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1. GENERAL INTRODUCTION

1.1 The many faces of the North Sea

1.1.1 The North Sea
 The North Sea is a temperate shallow sea (40-200m) on the European 

continental shelf that borders Great Britain, Norway, Denmark, Germany, 

the Netherlands, Belgium, and France (Holligan et al., 1989). It con-

nects with the Atlantic Ocean through the English Channel in the south 

and with the Norwegian Sea in the north. Strong tidal and wind forces 

characterise water dynamics and circulation in the North Sea, as well 

as inʮow from the Atlantic Ocean, which mixes with freshwater inputs 
from rivers and colder outʮows of the Baltic Sea (Eisma et al., 1997; Otto 
et al., 1990; van der Molen & Pätsch, 2022). 

Due to its dynamic nature, the North Sea harbours a vast arsenal of zones, 

habitats, and ecosystems. Most iconic are the coastal and intertidal zones, 

such as the Wadden Sea, which stretches along the Dutch, German, and 

Danish coasts, characterised by coastline, tidal ʮats, salt marshes, and 
shallow dunes that create a highly productive system (UNESCO World 

Heritage Centre [UNESCO], n.d). Additionally, the North Sea includes oʬ-

shore sandbanks, such as the Dogger Bank, where sediment movement 

and water column mixing shape animal community compositions on the 
seaʮoor (Beermann et al., 2023; Sonnewald & Türkay, 2012; Wieking & 
Kröncke, 2003). Habitats, such as the Borkum reef ground, form mosaics 

of sandy and stony patches (Coolen et al., 2015; Kühne & Rachor, 1996), 

while farther North, the shelf includes deeper muddy and transitional 

zones such as the Skagerrak. Throughout the North Sea, benthic organ-

isms (organisms that live on or within the seabed), such as polychaetes, 

bivalves, echinoderms, and crustaceans, play critical roles in structuring 

the North Sea ecosystem by remineralising, water ʭltering, stabilising 
sediments, grazing and providing food for higher trophic organisms 

(Clare et al., 2015; Weinert et al., 2022). Bivalve species as M. modiolus 

and O. edulis, as well as polychaetes as Lanice sp. and Sabellaria sp., are 

reef builders, creating three-dimensional structures for other taxonomic 
groups to hunt and hide. These reefs also stabilise currents and sedi-

ment, contributing to coastal protection (Coolen et al., 2015; Jenkins et 

al., 2018; van der Reijden et al., 2019). The North Sea also hosts more 

than 200 species of marine vertebrates, including benthic ʭsh such as 
plaice, turbot, cod, and haddock, and pelagic species such as herring 

and mackerel that rely on planktonic or benthic prey (Daan et al., 1990) 
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(Figure 1). The North Sea is also home to many shark and ray species, 

for example, blue skates, and marine mammals such as the harbour por-
poise, all of which are important for food-web balance and are indicators 

for ecosystem health (Daan, Heessen, et al., 2005; Reijnders & Lankester, 

1990; Sguotti et al., 2016).

1.1.2 The history of the North Sea: transforming to an industrialised area
For more than a thousand years, the North Sea has been used for ʭsh-

ing, and this began with opportunistic gathering in local coastal areas 

throughout the medieval period (Hoʬmann, 2005; Holm et al., 2022). 
Around the 1500s, ʭsheries shifted to organised, seasonal, and long-dis-

tance ʭsheries that, together with the salt-preservation technique, led to 
a ‘ʭsh revolution’ with long-lasting social and economic impacts on Eu-

ropean countries (Holm et al., 2022). Mainly, herring was ʭshed in mass 
amounts between the 16th and 19th centuries (Holm et al., 2022). Also, 

biogenic reefs, such as ʮat oyster and mussel beds, were abundant and 
harvesting them became of considerable economic importance, especially 

Figure 1: Adapted from “In de Noordzee” by M.A. Koekoek.
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1in England (Olsen, 1883; Thurstan et al., 2024). Among the largest in the 

North Sea was the ʮat oyster reef around the German Bight area cover-
ing roughly 1.5 million ha (Olsen, 1883; Thurstan et al., 2024a; Thurstan 

et al., 2024b). This reef was harvested for centuries, with evidence of 

harvested shells dating back to the Mesolithic period (Lewis et al., 2016; 

Milner, 2002; Tauber, 1981). The ʮat oyster population remained abun-

dant until the 20th century, when increased engine power led to greater 

overʭshing and the subsequent decimation of oyster reefs. This decline 
led to reduced water quality, and the introduction of Bonamia disease 

ultimately led to the functional extinction of ʮat oyster from the North 
Sea (Thurstan et al., 2024b; zu Ermgassen et al., 2025).

The industrial revolution brought signiʭcant changes to the ʭsheries 
sector, transport and urbanisation of coastal areas introducing steam and 

diesel engines, metal hulls, and mechanical trawls, alongside capitalised, 

centralised ʮeets and onshore processing (Engelhard, 2008). These tech-

nical advancements signiʭcantly improved catch eʯciency and distance 
coverage but also led to large-scale habitat destruction and increased 

bycatch (Couce et al., 2020; Thurstan et al., 2010). In the 20th century, 

further improvements in equipment and technological developments, 

such as on-board refrigeration and factory ʮeets (Heidbrink, 2011), in 
combination with a rapidly growing human population and thus market 

demand, large-scale destruction of habitats, resulted in a record removal 

of ʭsh and oyster stocks (Jackson et al., 2001). Consequently, both the 
size and the number of catches declined, ultimately resulting in the col-

lapse of several species, such as herring (Dickey-Collas et al., 2010), cod 

(Engelhard et al., 2014), and plaice (Rijnsdorp, 1996) between the 60s 

and the 80s. 

1.1.3 A way forward: a nature-inclusive North Sea
Fortunately, awareness of the vulnerability of marine ecosystems is 
increasing, and European citizens and their societies have increasingly 

recognised the vital services they provide (Cruz & Manuel, 2021; Luisetti 

& Schratzberger, 2023). These ecosystem services include food supply, 

as the North Sea ecosystem is highly productive, providing seafood, in-

cluding ʭsh, shellʭsh, and other edible species, thereby contributing to 
human well-being (Groot et al., 2011). It also delivers coastal protection, 

carbon sequestration, nutrient cycling, cultural values and traditions, 

tourism, and recreation (Maes et al., 2012). 
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For example, the North Sea was also an important migration route for 
several whale species (e.g. Humpack whale, Gray whale, Sperm whale) 

and strandings (Haelters & Kerckhof, 2010; Smeenk, 1997; Swartz et al., 

2006) were seen as a sign (from God) or a warning of disaster in medi-

eval times, and later served as a public spectacle (Smeenk, 1997) before 

they were considered valuable as natural history museum specimens 

(Simon-Ekeland & Delsett, 2024) or as an ecological indication (Pierce et 

al., 2007). 

Thus, the conventional justiʭcation for conservation and ecosystem 
management is based on the signiʭcance of ecosystem services for hu-

man use and dependence. However, it is also increasingly argued that 

marine ecosystems have a value independent of human use. In other 

words, the oceans and associated ecosystems have an intrinsic value 

and are described under ethical frameworks such as deep ecology and 

biocentrism (Johnson, 1993). Thus, natural processes and non-human 

life are seen as morally signiʭcant on their own, and this perspective 
expands the ethical grounds for nature conservation beyond resource use 
or ecosystem services (Batavia & Nelson, 2017). 

North Sea ecosystems, and ecosystems in general, can thus be viewed 

as entities deserving moral consideration or legal protection alongside 

humanity, not only for the services they provide but also as part of life in 

general (Burgers et al., 2020). This way of thinking has sparked legal and 

policy debates and explored the possibility of treating natural entities 
(e.g., rivers, forests, coral reefs) as legal entities or granting them “legal 

personhood” (Burgers et al., 2020). Although these proposals remain 

controversial and established legal frameworks are rare, such frame-

works have been proposed for the North Sea (Burgers et al., 2020) and 

highlight that conservation should not depend solely on anthropocentric 

views (Batavia & Nelson, 2017). This reframing, combining ecosystem 

services, human wellbeing and intrinsic value, provides a more robust 

argumentation and policy grounds for stronger protective measures and 

environmental regulation in response to growing anthropogenic pres-

sure. Within this context, conservation of the North Sea is based on 
ecosystem-based management and holds that the integrity of ecosys-

tems should be protected as a whole (Arkema et al., 2006). This results 

in three main conservation approaches that are used alongside each other 

(Figure 2): 
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11.	 Nature-inclusive industrial design 

2.	The designation of Marine Protected Areas (MPA) and rewilding 

3.	 Active restoration of degraded or vulnerable habitats.

Nature-inclusive industrial design, in which industrial development in-

tentionally incorporates ecological considerations to enhance biodiversity 

and ecosystem functioning (Hernandez-Santin et al., 2022; O’Leary et 
al., 2023). For example, oʬshore wind farms (OWFs) in the North Sea are 
not only designed and built for energy production, but also sometimes 

designated as ecology enhancing habitats (Hermans et al., 2020), such 

as reef-like scour protection (Kingma et al., 2024) and placing artiʭcial 
reefs in OWF areas to coordinate human use with ecosystem functioning. 

The designation of MPAs, as recently occurred for some parts of the 

Dogger Bank (Marine Management Organisation, 2022), aims to main-

tain vulnerable habitats and reefs by (partly) closing the area to certain 

types of ʭshing activities (Lindeboom, 1995). Active restoration aims to 
restore ecosystems that are degrading or have been lost and requires hu-

man intervention to restore characteristic habitats (Duarte et al., 2020). 

Figure 2: Representation of three approaches for ecosystem protection: nature-

inclusive design, such as porous scour protection and artiʭcial reef structures 
that function as habitat. Active restoration, where certain species such as raster 

with mussels are reintroduced in certain areas to promote the regrowth of mus-

sel beds. The designation of marine protected areas, where ʭshing and/or entry 
is prohibited. 



14 Chapter 1

Examples of these are the active restoration of native oysters (O. edu-

lis) reefs by seeding juveniles, adults, and empty mussel shells in e.g., 

Borkum and the Dogger bank (Didderen et al., 2019.; P. zu Ermgassen 

et al., 2021), placing oyster and mussel settlement modules in OWFs 
(Kamermans et al., 2018), and reseeding seagrass meadows in the Dutch 

Wadden Sea (Govers et al., 2022). Together, these approaches align with 

the concept of rewilding, which has recently gained increased attention 

(Clover, 2022). Rewilding is a combination of passive and active protec-

tion and restoration approaches, including allowing natural colonisation, 

using geoengineering, and actively restoring biogenic habitats (Quintana 

et al., 2025). These approaches have been increasingly used in several 

North Sea ecosystems with considerable beneʭcial eʬects in some cases 
(Clover, 2022). 

The diversity of initiatives to restore and maintain a functioning North 

Sea ecosystem occurs against the background of a rapidly changing cli-

mate, which further complicates local mitigation (Sguotti et al., 2022; 

Thorpe et al., 2022) adding an extra layer of uncertainty on how North 
Sea ecosystems will respond and adapt. 

1.2. Changing how we monitor change in the North Sea

1.2.1 Monitoring for evidence-based decision making 
To guide eʬective ecosystem management in the North Sea, European 
environmental directives enforce measures that require “good ecological 

status” as formulated by the water framework directive (WFD, 2000/60/
EC) for coastal and transitional water or “good environmental status” 

that needs to be maintained throughout the whole North Sea (MSFD, 
2008/56/EC). In addition, the Natura 2000 network obligates countries 

to protect designated habitats and species to ensure their “favourable 

conservation status” (Natura 2000 network, Habitat Directive). To do so, 

projects in industry and conservation need to rely on robust, transparent 

monitoring methods that detect ecological change driven by environ-

mental or human drivers. This monitoring evaluates whether manage-

ment decisions were eʬective and comply with directive frameworks 
(Borja et al., 2010). However, the heterogeneous oʬshore character of the 
North Sea, as well as the scale and location of industrial and conservation 

projects, makes monitoring challenging both logistically and ʭnancially. 



15General introduction

C
h

a
p

te
r 

11.2.2 Conventional invasive monitoring has negative eʬects
Conventional monitoring methods often rely on labour-intensive 

sampling approaches and campaigns. For benthic organisms, surveys 
typically use techniques such as scraping, grab sampling, box coring, or 
trawling. (A. D. Rijnsdorp et al., 2016, 2018). After collection and sorting, 

these samples often require individual processing and detailed taxonomic 
identiʭcation, both of which are time-consuming and require taxonomic 
expertise (Danovaro et al., 2016; Pawlowski et al., 2018). Monitoring of 
the mobile community (e.g., ʭsh and other vertebrates) relies on netting, 
trapping, and trawl surveys, including the international bottom trawl 

survey, which is carried out to monitor the abundance and spatial distri-

bution of ʭsh for recruitment indices (ICES, 2019). Although such large-
scale European-wide research oʬers valuable insight into biomass and 
distribution shifts, these methods are invasive, disturb vulnerable and 

valuable habitats, and require large research vessels that are often costly 

(Daan, Gislason, et al., 2005; Eggleton et al., 2018; Teletchea, 2009). 

In addition, these methods do not fully cover the ecological spectrum, 

thereby missing cryptic or small/fast species and population dynamics, 

nor can they sample the full complexity of environmental networks and 
trophic proʭles (Fediajevaite et al., 2021; Shea et al., 2023). Therefore, 
robust, non-invasive, and cost-eʬective monitoring approaches are 
needed that provide accurate data over short time frames across large 

spatial and temporal scales. 

1.2.3 Alternative non-invasive monitoring methods
Recently, there has been signiʭcant development in the availability of 
non-invasive monitoring methods, each with its own strengths and limi-

tations (McGeady et al., 2023). Acoustic methods, including hydrophones 

(Hubert et al., 2020) and active sonar systems, can monitor species pres-

ence, biomass, and behaviour (Holmes et al., 2006). Multibeam echo-

sounders can provide highly detailed maps of the seabed, reef structures, 

ʭsh schools, and biomass (Lopez et al., 2016; Melvin & Cochrane, 2015). 
Additionally, passive acoustic methods can be used in low visibility and 

at night to detect nocturnal species (Verfuss et al., 2018). However, they 

require complex data processing and may be disturbed by background 
noise (Bordoux et al., 2025). Remote sensing using satellite or aerial 
imagery can detect ecological features such as algal blooms, kelp forests, 

and shallow reefs and can provide repeated snapshots, but has only a 

limited ability to penetrate below the surface, especially in turbid North 

Sea waters (Kachelriess et al., 2014; Ma et al., 2023). Diving surveys are 

beneʭcial for highly detailed observations but challenging in North Sea 
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conditions, limited by depth and safety, and require high labour costs 

(Shields & Lee, 1998). Video-based tools such as DROP cams, remote 

or autonomous underwater vehicles (ROVs, AUVs), and baited remote 

underwater video systems (BRUVs) allow the observation of benthic and 

pelagic species in complex habitats without disturbance (de Mendonça 
& Metaxas, 2021; Schramm et al., 2020). Nevertheless, video tools are 
sometimes limited by ʭeld-of-view constraints, limited battery power, 
and large datasets that require time-intensive analysis (de Mendonça & 
Metaxas, 2021). Finally, molecular tools for monitoring are increasingly 
used and contribute a new toolbox for routine biomonitoring (Danovaro 
et al., 2016). 

1.3 �The future of North Sea biodiversity monitoring with 
molecular methods. 

1.3.1 The principles of metabarcoding for biodiversity monitoring
Molecular methods have great potential for monitoring, as they can detect 

species based on genetic material rather than physical observation (Dan-

ovaro et al., 2016). All marine organisms shed nucleic acids, such as DNA 

and RNA, into the water column by releasing skin cells, mucus, faeces, 

gametes, or by decomposing or releasing free-form DNA (Deiner et al., 

2017). Collectively, these traces of nucleic acids are called environmental 

(e)NA and eDNA is relatively stable and can persist in the water column 

for days to weeks (Ficetola et al., 2008; Taberlet et al., 2012). eRNA, on 
the other hand, is less stable and degrades more rapidly, over hours to 

days (Jo, 2023). Traditionally, nucleic acids can be extracted directly from 
captured animals taken through swaps, blood, or tissue from individuals 

(van der Loos & Nijland, 2021). 

Among molecular methods, metabarcoding is among the most rapidly 

evolving and widely applied tools in molecular marine ecology (Deiner 

et al., 2017). First, nucleic acid traces are collected from a water sample 
by ʭltration. Then, DNA is extracted from the ʭlter, and the extract is 
used to amplify (copy) a target region of a gene, which is often located on 

mitochondrial DNA. To do so, a speciʭc set of molecular markers (prim-

ers) is selected to amplify a target DNA region. The choice of primer is 

essential, as universal primers (e.g., COI or 18S) to maximise the number 
of targeted species or be group-speciʭc (e.g., MiFish (12S)) to improve 
ʭsh-speciʭc resolution but fail to detect other taxonomic groups (Miya, 
2022). With the help of a polymerase chain reaction (PCR), temperatures 

rhythmically change to enable denaturation (opening) of the double-
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1stranded DNA, binding (annealing) of the primer to the target region, 

and to initiate enzymatic ampliʭcation of the DNA region by linking 
nucleotides, thereby elongating the DNA strand (Lynch 1990). By repeat-

ing this temperature rhythm, the target 

DNA can be ampliʭed exponentially, thereby improving detection. Then, 
the ampliʭed DNA is sequenced using high-throughput sequencing, 
which can read and translate millions of DNA sequences; these sequences 

are then processed using bioinformatics pipelines and compared to 

sequences in a reference database to assign ʭnal taxonomy (Figure 3). 

Molecular methods such as metabarcoding for marine biodiversity as-

sessment hold potential for routine monitoring, as they enable highly 

sensitive species detection and can detect rare, cryptic, and low-abundant 

species that are often missed in visual or acoustic monitoring surveys 

(Shea et al., 2023). Moreover, if the laboratory infrastructure is in place, 

samples can be collected and processed rapidly, and the technique is 

cost-eʬective, making it a powerful non-invasive monitoring tool. 

1.3.2 Limitations of metabarcoding 
Despite its potential, the metabarcoding method still has several limita-

tions that currently hamper its use as a stand-alone routine biomonitor-

ing method (Beng & Corlett, 2020). A central challenge is the reduced 

ability to obtain quantitative information, as read counts can indicate 

Figure 3: Sampling of water for eDNA or eRNA-based metabarcoding and the dif-

ferent processing steps that follow for metabarcoding for assessing the biodiver-

sity of North Sea systems.
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relative abundances of DNA molecules but are not directly proportional 

to biomass, as diʬerent species shed at diʬerent rates and dilution and 
degradation is strongly inʮuenced by environmental factors (Shelton 
et al., 2023). The metabarcoding method also cannot obtain individual 

traits, such as body size, age class, condition, or sex, which are essential 
for population dynamics or stock assessments (Miya, 2022). 

Biases that can occur during laboratory processes, such as primer biases, 

can lead to overrepresentation, underrepresentation, false-positive, and 

false-negative detections (van der Loos & Nijland, 2021). In addition, 

the choice of primer may hamper identiʭcation, at the species level, of 
certain closely related taxonomic groups (Miya, 2022). A current limita-

tion still is that, reference databases such as Bold, GenBank, and NCBI 

are incomplete for many species, especially invertebrates and accurate 

species identiʭcation relies on the completeness and accuracy of these 
databases (van der Loos & Nijland, 2021; Weigand et al., 2019). 

Interpreting eDNA-based metabarcoding in an ecological context is 
especially challenging. The degradation rate of eDNA depends on tem-

perature, UV exposure, microbial activity, and hydrodynamics (Collins 
et al., 2018; Lamb et al., 2022). Lack of information about current and 

transport of eDNA further increase uncertainties about the spatial and 

temporal origin of the DNA (Harrison et al., 2019). It is thus challenging 

to determine whether the metabarcoding result reʮects organisms cur-
rently present, those that recently passed through, or those originating 

from upstream locations (Beng & Corlett, 2020; Jo, 2023).

1.3.3 Technological developments bring new opportunities
Rapid technological developments are opening new opportunities to im-

prove molecular biodiversity assessments by strengthening what can be 

detected from eDNA samples (Hu et al., 2021; Jahnke et al., 2022; Zhao 

et al., 2021). Diʬerent sequencing platforms are available, of which Il-
lumina is the most favoured, as it produces highly accurate reads, albeit 

short ones. Platforms such as Oxford Nanopore are becoming increasingly 
popular because they provide long-read sequencing, generating reads 

spanning thousands of base pairs, enabling the use of markers targeting 

longer fragments to improve taxonomic resolution (Bleidorn, 2016; J. S. 
Johnson et al., 2019). In addition, Nanopore devices are portable, enabling 

sequencing to be performed remotely oʬshore, such as on research ves-

sels, ʭeld stations, or even wind farms (Chen et al., 2023; Maggini et 
al., 2024). However, Nanopore sequencing typically has a higher error 
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1rate than conventional sequencing platforms, such as Illumina, which 

requires diʬerent bioinformatics processing and more extensive error 
correction to avoid identiʭcation biases (Baloğlu et al., 2021; Egeter et al., 
2022).

Other developments, such as the ability to capture diʬerent nucleic acids 
like eRNA, may improve ecological interpretability, as eRNA degrades 

much faster in the water column, thereby reducing spatial-temporal un-

certainties (Jo, 2023). PCR-free approaches, such as metagenomics, can 

sequence all genetic material simultaneously, thereby potentially im-

proving DNA abundance estimates and species identiʭcation (Bernatchez 
et al., 2024; Monchamp et al., 2022; Theissinger et al., 2023). In addition, 

metagenomics can provide information on the presence of functional 

genes, trophic interactions, and population proʭles, but it remains costly 
and is limited by incomplete reference genomes (Serivichyaswat et al., 

2025). 

To summarise, while new sequencing platforms and tools hold great 

promise for improving molecular biodiversity assessment in North Sea 

biodiversity monitoring, their integration into the monitoring toolbox 
remains limited. It is therefore important to pay more attention to com-

paring the novel with conventional molecular biodiversity methods and 

more traditional non-invasive methods. This will unveil the extent to 
which current molecular metabarcoding methods provide meaningful 

contributions to routine monitoring frameworks. Thus, it needs to be 

evaluated whether molecular advances can complement and improve ex-

isting monitoring methods to study the biodiversity of a changing North 

Sea. 

1.4 Aims of this thesis
The main aim of this thesis is to evaluate and verify molecular monitor-

ing techniques to improve North Sea biodiversity, applying these meth-

ods to assess biodiversity in natural reefs, and providing more reliable 

monitoring tools for evidence-based ecosystem management and envi-

ronmentally conscious industrial development. As previously mentioned, 

with activities such as oʬshore wind, ʭsheries, and restoration eʬorts 
likely to expand, and with the need to follow development against the 
background of climate change, there is a growing need for scalable, cost-

eʬective, non-invasive monitoring tools that deliver high-resolution 
ecological data. This thesis focuses on molecular methods for biodiversity 

monitoring. 
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Three research objectives are formulated to address the overarching aim: 

Objective 1: to validate more ʮexible, cost-eʬective, and simpler se-

quencing platforms and methodological workʮows by comparing them 
with conventional approaches, supporting future harmonised and stan-

dardised monitoring frameworks.

Objective 2: to develop molecular monitoring approaches that enhance 

species-level resolution and provide improved spatial and temporal reso-

lution, thereby advancing understanding of ecological patterns in North 

Sea ecosystems.

Objective 3: to apply these optimised tools to assess the biodiversity of 

natural reef systems in the North Sea and to complement detection pat-

terns with conventional surveys to gain a comprehensive understanding 

of how reef density inʮuences species and trait composition. 

 1.5 Outline of this thesis
The overall aim was achieved by developing the workʮow and bioinfor-
matics pipeline (Chapter 3) for Nanopore metabarcoding and comparing 

conventional Illumina MiSeq and Novaseq platforms (Chapter 2). Long-

read molecular markers (Chapter 3) and eRNA metabarcoding (Chapter 

4) were developed and applied to samples from natural and artiʭcial reef 
systems (Chapters 3, 4, 6) to detect diversity and functional trait patterns 

in marine invertebrates, demonstrating the potential of metabarcoding 

for evidence-based monitoring of developments in the North Sea. 

Objective 1, concerning the development and validation of a new se-

quencing method, is addressed in Chapters 2 and 3. In Chapter 2, the 

comparability of Nanopore metabarcoding of morphologically identiʭed 
benthos samples was tested by comparing Nanopore metabarcoding, am-

pliʭed with a COI primer pair, with Illumina MiSeq COI metabarcoding 
and a Novaseq shotgun approach. The results were compared with mor-

phological ʭndings to validate them. Additionally, in Chapter 3, a new 
bioinformatics workʮow, DECONA, is introduced and assessed across 
several settings to enable the most accurate species-level assignment 

of error-prone nanopore reads. This chapter also details the software 

implemented and the pipeline’s user-friendliness.

Objective 2, which investigates innovative metabarcoding methods, is 

covered in Chapters 3, 4, and 5. Chapter 3 outlines the development of 
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1a primer targeting a 2kb segment within the 12S and 16S mitochondrial 

DNA regions and assesses its potential for eDNA-based assessments of 

fish and vertebrate diversity. The primer was initially evaluated in 
silico to determine its value for identifying species within closely related 

genera, compared to a commonly used 12S ~150 bp primer. It was then 

further tested by comparing 2kb and 12S results from a bulk sample and 

an aquarium eDNA sample with known species composition, as well as 

in situ eDNA samples from various locations in the North Sea. In Chapter 

4, the eRNA fraction was metabarcoded using the widely used 12S primer 

and compared with eDNA and 2kb results from samples collected on a 

natural M. modiolus reef in Scottish Noss Head. The spatial and temporal 

resolution was examined by comparing diversity and community com-

position patterns between nucleic acid fractions and fragment lengths. 

Chapter 5 reviews and discusses the potential of new molecular tools to 

enhance marine monitoring in the North Sea, with particular focus on 

database availability, standardisation, and harmonisation.

Objective 3, is to apply the novel metabarcoding techniques to better 

understand the species composition natural and artificial reef systems, is 
addressed in Chapters 3, 4, and 6. In Chapter 3, results from 2kb and 12S 

metabarcoding were used to describe vertebrate diversity in a wind park, 

a sandy area, and the natural Stony Reef called the Borkum Reef grounds. 

Chapter 4 utilised 12S, 2kb, and eRNA metabarcoding to describe the di-

versity of an M. modiolus reef across diʬerent spatial and temporal scales. 
For Chapter 6, intensive sampling was carried out across the M. modiolus 

reef at Noss Head, Scotland, and the shellfish reef in the Voordelta, both 
within an MPA, at multiple locations with varying reef densities for eDNA 

analysis. 12S metabarcoding revealed community composition and func-

tional traits of marine vertebrates across reef sites with diʬerent reef 
densities. The eDNA metabarcoding data were further complemented by 

BRUV findings from both locations.

Chapter 7 discusses all chapters in relation to their objectives and how 

they collectively achieve the primary goal. It also provides broader per-

spectives on how novel technology supports our understanding of the 

North Sea and outlines future steps for standardised monitoring.
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ABSTRACT

DNA-based methods and developments of sequencing technologies are 

integral to macrobenthos biodiversity studies, and their implementation 

as standardized monitoring methods is approaching. Evaluating the ef-

ficacy and reliability of these technological developments is crucial for 
macrobenthos biodiversity assessments. 

In this study, we compared three DNA-based techniques for assessing 

the diversity of bulk macrobenthos samples from the Belgian North Sea. 

Specifically, we compared amplicon sequencing using Illumina MiSeq 
and portable real-time sequencing of Oxford Nanopore versus shotgun 
sequencing using Illumina NovaSeq sequencing. The 313 bp mitochon-

drial COI metabarcoding fragment served as the target region for the 

metabarcoding analysis. 

Our results indicate that Oxford Nanopore and MiSeq metabarcoding 
had similar performances in terms of alpha and beta diversity, revealing 

highly similar location-specific community compositions. The Nova-

Seq metagenomics method also resulted in similar alpha diversity, but 

slightly diʬerent community compositions compared to the metabarcod-

ing approach. Despite these diʬerences, location-specific community 
compositions were maintained across all platforms. 

Notably, read counts from the NovaSeq metagenomic analysis showed 

the weakest correlation to size corrected morphological abundance and 

there were mismatches between morphological identification and all 
DNA based findings which are likely caused by a combination of factors 
such as primer eʯciency and an incomplete reference database. 

Our findings underscore the critical importance of database completeness 
prior to implementing DNA-based techniques as standardized monitor-

ing method, especially for metagenomics. Nevertheless, our findings 
emphasize that Oxford Nanopore metabarcoding proves to be a viable 
alternative to the conventional Illumina MiSeq metabarcoding platform 

for macrobenthos biodiversity monitoring. 
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INTRODUCTION

The European Union established the Marine Strategy Framework Direc-
tive (MSFD, 2008/56/EC), alongside the European Water Framework 
Directive (WFD, 2000/60/EC) and the European network for protected 
areas for conserving the most valuable species and habitats (Natura 2000 
network, Habitat Directive). These directives form the basis of ecosystem 
management and use a variety of monitoring-based assessments (e.g., 
Borja et al., 2010) that aim to inform (non-) governmental decisions on 
marine environmental health. However, taxonomy-based monitoring 
practices rely on great taxonomic expertise, are time-consuming and 
limited in taxonomic resolution (Danovaro et al., 2016; Pawlowski et al., 
2018), particularly when identifying understudied taxonomic groups and 
species at diʬerent life stages (Ammon et al., 2018; Gleason et al., 2023). 
Consequently, DNA-based technological developments have gained par-
ticular interest for their potential in studying marine biodiversity (Buck-
lin et al., 2011; Cordier et al., 2019; Elbrecht et al., 2017; Lanzén et al., 
2017; Leray & Knowlton, 2016). A reduction in labour time and the grow-
ing reference sequence libraries demonstrate DNA based methods to be a 
promising alternative for monitoring (Baird & Hajibabaei, 2012; DeSalle & 
Goldstein, 2019; Gostel & Kress, 2022; Leray & Knowlton, 2015). Diʬerent 
DNA-based monitoring studies have demonstrated correspondence with 
morphological ʭndings (Derycke et al., 2021; Mauʬrey et al., 2021). As a 
result, DNA-based methods are repeatedly proposed as a suitable routine 
biodiversity assessment strategy to inform policy (Aylagas et al., 2020; 
Goodwin et al., 2017; Hering et al., 2018; Hinz et al., 2022; Pawlowski et 
al., 2018; Thalinger et al., 2019). 

Generally, DNA-based biodiversity assessments rely on DNA metabar-
coding, which enables the identiʭcation of species from environmental 
samples by amplifying a short DNA fragment using universal primer 
pairs. This ampliʭed DNA is then sequenced with next-generation se-
quencing platforms to identify the taxa found in samples (Taberlet et al., 
2012). As biases can be introduced at each stage (L. M. van der Loos & 
Nijland, 2021), decisions need to be made on the sampling method and 
the appropriate use of preservation techniques (Gaither et al., 2011; Ran-
some et al., 2017), DNA extraction methods, using suʯcient replicates 
(Van den Bulcke et al., 2021), and using appropriate primer pair(s) (Creer 
et al., 2016; Devloo-Delva et al., 2018; Leray & Knowlton, 2016). Bio-
informatics pipelines are also crucial to take into consideration as the 
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pipeline choice, and the processing settings greatly inʮuence the output 
(Antich et al., 2021).

Current developments in DNA-based methods have resulted in the avail-

ability of several diʬerent third-generation sequencing platforms, such 
as Illumina, Ion Torrent, Oxford Nanopore sequencing and Paciʭc Biosci-
ences (Hu et al., 2021). These platforms provide exciting opportunities to 
study the environment in convenient ways that include obtaining abun-

dance data (Klunder et al., 2022), epigenetic modiʭcations (Zhao et al., 
2023) and population genetics (Jahnke et al., 2022). For metabarcoding of 
gene fragments shorter than 500 bp, Illumina technologies are currently 

the standard platform because of its high accuracy (M. Meyer & Kircher, 

2010). In comparison to Illumina MiSeq, the Oxford Nanopore sequencing 
platform measures an electrical current that is produced when the nucle-

otides of a sequence pass through a transmembrane nanopore, allowing 

for real-time sequencing and base calling (Bleidorn, 2016; Y. Wang et 

al., 2021). The advantages of Oxford Nanopore sequencing include lower 
costs, the sequencing of long fragments and its suitability for real-time 

in-ʭeld experiments (Krehenwinkel et al., 2019). However, the error 
rates of raw Oxford Nanopore sequences are currently higher (87-99% 
accuracy) compared to Illumina platforms, therefore diʬerent bioinfor-
matics processing pipelines have been used to circumvent this problem 

(Baloğlu et al., 2021; Doorenspleet et al., 2025; Egeter et al., 2020). Short 
read Oxford Nanopore sequencing has previously been shown to be 
consistent with Illumina MiSeq in low-diversity samples (Egeter et al., 

2020; van der Reis et al., 2023). However, comparisons of the sequencing 

platforms with high diversity samples were only performed using bacte-

rial communities, and show a lack of several taxa (Heikema et al., 2020; 
Stevens et al., 2023). Thus, it remains unclear to what extent short read 
Oxford Nanopore sequencing is directly comparable to Illumina data.

Recently, metagenomics sequencing have gained interest as alterna-

tives to metabarcoding for community analysis (Bernatchez et al., 2024; 

Theissinger et al., 2023). Shotgun sequencing can bypass some method-

ological disadvantages that are inherent to metabarcoding such as PCR 

(Zhou et al., 2013) and primer ampliʭcation bias (Leray & Knowlton, 
2015), because DNA is directly processed for sequencing. Moreover, shot-

gun sequencing has been suggested to cover the full spectrum of biota in 

a sample and provide a correlation with morphological biodiversity stud-

ies (Monchamp et al., 2022). This method is seen as a viable contestant 

to metabarcoding methods to monitoring genetic diversity (Bista et al., 
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2018; Lopez et al., 2022; Monchamp et al., 2022). However, metagenom-

ics can be limited by i) the sequencing depth, which has become more 

cost-eʯcient with the advent of current sequencing platforms such as 
NovaSeq, and ii) the availability and quality state of reference sequences 

within widely used databases (Weigand et al., 2019), given that the shot-

gun sequencing process is non-selective. Thus, it is inconclusive whether 

shotgun sequencing is currently more useful for both diversity detection 

and relative abundance data for macrobenthos studies.

