choice; often a grab or (box)corer (Flannery & Przeslawki, 2015). 

Subsequently, the sample needs to be sorted; and sorted specimens will be identified to taxonomic 

levels. Specimens for each species can be counted and/or biomass can be calculated from ash-

free dry mass (AFDM) measurements (Beukema & Cadee 1997; Compton et al., 2013) or by 

converting the blotted wet weight (Rutgers van der Loeff & Lavaleye, 1986; Daan & Mulder, 2005). 

Figure 1.2 | Graphical abstract of the morphological approach including: collection of a marine sediment 
sample, species sorting and identification.

The morphological approach has been extensively used for decades and was the most prominent 

source in marine benthic biodiversity estimates. Limitations and biases of this method are well 

known and have been gradually accepted. Moreover, many limitations are introduced as an 

artificial boundary by researchers themselves. A prominent example is the division of species 

in size classes, i.e., fractionation of the sample. Because sorting a complete box core (up to 50 

liters of sediment) and identifying specimens of all size classes is a time-consuming and nearly 

impossible, this process is preceded by a sieving or elutriation step. By sieving, the sample is 

divided into size fractions, the so called microfauna, meiofauna and macrofauna. Size classes 

are chosen arbitrary and differ depending on the research area and the researcher. Smaller size 

fractions are often discarded even though these fractions consist of species typically defined as 

good indicators for environmental health (Balsamo et al., 2012; Fraschetti et al., 2016). Meiofauna 
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species, a size class often omitted, are the most abundant size class in the benthic environment 

and play an important role in the food web (Zeppilli et al., 2016).

Also, identifying the species in the bigger size fraction, the macrofauna, can introduce biases. Next 

to the well-known observer-bias, species can also be miss-identified due to miss-interpretation 

of cryptic species or the life-stage. Morphological taxonomy has become heavily opinionated as 

taxonomists differ in their assumptions in defining species (Hillis et al., 1974). The morphological 

approach is a time-consuming and costly process as it requires taxonomic expertise, which is 

scarce, particularly for invertebrates (Bucklin et al., 2010; Cardoso et al., 2011; Cowart et al., 

2015). Taxonomy becomes more and more a rare skill and the fading of knowledge has been a 

widely addressed problem for decades (Wilson, 1985). Hence, biodiversity estimates are often 

impaired as only the ‘easily’ determined fraction, both for size and identification purposes, from 

the benthic biodiversity is considered.

Next generation biomonitoring

Morphological monitoring techniques focused primarily on measuring a defined part of 

biodiversity such as macrofauna species richness (Compton et al., 2003); marine benthic larvae 

(Gollner et al., 2016); or indicator species (Vandewalle et al., 2010). Measurements were often 

limited to such a defined assessment due to limitation in available techniques (Yoccoz, 2012). 

In the past decade, a new set of tools has been introduced under the collective name: ‘next-

generation biomonitoring (NGB) (Bohan et al., 2017; Makiola et al., 2020) including: remote 

sensing, citizen science, deep learning and molecular tools (Jackson et al., 2016). NGB allows for 

assessing (marine benthic) diversity in a more holistic way from genes to entire ecosystems. One 

of the molecular tools, DNA metabarcoding, will be explored within this thesis as a potential new 

standardized methodology for multiple taxonomic identifications (Taberlet et al., 2012). Although 

other NGB tools are not covered within this thesis, especially the combination of deep learning, 

or machine learning, in combination with DNA metabarcoding is highly potential for scaling-up 

both spatial and temporal resolution within biomonitoring programs (Cordier et al., 2019).

From DNA barcoding to the metabarcoding approach

In the past decades, there has been a growing understanding of genetics. The combination of 

the conventional DNA-sequencing (Sanger et al., 1977) and the concept of DNA barcodes (Hebert 

et al., 2003) made it possible to distinguish species based on their molecular code. These DNA 

barcodes are short variable gene regions containing valuable taxonomic information, flanked by 

more conserved regions which act as primer binding sites. The use of DNA removes the observer 

bias and opinion-based discussion about species identification. The DNA barcodes introduced by 

Hebert et al. (2003) focused at that time on a 658-bp region in the mitochondrial cytochrome c 

oxidase I (COI) gene of animals. Many more marker sites have been studied since then, and the 

1
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18S rRNA gene is, next to the COI gene, most often used for marine benthic metazoan species 

(Deagle et al., 2014) (see Box 1).

Metabarcoding combines two technologies: high throughput DNA sequencing using NGS 

platforms and identification of species based on standardized DNA barcodes. Since the 

development of conventional DNA-sequencing by Sanger et al. (1977) DNA sequencing 

technologies have been impressively improved into the next-generation sequencing (NGS) 

techniques being introduced in the past decade. Next generation sequencing platforms uses 

massive parallel sequencing and can produce millions of reads for the barcode of choice within a 

run. This massive parallel sequencing allows us to identify many specimens at the same time from 

either a bulk or an environmental sample by comparing the obtained sequences with sequences 

of this barcode in publicly available reference libraries. Metabarcoding is by now a commonly 

used term for the study of the complete genetic material obtained from environmental samples 

(Taberlet et al., 2012). The metabarcoding workflow follows the same steps as general DNA 

barcoding: DNA extraction, PCR amplification, sequencing and taxonomic identification (Figure 

3). However, where only a single species is targeted in DNA barcoding, metabarcoding targets 

the whole community. Therefore, metabarcoding allows us to assess biodiversity in a new, i.e. 

consistent and replicable way across different ecosystems (Baird & Hajibabaei, 2012). Started 

in the microbiology, the different techniques are more and more used for higher taxa and other 

fields of biology, inter alia marine benthic biodiversity (Chariton et al., 2010 & 2015; Fonseca et 

al, 2010; Guardiola et al., 2015 & 2016; Lanzen et al., 2016; Sinniger et al., 2016).

 

Figure 1.3 | Graphical abstract of the metabarcoding approach including: collection, DNA extraction, PCR 
amplification, sequencing and taxonomic identification.
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Applications of metabarcoding

As with other novel methodological approaches, the introduction of a new method into the 

scientific world is faced by challenges. Although Linnaeus introduced his taxonomic system 

almost 300 years ago, changes to this system are still being suggested and implemented currently 

(Ruggiero et al., 2015; WoRMS, 2019). These challenges should be overcome by a mixture of 

meticulous testing as well as learning by trial-and-error. Although the term ‘metabarcoding’ 

was first introduced by Taberlet et al. (2012), a courageous study describing metabarcoding 

methods for marine ecological assessment was already published two years earlier by Chariton 

et al. (2010). Chariton et al. (2010) investigated if and to which extent metabarcoding sequence 

information could be used for an ecological assessment towards human impacts in a marine 

estuary. And even though this study used a very rough, unpolished version of the metabarcoding 

approach, the high potential of the metabarcoding approach was demonstrated. In the next 

couple of years, more of these ‘early’ adopters were able to demonstrate the potential of these 

methods for eukaryotic fauna in all kinds of ecosystems (i.a., Fonseca et al., 2010; Yu et al., 2012; 

Thomsen et al., 2012).

However, at the same speed as these studies were published, critical reviews were published 

alongside in which limitations and challenges of these approaches were discussed widely (i.a., 

Coissac et al., 2012; Collins & Cruickshank, 2013; Cristescu, 2014; Pompanon & Samadi, 2015). 

These critical reviews were essential as researchers were forced to think critically, spend time on 

much needed validations and become more creative in applying the metabarcoding approach. 

The main challenges highlighted are the availability of reference sequences and the quantitative 

potential of the method. Gaps in the reference databases may lead to misidentifications or 

limited taxonomic resolution. Whereas the ability to acquire quantitative data can greatly 

enhance the power of ecological inferences and predictions (Gray, 2000; Yin and He, 2014), little 

validation studies have been published. Most validation studies focused either on the workflow 

for metabarcoding method solely (i.a., Brannock & Halanych 2015; Elbrech & Leese, 2015) or 

comparing metabarcoding with the traditional morphological approach in qualitative terms (i.a., 

Cowart et al., 2015; Lejzerowicz et al., 2015; Cahill et al., 2018). Numerous (sub)-methods have 

been developed by now and each ecosystem requires a specific experimental setup, therefore, 

it remains elusive which workflow is best suited for studying ‘the’ marine benthic ecosystems 

and to which extent biases and limitations of the workflow influence the outcomes.

1



14

Chapter 1

Box A: Primer test for marine benthic specimens

Identification of species through DNA methods is based on genetic variation of specific barcode 

regions. The sequences of these barcode regions ideally differ between species, to enable 

identification up to species level. As numerous copies of this specific barcode are needed 

for sequencing, a polymerase chain reaction (PCR) to amplify the specific region is key in 

the metabarcoding process. During this reaction, complementary oligo-nucleotides bind 

to the DNA and due to the copy activity of the polymerase enzyme, a new complementary 

string is build. To be able to sequence a variable barcoding region, it needs to be flanked by 

conserved regions - the so-called ‘marker’ sites - for an optimal binding of the primer oligo-

nucleotides (Riaz et al., 2011). Next to being discriminant and having highly conserved regions, 

the ideal barcoding gene is a widely and intensively used gene, as the genetic region needs to 

be present in reference databases with sequences covering many taxa. In metabarcoding for 

animals, the mitochondrial cytochrome c oxidase subunit I (COI) and the nuclear ribosomal 

small subunit RNA gene (SSU rRNA), also called the 18S gene, are frequently used. Both marker 

sites have their advantages and disadvantages. The COI gene is generally highly discriminant, 

enabling OTU identification up to species level in many groups of organisms. The 18S gene 

is less variable and specimens can often only be identified up to family level. So, when high 

taxonomic recovery is needed, the 18S gene might me less suitable than the COI gene. On 

the other hand, the 18S gene contains more conserved marker sites enabling a better primer 

binding. Hence, the 18S can be applied in a more universal matter (Deagle et al., 2014). Six 

published primer pairs were tested in vitro for their ability to amplify the DNA barcodes from 

35 different Wadden-Sea benthic species (Table 1). The 18S oligo-nucleotides designed by 

Hadziavdic et al., (2014) and Sinniger et al. (2016), performed best in terms of the ability to 

amplify all marine benthic species included in the test.

Table 1.1 | Oligo-nucleotide combinations tested for COI and 18S gene. For each combination, the score 
percentage out of 35 benthic species is shown.

Reference Gene Length Forward Reverse Score

Folmer et al., 1994 COI 658bp LCO1490 HCO2198 83 %

Lobo et al., 2013 COI 658bp LoboF1 LoboR1 50 %

Leray et al., 2013 COI 313bp mlCOIintF jgHCO2198 68 %

Hadziavdic et al., 2014 18S – V4/5 630bp F-566 R-1200 100 %

Stoeck et al., 2010 18S – V4 375bp TAReuk454FWD1 TAReuk454Rev3 83 %

Sinniger et al., 2016 18S – V1/2 450bp SSU_F04 SSU_R22mod 100 %
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Thesis outline

The aim of this thesis was to explore the application of molecular metabarcoding approaches for 

marine benthic biodiversity monitoring. The studies in this thesis are grouped according to two 

purposes; the first purpose was to compare metabarcoding methods to classic morphological 

methods. In the methodological studies (Chapters 2 and 3), the Wadden Sea intertidal ecosystem 

is used as a model system. The second purpose was to apply the metabarcoding methods in 

ecological field studies towards anthropogenic impacts on marine benthic biodiversity in 

different areas: the intertidal Wadden Sea (Chapter 4), The North Sea (Chapter 5), and the deep-

sea (Chapter 6).

Chapter 2 compares the effectiveness of different workflows used in the metabarcoding 

approach. Three DNA extraction methods were compared to the classic morphological approach 

and a comparison was made between two taxonomic assignment methods. Whereas chapter 2 

is focused on qualitative data, the application of metabarcoding approaches to assess marine 

benthic biodiversity in a quantitative manner is assessed in chapter 3. This chapter aims to 

examine to which extent abundance estimates based on metabarcoding results, either via a 

frequency of occurrence approach or via a relative read abundance approach, are comparable 

to abundance estimates based on the morphological approach.

The results derived from chapter 2 and 3 were used as the base for applying metabarcoding 

methods to infer the benthic community in different ecosystems, possibly subjected to 

anthropogenic influences, in three case studies. The three marine benthic ecosystems were all 

soft-sediment ecosystems but highly varied in complexity. Chapter 4 describes the influence 

of bottom dredging for the lugworm Arenicola spp. in the intertidal Dutch Wadden sea on 

the benthic biodiversity there. In this ecosystem, species diversity is relatively low and is well 

studied with the traditional morphological approach. Therefore, conclusions derived from the 

metabarcoding approach could be compared to those from the morphological approach. Chapter 

5 examines the impact of a gas platform on the benthic community located on the continental 

shelf in the Southern North Sea. This ecosystem is species rich and moderately studied. Spatial 

variations within the benthic community, possibly induced by impacts of the gas platform, were 

examined both with a metabarcoding and morphological approach. In the last case study, chapter 

6, the metabarcoding approach was used to explore soft-sediment deep-sea communities in the 

background of the Rainbow hydrothermal vent field at the Mid-Atlantic Ridge. These so called 

‘background communities’ are relatively unknown but could potentially suffer loss of biodiversity 

due to deep sea mining. This study examined patterns in the benthic communities and tries to 

correlate these to influences of hydrothermal plumes. Also, an attempt was made to detect 

pelagic larvae of benthic species at different locations around the hydrothermal vent field with 

the metabarcoding approach.

1
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ABSTRACT

Metabarcoding of genetic material in environmental samples has increasingly been employed 

as a means to assess biodiversity, also of marine benthic communities. Current protocols 

employed to extract DNA from benthic samples and subsequent bioinformatics pipelines differ 

considerably. The present study compares three commonly deployed metabarcoding approaches 

against a morphological approach to assess benthic biodiversity in an intertidal bay in the Dutch 

Wadden Sea. Environmental DNA was extracted using three different approaches; extraction 

of extracellular DNA, extraction preceded by cell lysis of a sieved fraction of the sediment, and 

extraction of DNA directly from small amounts of sediment. DNA extractions after lysis of sieved 

sediment fractions best recovered the macrofauna diversity whereas direct DNA extraction of 

small amounts of sediment best recovered the meiofauna diversity. Extractions of extracellular 

DNA yielded the lowest number of OTUs per sample and hence an incomplete view of benthic 

biodiversity. An assessment of different bioinformatic pipelines and parameters was conducted 

using a mock sample with a known species composition. The RDP classifier performed better than 

BLAST for taxonomic assignment of the samples in this study. Novel metabarcodes obtained from 

local specimens were added to the SILVA 18S rRNA database to improve taxonomic assignment. 

This study provides recommendations for a general metabarcoding protocol for marine benthic 

surveys in the Wadden Sea.
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INTRODUCTION

Benthic organisms play a crucial role in marine nutrient cycling and in primary and secondary 

productivity in the ocean and shelf seas (Austen et al., 2002; Covich et al., 2004; Levin et al., 2001; 

Snelgrove, 1997; Thrush et al., 2006). Anthropogenic stresses on the seafloor such as trawling, 

oil, gas and sand extraction but also warming and ocean acidification (Anadón et al., 2007; 

Halpern et al., 2008) are inducing changes in benthic ecosystems. Subsequent disruption of key 

ecosystem services and community stability from an accelerated loss of biodiversity is currently 

a major concern (Daily et al., 2000; Danovaro et al., 2008; Hooper et al., 2012; Solan, 2004). 

The ever-expanding economic exploitation necessitates implementation of policies to ensure 

habitat protection. This, in turn, requires regular monitoring of marine benthic ecosystems. 

Benthic biodiversity is a widely used indicator of ecosystem health (Snelgrove, 1997). Ideally 

the monitoring approach should assess biodiversity at the relevant temporal and spatial scales 

in a consistent and reliable way.

Current estimations of biodiversity are subject to high levels of uncertainty, especially in 

marine ecosystems (Costello, 2015; Hajibabaei et al., 2011; Hortal et al., 2015; May, 1988), 

suggesting that current methods are insufficient. Assessing the composition of the marine 

benthos by traditional methods such as morphological identification of individual specimens is 

time-consuming, labour-intensive as well as costly, and requires a taxonomic knowledge that 

is increasingly scarce, particularly for invertebrates (Bucklin et al., 2011; Cardoso et al., 2011; 

Cowart et al., 2015). Morphological identification is typically limited to large specimens and 

consequently the meiofauna and immature individuals usually remain unidentified (Balsamo 

et al., 2012; Boyd et al., 2000; Chariton et al., 2015; Compton et al., 2013; Danovaro et al., 

2000; Spilmont, 2013; Zeppilli et al., 2015). During recent years, DNA sequencing has emerged 

as an alternative and efficient method for species identification, most recently in the form of 

next-generation sequencing (NGS) and metabarcoding (Taberlet et al., 2012a). In principle, 

metabarcoding facilitates the assessment of biodiversity in a consistent and replicable manner 

across different ecosystems (Baird and Hajibabaei, 2012). This potentially allows comparisons 

of in situ biodiversity studies (Bik et al., 2012; Cowart et al., 2015; Ji et al., 2013).

Several studies have successfully implemented metabarcoding approaches to assess marine 

benthic biodiversity (Brannock et al., 2014; Chariton et al., 2010, 2015; Fonseca et al., 2010; 

Guardiola et al., 2015). However, several aspects of metabarcode-based assessments of benthic 

diversity potentially bias the outcome and this has been tested insufficiently. One aspect is the 

DNA extraction approach and the corresponding fractioning of sediment samples. Common 

DNA extraction methods for marine sediment samples can be divided in three categories: 

direct DNA extraction from small amounts of sediments, DNA extraction from fractioned 

2
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sediments, and extraction of extracellular DNA. Direct DNA extraction from small amounts 

of non-fractioned sediments has been applied for the identification of both macrofauna and 

meiofauna communities (e.g., Chariton et al., 2015; Sinniger et al., 2016). This method retrieves 

both the extracellular DNA present in the sample as well as the intracellular DNA through a lysis 

step. The DNA extraction of a particular size-fraction - obtained after a sieve or elutriation step - 

is restricted to intracellular DNA from faunal species (and their incidentally gut contents) within 

this size fraction (e.g., Fonseca et al., 2014; Leray and Knowlton, 2016). Recently, DNA extraction 

of only extracellular DNA in sediment samples, has been applied as an alternative approach 

(Bienert et al., 2012; Guardiola et al., 2015; Taberlet et al., 2012b). Extracellular DNA adsorbed 

on minerals has been shown to be protected against degradation and is therefore expected to 

reflect longer-term biodiversity (Dell’Anno and Corinaldesi, 2004). This approach, in principle, 

is therefore less susceptible to short-term temporal heterogeneity (Alawi et al., 2014; Taberlet 

et al., 2012a). The extraction of extracellular DNA has been applied for the identification of 

both macrofauna and meiofauna communities (Guardiola et al., 2015; Pearman et al., 2015). To 

date, no comparisons have been undertaken with regards to which of the three DNA extraction 

methods is best suited for the assessment of marine benthic biodiversity.

Another aspect that potentially biases the outcome of metabarcode based benthic biodiversity 

assessments is the taxonomic assignment of operational taxonomic units (OTUs) among the 

sequenced metabarcodes. Species identification, not just OTU diversity, relies heavily upon 

the completeness of reference DNA databases. Many studies solely rely on the DNA sequences 

that are available in public databases such as GenBank™ and SILVA. The DNA sequences, and 

hence the OTU composition, detected during a study are often interpreted without in-depth 

knowledge of the species diversity at the study site or the reference databases. However, the 

current databases are incomplete and strongly biased towards model organisms. Consequently, 

the identification is mainly confined to specimens belonging to well-known taxa (Pompanon and 

Samadi, 2015). Although some studies have compared the efficiency of different metabarcoding 

methods (Brannock and Halanych, 2015; Lekang et al., 2015), and some studies investigated 

the effectiveness of metabarcoding with artificial compiled samples (Dell’Anno et al., 2015; 

Leray and Knowlton, 2015), only a few studies verified different molecular approaches against 

morphological identification for marine benthic samples; usually due to a lack of the necessary 

taxonomic knowledge and time constraints (Creer et al., 2016). Positive controls, mock samples 

with known species composition, are typically absent in benthic biodiversity assessments, even 

though mock communities represent an excellent approach to validate the specific experimental 

and bioinformatics pipeline of a study (Creer et al., 2016).
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This study compared three methods that are commonly employed in metabarcoding studies 

against a morphological approach to assess marine benthic macrofauna and meiofauna 

diversity in an intertidal area in the western Dutch Wadden Sea. Public reference databases 

were complemented with sequences obtained from morphologically identified local 

benthic species, representing all abundant macrofauna species known for the sampling 

area. The focus of this study was on the effectiveness of different DNA extraction methods; 

as employed in current biodiversity studies, to capture the benthic macrofauna and/

or meiofauna diversity. Also, a comparison was conducted between two commonly 

used methods to assign OTUs to their nearest taxon (i.e., BLAST and the RDP classifier) 

in public and local reference databases. A mock sample of marine benthic biodiversity 

was analysed to assess the quality of taxonomic assignment (Leray and Knowlton, 2016). 

MATERIAL AND METHODS

Reference library

Sampling

Benthic macrofauna species were sampled from the western part of the Dutch Wadden Sea 

during the period between February 2014 and March 2016 following Beukema and Cadée (1997). 

Specimens were identified by an experienced taxonomist according to Hartmann-Schröder (1996) 

and Hayward and Ryland (1995) based on morphological characteristics. Molluscs, crustaceans 

and polychaetes were identified to the species level, whereas oligochaetes and Nemertea were 

identified to the phylum level. After identification, up to three specimens per species were stored 

individually in separate tubes in 96% ethanol at room temperature.

Molecular analyses

Genomic DNA was extracted using the GenElute™ Mammalian Genomic DNA miniprep kit 

(Sigma-Aldrich Inc.) following the manufacturer’s protocol, except for the length of the initial 

cell lysis step which was increased to 18 hours to enhance DNA yield. A 650 base pair (bp) part 

of the 18S rRNA gene was amplified using the oligonucleotides F-566 and R-1200 as primer pair 

(Hadziavdic et al., 2014). All polymerase chain reactions (PCR) were performed in a 50μl reaction 

volume, containing 0.5μM of each primer, 0.2μM dNTPs, 2U BioTherm™+ Taq DNA Polymerase 

(BioTherm™ Inc.), 1x PCR buffer (BioTherm™ Inc.) and 2μl of DNA extract. PCR reactions were 

subjected to five minutes at 95°C, followed by 35 cycles comprised of 45 seconds at 95°C, 60 

seconds at 60°C and 60 seconds at 72°C, respectively, and one final extension step of seven 

minutes at 72°C. Subsample of the PCR products (5μl) were checked by electrophoresis through 

a 2% agarose gel at 75volt for 50 minutes after ethidium bromide staining. The size of the 18S 

rRNA PCR product matched the expected 650 bp for all species, except arthropod species. 
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In arthropods the 18S rRNA PCR products were ~1000 bp. The PCR products were Sanger 

sequenced in both directions with the ABI3730XL sequencer from Life Technologies by BaseClear 

(Leiden, Netherlands).

Alignment of Sanger sequences

Forward and reverse sequences obtained by the Sanger procedure were aligned using Geneious™ 

(version. R9, Kearse et al., 2012). Alignments were obtained using the default Geneious alignment 

function with a gap open penalty at 12 and gap extension penalty at 3. The cost matrix was 

set at a 65% similarity (5.0/4.0). The consensus sequence was obtained with a highest quality 

threshold. All sequences were supplemented with their taxonomic data and stored as a local 

reference database.

Mock sample

One mock test sample was composed by combining DNA extractions from ten local species, 

representing three different phyla (Table 2.1). The DNA extracts of the selected species were 

quantified on a Qubit 3.0 fluorimeter (Qiagen, Inc.) and were pooled in equimolar quantities. 

The mock sample served as a positive control throughout the 18S species identification process.

Field experiment

Sampling

Samples were collected during low tide at nine locations separated by less than 50 m in Mokbaai, 

an intertidal bay at the southern tip of the isle of Texel in the western part of the Dutch Wadden 

Sea (53°20’00’N; 4°46’50’’E). Three sediment cores were collected at each location: two cores 

(termed A and B below) had a 177 cm2 surface area and a 25 cm sampling depth (equivalent to 

roughly 4.5 liters of sediment). The third sample (termed sample C below) was collected using 

a smaller core at 5.60 cm2 surface area and a 10 cm sampling depth (equivalent to 50ml of 

sediment). Samples A were stored in clean plastic buckets at 5°C. Samples B were sieved through 

a 1mm round mesh in the field and stored at 5°C in plastic bags. Samples C were stored at -80°C 

in clean plastic pots.

Molecular analyses

Three different DNA extraction methods were employed.

1) The extracellular DNA extraction method was adapted from Taberlet, et al., (2012b). The 

entire sampled sediment from sample A (4,5 L sediment; n=9) was dissolved in 5 L saturated 

phosphate buffer (Na2HPO4, 0.12M, pH ≈8) and mixed for 15 minutes. Two 50 mL aliquots 

of dissolved sediment were collected and centrifuged at 10 000 g for ten minutes. A volume 

of 400μL of supernatant was recovered and the DNA extracted using the Powersoil™ DNA 
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isolation kit (MoBio Inc.) following the manufacturer’s instructions leaving out the initial 

lysis step.

2) For the sieved lysis method, the sieved fraction from sample B (4,5 L sediment; n=9) was 

cryodesiccated and ground in liquid nitrogen. Subsequently, DNA was extracted from the 

ground residue using the Powermax Soil™ DNA isolation kit (MoBio Inc.) following the 

manufacturer’s instructions.

3) The direct DNA extraction method where all samples C (50 ml sediment; n=9) were 

cryodesiccated and ground in liquid nitrogen. DNA was extracted from 10 g of ground 

sediment following the procedure described in method 2.

The extracted DNA was quantified using a Qubit™ 3.0 fluorimeter (Qiagen, Inc.). The six samples 

with the highest DNA yields were selected among the nine extracts from each DNA extraction 

method. The DNA extracts from these 18 samples as well as the compiled mock sample, 

were used as template to amplify the 650 bp fragment of the 18S rRNA gene using the oligo-

nucleotides F-566 and R-1200 as PCR primers. The F-566 oligo-nucleotide was extended at the 

5’-end with a ten nucleotide multiplex identifier (MID) designed by 454 Roche Life Sciences 

(Corp.). Each sample was labelled with a unique MID. All PCRs were performed in triplet in 

a 25μL volume reaction, containing 0.5μM of each primer, 0.2μM dNTP, 800ng/μL BSA, 1U 

Phusion® High-Fidelity DNA Polymerase (Thermo Scientific Inc.), 1X Phusion® HF buffer (Thermo 

Scientific Inc.) and 3 μL of DNA extract. The thermal cycle programme included an initial cycle 

of 30 seconds at 98°C; followed by 29 cycles, comprised of 10 seconds at 98°C, 20 seconds 

at 68°C and 30 seconds at 72°C, followed by a single cycle of seven minutes at 72°C. The PCR 

products were run through a 2% agarose gel at 75volt for 50 minutes. The PCR products were 

visualized by ethidium bromide staining. Three out of the 18 samples failed during PCR and were 

discarded. The remaining amplification products were purified with the Qiaquick™ purification 

kit (Qiagen Inc.) and quantified with a Qubit™ 3.0 fluorimeter (Qiagen Inc.). All samples were 

pooled in equimolar quantities together with a positive control, the mock sample, and a blank 

PCR control. The pooled sample was then subjected to a final purification using a MinElute™ 

PCR Purification column (Qiagen Inc.) as described by the manufacturer. Pyrosequencing was 

performed on the pooled sample in a single lane using Roche 454 GS-FLX Titanium platform 

with the Lib-L kit, by Macrogen Inc.

Bioinformatics

Raw sequences were quality trimmed and filtered using the FASTX-Toolkit

(http://hannonlab.cshl.edu/fastx_toolkit/) using the fastq_quality_trimmer and fastq_quality_

filter scripts. Reads shorter than 250 bps were discarded and bases with Phred quality scores 

less than 30 were end-trimmed. Reads with a quality score ≤ 30 at >50% of the positions 

were discarded. Quality filtered reads were de-multiplexed based on the MID sequences in 
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QIIME (Caporaso et al., 2010) using the split_libraries.py script. Reads were first dereplicated 

at a 100% similarity and the unique sequences were clustered using a 95% similarity cut off 

in VSEARCH (Rognes et al., 2016). Taxonomic assignments were performed against the SILVA 

18S rRNA database (release 119, www.arb-silva.de; Pruesse et al., 2007), our local reference 

database or both, using two different assignment algorithms. Two alternative BLAST searches 

were performed, the first using the default blastn settings in which the e-value is 10, word _size 

is 10, match/mismatch scores are set on respectively 1 and -2 and gap costs are linear. A custom 

blastn search was performed using an extended word_size of 30, match/mismatch scores were 

set at 1 and -4 and the penalty for opening a gap was set at 12 and for the extension at 2. The 

second taxonomic assignment was performed using the RDP Classifier (Wang et al., 2007) using 

the assign_taxonomy.py script in QIIME with a minimum confidence of 0.5. Also, a random set 

of 10 OTU’s were manually blasted as an empirical control. A neighbour-joining tree was built 

from the 18S rRNA V4-V5 barcodes of the species that were found in the mock sample.

Morphological analyses

Samples A were sieved through a 1 mm mesh sieve. Sieved fractions were preserved in a 4% 

formaldehyde solution and stained using Bengal rose. Species in the sieve residue were sorted 

by hand and identified while alive following the procedure described above.

Data analysis

OTUs assigned to either the Annelida and Mollusca phylum and the Arthropod class Malacostraca 

were categorized collectively as macrofauna. Although larvae or juveniles within these groups 

technically could be meiofauna, the adult stages were used as the reference point for this 

classification. OTUs from the phyla Gastrotricha, Gnathostomulida, Nematoda, Platyhelminthes 

and Xenacoelomorpha as well as the Arthropod classes Hexanauplia and Ostracoda were 

categorized as meiofauna. Presence/absence ratios for macrofauna were estimated at the genus 

level from both the morphological (samples A) and the molecular data (samples A, B and C). 

Species diversity at the intertidal Wadden Sea is extremely low and a 95% cut off in combination 

with identification of macrofauna at the genus level has been found reliable by analysing 

sequence variance from our reference database. As meiofauna species were not sampled for 

our reference data base, presence/absence ratios for meiofauna were not estimated beyond 

the family level from the molecular data.
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RESULTS

Validation taxonomic assignment – reference library – mock sample

After sequence quality control, a total of 6,946 reads were assigned to the mock sample, resulting 

in 27 OTUs clustering at a threshold of >95%. Initial taxonomic assignment using the custom 

BLASTn search and the RDP classifier against the SILVA SSU rRNA reference database, respectively 

missed five and four out of the ten species present in the mock sample. After complementing 

the database with new 18S rRNA DNA sequences of macrofauna species that are common in 

the Wadden Sea, the RDP classifier recovered all mollusc and annelid mock species (Table 2.1). 

Also, the custom BLASTn search recovered these species. However, in addition five false positives 

were detected: the polychaetes Abarenicola affinis, Platynereis dumerilii and Notomastus tenuis 

and the molluscs Phaxas pellucidus and Scissula similis. The barcode sequences of these false 

positives were all similar but not identical to the mock sample species (Figure 2.1). The taxonomic 

assignment at the genus level of the 10 randomly picked OTU’s, which were manually blasted, 

all corresponded to those assigned by the RDP classifier. However, one OTU was different at the 

genus level compared to both BLASTn searches, a match was found at the family level.

The arthropod species that were included in the mock community, Urothoe poseidonis and 

Corophium arenarium, were not recovered and only a few reads were assigned to Bathyporeia 

sarsi. In all cases, a few OTUs were assigned to the Siphonostomatoida, a group of parasitic 

copepods that might have been present in the macrofauna from which the mock sample was 

generated.
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Table 2.1 | Species added to the mock sample and their presence in the molecular dataset after taxonomic 
assignment. The species indicated with an * where those added to the mock sample. The SILVA and SILVA 
+ local column show the outcome of taxonomic assignment for either BLAST or the RDP-classifier based on 
respectively the SILVA SSU rRNA database or the same database complemented with sequences from local 
species. Species were either retrieved (+) or not found (-). The colours indicate if the species was correctly 
identified (green), misidentified (red).

Taxonomy SILVA + local

Phylum Class Family Species Blastn RDP

Annelida Polychaeta Arenicolidae Arenicola marina* + +

Annelida Polychaeta Arenicolidae Abarenicola affinis + -

Annelida Polychaeta Capitellidae Heteromastus filiformis* + +

Annelida Polychaeta Capitellidae Notomastus tenuis + -

Annelida Polychaeta Orbiniidae Scoloplos armiger* + +

Annelida Polychaeta Nereididae Hediste diversicolor* + +

Annelida Polychaeta Nereididae Platynereis dumerilii + -

Arthropoda Malacostraca Bathyporidae Bathyporeia sarsi* + +

Arthropoda Malacostraca Corophiidae Corophium arenarium* - -

Arthropoda Malacostraca Urothoidae Urothoe poseidonis* - -

Arthropoda Hexanauplia Siphonostomatoida + +

Mollusca Bivalvia Cardiidae Cerastoderma edule* + +

Mollusca Bivalvia Pharidae Phaxas pellucidus + -

Mollusca Bivalvia Tellinidae Scissula similis + -

Mollusca Bivalvia Tellinidae Limecola balthica* + +

Mollusca Gastropoda Hydrobiidae Peringia ulvae* + +

 
Table 2.2 | Numbers of OTUs for each DNA extraction method. OTU numbers are calculated as mean 
value per sample for the extracellular DNA extraction method (n=3), the sieved lysis method (n=5) and the 
direct method (n=6).

Method Eukaryota Metazoa Proportion metazoan

Extracellular 80 ± 27 SD 27 ± 17 SD 31%

Sieved lysis 18 ± 7 SD 17 ± 6 SD 91%

Direct extraction 82 ± 20 SD 41 ± 19 SD 48%
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Figure 2.1 | Neighbor-Joining tree of species found in the mock sample. The neighbour-joining tree is 
based on the 18S rRNA barcodes from the V4-V5 region (Hadziavdic et al., 2014). Species indicated with* 
where present in the mock sample.

Comparison extraction methods

Taxonomic composition

The 454-based amplicon sequencing generated 142,118 raw reads of which 104,101 were 

retained after quality control. One sample out of the 15 was discarded since it yielded only 

765 18S rRNA sequences; the according multiplex identifier (MID) was suspected to interfere 

during amplification (Berry et al., 2011). The number of recovered 18S rRNA sequences varied 

considerably among the remaining samples but did not differ significantly among methods (one-

way Anova, F
2,11 = 1.47, p = 0.272). The OTU diversity was highest with the direct DNA extraction 

method (method 3), with an average number of 82 (SD = 20) OTUs per sample (Table 2.2). 

The extracellular DNA extraction method (method 1) recovered 80 (SD = 27) OTUs per sample, 

whereas the DNA extraction method performed on sieved sediment (method 2) recovered on 

average 18 (SD = 7) OTUs. This was significantly lower than the number of OTUs recovered with 
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the two other DNA extraction methods (one-way Anova, F2,11 = 19.3, p < 0.001). The sieved lysis 

DNA extraction method recovered the highest percentage of metazoan OTUs, 91% versus 31% 

and 48% in case of the extracellular and direct DNA extraction method, respectively (one-way 

Anova, F2,11 = 32.83, p < 0.001).

Most metazoan OTUs were assigned to annelids within the extracellular DNA extraction 

method (32%) and the sieved lysis DNA extraction method (72%), whereas with the direct DNA 

extraction method most OTUs (36%) were assigned to nematodes (Figure 2.2). The sieved lysis 

DNA extraction method recovered four metazoan phyla; Annelida, Arthropoda, Mollusca and 

Nematoda. The two DNA extraction methods starting with unsieved sediment samples both 

recovered four additional meiofaunal phyla; Gastrotricha, Gnathostomulida, Platyhelminthes and 

Xenacoelomorpha. The extracellular DNA extraction method also recovered the phylum Cnidaria.

Figure 2.2 | Taxonomic composition. For each extraction method, the average number of OTUs per phylum 

is shown.
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Macrofauna

The three DNA extraction methods recovered similar macrofaunal diversity (Figure 2.3). Annelids 

were the most diverse group with 88%, 81% and 75% of the OTUs for the extracellular DNA 

extraction method, the sieved lysis method and the direct DNA extraction method respectively. 

Only few arthropod OTUs were recovered with the sieved lysis method and none with the 

unsieved methods. The traditional classification method, based on morphology, identified 16 

different macrofaunal genera, belonging to three different phyla (Figure 2.4). Annelids were 

most diverse as ten genera were recovered whereas three mollusc and arthropod genera 

were recovered in each phyla. The molecular methods recovered most annelid genera except 

the Marenzelleria sp. which were not detected by any of the DNA extraction methods. Most 

mollusc genera identified with the traditional morphological methods were also recovered 

with the molecular methods. However, Limecola sp. was not recovered with the direct DNA 

extraction method and Peringia sp. was not recovered with the extracellular DNA extraction 

method. Among the three arthropod genera detected using traditional morphological 

methods, only Bathyporeia sp. was recovered, with the sieved lysis DNA extraction method. 

Figure 2.3 | Order and family diversity for macrofauna. The number of OTUs for macrofaunal orders from 
the phyla Annelida, Mollusca and Arthropoda are shown for the different extraction methods. The mean 
number of macrofauna OTUs per sample were 8, 14 and 10 for respectively the extracellular, sieved and 
direct DNA extraction method.
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Figure 2.4 | Presence/absence ratios for macrofauna genera. Presence/absence ratios are reported for 
macrofauna genera in the Annelida, Arthropoda and Mollusca phyla. Ratios are calculated as detection rate 
within the samples for either the extracellular DNA extraction method, sieved lysis method, direct DNA 
extraction method or morphological method.

Presence/absence estimations obtained with the sieved lysis method correlated significantly 

(Pearsons, r = 0.54, p = 0.014) with presence/absence estimations based on morphological 

identifications (Figure 2.5). The extracellular and direct DNA extraction methods both 

underestimated the presence/absence ratios of the genera Eteone sp. and Hediste sp. whereas 

the presence/absence ratios of the genera Lanice sp. and Cerastoderma sp. were overestimated. 

Remarkable differences were found in the presence/absence ratios for Heteromastus sp., which 

was recovered in all samples with the extracellular DNA extraction method but in none of the 

samples with the direct DNA extraction method.
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Figure 2.5 | Scatterplots of presence/absence ratios. Presence/absence ratios for macrofauna genera 
assessed by either classical taxonomy versus the extracellular DNA extraction method, the sieved lysis 
method or the direct DNA extraction method. Presence/absence ratios for the morphological approach are 
calculated as detection rates from all morphological identified samples (n=9). The presence/absence ratios 
for the molecular approaches are calculated as detection rates within the samples of the particular molec-
ular method. The colours represent different phyla; red = Annelida, blue = Mollusca, green = Arthropoda.
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Meiofauna

The meiofaunal taxons recovered with the extracellular DNA extraction method and the direct 

DNA extraction method belonged to the arthropods, nematodes, flat-worms, gnathostomulids 

and gastrotrichs (Figure 2.6). The total number of OTUs for all meiofaunal orders did not differ 

between the two methods (t-test, t
6 = 2.202, p = 0.07) but the number of nematode OTUs 

differed significantly (t-test, t6 = 3.594, p = 0.011). Compared to the direct DNA extraction 

method, the extracellular DNA extraction method recovered only one-third of the nematode 

OTUs and entirely failed to recover OTUs from the order Araeolaimida. Presence/absence 

estimations for all meiofaunal orders obtained with the extracellular and the direct DNA 

extraction methods were highly different (paired-t, t
13 = 2.939, p = 0.012) (Figure 2.7). Presence/

absence estimations for meiofauna orders obtained with the direct DNA extraction method 

were overall higher. This was especially true for nematode orders that were detected in 57% of 

the sediment samples with the direct DNA extraction method and in 16% of the samples with 

the extracellular DNA extraction method. Presence/absence ratios for the nematode orders 

differed significantly (paired-t, t
4 = 4.489, p = 0.011) between these two DNA extraction methods. 

Figure 2.6 | Phylum and order diversity for meiofauna. The number of OTUs for the meiofaunal orders 
from the phyla Arthropoda, Nematoda, Gastrotricha, Gnathostomulida, Platyhelminthes and Xenacoelo-
morpha. The mean number of OTUs per sample were 15 and 26 for respectively the extracellular and direct 
DNA extraction method.
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Figure 2.7 | Presence/absence ratios for meiofauna orders. Presence/absence ratios are reported for 
meiofaunal orders from the Arthropoda, Gastotricha, Nematoda, Gnasthostomulida, Platyhelminthes, Xe-
nacoelomorpha phyla. Ratios are calculated as detection rate within the samples for either the extracellular 
or direct DNA extraction method.

 
DISCUSSION

Validation of methods

Assessing biodiversity from metabarcoding data is undergoing an exponential increase; 

in part due to the ability of these approaches to capture diversity in complex and diverse 

communities (i.a. Chariton et al, 2015; Lejzerowicz et al., 2015; Sinniger et al., 2016). Accordingly, 

metabarcoding-based assessments of biodiversity need standardization to allow comparison 

between studies. A mock sample was employed to assess the consistency of species identification 

from the metabarcode sequences. The analysis of the mock sample exposed data gaps in the 

SILVA 18S rRNA reference database with respect to Wadden Sea fauna. The quality of taxonomic 

assignments is, to a large extent, depending on the completeness of the reference database. 

The sensitivity and accuracy of taxonomic assignment increases when more species are present 

in the reference database allowing OTU assignment to higher taxonomic levels (Carugati et 

al., 2015; Creer et al., 2016; Pompanon and Samadi, 2015; Richardson et al., 2017; Thomsen 

and Willerslev, 2015). In our study, only few reads were assigned to the arthropod species 

Bathyporeia sarsi and no reads were assigned to the species Corophium arenarium and Urothoe 

poseidonis or any other species within the class Malacostraca. This outcome persisted even 

after the addition of sequences from these species to the SILVA reference database. The overall 

absence of Malacostraca barcodes in the mock sample as well as in the environmental samples 

suggests methodological problems for certain arthropod species rather than misidentifications 
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during the bioinformatic process. The V4-V5 region of the 18S rRNA locus targeted in our study, 

has been reported to allow identification of OTUs across a wide taxonomic range (Hadziavdic et 

al., 2014; Hugerth et al., 2014). This specific region is also known to exhibit length polymorphism 

(Hadziavdic et al., 2014; Hugerth et al., 2014; Nickrent and Sargent, 1991). The amplicon size was 

in the range of 600bp to 650bs for the majority of our targeted species. However, the arthropod 

amplicons were longer, around ~1,000 bp. Longer amplicons may be underrepresented by PCR 

and Roche 454 sequencing. This may potentially explain the absence of arthropod OTUs (Berry 

et al., 2011; Engelbrektson et al., 2010; Herbold et al., 2015).

BLAST is typically the default method for taxonomic assignment in benthic metabarcoding 

studies (Cowart et al., 2015; Dell’Anno et al., 2015; Lejzerowicz et al., 2015; Sinniger et al., 2016). 

However, this study, and in particular the analysis of the mock sample, revealed some incorrect 

assignments when using BLAST. Although all species that were included in the mock sample 

were recovered, five additional species were detected with BLAST. These five additional species 

were closely related to species in the mock sample but did not have identical barcodes for the 

subjected 18S rRNA region. This suggests that the BLAST taxonomic assignment in combination 

with our OTU clustering method was not strict enough, even at more stringent settings. The RDP 

classifier is not commonly used for marine benthic biodiversity studies but it performed well for 

the taxonomic assignment of metazoan genera in other studies (Chariton et al., 2015; Cole et 

al., 2009; Porter et al., 2014). During this study, the RDP classifier was able to recover the exact 

species present in the mock sample and caused no misidentifications. Although many more 

taxonomic assignment and aligning methods have been developed next to BLAST and the RDP 

classifier (i.a. Liu et al., 2008; Coissac, Riaz and Puillandre, 2012; Richardson, et al., 2017), it is 

beyond the scope of this study to compare all these methods. Our results indicate that the RDP 

classifier is an adequate tool for the taxonomic assignment of Wadden Sea benthic fauna studies.

Comparison of extraction methods

The recovery of DNA from marine benthic communities is a crucial first step in molecular-based 

assessments of biodiversity. This study presents one of the first comparative analysis of benthic 

assessment based on morphological and different molecular approaches with respect to different 

DNA extraction methods. Our results indicate that DNA extraction methods preceded bya lysis 

step are efficient in terms of recovering marine benthic macrofauna and meiofauna biodiversity. 

The utility of an additional sieving step prior to DNA extraction depends on which portion of 

biodiversity is of interest, in this study, sieving improved the detection of macrofaunal diversity.

All three DNA extraction methods recovered most of the macrofauna families that were detected 

with the traditional morphological identification method, as reported earlier (Guardiola et al., 

2015; Lejzerowicz et al., 2015; Pearman et al., 2016). However, the sieved lysis method was 



35

Metabarcoding workflow

the only method from which presence/absence ratios of macrofaunal genera correlated to the 

rations found in the morphological approach. Previous studies using a sieving, or an elutriation 

step, already showed good results for large metazoan species (Brannock and Halanych, 2015; 

Vanreusel et al., 2010; Yu et al., 2012). However, this is the first study that shows a one-to-

one correlation with morphological approaches. The sieved lysis method in this study included 

organisms retained on a 1mm sieve and hence recovered only macrofaunal taxons. Mesh sizes 

used for separating benthic fauna from sediment substrates through sieving, or elution, can be 

adapted to broaden the size range of the sampled species and also include meiofaunal species 

(Brannock and Halanych, 2015; Creer et al., 2016). Presence/absence ratios of macrofauna genera 

based on the morphological approach did not correlate to the ratios based on the extracellular 

DNA extraction method and the direct DNA extraction method. Although some studies assumed 

that the extracellular DNA excreted by macrofauna species reflects the biodiversity present, this 

study could not support this assumption.

Meiofaunal diversity was represented best by the direct DNA extraction method compared to the 

extracellular DNA extraction method. In particular nematods seemed underrepresented with the 

extracellular DNA extraction method. Nematodes are the most abundant and diverse meiofaunal 

group in the Wadden Sea (Blome, Schleier and Van Bernem, 1999; Heip et al., 1985; Witte and 

Zijlstra, 1984) and the extracellular method failed to capture this important group. The low 

nematode diversity detected with the extracellular DNA extraction method has been reported 

earlier and is possibly characteristic for this particular method (Guardiola et al., 2016, 2015).

The methods employed here were selected from methods currently employed in metabarcoding 

studies. The methods did not only differ in DNA extraction strategy, but also in the sample 

volume. The sample volume and the sieving procedure for the sieved lysis method was similar 

to the morphological method and the high correlation as found in this study between the results 

of these methods was expected. The sample volume of the extracellular DNA extraction method 

was also similar to the morphological method; however, this method was infeasible to reflect 

the macrofauna diversity and numbers of metazoan OTUs were relatively low. The direct DNA 

extraction method showed the highest OTU diversity, even though this method processed only 

1/90 of the sample volume of the other two methods.

The numbers of metazoan OTUs detected were lowest with the extracellular DNA extraction 

method. The low recovery rates may be due to the relatively long DNA fragment (650bp 

used) targeted in this study, since the length of the amplicon affects the recovery rate of 

partly degraded extracellular DNA (Coissac et al., 2012; Corinaldesi et al., 2008; Sinniger et al., 

2016; Taberlet et al., 2012b). OTU detection based on extracellular DNA is biased by species 

specific differences in DNA release and the fate of extracellular DNA. Many factors influence 
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environmental DNA release. The annelid Lanice sp. produces relatively high amounts of slime 

and is well represented in the extracellular DNA pool whereas the gastropod Peringia sp. is 

enclosed by a shell and may therefore be less prominent in assessments based on extracellular 

DNA (Barnes and Turner, 2016).

The suitability of different DNA extraction methods depends on the specific research objective. 

The sieved lysis method appears best suited to characterise marine macrofaunal biodiversity. 

However, the direct DNA extraction method provided a more complete characterization of 

the marine benthic diversity. Unsieved sediment samples included intracellular DNA of species 

present in the small sediment core as well as environmental DNA from surrounding species which 

makes this specific method versatile (Barnes and Turner, 2016; Delmont et al., 2011). Targeting 

shorter DNA fragments, as now done for Illumina sequencing, might increase the diversity found 

with the extracellular DNA extraction method. However, taxonomic resolution will decrease 

inherently (Elbrecht & Leese, 2015). Although 454 sequencing, as used in the study, is no longer 

operational, the results of these studies will still be relevant. Nanopore technologies are quickly 

emerging and have the ability to sequence the longer amplicons as used in this study.

This study demonstrated the feasibility of metabarcoding as a means to assess marine 

benthic biodiversity in the Dutch intertidal Wadden Sea. Metabarcoding allowed for a rapid, 

replicable and nearly complete approach for the study of benthic communities. However, the 

outcome of the classic morphological approach and the outcome of metabarcoding studies 

are not necessarily identical. A more comprehensive discussion about the interpretation of 

metabarcoding studies can be found in Cowart et al., (2015) and Lejzerowicz et al., (2015). Besides 

macrofauna, also meiofauna key indicators for ecosystem health (Balsamo et al., 2012; Carugati 

et al., 2015; Spilmont, 2013) can now easily be included in marine benthic studies. Still, caution is 

needed when designing and interpreting metabarcoding studies. This study shows that results, 

i.e. the biodiversity recovered, may vary with the DNA extraction method and the combination 

of amplicon and reference database used. Studies need to clearly describe the methods and 

the reference databases used in order to enable comparisons with other studies. The need for 

incorporating a mock sample to test for optimal bioinformatics methods is shown here.
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ABSTRACT

DNA metabarcoding methods have been implemented in studies towards marine benthic 

biodiversity. Althought these methods are used in a quantitative manner, validation of this 

approach is very limited. Here, we show a comparable study towards quantitative measurements 

between morphological and molecular approaches. A total of 126 samples from a benthic 

intertidal system were analysed and quantified using abundancy and biomass estimates from 

the morphological approach and frequency of occurrence and relative read abundance estimates 

from the molecular approach. Results show that quantitative measurements by the molecular 

approach are hampered by the ecology of DNA. An key assumption made within molecular 

approach is that the amount of DNA found in the environment relates to the biomass of a 

species. However, species differ greatly in the amount of DNA shed in the environment. Hence, 

a relationship between biomass and relative read abundance was only found for one taxon 

(Pygospio) but all other taxon failed to show such a relationship.
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INTRODUCTION

Marine benthic ecosystems are characterized by high biodiversity and are of global importance 

to climate, nutrient cycling and primary and secondary productivity (Austen et al., 2002; Covich 

et al., 2004; Snelgrove, 1997). From the intertidal to the deep sea, benthic fauna are central to 

the maintenance of these ecosystem services (Levin et al., 2001; Thrush et al., 2006). Effective 

monitoring of the benthic fauna is a first crucial step towards conservation of the marine benthic 

ecosystems (Patrício et al., 2009). Traditional benthic biodiversity assessments are based on the 

morphological identification of benthic species (see for instance Diaz et al., 2004; Compton et al., 

2013). These morphological inventories are time-consuming, require scarce taxonomic expertise 

and are often limited to macrofauna species (Bucklin et al., 2011; Cardoso et al., 2011; Cowart 

et al., 2015). Thus, there is a need for methods which can assess marine benthic biodiversity in 

a rapid and cost-effective yet detailed and accurate manner (Aylagas et al., 2018).