In this study, we compared diʬerent DNA-based methods: paired end 
Illumina MiSeq metabarcoding, Oxford Nanopore MinION metabarcoding 
of the 313 bp COI mitochondrial fragment and Illumina NovaSeq Metage-

nomics shotgun sequencing. We used bulk macrobenthos community 

samples collected from diʬerent soft-bottom habitats along the Belgium 
North Sea. By using diʬerent DNA-based methods and sequencing plat-
forms for metabarcoding, we assessed the suitability of these methods 

for monitoring benthic community composition and diversity. For the 
metabarcoding methods, we used a curated COI North Sea invertebrate 

reference database and compared it to a metagenomics method using the 

complete NCBI-nt database. We hypothesized that the metabarcoding 

data from both sequencing platforms and the shotgun metagenomics 

method are generally robust and resemble the morphologically identiʭed 
community both in alpha and beta diversity. 

MATERIALS AND METHODS

Sample collection
Sampling was conducted at four locations in the Belgian North Sea that 

contained diʬerent macrobenthos communities with high, medium, and 
low diversity (see Breine et al., 2018) (Figure 1). The bulk samples have 

been previously used to optimize the metabarcoding protocols and to 

test the method reproducibility (Derycke et al., 2021; Van den Bulcke et 

al., 2021, 2023). Samples were collected from a coastal muddy ʭne-sand 
habitat with a high taxa diversity of sessile tube-forming organisms and 
high bioturbation (location 120 - Abra alba community). Samples were 

also collected from a medium sand habitat with a medium taxa diversity 
of mobile organisms (location 330 - Nepthys cirrosa community), a coarse 

sand habitat with high taxa diversity for sessile interstitial species (loca-

tion 840 - Hesionura elongata community) and lastly, a muddy habitat 

with low taxa diversity (location ZVL - Macoma balthica community) 
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(Breine et al., 2018). A Van Veen grab (with a sampling surface area of 

0.1m2) was used to collect three biological replicates per location (A, B, C). 

On average, each sample consisted of 9.3 Liters of material. All sediment 

samples were sieved using a 1 mm sieve, and the remaining material (for 

example, shells and rocks) was ʭxed using absolute ethanol and stored at 
-20 °C prior to further processing.

Morphological identiʭcation
The morphological identiʭcation followed the protocols described by 
Derycke et al. (2021) and van den Bulcke et al. (2021; 2023). Organisms 

from one replicate per location (120 - B, 840 - C, 330 - C, ZVL - A) were 

identiʭed to species level and juveniles to genus level, except for speci-
mens belonging to Nemertea, Anthozoa and Oligochaeta, which were 

identiʭed up to phylum, subphylum, and order level, respectively. The 
complete list of species identiʭed in each location is available (Table S1). 
Species were recorded per individual hence no biomass information was 

available for this dataset. To correct for the lack of biomass data, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                           

          
      

                          
                

         

                   
          

                  
              

             

Figure 1: Experimental set-up. Graphical presentation of methods used in this 
study. Samples were taken in the Belgian part of the North Sea with known mac-

robenthos communities (see Breine et al., 2018  for details). The samples were 

taken in triplicates using a van Veen grab on 4 diʬerent locations with high medi-
um and low biodiversity. The animals found in the samples were either morpho-

logically identiʭed or homogenized for DNA extraction. For both amplicon based 
and metagenomics, diʬerent subsamples were used for DNA extraction. Depend-

ing on DNA based method, either a COI 313 bp fragment was ampliʭed (Nanopore 
or Illumina MiSeq) or DNA was directly sequenced with Illumina Novaseq shotgun 

sequencing for metagenomics.
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count data were multiplied by the average size (from each size class). 

This was obtained to correlate morphology abundance data and the read 

count of each DNA based method for the identiʭed species. 

DNA extraction

For molecular comparison, all specimens isolated from each ʭeld repli-
cate were retained to obtain a bulk sample. Bulk samples were homog-

enized with a blender or, if the sample was < 100 ml, with a mortar and 

pestle. Subsamples of 6 ml were taken and stored in Eppendorf tubes 

at -20 °C before processing in diʬerent institutes (Table S2). Samples 
used for Illumina MiSeq and Oxford Nanopore sequencing were extracted 
at Naturalis Biodiversity Centre (Leiden, The Netherlands) and used by 

Wageningen University and research (Wageningen, The Netherlands) for 

ampliʭcation and sequencing with Oxford Nanopore. Samples used for 
Illumina NovaSeq were processed at Nord University (Bodø, Norway). For 
every location, three subsamples of 2ml were used for DNA extraction. 
For location 840C, ZVLA and ZVLC, DNA extract from ILVO was used 
(Table S2, Oostende, Belgium) due to low recovery of sample material. 

All institutes (Nord, Naturalis and ILVO) used the same extraction pro-

tocol according to Van den Bulcke et al. (2023). In short, the Eppendorf 

tubes were centrifuged for 3 min at 10,000 RPM, and the supernatant was 

removed. Samples were incubated at 50 °C for 1 hr to evaporate the re-

maining ethanol. Three subsamples from each biological replicate (3X3) 

were incubated overnight at 56 °C in the power-beads tube of the DNeasy 

PowerSoil Kit (QIAGEN), supplemented with 10 µL of proteinase K (20 

mg/ml).

The DNA extracted from each subsample was pooled and cleaned using 
the Wizard DNA clean-up system (Promega, USA) and eluted in 50 µL TE 

buʬer. After processing, samples were stored at -20 °C before ampliʭca-

tion or shotgun sequencing (Figure 1).

PCR ampliʭcation
For ampliʭcation, a 313 bp COI fragment was ampliʭed using the forward 
mlCOIlintF primer (Leray et al., 2013) with the reverse jgHCO2198 primer 
(Geller et al., 2013) in combination with Oxford nanopore and Illumina 
MiSeq extension sequence (printed red in table 1). However, a modiʭed 
version of the primers was used by replacing deoxy-inosines (I) with 
degenerated bases (N) (Table 1). Ampliʭcation was performed on each 
sample in triplicate. Each reaction contained 8.5 µL nuclease-free water, 

12.5 µL 2x KAPA HiFi HotStart ReadyMix (Roche, USA), 0.75 µL (10 µM) 
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forward and 0.75 µL (10 µM) reverse primer and 2.5 µL of DNA template. 

For Oxford Nanopore sequencing, DNA template was diluted 10x prior to 
ampliʭcation. PCR conditions were 3 min at 95 °C, 35 cycles of 30 s at 
98 °C, 30 s at 57 °C, 30 s at 72 °C and a ʭnal extension for 1 min at 72 
°C. PCR replicates were pooled, and a clean-up was performed using a 

2:1 mixture with AMPURE beads (Beckman Coulter Inc., USA) and >70% 
ethanol. Ampliʭcation was conʭrmed using gel electrophoresis (1% gel, 
ethidium bromide). 

Illumina MiSeq metabarcoding

Index PCR 
For the index PCR, 5 µL nuclease-free water, 12.5 µL 2X KAPA HiFi Hot-
Start ReadyMix (Roche, USA) and 2.5 µL of each index primer (Nextera 
XT primer 1 and 2) without modiʭcations was used with 2.5 µL of initial 
pooled PCR product. The PCR program was 3 min at 95 °C, 8 cycles of 30 

s at 95 °C, 30 s at 55 °C, 30 s at 72 °C and a ʭnal extension for 3 min at 
72 °C. Ampliʭcation was conʭrmed using gel-electrophoresis (1% gel, 
ethidium bromide). The puriʭed Index PCR products were equimolarly 
pooled and sequenced using the Illumina MiSeq 2X300bp platform (v2), 

with an addition of 20% of PhiX (sequenced by Baseclear BV.).

Bioinformatics of Illumina MiSeq reads.
After Illumina MiSeq sequencing, the quality of the demultiplexed reads 
was checked using MultiQC (Ewels et al., 2016), and primers were re-

moved using Trimmomatic (Bolger et al., 2014). Amplicon sequence vari-

ants (ASV) were generated using the DADA2 pipeline in the Dada2 v1.17.0 

Table 1: Primers used for metabarcoding. Primers used for the Illumina MiSeq and 

Nanopore metabarcoding method. Sequences indicated in bold are the platform 

speciʭc adapters to the primers.

Oxford Nanopore

Forward miCOIintF: 5′- TTTCTGTTGGTGCTGATATTGCGGWACWGGWT-
GAA CWGTWTAYCCYCC-3′

Leray et al. 
(2013)

reverse jgHCO2198:5′-ACTTGCCTGTCGCTCTATCTTCTANACYTCNGGRTGN
CCRA ARAAYCA-3′

Geller et 
al. (2013)

Illumina Miseq

Forward miCOIintF: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGGGWACWGG WTGAACWGTWTAYCCYCC-3′

Leray et al. 
(2013)

reverse jgHCO2198:5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTA
NA CYTCNGGRTGNCCRAARAAYCA-3′

Geller et 
al. (2013)
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package (Callahan et al., 2016) in R Studio v4.0.2 (R Core Team, 2020). 

Standard settings were used and an error rate of 3 mismatches was al-

lowed. Reads with a quality score lower than 30 were removed. Unique 

paired-end reads were determined, merged, and ʭltered for chimeras 
for each sample with the removeBimeraDenovo function using the Dada2 

v1.17.0 package (Callahan et al., 2016). Taxonomy was assigned using 
the assignTaxonomy function in the Dada2 package (Q. Wang et al., 2007) 

using the Ribosomal Database Project (RDP) (Q. Wang et al., 2007) with a 

minimum bootstrap conʭdence parameter of 80. 

Reference database for metabarcoding methods
A morphologically curated database that contains 1992 COI sequences of 

565 North Sea invertebrate species was used for taxonomic identiʭcation 
(dx.doi.org/10.5883/DS-GEANS1). This database was assembled from 
public and an in-house marine macrobenthos COI sequences that were 

obtained during multiple diversity monitoring campaigns throughout the 

North Sea (GEANS, 2021). During these campaigns, missing species were 

actively collected, vouchered and barcodes when possible. 

Oxford Nanopore metabarcoding 

Oxford Nanopore sequencing
The PCR barcoding kit 96 (EXP-PCB096) was used for the barcoding 

PCR, and the sequence library was prepared with the SQK-LSK114 kit 

(Oxford Nanopore Technologies, UK). Several adaptations deviated from 
the manufacturer’s instructions: barcoding PCR was achieved in a total 
volume of 10 µL using 0.3 µL 10 µM PCR barcode primer pair and 10-50 

ng amplicon. The following PCR program was used: initial denaturation 

at 95 °C for 3 min, 15 cycles of 95 °C for 10 s, 62 °C for 15 s, 65 °C for 90 s, 

followed by a ʭnal extension at 65 °C for 180 s. 

The concentration of the barcoded PCR products was measured using the 

Qubit HS kit (Thermo Fisher Scientiʭc, USA) on the non-puriʭed prod-

ucts, after which barcoded PCR products were pooled in equimolar ratios. 

The pooled amplicon sequence library was cleaned twice using AMPURE 

beads (Beckman Coulter Inc., USA). The ʭrst clean-up step used 70% 
ethanol and the second used Short Fragment Buʬer (SFB) to enrich for 
the target size fragments. After end prep and adapter ligation, the library 

was again washed with SFB during the ʭnal clean-up of the protocol. A 
total of 5 µL library containing 98.5ng DNA was loaded onto an R10.4.1 
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flow cell (Oxford Nanopore Technologies, UK) mounted on a Minion Mk1C 
device. 

Oxford Nanopore Sequence read processing 
Oxford Nanopore Sequence read processing was performed according to 
the post-processing protocol as described by Doorenspleet et al., (2023). 

Basecalling of the fast5 pass ʭles was performed using Guppy (Version 

6.5.7, Oxford Nanopore Technologies, UK) in super high accuracy (SUP) 
mode. The Decona pipeline was used (https://github.com/Saskia-Ooster-

broek/decona) for trimming, clustering, and taxonomic assignment of the 
reads. Raw base-called reads were trimmed to between 250-400 bases 

for each sequence. A cluster similarity of 85% was set as the clustering 
threshold of the sequences. Medaka consensus sequences were gener-

ated from each cluster larger than 5 reads (Decona -f -q 10 -T 18 -l 300 

-m 320 -c 0.85 -g “GGWACWGGWTGAACWGTWTAYCCYCC;max_error_
rate=0.1;min_overlap=20... TANACYTCNGGRTGNCCRAARAAYCA;max_
error_rate=0.1;min_overlap=19” -n 5 -r 0.99 -R 500 -k 6 -M). 

Taxonomic assignment
The consensus sequences were classiʭed using BLASTn (NCBI, version 

2.11.0), prior to further processing, the classiʭcations were manually 
checked on inconsistent classiʭcations. For taxonomic identiʭcation, the 
Top 5 hits were considered for each consensus sequence. Of these, the 

best match was used for taxonomic assignment based on hits with the 
highest e-value. The best match was assigned to species level when there 

was a minimal alignment length of 250 nucleotides with <4 bp mis-

matches and >98% identity. The best match was assigned to genus level 
with >97% identity, Family level with >95% identity, >93% for Order 
level and >90% for Phylum level identiʭcation. The North Sea inverte-

brate species reference database was used for taxonomic identiʭcation 
(dx.doi.org/10.5883/DS-GEANS1). This database was the same as used for 
the Illumina MiSeq metabarcoding method, but not for the metagenom-

ics method. 

Read abundance correction
After taxonomic assignments, a tag correction was performed on the 
Oxford Nanopore data to correct the tag jumping that had occurred. Tag 
jumping had occurred when both forward and reverse barcode tags were 

on sequences that did not belong to that barcode. After troubleshooting, 

most of the contamination could be alleviated by removing 1% of the total 
read count of each species from each barcode. This correction is intended 
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to correct proportionally for the total read abundance of each taxon. Al-
though no positive control sample was used for this study, PCR negative 

controls did not show any positive band nor higher DNA concentrations 

after barcode PCR. However, the raw data contained a low amount of 

reads of the most commonly occurring species in these. As the same spe-

cies also occurred in the ZVL samples with low read abundance where we 

did not expect them based on the Illumina results, we decided to remove 
these reads by a minimum 1% read abundance correction. Therefore, we 
decided to remove these reads by a 1% read abundance correction and 
this appeared to reduce these observations.

First, the total read count was calculated for all species in all barcodes 
using the mutate() function in the dplyr v1.1.0 package. Second, 1% of the 
total read count was calculated and rounded to a whole number of reads. 

Finally, 1% of the total read count of each species was subtracted from 
each barcode.

NovaSeq shotgun sequencing

Preparations for sequencing 
After DNA extraction and clean-up, libraries were directly prepared using 
NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (New England 
Biolabs, USA). Samples were indexed using NEBNext® Multiplex Oligos 
for Illumina (New England Biolabs, USA). The ʭnal quality check was 
conducted using the Agilent Tapestation system using hds1000 screen 

tape (Agilent Technologies, USA). Samples were pooled in equimolar 

concentrations and sent to the Norwegian Sequencing Center in Oslo to 

be sequenced using the NovaSeq S4 quarter ʮow cell (2x150). 

Sequence read processing
The NovaSeq reads were trimmed using cutadapt (--minimum-

length=100, q=30), and merged with PEAR v 1.7.2 (Zhang et al., 2014) using 

the default parameters. Reads were then assembled using idba_ud (Peng 
et al., 2012) using default parameters. Reads were mapped back to the 

contigs using BBMap (http://sourceforge.net/projects/bbmap/) with the 

parameter -minid set to 90. BLASTn was used to align the contigs with 

settings set at >97 % identity, e-value set at -10, and alignment length 
equal and over 100 bp. Taxonomic assignments to more than one phylum 
per query were removed and then the match with the highest bit-score 

was kept for the data analysis. Single alignments were discarded for the 

data analysis. 



34 Chapter 2

Reference databases for metagenomics method 
To compare the performance of diʬerent databases, contigs were lo-

cally aligned to four sets of databases. One, the curated COI database for 

North Sea speciʭc marine invertebrates (geans v4, dx.doi.org/10.5883/
DS-GEANS1). Two, the metagenomics data were also aligned a manually 

curated NCBI-nt database (original complete NCBI-nt downloaded on 

22.05.2022) that mainly contained marine eukaryotes. Three, the nuclear 

entries of the curated NCBI-nt database only, and four, the mitochondrial 

entries of the curated NCBI-nt database only. The complete NCBI-nt da-

tabase including both nuclear and mitochondrial entries gave the most 

optimal result, and therefore this database was used for the comparison 

with the metabarcoding methods. 

Data analysis
Data analysis was carried out in RStudio v4.2.2 (R Studio v4.2.2). A 

rarefaction curve (Vegan v2.6.4) was plotted to understand the eʬect of 
diʬerential sequencing depths between samples. Each sample showed a 
ʮattening curve (Figure S1), which indicated that for each DNA-based 
method, an appropriate sequencing depth was achieved. Therefore, the 

data were not rareʭed but transformed using a log10 transformation. 

All reads from the metabarcoding method (Illumina MiSeq and Oxford 
Nanopore) were compared on ASV /consensus sequence level to verify the 

initial assignment between sequences (>97% percentage identity). Phy-

lum level comparisons were made to determine the diʬerences between 
general taxonomic composition between the diʬerent DNA based methods 
(Miseq, Nanopore, NovaSeq). For visualisation of the database comparison 
with the Novaseq results, a Pie chart was used (ggplot2, v3.4.0). Species 

level richness, and Shannon diversity index (H, log 10 transformed) of the 
read counts were calculated using the diversity() function (Vegan v2.6.4) 

and visualized using boxplot (ggplot2, v3.4.0). Normality of the data was 
tested using Shapiro-Wilk for normal distribution and Q-Q plots. Based 

on these results a 2-way ANOVA using the aov() function (stats, v3.6.2) 

was carried out to determine the diʬerences between sampling loca-

tions and the DNA-based method used and whether an interaction eʬect 
could be observed. For a pairwise comparison, a post/hoc analysis was 
performed using the Tuckey test (HSD) using the TukeyHSD() function 

(stats, v3.6.2). For beta diversity, non-metric multidimensional scaling 
(‘bray’) was performed on each dataset separately (Oxford Nanopore me-

tabarcoding, Illumina MiSeq metabarcoding and Shotgun metagenomics 

sequencing) in combination with betadisper to check for homogeneity 

of variance. A PERMANOVA was used along with a pairwise post-hoc 
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analysis using a Bonferroni correction (both available in adonis2(), Vegan 

v2.6.4) to analyse which locations were signiʭcantly diʬerent from each 
other, within each dataset. A Spearman rank correlation was used (stats 

v3.6.2), to compare the size class corrected morphological abundance 

ʭndings with each DNA-based method. 

RESULTS

Read processing comparison between DNA-based methods 
From the Illumina MiSeq metabarcoding samples, a total of 10,206,087 
sequences were obtained with 8,692,409 used after processing. Of these, 

8,330,994 reads were used as ASVs for taxonomy assignment (39 species). 
An overview is available of the sequencing output of each DNA-based 

method after sequencing and processing (Table S3). From the Oxford 
Nanopore metabarcoding dataset, 2,426,017 reads were basecalled. This 

is a lower sequencing depth than commonly used for Oxford Nanopore 
sequencing (van der Reis et al., 2023). However as indicated, the lower 

sequencing depth was not reʮected in the rarefaction curves indicating 
that it was not informative to sequence any further. Of the basecalled 

reads, 1,841,385 remained after clustering and consensus building. A total 

of 1,191,853 of the remaining reads were used as consensus sequences for 

taxonomy (48 species). From the 3,060,417,120 shotgun reads obtained 
from the Illumina NovaSeq metagenomics run, 2,425,520,473 reads 

passed the quality values for direct taxonomic assignment of the reads. 
For the species assignment using the COI curated invertebrate database, 
42,262 reads (39 species) could be assigned to species level whereas 

the complete NCBI database with marine eukaryotes was used, a total 

of 8,512,483 (36 species) reads could be assigned to species level, which 

represented 0.35% of the total ʭltered reads. For direct comparison of 
each species for each dataset see further. 

Initial comparison and Novaseq metagenomics reference 
database choice. 
Direct comparison to the processed metabarcoding sequences between 

Oxford Nanopore (consensus sequences) and Illumina MiSeq (ASVs), in-

dicated that most of the sequences were similar between methods (Figure 
S2). In addition, phylum level assignment showed that both the number 

of phyla as well as the proportion of phyla is very similar between me-

tabarcoding methods (Figure S3). 
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Of the reads that were used for taxonomic classiʭcation of the NovaSeq 
metagenomics dataset, 67.85% (5.775.720 reads) could be assigned to 
the nuclear fraction of the DNA whereas 7.08% (602.684 reads) was as-

signed to mitochondrial DNA (Figure 2a). Between the taxonomic assign-

ment of the nuclear (Figure 2b) and mitochondrial fraction (Figure 2c), 

the nuclear fraction represents more Annelida whereas the mitochondrial 

fraction represents more Mollusca. In addition, the nuclear fraction rep-

resents more phyla that are present with <1%. Within the comparison 
of alignments with the curated COI marine invertebrate database, the 

amount of Annelida was 14.32 % lower with a total of 5.08% (ʭgure 
2e). The proportions between phyla obtained with the complete marine 

NCBI-nt data (Figure 2d), was used for the diversity comparison between 

methods, as this covered the most diversity. However, the proportions 

between phyla obtained through NovaSeq were very dissimilar to the 

proportions observed in the metabarcoding methods (Figure S3). 

Alpha diversity obtained with the three DNA-based methods
A two-way ANOVA showed a signiʭcant interaction eʬect between 
sequencing techniques (Illumina MiSeq, Nanopore, NovaSeq), and loca-

tion (120, 330, 840 and ZVL) for species richness (F = 4.34, p < 0.01). A 
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COI curated invertebrate 

(geans v4) 
Nuclear DNA entries NCBI-nt 

Mitochondrial DNA entries 

NCBI-nt 

Proportion of reads assigned to 

DNA type 

Complete (marine) NCBI-nt 

a) b)

) 

c) 

d) e) 

Figure 2: Proportion phyla found with each database using NovaSeq metagenom-

ics. Pie charts showing (A) the proportions of types of DNA within the Novaseq 

metagenomics method. (B) Pie chart showing the phyla found using Illumina 

Shotgun metagenomics in combination with the COI curated marine invertebrate 

database, (C) the marine Nuclear DNA NCBI-nt database (D) the marine mito-

chondrial NCBI-nt database and (E) the complete marine NCBI-nt database.
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main eʬect was also observed for location (F = 98.79 p < 0.01) and no 
signiʭcant diʬerence was found between methods (p = 0.23). Post-hoc 
analysis using a Tuckey’s HSD test showed a signiʭcant diʬerence be-

tween location 120 and all other locations (Table S4), where 120 had the 

highest richness (Figure 3a). A signiʭcant diʬerence was also observed 
between ZVL and all other locations (Table S4), where ZVL had the low-

est richness. No signiʭcant diʬerence was found between location 330 
and 840 (p = 0.97). As for the interaction eʬect, the NovaSeq showed 
no signiʭcant diʬerent eʬect between ZVL and location 330 and 840. A 
two-way ANOVA showed a signiʭcant interaction of Shannon indices be-

tween sequencing techniques and locations (F = 7.67, p < 0.01, Table S4). 
The main eʬects were only signiʭcant for the factor location (F = 104.49, 
p < 0.01, Table S4) and for the factor method (F = 7.31, p = <0.05). Post-
hoc analysis using a Tuckey’s HSD test showed signiʭcant diʬerences in 
Shannon indices between location 120, and all other locations (Table S5), 

where 120 had the highest Shannon index (Figure 3b). With the exception 
of the NovaSeq analysis, a signiʭcant diʬerence was also found between 
ZVL and all other locations (Table S4), where ZVL had the lowest Shan-

non index (Figure 3b). Overall, these results highlight that all sequencing 

techniques similarly observe alpha diversity between locations, except 
for the richness and Shannon of the Novaseq shotgun metagenomics 

in location ZVL as more species were observed than the metabarcoding 

approaches. Shannon indices were also higher for NovaSeq for the low 

diversity location ZVL. 
 
 

 
Figure 3:

 

a b 

Figure 3: Boxplots of alpha diversities between locations of each DNA based meth-

od. The color represents the diʬerent location 120, 330, 840 and ZVL. The fac-

ets represent each DNA-based method, Amplicon, Illumina MiSeq and Nanopore. 

Panel (A) represents the number of species (species richness) and panel (B) rep-

resents the Shannon diversity for each location and DNA-based method.
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Beta diversity obtained from the three DNA-based methods
The PERMANOVA demonstrated signiʭcant diʬerences in macrobenthic 
community compositions between locations (F = 16.05, p < 0.01) and 
between techniques used (F = 3.25, p < 0.01) (Table S5, Figure 4). In 

addition, a signiʭcant interaction eʬect was observed between location 
and the DNA-based approach used (F = 2.48, p < 0.01), indicating that 
benthic community composition and location depend on the DNA-based 

method used and the other way around (Table S5). Post-hoc pairwise 

PERMANOVA tests showed a signiʭcant diʬerence in community com-

position between all locations (p < 0.01). Surprisingly, post-hoc analysis 

showed no signiʭcant diʬerence in community composition between 
either sequencing technique. The NMDS plot showed a clear clustering 

for each location, except for locations 330 and 840 (Figure 4). The plot 

also illustrates that location was responsible for the biggest contrasts 

in community composition, indicating that the location explained most 
of the variation between community compositions. Similarly, the NMDS 

plot also indicated that NovaSeq has a diʬerent community composition 
in some locations, particularly within location ZVL. An interaction ef-

fect was also observed, indicating that the eʬect of sequencing platform 
choice on species composition depends on the community present. Se-

quencing platforms choice did not aʬect the species composition for Il-
lumina MiSeq and Oxford Nanopore metabarcoding, as these approaches 
clustered together within each location. 

Figure 4:
Figure 4: NMDS ordination plot (Bray–Curtis dissimilarity) of similarities of com-

munities between samples and DNA based method. Colors indicate the diʬerent 
DNA based methods whereas the shapes indicate the diʬerent locations on species 
level (log10 transformation).
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Comparison of DNA-based methods for assessing location-speciʭc 
species composition 
All three DNA-based methods (Figure 5) shared 25 species and an ad-

ditional 29 species were shared between just the metabarcoding methods 

(Figure 5, S4). At location 120, 23 species were shared between the two 

metabarcoding methods whereas only 12 species were shared between 

all three DNA-based methods (Figure 5, S4). The Oxford Nanopore me-

tabarcoding data contained 7 unique species for all locations (Figure 5b, 

Figure S4). Interestingly, NovaSeq contained 38 unique species for all 
locations, and most of these unique species were found in all locations 

(Figure 5b, Figure S4). Several species such as, Crepidula fornicata, Eumida 

mackiei and Magelona mirabilis, occurred at location 330 using the Oxford 
Nanopore dataset but with less reads than in location 120 (Figure 5b). 

However, these species were only present in location 120 using the MiSeq 

dataset. Nevertheless, all DNA-based methods detected unique species 

with each method.
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120 

330 

840 

ZVL 

a 

b

c

d

1) Abra alba 

2) Acraspedanthus ferax 

3) Acrocnida brachiata 

4) Actinia tenebrosa 

5) Anapagurus laevis 
6) Aonides 

paucibranchiata 

7) Asbjornsenia pygmaea 
8) Bathyporeia elegans 

9) Bathyporeia 

guilliamsoniana 
10) Bathyporeia sp. 

11) Cirriformia sp. 

12) Cirriformia tentaculata 
13) Crepidula fornicata 

14) Cylista troglodytes 

15) Diadumene lineata 
16) Diogenes pugilator 

17) Echinocardium 

cordatum 
18) Echinocyamus 

pusillus 

19) Ectopleura dumortierii 

20) Ectopleura larynx 

21) Electra pilosa 

22) Ensis leei 
23) Eucheilota maculata 

24) Eumida mackiei 

25) Eunereis longissima 
26) Eutima gegenbauri 

27) Exaiptasia pallida 

28) Fabulina fabula 

29) Gastrosaccus spinifer 

30) Glycera alba 

31) Glycera lapidum 

32) Glycera sp. 

33) Glycera tridactyla 
34) Haloclava producta 

35) Hesionura elongata 

36) Hormathia digitata 
37) Hubrechtella juliae 

38) Jesogammarus 

spinopalpus 
39) Lagis koreni 

40) Lanice conchilega 

41) Liocarcinus holsatus 
42) Liocarcinus 

marmoreus 

43) Liponema brevicornis 
44) Loimia ramzega 

45) Lutraria lutraria 

46) Macoma balthica 
47) Macoma calcarea 

48) Magallana gigas 

49) Magelona johnstoni 

50) Magelona mirabilis 

51) Malmgrenia lunulata 

52) Malmgrenia sp. 
53) Megaluropus agilis 

54) Membranipora 

membranacea 
55) Metridium senile 

56) Microprotopus 

maculatus 

57) Moerella iridescens 

58) Monocorophium 

acherusicum 

59) Mytilus sp. 

60) Nephtys assimilis 
61) Nephtys cirrosa 

62) Nephtys hombergii 

63) Nephtys sp. 
64) Notomastus latericeus 

65) Nototropis 

swammerdamei 
66) Ophelia borealis 

67) Ophiothrix fragilis 

68) Ophiura albida 
69) Ophiura ophiura 

70) Other 

71) Owenia fusiformis 
72) Pagurus bernhardus 

73) Paracalanus parvus 

74) Pariambus typicus 
75) Pholoe baltica 

76) Phyllodoce mucosa 

77) Pinnotheres pisum 

78) Pisidia longicornis 

79) Pocillopora 

damicornis 
80) Poecilochaetus 

serpens 

81) Polybius henslowii 
82) Polygordius 

appendiculatus 

83) Pomacea canaliculata 

84) Processa modica 

85) Psammechinus 

miliaris 

86) Pseudocuma 

longicorne 
87) Sabellaria spinulosa 

88) Sagartia ornata 

89) Sagartiogeton sp. 
90) Sagitta setosa 

91) Scolelepis bonnieri 

92) Scoloplos armiger 
93) Spio decorata 

94) Spio goniocephala 

95) Spiophanes bombyx 
96) Spiophanes cf. 

97) Spisula elliptica 

98) Spisula solida 
99) Sthenelais boa 

100) Streptodonta 

pterochaeta 
101) Streptosyllis websteri 

102) Strongylocentrotus 

purpuratus 

103) Tellimya ferruginosa 

104) Temora longicornis 

105) Thia scutellata 
106)  Ectopleura sp. 

107) Tritia reticulata 

108) Tubificoides diazi 
109) Urothoe brevicornis 

110) Venerupis corrugata

Figure 5:
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Comparison of species presence and abundance between 
DNA-based methods and morphology
For the morphological identiʭcation, one biological replicate was avail-
able (120B, 330C, 840C and ZVLA) for each location. This resulted in 

the identiʭcation of 56 species. A total of 39, 13, 10 and three species 
were identiʭed at locations 120, 330, 840 and ZVL, respectively (Table 
S1). Of the 56 species identiʭed, 22 species were identiʭed using mor-
phology only (Figure 6a, table S7). Of these 22 species, 13 did not have 

a reference sequence available in the chosen reference database (Table 

S7, coloured in red). In addition, 9 of the species that did not have a 

reference sequence available belonged to the phylum Annelida (Table S7), 

which are known to have low primer eʯciency and are therefore harder 
to include in COI reference databases (Carr et al., 2011). Of the 32 species 

that were identiʭed using both DNA-based methods and morphology, 12 
species were identiʭed using all three DNA-based methods (Figure 6a), 

11 species were identiʭed using the metabarcoding-based methods only 
(Figure 6a). Lastly, eight species that were identiʭed morphologically 
were identiʭed only with the NovaSeq metagenomics method whereas 
an additional three (Nanopore) and two (MiSeq) were unique for the me-

tabarcoding method. (Figure 6a). 

Three species were identiʭed with all three DNA-based methods (Figure 
6a), that were not identiʭed with morphology and an additional eight 
were identiʭed using only the metabarcoding methods. These eight spe-

cies included Scolelepois bonnieri and Cylista troglodytes which represented 

a substantial amount of the identiʭed reads (Table S6). This indicated 
that the DNA-based methods can identify species that are missed using 

morphological identiʭcation. Oxford Nanopore identiʭed an additional 
nine species that were unique (Figure 6a) but found as singletons (Table 

S6). 

A Spearman rank correlation between morphological size class corrected 

counts and relative read abundance between each DNA-based method 

across all locations showed the highest positive correlation with both 

Figure 5: Relative read abundance of each species found between locations and 

DNA-based method. Bar plot showing the relative read abundance (log10) of all 

species found. Colors represent the diʬerent DNA-based methods. (A) The rela-

tive read abundance of location 120, (B) the relative read abundance of location 

330, (C) the relative read abundance of location 840 and (D) the relative read 

abundance of location ZVL.
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the metabarcoding methods (Sp = 0.237 (MiSeq), Sp = 0.27 (Nanopore) 

(Figure 6b, c, d). However, the metagenomics method only showed a 

weak correlation (Sp =0.097) with the size class corrected morphological 

counts (Figure 6d). 
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Figure 6: Comparison of species overlap and relative abundance between mor-

phology and DNA-based methods. (A) UpSet plot showing the overlapping and 

unique species found using each DNA-based method in all the morphologically 

identiʭed samples. Where the orange dots refer to unique species per method, 
and the gray dots shared among the respective methods. A Spearman correla-

tion of the overlapping species abundance between morphology and (B) Illumina 

MiSeq metabarcoding (C) Oxford Nanopore metabarcoding and (D) NovaSeq shot-
gun metagenomics.
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DISCUSSION

We compared three diʬerent DNA-based methods: two amplicon-based 
metabarcoding approaches (MiSeq, Nanopore) and a shotgun metage-

nomics approach (NovaSeq). We assessed the robustness between tech-

niques in terms of alpha and beta diversity to understand the suitability 

for macrobenthos monitoring. We have demonstrated that the two me-

tabarcoding methods showed a similar diversity richness and Shannon 

as well as location-speciʭc species compositions. The NovaSeq metage-

nomics method also showed similar alpha diversities, but the community 

composition was slightly diʬerent, mostly due to taxonomic assignments 
that were uniquely found with this method. Interestingly, 22/56 species 

found in the morphological dataset were not identiʭed with molecular 
techniques and shows that more than half of the species were identiʭed. 
Nevertheless, all methods showed that most species were shared within 

each location.

Macrobenthos communities are highly similar using 
metabarcoding despite using diʬerent sequencing  
platforms, platform speciʭc considerations remain
No diʬerence was found between alpha and beta diversity when compar-
ing a standardized lab protocol with Illumina MiSeq sequencing (Van den 

Bulcke et al., 2023) to Oxford Nanopore metabarcoding. Furthermore, 
both methods identiʭed similar species composition and community 
structure at each location and generally, shared similar ASVs/consensus 

sequences and proportions of phyla. Therefore, this study clearly dem-

onstrated that Oxford Nanopore and Illumina MiSeq metabarcoding are 
equally suited for monitoring macrobenthos biodiversity. This is in line 

with recent comparisons (Chang et al., 2023; van der Reis et al., 2023; 

Voorhuijzen-Harink et al., 2019) showing that the Oxford Nanopore 
datasets are overall comparable with Illumina MiSeq results. This study 

demonstrates that, even for high-diversity samples, both sequencing 

platforms perform comparably in terms of macrobenthos diversity as-

sessments, however platform speciʭc considerations remain, including 
bioinformatics pipelines and sequencing error rates, that may impact 

species detection and read count estimations. Oxford Nanopore sequenc-

ing identiʭed some species that were uniquely present in this dataset. 
These exclusive taxa were found mostly in very low relative read abun-

dance and did not inʮuence the alpha and beta diversity. These detec-

tions could be explained as an eʬect of the stochastic nature of PCR that 
is observed in each dataset (L. M. van der Loos & Nijland, 2021). Indeed, 
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previously reported assessments of reproducibility of laboratories showed 

minor variations between detected species (Van den Bulcke et al., 2021). 

Another potential explanation for these diʬerences is that the Oxford 
Nanopore chemistry and its protocols might be more prone to ‘barcode 

leakage’ (Framst et al., 2024). The Oxford Nanopore dataset contained 
some species with only several reads in one of the replicates, while in 

another location these species were abundant as is the case for example 
Crepidula fornicata and Eumidia mackei. Even though a simple correction 

of barcode leakage was used for this study (as presented in the materials 

and methods), it is possible that tag jumping, or barcode leakage was 

still a problem for this dataset. Although this could not be conʭrmed as 
no positive control was considered, several independent projects within 

the same lab that used the same barcoding protocol had similar issues. 

After routine testing, this problem was found to be related to the tem-

perature at which barcoded samples were pooled for the Oxford Nanopore 
sequencing library. Barcode leakage problems have been reported often 

in metabarcoding studies (Beentjes et al., 2019; L. M. van der Loos & 

Nijland, 2021). Therefore, it is important to consider protocols that 

minimize the possibility of barcode leakage. This includes using nega-

tive and positive controls at each stage, minimizing the handling and 

ampliʭcation of tagged products, or correcting for a crossover of tags be-

tween samples (Beentjes et al., 2019). Similar to other platforms, Oxford 
Nanopore uses two cycles of PCR, one for the ampliʭcation of the region 
of interest and a second PCR for the barcode attachment using Oxford 
Nanopore-speciʭc protocols and kits for barcoding. The protocol used for 
this study could be optimized in such a way that individual samples are 

ampliʭed with already tagged initial barcodes to circumvent the second 
PCR step (Srivathsan et al., 2021) or by using amplicon-free barcode kits 

(Toxqui Rodríguez et al., 2023; van der Reis et al., 2023). 

The bioinformatics pipeline used in this study could also be responsible 

for the small diʬerences observed between the metabarcoding results. 
The 10.4.1 ʮow cells were used, which greatly improved the quality of 
the metabarcoding data (Zhang et al., 2023). Nevertheless, clustering 

and consensus building of the data with bioinformatics processing might 

also result in overlooking some elements of the biodiversity (Brandt et 

al., 2021). Therefore, the reads that were not included in a cluster for 

consensus building were also considered when they met the threshold for 

taxonomy assignment. This inclusion may have led to the detection of 
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additional species within the individual samples, although this is unlikely 

since the singletons did not contain any additional species (Table S8).

Despite these minor diʬerences between metabarcoding methods, this 
did not lead to signiʭcant diʬerences in commonly used biodiversity in-

dices. Therefore, this study suggests that Oxford Nanopore and Illumina 
MiSeq metabarcoding are highly similar for macrobenthos monitoring. 

However, platform speciʭc challenges need to be considered, as Illumina 
generally provides high-accuracy short read data eʬective for ʭne scale 
taxa identiʭcation. In contrast, Nanopore oʬers sequencing real-time 
and long- read reads albeit typically with a higher error rate resulting in 

more intensive error correction during downstream analysis. 

NovaSeq Shotgun sequencing identiʭed the most method 
speciʭc species.
The primer and PCR-free shotgun metagenomics method yielded similar 

alpha diversities compared to the metabarcoding methods but resulted 

in a slightly diʬerent community composition between methods within 
location. These diʬerent community compositions between methods 
were mostly due to additional species that were only found using the 

metagenomics method. Nevertheless, most species that were detected 

by NovaSeq metagenomics were also detected by the two metabarcoding 

methods suggesting that either method can describe the general com-

munity equally well. 

This study, therefore, reʮects current environmental metagenomics 
studies that show equal or higher levels of biodiversity compared to 

amplicon-based approaches (Bista et al., 2018; Garlapati et al., 2019; 

Monchamp et al., 2022; Paula et al., 2022). However, these studies, were 

not targeting a certain taxonomic group and therefore, reʮected a wider 
spectrum of biota. In contrast, this study aimed to test whether metage-

nomics is suitable for speciʭcally species/level macrobenthos biodiversity 
monitoring and therefore the data presented are not directly comparable 

to other metagenomics studies.

The highest number of uniquely found species was found with the 

metagenomics method, which was especially apparent in the low di-

versity samples (ZVL). The most straightforward explanation would be 
contamination between the high and low diversity samples, as these 

species were not found in the morphological analysis. Although molecu-

lar methods are always prone to cross contaminations in the lab (L. M. 
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van der Loos & Nijland, 2021), it is in this case less likely since part of 

the extractions used in this study for ZVL previously were also used in 
other studies (Van den Bulcke et al., 2023) and did not experience similar 
problems. 

Alternative explanations for these ʭndings are 1) that misidentiʭcation 
could have occurred due to the use of a database (NCBI) with mislabelled 

references (Sinniger et al., 2016) or 2) false positive detection of species 

that are genetically similar but do not occur in the North Sea as is the case 

for Actinia tenebrosa (Ayre, 1985). Furthermore, 3) the species is present 
but were not picked up with the metabarcoding method because these 

species did not have a curated COI sequence. As most of the additionally 

found species with the metagenomics approach belonged to cnidarians, 

it is possible that during morphological identiʭcations only part of the 
animal was present in the initial sample and was therefore also never 

recorded for the morphological analysis (Lobo et al., 2017). 

Although the complete NCBI reference database with relevant species 

was used, still only 0.35% of the metagenomics reads were assigned to 
a species. Reference databases that contain environmental sequences are 

mainly focused on genetic regions that are popular for metabarcoding 

(Weigand et al., 2019) and references of full (mito)genomes are still in 

their infancy (Blasiak et al., 2020; Leray et al., 2022), it is not surprising 

that such a low percentage of reads are assigned. Thus, the present ʭnd-

ings align with previous research that suggest that shotgun sequencing 

metagenomics is hardly feasible for environmental studies (Ficetola & 
Taberlet, 2023; Quince et al., 2017). These results also indicate the neces-

sity to improve reference databases, particularly for full (mito)genomes 

of macrobenthos, as the limited availability of references largely contrib-

uted to the low number of reads that are assigned. 

Similarly, there was a weak correlation between species that were identi-

ʭed with the metagenomics approach and the morphologically identiʭed 
species when correcting for size class. Unfortunately, no biomass data 

was obtained from the morphologically identiʭed samples, which would 
be a more appropriate representation of the actual abundance. Neverthe-

less, a better correlation was found with the metabarcoding data, which 

is in contrast with ʭndings that suggest a better correlation between 
found metagenomics reads and biomass (Bista et al., 2018). Since in the 

study by Bista et. al., the complete mitogenomes of all species in the 

mock community was available, the lack of correlations in this study 
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further suggests that the metagenomics method is presently not feasible 

for reliable DNA-based monitoring of macrobenthos biodiversity. In the 

future, focussing on reference databases and especially databases that 

contain complete (mito)genomes will greatly improve detection rates and 

improve DNA-based monitoring. 

Mismatches between morphology and DNA based methods 
not only linked to reference sequence availability 
As typical for metabarcoding studies, several species were found with 

metabarcoding that were not reported during the morphological analysis. 

This is not surprising as these species are either missed during morpho-

logical sorting or can only be identiʭed to a higher taxonomic level (Lobo 
et al., 2017; Robinson et al., 2022). For this study this was apparent for 
the Anthozoa Cylista that was found with high read count (>13000 reads), 
whose tissue becomes hard or impossible to recognize when not intact. 

Most taxa were detected using both morphology and a DNA-based 
technique, but there were 22 species that were not identiʭed using any 
DNA-based method. This was especially apparent in the high diversity 

samples. Of these, 13 species could not be identiʭed due to incomplete-

ness of the curated database, which especially in relation to marine in-

vertebrates, has often been reported as a limiting factor (Aylagas et al., 

2016; Günther et al., 2018; Steyaert et al., 2020; Willassen et al., 2022). 

Several eʬorts have been made to improve (Lavrador et al., 2023) and 
increase the coverage of these databases (Leray et al., 2018; Radulovici 

et al., 2021). Approximately 22-43% of all European marine species have 
reference sequences available in the widely used reference database BOLD 

(Weigand et al., 2019). Multiple studies in the North Sea have empha-

sized the importance of enhancing these databases (Christodoulou et al., 

2021), indicating a need for sustained long-term eʬorts. To improve the 
reference database used here, much eʬort has been put in vouchering 
as many species as possible by collaborating internationally with mo-

lecular scientists (https://northsearegion.eu/geans/about/). However, 

after morphological sorting of samples of this study, samples were pre-

served in formaldehyde which is known to hamper DNA extraction from 
these specimens therefore a one-on-one comparison was not possible. 

In addition, of the 13 unidentiʭed species due to incompleteness of the 
reference database, 7 could be found in the COI NCBI database (manual 

search, 2025), suggesting that the curated database may be less complete 

in terms of species presence, but was on the other hand referenced with 
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a voucher species and could therefore be conʭrmed as the correct iden-

tiʭcation. 

However, as 9 species did have the potential to be picked up with the 

used reference database, more factors should explain mismatches be-

tween methods. One explanation is the procedure in the ʭeld as small 
diʬerences may occur in species composition between the grabs. 12 out 
of the 22 species that were not identiʭed with any DNA based method, 
had an abundance of only 1 specimen in the morphologically assigned 

grab sample. Although others with only 1 morphological assignment 

were identiʭed (see table S6), 4 species that were not found in the com-

parison, (Aonide paucibranciata, Nototrips Swammerdamei, Phyllodoce mucosa 

and Streptodonta pterochaeta) did occur in other replicas of at least one of 

the DNA based methods. This suggesting that small diʬerences between 
grabs explain the mismatch to a certain extend. 

During lab procedures biases can also occur, for example primer eʯ-

ciency have also been often reported to inʮuence metabarcoding results 
(L. M. van der Loos & Nijland, 2021). Of the 13 species that were miss-

ing in the reference database, 9 species belonged to Annelida. Annelida, 

and especially certain Polychaeta, are known to be diʯcult to sequence 
using the conventional markers because this group has high variation 

within the COI region and therefore has lower primer binding eʯciency 
(Carr et al., 2011). This have caused the COI reference databases to be 

biased towards a lower representation of Annelida. Contrariwise, as the 

primer eʯciency is lower for Annelida, it is likely that the chosen COI 
primer is not representing the taxonomic group well. This is emphasized 
by the fact that an additional 5 annelids were not detected with a DNA 

based method while they were represented in the reference database. 

Using multiple markers that are more speciʭc to certain taxonomic 
groups might therefore greatly improve the capability to detect species 

from metabarcoding methods. However, consequently this may increase 

laboratory time and costs (Cordier et al., 2019; Gielings et al., 2021; A. 

Meyer et al., 2021). Metagenomic methods can also improve the detection 

of annelids as this technique doesn’t rely on the ampliʭcation of speciʭc 
regions. Nevertheless, the metagenomics method in this study did not 

result in the retrieval of more annelids.

Other factors such as the taxonomic assignment of the species using the 
algorithms of RDP or selecting the best scoring match per query can also 

be of inʮuence as the size and training set of especially RDP inʮuences 
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the sensitivity of detecting certain species (Ritari et al., 2015). Finally, the 
taxonomic assignment of the species can be wrong. In this case however, 
this is less likely as this survey is conducted by experts and samples were 
quality controlled (see Derycke et al., 2021) suggesting that this had little 

inʮuence on the results. 

In conclusion, although DNA-based methods missed 22 species compared 

to morphological analysis, the DNA-based methods detected additional 

species that otherwise remained undetected. This is in line with previ-

ous reports, also conʭrming that DNA-based methods and morphology 
should remain complementary (Cahill et al., 2018; Kelly et al., 2017; A. 

Meyer et al., 2021). However, improvements to the databases, the use of 

multiple replicates and the choice of multi-marker approach for speciʭc 
taxonomic groups might further improve detection sensitivity and at 
some point, may surpass morphological identiʭcation. 

CONCLUSIONS

In recent years, there has been an increased interest in implement-

ing DNA-based tools into routine biodiversity monitoring practices. To 

achieve this, standardized protocols are necessary to ensure reproduc-

ibility and data robustness across studies and regions, particularly as 

sequencing technology is evolving rapidly (Van den Bulcke et al., 2023). 

In this study, we showed that similar alpha and beta diversity patterns 

were found regardless of the metabarcoding platform used. Thus, Illu-

mina MiSeq and Oxford Nanopore sequencing results are, at this stage, 
highly similar and can both be used to monitor macrobenthos biodiver-

sity, although platform speciʭc challenges remain. In addition, Nova-

Seq metagenomics has the potential for environmental monitoring and 

showed similar communities. However, metagenomics at this stage does 

not surpass metabarcoding methods, as it did not improve representation 

of abundance data, nor did it identify more species that are not eʯciently 
ampliʭed by the COI primer. Incomplete reference databases still hamper 
detection of metagenomics sequences but mismatches between morpho-

logical and DNA based ʭndings are also inʮuenced by ʭeldwork choices, 
primer biases and bioinformatics choices. These ʭndings demonstrate 
that portable, real-time Oxford Nanopore sequencing is ready to be inte-

grated for standard monitoring practices and emphasize the importance 
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of improving sequence reference databases to implement and enhance 

metagenomics methods for robust and harmonized monitoring practices.
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DATA AVAILABILITY

The raw data as well as the processed data and the used scripts includ-

ing descriptive metadata are available in the Marine data Archieve under 

https://doi.org/10.14284/682 (MiSeq), https://doi.org/10.14284/683 

(Nanopore) and https://doi.org/10.14284/684 (NovaSeq). Custom R scripts 

used for the Data Analysis can be accessed at: https://github.com/ama-

lia03/GEANS_Platform_Comparison_Scripts/blob/main/tax_geans.R. 

The data generated from the metabarcoding approach with Illumina 

MiSeq, as well as the morphological identiʭcation have been previously 
used for the publication by van der Bulke et al. 2023. The data has been 

used to compare datasets generated from the same samples with the 

same protocol in diʬerent labs. This was to show whether the methods 
were robust between institutes. In our approach however, we use the 

dataset of one lab only and the morphology data to compare this with 

other DNA based methods and sequencing platforms and therefore serves 

another purpose.
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Figure S1: RarefacƟon curves of the diīerent DNA based methods aŌer rarefacƟon for species. 
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Figure S1: Rarefaction curves of the metabarcoding methods (Illumina MiSeq, Ox-

ford Nanopore) of each location
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Unclassified, 99.77% Cnidaria, 0.22%
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Figure S2: ASV level comparison between metabarcoding methods. Comparison of 

the ASVs (MiSeq) and consensus sequences (Nanopore) that match on sequence 

level (97% identity). Table in (A) represents the percentage of matching Nano-

pore consensus sequences with MiSEq ASVs, and from those matching sequences 

the percentage of diʬerently assigned taxonomies. The pie chart represents what 
these diʬerently assigned taxonomies are for the nanopore dataset. Table in (B) 
represents the percentage of matching Illumina MiSeq ASVs with Nanopore con-

sensus sequences, and from those matching sequences the percentage of diʬer-
ently assigned taxonomies. The pie chart represents what these diʬerently as-

signed taxonomies are for the MiSeq dataset
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Figure S3: Pie charts of the found phyla for each DNA based method. (A) Illumina 

MiSeq metabarcoding (B) Nanopore MinION metabarcoding (C) Illumina Novaseq 

shotgun metagenomics (using the complete NCBI-nt (marine) database.
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Figure S4: Venn diagram of species presence between DNA-based methods and 

locations. Venn diagram of the overlapping and unique species between DNA 

based method with all species from all replicates Diagram (A) represent the over-

lap between methods in all locations, (B) location 120, (C) location 330, (D) loca-

tion 840 and (E) location ZVL.
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Supplementary Tables 

Table S1: Morphological observations of each species for each location. Columns 

size class indicate the size class of each species. Size class corrected data were 

calculated by multiply the average size class with the number of individuals.

120 330 840 ZVL Totaal sizeclass sizeclass_
average

sizeclass_
correction

Abludomelita obtusata 7 1 0 0 8 sr<10 5 40

Abra alba 3 0 0 1 4 sr11-20 15 60

Acrocnida brachiata 2 0 0 0 2 sr101-200 150 300

Aonides oxycephala 1 0 0 0 1 sr21-100 60 60

Aonides paucibranchiata 0 0 1 0 1 sr21-100 60 60

Apolochus neapolitanus 1 0 0 0 1 sr<10 5 5

Bathyporeia elegans 0 1 0 0 1 sr<10 5 5

Bathyporeia  
guilliamsoniana

0 0 1 0 1 sr<10 5 5

Capitella minima 2 0 0 0 2 sr21-100 60 120

Caulleriella alata 6 0 0 0 6 15 90

Crepidula fornicata 1 0 0 0 1 sr21-100 60 60

Diogenes pugilator 0 1 0 0 1 sr11-20 15 15

Echinocardium cordatum 2 0 0 0 2 sr21-100 60 120

Ensis leei 1 0 0 0 1 sr101-200 150 150

Eteone longa 5 0 0 0 5 sr101-200 150 750

Eumida sanguinea 11 0 0 0 11 sr21-100 60 660

Fabulina fabula 18 0 0 0 18 sr11-20 15 270

Gastrosaccus spinifer 1 1 2 0 4 sr11-20 15 60

Glycera lapidum 0 2 0 0 2 sr101-200 150 300

Glycera tridactyla 3 0 0 0 3 sr11-20 15 45

Harmothoe glabra 3 0 0 0 3 sr21-100 60 180

Hesionura  
elongata

0 4 1 0 5 sr11-20 15 75

Kurtiella  
bidentata

5 0 0 0 5 sr<10 5 25

Lagis koreni 1 0 0 0 1 sr21-100 60 60

Limecola balthica 0 0 0 5 5 sr11-20 15 75

Liocarcinus holsatus 1 0 0 0 1 sr21-100 60 60

Liocarcinus marmoreus 0 0 1 0 1 sr21-100 60 60

Magelona johnstoni 15 0 0 0 15 sr21-100 60 900
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Table S1: Morphological observations of each species for each location. Columns 

size class indicate the size class of each species. Size class corrected data were 

calculated by multiply the average size class with the number of individuals. 

(continued)

120 330 840 ZVL Totaal sizeclass sizeclass_
average

sizeclass_
correction

Mediomastus fragilis 20 1 0 0 21 sr21-100 60 1260

Monocorophium acheru-
sicum

0 2 0 0 2 sr<10 5 10

Mytilus edulis 3 0 0 0 3 sr21-100 60 180

Nephtys cirrosa 0 4 1 0 5 sr101-200 150 750

Nephtys hombergii 4 0 0 0 4 sr101-200 150 600

Notomastus latericeus 17 0 1 0 18 sr201-500 350 6300

Nototropis swammerdami 0 2 0 0 2 sr<10 5 10

Ophiura albida 1 0 0 0 1 sr21-100 60 60

Ophiura ophiura 5 0 0 0 5 sr21-100 60 300

Owenia fusiformis 6 0 0 0 6 sr201-500 350 2100

Pagurus bernhardus 1 0 0 0 1 sr21-100 60 60

Pariambus typicus 11 0 0 0 11 sr<10 5 55

Petricolaria pholadiformis 0 0 0 1 1 sr21-100 60 60

Pholoe baltica 2 0 0 0 2 sr11-20 15 30

Phyllodoce mucosa 1 0 0 0 1 sr101-200 150 150

Pisidia longicornis 0 0 2 0 2 sr11-20 15 30

Protodriloides chaetifer 0 1 0 0 1 sr11-20 15 15

Pseudopolydora pulchra 1 0 0 0 1 15 15

Sigalion mathildae 1 0 0 0 1 sr101-200 150 150

Spiophanes bombyx 5 0 0 0 5 sr21-100 60 300

Spirobranchus lamarckii 1 0 0 0 1 sr11-20 15 15

Spisula elliptica 0 1 0 0 1 sr11-20 15 15

Sthenelais boa 2 0 0 0 2 sr101-200 150 300

Streptodonta pterochaeta 0 0 1 0 1 sr11-20 15 15

Tanaissus lilljeborgi 0 0 1 0 1 sr<10 5 5

Tellimya ferruginosa 7 0 0 0 7 sr<10 5 35

Tryphosa nana 1 0 0 0 1 sr<10 5 5

Urothoe brevicornis 0 12 0 0 12 sr<10 5 60

Venerupis corrugata 2 0 0 0 2 sr21-100 60 120

Total species number 39 13 10 3
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Table S2: Volumes of initial material for extraction. Start volume of BULK mate-

rial for each extraction. Samples labeled DNA were used directly as DNA extracts.

Sample material received from ILVO 

Metagenomics (Nord university) Amplicons (Naturalis)

120A 6ml 6ml

120B 6ml 6ml

120C 6ml 6ml

330A 6ml 6ml

330B 6ml 6ml

330C 6ml 6ml

840A 6ml 6ml

840B 6ml 6ml

840C 6ml DNA82 +DNA83+DNA84

ZVLA 2ml + DNA32 +DNA57 DNA32 
+DNA86**+DNA87***

ZVLB 6ml 6ml

ZVLC 6ml DNA93+DNA95+DNA96

Where the "DNA" sample refers to the respective DNA extracts directly obtained from 
ILVO see publication 

Van den Bulcke, L., De Backer, A., Wittoeck, J., Beentjes, K., Maes, S., Christodoulou, M., 
... & Derycke, S. (2023). DNA metabarcoding on repeat: Sequencing data of marine mac-
robenthos are reproducible and robust across labs and protocols. Ecological Indicators, 
150, 110207.

** 8 ul

*** 5 ul
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Table S3: read count before and after porocessing for each DNA based method

DNA Method Sample Output Reads Filtered reads Assembled contigs/reads for 
taxonomy

novaseq 120A 325601204 280039801 4849167

novaseq 120B 227831344 206654794 2615230

novaseq 120C 294266452 249606555 3869151

novaseq 330A 259484921 189759557 3157847

novaseq 330B 370625502 290446200 5196941

novaseq 330C 241406566 235315213 3598688

novaseq 840A 407105954 297489186 5457584

novaseq 840B 407293585 290899142 4937478

novaseq 840C 138941208 92321117 2224152

novaseq ZVLA 326501645 240071589 4747334

novaseq ZVLB 15323971 11938131 144745

novaseq ZVLC 46034768 40979188 544434

ILLumina 120A 797248 706309 677582

ILLumina 120B 782399 677298 652431

ILLumina 120C 766004 670603 642446

ILLumina 330A 726463 651547 640904

ILLumina 330B 691436 590555 576895

ILLumina 330C 920456 822291 813114

ILLumina 840A 886151 796760 789261

ILLumina 840B 1419428 1223034 1190692

ILLumina 840C 531724 471231 468239

ILLumina ZVLA 948577 826367 708023

ILLumina ZVLB 1208840 807457 744530

ILLumina ZVLC 527361 448957 426877

Nanopore 120A 104493 65369 64212

Nanopore 120B 213119 164664 81156

Nanopore 120C 205291 153795 106256

Nanopore 330A 159996 124071 120255

Nanopore 330B 242368 190046 102981

Nanopore 330C 281977 217043 111843

Nanopore 840A 85183 65486 65160

Nanopore 840B 143013 111683 56858

Nanopore 840C 351204 266695 1155

Nanopore ZVLA 89920 69987 69939
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Table S3: read count before and after porocessing for each DNA based method 

(continued)

DNA Method Sample Output Reads Filtered reads Assembled contigs/reads for 
taxonomy

Nanopore ZVLB 122271 93042 92822

Nanopore ZVLC 427182 319504 319216
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Table S4: 2 way anova between location and DNA based method. Yellow is  

non-signiʭcant observations. This is for NovaSeq alignment length >= 100 and  
max counts >=5

Species richness

Two way analysis of Variance

Df Sum Sq Mean Sq F value Pr(>F)

Location 3 2147,194 715,731 104,741 6,35E-14

Method 2 21,5 10,75 1,573 0,22803

Location 
*Method

6 178,1 29,6759 4,3428 0,0042

Residuals 24 164 6,833 NA NA

Tukey HSD

diʬ lwr upr p adj

Location 330-120 -14,667 -18,066 -11,267 8,69E-11

840-120 -15,222 -18,622 -11,823 4,02E-11

ZVL-120 -20,889 -24,288 -17,490 6,67E-14

840-330 -0,556 -3,955 2,844 0,9688

ZVL-330 -6,222 -9,622 -2,823 0,0002

ZVL-840 -5,667 -9,066 -2,267 0,0006

Method Nanopore-Miseq 1,5 -1,165073281 4,165073281 0,3540

Novaseq-Miseq 1,75 -0,915073281 4,415073281 0,2489

Novaseq-Nanopore 0,25 -2,415073281 2,915073281 0,9702

Location 
*Method

330:Miseq-120:Miseq -13 -20,69576401 -5,304235985 0,000142241

840:Miseq-120:Miseq -12,66666667 -20,36243068 -4,970902652 0,000206591

ZVL:Miseq-120:Miseq -21 -28,69576401 -13,30423599 3,94E-08

120:Nanopore-120:Miseq 7 -0,695764015 14,69576401 0,09861977

330:Nanopore-120:Miseq -12 -19,69576401 -4,304235985 0,00043753

840:Nanopore-120:Miseq -15,33333333 -23,02909735 -7,637569319 1,10E-05

ZVL:Nanopore-120:Miseq -20,33333333 -28,02909735 -12,63756932 7,31E-08

120:NovaSeq-120:Miseq -0,666666667 -8,362430681 7,029097348 0,999999962

330:NovaSeq-120:Miseq -12,66666667 -20,36243068 -4,970902652 0,000206591

840:NovaSeq-120:Miseq -11,33333333 -19,02909735 -3,637569319 0,000929611

ZVL:NovaSeq-120:Miseq -15 -22,69576401 -7,304235985 1,58E-05

840:Miseq-330:Miseq 0,333333333 -7,362430681 8,029097348 1

ZVL:Miseq-330:Miseq -8 -15,69576401 -0,304235985 0,036644699

120:Nanopore-330:Miseq 20 12,30423599 27,69576401 1,00E-07

330:Nanopore-330:Miseq 1 -6,695764015 8,695764015 0,999997286

840:Nanopore-330:Miseq -2,333333333 -10,02909735 5,362430681 0,99212168

ZVL:Nanopore-330:Miseq -7,333333333 -15,02909735 0,362430681 0,071656116
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Shannon Diversity

Two way analysis of Variance

Df Sum Sq Mean Sq F value Pr(>F)

Location 3 19,80109948 6,600366492 104,4904668 6,52E-14

Method 2 0,923845532 0,461922766 7,312703852 0,003311753

Location 
*Method

6 2,906149381 0,48435823 7,667879903 0,000112189

Residuals 24 1,516011945 0,063167164 NA NA

Tukey HSD

diʬ lwr upr p adj

Location 330-120 -0,918261598 -1,245097344 -0,591425852 3,17E-07

840-120 -0,964419846 -1,291255591 -0,6375841 1,34E-07

ZVL-120 -2,091941413 -2,418777159 -1,765105667 3,97E-14

840-330 -0,046158248 -0,372993994 0,280677498 0,979

ZVL-330 -1,173679816 -1,500515561 -0,84684407 3,44E-09

ZVL-840 -1,127521568 -1,454357314 -0,800685822 7,46E-09

Method Nanopore-Miseq 0,120096285 -0,136138769 0,376331339 0,4817

Novaseq-Miseq 0,383565303 0,127330249 0,639800357 0,0028

Novaseq-Nanopore 0,263469018 0,007233964 0,519704072 0,0430

Location 
*Method

330:Miseq-120:Miseq -0,834021778 -1,573935582 -0,094107975 0,01798464

840:Miseq-120:Miseq -0,861942014 -1,601855817 -0,12202821 0,013136852

ZVL:Miseq-120:Miseq -2,523638262 -3,263552066 -1,783724459 4,50E-10

120:Nanopore-120:Miseq 0,329287588 -0,410626215 1,069201392 0,891121373

330:Nanopore-120:Miseq -0,775242905 -1,515156708 -0,035329101 0,034322905

840:Nanopore-120:Miseq -0,968909476 -1,70882328 -0,228995673 0,00383375

ZVL:Nanopore-120:Miseq -2,324352123 -3,064265926 -1,584438319 2,43E-09

120:Novaseq-120:Miseq -0,009360398 -0,749274202 0,730553405 1

330:Novaseq-120:Miseq -0,82559292 -1,565506724 -0,085679117 0,019757431

840:Novaseq-120:Miseq -0,742480857 -1,482394661 -0,002567054 0,048669335

ZVL:Novaseq-120:Miseq -1,107906665 -1,847820469 -0,367992862 0,00074991

840:Miseq-330:Miseq -0,027920235 -0,767834039 0,711993568 1

ZVL:Miseq-330:Miseq -1,689616484 -2,429530287 -0,94970268 1,07E-06

120:Nanopore-330:Miseq 1,163309367 0,423395563 1,90322317 0,000391086

330:Nanopore-330:Miseq 0,058778874 -0,68113493 0,798692677 0,999999985

840:Nanopore-330:Miseq -0,134887698 -0,874801501 0,605026106 0,999917709

ZVL:Nanopore-330:Miseq -1,490330344 -2,230244148 -0,750416541 9,24E-06
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Table S4: 2 way anova between location and DNA based method. Yellow is  

non-signiʭcant observations. This is for NovaSeq alignment length >= 100 and  
max counts >=5 (continued)

Species richness

Two way analysis of Variance

120:NovaSeq-330:Miseq 12,33333333 4,637569319 20,02909735 0,000300478

330:NovaSeq-330:Miseq 0,333333333 -7,362430681 8,029097348 1

840:NovaSeq-330:Miseq 1,666666667 -6,029097348 9,362430681 0,999574857

ZVL:NovaSeq-330:Miseq -2 -9,695764015 5,695764015 0,997812402

ZVL:Miseq-840:Miseq -8,333333333 -16,02909735 -0,637569319 0,025869397

120:Nanopore-840:Miseq 19,66666667 11,97090265 27,36243068 1,37E-07

330:Nanopore-840:Miseq 0,666666667 -7,029097348 8,362430681 0,999999962

840:Nanopore-840:Miseq -2,666666667 -10,36243068 5,029097348 0,978260688

ZVL:Nanopore-840:Miseq -7,666666667 -15,36243068 0,029097348 0,051488093

120:NovaSeq-840:Miseq 12 4,304235985 19,69576401 0,00043753

330:NovaSeq-840:Miseq 3,55E-15 -7,695764015 7,695764015 1

840:NovaSeq-840:Miseq 1,333333333 -6,362430681 9,029097348 0,999950054

ZVL:NovaSeq-840:Miseq -2,333333333 -10,02909735 5,362430681 0,99212168

120:Nanopore-ZVL:Miseq 28 20,30423599 35,69576401 1,16E-10

330:Nanopore-ZVL:Miseq 9 1,304235985 16,69576401 0,01264512

840:Nanopore-ZVL:Miseq 5,666666667 -2,029097348 13,36243068 0,304987868

ZVL:Nanopore-ZVL:Miseq 0,666666667 -7,029097348 8,362430681 0,999999962

120:NovaSeq-ZVL:Miseq 20,33333333 12,63756932 28,02909735 7,31E-08

330:NovaSeq-ZVL:Miseq 8,333333333 0,637569319 16,02909735 0,025869397

840:NovaSeq-ZVL:Miseq 9,666666667 1,970902652 17,36243068 0,006066277

ZVL:NovaSeq-ZVL:Miseq 6 -1,695764015 13,69576401 0,236138163

330:Nanopore-120:Nanopore -19 -26,69576401 -11,30423599 2,61E-07

840:Nanopore-120:Nanopore -22,33333333 -30,02909735 -14,63756932 1,18E-08

ZVL:Nanopore-120:Nanopore -27,33333333 -35,02909735 -19,63756932 1,93E-10

120:NovaSeq-120:Nanopore -7,666666667 -15,36243068 0,029097348 0,051488093

330:NovaSeq-120:Nanopore -19,66666667 -27,36243068 -11,97090265 1,37E-07

840:NovaSeq-120:Nanopore -18,33333333 -26,02909735 -10,63756932 5,02E-07

ZVL:NovaSeq-120:Nanopore -22 -29,69576401 -14,30423599 1,59E-08

840:Nanopore-330:Nanopore -3,333333333 -11,02909735 4,362430681 0,906661921

ZVL:Nanopore-330:Nanopore -8,333333333 -16,02909735 -0,637569319 0,025869397

120:NovaSeq-330:Nanopore 11,33333333 3,637569319 19,02909735 0,000929611

330:NovaSeq-330:Nanopore -0,666666667 -8,362430681 7,029097348 0,999999962

840:NovaSeq-330:Nanopore 0,666666667 -7,029097348 8,362430681 0,999999962

ZVL:NovaSeq-330:Nanopore -3 -10,69576401 4,695764015 0,951153982

ZVL:Nanopore-840:Nanopore -5 -12,69576401 2,695764015 0,476148818
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Shannon Diversity