In recent years, DNA metabarcoding methods have been successfully implemented in various 

studies to assess marine benthic biodiversity (Chariton et al., 2015; Guardiola et al., 2016; Lanzen 

et al., 2016; Sinniger et al., 2016 and many others). These methods provide the opportunity to 

assess the benthic community in a replicable manner which allows for the simultaneous recovery 

of a wide variety of taxa from all size classes without first isolating any organisms, facilitating 

rapid biodiversity monitoring (Yu et al., 2012). DNA metabarcoding most often relies on the 

extraction of DNA from a matrix of choice - sediment, water, air or a mixture of organisms 

- followed by the amplification of a DNA barcode via PCR (Taberlet et al., 2012a; Hebert et 

al., 2003). These DNA barcodes are sequenced and the reads produced can be taxonomically 

assigned against globally available databases to infer information about the community.

Traditional benthic identification (morphological methods) often produce species abundance 

and/or biomass estimates to describe a community (Gray, 2000). Within these traditional 

methods, specimens are sorted and identified individually, and quantitative count or biomass 

estimates are acquired. The ability to acquire quantitative data, as opposed to qualitative 

data only, can greatly enhance the power of ecological studies (Gray, 2000; Yin and He, 2014). 

Quantitative measure were often used by early adopters of the metabarcoding method under 

the assumption these measurements were related to quantitative measurements in traditional 

benthic surveys (Porazinski et al., 2010; Chariton et al., 2010). Two main approaches can be 

distinguished in quantifying communities using a molecular method: a frequency of occurrence 

(FOO) approach and a relative read abundance (RRA) approach.

Within the frequency of occurrence approach, the presence of a taxon is counted over multiple 

samples and a higher occurrence is assumed to reflect a higher abundance of this taxon in the 
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environment (Deagle et al., 2019). The FOO approach has been used extensively in dietary 

studies (i.g, De Barbra et al., 2014; Berry et al., 2017) and to a lesser extent in biodiversity studies 

(i.e., Chariton et al., 2015; Jeunen et al., 2019). The approach is a robust method. However, 

an overestimation of rare species might occur (Deagle et al., 2019). The second approach, 

transforming relative read abundance into biomass estimates, is the most widely adopted 

method in marine benthic studies (i.e., Sinniger et al., 2016; Cahill et al., 2018). Relative read 

abundance divides the number of reads for a taxon within a sample by the total number of reads 

for that sample and a higher number is assumed to indicate a higher abundance in the sample. 

Several studies report a positive relationship between relative read abundance and biomass for 

marine benthic species (Porazinski et al., 2010; Lejzerowicz et al., 2015). Also, a meta-analysis 

by Lamb et al. (2019) showed a weak but positive relationship for metabarcoding studies in 

comparison to traditional measurements using the RRA approach.

Whereas quantitative measurements in traditional studies are direct measurements derived 

from the sample itself (e.g., specimens can be directly counted and weighed), the quantitative 

estimates derived from a molecular method are based on the critical assumption that the 

amount of DNA in a sample is a function of biomass. This indirect collection is subject to multiple 

methodological and ecological issues which can bias the quantitative estimates (Alberdi et al., 

2018; Lamb et al., 2019). Additionally, the molecular methods encompass a line of steps (DNA 

extraction, amplification, sequencing, bioinformatic processing) before a dataset is ready for 

making inferences. Methodological issues have been discussed in much detail and for instance 

include: effectiveness of different DNA extraction approaches on different species (Brannock 

& Halanych, 2015; Klunder et al., 2019); primer biases (Deagle 2014; Piñol et al., 2015; 2019) 

and biases induced in bioinformatic pipelines (Ficetola et al., 2015; Plummer & Twin, 2015). 

Ecological and biological issues have been discussed less, and include the release of DNA by 

its host; i.e., each species or individual has different shedding rates, based on morphological 

characteristics or seasonal patterns (Barnes & Turner, 2016). But also, variable DNA quantity in 

different tissues (Pompanon et al., 2012) and the complexity of the environment (Elbrecht & 

Leese, 2015). Nevertheless, many studies report their findings in a quantitative matter without 

validations, boldly hoping this relates to the quantitative measurements used in traditional 

methods (Lamb et al., 2019; Deagle et al., 2019).

The aim in this study is to explore to what extent traditional and metabarcoding approaches 

align in marine benthic communities. Specifically, whether metabarcoding outputs from DNA 

sediment samples can be used as a quantitative estimate for benthic macrofauna in the intertidal 

Dutch Wadden Sea. For this study, we chose to use a fast and easy sampling approach for the 

collection of eDNA samples, an approach which could readily be adopted in future monitoring 

programs. Simultaneously, we collected traditional morphology-based estimates of species 
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occurrence and abundance. The first aim of the study was to examine whether detection 

rates for benthic macrofauna species in the field were comparable between molecular and 

traditional analyses. The second aim was to test the reliability of both a frequency of occurrence 

approach as well as a relative read abundance approach for these sampling methods. 

METHODS

Sampling

A total of 126 morphological and 126 molecular samples were collected at tidal flats north-east 

of the isle of Texel in the western part of the Dutch Wadden Sea, divided over 7 sampling events 

between June 2016 and July 2017. The sampling location is known as a relatively homogeneous 

environment, some variation in biodiversity occurred between transects but only little within 

one transect. Each sampling event comprised 18 stations within a 500m spatial range (Figure 3.1). 

At each station, two cores were taken simultaneously and directly adjacent to each other; one 

bigger core (177cm2 surface, 25-30 cm depth) for the morphological identification of macrofauna 

and one smaller core (5.60cm2, 10cm depth) for the molecular identification. We preferred using 

separate cores for each treatment rather than homogenizing and splitting one core to limit the 

number of treatments necessary in the field directly. 

Figure 3.1 | Map of Texel, showing the sampling locations at the intertidal mudflats, NE of Texel. Also, a 
graphical display of the sampling scheme is shown.
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Morphological approach

The morphological samples were washed over a 1-mm mesh sieve in the field and stored in the 

freezer. In the laboratory, samples were thawed and preserved in a 4% formaldehyde solution 

with Bengal rose. Species were sorted by hand and identified. Taxonomic identification was 

based on internal reference collection and Hayward & Ryland (2017). Individuals were counted 

and biomass (g) was determined as ash-free dry mass of the flesh. To decrease weighing error 

for small biomasses, specimens of small taxa such as Tharyx sp., Eteone sp., Oligochaeta sp. and 

Pygospio sp. where only weighted for a minimum of four individuals and Heteromastus sp. was 

only weighted with a minimum of two individuals.

Molecular approach

The entire samples for molecular identification were rinsed twice with a saturated phosphate-

buffer (Na
2HPO4; 0.12M; pH ≈ 8) to remove extracellular DNA. The sediments were then 

cryodesiccated and ground in liquid nitrogen. Ten grams of the homogenized sediments served 

as starting material for the DNA extraction. DNA was extracted using the Powermax Soil™ DNA 

isolation kit (Qiagen Inc.) following the manufacturer’s instructions. DNA from all extractions, 

as well as a mock sample (Table S3.1) were used as template for amplification in triplicate. The 

mock sample was compiled of equimolar quantities of DNA extract from 23 different species 

from 4 phyla. A 450 base pair (bp) part of the nuclear small ribosomal subunit (18S) was amplified 

using the oligonucleotides F04 and R22 as primer pair (Sinnger et al., 2016). All forward and 

reverse primers were extended with 12nt unique barcodes based on the NEXTflex-HT barcodes. 

The 18S gene was amplified in a 50μl volume reaction, containing 0.6μM of each primer, 0.2μM 

dNTP, 800ng/μL BSA, 1U Phusion® High-Fidelity DNA Polymerase (Thermo Scientific Inc.), 1x 

Phusion® HF buffer (Thermo Scientific Inc.) and 5 μL of DNA extract. The thermal cycle conditions 

were as follows: an initial cycle of 30 seconds at 98°C; followed by 27 cycles, each comprised 

of 10 seconds at 98°C, 20 seconds at 60°C and 30 seconds at 72°C, followed by a single cycle 

of five minutes at 72°C. The PCR products were excised from a 1% agarose gel, purified using 

the Qiaquick Gel Extraction Kit (Qiagen, Inc.) and quantified with a Qubit™ 3.0 fluorometer 

(Qiagen Inc.). All samples were pooled in equimolar quantities together with blank PCR controls. 

The pooled sample was then subjected to a final purification using MinElute™ PCR Purification 

columns (Qiagen Inc.) as described by the manufacturer. The pooled sample was sequenced at 

Useq (Utrecht, Netherlands) on an Illumina MiSeq using the 2x 300bp V3 kit.

Bioinformatics

Raw sequences with a quality score ≤ 30 over 75% of the nucleotide positions were discarded. 

Quality filtered reads were de-multiplexed allowing zero mismatches in both the forward and 

reverse barcode label. Subsequently, reads were dereplicated at a 100% similarity and uniques 

were discarded. The remaining sequences were clustered at a 98% similarity cut-off. Singleton 



45

Quantification

clusters were omitted and the remaining OTU-clusters were taxonomically assigned using the 

RDP Classifier (Wang et al., 2007) with a minimum confidence of 0.8 against the SILVA 18S rRNA 

database (release 128, Pruesse et al., 2007) and our local reference database (Genbank accession 

numbers MN—MN). Only reads from taxonomic families containing macrofauna species were 

retained, reads from other families or assigned at a higher taxonomic level were omitted. OTU’s 

assigned at the family level were manually blasted against the NCBI database and OTU’s which 

returned a trustworthy assignment at the genus level were subsequently assigned.

Data-analysis

For the morphological approach, count and biomass data were calculated at the genus level, 

resulting in a total number of individuals and a total biomass per taxonomic genus per sample. 

To prevent a bias in the molecular dataset due to variable sequencing depths per sample, read 

numbers per genus for all molecular samples were transformed into a relative abundance of 

reads per sample. This transformation was chosen over rarefaction as it does not omit valid read 

abundance data (McMurdie & Holmes, 2014; Lanzén et al., 2016). The presence-absence was 

scored for each taxon per sample and the occurrence was calculated as the sum of total number 

of presences divided by the total number of samples.

To test the reliability of the frequency of occurrence (FOO) approach, the assumption 

that a higher occurrence in the morphological method corresponds to a higher detection 

probability in the molecular method was tested. The square root of the abundance data 

as derived from the morphological method was used to predict the occurrence in the 

molecular method based on a logistic regression. The strength of the logistic regression was 

assessed using Wald’s-χ2 and a receiver operating characteristics (ROC) curve. The reliability 

of the relative read abundance approach (RRA) was tested using a linear regression. This 

linear regression was based on the square-root of the biomass data for the morphological 

method and the log10 of the relative read abundance data for the molecular method. As 

the relative read abundance data contained zeros, the half the smallest measured value of 

biomass was added before the data were log-transformed. Unfortunately, detection rates 

for taxa within the arthropod and mollusc taxa were too low and highly biased in either 

the morphological or molecular methods to test these assumptions within these taxa. 

Therefore, the reliability of the quantitative approaches could only be tested on annelid taxa. 

3



46

Chapter 3

RESULTS

Detection probability

In total, 23 and 35 macrofauna taxa (genus-level) could be identified from the morphological and 

molecular samples, respectively (Table 3.1) of which 22 taxa were identified by both approaches. 

The molecular approach detected seven extra annelid and six extra mollusc taxa compared 

to the morphological approach, whereas the arthropod Gammarus was only identified by the 

morphological approach but not with the molecular approach. The average number of taxa 

detected per sample was significantly higher (t
125 = 13.1, p < 0.001) for the molecular approach 

(mean = 10.0 ± 2.2) than for the morphological approach (mean = 6.6 ± 2.1) (Figure 3.2).

Table 3.1 | frequency of detections per genus among a total of 126 samples for morphological (Morph) 
and molecular (DNA) methods.

Taxonomy # Morph # DNA Taxonomy # Morph # DNA

Annelida Alitta 1 3 Annelida Spio - 12

Arenicola 104 104 Streblospio - 20

Capitella 104 107 Tharyx 46 123

Echiura - 8

Eteone 68 20 Arthropoda Carcinus 2 2

Eumidia - 6 Crangon 38 3

Exogone - 6 Gammarus 3 -

Glycera - 10 Urothoe 81 4

Hediste 9 46

Heteromastus 42 98 Mollusca Angulus - 3

Lanice 2 89 Cerastoderma - 18

Magelona 3 1 Crassostrea - 36

Marenzelleria 40 10 Ensis 2 80

Nephtys 6 3 Limecola 16 5

Oligochaeta 58 101 Mya 1 35

Phyllodoce 4 2 Mytilus - 54

Polydora - 3 Peringia 2 29

Pygospio 76 94 Petricolaria - 13

Scoloplos 122 110
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Figure 3.2 | Histogram showing frequency distribution of number of macrofauna taxa (genus) identified 
per sample for morphological (black) and molecular method (white)
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The detection rates (calculated as percentage of occurrences for all samples) for the 21 

most abundant species are visualized in figure 3.3. A clear discrepancy could be seen for 

the mollusc and arthropod taxa. The detection rates for arthropod taxa were higher in the 

morphological samples. For instance, Urothoe was detected in 64% of the samples for the 

morphological approach and only in 3% of the samples in the molecular approach. Mollusc 

species were overall detected at higher rates in the molecular samples. Five mollusc taxa 

which were detected in the molecular samples (i.e. Angulus (2.4 %), Cerastoderma (14.3%), 

Crassostrea (28.6%), Littorina (0.79%) and Petricolaria (10.3%)) were never detected in 

the morphological samples. Detection rates for the annelids were overall higher for both 

approaches compared to the detection rates of the other phyla. With the exception of Eteone 

and Marenzelleria, detection rates for most annelid taxa were higher in the molecular approach. 

Figure 3.3 | occurrence per taxon, calculated as the sum of detections divided by the total number of 
samples (n=126) for both the morphological method (x-axis) and the molecular method (y-axis). Taxa de-
tected belonged to three phyla: Annelida (red circle), Arthropoda (green triangle) or Mollusca (blue square). 
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FOO and RRA approach

To test the reliability of the frequency of occurrence (FOO) approach, the abundance data as 

derived from the morphological method were modelled in a logistic regression against the 

occupancy in the molecular dataset. Only the abundance data for Pygospio, as derived from the 

morphological approach, were a significant predictor for the detection of this taxon within the 

molecular method (Figure 3.4, Table 3.2). For each unit of increase in abundance, the odds of a 

detection in the molecular approach increases by a factor 1.34 (Wald-χ2
(124) = 3.27, p = 0.001). 

Most of the other annelid taxa did, however, show a positive relationship between the abundance 

in the morphological approach and occurrence in the molecular inventory. The only exception 

was Arenicola for which the odd-ratio of occurrence of this taxon in the molecular approach 

declined with increasing abundance.

The sensitivity and specificity for each taxon as based on the logistic regression model is shown 

in figure 3.5 as a ROC curve. The degrees of measure for predication ability of the model were 

calculated based on these plots as the area under curve percentage (AUC, Table 3.2). The logistic 

model for Pygsopio was able to predict the presence of this taxon in the molecular approach at 

a 77% rate based on the abundance data in the morphological approach. Scoloplos still had a 

predictability of roughly 60%, with a χ2 of 1.52; this was, however, lower for the other species. 

The lowest predictability was found for Heteromastus and equaled 52%, which is close to a 

random guess.

The relative read abundance (RRA) as derived from the molecular method was modelled in a 

linear regression against the biomass estimates from the morphological method for six annelid 

taxa (Figure 3.6, Table 3.2). The steepest positive slope was found for Pygospio, followed by 

Tharyx and Scoloplos. The slope found for Pygospio was significant (F
1,40 = 12.99, p < 0.001, 

R2 = 0.25). Capitella and Heteromastus both showed no relationship between RRA and biomass, 

while Arenicola displayed a negative slope.

The FOO and the RRA approach thus both showed roughly the same results. A strong positive 

relationship was obtained for Pygospio. The RRA approach found weak positive relationships for 

Tharyx and Scoloplos, while, in the FOO approach this was only for the latter. Both approaches 

showed negative relationship for Arenicola.

3
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Table 3.2 | Summary of logistic regression and linear regression as used for FOO (frequency of occurrence) 
and RRA (relative read abundance) approaches, respectively. For the FOO approach the odd-ratio for positive 
detection and its confidence interval were calculated, as well as Wald-χ2 and the area under the predictability 
curve. For the RRA approach, slope of the linear regression, coefficients of determination (R2) and p value 
are given.

Taxa FOO - approach RRA - approach

Odd-ratio 2.5% 97.5% Wald-χ2 p AUC (%) Slope R2 (%) p

Arenicola - 0.84 - 0.62 - 1.14 1.37 0.242 55 -4.86 6 0.116

Capitella 1.05 0.98 1.16 1.25 0.263 55 2.08 1 0.839

Heteromastus 1.19 0.73 2.13 0.42 0.518 52 0.20 0 0.991

Pygospio 1.34 1.16 1.66 10.7 0.001* 77 82.8 25 < 0.001*

Scoloplos 1.48 0.70 3.16 1.52 0.218 59 14.7 8 0.065

Tharyx 1.06 0.55 4.67 0.02 0.899 63 28.3 9 0.057
 

Figure 3.4 | logistic regression and abundance distribution histograms for six annelid taxa. The abundance 
distribution as derived from the morphological method are shown in histograms at the sqrt-transformed 
x-axis. The y-axis shows the occurrence of this taxon in the molecular dataset for the corresponding samples.
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Figure 3.5 | ROC (receiver operating characteristics) curve as derived from the logistic regression for six 
annelid taxa. The ROC curve shows the sensitivity on the y-axis, calculated as the true positive predic-
tions by the logistic model and the specificity, calculated as the false positive predictions, on the x-axis. 

 

Figure 3.6 | Relative read abundance (RRA) approach relationships for six annelid taxa. The square-root of 
biomass estimates as derived from the morphological method are shown on the x-axis and the log10 of the 
relative read abundance of the same sample in the molecular dataset is shown on the y-axis.
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DISCUSSION

The first aim of this study was to examine whether detection rates for benthic macrofauna 

taxa are comparable between molecular and morphological analyses. The combined use of a 

morphological as well as a molecular method to quantify the same community allowed us to 

directly compare the two methods. The detection rates for most arthropod and mollusc taxa 

were showing opposing results between the two methods, this was slightly better for the annelid 

taxa. The detection rate of arthropod taxa was higher in the morphological method compared 

to the molecular method while the opposite was true for most molluscs. Additionally, several 

mollusc taxa (e.g., Cerastoderma, Crassostrea and Mytilus) detected by the molecular method 

were never detected by the morphological method. Explanations for the striking differences in 

output between the two methods for the different phyla could potentially be sought both in an 

ecological/biological and methodological context.

The molecular method identifies and quantifies a target community via the presence of eDNA. 

This eDNA is a mixture of DNA molecules extracted from environmental samples such as marine 

sediments (Taberlet et al., 2012a) which include traces of organisms (e.g., hair, faeces, mucus) 

rather than the organism itself. Therefore, the amount of eDNA in the environment is a result 

of the biology and ecology of the taxa from which it originates (Barnes & Turner, 2016). Factors 

influencing the eDNA exchange of a taxon with the environment could be, among others, its 

physical appearance, shedding rate, ontogenetic state, growth rate, feeding behaviour or 

seasonal and spatial patterns. The high detection rate of mollusc taxa within the molecular 

approach compared to the morphological approach could be due to one or multiple of these 

factors; especially the combination of spatial patterns and seasonal reproduction patterns. First, 

seasonal patterns of mollusc species could induce high eDNA presence within spawning periods 

due to an abundance of gametes and/or larvae. The highest detection rates of Cerastoderma, 

Crassostrea and Mya were indeed observed in the known spawning periods of these taxa (Figure 

S3.1, Philippart et al., 2014) whereas detection rates within the morphological approach were 

close to zero the entire period. Second, the taxa Mytilus and Crassostrea are known to live in high 

densities at intertidal beds (Folmer et al., 2014) and such a bed was situated during the study 

period approximately 500 meters outside the sampled area. Even though specimens of these 

taxa were not found in the morphological approach, eDNA could easily spread and be trapped 

within the sampled area due to tidal movements. The low detection rate of arthropods in the 

molecular samples compared to the morphological samples may also be explained by biological 

factors. Arthropods are characterized by an exterior skeleton made of chitin. This skeleton might 

inhibit eDNA exchange with its environment (Ficetola et al., 2008). Also, in contrast to mollusc 

taxa, the arthropod taxa found in this study rely on internal fertilization, which minimizes the 

production of eDNA into the environment. Biases induced due to ecological characteristics of 
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eDNA and its host species have been described scarcely but would deserve a great deal of 

attention in the future (Stewart, 2019).

Methodological issues within the molecular method which can hamper the quantification of 

a community have been described extensively (e.g., Alberdi et al., 2018; Elbrecht and Leese, 

2015; Kelly et al., 2019; Lanzén et al., 2017 and Pinol et al., 2019). Two key steps necessary to 

avoid technical biases emerge from these earlier studies; the use of PCR-replicates and the 

use of a mock community. Alberdi et al. (2017) showed that considerable diversity differences 

exist between PCR replicates for the same sample, possibly due to PCR stochasticity and/or the 

accumulation of PCR errors. In the present study, three PCR replicates per sample were included 

to minimize these biases (Grey et al., 2018). Also, a mock community, an artificial community 

constructed from DNA extracts from known species was included (Table S3.1). Such a mock 

community can help to identify biases induced, e.g., during the sequencing process, during 

PCR due to a mismatch between a (group of) species and the universal primer, as well as biases 

induced in the bioinformatics pipeline (Leray and Knowlton, 2016). The analysis of the mock 

community gave no indication that a bias may be expected in the detection rate of taxa from 

different phyla as found in the environmental samples as differences in read numbers were 

unrelated to phylum. Therefore, biases induced during PCR, sequencing or bioinformatics are 

assumed to be small in this study.

We conclude that detection rates can be comparable between molecular and morphological 

analyses, but in the case of marine benthic invertebrates, only for some taxa. Furthermore, the 

discrepancies we observed between molecular and morphological methods for some taxa are 

not due to well-known technical artefacts, as we controlled for those, but likely due to taxon-

specific differences in ecology. In particular, we expect that the extent to which species leave 

DNA traces in the environment may differ markedly between taxa and that this leads to skewed 

detection rates between molecular and morphological approaches among taxa. 

The second aim of this study was to test the reliability of the frequency of occurrence (FOO) and 

the relative read abundance (RRA) approach for quantifying marine benthic taxa with molecular 

methods. For this, the underlying assumptions in these approaches were tested. To resume, the 

approaches assumed that a higher abundance or biomass in the morphological dataset leads 

to a higher detection rate or relative read abundance in the molecular dataset for the FOO and 

RRA approach, respectively (Deagle et al., 2019). The frequency of occurrence approach is often 

regarded as a more conservative and robust measurement as the conversion to occurrence 

data is not impacted by methodological biases such as primer efficiency (Pinol et al., 2019). 

However, this method is still subject to ecological conditions. Simulations by Deagle et al., (2019) 

showed that this approach does not necessarily represent overall community abundances as rare 
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taxa might be overestimated. More specifically, for the macrozoobenthic taxa in the intertidal 

Wadden Sea, Bijleveld et al., (2018) showed that FOO in a morphological dataset does not predict 

the abundance for all taxa in the same morphological dataset. The predictions in that study 

were highly influenced by dispersal and aggregation patterns and more reliable predictions 

could be made for taxa with higher dispersal rates. The same bias might also play a role in 

the present study. Arenicola, which has holobenthic development, has relatively low dispersal 

capacity, resulting in an aggregated distribution pattern (Günther, 1992). It showed negative 

relationships in the FOO approach, whereas Pygospio, which is distributed more evenly across 

mudflats (Gudmundsson, 1985), showed a strong positive relationship. This may be interpreted 

to indicate that species with an even spatial distribution also distribute their DNA evenly over the 

environment, while patchily distributed species correspondingly also have patchily distributed 

DNA, in spite of, e.g., tidal water movements. DNA-based FOO of the former would then typically 

not only be higher overall (for their abundance and biomass) but also correlate better with 

morphology-based FOO than would be the case for patchily distributed taxa.

The relative read abundance approach (RRA) has been discussed to be more influenced by 

methodological issues than by ecological issues compared with the FOO approach (Deagle et 

al., 2019; Pinol et al., 2019). These biases will change the relative abundance of taxa compared 

to each other within a sample. Subsequently, this can alter the relative amounts compared to 

the morphological method. However, the FOO and RRA gave comparable results in this study. 

A significant positive relationship was found for Pygospio for both approaches compared to 

the morphological method and also other smaller annelid taxa such as Tharyx and Scoloplos 

showed a positive but weaker relationship, while the annelid taxon Arenicola showed a negative 

relationship for both approaches.