Two way analysis of Variance

120:Novaseq-330:Miseq 0,82466138 0,084747576 1,564575184 0,019963284

330:Novaseq-330:Miseq 0,008428858 -0,731484945 0,748342662 1

840:Novaseq-330:Miseq 0,091540921 -0,648372882 0,831454725 0,999998369

ZVL:Novaseq-330:Miseq -0,273884887 -1,01379869 0,466028917 0,965413301

ZVL:Miseq-840:Miseq -1,661696249 -2,401610052 -0,921782445 1,44E-06

120:Nanopore-840:Miseq 1,191229602 0,451315798 1,931143405 0,000281961

330:Nanopore-840:Miseq 0,086699109 -0,653214694 0,826612913 0,999999075

840:Nanopore-840:Miseq -0,106967462 -0,846881266 0,632946341 0,999991884

ZVL:Nanopore-840:Miseq -1,462410109 -2,202323912 -0,722496305 1,26E-05

120:Novaseq-840:Miseq 0,852581615 0,112667812 1,592495419 0,014602006

330:Novaseq-840:Miseq 0,036349093 -0,70356471 0,776262897 1

840:Novaseq-840:Miseq 0,119461156 -0,620452647 0,85937496 0,999975225

ZVL:Novaseq-840:Miseq -0,245964652 -0,985878455 0,493949152 0,983976498

120:Nanopore-ZVL:Miseq 2,852925851 2,113012047 3,592839654 3,34E-11

330:Nanopore-ZVL:Miseq 1,748395358 1,008481554 2,488309161 5,81E-07

840:Nanopore-ZVL:Miseq 1,554728786 0,814814983 2,29464259 4,55E-06

ZVL:Nanopore-ZVL:Miseq 0,19928614 -0,540627664 0,939199943 0,997028242

120:Novaseq-ZVL:Miseq 2,514277864 1,77436406 3,254191667 4,86E-10

330:Novaseq-ZVL:Miseq 1,698045342 0,958131538 2,437959145 9,82E-07

840:Novaseq-ZVL:Miseq 1,781157405 1,041243601 2,521071208 4,15E-07

ZVL:Novaseq-ZVL:Miseq 1,415731597 0,675817793 2,1556454 2,13E-05

330:Nanopore-120:Nanopore -1,104530493 -1,844444296 -0,364616689 0,000780296

840:Nanopore-120:Nanopore -1,298197064 -2,038110868 -0,558283261 8,13E-05

ZVL:Nanopore-120:Nanopore -2,653639711 -3,393553514 -1,913725907 1,57E-10

120:Novaseq-120:Nanopore -0,338647987 -1,07856179 0,401265817 0,873028949

330:Novaseq-120:Nanopore -1,154880509 -1,894794312 -0,414966705 0,000431747

840:Novaseq-120:Nanopore -1,071768446 -1,811682249 -0,331854642 0,00114732

ZVL:Novaseq-120:Nanopore -1,437194254 -2,177108057 -0,69728045 1,67E-05

840:Nanopore-330:Nanopore -0,193666571 -0,933580375 0,546247232 0,997673578

ZVL:Nanopore-330:Nanopore -1,549109218 -2,289023022 -0,809195414 4,84E-06

120:Novaseq-330:Nanopore 0,765882506 0,025968703 1,50579631 0,037958546

330:Novaseq-330:Nanopore -0,050350016 -0,790263819 0,689563788 0,999999997

840:Novaseq-330:Nanopore 0,032762047 -0,707151756 0,772675851 1

ZVL:Novaseq-330:Nanopore -0,332663761 -1,072577564 0,407250043 0,884780177

ZVL:Nanopore-840:Nanopore -1,355442647 -2,09535645 -0,615528843 4,22E-05
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Table S4: 2 way anova between location and DNA based method. Yellow is  

non-signiʭcant observations. This is for NovaSeq alignment length >= 100 and  
max counts >=5 (continued)

Species richness

Two way analysis of Variance

120:NovaSeq-840:Nanopore 14,66666667 6,970902652 22,36243068 2,27E-05

330:NovaSeq-840:Nanopore 2,666666667 -5,029097348 10,36243068 0,978260688

840:NovaSeq-840:Nanopore 4 -3,695764015 11,69576401 0,763067013

ZVL:NovaSeq-840:Nanopore 0,333333333 -7,362430681 8,029097348 1

120:NovaSeq-ZVL:Nanopore 19,66666667 11,97090265 27,36243068 1,37E-07

330:NovaSeq-ZVL:Nanopore 7,666666667 -0,029097348 15,36243068 0,051488093

840:NovaSeq-ZVL:Nanopore 9 1,304235985 16,69576401 0,01264512

ZVL:Novaseq-ZVL:Nanopore 5,333333333 -2,362430681 13,02909735 0,385601932

330:NovaSeq-120:NovaSeq -12 -19,69576401 -4,304235985 0,00043753

840:NovaSeq-120:NovaSeq -10,66666667 -18,36243068 -2,970902652 0,00197538

ZVL:NovaSeq-120:NovaSeq -14,33333333 -22,02909735 -6,637569319 3,26E-05

840:NovaSeq-330:NovaSeq 1,333333333 -6,362430681 9,029097348 0,999950054

ZVL:NovaSeq-330:NovaSeq -2,333333333 -10,02909735 5,362430681 0,99212168

ZVL:NovaSeq-840:NovaSeq -3,666666667 -11,36243068 4,029097348 0,843313669
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Shannon Diversity

Two way analysis of Variance

120:Novaseq-840:Nanopore 0,959549078 0,219635274 1,699462881 0,004275535

330:Novaseq-840:Nanopore 0,143316556 -0,596597248 0,883230359 0,999852026

840:Novaseq-840:Nanopore 0,226428619 -0,513485185 0,966342422 0,991520873

ZVL:Novaseq-840:Nanopore -0,138997189 -0,878910993 0,600916614 0,999889843

120:Novaseq-ZVL:Nanopore 2,314991724 1,575077921 3,054905528 2,64E-09

330:Novaseq-ZVL:Nanopore 1,498759202 0,758845399 2,238673006 8,42E-06

840:Novaseq-ZVL:Nanopore 1,581871265 0,841957462 2,321785069 3,39E-06

ZVL:Novaseq-ZVL:Nanopore 1,216445457 0,476531654 1,956359261 0,000209991

330:Novaseq-120:Novaseq -0,816232522 -1,556146325 -0,076318718 0,021921077

840:Novaseq-120:Novaseq -0,733120459 -1,473034262 0,006793345 0,053683864

ZVL:Novaseq-120:Novaseq -1,098546267 -1,83846007 -0,358632463 0,000837217

840:Novaseq-330:Novaseq 0,083112063 -0,656801741 0,823025866 0,999999406

ZVL:Novaseq-330:Novaseq -0,282313745 -1,022227549 0,457600058 0,957577672

ZVL:Novaseq-840:Novaseq -0,365425808 -1,105339612 0,374487996 0,812843902
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Table S6: Presence absence of each species in each DNA based method, to which  

Phylum the belong and the read count.
Only replicates that were identiʭed morphologically were used to determine presence/ 
absesnce of gener and species (replicates 120B, 330C, 840C, ZVLA) 

Abundance is based on Counts for the morphological analysis and OTU alignments for  

Naturalis and Nanopore 

Table of all species and their total abundance for the Miseq, Nanopore and Novaseq methods.

Morphology Miseq Nanopore NovaSeq Abundance Phylum

Abludomelita obtusata TRUE FALSE FALSE FALSE 8, 0, 0, 0 Arthropoda

Abra alba TRUE TRUE TRUE TRUE 4, 25, 17, 6596 Mollusca

Acraspedanthus ferax FALSE FALSE FALSE TRUE 0, 0, 0, 7 Cnidaria

Acrocnida brachiata TRUE TRUE FALSE TRUE 2, 719, 0, 117 Echinodermata

Actinia tenebrosa FALSE FALSE FALSE TRUE 0, 0, 0, 2182 Cnidaria

Aonides oxycephala TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Aonides paucibranchiata TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Apolochus neapolitanus TRUE FALSE FALSE FALSE 1, 0, 0, 0 Arthropoda

Bathyporeia elegans TRUE TRUE TRUE FALSE 1, 434, 109, 0 Arthropoda

Bathyporeia guilliamsoniana TRUE TRUE TRUE FALSE 1, 4781, 89, 0 Arthropoda

Bathyporeia sp. FALSE FALSE FALSE TRUE 0, 0, 0, 53 Arthropoda

Capitella minima TRUE FALSE FALSE FALSE 2, 0, 0, 0 Annelida

Caulleriella alata TRUE FALSE FALSE FALSE 6, 0, 0, 0 Annelida

Crepidula fornicata TRUE TRUE TRUE TRUE 1, 287, 104, 1787 Mollusca

Cylista troglodytes FALSE TRUE TRUE FALSE 0, 13271, 22912, 0 Cnidaria

Diogenes pugilator TRUE TRUE TRUE TRUE 1, 29, 16, 10420 Arthropoda

Echinocardium cordatum TRUE TRUE TRUE TRUE 2, 5184, 6834, 7895 Echinodermata

Echinocyamus pusillus FALSE TRUE FALSE TRUE 0, 14, 0, 4 Echinodermata

Electra pilosa FALSE FALSE TRUE FALSE 0, 0, 1, 0 Bryozoa

Ensis leei TRUE FALSE TRUE TRUE 1, 0, 77, 10654 Mollusca

Eteone longa TRUE FALSE FALSE FALSE 5, 0, 0, 0 Annelida

Eucheilota maculata FALSE FALSE TRUE FALSE 0, 0, 21, 0 Cnidaria

Eumida mackiei FALSE TRUE TRUE FALSE 0, 3, 23, 0 Annelida

Eumida sanguinea TRUE FALSE FALSE FALSE 11, 0, 0, 0 Annelida

Eunereis longissima FALSE FALSE TRUE FALSE 0, 0, 1, 0 Annelida

Fabulina fabula TRUE FALSE TRUE FALSE 18, 0, 8, 0 Mollusca

Gastrosaccus spinifer TRUE TRUE TRUE FALSE 4, 2670, 2466, 0 Arthropoda

Glycera alba FALSE FALSE FALSE TRUE 0, 0, 0, 4 Annelida

Glycera lapidum TRUE FALSE FALSE TRUE 2, 0, 0, 779 Annelida

Glycera tridactyla TRUE FALSE FALSE TRUE 3, 0, 0, 5 Annelida

Haloclava producta FALSE FALSE FALSE TRUE 0, 0, 0, 23 Cnidaria
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Species Miseq Nanopore NovaSeq Abundance
(read count)

Phylum In 
GEANS

1 Abra alba TRUE TRUE TRUE 181, 78, 8884 Mollusca TRUE

2 Acraspedanthus ferax FALSE FALSE TRUE 0, 0, 7 Cnidaria FALSE

3 Acrocnida brachiata TRUE FALSE TRUE 719, 0, 117 Echinodermata TRUE

4 Actinia tenebrosa FALSE FALSE TRUE 0, 0, 10342 Cnidaria FALSE

5 Anapagurus laevis TRUE TRUE TRUE 1333, 11169, 205 Arthropoda TRUE

6 Aonides paucibranchiata TRUE TRUE FALSE 23, 70, 0 Annelida TRUE

7 Asbjornsenia pygmaea TRUE FALSE FALSE 8, 0, 0 Mollusca TRUE

8 Bathyporeia elegans TRUE TRUE FALSE 10279, 1510, 0 Arthropoda TRUE

9 Bathyporeia guilliamsoniana TRUE TRUE FALSE 7157, 2367, 0 Arthropoda TRUE

10 Bathyporeia sp. FALSE FALSE TRUE 0, 0, 7650 Arthropoda FALSE

11 Cirriformia sp. FALSE FALSE TRUE 0, 0, 481 Annelida FALSE

12 Cirriformia tentaculata FALSE FALSE TRUE 0, 0, 117 Annelida FALSE

13 Crepidula fornicata TRUE TRUE TRUE 523, 127, 4104 Mollusca TRUE

14 Cylista troglodytes TRUE TRUE FALSE 47865, 75594, 0 Cnidaria TRUE

15 Diadumene lineata FALSE FALSE TRUE 0, 0, 4242 Cnidaria TRUE

16 Diogenes pugilator TRUE TRUE TRUE 29, 16, 14217 Arthropoda TRUE

17 Echinocardium cordatum TRUE TRUE TRUE 16959, 21977, 21880 Echinodermata TRUE

18 Echinocyamus pusillus TRUE FALSE TRUE 17, 0, 8 Echinodermata TRUE

19 Ectopleura dumortierii FALSE FALSE TRUE 0, 0, 158 Cnidaria FALSE

20 Ectopleura larynx FALSE FALSE TRUE 0, 0, 54 Cnidaria TRUE

21 Electra pilosa TRUE TRUE TRUE 2, 12, 2 Bryozoa TRUE

22 Ensis leei TRUE TRUE TRUE 3, 548, 41939 Mollusca TRUE

23 Eucheilota maculata TRUE TRUE FALSE 5, 116, 0 Cnidaria TRUE

24 Eumida mackiei TRUE TRUE FALSE 9, 153, 0 Annelida TRUE

25 Eunereis longissima FALSE TRUE FALSE 0, 1, 0 Annelida TRUE

26 Eutima gegenbauri FALSE FALSE TRUE 0, 0, 4 Cnidaria FALSE

27 Exaiptasia pallida FALSE FALSE TRUE 0, 0, 60 Cnidaria FALSE

28 Fabulina fabula FALSE TRUE FALSE 0, 14, 0 Mollusca TRUE

29 Gastrosaccus spinifer TRUE TRUE FALSE 8075, 4512, 0 Arthropoda TRUE

30 Glycera alba FALSE FALSE TRUE 0, 0, 4 Annelida FALSE

31 Glycera lapidum FALSE FALSE TRUE 0, 0, 779 Annelida FALSE
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Table S6: Presence absence of each species in each DNA based method, to which  

Phylum the belong and the read count. (continued)

Morphology Miseq Nanopore NovaSeq Abundance Phylum

Harmothoe glabra TRUE FALSE FALSE FALSE 3, 0, 0, 0 Annelida

Hesionura elongata TRUE TRUE FALSE FALSE 5, 27, 0, 0 Annelida

Hormathia digitata FALSE FALSE FALSE TRUE 0, 0, 0, 56151 Cnidaria

Jesogammarus spinopalpus FALSE FALSE FALSE TRUE 0, 0, 0, 53 Arthropoda

Kurtiella bidentata TRUE FALSE FALSE FALSE 5, 0, 0, 0 Mollusca

Lagis koreni TRUE TRUE TRUE FALSE 1, 17, 80, 0 Annelida

Liocarcinus holsatus TRUE TRUE TRUE FALSE 1, 1642, 98, 0 Arthropoda

Liocarcinus marmoreus TRUE TRUE FALSE TRUE 1, 138, 0, 1339 Arthropoda

Loimia ramzega FALSE FALSE TRUE FALSE 0, 0, 1, 0 Annelida

Macoma balthica TRUE TRUE TRUE TRUE 5, 25066, 48475, 124943 Mollusca

Magelona johnstoni TRUE TRUE FALSE FALSE 15, 37, 0, 0 Annelida

Magelona mirabilis FALSE TRUE TRUE FALSE 0, 14, 383, 0 Annelida

Malmgrenia lunulata FALSE FALSE TRUE FALSE 0, 0, 1, 0 Annelida

Mediomastus fragilis TRUE FALSE FALSE FALSE 21, 0, 0, 0 Annelida

Membranipora membranacea FALSE TRUE TRUE FALSE 0, 5, 40, 0 Bryozoa

Metridium senile FALSE FALSE FALSE TRUE 0, 0, 0, 3 Cnidaria

Microprotopus maculatus FALSE FALSE TRUE FALSE 0, 0, 7, 0 Arthropoda

Moerella iridescens FALSE FALSE FALSE TRUE 0, 0, 0, 1253 Mollusca

Monocorophium acherusicum TRUE TRUE TRUE FALSE 2, 2, 16, 0 Arthropoda

Mytilus edulis TRUE FALSE FALSE FALSE 3, 0, 0, 0 Mollusca

Mytilus sp. FALSE FALSE FALSE TRUE 0, 0, 0, 4 Mollusca

Nephtys assimilis FALSE TRUE TRUE FALSE 0, 2, 18, 0 Annelida

Nephtys cirrosa TRUE TRUE TRUE TRUE 5, 30361, 62484, 21142 Annelida

Nephtys hombergii TRUE TRUE TRUE TRUE 4, 177, 1261, 72 Annelida

Notomastus latericeus TRUE FALSE TRUE FALSE 18, 0, 14, 0 Annelida

Nototropis swammerdamei FALSE TRUE TRUE FALSE 0, 2, 66, 133 Arthropoda

Nototropis swammerdami TRUE FALSE FALSE FALSE 2, 0, 0, 0 Arthropoda

Ophiothrix fragilis FALSE TRUE TRUE FALSE 0, 9, 87, 0 Echinodermata

Ophiura albida TRUE TRUE TRUE TRUE 1, 713, 942, 1870 Echinodermata

Ophiura ophiura TRUE TRUE TRUE TRUE 5, 177, 4224, 2269 Echinodermata

Other FALSE FALSE TRUE FALSE 0, 0, 10183, 0 N/A

Owenia fusiformis TRUE TRUE TRUE TRUE 6, 23, 2213, 1396 Annelida

Pagurus bernhardus TRUE TRUE TRUE TRUE 1, 17, 202, 72 Arthropoda

Pariambus typicus TRUE TRUE TRUE FALSE 11, 4, 15, 0 Arthropoda

Petricolaria pholadiformis TRUE FALSE FALSE FALSE 1, 0, 0, 0 Mollusca
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Species Miseq Nanopore NovaSeq Abundance
(read count)

Phylum In 
GEANS

32 Glycera sp. FALSE FALSE TRUE 0, 0, 3 Annelida FALSE

33 Glycera tridactyla FALSE FALSE TRUE 0, 0, 350 Annelida FALSE

34 Haloclava producta FALSE FALSE TRUE 0, 0, 1903 Cnidaria FALSE

35 Hesionura elongata TRUE FALSE FALSE 78, 0, 0 Annelida TRUE

36 Hormathia digitata FALSE FALSE TRUE 0, 0, 69855 Cnidaria TRUE

37 Hubrechtella juliae FALSE FALSE TRUE 0, 0, 6 Nemertea FALSE

38 Jesogammarus spinopalpus FALSE FALSE TRUE 0, 0, 433 Arthropoda FALSE

39 Lagis koreni TRUE TRUE FALSE 19, 88, 0 Annelida TRUE

40 Lanice conchilega TRUE TRUE FALSE 136, 109, 0 Annelida TRUE

41 Liocarcinus holsatus TRUE TRUE FALSE 1642, 98, 0 Arthropoda TRUE

42 Liocarcinus marmoreus TRUE TRUE TRUE 550, 4, 2454 Arthropoda TRUE

43 Liponema brevicornis FALSE FALSE TRUE 0, 0, 20 Cnidaria FALSE

44 Loimia ramzega FALSE TRUE TRUE 0, 89, 1213 Annelida TRUE

45 Lutraria lutraria TRUE FALSE TRUE 1, 0, 1632 Mollusca TRUE

46 Macoma balthica TRUE TRUE TRUE 84939, 143941, 143331 Mollusca TRUE

47 Macoma calcarea FALSE FALSE TRUE 0, 0, 10491 Mollusca FALSE

48 Magallana gigas TRUE FALSE FALSE 2, 0, 0 Mollusca TRUE

49 Magelona johnstoni TRUE TRUE TRUE 113, 1, 3 Annelida TRUE

50 Magelona mirabilis TRUE TRUE TRUE 14, 751, 153 Annelida TRUE

51 Malmgrenia lunulata FALSE TRUE FALSE 0, 1, 0 Annelida TRUE

52 Malmgrenia sp. TRUE FALSE FALSE 1, 0, 0 Annelida FALSE

53 Megaluropus agilis TRUE FALSE FALSE 2, 0, 0 Arthropoda TRUE

54 Membranipora membranacea TRUE TRUE FALSE 21, 73, 0 Bryozoa TRUE

55 Metridium senile FALSE FALSE TRUE 0, 0, 17148 Cnidaria TRUE

56 Microprotopus maculatus FALSE TRUE FALSE 0, 13, 0 Arthropoda TRUE

57 Moerella iridescens FALSE FALSE TRUE 0, 0, 1443 Mollusca FALSE

58 Monocorophium acherusicum TRUE TRUE FALSE 2, 16, 0 Arthropoda TRUE

59 Mytilus sp. FALSE FALSE TRUE 0, 0, 4 Mollusca FALSE

60 Nephtys assimilis TRUE TRUE FALSE 2, 19, 0 Annelida TRUE

61 Nephtys cirrosa TRUE TRUE TRUE 65397, 130743, 44036 Annelida TRUE

62 Nephtys hombergii TRUE TRUE TRUE 562, 2783, 89 Annelida TRUE

63 Nephtys sp. FALSE FALSE TRUE 0, 0, 9 Annelida FALSE

64 Notomastus latericeus TRUE TRUE FALSE 13, 31, 0 Annelida TRUE

65 Nototropis swammerdamei TRUE TRUE FALSE 2, 66, 133 Arthropoda TRUE

66 Ophelia borealis TRUE TRUE FALSE 360, 18904, 0 Annelida TRUE
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Table S6: Presence absence of each species in each DNA based method, to which  

Phylum the belong and the read count. (continued)

Morphology Miseq Nanopore NovaSeq Abundance Phylum

Pholoe baltica TRUE TRUE TRUE FALSE 2, 6, 64, 0 Annelida

Phyllodoce mucosa TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Pinnotheres pisum FALSE TRUE TRUE TRUE 0, 218, 1179, 28 Arthropoda

Pisidia longicornis TRUE TRUE TRUE TRUE 2, 300, 398, 1060 Arthropoda

Pocillopora damicornis FALSE FALSE FALSE TRUE 0, 0, 0, 20 Cnidaria

Poecilochaetus serpens FALSE FALSE TRUE FALSE 0, 0, 1, 0 Annelida

Polybius henslowii FALSE FALSE FALSE TRUE 0, 0, 0, 6212 Arthropoda

Pomacea canaliculata FALSE FALSE FALSE TRUE 0, 0, 0, 116 Mollusca

Protodriloides chaetifer TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Psammechinus miliaris FALSE FALSE TRUE FALSE 0, 0, 3, 0 Echinodermata

Pseudopolydora pulchra TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Sabellaria spinulosa FALSE FALSE TRUE FALSE 0, 0, 4, 0 Annelida

Sagartia ornata FALSE FALSE FALSE TRUE 0, 0, 0, 8 Cnidaria

Scolelepis bonnieri FALSE TRUE TRUE FALSE 0, 13631, 21870, 0 Annelida

Scoloplos armiger FALSE FALSE TRUE FALSE 0, 0, 2, 0 Annelida

Sigalion mathildae TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Spio goniocephala FALSE TRUE FALSE FALSE 0, 3096, 0, 0 Annelida

Spiophanes bombyx TRUE FALSE TRUE FALSE 5, 0, 54, 0 Annelida

Spirobranchus lamarckii TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Spisula elliptica TRUE TRUE TRUE FALSE 1, 9, 62, 0 Mollusca

Spisula solida FALSE FALSE FALSE TRUE 0, 0, 0, 2228 Mollusca

Sthenelais boa TRUE FALSE FALSE TRUE 2, 0, 0, 2819 Annelida

Streptodonta pterochaeta TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida

Tanaissus lilljeborgi TRUE FALSE FALSE FALSE 1, 0, 0, 0 Arthropoda

Tellimya ferruginosa TRUE TRUE TRUE FALSE 7, 29, 175, 0 Mollusca

Tryphosa nana TRUE FALSE FALSE FALSE 1, 0, 0, 0 Arthropoda

Tubiʭcoides diazi FALSE FALSE TRUE FALSE 0, 0, 6, 0 Annelida

Urothoe brevicornis TRUE TRUE TRUE FALSE 12, 1097, 1393, 0 Arthropoda

Venerupis corrugata TRUE FALSE FALSE TRUE 2, 0, 0, 28 Mollusca
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Species Miseq Nanopore NovaSeq Abundance
(read count)

Phylum In 
GEANS

67 Ophiothrix fragilis TRUE TRUE FALSE 135, 268, 0 Echinodermata TRUE

68 Ophiura albida TRUE TRUE TRUE 847, 1091, 8065 Echinodermata TRUE

69 Ophiura ophiura TRUE TRUE TRUE 637, 10476, 2269 Echinodermata TRUE

70 Other FALSE TRUE FALSE 0, 15497, 0 N/A FALSE

71 Owenia fusiformis TRUE TRUE TRUE 1687, 16319, 10000 Annelida TRUE

72 Pagurus bernhardus TRUE TRUE TRUE 17, 209, 72 Arthropoda TRUE

73 Paracalanus parvus FALSE FALSE TRUE 0, 0, 8 Arthropoda FALSE

74 Pariambus typicus TRUE TRUE FALSE 15, 70, 0 Arthropoda TRUE

75 Pholoe baltica TRUE TRUE FALSE 32, 211, 0 Annelida TRUE

76 Phyllodoce mucosa TRUE TRUE TRUE 2, 1, 23 Annelida TRUE

77 Pinnotheres pisum TRUE TRUE TRUE 218, 1180, 28 Arthropoda TRUE

78 Pisidia longicornis TRUE TRUE TRUE 300, 398, 1060 Arthropoda TRUE

79 Pocillopora damicornis FALSE FALSE TRUE 0, 0, 461 Cnidaria FALSE

80 Poecilochaetus serpens TRUE TRUE FALSE 4, 2, 0 Annelida TRUE

81 Polybius henslowii FALSE FALSE TRUE 0, 0, 6216 Arthropoda FALSE

82 Polygordius appendiculatus FALSE FALSE TRUE 0, 0, 330 Annelida FALSE

83 Pomacea canaliculata FALSE FALSE TRUE 0, 0, 378 Mollusca FALSE

84 Processa modica TRUE TRUE TRUE 26533, 34619, 17332 Arthropoda TRUE

85 Psammechinus miliaris TRUE TRUE FALSE 4, 21, 0 Echinodermata TRUE

86 Pseudocuma longicorne FALSE TRUE FALSE 0, 1, 0 Arthropoda TRUE

87 Sabellaria spinulosa TRUE TRUE FALSE 11, 20, 0 Annelida TRUE

88 Sagartia ornata FALSE FALSE TRUE 0, 0, 64088 Cnidaria FALSE

89 Sagartiogeton sp. TRUE TRUE FALSE 108, 18, 0 Cnidaria FALSE

90 Sagitta setosa FALSE FALSE TRUE 0, 0, 21 Chaetognatha FALSE

91 Scolelepis bonnieri TRUE TRUE FALSE 31923, 48897, 0 Annelida TRUE

92 Scoloplos armiger TRUE TRUE FALSE 22, 49, 0 Annelida TRUE

93 Spio decorata TRUE FALSE FALSE 9, 0, 0 Annelida TRUE

94 Spio goniocephala TRUE FALSE FALSE 3958, 0, 0 Annelida TRUE

95 Spiophanes bombyx TRUE TRUE TRUE 220, 3146, 1383 Annelida TRUE

96 Spiophanes cf. FALSE FALSE TRUE 0, 0, 59 Annelida FALSE

97 Spisula elliptica TRUE TRUE FALSE 61, 6978, 0 Mollusca TRUE

98 Spisula solida FALSE FALSE TRUE 0, 0, 68047 Mollusca TRUE

99 Sthenelais boa FALSE FALSE TRUE 0, 0, 4610 Annelida FALSE

100 Streptodonta pterochaeta TRUE TRUE FALSE 147, 1255, 0 Annelida TRUE

101 Streptosyllis websteri TRUE TRUE FALSE 5, 29, 0 Annelida TRUE
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Table S6: Presence absence of each species in each DNA based method, to which  

Phylum the belong and the read count. (continued)

Morphology Miseq Nanopore NovaSeq Abundance Phylum
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Phylum In 
GEANS

102 Strongylocentrotus purpuratus FALSE FALSE TRUE 0, 0, 6 Echinodermata FALSE

103 Tellimya ferruginosa TRUE TRUE FALSE 44, 221, 0 Mollusca TRUE

104 Temora longicornis FALSE FALSE TRUE 0, 0, 47 Arthropoda FALSE

105 Thia scutellata FALSE TRUE FALSE 0, 7, 0 Arthropoda TRUE

106 TPA_asm: Ectopleura FALSE FALSE TRUE 0, 0, 54 Cnidaria FALSE

107 Tritia reticulata TRUE TRUE TRUE 268, 82, 1400 Mollusca TRUE

108 Tubiʭcoides diazi TRUE TRUE TRUE 103, 450, 81 Annelida TRUE

109 Urothoe brevicornis TRUE TRUE FALSE 7771, 12471, 0 Arthropoda TRUE

110 Venerupis corrugata FALSE FALSE TRUE 0, 0, 5743 Mollusca FALSE
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Table S7: List of species that were not found in any DNA based method. Curated 
database? Represents whether or not the species was present in the GEANS 
macrobenthos database.

Morphology Miseq Nanopore NovaSeq Abundance Phylum Curated 
database?

Abludomelita  
obtusata

TRUE FALSE FALSE FALSE 8, 0, 0, 0 Arthropoda YES

Aonides  
oxycephala

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida NO

Aonides  
paucibranchiata

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida YES

Apolochus  
neapolitanus

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Arthropoda YES

Capitella minima TRUE FALSE FALSE FALSE 2, 0, 0, 0 Annelida NO

Caulleriella alata TRUE FALSE FALSE FALSE 6, 0, 0, 0 Annelida NO

Eteone longa TRUE FALSE FALSE FALSE 5, 0, 0, 0 Annelida YES

Eumida sanguinea TRUE FALSE FALSE FALSE 11, 0, 0, 0 Annelida NO

Harmothoe glabra TRUE FALSE FALSE FALSE 3, 0, 0, 0 Annelida NO

Kurtiella biden-
tata

TRUE FALSE FALSE FALSE 5, 0, 0, 0 Mollusca NO

Mediomastus 
fragilis

TRUE FALSE FALSE FALSE 21, 0, 0, 0 Annelida NO

Mytilus edulis TRUE FALSE FALSE FALSE 3, 0, 0, 0 Mollusca YES

Nototropis  
swammerdami

TRUE FALSE FALSE FALSE 2, 0, 0, 0 Arthropoda YES

Petricolaria  
pholadiformis

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Mollusca NO

Phyllodoce  
mucosa

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida YES

Protodriloides 
chaetifer

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida NO

Pseudopolydora 
pulchra

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida NO

Sigalion  
mathildae

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida YES

Spirobranchus 
lamarckii

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida NO

Streptodonta  
pterochaeta

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Annelida YES

Tanaissus  
lilljeborgi

TRUE FALSE FALSE FALSE 1, 0, 0, 0 Arthropoda NO

Tryphosa nana TRUE FALSE FALSE FALSE 1, 0, 0, 0 Arthropoda NO

14 annelida

9 annelida 13 no db
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Table S8: Singletons used for species identiʭcation of Nanopore method. 
The species that were found in the fraction of reads that remained 

Singleton after processing the Nanopore reads with Decona.

See online publication
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ABSTRACT

To monitor the eʬect of nature restoration projects in North Sea eco-

systems, accurate and intensive biodiversity assessments are vital. DNA-

based techniques and especially environmental (e)DNA metabarcoding 

is becoming a powerful monitoring tool. However, current approaches 

rely on genetic target regions under 500bp, oʬering limited taxonomic 
resolution. 

We developed a method for long-read eDNA metabarcoding, using Nano-

pore sequencing of a longer amplicon and present DECONA, a read pro-

cessing pipeline to enable improved identiʭcation of marine vertebrate 
species. We designed a universal primer pair targeting a 2kb region of 

ʭsh mitochondrial DNA and compared it to the commonly used MiFish 
primer pair targeting a ~170bp region.

In silico testing showed that 2kb fragments improved accurate identiʭca-

tion of closely related species. Analyzing eDNA from a North Sea aquar-

ium showed that sequences from both primer pairs could be assigned 

to most species, and additional species level assignments could be made 

through the 2kb primer pair. Interestingly, this diʬerence was opposite 
in eDNA from the North Sea, where not the 2kb but the MiFish primer 
pair detected more species.

This study demonstrates the feasibility of using long-read metabarcod-

ing for eDNA vertebrate biodiversity assessments. However, our ʭndings 
suggests that longer fragments are less abundant in environmental set-

tings, but not in aquarium settings, suggesting that longer fragments 

may provide a more recent snapshot of the community. Thus, long-read 

metabarcoding can expand the molecular toolbox for biodiversity assess-

ments by improving species-level identiʭcation and may be especially 
useful when the temporal origin of the eDNA signal is better understood.

Keywords
eDNA, North Sea, metabarcoding, nanopore, long read, ʭsh
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INTRODUCTION

North Sea ʭsh populations are sensitive to disturbances such as ʭsher-
ies, nutrient run-oʬ and increasing sea water temperatures (Andersen 
et al., 2020; Capuzzo et al., 2018; Hofstede et al., 2010; Krehenwinkel et 

al., 2019; O’Brien et al., 2019). Combined management strategies such 
as reduced ʭshing (Couce et al., 2020), designation of marine protected 
areas (MPA), and placing artiʭcial hard substrates such as oʬshore wind 
parks are suggested to facilitate rehabilitation of the North Sea ecosystem 

(Claudet, 2018; Degraer et al., 2020; Didderen et al., 2019; Kamermans 

et al., 2018). To understand how North Sea ʭsh population dynamics 
are aʬected by these strategies, development and validation of methods 
that map ʭsh population diversity and density is crucial. Conventional 
marine ʭsh biomonitoring practices largely rely on destructive methods 
that involve netting and trapping (Daan et al., 2005; Reiss et al., 2010). 

These methods are costly, time-consuming and require expert taxonomic 
visual identiʭcation skills (Mateos-Rivera et al., 2020; Teletchea, 2009). 
In addition, conventional methods have limited sampling eʯciencies and 
may be disruptive to the environment (Eggleton et al., 2018). Thus, it is 

crucial to develop precise and non-invasive biomonitoring solutions that 

are also time and cost eʯcient (Goodwin et al., 2017).

Environmental DNA (eDNA) based ʭsh species identiʭcation has gained 
substantial attention in the last decade, as it can detect the presence of 

ʭsh species based on a small amount of DNA present in seawater. It has 
been shown to be highly sensitive for non-indigenous species detection 

(Ficetola et al., 2008) and identiʭcation of spawning and migration pat-
terns (Thalinger et al., 2019). Short amplicon eDNA metabarcoding has 

become an increasingly popular tool to perform ʭsh community assess-

ment for identiʭcation of ecological relevant ʭsh species from an array 
of ecosystems (Deiner et al., 2017; Miya et al., 2015; Ruppert et al., 2019; 

Taberlet et al., 2012; Thomsen et al., 2012a). Also in the North Sea, spe-

cies identiʭed through metabarcoding of eDNA samples showed to be 
comparable to species caught in fyke nets in the same area (Bleijswijk et 

al., 2020). 

The standardization of eDNA metabarcoding as marine monitoring strat-

egy is still under development. Species-speciʭc diʬerences occur e.g., in 
degree of skin cell shedding, degradation rates vary depending on tem-

perature and season, and unknown dilution factors depending on cur-

rents all make quantiʭcation of the results challenging (Beng & Corlett, 
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2020; Lacoursière-Roussel et al., 2016; Sassoubre et al., 2016; Seymour 
et al., 2018). The sample preparation, metabarcoding technique and 
workʮow will determine the quality of the results and thus the species 
detection quality and possible biases (Beng & Corlett, 2020; van der Loos 
& Nijland, 2021). Important steps in the protocol include decisions about 
methods of sampling and DNA extraction (Bessey et al., 2020; Hunter 
et al., 2005), primer and PCR settings (Doi et al., 2019; Sard et al., 2019; 
Zhang et al., 2020), sequencing technology (Egeter et al., 2020; Singer et 
al., 2019; Truelove et al., 2019), post-sequencing data handling (Santos 
et al., 2020) and reference databases used (Hestetun et al., 2020; McGee 
et al., 2019). 

Especially choice of primer pair and targeted DNA region are crucial 
for successful ʭsh detection with eDNA (Beng & Corlett, 2020). Several 
universal ʭsh primer pairs are described and most target regions of the 
mitochondrial genome as there is a high copy number of this genome 
per cell (Schon, 2000). The most used primer pairs target diʬerent short 
regions from 100 to 500 nucleotides of the 12S rRNA (Miya et al., 2015; 
Riaz et al., 2011; Taberlet et al., 2012), 16S rRNA (DiBattista et al., 2017; 
Evans et al., 2016), cytochrome B (Thomsen et al., 2012b) and COI gene 
(Balasingham et al., 2018). Although primer pairs targeting short 12S 
regions are most used and considered as a standard (Shu et al., 2020), 
a longer target amplicon size facilitates distinguishing between closely 
related species and hence improves species level identiʭcation (Zhang et 
al., 2020). The use of multiple primer pairs is also suggested to increase 
taxonomic resolution (Evans et al., 2016; Miya et al., 2015; Zhang et al., 
2020) and improved species level detectability has been demonstrated 
in lakes (Sard et al., 2019). Thus, using longer fragments and multiple 
markers can enhance the taxonomic resolution in metabarcoding studies. 

Long read sequence analysis has been shown to be useful for species 
identiʭcation before in barcoding studies using Sanger sequencing (He-
bert et al., 2003). Sanger sequencing accurately provides a DNA sequence 
from one individual but lacks the possibility of sequencing mixed com-
munities like metabarcoding methods can (Kappel et al., 2017). On the 
other hand, commonly used Illumina platforms do not allow the use of 
long reads due to its ability to sequence with high accuracy but with a 
maximum read length of 500bp (Tan et al., 2019). Fortunately, third 
generation sequencing as available from Oxford Nanopore Technologies 
(ONT) and Paciʭc Biosciences enables the generation of ultra-long se-
quences and from mixed communities (Bleidorn, 2016). This can be used 
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for eDNA studies that are based on primer pairs targeting longer regions, 

covering several mitochondrial marker genes. This long amplicon ap-

proach was demonstrated to be successful in microbial metabarcoding 

studies and improved taxonomic assignment to species level (Johnson et 
al., 2019; Shin et al., 2016). Historically, the main limitation of nanopore 

sequencing was the large error rate of 5 to 10% (Jain et al., 2015). This 
error rate can be overcome with bioinformatics tools to generate reliable 

consensus sequences and thus increase sequence accuracy (Baloğlu et al., 
2021; Carradec et al., 2018; Egeter et al., 2022; Sahlin et al., 2021). To our 

knowledge, a bioinformatics pipeline that require little command-line 

experience and generate a species list directly from raw sequence data 
from multiplexed metabarcoding experiments is not yet available for 
Nanopore short and long read metabarcoding. However, once installed, 

such a pipeline would greatly facilitate the development of DNA moni-

toring, as it also becomes feasible for non-experts in bioinformatics. 

This study assesses the utility of long and short read eDNA metabarcod-

ing for ʭsh and vertebrates using Oxford Nanopore sequencing. We pres-

ent a new bioinformatics pipeline DECONA to analyze the obtained data, 

and we discuss the optimal settings of DECONA depending on amplicon 

length and sequencing chemistry. A new primer pair was developed, 

speciʭc for ʭsh and other vertebrates targeting a 2kb fragment of both 
the 12S and 16S region of the mitochondrial rRNA genes. The primer pair 

was compared to the commonly used universal short read MiFish primer 
pair targeting a ~170 bp region of the 12S mitochondrial rRNA (Miya 

et al., 2015). We compared primer pairs in silico on several genetically 

similar species (<3 nucleotide diʬerences between species), to identify 
the discrimination power of each primer pair to species level. We also 

compared the sensitivity and taxonomic resolution resulting from both 
primer pairs using samples from a North Sea Ray Reef aquarium with 

a known species composition and ʭeld samples from distinct locations 
and habitat types in the North Sea. The DECONA pipeline was developed 

especially for Oxford Nanopore sequence data to increase the accuracy 
with which sequences can be assigned to species level and to reduce the 

bioinformatics skills required for analysis of the sequences. 
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MATERIALS AND METHODS

Sample collection – Ray reef aquarium
Two 1L water samples were collected from the aquarium, just under the 

water surface using a 1L plastic container pre-sterilized with bleach 

(figure 1A). One negative ʭeld control ʭlter was taken by ʭltering de-

mineralized tap water (table S1). The aquarium has a volume of 200m3 

artiʭcial seawater and represents a North Sea reef that contains bony 
ʭsh, sharks, and rays with a total of 18 species (table S2, for species list 

and abundance). The water temperature was 13°C, the salinity at 32.0‰ 

and the pH at 8.2 at the day of sampling. 

Sample collection – Gemini Wind Park/Borkum Reef 
Grounds
From Gemini Wind Park/Borkum Reef Grounds, samples were collected 
from inside Gemini Wind Park (54.0109N, 6.0781E), halfway between 

Gemini Wind Park and the Borkum Reef Grounds on sandy substrate 

(53.8645N, 6.2145E) (Sandy bottom) and at Borkum Reef Grounds 

(53.7016N, 6.3467E using the WGS84 reference system). All samples 

were taken in July 2020 at slack tide during neap tides. Data on environ-

mental parameters at the North Sea sampling locations were retrieved 

from the Copernicus Marine Service’s Data Portal. Salinity varied in July 
2020 between 31.8‰ and 34.4‰, temperature 15.7-18.6°C, and pH 

7.9-8.1. Three 1L replicates were collected at each location by sampling 

seawater using 2.5L Niskin bottles at 0.5-1m above the seaʮoor (figure 
1B). One negative ʭeld control ʭlter was taken by ʭltering demineralized 
tap water (table S1).

Sample collection – Shipwrecks
For the shipwrecks, samples were collected around three diʬerent 
shipwrecks in the North Sea while SCUBA diving in July 2019: wreck 

1 (55.1821N, 03.4446E, wreck 2 (55.2609N, 03.5117E) and wreck 3 

(55.0774N, 02.5087E) (figure 1C). On the sampling days and locations, 

salinity ranged between 34.2‰ and 34.27‰, temperature between 

11-12°C and pH was 8.06. Wreck 1 was sampled at 36 metres depth, 

Wreck 2 at 32 meters depth and wreck 3 at 30 meters depth. At each 

sample location, three replicates of Several litres of water were collected 

at North Sea wreck sites near the bottom by scuba diving. The pump 

lever of a hand-operated pump (ProPlus air & siphon pump 2-in-1 red, 

EAN 8717568798967) was operated 15-20x to completely ʮush out the 
pump-housing and tubing, before a punch balloon (Punch balloons, 
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EAN 8021886316360) was attached to the outʮow tube using a connec-

tor made of a 15ml tube with the tip cut oʬ. A 1mm mesh was secured 
over the inʮow tube with a rubber band. The inʮow tube was held at 
the intended sampling site, and water was pumped in the balloon. The 

ʭlled balloon was then clamped using 2 plastic sealing clips (BEVARA 
sealing clip, IKEA), and the balloon was stored in a mesh bag clipped to 

the diver’s wing. One negative ʭeld control ʭlter was taken by ʭltering 
tap water (table S1).

Filtering sample water
All samples were immediately ʭltered using Thermo Scientiʭc Nalgene 
Rapid-Flow sterile disposable Filter Units CN (Cellulose nitrate) with a 
pore size of 0.8µm. Filters were then individually placed in 2mL screw-

cap Eppendorf tubes. The tubes were preʭlled with 400µL Zymo DNA/
RNA shield (Zymo, USA) preservative. Samples were immediately stored 

at -20°C for a maximum of one month before further processing.

Figure 1: Sampling design of A) North Sea “Ray Reef” aquarium, Dolʭnarium, 
Harderwijk, the Netherlands. 2x 1 liter water just under the water surface using 
a 1L plastic containers. B) Borkum/Gemini where samples were taken in Gemini 

Wind Park, halfway between Gemini and Borkum on a sandy bottom and on the 

Borkum Reef Grounds. Seawater was collected using 2.5L Niskin bottles. C) North 

Sea shipwrecks with three diʬerent shipwreck locations where samples were 
taken near shipwrecks while diving, using an underwater pump with a balloon 

attached. 
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Primer design 
Primer design is based on the adjacent ribosomal genes 12S and 16S of 

the mitochondrial genome of bony ʭsh present in the North Sea accord-

ing to a curated database of Dutch species (Naturalis Biodiversity Center, 

Nederlands soortenregister) consulted in 2019. The primer pair was 

designed in silico in Geneious prime 2019.0.4 (Kearse et al., 2012) and 

based on the NCBI available mitochondrial genomes of the target spe-

cies (table S3). A consensus sequence for each species was constructed 

when multiple genomes were available from the same species using 

default settings of the MAFFT alignment tool (v7.450, Katoh & Stand-

ley, 2013) incorporated in Geneious. Consensus sequences of all species 

were aligned and forward and reverse primers was designed manually 

by locating regions with low genetic variation between target species. 

This resulted in a long read universal ʭsh primer pair (table 1) targeting 

a 2kb fragment from ~450bp downstream the start of the 12S rRNA gene 

in forward direction and ~300bp upstream the end of the 16S rRNA gene 

(figure 2A). The 5’ ends of the primers were extended with an ONT tag 
to allow for direct PCR based sample barcoding in downstream library 

preparation. To validate the 2kb primer pair in silico, the primer pair was 

aligned against a curated North Sea database (see below) using Geneious 

prime 2023.0.4 (Kearse et al., 2012) in the “test with saved primers” 

mode (Primer3.2.3.7) allowing for 2 mismatches in the binding region. 

The primer pair was further validated with cutadapt v1.15 (Martin, 2011) 

and showed that all mitochondrial sequences present in the database 

aligned with the primer pair in the target region.

Table 1: Primer sequences and characteristics of the newly designed forward and 
reverse primer for the 2kb target region, including the ONT-speciʭc primer ex-
tension enabling PCR barcoding (underlined). 

  Sequence  Tm†  G/C  
content 

Fish_12S_
fw1-ONT 

TTTCTGTTGGTGCTGATATTGCGGATTAGATACCCY-
ACTATGY 

 56.3°C 
- 60.4°C 

38.1-47.6% 

Fish_16S_
rv1-ONT 

ACTTGCCTGTCGCTCTATCTTCGATTGCGCTGT-
TATCCCTRG 

61.2°C 
- 64.1°C

50-55% 
 

† Calculations by ThermoFisher Scientiʭc Tm calculator for Phire DNA polymerase, for the 
sequence speciʭc part only 
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In silico comparisons of species groups with little 
interspeciʭc genetic diʬerences.
In silico comparative alignments were made from diʬerent taxonomic 
groups relevant for this study (e.g sharks, rays, wrasses, gurnards, ʮat-
ʭshes, gobies, sand eels, mullets etc., data not shown) of (partial) mito-

chondrial references from the NCBI database. Genetically closely related 

species were aligned using Muscle 5.1 (Edgar, 2004) multiple alignment 

tool in Geneious prime (table S4, for accession numbers). Target regions 

of the diʬerent primer pairs were identiʭed using “saved primers mode” 

(Primer3.2.3.7) allowing for 2 mismatches in the binding region. 

DNA extraction
Two diʬerent DNA extraction kits were used for diʬerent datasets due 
to the availability of kits in our lab at the time of processing. DNA from 

the aquarium samples was extracted using the DNeasy Blood & Tissue 
kit (Qiagen, USA). 20µL Proteinase K was added to the samples in DNA/

RNA shield, together with 400µL lysis buʬer and followed by 400µL 70% 
ethanol. Further DNA extraction was performed using this kit following 
the protocol for tissue samples. DNA concentrations were measured us-

ing a Qubit 2.0 Fluorometer (Invitrogen, USA). DNA from ʭlters from the 
two North Sea datasets were extracted using the Quick-DNA miniprep 
kit (Zymo, USA) according to the manufacturer’s instructions. Details of 
both protocols are also given at protocols.io (dx.doi.org/10.17504/proto-

cols.io.6yfhftn). 

Mock community
To further test the test the primer design, DNA extracts of 12 North Sea 
ʭsh species from diʬerent taxonomic groups were pooled in equimolar 
concentrations. This mock community contained: Arnoglossus  laterna, 

Chelon  labrosus, Chelon  ramada, Gadus  morhua, Gasterosteus  aculeatus, Pet-

romyzon  marinus, Neogobius  melanostomus, Phycis  blennoides, Salmo  trutta, 

Scophthalmus rhomus, Solea solea and Trisopterus luscus (table S14). Of Phy-

cis blennoides, Scophthalmus rhomus and Petromyzon marinus, no reference 

sequence is available, therefore these species were also separately ampli-

ʭed and sequenced, and the consensus sequence was used to correctly 
identify the species in the mock community. 

Ampliʭcation 
For PCR ampliʭcation of the samples with the 2kb primer pair (aquari-
um, North Sea and shipwreck samples), 10µL 2x Phire Tissue Direct PCR 
Master Mix (ThermoFisher Scientiʭc, USA) was used. To the master mix 
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0.4µL of each primer (10mM), 0.5µL eDNA template and nuclease free 

water (NFW) was added to a total of 20µL. eDNA template was replaced 
with 0.5µL NFW in case of PCR controls. Samples that were ampliʭed 
with the MiFish primer pair (aquarium and North Sea) consisted of 5µL 
2x Phire Tissue Direct PCR Master Mix in combination with 1µL template 
and 0.2µL of each primer, and NFW added to a total of 10µL. To reduce 
the eʬect of stochastic heterogeneity in PCR ampliʭcation, each sample 
was ampliʭed using 3 PCR replicates. For the ampliʭcation with the 2kb 
primer pair of the aquarium samples PCR settings were 98°C 180s, 98° 8s 

sec, 57°C for 10s, 72°C 30s, and 72°C 3min with 36 cycles. For ampliʭca-

tion with the MiFish primer pair, PCR settings were 98°C 180s, 98° 10 
sec, 59.6°C for 8, 72°C 10s, and 72°C 3min with 35 cycles. PCR replicates 

were pooled prior to puriʭcation with SPRI magnetic beads (2:1 ratio). 

Nanopore sequencing
All samples were barcoded using the PCR barcoding kit 96 (EXP-PCB096), 

and sequencing libraries were created using the SQK-LSK114 kit (Oxford 
Nanopore Technologies Ltd., UK). The following adaptations were made 

from the manufacturer’s instructions: barcoding PCR was performed in 
a total volume of 15µL containing 0.3µL PCR barcode primer pair and 10-

50ng amplicon. The applied barcode PCR program was as follows: initial 

denaturation at 95°C for 180s, 15 cycles of 95°C for 15s, 62°C for 15s (10s 

for MiFish), 65°C for 90s, followed by a ʭnal extension at 65°C for 180s. 
A negative control was taken along in which NFW was added instead of 
ʭrst-round PCR amplicon template. After the barcoding PCR, sample 
concentration was estimated using the Qubit HS kit on the non-puriʭed 
barcoded PCR products, and samples were pooled in equimolar ratios. 

The pooled amplicon sequence library was cleaned using SPRI magnetic 

beads, washed once with freshly prepared 70% ethanol and once with a 
2:1 mixture of Long Fragment Buʬer (LFB) and Short Fragment Buʬer 
(SFB) (LFB and SFB are supplied with the Ligation sequencing kits from 
ONT) to enrich for the 2kb target size fragments, and only SFB for MiFish 
samples. During ʭnal clean-up, the library was again washed in a 2:1 
mixture of LFB and SFB (2kb) or SFB only (MiFish). A maximum of 100ng 
DNA was loaded on a primed ʮow cell to prevent overloading of the ʮow 
cell. For the 2kb samples, sequencing was performed until a sequencing 
depth of 4082320 reads. MiFish samples were sequenced with a sequenc-

ing depth of 2.059.490 reads per barcode for aquarium and Gemini wind 

park/ Borkum reef ground samples and 15.046.781 reads from Wreck 

samples. Sequencing was performed with a R10.4.1 ʮow cell on an Oxford 
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Nanopore MinION Mk1C device with a sequencing speed of 450 bases per 

second. For all PCRs, negative controls were considered (table S1).

Sequence read processing with DECONA
To process sequencing data and generate consensus sequences from 

mixed samples we designed a bioinformatics pipeline called DECONA 
(https://github.com/Saskia-Oosterbroek/DECONA). This pipeline clusters 

Nanopore reads, aligns them, creates a consensus sequence, and has the 

option to apply ONT speciʭc polishing. The DECONA pipeline takes fastq 
ʭles as input. The DECONA pipeline starts with ʭltering the fastq ʭles 
on desired length and quality score with Nanoʭlt v2.8.0 (De Coster et 
al., 2018). Then, cutadapt v4.8 (Martin, 2011) is optionally used to trim 

primer sequences from the reads. CD-hit v4.8.1, a program that clusters 

reads based on short words rather than sequence alignment is used to 

cluster the reads based on a set percentage of similarity (W. Li et al., 

2002). The clustered reads are subsequently aligned using Minimap2 

v2.21 (H. Li, 2018). Based on these alignments, Racon v1.4.20 is used to 

build the initial draft consensus sequence of each cluster (Vaser et al., 

2017) which is then optionally polished by Medaka v1.4.3 (Oxford Nano-

pore Technologies Ltd., UK) 

In this research, base-calling of the raw fast5 ʭles was performed using 
Guppy (Version 6.5.7, Oxford Nanopore Technologies Ltd., UK) in super 
high accuracy (SUP) mode for the MiFish samples of Aquarium and Gem-

ini/Borkum reef ground. For all 2kb and MiFish samples of the Wreck 
dataset, basecalling of pod5 ʭles was performed using Dorado (Version 
0.8.1, Oxford Nanopore Technologies Ltd., UK) After this, DECONA1.5 was 
used to ʭlter the fragments of the 2kb primer pair dataset at 1800-2350 
bases and cluster these reads at 95% similarity. For the fragments of the 
MiFish primer pair dataset ʭltering was set between 160 and 240 bases 
and clustering at 97% similarity. All data were ʭltered at the default 
quality score of Q10. Large clusters were set to be randomly subsampled 

to a maximum cluster size of 500 reads. Medaka polished consensus 
sequences were created from each cluster larger than 5 reads. Initial 

polished consensus sequences were re-clustered at 99%. The commands 
used to run DECONA were as follows: 

2kb R10: decona -f -T 32 -l 1800 -m 2350 -g 

“GGATTAGATACCCYACTATGY;max_error_rate=0.1;min_overlap=17...
CYAGGGATAACAGCGCAATC;max_error_rate=0.1;min_overlap=17” -n 10 
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-r -o 0.99 -R 500 -k 6 -M -c 0.95 -b /home/reindert/Blast_database/
eDNA_NZ_23/North_sea_232

MiFish R10: decona -f -T 32 -l 160 -m 240 -g 
“GTYGGTAAAWCTCGTGCCAGC;max_error_rate=0.1;min_overlap=20...
CAAACTYGGATTAGATACCCCACTAT;max_error_rate=0.1;min_over-

lap=20” -n 10 -r -o 0.99 -R 500 -k 6 -M -c 0.97 -b /home/reindert/

Blast_database/eDNA_NZ_23/North_sea_232

DECONA settings 

Diʬerent combinations of raw read Q-score (-q) and cluster similarity 
(-c) settings were tested to determine their optimal use in various labo-

ratory choices. Samples from the ray reef aquarium, including both 2kb 

and MiFish samples, were utilized to assess optimal settings for diʬerent 
amplicon target lengths. Additionally, various cluster similarity settings 

were tested on the wreck samples to determine optimal settings for 

diʬerent sequencing chemistries. Optimal settings were determined by 
running all combinations of cluster similarities (0.80, 0.85, 0.90, 0.95, 

0.97, 0.99 (2kb only), and 1) and Q-scores (8, 10, 12, 15, 17, and 20) in 

looped DECONA runs. Total reads, consensus sequences (clusters), and 

identiʭed species were recorded for each setting. Based on the highest 
number of species found, the optimal settings were chosen for the con-

sensus building with DECONA. 

Curated North Sea ʭsh reference database building
For taxonomic identiʭcation, an in-house reference database was com-

piled based on whole mitochondrial genome sequences available in the 

NCBI database for North Sea ʭsh species (last search October 2024, Table 
S5). When the whole mitochondrial genome was not available, available 

sequences of (fragments of) the 12S and/or the 16S rRNA genes from 

these species were added to the database. To validate correct species 

identiʭcation, closely related species that do not occur in the North Sea 
were also added to the database. Although our primer design was based 

on mitogenomes of bony ʭsh, the resulting primer pair turned out to 
be universal not only to bony ʭsh, but also to elasmobranchs and other 
marine vertebrates. Therefore, these taxonomic groups were also added 
to the database. In addition, frequently occurring contaminants as of hu-

man, chicken, cow, and pig were added to the database to prevent a large 

portion of unidentiʭed reads resulting from contamination. The com-

plete database consisted of 536 sequences of which 113 were complete 
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mitogenomes and 30 were complete 12S and 16S regions (table S5). The 

database contained 222 unique species. 

Taxonomic assignment of consensus sequences
The BLASTn (NCBI, version 2.11.0) function that was built within the 

DECONA environment was used against our North Sea ʭsh reference 
database for taxonomic assignment of the consensus sequences derived 
from DECONA. To automate further assessment of the BLASTn output 

for accurate species-level identiʭcation, a script was developed in R 
studio (2022.12.0) and integrated into DECONA. This script can be found 

at github.com/karlijn-doorenspleet/decona-postprocessing/. This script 

retrieved the taxonomic lineage from NCBI using taxize (v0.9.96, Cham-

berlain & Szöcs, 2013). The top ʭve hits were considered based on the 
highest e-value for each consensus sequence. Within each top ʭve hit, 
sequence was labelled as unclassiʭed on species level if they had the same 

e-value, percentage identity and alignment length but did not share the 

same taxon (species, genus, family, order, class, phylum). After that, the 
top hit (based on e-value) was kept for further quality threshold control. 

As such, species that shared the same sequence and had a high simi-

larity hit with the reference database, were excluded from species level 
taxonomic assignment to avoid misidentiʭcations (for examples of such 
cases, see table S6). Of all the taxonomically assigned sequences, top hits 
were considered for species level assignment, based on speciʭc thresh-

olds per amplicon length. For the 2kb fragment the thresholds were a 
minimal alignment length of 1100 nucleotides with <30 mismatches 

and >98% identity for species level assignments. Hits with percentage 
identities >97% sequences were assigned on genus level and with >95% 
sequences were assigned at family level but not further considered for 

this study. The following thresholds were considered based for the Mi-

Fish fragment: <4 mismatches, >98% identity, and a minimal alignment 
length of 100 nucleotides. Assignments that did not meet these thresh-

olds were renamed to unclassiʭed and this was applied to both 2kb and 

MiFish fragments. The ʭnding of Cheliyoditchus lucerna in the ray reef 

aquarium (2kb) and Molva molva in the Gemini/Borkum dataset (2kb) are 

indicated with a star, as for these ʭndings a species level assignment 
of Cheliyoditchus kumu and Molva dypterygia was found respectively. The 

assumingly correct species was reported with a star, as incorrect species 

identiʭcation happened due to the lack of 12-16S fragments of the North 
Sea species in the database. 
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Analysis of taxonomic assignments
Rarefaction curves were plotted (vegan package, v 2.6-4, table S7) 

and showed ʮatting curves, indicating that enough sequencing depth 
was reached for all samples, and no samples were further rareʭed or 
removed. Sequence abundance was log10 transformed for all datasets. 

Reads classiʭed as belonging to the genera Homo, Ovis, Gallus, Bos and 

other non-marine animals were set to unclassiʭed, along with all con-

sensus sequence that did not have a hit with a database on species level 

(see table S8 for the read percentage of non-target hits per barcode). For 
alpha diversity, both Shannon indices and observed values were calcu-

lated and were tested using Shapiro-Wilk for normal distribution of the 

data, two-way ANOVA to test for signiʭcant diʬerences between alpha 
diversities, primer pair and location, and post hoc Tuckey HSD test for 

pairwise comparison. For beta diversity, non-metric multidimensional 
scaling (‘bray’) was performed in combination with betadisper to check 

for homogeneity of variance and PERMANOVA to analyse the eʬect of 
treatments between samples (adonis, vegan). Post-hoc analysis was 

performed using the pairwise.adonis package in combination with dev-

tools when applicable. Sequencing of control samples and PCR controls 

resulted no reads at all or, non-target species (e.g. Homo sapiens) in all 

control samples. Only the Wreck MiFish control samples, that contained 
Pomatoschistus microps which did not occur in any other samples. Control 

samples were therefore excluded from further analysis (table S1). 

In silico comparisons of species groups with little 
interspeciʭc genetic diʬerences.
In silico comparative alignments were made from diʬerent taxonomic 
groups relevant for this study (e.g sharks, rays, wrasses, gurnards, ʮat-
ʭshes, gobies, sand eels, mullets etc., data not shown) of (partial) mito-

chondrial references from the NCBI database. Genetically closely related 

species were aligned using Muscle 5.1 (Edgar, 2004) multiple alignment 

tool in Geneious prime (table S3, for accession numbers). Target regions 

of the diʬerent primer pairs were identiʭed using “saved primers mode” 

(Primer3.2.3.7) allowing for 2 mismatches in the binding region. 
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RESULTS

In silico comparison of primer pair performance on closely 
related taxa 
In silico alignments show Pleuronectes platessa and Platichthys ʮesus target 

regions diʬer 1 nucleotide when using the MiFish primer pair (99.4% 
similarity) whereas the target region of the 2kb primer pair has 12 

nucleotide diʬerences (99.3% similarity) (figure 2B). Clupea harengus 

and Sprattus sprattus diverged by 4 nucleotides (98.3% similarity) in the 
MiFish target region and their 2kb target region showed a pattern of 29 
nucleotide diʬerences (98.6% similarity) (figure 2C). Sand eel species 

Ammodytes marinus, Ammodytes personatus, Ammodytes tobianus and Hy-

peroplus lanceolatus also show 1 nucleotide mismatch (99.6% similarity) 
between all species for the MiFish target region. From the 2kb target 
region, Ammodytes marinus diʬered from Ammodytes tobianus and Hy-

peroplus lanceolatus with 29 and 30 nucleotide diʬerences respectively, 
(98,3% similarity) whereas between Ammodytes tobianus and Hyperoplus 

lanceolatus the genetic diversity remains low with 3 nucleotide diʬer-
ences (99,8% similarity) (figure 2D). Raja brachyura and Raja microocellata 

showed 4 nucleotide diʬerences for the MiFish fragment (98,3% simi-
larity), while Raja montagui diʬered 2 nucleotides with from both Raja 

microocellata and Raja brachyura (99,1% similarity). Nucleotide diʬerences 
greatly increase when comparing the 2kb region: 41 nucleotide diʬer-
ences between Raja brachyura and Raja microocellata (97,7% similarity), 47 

between Raja brachyura and Raja montagui (98% similarity), and ʭnally 53 
between Raja microocellata and Raja montagui (97,4% similarity) (Figure 

2E).
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Optimal DECONA settings are diʬerent per primer pair
Testing of diʬerent Q-score and cluster similarity settings in DECONA 
shows the optimal settings diʬer per experimental setup. For the 2kb 
amplicon, the number of unique clusters and species is highest with a 

cluster similarity of 0.95 (clusters and species) and 0.97 (species). Q-

score is of lesser inʮuence, especially when considering unique species 
(figure 3A and C). The MiFish amplicon shows the highest number of 
clusters and species when setting a clustering similarity of 0.97. Also 

here, Q-score inʮuences this number to a lesser extent: anything between 
Q8 and Q17 results in a similar number of clusters or species (figure 3B 

and D). The total read count drops for both primer pairs when settings 

are too stringent (i.e., Q20 or clustering similarity of 1) (figure 3E and F).

 

Figure 2. A) The position of the new 2kb primer pair (violet) and the MiFish prim-

er pair (blue). B) Genetic diversity between Platichtys ʮesus and Pleuronectes platessa 

for the target regions of the diʬerent primer pairs. The MiFish target region has 
1 mismatch whereas the 2 kb region has 12 mismatches C) Sprattus sprattus and 

Clupea harengus, where the MiFish target regions contains 4 mismatches and the 
2kb target regions contains 28 mismatches D) four diʬerent Ammodytes species 

(Ammodytes marinus, Ammodytes personatus, Ammodytes tobianus and Hyperoplus lan-

ceolatus) with 1 mismatch in the Miʭsh target region and 3-30 mismatches in the 
2kb target region. E) Raja montagui, Raja microocellata and Raja brachyura. Between 

2-4 (MiFish) and 41-53 mismatches (2kb). The (range of the) number of pairwise 
diʬerences is indicated below each alignment.
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Figure 3: comparison of DECONA settings for the R10 SUP basecalled reads. The 

number of unique species that are found when using reads from a certain mini-

mal q-score (8,10,12,15,17,20) in combination with diʬerent minimal % identity 
threshold values for clusters (cluster percentage, 0.8,0.85,0.9,0.93,0.95,0.97,0.99 

(2kb only) and 1) of A) 2kb reads and B) Miʭsh reads. Color gradients indicate the 
number of species found. Where C) is the number of unique clusters found with 

each minimal q-score in combination with each cluster percentage for 2kb and 

D) MiFish. Color gradients indicate the number of unique clusters found. E) The 

reads that remain with each minimal q-score in combination with each cluster 

percentage for 2kb and F) MiFish. Color gradients indicate the total reads found. 
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Most diversity obtained with both primer pairs in aquarium 
samples, but species composition varies
Sequencing of aquarium samples yielded 529.064 (2kb) and 220.963 

(MiFish) reads, of which 453.714 (2kb) and 152.395 (MiFish) reads 
were used for consensus building (table S9). A barcode distribution of 

226.856±160.905 (2kb) and 76.198±8.010 (MiFish) reads per barcode 
was achieved. Shapiro-Wilk showed normally distributed data (Shannon: 

p=0.325, Observed p=0.406) and no signiʭcant diʬerence in Shannon in-

dex (t-test: p= 0.5476) or richness (t-test: p=0.350) although on average 
more species were found with the 2kb primer pair (table S10). 