The comparable results between the FOO and RRA methods might imply both methods were 

subject to the same factors or biases in this study. More elaborate sampling methods are 

necessary to address the influence of ecological factors in more detail. For this study, a fast and 

easy molecular sampling method was chosen in which small sediment samples were collected 

from which DNA was extracted directly. Compared to a method which includes a sieving or 

elutriation step, this method applies fewer treatments to the samples and has therefore a smaller 

risk of contamination (Aylagas et al., 2016, Elbrecht et al., 2017). Also, the analysis of smaller 

metazoan taxa can be included with this method (Brannock & Halanych 2015). Even though 

macrofauna taxa might not be best reflected within this approach (Chapter 2, Nascimento et 

al., 2018), its advantages give this approach a high potential to be adopted in future monitoring 

programs. The choice of sampling approach is possibly reflected in the differences observed 

among the annelid taxa. Smaller taxa such as Pygospio and Tharyx showed positive correlations 

with the morphological data set for both the FOO-approach and the RRA-approach whereas 
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bigger taxa with more aggregated distribution patterns such as Heteromastus and Arenicola 

showed no or even negative correlations with the morphological dataset. Specimens of the 

smaller taxa might be present in the sample while larger metazoan taxa are sampled via their 

eDNA traces (Taberlet et al., 2012b). Elbrecht et al., (2017) found that read abundance of unsorted 

samples were dominated by taxa containing higher biomass within the sample and size sorting 

could help in preventing this bias. However, they also discuss size sorting should only be used 

when highly necessary to prevent cross-contamination between the samples.

To conclude, this study suggests metabarcoding methods can be quantitative for some 

marine benthic invertebrate taxa. Smaller annelid taxa displayed moderate correspondence 

between molecular and morphological data, the latter both for abundance and biomass. 

However, larger annelid taxa as well as arthropod and mollusc taxa failed to show such 

correspondence. Moving forward, we suggest to further explore the distribution patterns 

of eDNA in the environment for different taxa. Ecological factors driving the distribution of 

eDNA have been described sparsely in the past and only gained scientific interest recently 

(Stewart, 2019). Before molecular techniques can be widely adopted for inference on 

abundance and biomass, future studies should encompass these distribution patterns and 

adjust their experimental design to these patterns to obtain better quantitative measurements. 
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SUPPORTING INFORMATION

Figure S3.1: number of detections of Cerastoderma, Crassostrea and Mya within the molecular approach per 
sampling event (n=18). Time codes correspond to: T11 – November, T12 – March, T13/T14 – May,, T15/T16 - June 
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Supp Table S3.1: Mock community

Taxon Phylum Mean reads (n=4)

Melita Arthropoda 1.5

Alitta Annelida 1.75

Spionida_sp Annelida 4.25

Cerastoderma Mollusca 13.75

Scoloplos Annelida 18.5

Pygospio Annelida 21.75

Nephtyidae_sp Annelida 29

Limecola Mollusca 76.75

Pyllodocidae_sp Annelida 86.25

Nemertii Annelida 110

Hediste Annelida 180.5

Lanice Annelida 301.75

Crustacea_sp Arthropoda 381.25

Marenzelleria Annelida 552.25

Bivalvia_sp Mollusca 836.5

Urothoe Arthropoda 1104.75

Arenicola Annelida 1162

Mya Mollusca 1842

Metazoan_sp 1932.25

Crepidula Mollusca 2199.5

Bathyporeia Arthropoda 2293.75

Polychaeta_sp Annelida 2532.75

Eteone Annelida 4892.5

Ensis Mollusca 5591

Gammarus Arthropoda 6619.25

Bylgides Annelida 7221.25

Mytilus Mollusca 15850

Capitella Annelida 43495.5

3





CHAPTER 4
The impact of mechanical 
Arenicola dredging on the 

benthic fauna communities: 
assessed by a morphological 

and molecular approach

Lise Klunder
Judith D.L. van Bleijswijk

Loran Kleine Schaars
Henk W. Van der Veer

Pieternella C. Luttikhuizen

Manuscript in preparation



60

Chapter 4

ABSTRACT

Dredging for the lugworm Arenicola spp. has been found to affect the intertidal benthic 

community in the Dutch Wadden Sea. However, studies have found contradicting results 

regarding the recovery rates of targeted and non-targeted macrozoobenthic species; meiobenthic 

species have been neglected in these studies. This study explores the short-term effects of 

dredging on both the macrofauna and the meiofauna community using a morphological and 

molecular approach. Benthic samples were taken before and after dredging at both control and 

fished transects. MDS ordinations showed significant differences between the control and fished 

transects for both approaches, especially during the first spring season.  Opportunistic species, 

such as Pygospio and Capitella, thrived in the fished transects during both the first and second 

spring/summer after dredging whereas recovery for long-lived species, such as Arenicola, was 

slower. Both approaches showed comparable results, however, the molecular approach was 

able to detect effects for a larger set of benthic taxa compared to the morphological approach, 

respectively 98 versus 40 OTU’s.
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INTRODUCTION

Intertidal soft-sediment systems provide wide-ranging ecosystem services (Levin et al., 2001). 

The international Wadden Sea along the Dutch, German and Danish coast, is the largest and 

one of the last relatively undisturbed remaining intertidal areas in the world and therefore on 

UNESCO’s list of world heritage sites. The Wadden Sea is a shallow coastal region with large areas 

consisting of tidal flats covered by productive soft sediment, mainly driven by benthic primary 

and secondary production (Christianen et al., 2017; Compton et al., 2013). On these mudflats, 

the lugworm Arenicola marina and in smaller percentages, A. defodiens, are widespread and 

dominant burrowing polychaetes engineering the sediments (Luttikhuizen & Dekker, 2010). Adult 

specimens grow up to 10 to 20 cm with an age of at least six years (Bijkerk & Dekker, 1991). The 

lugworms live in a 20-40 cm deep U-shaped burrow with a funnel shaped shaft through which 

surface sediment slides down, the sediment particles get ingested by the worm and defecated 

back to the surface. The species is a known key species for the benthic community on mudflats 

as they are a major source of bioturbation and bioirrigation on the intertidal mudflats of the 

Wadden Sea (Volkenborn et al., 2007).

The lugworm Arenicola spp. is harvested as bait for sport fishing both by hand and in some 

areas also mechanically. Mechanical dredging involves the digging of gullies of 0.4 m depth 

and 1 m width for 200-500 meter length around high tide. The retrieved sediment is mixed 

with water and sieved, the bigger organisms are taken on board and the smaller organisms are 

discarded in and around the gullies (Beukema, 1995; Heiligenberg, 1987 and Leopold & Bos, 

2009). Especially, this mechanical lugworm digging affects benthic communities, including both 

the lugworms as well as non-targeted species. Lugworm biomass and abundance at digging sites 

are lower shortly after mechanical harvesting (van Heiligenberg, 1987). Different post-harvest 

recovery rates for the lugworm Arenicola spp. as well as for other macrozoobenthic species 

have been found (Beukema, 1995; McLusky et al., 1983; van Heiligenberg, 1987). Effects on the 

benthic communities caused by digging could either come from the relocation and disturbance 

of sediment and smaller species or by the complete removal of lugworms at the dredged area. 

As the lugworm affects its surrounding by bioturbation of the sediment, effects of the complete 

removal of this species are not always straight forward. Volkenborn & Reise (2006) showed a 

positive effect on the biomass of several other benthic species shortly after removal. However, 

in the long-term lugworm presence is found essential for a sustainable community (Volkenborn 

& Reise 2006 and Volkenborn et al., 2007).

Research into the effects of lugworm digging so far have focused solely on macrozoobenthic 

species and yielded contradicting results. Drent (2013) reported no differences in 

macrozoobenthos between dredged areas and reference areas at the Vlakte van Kerken, but 
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Beukema (1995) found that biomass in dredged areas only recovered after several years in the 

Balgzand area. However, macrozoobenthos might not be the best indicator. Meiofauna species 

are key species in the marine food web and known to be good indicators of ecosystem health 

(Balsomo et al., 2012; Zeppilli et al., 2016). With the new metabarcoding techniques it is feasible 

to expand the scope of this research and to include also meiofauna. Including this part of the 

community might give a better insight into the recovery rates of the local benthic community 

as a whole and the restoration of its services and the processes lying ahead of this. The effects 

of lugworm digging on the surrounding benthic community can possibly model the effects of 

species removal from such a community.

This study explores the short-term effects of mechanical lugworm digging on the benthic 

meiofauna and macrofauna communities. For this study, benthic samples and sediment 

samples for grainsize analysis were taken before and after digging in both fished areas 

and at control (non-impacted) sites. Species composition of the samples was analysed 

both morphologically and following a molecular (metabarcoding) approach. The aims of 

the study were (1) to examine whether mechanical Arenicola spp. dredging affects the 

benthic communities; (2) to explore recovery rates of lugworms abundances as well as the 

non-targeted fauna and (3) to compare morphological and molecular approaches in their 

ability to detect environmental change and recovery after an anthropogenic disturbance. 

METHODS

Field sampling

An experimental plot was created at tidal flats in the western part of the Dutch Wadden Sea, 

north-east of the isle of Texel. The plot comprised 18 sampling stations, divided over three 

control transects and three experimental transects (Figure 4.1). All stations were sampled once 

before the experimental transects were fished by the company Arenicola B.V. (T0) and another 

16 times (T1-T16) after the disturbance in a temporal range of 1.5 years (Table 4.1). During each 

sampling event, all transects were photographed and three cores were taken at each station, one 

bigger core (177 m2 surface area, 25-30 cm depth) for the traditional morphological identification 

of macrofauna and two smaller cores (5.60 cm2 area, 10 cm depth); one for the molecular 

identification and one for grainsize analysis. Grainsize analysis was performed following Compton 

et al. (2013) and Klunder et al. (2019).
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Morphological identification

Samples for morphological identification were washed in the field over a 1-mm mesh sieve. Sieve 

residues were stored in a cool and dark place and processed within 36 h after sampling. Species 

in the sieve residue were sorted by hand and identified based on morphological characteristics 

while alive by an experienced taxonomist. Molluscs, crustaceans and polychaetes were identified 

to the genus level, whereas Oligochaeta were identified to the phylum level.

 

Figure 4.1 | Map of Texel and a graphical description of the sampling transects. Round sampling points 
resemble the control transects, triangles resemble the fished transects.

4
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Table 4.1 | Sampling codes and their corresponding sampling date. Arenicola fishing was executed between 
T00 and T01.

T_code Date

T00 20-03-2016

T01 21-03-2016

T02 31-03-2016

T03 05-04-2016

T04 11-04-2016

T05 20-04-2016

T06 09-05-2016

T07 23-05-2016

T08 06-06-2016

T09 04-07-2016

T10 31-08-2016

T11 14-11-2016

T12 13-03-2017

T13 09-05-2017

T14 23-05-2017

T15 06-06-2017

T16 26-06-2017

Molecular identification

For molecular identification, laboratory procedures and bioinformatic analysis followed the 

procedures as described in Chapter 3. To summarize, DNA was extracted from the sediments 

after samples were rinsed with a saturated phosphate-buffer, cryodesiccated and grounded. 

The F04 and R22 primer pair (Sinniger et al., 2016) was used to amplify a 450 base pair part of 

the 18S gene. Amplicons were submitted for sequencing at Useq (Utrecht, Netherlands) on an 

Illumina MiSeq using the 2x 300bp V3 kit.

Raw sequences were quality filtered, dereplicated and clustered at a 98% similarity cut-off. 

OUT-clusters were taxonomically assigned using the RDP Classifier against the SILVA 18S rRNA 

database (release 128, Pruesse et al., 2007) and our local reference database (Klunder et al., 

2019). Taxonomic assignment was performed at a 0.8 and 0.5 minimum confidence threshold. 

OTUs identified as to comprise macrofauna taxa were extracted from the 0.8 dataset, the rest 

were extracted from the 0.5 dataset. Raw Illumina sequences were deposited in the European 

Nucleotide Archive (ENA accession number: XXXX)
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Data analysis

Silt content was compared between fished and control sites using ANOVA including the paired-

transects as random effect. For the morphological approach, abundance (counts) per taxonomic 

genus per sample were calculated at the operational taxonomic unit (OTU) level of genus, 

resulting in a total abundance per taxonomic genus per sample. Large variations were found for 

the count data of both Oligochaeta and Urothoe were found. Variations were found to relate to 

sampling and observer bias and were removed from the community analysis. For the molecular 

approach, the relative read abundance (RRA) data per OTU was used as measure for abundance. 

This transformation was chosen over rarefaction as it preserves valid read abundance data 

(McMurdie & Holmes, 2014; Lanzén et al., 2016). Also, the RRA approach was chosen over a 

frequency of occurrence approach (FOO) as the sampled environment was very homogeneous 

resulting in an over 90% presence for many abundant species. This homogeneity would hinder 

the FOO approach in detecting differences between fished and control sites (Deagle et al., 2019). 

Both the count data for the morphological approach and the RRA were Hellinger transformed 

(Legendre and Gallagher, 2001) and dissimilarity distances were calculated using the Bray-Curtis 

equation. An analysis of variance (Permanova) was used to determine the effect of fishing 

on the benthic community and a Simper analysis to determine which taxa were responsible 

for this effect. All statistical analyses and data visualisations were performed in R 3.5.2. 

4
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RESULTS

Field observations

A selection of the photos taken of each transect during the sampling events is shown in Figure 

4.2. A clear gully could be seen in the experimental transects immediately after mechanical 

dredging (T01). The gully filled quite quickly and was covered by a layer of diatoms for the first 

two months (spring-season) (T04 & T06). The gully remained visible as wet transects within the 

mudflats throughout the summer season (T08). Although only vaguely visible in the picture, 

the layer of diatoms appeared again the year after in the spring seasons (T13). Unfortunately, 

porosity of the sediment was not measured although observations during sampling suggest a 

difference in porosity between the fished and control transects. All control transects consisted 

of solid sediment whereas the sediment in the fished transects felt looser during sampling 

up to T13. It was not possible to stand on the fished transects for the entire first year. The 

average percentage of silt for all samples within either the controlled or fished transects for 

each sampling event are shown in Figure 4.3. Silt content was related to treatment when time 

was considered in the formula (ANOVA, F
1,16 = 2.02, p = 0.01).

Figure 4.2 | Photographs of the most southern fished transect taken at T01, T04, T06, T08 and T13 respectively. 

Figure 4.3 | Sediment composition compared between control and fished transects. Boxplots for percentage 
of silt for all sampling points within one experimental setup. Percentages of silt for the control transects 
are shown in dark grey, for the fished transects in light grey.
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Community analysis

Benthic community composition was explored using MDS ordinations based on the count data 

per taxon from the morphological approach and the relative abundance of reads for OTU’s from 

the molecular approach (Figure 4.4 and S4.1-S4.2). The ordinations from both approaches for 

T00 showed no difference in composition between the control and the fished transects when 

assessed by Permanova analysis (Table 4.2). Significant differences in composition at T01, T05, 

T06 and T07, in contrast, were found using the morphological approach; and using the molecular 

approach from T01 up to T06.

Simper analysis for the samples in the morphological approach showed that the main drivers for 

the difference at T01 were a higher abundance of Scoloplos in the fished transects as opposed 

to a lower abundance of Tharyx. Later, at T05, T06 and T07 a higher abundance of Capitella and 

Pygospio in the fished transects was found. For the molecular approach, Simper analysis showed 

that the differences in community composition were mainly due to meiofauna taxa. At T01, 

this was the higher relative read abundance of the meiofauna arthropod taxa Podocopida and 

Harpacticidae. For T02 up to T06; the lower relative read abundance for several nematode taxa 

within the fished transects were the main drivers of the difference of community composition.

Figure 4.4 | Selection of MDS-ordinations based on the benthic community composition for the morpho-
logical approach (top) and molecular approach (bottom). The control transects are shown with the dark 
round points, the fished transects with the lighter triangle points. MDS-ordinations for all sampling events 
are shown in figure S1 and S2.
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Table 4.2 | Morphological and molecular analysis of benthic diversity. Results of Permanova analysis 
on MDS-ordinations for each sampling event. Permanova analysis tested for a difference in community 
composition between control and fished transects. Significant effects are shown in bold.

Time Morpho Molecular

F p F p

T00 2.1373 0.088 0.8460 0.886

T01 2.2356 0.038 2.1582 0.003

T02 1.2021 0.315 2.1408 0.007

T03 1.7589 0.099 1.6812 0.005

T04 1.8543 0.090 2.4205 0.001

T05 2.1988 0.035 1.4550 0.046

T06 2.4038 0.046 1.4748 0.003

T07 2.3629 0.047 0.9647 0.502

T08 1.2927 0.245 1.0453 0.323

T09 0.7163 0.656 1.0732 0.254

T10 0.7189 0.621 0.8401 0.844

T11 0.4503 0.719 0.7161 0.965

T12 0.4907 0.776 1.1266 0.209

T13 0.4428 0.837 0.9007 0.662

T14 0.9427 0.431 0.9241 0.604

T15 0.8886 0.550 0.9732 0.465

T16 1.4913 0.168 0.9941 0.404



69

Wadden Sea

Taxonomic composition

Annelida taxa were the predominantly taxa recovered within the morphological approach, 

arthropod (mainly Urothoe and Crangon) and mollusc (mainly Limecola) taxa were detected 

less frequently (Table S4.1). No pattern could be discerned in the detection of the arthropod 

and molluscan taxa. The abundance of adult specimens of Arenicola, the targeted species 

within the experimental fishing transects, is lower in the fished transect (Wilcoxon, W = 10, 

p < 0.005) (Figure 4.5 and S4.3). Although abundances were already lower at T00, this 

difference doubled between T03 and T07. Contrary, the abundance of juvenile specimens of 

Arenicola was higher in the fished transects at all sampling times in the first year (Wilcoxon, 

W = 7.5, p < 0.005) whereas this abundance was higher in the control transects at T00. This 

effect was still present in the second year (T14, T16) (Figure 4.5 and S4.4). Other smaller taxa, 

such as Capitella and Pygospio showed increased abundances within the fished transects 

(Wilcoxon, respectively, W= 16.5, p < 0.05 and Z = 15, p < 0.05). Both taxa showed the largest 

difference in abundance between May and July in both years (respectively T6-T9 and T13-T16). 

Figure 4.5 | Morphological analysis of benthic biodiversity: selection of barplots based on abundance 
data for Annelida. Barplots for all sampling events can be found in Figure S3 and S4. C = control, F = fished, 

TXX = sampling moment.
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With the molecular approach, OTU’s assigned to the phyla Nematoda, Arthropoda and Annelida 

contributed most to the total number of reads (Figure 4.6 and S4.5-S4.7). The overall relative 

abundance of reads within the phylum Nematoda was lower for the fished transects compared 

to the control transects (Wilcoxon, W = 25, p < 0.05). However, none of the taxonomic orders 

separately showed a significant decline. In the first two months mainly Chromadorida and 

Monhysterida had a lower relative read abundance (T2-T5), later on in the summer also the 

Araeolaimida (T5-T7). Contrary, the relative read abundance of all arthropod taxa was higher in 

the fished transects, especially Podocopida (Wilcoxon, respectively, W = 21, p < 0.05 and W = 0, 

p < 0.0005). Also, the relative read abundance within the Annelida phyla increased in the fished 

transects (Wilcoxon, W = 23, p < 0.05). Again, none of the taxa separately showed a significant 

difference, however, mainly the relative read abundance of Orbiniidae (Scoloplos) as well as 

Polynoidae were higher in the first two months in the fished transects.

Figure 4.6 | Molecular analysis of benthic biodiversity: selection of barplots based on relative read abun-
dance for Annelida (top), Arthropoda (middle) and Nematoda (bottom) obtained via metabarcoding. Bar-
plots for all sampling events can be found in Figure S5 – S7. C = control, F = fished, TXX = sampling moment.
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Morphological versus molecular approach

The molecular approach recovered a larger number of OTU’s than the morphological approach, 

respectively 98 versus 40. A large part of the extra OTU’s detected were taxonomically assigned 

to meiofauna taxa (i.e., Nematoda, Platyhelminthes and small Arthropoda). However, 51 

taxa were taxonomically assigned as macrofauna for the molecular approach, 11 more than 

detected with the morphological approach. Macrobenthic taxa which were not detected 

with the morphological approach included Exogone, Pectinaria and Crassostrea. Both 

approaches show comparable patterns with respect to the effects of Arenicola dredging 

but not with respect to time and seasonality. For instance, the total abundance of Annelida 

in the morphological approach and the total relative abundance of reads for this phylum 

are higher in the fished transects in the first spring season (T6-T8). However, the relative 

abundance of reads within this season is lower than at the sampling times before it, whereas 

the total abundance in the morphological approach is higher than at the earlier sampling times. 

DISCUSSION

The present study applied both a morphological and a metabarcoding approach to analyse the 

short-term effects of mechanical digging for Arenicola marina, a bioturbating lugworm, on the 

locally present benthic community. In line with previous research (Heiligenberg, 1987; Leopold 

& Bos, 2009), the effect was hypothesized to be due to complete removal of lugworms from the 

sediments as well as the physical relocation and disturbance of the sediments. The combined use 

of the two methodological approaches allowed for direct comparisons between the methods 

(Cowart et al., 2015; Lejzerowicz et al., 2015).

Effects of mechanical dredging

Mechanical dredging for Arenicola marina caused prominent digging tracks within the intertidal 

mudflats. These tracks remained, although slightly, visible for at least 1.5 years. Unfortunately, 

we do not have records beyond that time-range. Grainsize patterns were measured as percentage 

silt for both the tracks as well as the control samples. The silt content was, with percentages 

between 2.5 and 6.9 percent, relatively low compared to samples in the entire intertidal Wadden 

Sea (Klunder et al., 2019). Significant differences in grainsize patterns could be measured between 

the control and fished samples. The percentage of silt seems to be more varying in the fished 

samples compared to the control samples, especially in the second year; an effect which has 

been described before versus after cockle dredging (Piersma et al., 2002). Benthic species 

are influenced by sediment characteristics but also have an effect on these characteristics 

themselves; for example, by bioturbation. The removal of Arenicola, a taxon which contributes 
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highly to the bioturbation of the sediments, might be the cause of the patterns found in the 

sediment here, including the high porosity long after dredging (Volkenborn et al., 2007).

The most prominent differences in species composition between the fished and control transects 

were found from April through July, the spring/summer season. MDS ordinations for both the 

morphological and molecular approaches showed significant differences in April and May of 

the first year, whereas trends in abundances for both approaches also showed differences 

from April through July in the second year. Life cycles of intertidal marine benthic species in 

(cold) temperate seas, such as the Wadden Sea, are known to follow distinct seasonal patterns, 

including hibernation in winter and an increased activity in spring/summer due to a higher 

availability of food resources (Beukema, 1974; Coma et al., 2000). The biggest effects of fishing 

for both years were found within the spring/summer season, the season with increased activity, 

suggesting recovery rates within the disturbed environment are influenced by the spring/summer 

activity of the species present (Arntz & Rumohr, 1982).

The taxa studied within this experiment showed different recovery rates; taxa adapted to rapid 

colonization - opportunistic species - can recover more quickly than long-lived and slow-growing 

species (Newell et al., 1988). Within this study, an increased abundance of these opportunistic 

taxa such as Pygospio, Capitella and Hediste, was observed within the first spring/summer season 

in the morphological approach as well as an increased relative abundance of reads of Spionidae 

and Capitellidae. These increased abundancies shortly after fishing follow recolonization 

characteristics described before (Newell et al., 1988; Savidge & Taghon, 1988; Shull, 1997). 

However, also the second spring/summer season showed a higher abundance of these species in 

the fished tracks compared to the control tracks. This oscillating behaviour in species abundances 

after succession has been shown before within the first two years after recolonization (Arntz & 

Rumohr, 1982), who showed that, while oscillations were in phase with the seasonal oscillations, 

this only became regular in the third year.

Recovery rates for long-lived and slow-growing species, such as Arenicola, were slower compared 

to the other annelid taxa. Both count numbers of adult specimens and the relative abundance 

of reads for Arenicolidae were lower in the fished transects until 1.5 years after impact at nearly 

all sampling moments. This trend of prolonged suppression of lugworm numbers after dredging 

was also found in earlier studies (Heiligenberg, 1987; Beukema, 1995). Moreover, also higher 

recruitment of juvenile specimens in the fished transects was found here (Heiligenberg, 1987). 

Within the molecular approach it is not (yet) possible to distinguish between juvenile and adult 

specimens; the relative read abundance is a rough measure for biomass (Chapter 3, Lamb et 

al., 2019). Adult specimens attribute more to the total biomass than as juvenile specimens. 
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Therefore, relative read abundance will be more a measure of abundance for adults rather 

than juveniles.

Explanations for the differences in recovery rates and colonization mechanisms have been 

discussed widely, covering both passive and active transport mechanisms and recruitment (e.g., 

Arntz & Rumohr 1985; Newell et al., 1988; Savidge & Taghon, 1988; Shull, 1997). Taxa with larval 

recruitment (e.g. Capitella) or mobile taxa (e.g. Pygospio and Podocopida) are able to colonize a 

disturbed area rapidly (Savidge & Taghon, 1988; Shull, 1997). Once settled, these taxa can grow 

and reproduce fast due to the absence of competition with bigger, slow-growing taxa (Newell 

et al., 1988). Field observations and photographs showed a higher abundance of diatoms within 

the fished transects during spring. This higher abundance is possibly related to a higher nutrient 

availability resulting from decaying organisms and/or increased sediment oxidation. This in turn 

might provoke the increased spring-summer abundances in these fished transects (Newell et al., 

1988). Especially meiofauna taxa such as Chromadorida, Desmodorida and Podocopida show a 

quick increase in relative read abundance directly after fishing; possibly advancing from higher 

food availability (Boyd et al., 2000).