Analysis of the mock community showed that all species could be de-

tected using the 2kb Primer pair (table S14). From the aquarium samples, 
Eight out of 18 species present in the aquarium could be detected with 

both primer pairs and an additional seven species could be obtained with 

2kb sequence assignments (figure 4A). One additional species could be 

detected with MiFish sequence assignments. Four species were detected 
with both primer pairs but were not reported as aquarium inhabitants. 

Sequences from both primer pairs were sometimes incorrectly assigned 

to a species that belonged to the same genus as the species present in 

the aquarium (e.g. Mustelus manazo, figure 4B). A total of 2 species that 

resided in the aquarium could not be detected in the eDNA samples by 

either of the primer pairs. These had only one or two individuals in the 

aquarium of a total of 301 individual ʭsh individuals. Scopthalmus rhom-

bus was not present in the reference database of either primer pair. Read 

count per species and sample can be found in table S11. 



97
The Long and the Short of It: Nanopore-Based eDNA Metabarcoding of Marine  

Vertebrates Works; Sensitivity and Species-Level Assignment Depend on Amplicon Lengths

C
h

a
p

te
r 

3

Figure 4. MiFish and 2kb primer pair in comparison to the species composition of 
the North Sea Ray Reef aquarium. Taxonomy assignment on species level unless 
speciʭed otherwise. A) Venn diagram showing the species overlap in morphologi-

cal species counts and the primer used B) Bar plot of the species-speciʭc diʬer-
ences observed between the actual species present in the Ray aquarium and the 

results from the analysis using the two diʬerent primer pairs. 
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No signiʭcant diʬerence in alpha, beta diversity in North 
Sea ʭeld samples from diʬerent habitats
A total of 1.627.781 (2kb) and 2.059.490 (MiFish) reads were obtained 
from the North Sea samples collected at Borkum, Gemini and sandy bot-

tom. 959.538 (2kb) and 981.304 (MiFish) reads were used for consensus 
building (table S9), with a barcode distribution of 106.615± (2kb) and 

108.864±88.918 (MiFish) reads per barcode. Samples were normally 
distributed (Shapiro-Wilk, Shannon index: p=0.401, Observed: p=0.662) 
and no signiʭcant diʬerence in richness was found between primer 
pairs (Observed, 2-way ANOVA, p= 0151) nor locations (Observed, 2-way 

ANOVA: p= 0.981) (figure 5A). Shannon index was also not signiʭcantly 
diʬerent between primer pairs (Shannon, 2-way ANOVA: p=0.069), and 
between locations (Shannon, 2-way ANOVA: p= 0.7305). The NMDS or-

dination plot of the beta diversity (Bray Curtis index) shows clustering 
of sample replicates within location except for the Borkum reef ground 
processed with the 2kb primer pair (indicated in colours). Additionally, 

clustering of primer pairs can be observed within locations (indicated 

in shapes) (figure 5B). The eʬects of location and choice of primer pair 
were veriʭed with statistical analysis. Homogeneity of variances between 
samples was found (betadisper: p=0.424) and PERMANOVA showed a 

signiʭcant eʬect of choice of primer pair (adonis: p=0.001) and location 
(adonis, p=0.019) and a signiʭcant interaction eʬect (adonis: p=0.031). 
More details of the statistical results are given in table S10. Both primer 

choices showed that unique species were observed with either method. 

Clupea harengus, and Trisopterus luscus were only observed using the 

MiFish primer pair, whereas Ammodytes marinus, Limanda limanda, Raja 

microocellata and Ctenolabrus rupestrisare unique for the 2kb primer pair 

(figure 5C and table S12).
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Figure 5. MiFish and 2kb primer pairs comparison of diʬerent eDNA samples 
taken in the Borkum reef, Gemini wind park and Sandy bottom. Taxonomy as-

signment on species level. A) Alpha diversity comparison of richness and even-

ness, B) NMDS ordination plot (Bray) showing the similarity between samples. C) 
species comparison barplot of the species-speciʭc diʬerences between the diʬer-
ent location and primers. 
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eDNA samples taken at diʬerent shipwrecks signiʭcantly 
diʬer in alpha and beta diversity 
Sequencing shipwreck samples resulted in 1.677.936 for 2kb and 1.301.036 

reads for MiFish, of which 1.217.497 (2kb) and 1.126.749 (MiFish) reads 
were used for clustering and consensus building (table S9). A barcode dis-

tribution of 186.437±129.453 (2kb) and 144.559±104.799 (MiFish) reads 
per barcode was achieved. Shapiro-Wilk showed normally distributed 

data (Shannon: p=0.605, Observed: p=0.235) and there was a signiʭcant 
diʬerence in richness between primer pairs (Observed, 2-way ANOVA: 
p=0.029) and between locations (Observed, 2-way ANOVA: p=0.026) and 

no signiʭcant interaction eʬect was found (p = 0.435). There was only 
a signiʭcant diʬerence between Wreck 1 and Wreck 3 (Tuckey HSD, p = 
0.026). A signiʭcant diʬerence in Shannon index was observed between 
primer pairs (Shannon index, 2-way ANOVA: p=0.010) and between loca-

tions (Observed, 2-way ANOVA: p=0.014) and no signiʭcant interaction 
eʬect was found (p = 0.8705, figure 6A). There was only a signiʭcant 
diʬerence in Shannon index between wreck 1 and 3 (p=0.011). The NMDS 
ordination plot shows clustering between wrecks (indicated in colors) but 

also between primer pair (indicated in shapes) (figure 6B). PERMANOVA 

showed a signiʭcant diʬerence in beta diversity between wrecks (PER-

MANOVA, p=0.001) and Primer (PERMANOVA, p= 0.001) and an inter-

action eʬect was also observed (p= 0.007). Samples were homogeneous 
(betadisper, p=0.575). Nevertheless, overall, the species compositions 

were consistent between primer choice in each location, albeit MiFish 
detected more species. In addition, both primer pairs picked up unique 

species where the 2kb primer pair for example identiʭed, Melanogram-

mus aegleʭnus, Merlangius merlangus and Limanda limanda. MiFish on the 
other hand had unique ʭndings of Clupea harengus, Anguilla anguilla, and 

Trachurus trachurus (figure 6C and table S13). 
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Figure 6. MiFish and 2kb primer pairs comparison of diʬerent eDNA samples tak-

en from diʬerent shipwrecks in the North Sea. Taxonomy assignment on species 
level. A) Alpha diversity comparison of richness and evenness, B) NMDS ordina-

tion plot (Bray) showing the similarity between samples. C) species comparison 

bar plot of the species-speciʭc diʬerences between the diʬerent location and 
primers. 
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DISCUSSION 

With the rise of Oxford nanopore sequencing, it now becomes increas-

ingly feasible to use long read sequencing in metabarcoding studies. We 

introduced and tested the settings of the bioinformatics pipeline DECONA 

that enables processing of raw read Nanopore data to species assignment 

with just one line of code. In addition, we explored the utility of a longer 
amplicon fragment by comparing it to a commonly used short amplicon. 

Utility was tested by using an in silico approach, and subsequently, we 

tested the primer pair on samples from an aquarium with a known spe-

cies composition as well as on ʭeld samples. We showed that the DECONA 
pipeline improves the accuracy of Nanopore reads to enable species level 

assignment and that the most optimal settings for DECONA depend on 

methodological choices. We also showed that the designed primer pair 

is not only bony ʭsh speciʭc, but also targets elasmobranchs. In sillico 

results show that longer target fragments can help increase correct spe-

cies level assignments for genetically closely related species. This is also 

reʮected in the results from the Aquarium samples: Platichthys ʮesus and 

Pleuronectus platessa are both detected with the 2kb primer pair but can-

not be identiʭed to species level with MiFish primer pair and are listed as 
Pleuronectidae. The same is true for several Raja species. Aquarium samples 

also showed that most of the species were shared between both amplicon 

fragment lengths but that more species could be correctly identiʭed with 
the 2kb primer pair, mainly due to improved species level assignment. In 

the ʭeld samples, the alpha diversity was generally higher for the short 
fragment size, possibly due to lower abundance of longer fragments in 

the environment. Nevertheless, we have demonstrated that it is possible 

to use long and short amplicons for species level eDNA metabarcoding 

using Nanopore sequencing. 

Although ONT based long read metabarcoding is shown to be successful 

in bacterial studies (Krehenwinkel et al., 2019; Matsuo et al., 2021), there 

is a limited number of reports that validated its use for marine biodi-

versity studies (Semmouri et al., 2021). Thus, these results help build 

a foundation to further study the added value of long read sequencing 

in marine vertebrate biodiversity assessments. Nevertheless, it remains 

challenging to adequately demonstrate possible strengths of long read 

amplicons sequencing as methodological choices are often diʬerent be-

tween studies (Ruppert et al., 2019; Wang et al., 2021). Also in this study, 

diʬerent methodological choices were made, including a limited number 
and diʬerent approaches of sampling, as oʬshore marine conditions 
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often restricted eʬective sampling eʬorts. Nevertheless, studies that ad-

dress longer fragments, especially with diluted, environmental samples 

will improve the understanding of how long amplicons may enhance 

eDNA based marine biodiversity assessments. 

DECONA enhances read accuracy and species assignment, 
but settings should be tailored to the experiment at hand
As it was possible to adequately assign reads to species level, the de-

veloped sequence read processing pipeline DECONA enables a consensus 

sequence accuracy as species level assignments were accepted from 

98%, which is comparable to Illumina read accuracy (Caporaso et al., 
2011). There is limited automated bioinformatics processing reported 

in Nanopore based studies, especially for metabarcoding (Santos et al., 

2020). This study introduces the DECONA pipeline (https://github.com/

saskia-oosterbroek/DECONA), thereby contributing to the availability of 

bioinformatics software to process Oxford Nanopore sequence output. 
Once installed, one line of code suʯces to correctly run the pipeline 
and enables data processing for scientists with limited experience with 
the command line. The bioinformatics tools integrated in DECONA are 

well established programs in genomics and transcriptomic studies. For 
example, tools such as CD-Hit (Huang et al., 2010) have previously been 
used in the analysis of Nanopore sequence data for clustering and con-

sensus building of ʭsh amplicon-based sequences (Voorhuijzen-Harink 
et al., 2019). Reference based polishing was successfully applied when 

identifying benthic organisms on autonomous reef monitoring structures 

(Jin et al., 2020) using minibarcoder.py (Srivathsan et al., 2018). The com-

bination of both clustering and de novo alignment-based polishing with 

racon (Vaser et al., 2017) and medaka (https://nanoporetech.github.io/

medaka/) has previously been used for the correction of metagenomes 

(Rodríguez-Pérez et al., 2020). In contrast, the DECONA pipeline com-

bines similarity-based clustering based on short word tables instead of 

an alignment approach in combination with alignment-based polishing 

with racon and medaka, which further increases the sequence accuracies. 

Limitations of DECONA may lie in the necessity to cluster, which makes 

it possible that reads from genetically similar organisms end up in the 

same clusters, resulting in lower detection sensitivity than is actually se-

quenced. In addition, clustering with DECONA also disregards singletons, 

as such missing the rare reads in datasets. Fortunately, due to the fast 
development of Oxford Nanopore sequencing technologies, new sequenc-

ing chemistries with reduced sequencing error rates and basecalling 

algorithms are often released and accuracy is now at a 99.8% raw read 
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accuracy for model organisms (Srivathsan et al., 2021). Therefore, by us-

ing new chemistries it may become possible to skip the clustering and 

polishing process altogether and perform raw read identiʭcation using 
amplicon sequence variants (ASVs) in the near future, as is the standard 

for Illumina platforms (Van Der Reis et al., 2023). 

Choices in bioinformatics inʮuence the results and aʬect conclusions 
that can be drawn. Settings in DECONA should therefore be carefully 

considered and especially cluster similarity is of importance. Setting a 

high cluster similarity result in more clusters, but with the risk of ob-

taining more singletons that will then be discarded. Setting a low cluster 

similarity causes similar reads to be clustered together, reducing the ob-

served diversity of a sample and especially prone to happen when closely 

related species are expected in the sample. The optimal cluster similarity 
changes with amplicon length. Therefore, it is important to test several 

settings of DECONA on a subset of each dataset to validate which settings 

give the most sensible results for the amplicon (length) of choice as well 

as the sequencing chemistry that is used. 

In silico identiʭcation shows increased species level 
identiʭcation using longer DNA fragments
Alignment of species within the Pleuronectidae, Ammodytidae and Raja 

families showed a genetic variability insuʯcient to diʬerentiate related 
species when aligning the MiFish target fragments. These assignment 
problems have already been reported for North Sea ʭsh species (e.g. 
Barco et al., 2022). The 2kb target fragment alignment shows that for 

some species indeed the sequence dissimilarity increases to up to 2%. 
However, for Hyperoplus lanceolatus and Ammodytes tobianus, it remains 

impossible to distinguish on species level on the complete 2kb target 

region, which demonstrates that for some species it is needed to use an 

additional target region to adequately assign on species level. In addition, 

for Pleuronectus platessa and Platichthys ʮesus there are an additional 11 

nucleotide diʬerences found on the 2kb target region. The in-silico com-

parison therefore shows that taxonomic identiʭcation to species level 
can be obtained when using long read metabarcoding, but that there is a 

need to consider other fragments and lengths to be able to diʬerentiate 
between genetically highly similar species. 
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Assignments from the aquarium samples show overlap  
between primer pairs, primer pair speciʭc diʬerences,  
and false positives.
Most species in the aquarium could be detected with both primer pairs 

used. The species Scomber scombrus was detected by both primer pairs but 

did not live in the aquarium. This species was used as feed for the diʬer-
ent piscivorous animals in the aquaria, showing that both primer pairs 

are also able to pick up the signal of animals that are only temporarily 

present as part of the diet of the aquarium inhabitants (personal com-

munication P. Bunskoek, Dolʭnarium Harderwijk). 

Analysis of the eDNA aquarium samples also detected unique species for 

each primer pair. For example, the sequences from the 2kb primer pair 
better represent the diʬerent ray and Pleuronectidae species, whereas the 

MiFish primer pair could capture DNA from Pollachius pollachius. As the 

2kb primer pair was designed in such a way that it should amplify all 

Gadiformes species (See S3, Supplementary text 1), this ʭnding suggests 
that, using multiple markers would improve the detection of the present 

species, and agrees with earlier ʭndings illustrating that multiple mark-

ers give a better representation of the complete biodiversity (Cordier 

et al., 2019). For both primer pairs there is also false positive species 
assignment as is illustrated with Mustelus mananzo. Despite the careful 

choices made in this study for correct species identiʭcation, false posi-
tive species assignments can still arise. This may occur, since BLASTn 

assigns reads to top hit species while there may also have been a similar 

match with the correct species, but with a smaller alignment length. 

Taxonomy assigners that are currently used for Illumina MiFish metaba-

rcoding make use of Naïve Bayesian classiʭers such as RDP (Cole et al., 
2003) that can do quick taxonomic assignment for ASV metabarcoding 
sequences and also assigns taxa to a higher taxonomic level when there 
are sequences with multiple hits. For Nanopore based consensus se-

quences such assigners are, to our knowledge, not yet applied. Therefore, 

it is still needed to manually adjust results based on a priori knowledge 

on the genetic similarity, despite thorough ruling-out of such events in 

data-processing. 

There were also species present in the aquarium that were not detected 

by any primer pair. It is often observed that eDNA methods do not iden-

tify the complete biodiversity, despite using a multi-marker approach 

(Morey et al., 2020). Scophthalmus rhombus for example was not detected 
by any molecular method as there is no representation of its 12-16S frag-
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ment in public databases, making it impossible to assign a read to this 

species. This further stresses the need to continue improving genetic 

reference databases both with short fragments as well as for complete 

(mitochondrial) genomes. Of the undetected species only one or two 

individuals were present in the aquarium, which suggests that the lack 

of detection is a result of low initial DNA concentration of those species. 

And since there are a total of 301 specimens in total in the aquarium (S2), 

it is possible that that the overrepresentation of DNA of other species 

have masked these detections. This is in line with inconsistent detection 

of rare taxa between ʭlters described in previous reports (Evans et al., 

2016; Kelly et al., 2014; Morey et al., 2020), and species detection could 

be improved by using more replicates (Beentjes et al., 2019; Evans et al., 

2016) or collecting a larger volume of water where possible. An alterna-

tive explanation for the lack of detection of these low abundant species 
could come from the sequence processing. As it is necessary to cluster 

raw reads, rare reads can end up as singletons or in a cluster that is 

removed during further sequence processing. Overall, despite the detec-

tion of false positives, false negatives, and primer pair speciʭc results, 
both primer pairs, and especially the 2kb primer pair could identify the 

majority of the marine vertebrates, identifying an additional 7 species, 

mostly due to increased possibility for species level identiʭcation. 

Field samples show lower diversity in 2kb fragment length
The alpha diversity in both Shannon index and richness was overall 
higher for the MiFish results in the in the ʭeld samples, although not al-
ways signiʭcant. An explanation for the increase in alpha diversity could 
lie in the eDNA fragment length sampled. In aquaria it can be expected 
that the relative concentration of eDNA in the water and especially of 

freshly released long eDNA fragments in the water is high, hence more 

diversity could be found with the 2kb primer pair in the aquaria. Finding 
a lower alpha diversity in the ʭeld samples may be due to lower ʭsh den-

sity, and potentially faster breakdown of free extracellular DNA (Seymour 
et al., 2018). Therefore, it is likely that the average size of DNA frag-

ments present in the ʭeld eDNA samples is smaller and hence a smaller 
proportion can be successfully ampliʭed with the 2kb primer pair, while 
ampliʭcation of short DNA fragments with the MiFish primer pairs is 
still possible. This is in line with the hypothesis that longer fragments of 

nucleic acids in the environment break down rapidly, and that therefore 

longer fragments be used to incorporate time-scale information into the 

eDNA analysis (Jo, 2023). Our results thus suggest that the MiFish primer 
pair approach can identify additional signals from taxa that released 
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their DNA longer ago, while the 2kb primer pair would provide temporal 

snapshots of species that have been present more recently. There is a 

need to further assess how DNA length is aʬected by degradation both 
intracellularly and extracellularly (Jo, 2023) to understand how read 
lengths could be exploited to obtain additional insight into diversity on a 
temporal scale. 

Additionally, the species compositions between the locations and primer 

pair used was in most cases consistent between replicates (S13) which 

was especially apparent in local wreck sampling. In addition, the wreck 

samples were more consistent in terms of species compositions between 

primer pairs, as most of the species could be found with either primer 

pair. Primer speciʭc observations, as consistent detections of Limanda 

limanda and several Gadiformes species as Merlangius merlangus and 

Melanogrammus aegleʭnus, seem speciʭc to the 2kb primer pair, likely 
because these species are genetically too similar for correct species level 

assignments with MiFish. This consistency was less obvious, however, 
in the Gemini/Borkum dataset and, especially with the 2kb primer pair. 

Diʬerent sampling methods have resulted in these ʭndings. The wreck 
samples were taken while diving, which may have provided a more stable 

water column, allow for collection on a precise location on these local 

biodiversity hotspot (Fowler & Booth, 2012) whereas the Gemini/Borkum 
samples were taken less locally using a niskin bottle. Alternatively, due 

to the several rounds of revisions that this work has undergone, DNA 

extracts were partly re-analyzed years later (see Supplementary text 1) 
and may have resulted in degradation of the sample over time. Neverthe-

less, Nanopore based long read metabarcoding in combination with read 

processing with DECONA, can be utilized to ʭnd diʬerences in diversities 
between ecologically relevant sites, albeit with lower alpha diversities 

than with MiFish primer pair. Thus, by carefully choosing the settings 
in DECONA, the combination of long and short reads enables assessing 

the ʭsh biodiversity on species level at multiple diʬerent sample sites 
(e.g. shipwreck sampling), where short reads enhance detected alpha 

diversity and long reads additionally provides a species level assignment 

of genetically closely related species while possibly providing a temporal 

snapshot of the community. 
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Conclusion
This study demonstrates and validates an eDNA metabarcoding approach 

using Nanopore long read technology. To enable this approach, we pres-

ent our Nanopore sequence processing pipeline DECONA. DECONA is 

bioinformatics pipeline that allows researchers to set the right cluster 

similarity and can be tailored to the amplicon length and ONT chemistry 

at hand. We demonstrate an increased species resolution due to the lon-

ger DNA fragments analyzed. We further show limitations such as false 

positive assignments and limited detection of rare species suggesting the 

importance of using multiple markers for increased detection resolution 

for ʭsh. Further research should focus on exploring the use of long read 
metabarcoding to gain biodiversity information on a spatial-temporal 

scale to further understand the role of long reads for eDNA biodiversity 

assessments. In addition, studies should focus on the possibility to use 

Nanopore generated raw reads directly, to further implement Nanopore 

based (long read) metabarcoding as standard to the molecular ecol-

ogy toolbox. Moreover, it is essential that addition of longer reference 
sequences to databases, preferably of full (mitochondrial) genomes, 

maintains a high priority in marine molecular ecology. Only then can 

long read based DNA metabarcoding and metagenomics develop to its full 

potential to serve as monitoring tool.
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Table S3: The species of the North Sea and their representation of refer-

ence fragments present in the used database.

See supplements of online publication

Table S2: The species that are present in the ray reef aquarium 
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Table S5: BLAST database entries North Sea
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Table S7: Rarefaction curves

Table S6: Clusters that are assigned to multiple species with the same e-value 

(>98%) per primer pair and cluster similarity setting, Aquarium samples
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Table S8: Oʬ target hits from the diʬerent datasets
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Table S10: Statistical analysis
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taset 
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Table S14: Mock community ʭndings and read counts
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ABSTRACT

North Sea reefs are becoming increasingly rare, and monitoring their bio-

diversity is crucial for eʬective conservation strategies for the remaining 
ones. Using non-invasive methods such as environmental DNA to study 

biodiversity is powerful; however, transport by currents and the presence 

of preserved DNA fragments can overestimate biodiversity in ʮuctuating 
or dynamic environments. Environmental (e)RNA and longer eDNA frag-

ments are linked to the active and local community due to their increased 

lability and consequently reduced detectability. Nonetheless, how they 

can be used for monitoring the marine vertebrate community in natural 

reefs remains untested. 

We studied the community composition of a natural Modiolus modiolus 

reef in the marine protected area (MPA) Noss Head, in the Scottish North 

Sea, by comparing metabarcoding of short fragment eDNA, long frag-

ment eDNA, and short fragment eRNA data collected from sites with 

varying M. modiolus coverage. Additionally, we evaluated the relationship 

between metabarcoding results and Baited Remote Underwater Video 

(BRUV) ʭndings to explore the added value of an integrated approach 
combining BRUV and molecular analyses. Vertebrate species diversity 

was consistently higher in eDNA than in eRNA datasets. Using eRNA 

fragments rarely yielded detections of large, high-trophic-level animals. 

Long fragment detections consistently showed the lowest diversity, 

likely due to reduced detectability. Only short fragment eDNA enabled 

diʬerentiation of species communities between high and low M. modiolus 

coverage sites, and a positive relationship was observed between species 

communities characterised with BRUVs and eRNA. Overall, this suggests 

that eRNA fragments mainly capture the temporally active community 

rather than spatial variation. These ʭndings oʬer practical insights into 
integrating eRNA metabarcoding into the molecular marine monitoring 

toolkit and highlight its potential as a complementary tool for detecting 

changes in marine reef systems.

Keywords: eDNA, eRNA, Fish, North Sea, Reefs, vertebrates, community 
ecology, biodiversity, nucleic acids 
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INTRODUCTION 

North Sea biogenic reefs, particularly bivalve reefs, are vital in support-

ing biomass production by providing food, shelter, and nursery habitats 

for various ʭsh and mammal species (Kent, Mair, et al., 2017; Seitz et al., 
2014; Støttrup et al., 2014). However, the North Sea is heavily utilised for 
resource extraction, including sand and mineral dredging and extensive 
bottom trawling. (Porz et al., 2024; Thurstan et al., 2024). These activi-

ties resulted in a dramatic decline of bivalve reefs in the North Sea region 

(Thurstan et al., 2024). Fortunately, the European Union adopted sig-

niʭcant environmental policies such as the Marine Strategy Framework 
Directive (MSFD, 2008/56/EC), the European Water Framework Directive 
(WFD, 2000/60/EC) and the European network (Natura 2000 network, 
Habitat Directive) to protect vulnerable habitats and species. These poli-

cies initiated routine monitoring of biodiversity dynamics and environ-

mental impact of industrial developments (Carvalho et al., 2019; Coolen 

et al., 2022; Fowler et al., 2020; Ibanez-Erquiaga et al., 2025), thereby 
improving conservation management strategies (Borja et al., 2010; Kraan 

et al., 2024; Pikesley et al., 2021). 

Conventional monitoring methods typically involve netting and trapping, 

which may result in considerable disturbance of the often-vulnerable 

habitat (Murphy & Jenkins, 2010). Therefore, non-invasive observa-

tory techniques like camera-based visual imaging (Langlois et al., 2020; 

Mallet & Pelletier, 2014), acoustics and soundscapes (Ibanez-Erquiaga 

et al., 2025) are often the favoured option, but analysing these data is 

time-consuming and, depending on visibility and sound pollution, may 

not reach the preferred taxonomic resolution (Anderson et al., 2008; 
Connolly et al., 2023). Environmental DNA (eDNA), another non-invasive 

technique, may serve as a cost-eʬective and time-eʬective alternative 
(Dukan et al., 2024; Mauʬrey et al., 2021) and a complementary signal to 
camera data (Clark et al., 2024; Jeunen et al., 2020; Stat et al., 2019). 

Although eDNA-based approaches yielded promising observations of 

both vertebrate (Barco et al., 2022; Dukan et al., 2024; van Bleijswijk 

et al., 2020) and invertebrate communities (Cornelis et al., 2024; Mauf-

frey et al., 2021), they also have limitations. These limitations are linked 

to the ampliʭcation and annealing biases that reduce the possibility of 
obtaining reliable (relative) abundance data (Beng & Corlett, 2020). In 

addition, most metabarcoding studies rely on short fragment amplicons 

(Miya et al., 2015), which often lack taxonomic resolution and may lead 
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to false-negative and/or false-positive detection (Beng & Corlett, 2020). 
Moreover, the combination of waterbody movements, diʬerential DNA 
decay, and contamination with old, preserved DNA in the water column 
further obscures the reliability of eDNA ʭndings (T. Jo & Minamoto, 2021; 
Sassoubre et al., 2016; Zanni et al., 2025). 

Several alternatives exist to circumvent some of these biases, including 
the use of multiple markers (Ferreira et al., 2024; Fontes et al., 2024) 
and using primers that amplify longer DNA fragments for improved 
taxonomic resolution (Doorenspleet et al., 2025; S. Zhang et al., 2020). 
Moreover, the use of qPCR methods to progress abundance estimations 
(Rourke et al., 2022; Urban et al., 2024) and the use of spatial-temporal 
sampling (Courtaillac et al., 2024; Dukan et al., 2024) are all presented to 
improve eDNA-based monitoring.

Previously, little attention was paid to using eRNA for biodiversity moni-
toring, primarily because of the assumption that the RNA molecule is 
too unstable to persist in the environment (Cristescu, 2019). Despite its 
unstable nature, the eRNA signal was proposed to reduce false positive 
detection, to improve spatiotemporal resolution due to its higher deg-
radation rate and faster decay (Cristescu, 2019; T. Jo & Minamoto, 2021) 
and could additionally be used to assess the physiological and health sta-
tus of an ecosystem (Ramón-Laca et al., 2025). Indeed, the detectability 
of eRNA was found to persist for days, compared with weeks for eDNA 
in microcosms (Kagzi et al., 2022). In addition, eRNA metabarcoding 
is a robust signal for biodiversity assessment in freshwater Arthropoda 
(Kagzi et al., 2023). eRNA metabarcoding also appears to reduce false-
positive detection rates moderately (Li et al., 2024; Littlefair et al., 2022). 
Nevertheless, biodiversity assessments show conʮicting results, where in 
some cases the eRNA signal results in a higher overall species richness of 
freshwater ʭsh (Li et al., 2024) and meiofauna (Giroux et al., 2022) but 
also resulted in lower diversity in other cases (An et al., 2023; Y. Zhang 
et al., 2024). Consequently, it is still unclear what the exact value of the 
eRNA signal is in biodiversity assessments. To our knowledge, no study 
has assessed the marine vertebrate community in North Sea bivalve reefs 
using eRNA, and the added value of eRNA metabarcoding compared to 
short- and long-fragment eDNA metabarcoding in such habitats remains 
unstudied. It also remains unclear whether these diʬerent signals might 
reʮect distinct spatial-temporal snapshots of the reef vertebrate com-
munity. 
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We evaluated biodiversity using a multi-metabarcoding approach on a 

Modiolus modiolus reef in the MPA Noss Head in the Scottish North Sea. 

We compared it to high M. modiolus coverage (>50%), medium coverage 
(<50%), no coverage (~0%) and an area 5km away from the reef. In this 
study, we 1) compare the species richness and community composition 

of each marker and evaluate how this represents the ʭsh community 
on and around the biogenic reef 2) discuss the complementary value of 

short and long amplicon eDNA metabarcoding in combination with eRNA 

metabarcoding and BRUV ʭndings. We hypothesise that long-fragment 
metabarcoding and eRNA metabarcoding lead to reduced diversity com-

pared to short-fragment eDNA metabarcoding, but that the techniques 

target and detect similar species. 

MATERIALS AND METHODS

Study area
The Marine Protected Area (MPA) Noss Head is situated oʬ the coast 
of Scotland and encompasses a 3.85 km2 horse mussel (M. modiolus) 

bed, which lies at approximately 35-45 m depth (Figure 1, S8). Sampling 

took place onboard the RV Pelagia from 3rd to 10th October 2023. Areas 

for sampling were chosen based on ground truth imaging using an HD 

video hopper frame (Coral et al., in review; Figure S10) deployed from the 
vessel. Video footage was live-streamed onboard, allowing for real-time 

assessment of the seabed. The video survey covered the southern part of 

the mussel bed, as previous surveys conʭrmed high-coverage patches 
of M. modiolus in the northern area (Figure 1A). area (Hirst et al., 2012; 

Moore, C. G. and Roberts, 2011; Figure 1A). 

Sampling design 
Overall, the sampling design was limited by restricted access to areas 

containing static ʭshing gear. Nonetheless, three biotopes were chosen 
based on the video surveys (Figure 1C): high-density mussel bed (>50% 
M. modiolus coverage), medium-density mussel bed (<50% M. modiolus 

coverage), and absence mussel bed (~0% M. modiolus coverage). Diʬer-
ent stations were sampled within each biotope (Table S1). Due to limited 

ship time and to reduce processing costs, not all habitats (High coverage, 

Medium coverage, Low coverage) were evenly sampled (1 to 3 stations 

per habitat), and one additional station, located 5 km from the reef edge, 

was included to evaluate the reef eʬect (Table S1, Figure 1C). Neverthe-
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less, the same stations and sampling times were consistently used for 

comparisons between fragment choices. 

Water sampling
Water sampling for eDNA and eRNA was conducted using six 25 L Ni-
skin bottles mounted on a rosette frame, with three replicates collected 

from diʬerent bottles. Samples were collected near the seabed. For each 
sample analysis replicate (eDNA or eRNA), water from the same Niskin 

bottle was used. Niskin bottles were rinsed with fresh water between 

Figure 1: Study area, locations, habitat and sampling strategy, showing A) the 

location of the M. modiolus reef at Noss Head, in the North Sea along the Scot-

tish coast. B) Positioning of the used sampling stations as described by Coral et 

al. (under review). Colors indicate the location of the station representing either 

high (>50%), medium (<50%), low (~0%) or 5 km (0%) M. modiolus coverage. 
C) Visual representation of the diʬerent modiolus coverage based on ground truth 
imaging as described in Coolen J.W.P et al. (2024). D) Cartoon of the sampling 

method, design and replication strategy of the diʬerent eNA samples. 
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water sampling events to avoid contamination. Water was transferred 

into separate 2 L plastic bottles for each replicate (one for eDNA and 

one for eRNA from each Niskin). Clean gloves were worn and changed 

between samples while handling and processing to prevent human DNA 

contamination. For each replicate, 2000 ml of seawater (or until clogged, 
minimum 1300 ml) was ʭltered through a 1.2 µm cellulose nitrate ʭlter 
using ʭltration units connected to a vacuum pump (Rocker, USA). Filters 
were folded with chloride-cleaned tweezers prior to storage in a 2 ml 

screw cap containing 400 μl RNA/DNA shield (Zymo, USA). The ʭlter 
equipment (ʭlter holders, plastic bottles, and tweezers) were rinsed and 
sterilised using a 10-minute 0.5% bleach bath and subsequently rinsed 
with MilliQ water between samples. Field controls were taken before and 
after each ʭltering session using approximately 1 litre of MilliQ water. 
Samples were immediately stored in the freezer at -20 °C for eDNA, or 

snap-frozen in liquid nitrogen and stored at -80 °C for eRNA, for further 

processing. All samples were collected during the same tide. 

DNA and RNA extraction
DNA was extracted using the DNeasy Blood and Tissue extraction kit 
(Qiagen, USA) following the manufacturer’s protocol for tissue samples, 
except ATL was replaced with 400 μl RNA/DNA shield, which was already 
in the ʭlter, and the volumes of AL buʬer and ethanol were doubled to 
maintain a 1:1:1 ratio. DNA was eluted in 50 μl AE buʬer, and concentra-

tions were measured with a DeNovix DS-11 (DeNovix Inc., USA). Extrac-

tion controls were included in each round of extractions. 

RNA was extracted using the RNeasy Micro kit (Qiagen, USA), with some 
adaptations to the manufacturer’s protocol made, as detailed in the com-

plete protocol (Supplementary ʭle 1). RNA concentrations were quantiʭed 
using a DeNovix DS-11 (DeNovix Inc., USA), as well as with a Qubit RNA 
High Sensitivity (HS) kit (Invitrogen, USA) and a Qubit 2.0 Fluorometer 
(Invitrogen, USA).

cDNA synthesis 
To enable ampliʭcation, eRNA was ʭrst reverse transcribed into single-
stranded (ss) complementary DNA (cDNA). The SensiFAST cDNA synthe-

sis kit was used (Meridian Bioscience, USA) with an input of 100 ng to 

500 ng of RNA. Multiple negative controls were included in the process, 

including one negative cDNA synthesis control with all chemicals, one 

cDNA synthesis control minus reverse transcriptase with 1 µL of RNA 

added to verify the absence of DNA, and all cDNA synthesis chemicals 
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with the negative RNA extraction blank. The cDNA synthesis protocol 
was carried out on a PCR machine (T100 Thermal Cycler, Bio-Rad) as 

follows: 10 minutes at 25°C, 10 minutes at 42°C, 15 minutes at 85°C, then 

held at 4°C until further processing. 

PCR

DNA and cDNA were both ampliʭed using short fragment MiFish primers 
(Miya et al., 2015) in a ʭnal reaction volume of 10 µL, containing 5 µL 
of 2x Phire Tissue Direct PCR Master Mix, 4.3 µL nuclease-free water 
(NFW), 0.2 µL of mixed forward and reversed unique tagged MiFish 
primers (adapted from Srivathsan et al., 2018) and 0.5 µL of template (c)

DNA (Table S3). Three PCR replicates were performed to minimise the 

stochastic eʬects of PCR. The PCR program for ampliʭcation was 98°C 
for 180 seconds, followed by 35 cycles of 98°C for 10 seconds, 59 °C for 

10 seconds, 72°C for 10 seconds, and a ʭnal step at 72°C for 180 seconds. 
DNA extractions were also ampliʭed using a long fragment 2kb primer 
that spans both 12S and 16S rRNA (Table S3). The PCR conditions for this 

primer set were 98°C for 180 seconds, 35 cycles of 98°C for 10 seconds, 

57 °C for 10 seconds, 72°C for 30 seconds, followed by a ʭnal extension 
at 72°C for 180 seconds. PCR products were analysed by 1.5% agarose 
gel electrophoresis, run for 40 minutes at 120v. Successful PCR replicates 

were pooled, and negative PCR controls were included in each PCR plate. 

Barcoding PCR
For the 2kb amplicons, an additional barcoding PCR was required. For 
the MiFish primers, this step was skipped due to the use of tagged prim-

ers. PCR ampliʭcation was carried out in a ʭnal reaction volume of 15 
µL, consisting of 7.5 µL LongAmp polymerase (New England Biolabs, 

USA), 6.7 µL NFW, 0.3 µL barcode (EXP-PBC096 kit, Oxford Nanopore 
Technologies, UK) and 0.5 µL ʭrst round PCR product. The PCR program 
was as follows: 95°C for 180 seconds, followed by 13 cycles of 95°C for 15 

seconds, 62°C for 15 seconds, 65°C for 150 seconds, then a ʭnal step of 
65°C for 300 seconds. PCR products were veriʭed using 1.5% agarose gel 
electrophoresis, run for 40 minutes at 120V, and then pooled at equimo-

lar concentrations. Negative PCR controls were included in both PCR and 

pooling steps. After pooling, AMPure XP beads clean-up was performed 

following the Oxford Nanopore Technologies protocol for end-prep (ver-
sion: ligation-sequencing-amplicons-sqk-lsk114-ACDE_9163_v114_
revH_29Jun2022-minion), with two modiʭcations: twice the volume of 
beads was added relative to the total pool volume (2:1 ratio), and DNA 
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was eluted in 51 µL NFW. DNA was quantiʭed using the HS dsDNA kit 
(Invitrogen, USA) and the Qubit 2.0 Fluorometer (Invitrogen, USA).

Gel extraction of the short fragment (MiFish) amplicons 
To remove bacterial DNA ampliʭed by MiFish primers, a gel extraction 
of the target amplicon (~150 bp) was performed. First, MiFish PCR prod-

ucts were pooled at equal molar concentrations. The pooled product was 

loaded onto a 1.5% agarose gel and run for 90 minutes at 100v. After vi-
sualisation using blue light from a Bluegel (miniPCR bio, USA), the target 

band was excised and collected into an Eppendorf tube. Gel puriʭcation 
was then performed using the QIAquick gel extraction kit (Qiagen, USA) 
following the manufacturer’s protocol. After gel puriʭcation, an AMPure 
XP beads clean-up was performed as described previously. 

Nanopore sequencing 
End-prep and adapter ligation were performed using the SQK-LSK114 kit 

(Oxford Nanopore Technologies Ltd., UK) (protocol version: ligation-se-

quencing-amplicons-sqk-lsk114-ACDE_9163_v114_revH_29Jun2022-
minion). Puriʭed DNA was quantiʭed with the HS dsDNA kit (Invitrogen, 
USA) and Qubit 2.0 Fluorometer (Invitrogen, USA). To prevent overload, 
less than 100 ng DNA was loaded onto a primed R10.4.1 ʮow cell, and 
sequencing was carried out using a MinION Mk1C. Sequencing speed 

was 450 bases/sec, with an average sequence depth of 200.000 reads 

per sample (~20-25 million reads per run). All sequencing runs were 

performed on separate ʮow cells to avoid cross-contamination between 
runs. 

Bioinformatics 
Base-calling of the raw POD5 ʭles was conducted using Dorado (Version 
0.5.3, Oxford Nanopore Technologies Ltd., UK) in super high accuracy 
(SUP) mode. Decona (version 0.1.4) was utilised for bioinformatic analy-

sis. (Doorenspleet et al., 2025). SUP base called reads were ʭltered based 
on read length, only keeping reads from 150 bp to 240 bp for the MiFish 
amplicons and 1800 bp to 2350 bp for 2kb amplicons. A cluster similarity 

of 96% was chosen for MiFish and 95% for 2kb, based on careful ex-

amination of diʬerent clustering percentages. (Doorenspleet et al., 2025) 
with a minimum of 10 reads per cluster. (MiFish command: decona -T 30 
-f -q 10 -l 150 -m 240 -g “GTYGGTAAAWCTCGTGCCAGC;max_error_
rate=0.1;min_overlap=17...CAAACTRGGATTAGATACCCCACTAT;max_er-
ror_rate=0.1;min_overlap=21” -c 0.96 -n 10 -r -R 500 -k 6 -M -b /
home /Blast_database/nt, 2kb command: decona -T 30 -f -q 10 -l 1800 
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-m 2350 -g “GGATTAGATACCCYACTATGY;max_error_rate=0.1;min_
overlap=17...CYAGGGATAACAGCGCAATC;max_error_rate=0.1;min_
overlap=17” -c 0.95 -n 10 -r -R 500 -k 6 -M -b /home /Blast_database/
core_nt). 

Taxonomic identiʭcation of the sequences was performed using the Basic 
Local Alignment Search Tool for nucleotides (BLASTn) with the nucleo-

tide core (nt) database (last updated August 2024), integrated within 

Decona (https://github.com/Saskia-Oosterbroek/DECONA; Doorenspleet 

et al. 2025). Assignments at the species level were accepted if the top hit 

e-value was higher than that of the second hit, and/or when the second 

or third hit identiʭed the same species. Additionally, species-level as-

signments were only accepted if the minimum alignment length was 100 

bp and >99% identity. If this criterion was not met, the lowest common 
ancestor (LCA) was assigned.

The Decona output was further curated using RStudio v4.2.2 (RStudio 

Team, 2020). To minimise the eʬect of possible contamination, MicroDe-

con (McKnight et al., 2019) was used for decontamination of the samples. 

Contaminant sequences were identiʭed and subtracted, sequentially by 
control type (PCR, (cDNA), extraction, ʭeld), with thresholds optimised 
by control type. Read removal (Table S4) and species richness (Figure S1) 
were quantiʭed to ensure adequate decontamination. OTUs were further 
curated using LULU (Frøslev et al., 2017) to merge potential redundancies 
based on sequencing similarity (default settings, >0.84) and co-occur-
rence patterns. The curated OTU table was compared to the original, and 

no changes were made to the data. 

To validate the species list obtained from BLASTn taxonomic assign-

ments, species were detected through the WoRMS database (World 

Register of Marine Species) and non-marine species were excluded from 
the analysis when absent on WoRMS or when they belonged to the Aves 

class. Species occurrence data were retrieved from OBIS (www.obis.

org) using the robis() function. Occurrence data was retrieved using a 

2-degree radius, but the species list was corrected by retaining species 

observed within the 2-degrees radius. Based on the uncertainty of spe-

cies level identiʭcation using the chosen markers, identiʭcations were 
further manually checked and renamed, either with LCA or by adding an 

asterisk if the identiʭcation returned two or more species (example: hit 
with Clupea harengus and Clupea pallasi becomes Clupea harengus* because 

only harengus is present in the North Sea and Atlantic, but Ammodytes 
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marinus and Ammodytes tobianus become Ammodytes sp because there are 

multiple Ammodytes species in the North Sea) to indicate a certain level of 

uncertainty. 

Statistical analyses and visualization 
Further data analysis was executed in RStudio v4.2.2 (RStudio Team, 
2020). Species richness and Shannon diversity index were determined 
using the diversity() function (vegan v2.6.4) (Oksanen et al., 2022) and 

visualised using a boxplot (ggplot2, v3.4.0; Table S5) (Hadley Wickham, 
2016). Abundance data were calculated as relative read count (0-1), as 

these data were only used for between-sample comparison (Kelly et al. 

2019). The signiʭcance of the diʬerence in variances between species 
richness and diversity indices across habitats was tested between target 

fragments (eDNA-MiFish, eDNA-2kb, eRNA-MiFish) and among reef 
locations (high coverage, medium coverage, low coverage, and 5km away 

from the reef. For the analysis, a generalized linear model (GLM) was 
ʭtted using mass() (Brian et al., 2024; Table S6,S7). Species richness was 
modelled using a Poisson distribution, the Shannon diversity index with 
a gamma distribution, and abundance with a negative binomial distribu-

tion of the residuals. Subsequently, an analysis of variance (ANOVA) was 

used to assess the signiʭcant diʬerences among fragment types and reef 
locations using the aov() function (package stats, v3.6.2; R Core Team, 

2024) after conʭrming Levene’s and Shapiro’s tests for homogeneity of 
variance and normal distribution. Pairwise comparisons were performed 

using a post hoc Tukey test (HSD) with the TukeyHSD function (stats, 

v3.6.2; R Core Team, 2024) to identify which groups diʬered signiʭ-

cantly. 

To visualise the community composition diʬerences between fragment 
types and locations (ʭgure 2, 2,3, and S7), a Non-metric Multidimen-

sional Scaling (NMDS) with Bray-Curtis dissimilarity (‘bray’) was ap-

plied. The species composition was visualised using a stacked bar plot 

with ggplot() (package ggplot2, v4.0.0; Figure S6, S7). A PERMANOVA 
was used (adonis2(), v2.4.6) to analyse whether there was a signiʭcant 
diʬerence between fragment choice and reef location (Table S8). Unique 
and overlapping species were compared between fragment types and reef 

locations using an Euler diagram (package eulerr, v7.0.2). 

To compare species-speciʭc occurrences of the 35 most abundant species 
between fragment types and reef location, presence-absence matrices 

were constructed for each sample. Relative contribution was calculated 
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by summing the total detections from each replicate per location, nor-

malised to 100% and visualised using a stacked barplot with ggplot() 
(package ggplot2, v4.0.0).

To compare the species composition with BRUV observations, the BRUV 

data used are described in detail in Coolen et al. (2023) and Coral et al. (in 

review; Supplementary text 2). Since the BRUV data was not collected si-
multaneously with water sampling, we used the overall species presence/

absence data from the BRUV footage (from all samples) as an indication 

of local presence. These were matched to the molecular detections. For 
each fragment type, the relative proportion based on read counts was 

calculated after excluding hits that were renamed to ‘unclassiʭed’ or 
‘non-target’. A binomial logistic regression was employed to assess the 
relationship between BRUV presence (0/1) and the relative abundance 

of each species for each fragment type (Table S9). Odds ratios and 95% 
conʭdence intervals were derived from the model output and visualised 
using a forest plot. Predicted probabilities of BRUV presence were further 

modelled across the observed range of relative abundances of each frag-

ment type (Table S9). All analyses and visualisations were carried out 

in RStudio (v4.3.0) using the dplyr, tidyr, ggplot2, broom, and forcats 

packages.

RESULTS 

Comparisons between read processing strategies and 
taxonomic assignments of datasets
After processing a total of 2.598.798 (eDNA - MiFish), 1.567.589 (eDNA - 
2kb), and 554.384 (eRNA – MiFish) reads, these were assigned to species 
(table S4). Variation in ʭnal read depth across fragments did not aʬect 
species richness, as no correlation was observed between sequencing 

depth and species richness (Figure S2). Therefore, no additional correc-

tion for sequencing depth was performed. A considerable number of non-

marine species were identiʭed, primarily birds, cattle, or freshwater or-
ganisms. While these ʭndings are quite interesting, they were considered 
non-targets for this research. Decontamination of reads with Microdecon 

caused only a slight decrease in the total number of reads (Table S4) and 

species richness (Figure S1). Extraction and PCR controls contained only 
reads from non-target taxa, which were not further considered for this 
study (Figure S3). The cDNA negative control and the eDNA ʭeld control 
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showed minor contamination after decontamination, with very low read 

counts, and were therefore not further curated (Figure S4). 

Overall impact of fragment choice on diversity metrics, 
richness, and taxonomic composition
In general, eDNA-MiFish were comparable to the eDNA-2kb and eRNA-
MiFish fragment amplicons and yielded similar numbers of taxa, with 
the eDNA MiFish (53 species) community being less diverse than the 
eRNA MiFish community (57 species). The eDNA 2kb marker produced 
the lowest taxa diversity (27 species) (Table S2, Figure 2C). This trend 

was inconsistent with diversity across samples, as there was a signiʭcant 
diʬerence in species richness and Shannon diversity between fragment 
types (eDNA-MiFish: p < 0.001; eDNA-2kb: p <0.001; eRNA-MiFish: p 
<0.001, Figure 2A, Table S5, S6). An Euler diagram showed considerable 

overlap among all three methods, with most overlapping species found 

between eDNA-MiFish and eRNA-MiFish (Figure 2C). eRNA detected the 

highest number of unique species (15 out of 71). PERMANOVA and NMDS 

indicated a signiʭcant diʬerence in community composition between all 
fragment choices (eDNA-MiFish: p < 0.001; eDNA-2kb: p <0.001; eRNA-
MiFish: p <0.001, Figure 2A, Figure S7, Table S6), but optically the NMDS 
showed the eDNA - 2kb fragment was more isolated compared to the 

eRNA and eDNA MiFish communities (Figure 2B). Additionally, species 

composition was more similar between eDNA-MiFish and eRNA-MiFish 
than between the MiFish and 2kb fragments (Figure 2D, Figures S5, S6). 
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Location-speciʭc impact of fragment choice on diversity 
and taxonomic composition 
As previously reported by Coral et al. (in review), the diversity of ʭsh 
communities was signiʭcantly higher on the reef than outside it, with a 
decreasing trend observed. However, in this study, the decreasing trend 

was less pronounced and not statistically signiʭcant for species rich-

ness (p = 0.86; Table S7). A signiʭcant diʬerence was observed only in 
the Shannon diversity index for eDNA samples at 5 km from the reef. 
Interestingly, a signiʭcant interaction eʬect was detected (p = 0.016), 

eDNA - 

MiFish
9

eDNA - 

2kb
2

eRNA - 

MiFish

15

3

20
1

21

0%

25%

50%

75%

100%

eDNA - 

MiFish

eDNA -

2kb

eRNA -

MiFish

R
e
l.
 R

e
a
d
  
A

b
u
n
d
. 
(%

)

Clupea harengus*
Scomber scombrus
Gadus morhua*
Pholis gunnellus*
Diplecogaster bimaculata
Gadidae
Ammodytidae
Trisopterus minutus
Ciliata septentrionalis
Pollachius sp.
Pleuronectidae
Myoxocephalus sp.
Microstomus kitt*
Grampus griseus
Phocoena phocoena
Chirolophis ascanii
Taurulus bubalis
Lamna nasus
Trachurus trachurus
Crystallogobius linearis
Zeugopterus punctatus
Cyclopterus lumpus
Molva molva
Triglops murrayi
Pomatoschistus pictus
Triglidae
Labrus bergylta*
Ctenolabrus rupestris
Labrus mixtus
Scyliorhinus canicula
Pomatoschistus minutus
Buglossidium luteum
Micrenophrys lilljeborgii
Dipturus sp.
Atherina sp.

35 Most abundant Species

A B D

C

−1

0

1

−2 −1 0 1 2
MDS1

M
D

S
2

Fragment type
eDNA - MiFish
eDNA - 2kb
eRNA -MiFish

*

*

* *

Richness Shannon

eDNA -

MiFish

eDNA -

2kb

eRNA -

MiFish

eDNA - 

MiFish

eDNA -

2kb

eRNA -

MiFish

0

1

2

0

10

20

30
V

al
ue

*

*

*

*

*

*

A

B

Figure 2: Comparison of the observed biodiversity of the vertebrate community of 

the M. modiolus reef between diʬerent marker and eNA choices. In A) boxplots of 
the biodiversity in terms of species richness per sample and shannon diversity in-

dex per sample, representing the amount and diversity of species between marker 
and eNA choice. Boxplots display the median, interquartile range (between 25th 
to 75th percentiles), minimum and maximum values (whiskers). Signiʭcant dif-
ferences (GLM, Tukey post hoc comparisons) are indicated by asterisk. B) non-

metric multidimensional scaling (NMDS) representing the overlap in community 

compositions. C) Overview of the 35 most abundant species each fragment type 

represented as a stacked bar plot where the average relative read abundance for 

each species is displayed in percentage. D) Euler diagram showing the number of 

overlapping and diʬerences of observed species for each fragment type. 
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mainly driven by the notable diʬerence in the eDNA-MiFish between 
5 km from the reef and the other locations (Table S7). Consistent sig-

niʭcant diʬerences among all primer choices were observed across all 
locations (Figures 3A and 3B). Conversely, 2 kb and eRNA data showed no 

signiʭcant diʬerences across locations, indicating consistency, likely re-

ʮecting the reduced sample size in this study. Nonetheless, the targeted 
eDNA-MiFish fragment detected most species at each location, with the 
majority of species identiʭed through the eRNA-MiFish fragment over-
lapping with those detected by both eDNA markers (Figure 3B). Notably, 

the eDNA 2 kb marker identiʭed substantially fewer species compared to 
the MiFish-eDNA and eRNA targeted fragments.

Species-speciʭc variation between fragment types.
There was signiʭcant species-speciʭc variation in the diversity and com-

munity composition between fragment types and reef locations (Figure 
4, S6). Most taxa were present in the eDNA – MiFish fragment samples, 
including higher trophic taxa such as elasmobranchs like Lamna nasus, 

Dipturus sp., and Scyliorhinus canicula, as well as marine mammals as Pho-
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Figure 3: Comparison of the biodiversity of the vertebrate community between 

fragment type in diʬerent locations of the M. modiolus reef. Where A) Euler dia-

gram showing overlap and diʬerences in number of species of diʬerent marker 
and fragment choices between locations. B) Boxplots representing the biodiversity 
in terms of richness and Shannon index per sample between markers and eNA 
choice within diʬerent locations. Boxplots show median, interquartile range (be-

tween 25th to 75th percentiles), minimum and maximum values (whiskers) and 
outliers (closed circles). All comparisons were signiʭcantly diʬerent. 
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coena phocoena, Grampus griseus, and Halichoerus grypus. These taxa were 
largely absent or minimally represented in the eRNA and 2kb datasets. In 

contrast, several benthic species such as Diplemogaster bimaculata, Pholis 

gunnellus, Microstomus kitt, and Molva molva, along with demersal and 

pelagic ʭsh species as Trachurus trachurus, Clupea harengus, and Trisop-

terus minutus, were more consistently detected across all fragment types. 

Overall relative contribution was roughly similar between locations, ex-

cept at the 5 km site, which aligned with signiʭcant Shannon diversity 
results for that location (Figure 3A). 

Relationship between BRUV and molecular ʭndings

Overall, there is a positive relationship between BRUV detections (Figure 
S9) and detections from both eDNA and eRNA (Figure 5, Table S9). To 

test this, an odds ratio was calculated (>1) and showed that the odds ratio 
was most positive for the eRNA – MiFish fragment, although the eʬect 
was only marginally signiʭcant (odds ratio 1.16; p= 0.056). Neverthe-

less, overlapping intervals indicate similarity in patterns between target 

fragments (Figure 5A, Table S9). For all markers, increasing relative read 
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Figure 4: Relative contribution of each fragment type (eDNA – MiFish, eDNA – 
2kb, and eRNA – MiFish) for the most abundant species in the complete dataset. 
Relative contribution is calculated as the proportion of samples that the given 

species was detected in, at a certain reef location, with 100% representing total 
number of detections. Each bar plot represents one of the locations (high, me-
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eDNA – 2kb, and eRNA – MiFish). 
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abundance was positively associated with a higher detection probability 

in BRUV data (Figure 5B). 

DISCUSSION

We compared three diʬerent types of nucleic acid fragments: a 12S eDNA 
- MiFish fragment, an eDNA - 2kb fragment spanning parts of the 12S 
and 16S regions, and a 12S eRNA - MiFish fragment. We evaluated the 
diversity of these fragments based on species richness, the Shannon di-

versity index, community composition, and their relationship with BRUV 
ʭndings. Additionally, we examined whether diʬerent M. modiolus reef 
densities at various locations aʬected diversity and species-speciʭc com-

position among the fragments. Our results demonstrated that the eDNA-

MiFish fragment exhibited the highest species richness and Shannon 
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Figure 5: Relationship between detection by diʬerent fragments and BRUV ob-

servations. Where A) a forest plot shows the estimated odds ratios (log) from 

a logistic regression of species presence in BRUV data as a function of relative 

abundance of diʬerent fragment types (eDNA – MiFish, eDNA – 2kb, and eRNA 
– MiFish). Each point represents the odds ratio for a fragment type, with lines 
reʮecting the 95% conʭdence interval. Odds ratios >1 indicate higher relative 
abundance increase chances of BRUV detection. B) Predicted probability curves of 

BRUV detection. Y-axis represents the calculated probability of detection and the 
X-axis represents the relative read abundance. 
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diversity index, particularly when comparing samples from reefs with 
diʬerent densities. The eRNA-MiFish fragment showed lower species 
richness but similar community composition compared to the eDNA-Mi-

Fish data. The 2kb fragment exhibited the lowest diversity and the most 
divergent species composition relative to the other types. Interestingly, 

eRNA and 2kb fragments detected only a few elasmobranch and mam-

mal species in visits and had a stronger positive correlation with BRUV 

ʭndings. To our knowledge, this study is the ʭrst to demonstrate the 
potential of eRNA metabarcoding to capture local and recent biodiversity 

signals, thereby enhancing molecular monitoring of marine vertebrate 

biodiversity in the North Sea.

The eRNA fraction was signiʭcantly less diverse compared 
to the eDNA MiFish fraction; fragment-speciʭc observations 
need to be considered. 
Data from the eRNA-MiFish fragments showed a signiʭcantly lower spe-

cies richness and Shannon diversity index than the eDNA-MiFish frag-

ments across samples. However, across all samples, similar species were 

found in reads of both eRNA and eDNA fragments, and both contained 

the same number of unique species, although the overall species richness 

and Shannon index were notably lower. Ordination analysis revealed a 
small yet signiʭcant diʬerence in community composition between the 
eRNA and eDNA fragments. This supports the hypothesis that eRNA de-

grades more quickly and is therefore less prevalent in the water column, 

reʮecting a less diverse community (Cristescu, 2019; T. S. Jo, 2023). 
Previous studies investigating the degradation rates of various fragment 

types have conʭrmed that mitochondrial RNA degrades faster than eDNA 
(Brandão-Dias et al., 2025; Marshall et al., 2021) in freshwater systems 

and are in line with our ʭndings. These results show that, for example, 
in a lake system with a well-known ʭsh species community, the eRNA 
metabarcoding data yielded slightly more true positives compared to 

eDNA data (Littlefair et al., 2022). Other aquatic studies also reported re-

duced diversity with eRNA metabarcoding in a range of aquatic taxonomic 
groups (Kagzi et al., 2023; Miyata et al., 2022; S. Zhang et al., 2020). 

Nevertheless, other comparisons show a more mixed image in which the 
eRNA signal has resulted in a higher alpha diversity and a diʬerent com-

munity composition in marine (Giroux et al., 2022) and other aquatic 
systems (Greco et al., 2022; Li et al., 2024; Macher et al., 2024; Pochon et 

al., 2017). These studies often report that elevated eRNA diversity reʮects 
higher concentrations of eRNA from living and active organisms, which 

can lead to an overestimation of the alive community, relative to what 
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is detected with eDNA. Notably, many of these studies are conducted in 

mesocosms or other controlled settings where the overall nucleic acid 

concentration considerably higher than in open-water systems. In open, 

well mixed systems, as was the case for this study, eRNA degrades faster 
and/or is diluted more rapidly which reduces the probability of detection, 

hence the diversity (Scriver et al., 2023). Therefore, the reduced eRNA 

diversity observed around the M. modiolus reef likely represents the local 

and short lived eRNA fragments that characterizes the local and active 

community. 

Low read abundance amplicons in the cDNA was also found after the de-

contamination using Microdecon and is likely introduced during reverse 

transcriptase step using DNAse 1. Although DNAse 1 is very eʬective and 
now PCR amplicon was found on gel, DNAse digestion might not have 

been complete (Hashemipetroudi et al., 2018). Additional DNAse treat-

ments may improve DNA degradation but also risk the increased RNA 

degradation (Paska et al., 2019). Nevertheless the detected reads in the 

cDNA control were in order of magnitudes lower than biological samples 

and are therefore not likely to have inʮuenced the community composi-
tion of the eRNA fragment samples. 

Both eRNA and eDNA produced unique results, and although it is expected 
for eDNA, which likely detects both local and transported materials from 

surrounding areas, the unique eRNA is less in line with the hypothesis. 

eDNA and eRNA metabarcoding are prone to several technical biases 

that may occur during sampling and bioinformatics processing, lead-

ing to small deviations and stochastic eʬects between samples (van der 
Loos & Nijland, 2021) and maybe especially the case for low-abundant, 

single-sample ʭndings. In this study, a separate ʭlter was used for eRNA 
sampling, which was snap frozen in liquid nitrogen and stored at -80 

degrees instead of at -20 as was the case for the eDNA samples. Although 

this was initially done to protect eRNA from degradation, it might have 

skewed degradation rates between eDNA and eRNA (Yates et al., 2021). 

In addition, some clear, unique signals in eRNA samples, as was the 

case for Buglossidium luteum and Lophius piscatorius, might be due to the 

localised activity of these species. As RNA primarily derived from active 

cells, it produces a relatively high concentration signal, whereas DNA is 

often extracellular, persisting in the water column and is therefore likely 
present in lower concentrations (Cristescu, 2019; Littlefair et al., 2022; 

Pochon et al., 2017). Additionally, eRNA associated with living cells or 

organelles can also aʬect extraction eʯciency, potentially leading to taxa 
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being detected only with eRNA when the corresponding eDNA is not suc-

cessfully extracted (Pochon et al., 2017; Yates et al., 2021).

The 2kb fragment shows less diversity than the eRNA  
and eDNA MiFish fragment. 
The eDNA 2kb fragment analysis detected the fewest species and was 

also signiʭcantly lower than the eRNA MiFish fragment. Several stud-

ies have explored and shown the diʬerential decay of nucleic acid frag-

ments, demonstrating that RNA, especially mitochondrial RNA, degrades 

the most rapidly, followed by longer DNA fragments, and lastly short 

DNA fragments (Brandão-Dias et al., 2025; T. S. Jo, 2023; Marshall et 

al., 2021). Therefore, it is surprising that the 2kb DNA fragment showed 

the least biodiversity and a diʬerent community composition. One of 
the most obvious explanations would be primer bias, as mismatches in 
primers can produce diʬerent species lists (Miya et al., 2015; Polanco 
F. et al., 2021) and maybe especially so for long fragment metabarcod-

ing (Deiner et al., 2017; Elbrecht et al., 2018; Elbrecht & Leese, 2015). 

Nevertheless, in this study, the 2kb primers were used and extensively 
tested (Doorenspleet et al., 2025); therefore, it is unlikely that this is 

the case for this primer set. Nevertheless, environmental long fragment 

ampliʭcation is particularly challenging and less eʯcient because they 
are more prone to incomplete extension, chimeras, and inhibitors that 
are more likely to aʬect ampliʭcation (Elbrecht et al., 2018; Fonseca et 
al., 2012; Śpibida et al., 2017). Additionally, long fragment metabarcoding 
requires suʯcient high-quality templates, as longer templates degrade 
more quickly or may originate from other organic sources (active cells, 

shed cells, free-living; Brandão-Dias et al., 2025; T. Jo et al., 2017, 2020). 

Indeed, several studies on long fragment metabarcoding show that longer 

eDNA amplicons are less likely to be detected under environmental con-

ditions, especially over time (Bista et al., 2017; Doorenspleet et al., 2025; 

Maggini et al., 2024). Thus, depending on the question and environment, 

it may be useful to use the 2kb fragment, especially as it can recover 

haplotypes (Feist & Lance, 2021; Karin et al., 2023) and improve species-
level taxonomy assignments (Doorenspleet et al., 2025). Nevertheless, 
compared to eRNA species shown in this study, it is likely that the 2kb 

primer set will not serve as a reliable intermediate for improved spatial-

temporal resolution. Mainly, because reduced quality and concentration 

in open water systems in combination with ampliʭcation restrictions are 
likely to overshadow the possibility to adequately pick up the long frag-

ment eDNA signal. 
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Reduced location eʬect may be linked to molecular  
stability and sensitivity
In this study, there was no signiʭcant diʬerence in species diversity 
between high, medium, and low M. modiolus coverage in the eRNA Mi-

Fish and eDNA 2kb data; only for the eDNA – MiFish samples, the 5 km 
reference location data showed a signiʭcantly lower species richness and 
Shannon index than the locations on the reef. Previously, studying the 
complete set of eDNA – MiFish samples across many more locations on 
the reef, a signiʭcant decrease in alpha diversity was found with decreas-

ing density of M. modiolus coverage (Coral et al. in review). Using a sub-

set of those samples likely reduced statistical power, which reduced the 

detectability of the observed reef eʬect. This observation is in line with 
studies suggesting that ʭeld and technical replications, especially across 
locations and gradients, are key to improving spatial resolution (Beentjes 

et al., 2019; Macher et al., 2021; Seymour et al., 2021). Therefore, it is 

likely that the reduced sample size has contributed to a reduced detection 

of the spatial biodiversity diʬerences among locations with varying M. 

modiolus densities. Nevertheless, eDNA MiFish data detected a signiʭcant 
diʬerence in diversity between inside and 5 km outside the reef, which 
was not observed with eRNA- MiFish data. Several mechanisms likely 
explain this discrepancy. As eRNA is generally less stable, it reduces de-

tection stability, leading to more stochastic eʬects, increased variance, 
zero-inʮation, and skewed spatial community patterns (Littlefair et al., 
2022; Marshall et al., 2021). Thus, although the relatively small sample 

size likely played a signiʭcant role, the lack of detection of larger mobile 
species in most eRNA-MiFish samples, together with the absence of con-

siderable location eʬects, likely reʮects the stability of eRNA, suggesting 
that the observed signal primarily reʮects improved temporal rather than 
spatial resolution.

eRNA species-speciʭc detection sensitivity reʮects the 
species-speciʭc behaviour on the reef and has the strongest 
relationship with BRUV values
The species-speciʭc detection sensitivity comparison showed that several 
higher trophic taxa, as Lamna nasus, Dipturus sp. and Phocoena phocoena, 

are well represented in the eDNA MiFish samples but absent or mini-
mally represented in the eRNA MiFish data. This suggests that eDNA is 
particularly sensitive to residual and/or transported material from larger 

mobile species that do not permanently reside in the reef (Balasingham 

et al., 2017; Dunn et al., 2023; Heessen et al., 2023). In addition, there 

was more consistent detection of benthic and demersal species, such as 
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Diplemogaster bimaculata, Pholis gunnellus, and Clupea harengus, across 

the fragment types. These species are often associated with Modiolus 

reefs and other biogenic reefs and are more permanent residents of reef 

systems (Dickson et al., 2023; Kent, Mair, et al., 2017; van der Reijden et 

al., 2019), therefore shedding eDNA and eRNA more locally and continu-

ously. Thus, these results further support that eRNA detects the living 

and active community, whereas eDNA also captures the residual and/or 

transported community. Additionally, our ʭndings are consistent with 
previous research showing that eRNA signals from larger animals are 

linked to higher turnover rates due to their lower abundance (Scriver et 

al., 2023; Y. Zhang et al., 2024), further suggesting the potential role for 

eRNA to provide a snapshot of the active community. 

A positive relationship was also observed between the relative read 

abundance of eDNA and eRNA and the probability of BRUV detection. In 

other words, molecular methods signiʭcantly contribute to visual sur-
veys. The strongest association between BRUV and the eRNA fragment 

suggests that eRNA may slightly better represent the more active local 

community. However, overlapping conʭdence intervals indicate that the 
statistical power to support this claim is too low. Additionally, extensive 
BRUV surveys also have limitations, as they mainly focus on scavenging 

and hunting species and are restricted by view, visibility, and behaviour. 

(Cappo et al., 2004; Roberts et al., 2016; Sherman et al., 2020). Thus, 

although limited, taxon-speciʭc observations in both eDNA and eRNA 
MiFish fragment types, combined with a positive relationship between 
BRUV results, suggest the potential of eRNA as a complementary signal 

for marine biodiversity monitoring in natural reef systems. 