Comparison between methods

Both the morphological approach and the molecular approach showed an effect of Arenicola 

spp. fishing. However, there was a difference regarding the time-range in which this effect was 

found. The effect found using the molecular approach was slightly earlier than the effect found 

using the morphological approach. The most obvious reason for this difference would be the 

difference in communities sampled (Elbrecht et al., 2017; Chapter 2). The meiofauna community 

is included with the molecular approach but omitted with the morphological approach. The 

effect on the meiofauna community might have been ahead of the effect in the macrofauna 

community either due to the detection of larvae and/or juvenile specimens of macrofauna taxa 

within the molecular approach before the morphological approach was able to detect them. 

Another explanation could be the more rapid response in true meiofauna taxa such as Nematoda 

and small Arthropoda because of their shorter life cycles (Balsamo et al., 2012; Boyd et al., 2000; 

Fonseca et al., 2014). A third explanation can be sought in the power of the Permanova analysis. 

A larger number of OTU’s was obtained with the molecular approach, reflecting a bigger sampling 

effort, hence, more power for the multivariate analysis (Anderson & Santana-Garcon, 2015). The 

p-values at T03 and T04 derived from the Permanova analysis for the morphological approach 

(Table 4.2) are non-significant, however, still relatively low whereas the molecular approach 

showed a significant effect. In other words, the difference in these outcomes could be due to a 

difference in sampling effort (Anderson & Santana-Garcon, 2015).

4
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All taxa detected within the morphological approach were also detected at the family-level 

within the molecular approach. However, relative quantities between the taxa differed. For the 

Annelida taxa, Capitella was the most abundant taxon in the first spring-summer season in the 

morphological data; however relative abundance of reads of Capitellidae was low compared to 

other Annelida families. Possible explanations for this are; firstly, that the relative abundance 

of reads is more directly related to biomass than species counts (Lamb et al., 2019; Chapter 3). 

Secondly, the amount of DNA found in the sediment is highly influenced by ecological factors 

driving the release and dispersion of DNA (Barnes & Turner, 2016; Stewart, 2019). Nevertheless, 

patterns found within one taxon are comparable between the methods for most taxa. For 

example: a lower abundance of adult Arenicola, Capitella or Pygospio in either the fished or 

control transects compared to the other transects in the morphological approach is reflected 

in a lower relative abundance of reads of, respectively, Arenicolidae, Capitellidae or Spionidae 

in the same transects in the molecular approach.

CONCLUDING REMARKS

The effects of mechanical fishing for Arenicola spp. were found to last at least 1.5 year after 

fishing at the fished transects. Small opportunistic taxa were found to thrive during the 

spring-summer seasons within the fished transects; whereas bigger, long-lived taxa showed 

a lower abundance after fishing. Both the morphological approach and the molecular 

approach were able to detect these changes but the power of the latter appeared to be larger. 
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SUPPORTING INFORMATION

Table S4.1 | number of detections per genus, per sample for the morphological approach. Total number 
of samples was 18 x 17 = 306.

Phylum Taxon Presence Phylum Taxon Presence

Annelida Arenicola_adult 216 Arthropoda Bathyporeia 1

Arenicola_juvenile 89 Bodotria 1

Aricidea 1 Carcinus 4

Capitella 252 Crangon 75

Eteone 94 Cumacea 1

Glycera 1 Gammarus 4

Hediste 45 Mysida 1

Heteromastus 81 Praunus 2

Lanice 7 Urothoe 172

Magelona 8

Malacoceros 1 Mollusca Cerastoderma 2

Marenzelleria 91 Ensis 8

Nephtys 8 Hydrobia 1

Oligochaeta 79 Kurtiella 7

Phyllodoce 7 Limecola 37

Polydora 2 Mya 5

Polynoidea sp 34 Tellina 1

Pygospio 126

Scoloplos 288

Spio 5

Spiophanes 9

Tharyx 111

4
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Figure S4.1 | MDS ordinations for all sampling events for the morphological approach. The control transects 

are shown in dark round points, the fished transects with the ligher triangle points. 

Figure S4.2 | MDS ordinations for all sampling events for the molecular approach. The control transects 
are shown in dark round points, the fished transects with the ligher triangle points. 
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Figure S4.3 | Barplots based on the abundance data from the morphological approach for large Annelida 
species for all sampling events

Figure S4.4 | Barplots based on the abundance data from the morphological approach for small Annelida 

species for all sampling events

4
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Figure S4.5 | Barplots based on the relative read abundance data from the molecular approach for Annelida 

species for all sampling events

Figure S4.6 | Barplots based on the relative read abundance data from the molecular approach for  
Arthropoda species for all sampling events
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Figure S4.7 | Barplots based on the relative read abundance data from the molecular approach for  

Nematoda species for all sampling events

4
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ABSTRACT

Man-made structures in the North Sea are known to act as artificial reefs by providing a 

habitat for sessile epifauna in a predominantly soft sediment environment. This epifauna is 

hypothesized to cast a so-called ‘shadow’ over the soft sediment ecosystem by altering the 

nutrient composition in the overlying water column. In addition, the structure itself could alter 

currents and thereby influence the deposition and erosion of the sediments in the wake of 

the platform. This study aims to assess the long-term effects of a gas platform in the southern 

North Sea on the surrounding benthic community by both morphological and molecular 

identification of benthic species. The species composition and a set of abiotic factors of the 

sediment around a gas platform were assessed along four transects. Differences for the abiotic 

factors were found in the closer vicinity of the platform in the direction corresponding to the 

predominant currents. The number of benthic fauna families found in the molecular approach 

were on average three times higher than for the morphological approach. Both approaches 

showed that small differences occurred primarily due to changes in sedimentary organic matter 

contents. Differences in species composition were more pronounced between transects rather 

than between distances from the platform.
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INTRODUCTION

Over the last decades man-made structures such as oil and gas platforms have become a 

widespread phenomenon in the North Sea. Through time, these structures often have become 

artificial reefs as they provide a solid substrate for sessile epifauna in areas that are mainly 

characterized by soft sediment habitat (Whomersley and Picken, 2003; Krone et al., 2013; Stap 

et al., 2016). So far it is unknown whether artificial structures are beneficial for ecosystem 

functioning and biodiversity in a wider area surrounding these structures. This question is 

becoming increasingly important as many platforms in the southern North Sea are about to be 

decommissioned in the coming decades. The contracted fate of offshore platforms at the end of 

their productive life is complete removal. However, arguments have been raised to leave parts 

or whole platforms in place as artificial reefs (Jørgensen, 2012) similarly as in the Gulf of Mexico 

and other parts of the USA (Fowler et al., 2014; Claisse et al., 2015).

The biomass of epifauna on submerged artificial structures may reach up to 500-fold the biomass 

found in the soft sediments (Picken et al., 2000). Since the epifauna on new artificial substrates 

mainly consists of filter-feeders (e.g. mussels) this community may act as a biofilter, depleting 

primary organic matter in the water column and enriching it by producing faeces, nutrients, 

dissolved organics and larvae (Krone et al., 2013; Coates et al., 2014). Consequently, water 

chemistry and particle composition is altered in the close vicinity (up to 100 m) of an artificial 

structure (Maar et al., 2009 ). It is hence hypothesized that epifauna on oil and gas structures will 

cast a so-called ‘shadow’, over the soft sediment ecosystem near the structures, which influences 

food availability for surrounding benthic assemblages and impact species composition. Model 

calculations of the effect of mussels growing on a wind turbine (Maar et al., 2009) demonstrated 

significant effects on the water column including depletion of water column chlorophyll in the 

wake of the structure which was subsequently confirmed by actual measurements. Beside these 

biogeochemical impacts, the physical presence of a structure will alter local hydrodynamics, 

which may influence sedimentological characteristics, changing erosion and deposition (Baeye 

and Fettweis, 2015; Carpenter et al., 2016; Vanhellemont and Ruddick, 2014). Field studies on 

the impact of offshore gas platforms in the Adriatic Sea revealed a widespread effect (up to 

1000 m) on the surrounding nematode community which was ascribed to physical alteration 

of the habitat (Fraschetti et al., 2016) while the growth of a mussel population on the structure 

led in one case to the development of a mound of dead mussel shells close to the platform with 

consequences for the resident bottom fauna (Bomkamp et al., 2004; Manoukian et al., 2010).

A growing number of studies on the introduction of artificial hard substrate and their biological 

effects on the surrounding soft sediment environment is being published (Lindeboom et al., 

2011; Degraer and Brabant, 2012; Vandendriessche et al., 2015; Coolen, 2017). So far, studies 

5
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have mostly dealt with short-term effects (up to five years). Fouling communities on artificial 

structures, however, have been shown to change in composition when the structure remains 

intact long enough (Whomersley and Picken, 2003; Vandendriessche et al., 2015). To aid the 

discussing of the effects of decommissioning of artificial structures, knowledge on the actual 

effects. of a platform on its surroundings is necessary, for which a longer time scale (multi 

decadal) perspective is needed. Therefore, this study targets an >40y old offshore gas platform 

(L7A) in the southern North Sea and investigates whether this platform casts a ‘shadow’ on 

the composition of the soft-sediment benthic communities. It was hypothesized that species 

composition in the wake of the platform, in the residual current direction, will differ from the 

species composition in reference areas. Besides species composition, a set of abiotic factors 

which are known to influence the benthic community composition were measured.

Most impact studies involving benthos by means of morphological identification only deal 

with macrofauna (Coates et al., 2014; Coolen, 2017). Only when highly specialist knowledge 

is available, meiofauna is considered. Yet meiofauna organisms are, next to macrofauna, key 

indicators for ecosystem health (Balsamo et al., 2012; Spilmont, 2013; Lallias et al., 2014; 

Fraschetti et al., 2016). This study applies both a classic morphological identification approach, 

via identification of macrofaunal specimens by a highly experienced taxonomist, and a molecular 

identification approach, via metabarcoding of DNA extracted from the entire benthic assemblage 

(including meiofauna and macrofauna), using a combination of next generation sequencing and 

taxonomic affiliation based on reference libraries. The latter approach provides the opportunity 

to assess marine metazoan benthos in a new holistic and replicable manner (Chariton et al., 2010; 

Taberlet et al., 2012; Cowart et al., 2015).

 
METHODS

Study site and sampling design

The platform L7A in the southern North Sea was installed over 40 years ago. It was selected as 

study site, since non-toxic substances were used during past drilling operations and long-lasting 

effects due to toxic wastes can be excluded (Duineveld et al., 2007). The platform is situated 

in a fauna-rich area with fine muddy sand (median grainsize between 106 μm – 113 μm) at a 

water depth of 35 m (Duineveld et al., 2007) (Figure 5.1). Based on the dominant residual current 

directions the shadow area was defined as the sector between 0-90 degrees compass direction 

and the opposite direction between 180-270 degrees.

Samples and measurements were collected during a cruise with RV Pelagia (7-12 May 2016). 

Sediment samples were collected at respectively 150, 300, 450 and 600m from the platform 
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along 4 transects in 4 perpendicular directions (SW, SE, NW and NE) using the NIOZ box corer with 

a 706 cm2 surface area and 55 cm sampling depth (equivalent to roughly 38 litres of sediment). 

From each box core one sub core (78 cm2 surface) was retrieved for sedimentological analysis 

and stored at 4⁰C. Two surface samples for organic content measurements, taken of the surface 

of the box core with a spatula, were stored at -20⁰C. Samples for molecular identification 

(environmental DNA samples) were collected from the box core using a smaller core with a 5.60 

cm2 surface area and 10 cm sampling depth (equivalent to 56 ml of sediment) and immediately 

stored at -80⁰C. The remaining sediment in the box core was used for morphological identification 

and was sieved over a 1 mm round mesh sieve. Living organisms were sorted by manually and 

identified up to the family level with a stereomicroscope by an experienced taxonomist (ML) 

according to Hartmann-Schröder (1996) and Hayward and Ryland (1995). Identified species were 

stored in 96% ethanol at ambient temperatures as reference samples for molecular methods. 

Figure 5.1 | Study site and sampling design. Sample locations were based around the L-7A gas-platform 
in the Southern North Sea (left panel). Sample locations were set on four different transects; north-
east (45⁰), south-east (135⁰), south-west (225⁰) and north-west (315⁰). At each transect a box core 
was taken at 150, 300, 450 and 600 meter from the platform. The right panel shows the proportion of 
current vectors in the different directions as measured during the scientific cruise. Dominant currents 
were between 0-90 degrees compass direction and the opposite direction between 180-270 degrees. 

5
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Environmental variables

The sub cores taken for sedimentological analysis were opened in the lab and the top 10cm was 

sliced in 1cm slices. A subsample of each slice was cryodesiccated and subsequently left overnight 

in a water bath (100 ml) consisting of 0.1M dispersing agent (Na4P2O7) to prevent flocculation. 

Grainsizes were measured three times with a Beckman Coulter LS Particle Size Analyzer 

which measures a grainsize distribution from 0.04 to 2000 μm for 117 size classes. Thereafter, 

measurements were divided in three size fractions: clay (<0.002 mm), silt (0.002-0.05 mm) and 

sand (0.05 – 2 mm). Total organic carbon (TOC) was determined from the surface samples after 

removing inorganic carbonates by shaking samples twice in 2M HCl (respectively for 4 and 12 

hours) followed by rinsing them twice with Milli-Q water. Subsequently, the sediments were 

cryodesiccated and thoroughly ground in an agate mortar. TOC and nitrogen (N) contents were 

measured on an Organic Elemental Analyser (Flash 2000, Thermo Scientific Bremen, Germany).

Reference library and mock sample

Genomic DNA from a subset of the morphological identified specimens (supplementary Table 

S1) was extracted using the GenElute™ Mammalian Genomic DNA miniprep kit (Sigma-Aldrich 

Inc.) following the manufacturer’s protocol. A 450 base pair (bp) part of nuclear small ribosomal 

subunit (18S) was amplified using the oligo-nucleotides F04 and R22 as primer pair (Sinniger 

et al., 2016). The 18S gene was amplified in a 50μl volume reaction, containing 0.6μM of each 

primer, 0.2μM dNTP, 800ng/μL BSA, 1U Phusion® High-Fidelity DNA Polymerase (Thermo 

Scientific Inc.), 1x Phusion® HF buffer (Thermo Scientific Inc.) and 5 μL of DNA extract. The 

thermal cycle conditions were as follows: an initial cycle of 30 seconds at 98°C; followed by 

27 cycles, each comprised of 10 seconds at 98°C, 20 seconds at 60°C and 30 seconds at 72°C, 

followed by a single cycle of five minutes at 72°C. The PCR products were Sanger sequenced 

in both directions on the ABI3730XL sequencer from Life Technologies by BaseClear (Leiden, 

Netherlands). Consensus sequences were complemented with their taxonomic data and stored 

as a local reference database.

One mock test sample was generated by combining DNA extractions from 21 species, representing 

7 different phyla (supplementary Table S5.1). The DNA extracts of the selected species were 

quantified on a Qubit 3.0 fluorimeter (Qiagen, Inc.) and were pooled in equimolar quantities. 

The mock sample served as a positive control throughout the 18S species identification process.

Molecular analysis

A subsample (10 g) was taken from each eDNA subcore at the following depth intervals: 0-2 cm, 

2-3 cm and 5-6 cm. DNA was extracted from these subsamples using the Powermax Soil™ DNA 

isolation kit (MoBio Inc.) following the manufacturer’s instructions. DNA from all extractions, as 

well as a mock sample, were used as template to amplify, in triplicate, the 18S gene fragment 
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as described in methods section (iii). All forward and reverse primers were extended with 12nt 

unique barcodes. The PCR products were visually inspected after electrophoresis through a 

1% agarose gel at 75volt for 50 minutes, excised from the gel, purified using the Qiaquick Gel 

Extraction Kit (Qiagen, Inc.) and quantified with a Qubit™ 3.0 fluorometer (Qiagen, Inc.). Samples 

were pooled in equimolar quantities together with blank PCR controls. The pooled sample was 

then subjected to a final purification using MinElute™ PCR Purification columns (Qiagen Inc.) 

as described by the manufacturer. The pooled sample was submitted for sequencing at Useq 

(Utrecht, Netherlands) on an Illumina MiSeq using the 2x 300bp V3 kit.

Bioinformatics

Raw sequences were quality filtered using the fastq_quality _filter script in the FASTX-Toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit/). Reads with a quality score ≤ 30 over 75% of the 

positions were discarded. Quality filtered reads were de-multiplexed using the split_libraries.

py script in QIIME (Caporaso et al., 2010), allowing zero mismatches in both the forward and 

reverse primer. De-multiplexed sequences were then front, and end clipped to remove the 

primers. Reads were first de-replicated at a 100% similarity and sequences with less than 10 

copies were discarded. The remaining unique sequences were clustered using a 95% similarity 

cut off in VSEARCH (Rognes et al., 2016). Taxonomic assignments were performed against the 

SILVA 18S rRNA database (release 119, www.arb-silva.de; Pruesse et al., 2007) using the RDP 

Classifier (Wang et al., 2007) with a minimum confidence of 0.5. At a confidence level of 0.5 

all OTUs found for the mock sample could be assigned at the family level to one of the species 

added to this sample.

Data analysis

For the morphological approach, count data were merged into taxonomic families when possible, 

resulting in a total number of individuals per taxonomic family. As the number of reads for the 

molecular approach have a weak relationship with biomass or abundance (Elbrecht and Leese, 

2015), all OTU data were converted to presence or absence prior to further analysis (Chariton 

et al., 2015). OTUs were first merged per location (i.e. depth-subsamples were averaged at each 

location) and subsequently combined into taxonomic families. The correlation between the 

number of metazoan OTUs and read depth was tested to avoid a bias introduced by sampling 

effort and no correlations was found (Pearson, r = -0.176, p = 0.515). Also, rarefaction curves 

(using vegan/rarecurve, step=20) showed a saturation for all samples (supplementary Figure 

S5.2). Therefore, no transformation of OTU abundances was necessary and the number of OTUs 

per taxonomic families were used throughout subsequent analyses. Shannon-Wiener diversity 

estimates were calculated using the count data for the morphological approach and the number 

of OTUs per taxonomic family for the molecular approach.

5
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Since it was hypothesized that the platform could exert an effect on the benthic community via 

a change in sediment composition, the metazoan data were screened for potential indicators of 

a change in grainsize, TOC and N. Taxa were designated as potential indicator taxa if the number 

of individuals (morphological approach) or the number of OTUs (molecular approach) within a 

taxonomic family were correlated to either the percentage of silt, TOC or N. A taxonomic family 

was designated as potential indicator taxa if the correlation coefficient rho was found to be 

higher than 0.4 or lower than -0.4 and at least 10 species or OTUs were found within this family 

for all samples combined.

The number of individuals for the morphological approach and the number of OTUs for the 

molecular approach within a taxonomic family were subjected to Hellinger-transformation 

(Legendre and Gallagher, 2001) using the vegan function ‘decostand’. A screeplot was made to check 

for variances of the ordination components and to determine the optimal number of dimensions 

or axis in the multidimensional scaling. Nonmetric multidimensional scaling using Bray-Curtis 

dissimilarity distances at two dimensions for the morphological approach and three dimensions 

for the molecular approach was performed. The Bray-Curtis dissimilarity matrix was further used 

for analysis of variance between the transects (permanova) using the adonis2 function and for 

the simper analysis to discriminate the effect of each species. All data were analysed in R v3.4.3. 

RESULTS

Validation taxonomic assignment

After sequence quality control, a total of 85923 reads were assigned to the mock sample. These 

reads resulted in 490 OTUs after clustering at a threshold at >95%. Only one out of the 21 species 

added to the mock sample was not recovered, i.e. Ampelisca brevicornis. False positives were 

found below a relative read abundance of 0.001%. This relative read abundance was then used 

as cut-off in the further data-analysis of the 16 environmental samples.

Taxonomic composition

Classic morphological analysis of the box core samples, sieved over a 1 mm sieve and identified 

by eye, yielded a total of 1264 specimens belonging to 43 taxonomic families for the 16 samples. 

In total, seven metazoan phyla were found, of which only four were found at all locations. 

Most individuals belonged to the echinoderms (52%), and annelids (20%) (Figure 5.2, upper 

panel). The most abundant families were the echinoderm family Amphiuridae, the annelid family 

Lumbrineridae, the phoronid family Phoronidae and the arthropod family Callianassidae.
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The Illumina sequencing of the molecular samples generated 6.4 million reads after quality 

filtering for the 16 samples, of which 22% could be confidently assigned to metazoans. Clustering 

resulted in 544 metazoan operational taxonomic units (OTUs), the number of OTUs ranged from 

121 to 323 for individual samples. The molecular approach recovered many more metazoan phyla 

than the morphological approach; sixteen in the combined samples. Ten of these phyla were 

recovered from each location (Figure 5.2, lower panel). The metazoan diversity derived from the 

molecular approach was largely dominated by nematodes, which formed the most diverse group 

(11% of all OTUs). The next most diverse phyla were the arthropods (5%), and annelids (2%). Of 

all metazoan OTUs, 60% could be taxonomically classified at the family level. The most abundant 

metazoan families based on the number of OTUs were the nematode families Comesomatidae, 

Oxystominidae and Loxoconchidae, followed by the arthropod family Temoridae and the annelid 

family Lumbrineridae.

Figure 5.2 | Taxonomic composition per location. For each of the samples grouped per transect 
the proportions of phyla identified through the morphological approach (upper panel) or the mo-
lecular approach (lower panel). The number of individuals per phylum was used for the morpho-
logical approach and number of OTUs within a phylum was calculated for the molecular approach.

5
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Biodiversity and environmental variables

Percentage clay was very low (between 0 and 0.2%) for all locations, therefore, instead 

percentage silt was used as a measure for further grainsize analyses. Percentage silt was 

highest in the NE transect with a mean percentage of 30.43 ± 1.9% (Figure 5.3; supplementary 

Table S5.3) and lowest in the SE transect (24.88 ± 4.78%). The percentage silt tended to 

increase with increasing distance from the platform. However, only for the SW transect this 

trend was significant (Pearson, r = 0.965, p = 0.035). The levels of TOC and N were on average 

highest in the NE transect (TOC: 0.566 ± 0.19%; N: 0.047 ± 0.01%) (Figure 5.3; supplementary 

Table S5.3). Similar as the percentage of silt, TOC and N levels also showed an increase with 

increasing distance from the platform, however, correlations were not statistically significant. 

Figure 5.3 | Environmental variables for the various sampling locations. The percentage of carbon and 
nitrogen from surface sediments and the average percentage of silt from the top 10 cm of sediment is 
shown for each sample location.

The Shannon-Wiener index based on the numbers of specimen per family found from the 

morphological identification approach was negatively correlated with the percentages of TOC, 

N and silt (Figure 5.4, upper panel). However, only the relationship with the percentage silt was 

statistically significant (Pearson, r = -0.626, p = 0.010). The Shannon-Wiener index based on 

the number of OTUs per family found in the molecular approach was twice as high as the index 

derived from the morphological approach. The correlations between Shannon-Wiener index 

values from the molecular approach and the environmental variables were less strong than the 

correlations with index values based on the morphological approach and none of these were 

significant (Figure 5.4, lower panel). The Shannon-Wiener index based on the molecular approach 

increased slightly with increasing percentages of silt as opposed to the decreasing trend found 

with values based on the morphological approach.
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Figure 5.4 | Relationships between biodiversity and environmental variables. The Shannon-Wiener 
index was calculated from number of individuals within a taxonomic family for the morphological ap-
proach (top panel) or the number of OTUs within a taxonomic family for the molecular approach (bottom 
panel) and was plotted against the percentage of carbon, nitrogen and silt found at the sample location. 

Potential indicator taxa

Within the dataset based on the morphological approach, the arthropod family Upogebiidae was 

significantly negatively correlated with the percentage of N (Pearson r = -0.525, p = 0.037) and was 

therefore designated as potential indicator taxa (Table 5.1). The echinoderm family Amphiuridae, 

the annelid family Lumbrineridae and the Phoronidae were found in high abundances with 

still a moderate correlation with one or multiple of the environmental variables (r > 0.4). The 

Amphiuridae and Lumbrineridae were positively affected by higher organic content, either TOC 

or N. Whereas the Amphiuridea were found in higher abundances with higher percentages of 

silt, the Phoronida were found in lower abundances in relation to higher silt contents.

5
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Table 5.1 | Potential indicator taxa

Correlation test were performed for the abundance of specimens within a taxonomic family for the 

morphological approach and the number of OTUs within a taxonomic family for the molecular approach 

against the environmental variables. Only families showing a strong or moderate correlation (r > 4) and 

an abundance (N) above 10 are presented here. An = Annelida, Ar = Arthropoda, E = Echinodermata, 

M= Mollusca, N = Nematoda, P = Phoronida.

Approach Family N TOC N Silt

Rho P Rho P Rho P

Morpho Upogebiidae (Ar) 23 -0.489 0.055 -0.525 0.037*

Nuculidae (M) 26 -0.479 0.061 -0.477 0.062

Amphiuridae (E) 641 0.458 0.074 0.449 0.093

Lumbrineridae (An) 116 0.411 0.113

Phoronida (P) 102 -0.405 0.134

Molecular Camacoloimidae (N) 14 -0.644 0.007* -0.495 0.051 -0.483 0.058

Thoracostomopsidae (N) 108 0.538 0.031* - - - -

Cyantholaimidae (N) 179 0.538 0.032* - - - -

Scalibregmatidae (An) 25 - - - - -0.532 0.034*

Loxoconchidae (Ar) 211 0.519 0.039* 0.546 0.029* 0.459 0.074

Corbulidae (M) 33 - - 0.510 0.044* - -

Linhomoeidae (N) 64 - - - - -0.504 0.046*

Amphiuridae (E) 89 0.496 0.051 - - - -

Miraciidae (Ar) 17 - - - - 0.466 0.069

Semelidae (M) 25 - - -0.420 0.105 - -

Calanidae (Ar) 12 -0.411 0.114 -0.418 0.107 - -

Xyalidae (N) 135 - - -0.417 0.108 - -

The Amphiuridae family was the only family designated as indicator taxa by both the 

morphological and molecular approach. The abundance of Amphiuridae in the molecular 

approach was positively correlated with the percentage of TOC. The molecular approach also 

identified several meiofauna families as potential indicator taxa. The number of OTUs within 

the nematode families Thoracostomopsidae and Cyantholaimidae showed a positive correlation 

with TOC levels (Pearson, r = 0.538, p = 0.031 and r = 0.538, p = 0.032, respectively), whereas 

nematodes from the family Camacoloimidae were negatively correlated with TOC levels (Pearson, 

r = -0.644, p = 0.007). For the other phyla, the arthopods family Loxoconchidae were positively 

correlated to both TOC and N levels (Pearson, r = 0.519, p = 0.039 and r = 0.546, p = 0.029) 

and the mollusc family Corbulidae was positively correlated to the levels of nitrogen (Pearson, 

r= 0.510, p = 0.044). The annelid family Scalibregmatidae and the nematod family Linhomoeidae 
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were negatively correlated to the percentage silt (Pearson, r = -0.532, p = 0.034 and r = -0.504, 

p = 0.046, respectively).

(v) Comparison between sample locations

The values of the Shannon-Wiener index varied between sample locations for both the 

morphological and molecular approach (Figure 5.5; supplementary Table S5.4). The Shannon 

values based on the morphological approach showed the strongest trend along the NW 

transect, for which diversity decreased with increasing distance from the platform (Pearson, 

r = -0.956, p = 0.044). In contrast, diversity was stable with increasing distances on the NE 

transect (Pearson, r = -0.156, p = 0.844) and diversity in this transect showed the lowest 

variation along the distances (μ = 1.520 ± 0.121). The Shannon values based on the molecular 

approach showed a negative correlation with distance on all transects, however, none of 

these were statistically significant. The MDS ordination for the morphological approach 

showed a deviating composition of macrofauna on the SW transect with all its data points 

separated from the remaining samples (Figure 5.6, left panel). A permanova analysis indicated 

a statistically significant difference between the transects (F
3,12 = 1.547, p = 0.026). Simper 

analysis showed that this deviation was mainly due to a lower abundance of the echinoderm 

family Amphiuridae and the phylum Phoronida on the SW transect. An MDS ordination for 

the molecular approach combined with a permanova analysis resulted in a significant different 

between the benthic communities for the different transects (F
3,12 = 1.497, p = 0.040) but not 

between the distances from the platform (F3,12 = 1.064, p = 0.366) (Figure 5.6, right panel). 

Figure 5.5 | Biodiversity per sample location. The Shannon-Wiener index was calculated from the number 
of individuals within a taxonomic family for the morphological approach (left panel) or the number of 
OTUs within a taxonomic family for the molecular approach (right panel) and was plotted for each sample 
location per transect.
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Figure 5.6 | Nonmetric multidimensional scaling (nMDS) plot for community composition. The nMDS is 
based on Bray-Curtis dissimilarities of community composition. Composition was based on the number 
of individuals per taxonomic family for the morphological approach (left panel) and the number OTUs per 
taxonomic family for the molecular approach (right panel).

 
DISCUSSION

The aim of the present study was to seek evidence for an effect of an offshore gas platform on 

the composition of the surrounding metazoan communities. The supposed effect of the platform 

was hypothesized to be primarily due to the long established epifaunal community which acts 

as a biofilter and casts a shadow over its surroundings (Stap et al., 2016). The methodology that 

was applied consisted of a classical morphological approach targeting only macrofauna and a 

molecular approach which also include the smaller meiofauna.

Prominent variation was found in the grain size characteristics in the environment surrounding 

the gas platform. A higher percentage of silt was found on the transect in the residual current 

direction, i.e. in the ‘shadow’ area of the structure, while coarser sediment was observed in the 

close vicinity of the artificial structure. Similar grain size effects have been found around other 

artificial structures and were interpreted to reflect changes in velocity and direction of water 

movement (Mendoza and Henkel, 2017). The strongest correlation between distance from the 

platform and grain sizes were found in the SW and NE transects, aligning with the directions 

of the dominant residual currents. Total organic carbon (TOC) and nitrogen (N) levels showed 

equivocal trends around the platform. The organic content of the surface sediment was on 

average highest in the NE transect, which is in line with the distribution of silt. The combined 

data suggests a redistribution of silt and associated organic matter in the direction of the residual 

current from SW to NE (Heery et al., 2017). For the low percentages of TOC and N in the vicinity 

of the platform two explanations are proposed: the first is in line with the original hypothesis 

of this project i.e. depletion of the organic content of the water due to the biofilter effect of 
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the epifauna (Davis et al., 1982; Maar et al., 2009). The other (mechanistic) explanation evokes 

scouring of the sediment caused by the acceleration of the flow by the platform structure and 

deposition of fine particles further from the platform (Rudolph et al., 2004).

The Shannon-Wiener index is a commonly used index for comparing benthic communities 

analysed by classical morphology approaches (Gray, 2000; Patrício et al., 2009). More recently 

it has also been used in connection with molecular approaches (Lanzen et al., 2016). However, 

the outcomes of these indices are not necessarily comparable. Firstly, there is a difference 

between the sampling procedure in the two approaches in terms of sampling volume and size 

fraction of the fauna. In the morphological approach, a fixed surface area is sampled and a 

cut-off size selection is applied by sieving. Moreover, only organisms of this size class that are 

present at the time of sampling will be collected. Environmental DNA, on the contrary, can 

persist in the environment over time and therefore will reflect present and past presences of 

fauna, and possibly even presences from organisms in the wider area (Dell’Anno et al., 2002). 

In addition, the molecular approach includes fauna from all size classes, which likely increases 

taxonomic richness.

Additionally, abundance estimates used for the calculation of the Shannon-Wiener index are 

different in the morphological and molecular approach and hence also the meaning of the index 

differs. Abundance estimates in the morphological approach are counts of specimens belonging 

to a specific taxon while the molecular approach in this study uses OTU abundance within a taxa 

(here family). OTU abundance has been shown to increase with increasing numbers of specimens 

analysed within a taxonomic group due to polymorphism (Dell’Anno et al., 2015). However, 

this genetic diversity is not necessarily similar for all taxa. Whilst the Shannon-Wiener index 

is sensitive to the number of taxa (richness) in both approaches, it expresses evenness in the 

distribution of specimens across taxa in the classical approach as opposed to differential genetic 

diversity within taxa in the molecular approach. Despite the different meaning of the Shannon-

Wiener index Lejzerowicz et al. (2015) already showed the applicability of biotic indices, and in 

particular the Shannon-Wiener index for the molecular approach. An extensive review of the 

use of biotic indices for molecular approaches has been performed by Pawlowski et al. (2018). 

Here, we only touched upon the essentials relevant to this study.

Potential indicator taxa for the effects of changing organic content or silt levels could be 

indicated. For both the molecular and morphological approach more taxa correlated positively 

than negatively to the organic content. For both approaches, the abundance of the macrofaunal 

family Amphiuridae increased with increasing organic content levels. Species in the Amphiuridae 

family are rapid growing with a high metabolic rate and hence have high food requirements and 

thrive under high food conditions (Buchanan, 1964; Josefson and Jensen, 1992). In this study, 
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lowest abundances for the Amphiuridae were found in the SW transect and highest in the NE 

transect, which is in line with the distribution of organic carbon and silt.

Although macrofauna species have been used as key indicators for environmental health for 

decades, recent developments in terms of molecular techniques have made it easier to also assess 

the function of meiofauna as bio-indicators (Fonseca et al., 2014; Lallias et al., 2014; Chariton 

et al., 2015; Lanzén et al., 2016). Meiofauna species are considered to be suitable indicators for 

marine ecosystem monitoring due to their relatively high abundance and their complex interplay 

with other faunal species (Sutherland et al., 2007; Balsamo et al., 2012). Abundances of certain 

nematode species have been shown to increase at slightly elevated levels of organic content (Gee 

and Warwick, 1985) and also in this study, two nematode families showed a positive correlation 

with TOC and N levels. Relations between arthropods and environmental variables in the study 

were less clear. One meiofaunal arthropod family of ostracods, the Loxoconchidae, showed 

a positive relationship between OTU numbers and increasing TOC and N levels, whereas the 

copepod family Calanidae showed a negative relationship with organic content levels.

Previous studies have investigated the influences of man-made structures on the surrounding 

benthic environment by either a morphological identification approach (Danovaro et al., 

2002; Terlizzi et al., 2008; Manoukian et al., 2010; Coates et al., 2014; Fraschetti et al., 2016) 

or a molecular identification approach (Lanzén et al., 2016). This study is the first to date to 

encompass both approaches. An obvious advantage of the morphological approach is the ability 

to provide actual species abundance data, whereas metabarcoding datasets are still limited to 

presence/absence data of OTUs (Deagle et al., 2013; Cowart et al., 2015; Ficetola et al., 2015; 

Piñol et al., 2015). A good example is the phylum Phoronida. This phylum consists of only one 

family Phoronidae (WoRMS, 2018) with few species and thus molecular diversity within this 

phylum is nihil. Even though the morphological approach found high numbers of Phoronidae, 

in this study, the diversity abundance of different OTU’s within the Phoronidae in the molecular 

approach was low. On the other hand, the most noticeable disadvantage of the morphological 

approach is the taxonomic expertise needed for fauna identification. Because of this, meiofauna 

species are often excluded from environmental impact studies. Since molecular methods, such 

as metabarcoding, include macrofauna and meiofauna, they provide a more holistic view of the 

benthic community composition (Taberlet et al., 2012; Chariton et al., 2015; Lanzén et al., 2016; 

Sinniger et al., 2016). In this study, the number of families found in the molecular approach were 

on average three times higher compared to the morphological approach. The additional families 

found were mainly meiofauna families, taxa which are potential bio-indicators of changing 

environmental conditions.
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The analysis of indicator taxa and the analysis of biotic indices from both the morphological and 

molecular approach showed that differences in abundancy within taxonomic families can occur 

due to abiotic changes. As the particular platform has been established several decades ago, 

species composition on the platform was supposed to have established a mature community 

and therefore to represents a good measure of the long term effects of artificial structures 

on their immediate surroundings. Differences within the surrounding communities and abiotic 

factors were most noticeable between the NE and SW transect, which are the downstream and 

upstream directions of the strongest currents around the platform, respectively. Differences 

in community composition were most pronounced between the transects rather than within 

a transect at varying distances from the platform. This would suggest that the presence of 

the platform has evoked changes in soft bottom communities. However, it was not possible 

to disentangle the biological effects of epifauna from the physical effect of the platform 

itself. Likely both factors are involved. Either way, the complete removal of the platform as 

part of the decommissioning process will alter the current benthic species composition. 
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SUPPORTING INFORMATION

Table S5.1 Reference database / mock community. Species found in the morphological analysed samples, 
species in bold were added to the mock community.

Phylum Family Species

Annelida Lumbrineridae Hilbigneris gracilis

Annelida Lumbrineridae Lumbrineris tetraura

Annelida Glyceridae Glycera alba

Annelida Goniadidae Goniada maculata

Annelida Hesionidae Oxydromus flexuosus

Annelida Nephtyidae Nephtys hombergii

Annelida Nephtyidae Nephtys incisa

Annelida Nereididae Eunereis longissima

Annelida Phyllodocidae Phyllodoce groenlandica

Annelida Sigalionidae Sthenelais limicola

Annelida Trichobranchidae Terebellides stroemi

Annelida Capitellidae Notomastus latericeus

Annelida Obriniidae Orbinia sertulata

Arthropoda Ampeliscidae Ampelisca brevicornis

Arthropoda Diastylidae Diastylis bradyi

Arthropoda Callianassidae Callianassa subterranea

Arthropoda Processidae Processa nouveli holthuisi

Arthropoda Upogebiidae Upogebia deltaura

Arthropoda Mysidae Heteromysis formosa

Echinodermata Loveniidae Echinocardium cordatum

Echinodermata Synaptidae Leptosynapta inhaerens

Echinodermata Ccumariidae Leptopentacta elongata

Echinodermata Amphiuridae Amphiura filiformis

Echinodermata Ophiuridae Ophiura albida

Mollusca Semelidae Abra nitida

Mollusca Corbulidae Corbula gibba

Mollusca Nuculidae Nucula nitidosa

Mollusca Veneridae Chamelea gallina

Mollusca Lasaeidae Lepton squamosum

Mollusca Mactridae Spisula subtruncata

Mollusca Montacutidae Montacuta sp.
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Table S5.1 Continued

Phylum Family Species

Mollusca Thraciidae Thracia convexa

Nemertea Nemertea sp.

Phoronida Phoronida sp.

Sipuncula Golfingiidae Golfingia sp.

 

Figure S5.2 rarefaction curves
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Table S5.3 environmental variables per location

%TOC %N %Silt

Mean Pearson Mean Pearson Mean Pearson

μ SD Rho p μ SD Rho p μ SD Rho p

NE 0.566 0.188 0.884 0.116 0.047 0.009 0.718 0.282 30.425 1.926 0.918 0.082

NW 0.532 0.079 0.945 0.055 0.045 0.004 0.349 0.651 29.075 2.123 0.784 0.216

SE 0.468 0.094 0.475 0.525 0.045 0.008 0.768 0.232 24.875 4.777 0.759 0.241

SW 0.446 0.077 0.421 0.579 0.041 0.008 0.786 0.214 27.275 2.153 0.965 0.035

 
Table S5.4 shannon per location

Morphology Molecular

Mean Pearson Mean Pearson

μ SD Rho p μ SD Rho p

NE 1.520 0.121 -0.156 0.844 3.361 0.057 -0.555 0.446

NW 1.374 0.269 -0.956 0.044 3.344 0.074 -0.048 0.952

SE 1.811 0.266 -0.814 0.186 3.281 0.031 -0.019 0.981

SW 1.665 0.192 0.621 0.379 3.341 0.024 -0.821 0.179
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ABSTRACT

Seafloor massive sulfide (SMS) deposites are commonly found at hydrothermal vents and recently 

gained the special interest of mining industries. These deposits contain valuable metals and 

methods are currently developed to mine deep-sea SMS deposites. However, excavation of 

SMS deposits potentially pose a threat to benthic life at the mining site itself, and also in the 

surrounding environment with plumes of suspended sediment and fine-grained SMS debris 

created during deep sea mining activities being highlighted as one of the major threats to deep-

sea benthic fauna. The benthic communities surrounding the vents are, however, poorly known. 

As they are often exposed to natural plumes studying such communities could provide valuable 

information on their resilience towards mining related plumes. The Rainbow hydrothermal vent 

site at the Mid-Atlantic Ridge is a site characterized by one of the largest continuous natural 

plumes, which is found persisting over an extensive area. Sediment and water samples were 

taken both upstream and downstream of the Rainbow hydrothermal vent. Approximately 25 km 

away from the vent reference sites were samples as well. In addition to detecting the plume itself, 

concentrations of major and trace-metals in the sediments were used as tracers for long time 

sustained plume influence. At all sites we assessed benthic species composition and detected 

larvae. Metabarcoding methods were used to determine species composition. Benthic species 

composition in the sediment was shown to differ between all locations and was highly influenced 

by the plume’s fall out. Arthropoda were more dominant closer to the vent whereas Annelida 

and Nematoda were more dominant at the reference locations. Conservation and restoration of 

all these communities after a deep-sea mining event will be difficult due to the spatial variation 

of these benthic communities.
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INTRODUCTION

Seafloor massive sulfides (SMS) are commonly deposited at and near hydrothermal vent sites 

through precipitation of metal sulphides as acidic hydrothermal fluids exit the seafloor in these 

volcanic active regions (Collins et al., 2013). SMS deposits contain high concentrations of metals, 

particularly copper, zinc and cobalt. Over 300 vent sites have been listed by the International 

Seabed Authority (ISA) ocean wide, of which a third is supposed to have SMS deposits containing 

valuable metals (Baker and German, 2004). Because of worldwide shortages of these valuable 

metals in the context of the current energy revolution, these areas have recently gained the 

special interest of mining industries. Suspended sediment plumes created during mining activities 

are highlighted as one of the major potential threats to deep-sea benthic fauna (Nakajima et 

al., 2015). Whereas the excavation process itself will wipe out the benthic communities on the 

vents’ edifices, the mining induced plumes might impact a much larger area, possibly affecting 

areas further away from the mining site. Background communities nearby natural vents tend 

to host higher biomass densities compared to the surrounding deep sea, likely due to their 

high primary productivity input from the central vent area (Galkin et al., 1997; Sen et al., 2015). 

However, background communities have received considerably less research effort than the 

vent-communities themselves (Boschen et al., 2013).

The soft-sediment background fauna is spatially fragmented, mainly due to the large geomorphic 

variability around the vents. The main process connecting the sessile benthic populations of meio, 

macro and megafauna is the dispersal of larvae (Boschen et al., 2013; Cowen & Sponaugle, 2009). 

Hence, in the case of a disruption of the background community by a natural or anthropogenic 

event, larval supply is a crucial step in recolonization. Larval dispersal, connectivity and 

recolonization of typical hydrothermal vent species has been fairly well studied in the past 

decades (e.g. Metaxas 2004; Beaulieu et al., 2015; Mullineau et al., 2010; Gollner et al., 2015; 

Vic et al., 2018; Xu et al., 2018). In contrast, larval supply is practically unknown for background 

communities. Filling this gap is essential for credible valuation of impacts of SMS mining on 

species and community level, also further away from the mining site.

With the first commercial SMS mining in a preparatory phase (Solware I, Collins et al., 2013) 

the effects of artificial mining plumes are still unknown. Importantly, also the effects of natural 

plumes on the underlying benthic habitats have been rarely studied, which could hinder 

theassessment of potential impacts. The Rainbow hydrothermal vent site at the Mid-Atlantic 

Ridge (MAR) (Figure 1) is known for emitting one of the strongest plumes at MAR (German and 

Parson, 1996; Fouquet et al., 1997; Khripounoff et al., 2001). The Rainbow hydrothermal vent 

plume originates at ~2300 m depth and rises ~200 m until becoming neutrally buoyant after which 

it disperses horizontally (German et al., 1998). This neutrally buoyant plume is subsequently 

6
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transported by tidal currents over the background community on the Rainbow ridge up to 50 

km from its source (Edmonds and German, 2004). Sediments underlying the plume’s track have 

been found to contain particularly high concentrations of copper during the first part of its track 

(up to 5 km from the vent) while iron and manganese show high concentrations further away 

from the vent (up to 25 km) due to chemical fractionation associated with the hydrothermal 

plume fallout (Cave et al., 2002). Although fluxes of these metals are considerable, the amount 

of plume fallout and effect on the underlying benthic communities is unknown. Knowledge about 

these plume-effected habitats by analogy provides a first order base line for predicting the scale 

of impact by artificial plumes. Firstly, because this may show how chemical laden plumes affect 

and alter a benthic community. Secondly, it may indicate the distance from the source to which 

this impact is still affecting the benthic community in the chemically enriched environments 

downstream of the vent.

Conventional studies of benthic communities around vent sites at the MAR are based on 

taxonomic identification of species using morphological characteristics (e.g. Desbruyeres et 

al., 1997; Sarrazin et al., 2015; Sen et al., 2016). This inherently requires detailed and extensive 

taxonomic knowledge, especially for the rare and extremely diverse deep-sea communities 

(Danovaro et al., 2014; Guardiola et al., 2016). Hence, these studies are often restricted to 

macrofauna species (Cardoso et al., 2011; Cowart et al., 2015) even though meiofauna is an 

equally useful estimator for the status of the environment around deep-sea hydrothermal vents 

(Zeppilli & Danovaro 2009; vanReusel et al., 2010; Sarrazin et al., 2015). Recent developments 

in the form of genetic barcodes (Hebert et al., 2003) derived from DNA extracted from 

environmental samples combined with next generation sequencing technologies may offer a 

solution. These so-called metabarcoding techniques (Taberlet et al., 2012a) have been applied 

to a wide range of marine benthic communities including those in the deep sea (e.g. Dell’Anno 

et al., 2015; Chariton et al., 2015; Lanzen et al., 2016; Guardiola et al., 2016; Sinniger et al., 2016). 

The same technique could in principle be applied to samples from the water column in order 

to detect and identify pelagic larvae of benthic organisms, which is otherwise a challenge given 

their low numbers and undiscriminating habitus (Adams et al., 2012).

The aim of the current study is to apply a metabarcoding approach to: (1) detect patterns in 

the marine benthic communities in- and outside the path of the Rainbow hydrothermal plume 

whereby trace metal concentrations are used as proxy for influence of the plume; (2) test if 

larvae of benthic animals can be detected in discrete water samples with a limited volume, and 

if so, explore patterns in their distribution around the Rainbow vent.
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METHODS

Study site and sampling design

Samples and measurements were collected during three cruises with RV Pelagia (May 2014, April 

2015 and June/July 2016) around the Rainbow hydrothermal vent field (Figure 6.1). This vent field, 

located at the Mid Atlantic Ridge (MAR) at 36⁰14’N, 33⁰54’W and at 2300 m depth was chosen 

as study site due to its extensive buoyant plume (German and Parson, 1996; Severmann et al., 

2004). The vent field is known to produce plumes relatively rich in transition metals resulting in 

SMS deposits enriched in Cu, Zn, Co and Ni (Charlou et al., 2002; Douville et al., 2002; Findlay 

et al., 2015). This plume could still be detected up to 50 kilometers away from the vent site, 

moving predominantly to the north and east, following the contours of the Rainbow Ridge 

at ~2100 meters depth (Severmann et al., 2004). Moreover, the plume could be consistently 

traced up to 25 km away from the vent source based on turbidity measurements and the 

chemical analysis of water samples (Haalboom et al., in review, 2019). The study of Haalboom 

et al. (2019), showed an enrichment of metals compared to the overlying clear water in the 

neutrally buoyant plume with a high proportion of chalcophile elements closest to the vent site. 

Figure 6.1 | Sampling stations of box core (yellow circle) and water/larvae (blue triangle) samples around the 
Rainbow hydrothermal vent (red star). Stations numbers depict the box core sample stations. The analysis 
of the water samples was clustered per area: NE and SE of the vent site and Reference.
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Sediment samples were collected using the NIOZ box corer with a 25 cm radius and 55 cm 

sampling depth (equivalent to a maximum of roughly 100 liters of sediment). The box corer 

is equipped with a tightly closing lid to prevent the sediment from being washed out during 

retrieval. A total of 15 stations were sampled, of which 13 sites within a 5 km radius of the 

Rainbow vent site and 2 reference sites at approximately 25 km distance from the vent site. 

From each box-core two samples were collected for molecular identifications. A smaller 

sediment sample was collected using a sub corer with a 1.25 cm radius and 10 cm sampling 

depth (equivalent to ±50 ml of sediment) and immediately stored at -80⁰C. And a larger sample 

(approximately 500 cm2 surface) was collected from the top 15cm of the remaining sediment, 

sieved over a 200 μm mesh sieve on board and this was stored at -80⁰C as well, immediately upon 

sieving. Next to the fauna samples, a sub core (5 cm radius) was retrieved for sedimentological 

analysis and stored at 4⁰C. Collection of sedimentological sample was not possible at sample 

location 51.

Water samples were collected from the water column 5 meter above the seafloor either using 

24 Niskin bottles of each 12 liters, which were mounted on the CTD-frame (total volume 288l), 

or using the NIOZ Large Volume Sampler (LVS), with a volume of 1000 liters (Duineveld et al., 

2016). The LVS consists of a cylindrical polyester tank with 0.5 m diameter openings at the top 

and bottom which can be remotely closed with a lid through the ship’s CTD operation unit. On 

board the water contained in the tank and Niskin bottles was drained off through a tap at the 

bottom of the tank and filtered over a 30 μm nylon mesh sieve. The sieve residues were stored 

at -80⁰C. In this way a total of 17 water samples were taken of which 15 within a 5 km radius of 

the vent site and 2 reference sites (Figure 6.1).

Chemical analysis

Major and trace elements were determined for the top 1 cm of all box-cores by Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) analyses. A 100 mg of cryodesiccated surface 

sediments were completely fully digested in 3.5 ml of HF:HNO
3 mixture (2.5:1), to which 1 ml 

1M HCl and 1 ml perchloric acid were added. The sample-acid mixtures were heated in closed 

Teflon bombs for 48 h at 125°C in a hot block, after which the bombs were opened and left to 

evaporate for 24 h at 125°C. The dried residue was subsequently transferred to in 1 M HNO3 

and an internal standard was added. Before analyses the samples were diluted a factor 10,000 

with milli-Q water. The obtained solution was measured with the Thermo Scientific Element-2 

ICP-MS, including two blanks and three standards (PACS-2, JDo-1 and MESS-3). These standards 

were chosen for their expected element resemblance with the TREASURE cores. ELEMENT 2/XR 

software was used to convert data into concentrations in ppm. Standard deviations were based 

on 6 replications per sample. Detection limit was calculated as 3 times the standard deviation 

of 6 replicate measurements of a blank, averaged for 2 blanks.



109

Deep-sea

Molecular identification

Environmental DNA (eDNA) is considered to comprise DNA shed from living species and DNA 

leaking from fragments and dead organisms (Corinaldesi et al., 2011; Taberlet et al., 2012b; 

Guardiola et al., 2015, 2016). Because of this inclusiveness, for benthic fauna often only small 

amounts of sediment (up to 10 g) are used for the analysis of the metazoan community (Sinniger 

et al., 2016; Lopez-Escardo et al., 2018). However, the detection of macrofauna species might be 

biased as the release and fate of eDNA differs per species (Barnes and Turner, 2016). In this study, 

DNA was isolated from a small amount of unsieved sediment, to include all smaller specimen 

and an additional DNA extraction on the sieved sediment fraction was used, to improve the 

detection of macrofauna species (Brannock and Halanych, 2015; Chapter 2). Therefore, the 

sieve residues from the sieved samples were cryodesiccated and ground in an agate mortar 

using liquid nitrogen. Subsequently, a subsample (10 g) was taken from each sample for further 

molecular analysis. For the unsieved samples, a subsample (10 g) was taken from each sub 

core at the following depth intervals: 0-2 cm, 2-3 cm and 5-6 cm. All subsamples of the sieved 

(n=15) and unsieved (n=3x15) fractions served as starting material for further molecular analysis 

of the benthic fauna. The sieve residue of the water samples served as starting material for 

further molecular analysis of the pelagic larvae samples. The molecular analysis and subsequent 

bioinformatics analysis followed the protocols as described in Klunder et al. (2020) using the F04 

and R22 primer pair (Sinniger et al., 2016) except for the DNA extraction of the larvae samples. 

Here, the DNEASY PowerSoil™ kit (MoBio Inc.) was used instead of the Powermax Soil™ kit. 

Within the bioinformatics analysis, only clusters with at least two reads after de-replication were 

retained and further clustering of operational taxonomic units (OTU’s) was at a 98% similarity 

cut-off. Taxonomic assignments were performed with a 0.8 minimum confidence against the 

SILVA 18S rRNA database (release 128, Pruesse et al., 2007) using the RDP Classifier (Wang et 

al., 2007). The molecular analysis was completed for all samples except for box core location 

36 as DNA-extraction failed.

Reproducibility of PCR and Illumina sequencing

The reproducibility of sequencing output was evaluated using duplicate samples. Each duplicate 

sample was run in a separate PCR and Illumina sequencing run. The taxonomic composition 

of metazoan orders was comparable (Figure S6.1). Also, the relative abundance of reads for 

all metazoan OTUs were highly similar between the two duplicates based on linear regression 

(R2 of 0.88, slope of 0.93; P <0.001) (Figure S2). This similarity means the most abundant OTUs 

were recovered consistently for each duplicate sample. Therefore, it is assumed potential biases 

introduced by separate PCR and sequencing runs are small, and reliable estimates about the 

metazoan diversity can be drawn for all samples within this project.

6
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Data analysis

All data visualizations, calculations and statistical analyses were performed in RStudio. Trace-

metal concentrations were calculated in mg/kg (ppm) of the sediment and were normaliszd to 

Al, to correct for differences in the aluminosilicate fraction of the sediment. The trace-metal 

data were prior to ordination with a PCA, normalized using the decostand- function within the 

R-package ‘vegan’ to distribute the weight of each metal evenly (Oksanen, 2018). Bray-Curtis 

dissimilarities were calculated and used for the PCA. Simper analysis was used to discriminate 

the effect of each trace-metal.

The read numbers per OTU for all molecular samples were transformed into a relative abundance 

of reads per OTU per sample. This approach was preferred over rarefaction as it does not omit 

valid read abundance data (McMurdie & Holmes 2014; Lanzen et al., 2016). All subsequent 

analyses were based on these relative data. A threshold for false-positives was calculated from 

the mock community and was set at a relative read abundance of 0.0005%. The reads were 

Hellinger transformed (Legendre and Gallagher, 2001) using the vegan function ‘decostand’ 

and dissimilarity distances were calculated using the Bray-Curtis equation. These dissimilarities 

were further used for analysis of variance between the locations (permanova) using the adonis2 

function and for the simper analysis to discriminate between the effect of each individual OTU. 

RESULTS

Trace elements

The concentration of 23 different trace elements in the sediment was measured for all sampling 

stations (Supplementary Table S6.1). PCA and cluster analysis based on the element/Al ratios 

showed a division into three main groups (Figure 6.2). The reference locations (38 and 43), which 

were supposed to be the least affected by the vent plume because of their large distance from the 

vent are clustered together with sample locations 58, 56, 54 and 36 which are also situated further 

away from the vent site, either upstream or downstream of the plume. The two other sample 

groups that could be distinguished based on their trace elemental composition are also spatially 

clustered: either north-east (72, 63, 33 and 88) or south-east (70, 30, 69 and 4) of the vent-site. 

SIMPER analysis showed that the difference between the reference sites and the NE sites was 

mainly due to relatively higher element/Al ratios of Zn, Cu and Co in the latter, elements that are 

typically present as sulfides near hydrothermal vents. The ratios of these elements were also high 

at the SE sites compared to the reference sites, however, not as high as at the NE sites (Table 6.1). 

The relative concentrations of Al, Ca and Sr were on average higher at the reference locations. All 

three elements are associated with background sedimentation of pelagic carbonate settling from 

overlying water masses and/or aluminosilicates transported from large distances as clay particles. 
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Although the sample locations 58, 56, 54 and 36 clustered together with the reference sites in 

the ordinations, their levels of trace-metals typical for hydrothermal vents such as Zn, Cu and Co 

are still higher compared to the reference locations (Table 6.1, ‘Other’). Therefore, these samples 

will be labelled as ‘Other’ for the rest of the analysis and will be treated as plume-affected. 

Figure 6.2 | Biplot of the PCA calculated for the concentration of trace-elements and all sampling stations. 

Table 6.1 | Mean values and their standard deviations of sediment trace-element concentrations for groups 
of stations south-east (SE), north-east (NE), reference (Ref) and Other stations. Concentrations in PPM.

Element NE (n=4) SE (n=4) Ref (n=2) Other (n=4)

Zn 37.9 ± 3.3 30.4 ± 1.7 17.0 ± 1.0 20.8 ± 4.3

Cu 470.8 ± 82.9 108.4 ± 12.4 46.4 ± 13.5 110.1 ± 61.6

Co 31.9 ± 2.8 17.7 ± 2.9 10.1 ± 1.4 13.0 ± 3.7

Al 4261 ± 114 4433 ± 744 4918 ± 510 4845 ± 518

Ca 335713 ± 3626 334742 ± 5959 340272 ± 338 336861 ± 6821

Sr 1399 ± 50.9 1390 ± 54.2 1486 ± 171.2 1440 ± 104.9

6
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Benthic community composition

A total of 12.3 million reads passed quality filtering, of which 4.8 million could be confidently 

assigned to metazoans. Clustering at a threshold at >98% and the removal of singletons resulted 

in 5367 metazoan operational taxonomic units (OTUs). MDS ordinations of stations were made 

based on the relative abundance of reads for all metazoan OTU’s separately (Figure 6.3). We 

subsequently explored whether distances found in figure 6.3 were linked to the chemical 

composition (Figure 6.2) by grouping fauna accordingly. The ordination showed a statistically 

significant difference in composition between the plume-affected sites as compared to the 

reference sites, (Permanova; OTU: F
1,13 = 1.285, p = 0.046). Only few of the separate OTU’s 

could be taxonomically assigned beyond the order level. Therefore, Simper analysis of the 

contribution by OTU’s to the dissimilarity between the plume-affected and reference sites 

mostly gave information at the order level. Simper analysis showed that the difference between 

the plume-affected sites and the reference sites was mainly due to a lower abundance of an 

OTU taxonomically assigned to Enoplida (Nematoda) and a higher abundance of Harpacticoida 

(Arthropoda) at the plume-affected sites. OTU’s which could be identified down to genus level 

and which were important for the dissimilarity between groups were the annelid Myriochele 

(Sabellida) and Anobothrus (Terebellida). The relative abundance of Myriochele was highest at the 

distant reference sites. Also, at the Other sites Myriochele abundances made up a comparatively 

large proportion of the OTUs. The relative abundance of Anobothrus was highest at the plume-

affected sites, especially at the sites close to the vent (groups NE & SE).
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Figure 6.3 | Nonmetric multidimensional scaling (nMDS) plot for community composition. The nMDS is 
based on Bray-Curtis dissimilarities after square root transformation of the relative abundance of reads 
for all metazoan OTU’s.

In total 18 metazoan phyla were identified (Figure 6.4). The phyla Annelida, Arthropoda, 

Nematoda, Platyhelminthes and Kynorhyncha were recovered from all sampling stations. The 

arthropods were most proportionally abundant at the two groups of plume-affected sites (i.e., 

41% of the metazoan reads for NE and 32% for SE) whereas the nematods (40%) and annelids 

(36%) were most abundant at the reference sites. Although there are small differences in 

taxonomic composition between the stations within a clustered group (i.e., NE, SE, Reference 

or Other), the patterns found within each group are distinctly similar (Figure 6.4). The Shannon-

Wiener index was calculated for the relative read abundance of all OTU’s for each location. 

Diversity was on average lowest in the SE locations (H = 2.77) whereas the other locations were 

comparable (NE: H = 3.29, Other: H = 3.20, Ref: H = 3.29).

Relative abundance of reads at the order level for the three most abundant phyla (Annelida, 

Arthropoda and Nematoda) in each cluster are shown in Figure 6.5. The most pronounced 

difference within the annelids, is the high abundance of the order Terebellida at the SE sites 

whereas the order Spionida was most abundant at the other three groups of sites. The arthropod 

6
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and nematod orders did show a clear distinction between the plume-affected sites (NE and 

SE) and the reference sites. The arthropod order Harpacticoida was the dominant order at the 

plume-affected sites whereas the Malacostraca was the most abundant arthropod group at the 

reference sites. Similarly, the nematode order Monhysterida was most abundant at the plume-

affected sites whereas the Enoplida was more dominant at the reference sites.

Figure 6.4 | Phyletic composition of the benthic samples per station. For each station the relative abundance 
of reads per phylum is shown. Stations were clustered into four sites: plume-affected (NE, SE and Other) 
and reference based on the clusters found for the trace-elements PCA (Figure 2).

Figure 6.5 | Taxonomic composition for the three dominant phyla. For each site (NE, SE, Other or Reference) 
the relative abundance of reads for the taxonomic orders is shown.
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Larvae

A total of 2.3 million metazoan reads were obtained for the pelagic larvae samples. The majority 

of the reads (99.6%) were assigned to pelagic groups such as the planktonic copepod taxon 

Calanoida; the free-swimming tunicate taxon Doliolida and the krill taxon Euphausia. The 

remaining reads (0.4% ≈ 9000 reads) were assigned to genuinely benthic taxa. As the number 

of reads for the benthic taxa were low, only the presence-absence of these taxa were scored 

(Table 6.2). Five benthic annelid taxa were present at the NE sites whereas no annelid taxa were 

found at the SE sites. The only benthic taxa found at the SE sites was the Actiniaria. Benthic taxa 

within the Mollusca phylum were only found at the reference sites.

Table 2 | The presence (+) or absence (-) of benthic taxonomic families in the larvae samples. Most families 
were only found within one sample per site (+); some in multiple samples (++).

Phylum Family NE (n=9) SE (n=5) Ref (n=2)

Annelida Hesionidae ++ - +

Polynoidae + - -

Syllidae + - -

Nerillidae - - +

Spionida_sp + - +

Terebellida_sp ++ - -

Arthropoda Ectinosomatidae + - -

Cnidaria Actiniaria_sp + ++ -

Echinodermata Holothuroidea_sp ++ - -

Ophiuroidea_sp - - +

Mollusca Myoida_sp - - +

Bivalvia_sp - - +

Nemertea Heteronemertea_sp + - +
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DISCUSSION

The present study applied a metabarcoding approach to analyse the composition of soft-sediment 

benthic assemblages from various locations a differing influence of fall out of the hydrothermal 

plume emitted by the Rainbow vent. The pattern observed for major- and trace metals was 

used to indicate the influence of hydrothermal plume fall out at the sampled locations. Also, 

an attempt was made to detect pelagic larvae of benthic species in the surrounding of the vent 

site. This study represents one of the few attempts to study the soft-sediment background 

communities of hydrothermal vents. Communities which are often neglected, but possibly at 

great risk with the emerging deep sea mining industry.

Metabarcoding for taxonomic identification

The combination of high-throughput sequencing and metabarcoding has been shown before 

as a useful methodology for community analysis (i.e., Chariton et al., 2015; Lanzen et al., 2017; 

Guardiola et al., 2016) and this study further exemplifies its applicability for exploring benthic 

deep-sea communities which are otherwise hard to analyse. Still, the method is not without 

caveats. A major shortcoming of metabarcoding are the considerable gaps in the reference 

sequence databases (Wangensteen et al., 2018). Despite growing barcoding efforts in the past 

decades, reference sequences for deep sea benthic species are rare (Dell’Anno et al., 2015). Very 

low numbers of OTUs could be identified down to the family or genus level, especially for OTUs 

within groups such as Bryozoans, Platyhelminthes and Nemerteans. Although more specific 

taxonomic identifications were possible for the Annelida, Arthropoda and Nematoda, most OTUs 

within these phyla could still not be identified beyond the family level.

The 18S rRNA gene was used to both infer the benthic community as well as the larval community. 

The V1-V2 region of the 18S rRNA locus targeted in this study allows identification of species 

across a wide taxonomic range for benthic communities (Fonseca et al., 2010; Sinniger et al., 

2016). The cytochrome c oxidase subunit I gene (COI) has been used in barcoding studies for 

single larvae within a sanger-sequencing approach (i.e., Brandão et al., 2016) or for the analysis of 

larvae from secluded groups (i.e., Gollner et al., 2016). However, the COI gene has less-conserved 

primer binding sites as compared to the 18S rRNA gene, which might lead to false-negatives in 

a metabarcoding study due to primer mismatches (Deagle et al., 2014). As we were interested 

in larvae from all benthic species present, we chose the more conserved 18S rRNA gene as our 

marker. Also, the use same marker for both samples, sediment and larvae, facilitated the direct 

comparison of OTUs between the samples.

Within this project we have chosen the SILVA reference database to perform the taxonomic 

assignment instead of GenBank. The SILVA database is a curated database and few mis-
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annotations exist in this database as opposed to the GenBank database. (Bik, 2012; Pruesse et 

al., 2007). Although the SILVA database is argued as being too strict (Balvociute and Huson, 2017; 

Lopez-Escardo et al., 2018), we favoured a small loss of diversity over the taxonomic annotations 

of false positives as these false reads might imply the incorrect presence of rare taxa.

Within this study, the relative abundance of reads for all metazoan OTUs was used as proxy for 

abundance. The use of amplicon data for abundancy measurements has been disputed (Barnes 

and Turner, 2016; Elbrecht and Leese, 2015; Pawlowski et al., 2018; Porazinska et al., 2010). 

However, several studies have found positive correlations between the relative abundance 

of reads and biomass measurements for metazoan groups including marine invertebrates 

(Lejzerowicz et al., 2015; Aylagas and Rodriquez-Ezpeleta, 2016). The match between actual 

(relative) biomass and the relative abundance of reads will not be perfect, but we believe that 

the relative abundance does reflect abundancy differences between major taxonomic groups. 

Also, the reproducibility of the PCR and Illumina sequencing as shown in this paper support our 

approach for abundancy measurements.

Influence of hydrothermal plume on sediment and benthic fauna

The analysis of major- and trace metals from the sediments around the Rainbow hydrothermal 

vent field showed a spatial zonation separating the sample locations, which is related to a spatial 

pattern in plume fall out. The pattern found is likely caused by a combination of residual currents 

and distance from the vent site. The plume emitted by the Rainbow hydrothermal vent field has 

been shown to move predominantly in the NE direction, following the Rainbow Ridge (Severmann 

et al., 2004). Sample locations in the direct path of the plume (33, 62, 72 and 88; approximately 

3 km NE of the vent site) were found to have highest element/Al molar ratios for the chalcophile 

elements (Zn, Cu and Co) compared to the other sample locations. These elements precipitate 

rapidly from vent fluids as sulfides (Edmonds and German, 2004) and higher concentrations 

of these metals in the proximity of the Rainbow hydrothermal vent have been found before 

(Cave et al., 2002). The sample locations SE of the vent site (4, 33, 69, 70; approximately 1 km 

distance) were not in the trajectory of the plume depicted by Severmann et al. (2004). However, 

the element/Al ratios of the chalcophile elements were still higher than the ratios measured for 

the reference locations at 25 km from the vent sites. Plume dispersion in the SE direction was 

already shown (German et al., 2010; Haalboom et al., in review, 2019), which could explain the 

enrichment by chalcophiles of the sediments at the SE locations. The element/Al ratios for the 

sediments collected at locations further away from the vent site (36, 54, 56 and 58) were more 

similar to the ratios found at the reference locations rather than the NE and SE locations. Only 

sample locations 56 showed slightly elevated levels of both the chalcophiles as well as Ba, Ni 

and Mo compared to the reference locations. This location is probably both influenced by the 

dispersion of the plume in the NE as well as the SE direction.

6
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The spatial patterns found in the distribution of benthic communities match the patterns found 

for the major- and trace metals analysis. The difference between the benthic communities at 

the plume-affected sites and the reference sites show an impact of the plume on the benthic 

communities surrounding the vent area (up to several kilometres). Spatial patterns within benthic 

communities surrounding hydrothermal vent areas have been shown before (Podowski et al., 

2010; Sen et al., 2016; Boschen et al., 2016) and are thought to be mainly defined by chemistry 

rather than topography (Podowski et al., 2010; Bowden et al., 2016). The fall out of the plume 

towards the underlying sediments is partly due to the interaction between the chemistry of 

the vent fluids and the microbial communities in the plume. The vent fluids emitted differ for 

each vent location and are influenced by the underlying host rock (Wetzel and Shock, 2000; 

Cave et al., 2002). Subsequently, microbial activity alters the metal composition in the plume 

by scavenging and oxidation (Cowen et al., 1990; Dick et al., 2009) whereas the microbial 

community itself also show a shifting composition and diversity with distance from the vent 

site (Haalboom et al., in review, 20xx). The fall out of major elements and trace metals as well 

as organic matter synthesized by the chemosynthetic microbial communities could both affect 

the benthic communities (Sen et al., 2016; Sarrazin et al., 2015).

Distinction between communities

A clear difference was found between the benthic communities at the locations influenced by 

the plume compared to the reference sites. The relative abundances of Arthropoda were higher 

at the plume affected sites, whereas the Annelida and Nematoda were more dominant in the 

reference areas. Also, the plume-affected sites NE and SE of the vent differed from each other. 

Especially at the sample locations NE of the vent site (i.e., the locations most influenced by 

the plume), the relative abundances of Annelida were low whereas the relative abundance of 

Annelida in the SE were slightly higher due to a higher relative abundance of order Terebellida 

(Annelida). Species within this order are predominantly deposit-feeders (Jumars et al., 2015; 

Zhadan and Tzetlin, 2002) and rely on organic matter deposited on the seafloor. As the SE sample 

locations were the nearest locations to the vent site, the influx of nutrients could possibly be 

higher compared to the other locations (Sarrazin et al., 2015; Boschen et al., 2016). Another 

striking difference seen between the plume-affected sites and the reference site is the relative 

read abundance of Harpacticoida. This high abundance of copepods relative to other species has 

been shown before at nutrient rich environments such as hydrothermal vents and cold seeps 

(Plum et al., 2015; Gollner et al., 2010). The faunal assemblages at the other sites within this 

cluster (54, 56 and 58) did significantly differ from the reference location as well as from the 

sample locations in the direct path of the plume which implies a spatial zonation away from the 

vent site. Peripheral benthic communities of an active vent have been shown to be distinct up to 

200 meters from the vent, forming a so called ‘transition-zone’ between the vent-communities 

and the regular deep-sea benthic communities (Boschen et al., 2016; Sen et al., 2015). Here 
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we show that this pattern might be extended up to several kilometers from the vent site. As 

hydrothermal vents are rare and often spatially isolated within the entire deep sea, the plume-

affected communities could be a potentially unique community and thereby valuable in terms 

of overall benthic diversity.

Detection of larvae

A small group of genuinely benthic taxa could be detected from the water samples taken at 

several locations surrounding the hydrothermal vent area. Most invertebrate groups have both 

continuous and seasonal reproduction. Whereas groups like isopods, amphipods, cumacea and 

tanaids are direct developers (brooding eggs), pelagic larvae are still common in the deep-sea, 

however, mainly lecithotrophic (non-feeding) (Gage & Tyler, 1991). Sea anemones (Actiniaria, 

Cnidaria) were detected both upstream and downstream of the vent area. The majority of species 

within this taxonomic group require hard substrata for their adult stages; a substrate found 

aplenty in the MAR area. Moreover, several species of sea anemones have been documented 

living on hydrothermal vent edifices (Lopez-Gonzalez et al., 2003). Actiniaria were not detected 

in the reference area although hard substrata were abundant in these areas as well. Their 

absence here was confirmed in video footage as acquired during the research cruises, and might 

be explained to a relatively lower abundance of Actiniaria in the reference areas, below the 

detection threshold, compared to the vent areas

Most of the pelagic taxonomic groups detected are known to contain species living in the deep-

sea. However, also a reasonable part of the OTUs were assigned to groups known living in the 

epipelagic zone such as the Siphonophorae. The Siphonophorae consist of mainly pelagic species 

living in the upper few hundred meters of the water column, while fewer species within this 

group live in the deeper parts of the ocean (Mapstone et al., 2014). The relative abundance of 

reads for Siphonophorae in the water samples obtained with the Large Volume Sampler (LVS) 

was close to zero, whereas the relative abundance for this taxonomic group was considerably 

higher for the water samples obtained with Nisking bottles, mounted on a CTD-carrousel. Many 

specimens of a pelagic member of this group, the Physalia physalis (Portuguese man o’war), a 

species bearing long sticking tentacles, were detected at the water surface during the sampling 

cruises and one was even found attached to the CTD frame as the sampling gear was recovered 

on deck. We assume the higher abundance of Siphonoporae in the Niskin-water samples was due 

to a difference in volume/surface ratio between the two sampling devices as a lower volume/

surface ratio is prone to sampling these Physalia physalis as they might stick to the surface 

during the downcast and probably release vast amounts of eDNA within the sampled water. 

Therefore, the detection of these free swimming and floating species seems to be mainly a 

sampling artefact.

6
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Possible effect of mining plumes

This study shows the spatial distinction of benthic communities surrounding the Rainbow 

hydrothermal vent. It highlights that distinctive and potentially valuable communities for 

the overall deep-sea benthic fauna exist on a small geographic scale. Deep sea mining is 

postulated to create mining plumes due to resuspension and discharge (Boschen et al., 

2013; Van Dover et al., 2014; Miller et al., 2018). These plumes can affect the soft-sediment 

background fauna in two ways: 1) via increased sedimentation (Boschen et al., 2013) or, 2) 

via toxification by (heavy) metals becoming bioavailable upon oxidation (Van Dover, 2011; 

Levin et al., 2016; Weaver et al., 2018). Biological diversity was lowest at locations closest to 

the vent site, which might imply toxific effects on parts of these background communities. 

Mining plumes will possibly disperse driven by ocean currents, and the area of impact on 

the communities might therefore be similar to the area affected by a natural continuous 

vent plume, depending on the settling rates of the particles. Due to the spatial variation of 

benthic communities that we found in the plume’s trajectvory, conservation and restoration 

of all these communities iz the event of deep-sea mining will be difficult. The actual effects of 

these plumes on the soft-sediment communities are yet unknown, but our results show that 

these communities are different under the plume than at reference sites, a strong indication 

that they are affected by the plume. Therefore, it cannot be excluded that the mining of 

SMS deposits and the thereby created plumes will affect these unique benthic communities. 
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SUPPORTING INFORMATION

Figure S6.1: Reproducibility of sequencing output | Relative read abundance for two duplicate samples

6
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Figure S6.2: Relative abundance of reads per OTU | For each OTU the relative abundance of reads per 
duplicate was depicted in a linear regression.
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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 

7
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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 

7
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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.

7
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SUMMARY

The marine ecosystem is one of Earth’s most valuable natural resources. Marine benthic 

communities are a crucial component of the marine ecosystem because of their role in 

nutrient cycling and primary and secondary production. High benthic biodiversity contributes 

to higher levels of ecosystem functioning. However, benthic communities are under stress due 

to anthropogenic influences such as habitat alterations, overexploitation and pollution. Due 

to these influences, species composition can alter and biodiversity can decrease. To be able to 

anticipate on such changes, monitoring the benthic diversity in a consistent and reliable way 

is essential. Traditional methods for measuring biodiversity, using morphological taxonomy of 

individual specimens, is time-consuming, labour-intensive and requires specialized taxonomic 

knowledge. These methods are often limited to larger specimens and/or specimens belonging 

to well-known taxa; thereby impairing biodiversity estimates.  

In the past decade, molecular tools and more specific DNA metabarcoding combined with next 

generation sequencing (NGS) has emerged as an alternative method for species identification. 

DNA metabarcoding is based on species identification through the concept of DNA barcodes.  

These barcodes are short variable regions containing taxonomic information e.g. valuable for 

species identification. Massive parallel sequencing, NGS, can process millions of these barcodes 

derived from environmental samples, simultaneously. Metabarcoding facilitates consistent and 

reproducible biodiversity assessment across different ecosystems. 

In this thesis I explored the application of metabarcoding methods to assess marine benthic 

biodiversity. Metabarcoding methods were compared with classic morphological methods 

in chapters 2-3 to define a ‘best-practice’. Both qualitative as quantitative aspects of the 

metabarcoding methods were reviewed. Subsequently, in chapter 4-6 these metabarcoding 

methods were applied to assess anthropogenic influences in marine benthic ecosystems, from 

shore to deep-sea. In this summary I briefly highlight the most important finding of each chapter. 

Metabarcoding methodology

Metabarcoding methods have been applied increasingly in biodiversity assessments, including 

marine benthic studies. The metabarcoding approach most often relies on the extraction of DNA 

from sediments or water, followed by the amplification of a DNA barcode via polymerase chain 

reaction (PCR). Subsequently, these barcodes are sequenced, and the reads are taxonomically 

assigned after comparison against a reference database. Each step in the approach is subjected 

to bias the outcome of the biodiversity assessment. In the first part of this thesis I explored 

different methods within the DNA metabarcoding approach and compared the outcomes with 

the traditional morphological approach. 
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In Chapter 2 different DNA extraction protocols and bioinformatic pipelines were compared. A 

direct extraction protocol – the extraction of DNA directly from the sediment matrix – was best 

suited for assessing macrofauna and meiofauna simultaneously. Also, taxonomic assignment 

using the RDP-classifier was preferred over a BLAST-algorithm. Including a mock community 

in the metabarcoding approach was useful to detect methodological biases caused by primer 

specificity or bioinformatics pipelines. 

The best perfoming metabarcoding approach was further tested in Chapter 3 for its quantitative 

performance with respect to abundance and biomass estimates compared to a traditional 

morphological approach. The results from this chapter showed that quantitative measurements 

are hampered by ecological features of DNA. The ecological features include differences in 

DNA release by the benthic specimens (the source), due to morphological characteristics and 

seasonality and distribution patterns of the benthic taxa. The only taxon which showed a positive 

relationship for both abundance and biomass was Pygospio, a small and widespread annelid. 

Application of metabarcoding for anthropogenic impact assessments

In the second part of this thesis I applied a metabarcoding approach to assess anthropogenic 

influences on marine benthic ecosystems and to evaluate the suitability of the methods for this 

purpose. The metabarcoding approach was applied in three areas with increasing complexity 

of the benthic community compositions. Firstly, a relatively simple ecosystem; the intertidal 

mudflats of the Wadden sea, followed by the continental shelf; the North Sea, and finally a 

complex deep-sea ecosystem; the Rainbow hydrothermal vent in the Atlantic Ocean. 

Chapter 4 focussed on the intertidal and examined the influence of bottom dredging for 

Arenicola spp. on the benthic biodiversity using a metabarcoding approach along a traditional 

morphological approach. The study followed a BACI-design; a before and after impact control 

design. Because this study involved temporal aspects (recolonization in time), sediment samples 

were pre-rinsed with a phosphate-buffer prior to DNA extraction to remove extracellular DNA 

from the sediments. Significant differences between the dredged and control transects were 

found with both approaches, morphological and molecular. Small-sized opportunistic taxa 

recovered fast and became more dominant in the dredged transects compared to the control 

transects. In contrast, the presence of long-lived species recovered slowly and remained lower 

in the dredged transects compared to the control transects over the entire experimental period. 

The outcomes of the traditional morphological approach and the metabarcoding approach were 

comparable. However, the metabarcoding approach included more taxa in the assessment which 

resulted in a more powerful analysis. 
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In Chapter 5, the long-term effects of a gas-platform in the Southern North Sea on the 

surrounding benthic community were studied. Artificial structures, such as gas-platforms, are 

known to influence the surrounding environment either due to alteration of currents or due 

to facilitating the presence of an artificial reef. Biodiversity was assessed along four transects 

diverging from the gas platform using a traditional morphological approach and a metabarcoding 

approach. The metabarcoding approach recovered up to three times the number of families 

compared to the morphological approach. Both approaches showed small differences in species 

compositions among the four transects suggesting that the presence of the platform evoked 

changes in the surrounding benthic communities. 

Chapter 6 dealt with the deep-sea system and assessed the influence of a hydrothermal vent 

plume on benthic communities in the surrounding environment. These communities are 

poorly known and possibly endangered due to future deep-sea mining activities during which 

toxic plumes with high amounts of suspended material and high metal concentrations are 

created. Studying these benthic communities under the influence of a natural plume might 

provide valuable information towards the mining related plumes. Results showed that the 

benthic communities differed among locations and were significantly related to the plume’s 

fall-out. Biodiversity was lowest closer to the vent, the communities were dominated by 

arthropod taxa. As communities were significantly influenced by the plume’s fall-out, deep-sea 

mining and the resulting artificial plumes will possibly affect the local benthic communities. 

Also, as the diversity among communities might be lost due to deep-sea mining activities.  

CONCLUSION

The work I presented in this thesis showed that metabarcoding is a valuable approach to assess 

anthropogenic effects on marine benthic communities. Compared to traditional morphological 

taxonomy, the metabarcoding approach gave comparable outcomes regarding the impact of 

anthropogenic influences. Moreover, the metabarcoding approach was able to include more taxa 

in the assessment and hence increase the power of the analysis. Also, metabarcoding methods 

are less hampered by a lack of specialized taxonomic knowledge and long sample processing 

times. The metabarcoding approach outcompeted the traditional approach because of the 

inclusion of meiofauna and the ability to faster assess complex, relatively unknown communities. 

However, the metabarcoding approach also has limitations compared to the traditional approach. 

For instance, quantitative analyses are limited and gaps in the reference library can lead to 

misidentifications of taxa. A thorough knowledge about the exact features of an approach makes 

the approach more powerful. Whereas traditional taxonomy has been applied for centuries, the 

metabarcoding approach, including the knowledge of its limitations is relatively new. 
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Nonetheless, rapid developments are still made for the metabarcoding approach and molecular 

approaches in general. These developments may soon overcome many of the limitations and 

will probably increase the value of this approach even further. 
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Het mariene ecosysteem is wereldwijd een van de meest waardevolle natuurlijke bronnen. 

Het voorziet ons, direct of indirect, van voedsel, medicijnen, zuurstof en een stabiel klimaat. 

Bodemlevende organismen, ook wel benthos, zijn een belangrijke schakel binnen dit ecosysteem 

door hun rol in de nutriënten-cyclus, de voedings-keten en hun primaire en secundaire productie. 

Een hoge biodiversiteit in deze benthische gemeenschap draagt bij aan het beter functioneren 

van het complete mariene ecosysteem. Echter, dit benthos wordt bedreigd door menselijke 

inlvoeden zoals verandering in hun natuurlijke habitat, (over-)bevissing en vervuiling. Hierdoor 

kan de soortsamenstelling veranderen, soorten kunnen verdwijnen of juist gaan domineren 

en/of de totale biodiversiteit kan afnemen. Om te kunnen anticiperen op zulke verandering is 

het belangrijk deze verandering te kunnen waarnemen. Daarom is het nodig om de benthische 

biodiversiteit op een consequente en betrouwbare manier te meten. Traditionele methodes, 

gebaseerd op morphologische taxonomie van individuele organismen, zijn vaak tijd-rovend, 

arbeidsintensief en vereist een taxonomische kennis die steeds minder tot de algemene kennis 

onder mariene onderzoekers behoort. Als gevolg hiervan wordt er vaak alleen naar grotere 

en met het blote oog waarneembare soorten, ook wel de macrofauna, gekeken en worden 

kleinere soorten, de micro- en meiofauna, genegeerd terwijl deze kleine soorten minstens zo 

belangrijk zijn voor het functioneren van het ecosysteem. Een goede biodiversiteitsanalyse is 

met de traditionele methodes dus meestal niet mogelijk. 

Moleculaire methodes, en meer specifiek, DNA metabarcoding gecombineerd met ‘next-

generation-sequencing’ (NGS) heeft in het afgelopen decennium zich ontwikkeld tot een 

alternatieve methode om grote aantal soorten tegelijk te identificeren. DNA metabarcoding is 

gebaseerd op soortsidentificatie via zogenoemde DNA barcodes. Deze DNA barcodes zijn korte 

variable regio’s in het DNA die waardevolle taxonomische informatie bevatten. Met behulp van 

de NGS technologie kunnen grote hoeveelheden van deze barcodes gelijktijdig verwerkt worden, 

iets wat voorheen niet mogelijk was. Met metabarcoding is het mogelijk om de benthische 

biodiversiteit, onafhankelijk van het ecosysteeem, via een consequente en herhaalbare methode 

te analyseren. 

In mijn proefschrift heb ik onderzoek gedaan naar de toepassing van metabarcoding methodes 

om de mariene bentische biodiversiteit te analyseren. In hoofdstuk 2-3 heb ik metabarcoding 

methodes vergeleken met traditionele taxonomische methodes op zowel kwalitatieve als 

kwantitatieve aspecten. In hoofdstuk 4-6 heb ik de metabarcoding methodes toegepast op 

studies naar anthropogenische invloeden op het benthische ecosysteem, van het wad tot aan 

de diep-zee. Deze samenvatting beschrijft de belangrijkste punten en uitkomsten per hoofdstuk. 
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Metabarcoding methodologie

Het gebruik van metabarcoding om de biodiversiteit of soortsamenstellingen te bepalen heeft 

de laatste jaren een vlucht genomen. Dit geldt mede voor de toepassing van deze methodes in 

het marien bentische werkveld. De metabarcoding procedure is gebaseerd op een isolatie van al 

het DNA vanuit een omgevingsmonster, bijvoorbeeld sediment of water. Vanuit het geïsoleerde 

DNA worden de specifieke barcodes vermenigvuldigd en vertaalt in DNA-sequenties. Deze 

sequenties kunnen worden vergeleken met een referentiedatabase om zo de sequenties te 

koppelen aan een taxonomische groep en dus zo de soortsamenstelling van het DNA in het 

omgevingsmonster te bepalen. Voor elke stap in deze procedure zijn verschillende methodes 

beschikbaar, elk mijn zijn eigen voor- en nadelen. In het eerste deel van mijn proefschrift heb ik 

verschillende methodes voor een aantal stappen in de metabarcoding procedure onderzocht. 

In Hoofdstuk 2 heb ik verschillende DNA isolatie methodes en bio-informatica protocollen 

vergeleken. De directe DNA isolatie methode, een methode waarbij DNA direct uit een kleine 

hoeveelheid sediment wordt geïsoleerd zonder enige tussenstappen, bleek het meest geschikt 

om zowel de macrofauna als wel de kleinere meiofauna fractie te bepalen binnen één analyse. 

Andere methodes, waarbij het monster eerst gezeefd werd of waarbij eerst het extracellulair 

DNA werd gescheiden van het sediment lieten een minder goed beeld zien van de biodiversiteit. 

Op het gebied van bio-informatica en meer specifiek, het vergelijken van DNA-sequenties 

met een database, leverde de RDP-classifier, een bayesian classifier, betere resultaten dan 

het veel bekendere BLAST-algoritme. Daarnaast laat het onderzoek in dit hoofdstuk zien dat 

het toevoegen van een mock-community, een vooraf samengesteld soort gemeenschap, een 

waardevolle toevoeging is om meer inzicht te krijgen in de werking en eventueel fouten van de 

verschillende stappen in de metabarcoding procedure.

Hoofdstuk 3 gaat verder waar hoofdstuk 2 is geëindigd, de directe DNA isolatie methode wordt 

hier verder getest naar kwantitatieve eigenschappen. Uitkomsten van de metabarcoding methode 

werden vergeleken met abundantie en biomassa bepalingen per soorts-groep verkregen met de 

traditionele morfologische methode. De resultaten in dit hoofdstuk laten zien dat kwantitatieve 

metingen met de metabarcoding procedure belemmerd worden door ecologische aspecten van 

het DNA. Hierbij valt bijvoorbeeld te denken aan verschillende hoeveelheden uitscheiding van 

DNA tussen soorten, seizoensmatige verschillen binnen soorten of de verspreidingspatronen 

van een soort. De enige taxonomische groep die wel een positieve relatie liet zien voor zowel 

abundantie als biomassa was Pygospio, een kleine, wijdverspreide wormen groep. 

Toepassing van metabarcoding methodes 

In het tweede deel van mijn proefschrift heb ik de metabarcoding methode toegepast om 

antropogene effecten op mariene bentische ecosystemen te onderzoeken. Hierbij lag de 
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focus zowel op de ecologische vraag, “wat is het effect?”, als ook op de toepasbaarheid van de 

metabarcoding methodes om deze vraag te beantwoorden. De complexiteit van de ecosystemen 

waarin de methodes worden toegepast werden opgebouwd van een relatief simpel ecosysteem 

met lage biodiversiteit: de getijdenplaten in de Waddenzee, gevolgd door de continentale plaat 

in de Noordzee, en uiteindelijk een complex diepzee ecosysteem: een hydrothermale bron in 

de Atlantische Oceaan. 

In Hoofdstuk 4 werd de invloed van bodemvisserij naar de wadpier Arenicola spp. op de 

benthische biodiversiteit onderzocht. Hiervoor zijn zowel de traditionele taxonomische methode 

als ook een metabarcoding methode gebruikt en ook beide methodes lieten significante 

verschillen zien tussen de controle raaien en de beviste raaien. Kleine, opportunistische soorten 

herstelden zich snel in de beviste raaien en werden hier al snel dominant. Anderzijds, grotere en 

langlevende soorten herstelden langzaam en bleven qua aantallen achter op de controle raaien 

gedurende de gehele experimentele periode van 1,5 jaar. Hoewel de uitkomsten van beide 

methodes vergelijkbaar was, was het met de metabarcoding methode mogelijk om de effecten 

van de visserij op de benthische soorten voor meer taxonomische groepen te bekijken, dit maakt 

deze methode uiteindelijk krachtiger ten opzichte van de traditionele taxonomische methode. 

In Hoofdstuk 5 zijn de lange termijn effecten van de aanwezigheid van een gasplatform in de 

zuidelijke Noordzee op de benthische biodiversiteit rond dit platform onderzocht. Menselijke 

bouwwerken, zoals gasplatforms, kunnen hun omgeving beïnvloeden door o.a. veranderende 

stroming rond het bouwwerk of doordat ze als substraat dienen voor een artificieel rif. Tijdens 

dit onderzoek was de biodiversiteit op vier raaien, elk in een andere windrichting bepaald 

met behulp van zowel de traditionele morfologische methode als ook de metabarcoding 

methode. Vergeleken met de traditionele methode, was de metabarcoding in staat om tot drie 

keer meer taxonomische groepen te detecteren. Beide methodes lieten kleine verschillen in 

soortsamenstelling zien tussen de raaien, onafhankelijk van de afstand tot het platform. Dit 

suggereert dat het gasplatform wel degelijk een invloed heeft op de omliggende biodiversiteit. 

In Hoofdstuk 6 is de invloed van een hydrothermale pluim op de omliggende benthische 

biodiversiteit onderzocht. Een hydrothermale pluim is een pluim of wolk uitgestoten door 

een hydrothermale bron vol met opgeloste mineralen, mineralen die langzaam weer uit de 

pluim neerslaan op de onderliggende zeebodem. Over de biodiversiteit op deze onderliggende 

zeebodem is nog weinig bekend maar zijn wel potentieel bedreigd door toekomstige 

diepzee mijnbouw rond hydrothermale bronnen. Naast dat deze mijnbouw activiteiten de 

biodiversiteit ter plekke zal aantasten worden hierbij ook sediment pluimen vol met giftige 

metalen geproduceerd welke de biodiversiteit in de omgeving kan aantasten. Door de 

huidige biodiversiteit onder een natuurlijke pluim te bestuderen hopen we meer inzicht te 
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krijgen hoe deze beïnvloed zal worden door een mijnbouw gerelateerde pluim. Resultaten 

van dit onderzoek laten zien dat de benthische biodiversiteit  verschilde tussen monster 

locaties en significant gecorreleerd was aan de neerslag uit de pluim. Biodiversiteit was het 

laagst dichter bij de hydrothermale bron, de soortsamenstelling werd hier gedomineerd 

door kreeftachtigen. We concluderen dat diepzee mijnbouw, en meer specifiek de pluim 

hierbij, een potentieel groot effect kan hebben op de biodiversiteit in de omgeving. 

CONCLUSIE

In dit proefschrift laat ik zien dat metabarcoding een waardevolle methode is om antropogene 

effecten op de benthische biodiversiteit te bepalen. Vergeleken met traditionele morfologische 

werden met de metabarcoding methode dezelfde conclusies getrokken omtrent het antropogene 

effect. Bovendien, het aantal taxonomische groepen die meegenomen kon worden in de 

analyse was voor de metabarcoding methode veel groter waardoor de analyses uiteindelijk 

krachtiger waren en ook kleinere effecten gemeten konden worden. Vooral voor onbekendere 

en complexere ecosystemen, zoals de diepzee, overtreft de metabarcoding methode  de 

traditionele morfologische methode. Echter, de metabarcoding methode heeft ook een aantal 

nadelen ten opzichte van de traditionele morfologische methode. Zo is het bijvoorbeeld lastig 

om soortgroepen te kwantificeren op zowel abundantie als biomassa en kunnen door hiaten 

in de referentie databank niet altijd alle DNA-sequenties worden vertaald in een taxonomische 

groep. Een beter begrip van de exacte eigenschappen, en de daarbij horende limiteringen, van 

de metabarcoding methode kan ervoor zorgen dat de methode uiteindelijk nog krachtiger 

wordt. Hoewel de traditionele morfologische methode al eeuwen lang is toegepast in het 

marien benthische werkveld en de methode hierdoor redelijk uitontwikkeld is, geldt dit niet 

voor de metabarcoding methode. De methode ontwikkeld zich nog altijd erg snel, en deze snelle 

ontwikkelingen zullen hopelijk in de toekomst huidige limiteringen overkomen en de methode 

een nog waardevolle aanvulling in het werkveld maken. 
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Hoera, mijn proefschrift is af. Ik vond het geweldig om hier een aantal jaren vol passie aan te 

werken maar vind het minstens net zo geweldig om te zeggen: het is af! Hoewel velen mij hebben 

verteld dat het onmogelijk zou zijn om dit proefschrift te voltooien met een chronische ziekte heb 

ik hier dan toch mooi het tegendeel bewezen! Gelukkig waren er daarentegen nog veel meer die 

mij in mijn droom gesteund hebben en dit dankwoord is allereerst voor al die positievelingen. 

Dit proefschrift was er nooit gekomen zonder mijn team aan begeleiders: Henk, Judith, Gerard 

en Marc. Ik ben bij het NIOZ binnengekomen als assistent en jullie hebben mij de mogelijkheid 

gegeven een project voorstel te schrijven en dit onderzoek te beginnen, bedankt voor het 

vertrouwen. 

Henk, als dagelijks begeleider heb je me enorm gefaciliteerd, je was zelfs niet te beroerd om, 

toen ik ziek was, een dagje veldwerk van me over te nemen, op een zondag nog wel. Hoewel 

het onderwerp niet binnen jouw kennisveld viel, heb je me zo goed als mogelijk ook inhoudelijk 

proberen te ondersteunen. 

Judith, zonder jouw kennis van de moleculaire wereld had ik dit project nooit kunnen beginnen. 

De leercurve was vooral in het begin erg stijl, ik begon als moleculaire-nitit, maar met jouw 

hulp heb ik echt enorm veel geleerd. Jouw chaos dreef me af en toe tot wanhoop maar jouw 

positiviteit, enthousiasme en persoonlijke betrokkenheid heb ik niet willen missen. 

Gerard en Marc, inmiddels zijn jullie allebei met welverdiend pensioen maar toch zijn jullie nog 

vaak te vinden op het NIOZ. Dit bewijst maar hoe gepasioneerd jullie zijn over jullie benthos 

onderzoek. De Pelagia tochten met jullie zal ik niet snel vergeten, het was een constante stroom 

aan kennis en prachtige verhalen. Ik ben blij dat ook jullie bij mijn project betrokken waren en dat 

ik altijd langs kon komen om mijn hart te luchten. Jullie ongezouten mening heb ik gewaardeerd! 

Per, you got involved with this project as my promotor at a later stage. Nevertheless, your help 

was very valuable to me. Your knowledge about molecular tools, even though metabarcoding 

is not your area of expertise, is enormous and your help with my first scientific paper gave me 

a solid base for the rest of this thesis. 

Hoewel jij formeel niet één van mijn begeleiders was heeft het altijd wel zo gevoeld, Pieternella, 

wat heb je me enorm veel geholpen. Jij bezit een integriteit waar nog velen van kunnen leren en 

die ook mij tot bepaalde inzichten heeft geleid, op wetenschappelijk gebied maar ook daarbuiten. 
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Ik vind het erg jammer dat je het NIOZ hebt verlaten maar ben blij dat je me ook in de laatste 

fase van mijn PhD toch nog hebt geholpen met het afronden van mijn hoofdstukken. Veel geluk 

bij Binck!

Dit proefschrift verbergt een berg aan veld- en labwerk, werk dat ik bij lange na nooit alleen heb 

kunnen doen. Als eerste wil ik hiervoor mijn ster-MBO studenten bedanken: Giovanni, Sophie 

en Rowan. Jullie inzet en gedrevenheid was enorm en ik ben er trots op dat jullie het alledrie 

hebben aangedurfd een HBO opleiding te beginnen. Hopelijk zien we jullie ooit nog eens terug 

op het NIOZ, in het veld of in het moleculair lab. 

Maar ook met ons 4-en hadden we het nooit gered. In het moleculair lab heb ik enorm veel 

hulp, zowel inhoudelijk als praktisch, gehad van Anneke, Harry, Sanne en Maartje. Het veldwerk 

in de Waddenzee en het uitzoeken van al deze monsters zou nooit gedaan kunnen zijn zonder 

de kei-harde werkers van het benthos-lab: Dennis, Loran, Birgit, Sander, Job, Karsten, Niamh, 

Simone en André maar ook Rob, Jan en Henk en alle studenten die hebben lopen beulen met 

die ongelofelijk zware stalen-steekbuizen en emmers vol met sediment. 

Daarnaast heb ik het geluk gehad om mee te mogen met Pelagia vaartochten voor het INSITE 

en TREASURE project. Naast de crew en technische ondersteuning wil ik hier in het bijzonder 

Henko en Furu bedanken maar ook zeker Magda, Rob, Evaline en Gert-Jan en niet te vergeten 

mijn mede-Phd opstappers: Inge, Sabine en Ulrike. 

Ik ben blij dat ik al die jaren onderdeel heb mogen zijn van een geweldige, inspirerende en 

gezellige afdeling binnen het NIOZ. Nu ben ik niet echt van de lijstjes met namen, echter een 

aantal (oud) collega’s moeten hier toch echt even in het zonnetje gezet worden. Allert, bedankt 

dat je mij hebt geholpen met je kennis van statistiek om zo het kwantificatie-hoofdstuk tot een 

hoger level te brengen. Sander en Anne, bedankt dat jullie me een plekje in het benthos-lab 

hebben gegeven, ik had toen niet durven dromen dat dat baantje uiteindelijk tot dit boekje zou 

leiden. Kees, bedankt voor alle goede zorgen, zeker toen ik ziek was en wel iets extra hulp kon 

gebruiken. Anouk, ook al ben je nu al een tijdje weg op Texel, bedankt voor alle kopjes thee en 

etentjes in de eerste jaren. Hopelijk zie ik je snel weer! Mijn PhD-tijd op het NIOZ en op Texel 

heb ik als geweldig ervaren. Dit had niet gekund zonder alle liever collega’s in allereerst MEE/

COS maar ook die op de rest van het NIOZ. Nog een speciaal bedankje voor alle sport-maatjes 

hiertussen!

Een extra bedankje ook voor mijn para-nimphen: Marloes en Eva. Marloes, we kennen elkaar 

al vanuit Twello en zijn allebei in Utrecht gaan studeren. We hebben tijdens onze studie, jij 

Geneeskunde, ik Biologie, maar ook in de jaren daarop, veel lief en leed gedeeld. Jouw enorm 
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werklust en doorzettingsvermogen zijn voor mij een voorbeeld. Hopelijk zullen we nog veel 

kopjes thee samen drinken, waar we dan ook mogen wonen of zijn. 

Eva, wij hebben elkaar op Texel leren kennen, eerst als mede MEE’ers, later ook als huisgenoten, 

volleybal-team genoten en mede PhD’ers. Dank je voor al je gezelligheid, onvermoeibaarheid en 

je sociale input tijdens mijn PhD-jaren.

Zonder mijn familie was ik nooit zover gekomen. Pap en mam, jullie hebben me altijd vrij gelaten 

in mijn keuzes en dat heeft me gebracht tot waar ik nu ben. Chris, als tweeling konden we niet 

meer verschillen maar toch stiekem grenzen onze werkvelden dicht eng aan elkaar. Ik verheug 

me erop om jullie prachtige jochies alle wonderen van de natuur en Texel te laten zien terwijl ze 

opgroeien. Als ik net als in dit proefschrift een statistische test kon loslaten op alle pech en leed 

in ons gezin maar ook de directe familie er omheen dan had die vast laten zien dat het significant 

oneerlijk is. Toch slaan we ons er elke keer weer doorheen. Ook deze keer. Ik hoop echt dat jullie 

allemaal bij mijn promotie aanwezig kunnen zijn. 

Lieve Loran, voor iemand die zo anti-DNA is als jij, heb je me enorm gesteund in mijn pro-DNA 

werk. Wat een opgave moet dat zijn geweest voor je! Jij hebt ervoor gezorgd dat ik niet in een 

complete work-a-holic ben verandert door mij een fijn thuis te bieden. Dank je door mijn leven 

te verrijken met plezier, muziek, gezelligheid, energie en rust. 
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