Although the results are promising, it remains debated whether eRNA 

metabarcoding can be easily integrated into routine molecular moni-

toring, as costs are higher and sample handling in the ʭeld is more 
complicated, mainly due to the less stable nature of eRNA. For example, 
eRNA requires rapid sample processing and lower storage temperatures 

to minimise degradation, as well as specialised extraction kits and a re-

verse transcriptase kit, all of which increase costs (Macher et al., 2024). 

eDNA, on the other hand, is more stable and is used more routinely, 

which considerably reduces laboratory processing costs (Deiner et al., 

2017). Thus, although eRNA metabarcoding is a promising method for 

improved detection of the active community, this advantage must be 

weighed against the increased costs and challenges of ʭeld sampling. 
Nevertheless, improving the molecular toolbox by adding eRNA-based 
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analysis of biodiversity to detect the living, active community is vital for 

detecting short-term ecological dynamics, such as after a heatwave or 

during recruitment or spawning events. In addition to biodiversity de-

tection, the eRNA signal can also be used to identify the functional or 

eco-physiological status of the community, including responses to stress 

or environmental change. Therefore, despite additional costs, eRNA pro-

vides a powerful complement that can signiʭcantly improve the detect-
ability of ecosystem function in reefs in the North Sea and beyond. 

Conclusion and future perspectives
In this study, we have demonstrated that eRNA and eDNA provide com-

plementary signals, with distinct perspectives on the M. modiolus reef. 

Data from the eRNA short fragment showed lower diversity than eDNA, 

while the overall community composition remained constant, likely re-

ʮecting the local, metabolically active community associated with this 
eRNA signal. eDNA, on the other hand, may indicate a more regional 

signal, reʮecting the diversity of transported and decaying material. This 
is further supported by consistent signals of more permanent benthic 

species, whereas larger species were mostly undetected with eRNA. eRNA 

was also most strongly positively associated with BRUV ʭndings. These 
results suggest that diʬerences between eDNA and eRNA signals are not 
solely due to nucleic acid persistence but are also inʮuenced by ecological 
context, such as species activity, habitat complexity, and methodological 
constraints, including ampliʭcation eʯciency and biases. Nonetheless, 
using eRNA metabarcoding as a complementary method for monitoring 

marine vertebrates adds value by enhancing temporal sensitivity and 

increasing conʭdence in detecting the local community, while eDNA pro-

vides a broader view of reef and surrounding biodiversity. 

Future research should focus on standardising eRNA sampling protocols, 
especially for preservation, to minimise degradation and processing 

costs. Additionally, comparative experiments under controlled and ʭeld 
conditions could enhance understanding of degradation rates and detec-

tion windows among diʬerent signals, which is particularly relevant 
when considering degradation times at various temperatures, water 

chemistries, and habitats. Studies linking biomass and abundance data 

to eRNA detection rates will improve understanding of what the eRNA 

signal actually reʮects. Since eRNA can be very useful for understanding 
physiological and functional responses, future research should also ex-

plore environmental genomics and transcriptomics to better comprehend 

natural reef responses to both natural and human-induced disturbances. 
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Incorporating eRNA into the molecular toolkit for monitoring marine life 

will signiʭcantly improve temporal resolution in biodiversity assess-

ments and serve as a foundation for better understanding rapid shifts 

and stress responses following heatwaves, storms, and pollution events.
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SUPPLEMENTARY MATERIAL

Supplementary ʭgures

Figure S1: Species richness before and after decontamination using Microdecon, 

for eDNA-MiFish, eDNA- 2kb and eRNA – MiFish. 

Figure S2: correlation between sequencing depth and species richness using a 

pearson correlation coeʯcient. Figure shows no correlation between sequencing 
depth and richness. 
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Figure S3: Relative read abundance of the species identiʭed as Non-target for 
each Fragment type. 

Figure S4: Present reads in the diʬerent negative controls (Field, extraction, PCR 
and cDNA controls) from the Fragment types. 
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Figure S6: Stacked barplot of the community composition for each sample. Colors 

indicate the relative read abundances of each species

Figure S5: Boxplot of the normalized (log10) relative read abundance of each spe-

cies for each fragment type and each Reef location. Colors indicate the diʬerent 
fragment types and facet the diʬerent reef locations.
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Figure S7: NMDS plots of the community composition between fragments and 

location on the reef. A) between fragment types where the colors indicate the dif-

ferent fragment types. Eclipses indicate de spread between samples of the same 

fragment type. B) between locations and fragment types where colors indicate the 

diʬerent locations and the shapes the diʬerent fragment types. Eclipses indicate 
de spread between samples of the same fragment type.
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Figure S8: Box core from three diʬerent perspectives of the M. modiolus reef of the 

high location.
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Figure S9: Still of footage of BRUV detection in this case showing the detection of 

a D.batis individual. 
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Figure S10: Video analysis of M. modiolus coverage around the Noss Head reef 

with seabed in sight and scored value indicated in color (yellow: sand, orange: 

50% modiolus, dark grey: course ground no small rocks, light grey: course ground 
with small rocks, purple: rocks >30 cm). Small black dots indicate transect lines 
and large black dots indicate sample stations. Stripes (in color) indicate previous 

data. 
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Supplementary tables

Table S1: overview of the samples per fragment type and location on the reef, 

including longitude, latitude, depth and total number of replicates per sample. 

Fragment_type Location_reef latitude longitude Depth NR_samples

2kb 5km_ref 58,4077 -2,9406 ~66m 3

2kb high 58,4567 -3,0253 ~45m 6

2kb high 58,4582 -3,0257 ~45m 3

2kb low 58,4267 -3,018 ~60m 6

2kb mid 58,441 -3,018 ~48m 3

2kb mid 58,448 -3,025 ~48m 6

eDNA 5km_ref 58,4077 -2,9406 ~66m 3

eDNA high 58,4567 -3,0253 ~45m 6

eDNA high 58,4582 -3,0257 ~45m 3

eDNA low 58,4267 -3,018 ~60m 6

eDNA mid 58,441 -3,018 ~48m 3

eDNA mid 58,448 -3,025 ~48m 6

eRNA 5km_ref 58,4077 -2,9406 ~66m 3

eRNA high 58,4567 -3,0253 ~45m 6

eRNA high 58,4582 -3,0257 ~45m 2

eRNA low 58,4267 -3,018 ~60m 6

eRNA mid 58,441 -3,018 ~48m 3

eRNA mid 58,448 -3,025 ~48m 6

Table S2: overview of read counts for each species and individual samples

See excel
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Table S3: Primer sequences used for this study. 

  Sequence 

2kb_fw Fish_12S_fw1-ONT  GGATTAGATACCCYACTATGY 

2kb_rev Fish_16S_rv1-ONT  GATTGCGCTGTTATCCCTRG 

MiFish_fw MiFish_U/E_V1 Forward GTYGGTAAAWCTCGTGCCAGC

MiFish_rev MiFish_U/E_V1 Reverse ATAGTGGGGTATCTAATCCYAGTTTG

† Calculations by ThermoFisher Scientiʭc Tm calculator for Phire DNA polymerase, for the 
sequence speciʭc part only 

Table S4: Read count from each sequencing run and after each processing step

Seq run Raw 
reads

Base-
called 
reads

Decona 
reads

After_decon species Species After 
Final_taxon-
omy assign-
ment

eDNA_MiFIsh 5.96E6 4.9E6 4.827.478 4.190.837 3.973.773 2.589.798

eDNA_2kb 17.47E6 11.7E6 4.989.135 4.989.135
4.281.501 1.567.589

eRNA_MiFish 23.6E6 15.7E6 1.271.568
1.034.786 554.384

982.747

Table S5: Mean ecological indices per Fragment_type (eDNA_MiFish, eDNA_2kb 
and eRNA_MiFish), Location on the reef (hig, medium low), shown as mean ± 
SEM.” 

Fragment_type Location_reef Diversity_Index mean_value se n mean_se

eDNA_MiFish high richness 23.556  1.717 9 23.556 ± 

1.717

eDNA_MiFish high shannon 2.216  0.079 9 2.216 ± 

0.079

eDNA_MiFish mid richness 24.417  1.138 12 24.417 ± 

1.138

eDNA_MiFish mid shannon 2.046  0.075 12 2.046 ± 

0.075

eDNA_MiFish low richness 22.000  1.390 6 22 ± 1.39

 low shannon 1.830  0.174 6 1.83 ± 

0.174

eDNA_MiFish 5km_ref richness 23.667  1.202 3 23.667 ± 

1.202

eDNA_MiFish 5km_ref shannon 1.151  0.218 3 1.151 ± 

0.218

eDNA_2kb high richness 6.000  0.553 9 6 ± 0.553
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Table S5: Mean ecological indices per Fragment_type (eDNA_MiFish, eDNA_2kb 
and eRNA_MiFish), Location on the reef (hig, medium low), shown as mean ± 
SEM.” (continued)

Fragment_type Location_reef Diversity_Index mean_value se n mean_se

eDNA_2kb high shannon 1.074  0.113 9 1.074 ± 
0.113

eDNA_2kb mid richness 4.333  0.408 9 4.333 ± 
0.408

eDNA_2kb mid shannon 0.789  0.112 9 0.789 ± 
0.112

eDNA_2kb low richness 4.167  0.792 6 4.167 ± 
0.792

eDNA_2kb low shannon 0.737  0.212 6 0.737 ± 
0.212

eDNA_2kb 5km_ref richness 5.000  1.000 3 5 ± 1

eDNA_2kb 5km_ref shannon 1.160  0.272 3 1.16 ± 
0.272

eRNA_MiFish high richness 11.000  2.204 8 11 ± 2.204

eRNA_MiFish high shannon 1.668  0.217 8 1.668 ± 
0.217

eRNA_MiFish mid richness 12.000  1.972 9 12 ± 1.972

eRNA_MiFish mid shannon 1.602  0.133 9 1.602 ± 
0.133

eRNA_MiFish low richness 12.167  2.040 6 12.167 ± 
2.04

eRNA_MiFish low shannon 1.774  0.097 6 1.774 ± 
0.097

eRNA_MiFish 5km_ref richness 10.667  2.906 3 10.667 ± 
2.906

eRNA_MiFish 5km_ref shannon 1.383  0.157 3 1.383 ± 
0.157
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Table S6: Signiʭcant diʬerences in richness and Shannon between fragment 
choices using GLM and tukey post hoc comparisons

Richness LR Chisq Df Pr(>Chisq)

Fragment_
type

386.82 2 < 2.2e-16 
***

Index Shapiro_W Shapiro_P Levene_F Levene_P

Shannon 0.97 0.05 0.006 0.99

Shannon Df Sum sq Mean sq F value Pr(>F)

Fragment_
type

2 16.201 8.1006 45.8 5.532e-
14 ***

Residuals 80 14.150 0.1769

contrast estimate SE df z.ratio p.value Index t.ratio

eDNA - 2kb 1,57 0,097 Inf 16,5783 0 richness

eDNA - eRNA 0,717 0,069 Inf 10,35092 2,78E-14 richness

2kb - eRNA -0,857 0,104 Inf -8,20689 3,52E-14 richness

eDNA - 2kb 1,057 0,111 80 0 shannon 9,41
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Table S8: Permanovas of fragment choice, Location and interaction. 

Analysis of variance 
Fragment_type

Df Sum sq Mean sq F value Pr(>F)

Groups 2 0.082 0.041 2.350 0.101

Residuals 80 1.402 0.018

Perm. Test for ho-
mogeneity

Df Sum sq Mean sq F value Pr(>F)

Groups 2 0.082 0.041 2.350 0.121

Residuals 80 1.402 0.018

Fragment_type
Permanova

Df sumofsqrs R2 F Pr(>F)

Model 2 8.160 0.409 27.657 1e-04 ***

Residual 80 11.802 0.591

Total 82 19.963 1.000

Analysis of variance 
Location_reef

Df Sum sq Mean sq F value Pr(>F)

Groups 3 0.018 0.006 0.3878 0.762

Residuals 79 1.216 0.015

Perm. Test for ho-
mogeneity

Df Sum sq Mean sq F value Pr(>F)

Groups 3 0.018 0.006 0.3878 0.79

Residuals 79 1.216 0.015

Location_reef
Permanova

Df sumofsqrs R2 F Pr(>F)

Model 3 1.225 0.061 1.722 0.057 .

Residual 79 18.737 0.939

Total 82 19.963 1.000

Analysis of variance 
Location_reef*
Fragement_type

Df Sum sq Mean sq F value Pr(>F)

Groups 11 0.096 0.009 0.397 0.953

Residuals 71 1.553 0.022

Perm. Test for ho-
mogeneity

Df Sum sq Mean sq F value Pr(>F)

Groups 11 0.096 0.009 0.397 0.95

Residuals 71 1.553 0.022

Location_reef*
Fragment_type
Permanova

Df sumofsqrs R2 F Pr(>F)
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Table S8: Permanovas of fragment choice, Location and interaction. (continued)

Analysis of variance 
Fragment_type

Df Sum sq Mean sq F value Pr(>F)

Model 11 10.726 0.537 7.495 1e-04 ***

Residual 71 9.237 0.463

Total 82 19.963 1.000

Table S9: Logistic regression of the odds ratios and predicted probabilities includ-

ing mcFadden R2. 

Regression (binominal logistic) odds ratio

term Estimate Std. err. Statistic P. value Odds lower upper

intercept -1.26 0.232 -5.41 6.7 e-7 0.285 0.181 0.449

eDNA 0.039 0.054 0.719 0.472 1.04 0.935 1.16

eRNA 0.145 0.076 1.9 0.057 1.16 0.995 1.34

2kb 0.057 0.069 0.821 0.412 1.06 0.924 1.21

(binominal logistic) Regression predicted probability 

Intercept eDNA eRNA 2kb

-1.255 0.039 0.145 0.056

Df 82
(total)

80
residual

Null deviance 150

residual 145.3 AIC 153.3

R2_eDNA R2_eRNA R2_2kb

0.054 0.788 0.065
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ABSTRACT 

The North Sea is  among the  largest and most productive shallow ma-

rine ecosystems, heavily inʮuenced by historical and ongoing exploita-

tion.  Monitoring  of  North Sea  biodiversity is  vital for  a  better under-

standing  of  ecosystem  responses  to  ongoing anthropogenic pressures 

and for informing eʬective management and conservation strategies. 

Molecular techniques provide a cost and time-eʯcient alternative to tra-

ditional biodiversity assessment methods and are increasingly employed 

in marine monitoring. In this review we explore the current molecular-
based monitoring approaches  used to assess marine biodiversity  in 

the North Sea,  including  species-speciʭc  assays,  eDNA  metabarcod-

ing,  and metagenomics,  by  highlighting their opportunities and areas 

for improvement. Furthermore, we address the potential for integrating 
novel DNA and RNA-based methods, such as epigenetics and metatran-

scriptomics,  into standardised monitoring  for marine  conservation and 

restoration. 

We propose that further  integration of a broader omics-based ap-

proach may enhance the overall understanding of ecosystem structure, 

function, and health. We then move beyond molecular tools and exam-

ine the challenges and opportunities associated with nucleotide reference 

databases,  data curation, and  data  archiving. We further  address how 

to  improve  the  harmonisation  and standardisation  of marine biodi-

versity data. Finally, we provide  three suggestions  for integrating mo-

lecular  methods in a standardised manner to  enhance  the  assessment 

of North Sea ecosystem biodiversity, dynamics, and functioning. 

Keywords:  Biodiversity, Ecosystem dynamics,  eDNA,  eRNA,  Molecular 

monitoring, multi-omics, North Sea 
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1. INTRODUCTION 

1.1	Biodiversity and conservation status of the North Sea
The North Sea is one of the world’s largest and most productive shal-
low marine ecosystems, subject to historical and ongoing exploitation by 
multiple industries (e.g. ʭsheries, oil and gas drilling, renewable energy 
production, shipping, and tourism) (Emeis et al. 2015). Historically, this 
marine basin was covered with extensive hard substrates, such as shell-
ʭsh reefs and rocks, which supported high levels of benthic and pelagic 
biodiversity (Olsen 1883). However, many of these habitats have been de-
graded due to centuries of intensive bottom-trawling ʭsheries, targeting 
a wide variety of demersal ʭsh, crustaceans, and bivalves (Dickey-Collas 
et al. 2010, Ter Hofstede and Rijnsdorp 2011, Engelhard et al. 2014). 
Bottom-trawling can have long-lasting adverse eʬects on ecosystem 
functioning by reducing habitat complexity, altering the benthic com-
munity composition, and diminishing the overall productivity of benthic 
ecosystems (Jennings et al. 2001, Kaiser et al. 2006, Hiddink et al. 2011). 

Anthropogenic activities can also give rise to opportunities for the recov-
ery of nature and biodiversity, as is the case with oʬshore wind farms 
(OWFs). OWFs create local no-take zones where ʭshing is prohibited. 
Additionally, the scour protection surrounding the turbine base provides a 
hard settlement substrate that facilitates growth of reef-building organ-
isms, and is demonstrated to increase local biodiversity and recruitment 
of commercial ʭsh species (Scheidat et al. 2011, Reubens et al. 2013b, 
2013a, 2014). However, several studies also address the potential of OWFs, 
and associated epifaunal communities, serving as stepping stones for 
non-indigenous species (De Mesel et al., 2015). The facilitated expansion 
of non-indigenous species may be further intensiʭed by climate-related 
pressures, threatening North Sea ecosystem functioning (Beaugrand and 
Kirby 2010, Dickey-Collas et al. 2010, Huserbråten et al. 2018). Although 
North Sea ecosystems have thus far demonstrated an ability to adapt to 
various stressors, the extent to which ongoing and intensifying pressures 
will alter ecosystem dynamics remains unclear (Wiltshire et al. 2008, 
Dickey-Collas et al. 2010, Coates et al. 2015, Brooks et al. 2017). Hence, 
eʬective biodiversity monitoring is crucial to improve our understanding 
of how various stressors and opportunities alter ecosystem processes. 
Consequently, monitoring of marine biodiversity will provide the scien-
tiʭc foundation for conservation and restoration strategies in a changing 
North Sea. 
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Conservation and restoration are increasingly being prioritised in coun-

tries bordering the North Sea, but nation-speciʭc regulatory frameworks 
for marine management can be inconsistent or even conʮicting between 
countries (Grip and Blomqvist 2020, Kusters et al. 2025). An example is 
the Doggersbank, which is a sandbank in the North Sea that borders ʭve 
countries with distinct regulatory frameworks in place for conservation 

of the shallow area (Mackelworth et al. 2019). At the European level, sev-

eral policy guidelines and frameworks are employed to guide the devel-

opment and implementation of biodiversity monitoring systems for such 

transboundary marine areas. These include the United Nations guidelines 

for establishing national biodiversity monitoring programmes, and the 

Marine Strategy Framework Directive (MSFD), which aims to protect the 
marine environment by achieving “good environmental status” (GES). 

In addition, guidelines have been formulated that focus speciʭcally on 
habitat protection and restoration. For example, as part of the EU biodi-
versity strategy for 2030, biogenic reefs and their associated biodiversity 

are protected under the EU habitats directive. Here, an interpretation 

manual was developed that more speciʭcally explains which habitats, 
ranging from sand beds and reefs to sand dunes and grasslands, and 

their associated species require protection, restoration, and conservation. 

This further emphasises the need for routine biodiversity monitoring of 

ecosystems in the North Sea region to assess the eʬectiveness of restora-

tion and conservation eʬorts, and improve them when necessary. 

1.2	�From morphological to molecular monitoring of North 
Sea marine biodiversity 

Conventional monitoring approaches that are currently applied in biodi-

versity assessments heavily rely on morphological species identiʭcation, 
which is often invasive and time-consuming (Leray and Knowlton 2016). 

Additionally, the lack of expertise on speciʭc taxonomic groups can 
pose constraints when discriminating between cryptic species or upon 

identiʭcation of non-indigenous species (Danovaro et al. 2016, Duarte et 
al. 2021). Molecular based techniques, as an alternative to conventional 

taxonomic identiʭcation, have revolutionised biodiversity monitoring by 
greatly improving cost- and time eʯciency, while often providing more 
accurate and reliable taxonomic classiʭcations (Thomsen and Willerslev 
2015, Goodwin et al. 2017, Thompson and Thielen 2023).

Molecular monitoring using environmental DNA (eDNA) is emerging as a 

powerful approach to assess biodiversity and ecosystem dynamics in the 

North Sea. With relatively little sampling eʬort, species can be identiʭed 
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from the genetic material that is released into the environment, from 

various sources (e.g. skin, mucous, scales, faeces, gametes) or whole 

organisms such as bacteria and plankton (Thomsen and Willerslev 2015, 

Holman et al. 2019, Rodríguez‐Ezpeleta et al. 2021, Suarez-Bregua et al. 

2022). Depending on the objective, monitoring using eDNA sampling can 

involve species-speciʭc assays, to detect the presence of an individual 
target species, or metabarcoding, to characterise ecosystem community 

compositions and assess broader ecosystem dynamics (Ruppert et al. 

2019, Guri et al. 2024b). The possibility to use more in-depth analyses to 

study the composition of environmental nucleic acids (eNA), accompanied 

by (meta-)omics approaches, are presenting themselves as a valuable 

asset to the molecular toolbox (Garlapati et al. 2019, Littlefair et al. 2022, 
Miya 2022). While these molecular methods hold promise for elaborate 

analysis of ecosystem dynamics, such as species interactions, functional 

responses to environmental change, and life-history characteristics, 

there are several challenges to be addressed prior to implementation in 

standardised monitoring of North Sea ecosystems (Bowers et al. 2021, 

Bunholi et al. 2023). Among those challenges are the methodological 

limitations that arise from sample ʭltration and preservation methods, 
which aʬect detection probability and comparability across replicates 
and studies. During water ʭltration, eNA molecule capture eʯciency is 
strongly aʬected by ʭlter pore size, membrane material, ʭltration vol-
ume, and preservation conservative (Majaneva et al. 2018, Bunholi et al. 

2023). To address these limitations, recent studies have examined the 
use of natural eNA ʭlters, such as sponges, which may oʬer an alterna-

tive as a passive eNA sampler, potentially expanding spatial coverage in 
species detection (Mariani et al. 2019, Cai et al. 2022, Weber et al. 2023).

Current opportunities for improvement include enhancing consistency 

and reproducibility between sampling eʬorts and combining tools used 
in molecular analyses (Bowers et al. 2021), advancing methods for 

quantifying species abundance (Gold et al. 2023), and expanding refer-
ence databases to enable species-level identiʭcation (van der Loos and 
Nijland 2020). Furthermore, standardisation of metadata organisation 
across projects and countries would facilitate more detailed comparisons 

among experiments (Fediajevaite et al. 2021). As such, continued eʬorts 
are needed to further incorporate, improve, and standardise emerging 

methods while improving reference databases and harmonising data 

management. Additionally, advances in machine learning and artiʭcial 
intelligence are expected to further improve automation and comparabil-
ity in molecular North Sea monitoring eʬorts.
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In this review, we explore the potential of the molecular toolbox to assess 
North Sea marine biodiversity and ecosystem dynamics. We summarise 

current and emerging molecular techniques, highlighting their applica-

tion, not only for biodiversity assessment, but also for understanding 

broader ecosystem functioning and dynamics. We discuss the challenges 

that currently hamper the integration of these molecular methods into 

standardised marine monitoring, alongside the opportunities presented 

for future research to facilitate their incorporation. Additionally, we 

address the role of genetic databases, as well as issues related to data 

curation and archiving which prevent consistent and harmonised marine 

biodiversity monitoring in a transboundary water basin. Finally, we make 
three recommendations to improve transparency and facilitate reproduc-

ibility between molecular studies. While this review focuses on the North 

Sea as an illustrative case study, recommendations presented here are 

applicable to improve molecular biodiversity monitoring in other marine 

ecosystems. 

2. �CURRENT MOLECULAR TOOLS FOR MARINE 
BIODIVERSITY MONITORING 

Sampling in the North Sea is often challenging due to its complex hy-

drography and intensive anthropogenic use. Therefore, monitoring re-

quires demanding ʭeld campaigns, which can be compromised in terms 
of sampling coverage and consistency. Monitoring approaches that use 

eDNA are promising alternatives to conventional tools as these methods 

require minimal sampling eʬorts and can greatly reduce time spent in 
the ʭeld (Kopp et al. 2023). Initially, these sampling eʬorts relied on 
molecular assays targeting species-speciʭc occurrences, but communi-
ty-based metabarcoding was soon adopted and showed the potential of 

using eDNA to study North Sea biodiversity (Miya 2022). In this section, 

we summarise the current molecular techniques used for biodiversity as-

sessments in the North Sea and highlight the advantages and limitations 

of these approaches (Fig. 1). 
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2.1 Species-speciʭc assays
Over the past decades, molecular species detection from non-invasively 

collected environmental samples has revolutionised North Sea marine 

monitoring. The application of species-speciʭc assays has enabled the 
detection of a wide variety of rare and non-native species in the North 

Sea from environmental samples, underscoring their potential to comple-

ment and enhance conventional monitoring approaches (Engesmo et al. 

2018, Keller et al. 2022, Shelton et al. 2022, Morin et al. 2023). Detecting 

the presence of a target species in environmental samples is most often 

carried out by real-time PCR, also known as quantitative PCR (qPCR), or 

by digital-droplet PCR (ddPCR) (Guri et al. 2024b). Currently, qPCR is 

the golden standard for species-speciʭc detection because this method 
is highly sensitive to low DNA concentrations. Theoretically, species de-

Figure 1. Schematic overview of the types of molecular workʮows used in assess-

ing biodiversity and ecosystem dynamics from an environmental water sample. 

The ʭgure illustrates the in situ biological community and the corresponding in 

silico communities generated by each workʮow, focussing either on speciʭc spe-

cies in species-speciʭc assays (A), groups of species or taxa through metabarcod-

ing (B), or the entire community or selected taxa using multi-omics approaches 
(C). 
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tection by qPCR relies on the presence of a single target DNA molecule, 

making it a suitable application for environmental samples with generally 

low concentrations of target DNA. Despite its high sensitivity, qPCR can 

be inhibited by contaminants originating from the environment, such as 

salts (Lance and Guan 2020). The alternative approach, ddPCR, is less af-

fected by PCR inhibition as DNA molecules are divided over individual oil 

droplets where ampliʭcation takes place separately within each droplet. 
The main advantage of both species-speciʭc approaches is that they are 
quantitative, enabling not only the detection of a species’ presence but 
also quantifying relative diʬerences in occurrence across samples (Guri 
et al. 2024b). To this extent, species-speciʭc assays are widely applied 
in various contexts in the North Sea, from analysis of ʭsh communi-
ties (Van Bleijswijk et al. 2020, Guri et al. 2024b), to detecting cryptic 

and non-indigenous species (Laakmann et al. 2017, Mauger et al. 2021, 

Morin et al. 2023), to the detection of toxic microalgae, antimicrobial 
resistance in ʮatʭsh (Bourdonnais et al. 2024), and the monitoring of 
parasitic infections in aquaculture systems (Krolicka et al. 2022). Despite 

the high sensitivity of qPCR and ddPCR for DNA detection, both assays 

are inherently species-speciʭc and therefore have limited applicability 
in comprehensive biodiversity assessments. Therefore, most biodiversity 

studies rely on broader molecular approaches that target all DNA frag-

ments present within an environmental sample (e.g. metabarcoding).

2.3 Metabarcoding
Currently, metabarcoding is the most used molecular tool for identify-

ing species compositions from DNA fragments in an eDNA sample (Fig. 
1B; Cordier et al., 2019; Miya, 2022; Staehr et al., 2022; Y. Zhang et al., 

2020). Metabarcoding, which is inherently coupled with next-generation 
sequencing (NGS), facilitates the simultaneous taxonomic identiʭcation 
of multiple species across numerous samples, providing an aʬordable 
and rapid alternative to conventional biodiversity assessment methods 

(Ferreira et al., 2024; Scarano et al., 2024; Singer et al., 2019; van der 
Loos & Nijland, 2020; Fig. 1B). Depending on the objective, metabarcod-

ing can be applied to various sample types, such as sediment, water, or 

bulk samples (Van den Bulcke et al. 2024; van der Loos and Nijland 2020; 

Staehr et al. 2022). For the purpose of this review, we only discuss me-

tabarcoding of marine environmental samples. 

In the North Sea ecosystem, metabarcoding is widely adopted to study 

marine biodiversity of diʬerent taxonomic groups, such as marine mam-

mals (Boyse et al. 2024), ʭsh (Van Bleijswijk et al. 2020), crustaceans 
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(Shum et al. 2023), phytoplankton (Martens et al. 2024), zooplankton 

(Ohnesorge et al. 2024), and meiofauna (Klunder et al. 2020). Beyond 

characterising biodiversity, eDNA metabarcoding can monitor changes 

in community composition, detect shifts in interactions, reveal hidden 

trophic links, and assess the impacts of human activities, thereby pro-

viding insights into the integrity and functioning of ecological systems 

(Cordier et al. 2017, Ruppert et al. 2019, Käse et al. 2021, Li et al. 2024b). 

For example, eDNA metabarcoding has been used to examine connec-

tivity patterns and co-occurrence networks along with establishing 

trophic interactions in the North Sea (Boyse et al. 2025). Further, eDNA 
metabarcoding applied to OWFs and oil platforms in the North Sea also 
demonstrated horizontal and vertical community patterns and revealed 

composition shifts of ʭsh and invertebrate communities upon the intro-

duction of artiʭcial structures (Dukan et al. 2024, Cornelis et al. 2024, 
Mauʬrey et al. 2021). Moreover, a comparison of species community 
composition between natural and artiʭcial oyster reefs demonstrated 
similar occurrences of non-indigenous species on both reefs (Jansen et 

al. 2025). These examples illustrate the broadened scope provided by 
eDNA metabarcoding, which enhances our understanding of ecosystem 

dynamics and functioning. 

Although metabarcoding is currently the most widely adopted molecu-

lar approach for assessing marine biodiversity, the method is subject to 

several biases and limitations. Biases may be introduced during labo-

ratory processing such as primer choice, ampliʭcation eʯciency, and 
stochasticity during PCR (Alberdi et al. 2019, Piñol et al. 2019, van der 

Loos and Nijland 2020, Gold et al. 2023). Additionally, computational 

sequence processing may further limit reliable interpretation, (Hunter et 

al. 2017, Sigsgaard et al. 2020a, van der Loos and Nijland 2020, Suarez-

Bregua et al. 2022). Where metabarcoding typically targets a universal 

genetic region that is conserved across taxa (e.g. COI, 18S, or 12S), the 
universality of the targeted region often compromises taxonomic reso-

lution. This issue can be mitigated by using a multi-marker approach 

or by amplifying longer DNA fragments (Stoeck et al. 2010, Leray et al. 

2013, Alberdi et al. 2018, Zhang et al. 2018, Cordier et al. 2019, Ferreira 
et al. 2024, Doorenspleet et al. 2025a). Without a clear relationship be-

tween (relative) read count and biomass, inferring species’ abundance 
remains a signiʭcant challenge, limiting the use of eDNA in quantita-

tive ecological assessments (Garlapati et al. 2019, Beng and Corlett 2020, 

Guri et al. 2024b). Although various approaches have been proposed to 

improve quantitative accuracy in metabarcoding (Schenk et al. 2019, Di 
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Muri et al. 2020, Ershova et al. 2021, Guri et al. 2024a), whether eDNA 

can ultimately provide reliable abundance estimates remains to be deter-

mined. Metabarcoding studies are further limited by the completeness 

of nucleotide reference databases, where the lack of species-speciʭc 
sequences restricts species-level identiʭcation (van der Loos and Nijland 
2020, Zhang et al. 2020a, Ferreira et al. 2024). 

Integrating metabarcoding into existing management frameworks 
can improve the capacity to detect, conserve, and restore species and 

habitats. Its wider adoption into international monitoring projects (e.g. 

GEANS and MARCO-BOLO) is already being extensively explored, and 
these projects have begun to demonstrate the feasibility of implement-

ing metabarcoding as a standardised approach for routine biodiversity 

monitoring in the North Sea. 

2.4 Metagenomics 
Unlike targeted approaches that focus on speciʭc taxa or genomic re-

gions, metagenomic approaches encompass all available DNA nucleotides 

contained in a sample, thereby achieving broader taxonomic resolution 
(Fig. 1D) (Serite et al. 2023). As metagenomics relies on sequencing all 

DNA molecules from a sample, the approach omits potential primer and 

PCR biases (Crampton-Platt et al. 2016, Serite et al. 2023, Callens et al. 

2025). The applications of metagenomics in studying North Sea biodi-

versity from eDNA samples is still in its infancy but shows consider-

able potential for achieving high taxonomic resolution while retaining 
a broad ecosystem-wide perspective (Bista et al. 2018, Doorenspleet et 

al. 2025b, Holman et al. 2025). Beyond facilitating marine biodiversity 

assessments, metagenomic approaches enable the analysis of popula-

tion genetics, thereby providing non-invasive strategies for elucidating 

population dynamics within marine ecosystems (Crowley et al. 2025, 

Serivichyaswat et al. 2025). Interestingly, viruses lack universal genetic 

markers, restricting their detection through a metabarcoding approach. 

Metagenomic approaches, however, provide valuable opportunities to 

characterise DNA-based viral communities in marine environments, 

oʬering deeper insights into ecosystem structure, function, and overall 
health (Garin-Fernandez et al. 2018). The advent of third-generation 
sequencing techniques has enabled a more comprehensive molecular 

characterisation of DNA present within environmental samples, includ-

ing base modiʭcations, such as DNA methylation, alongside canonical 
sequences . (Rang et al. 2018, Sigurpalsdottir et al. 2024). These epigen-

etic modiʭcations provide the opportunity to analyse species’ ontogeny 
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or population demographics (Anastasiadi and Piferrer 2020, Wang et 

al. 2021). The utilisation, application, and implementation of these ap-

proaches are further discussed in section 3.1: Epigenetics. 

While metagenomics has considerable advantages over metabarcoding, 

it’s incorporation into standardised monitoring is still in its infancy as 
the approach exhibits notable limitations. As whole-genomic DNA is 
sequenced rather than a targeted ampliʭed region, more data is required 
to ensure suʯcient coverage for accurate taxonomic identiʭcation of 
all species in a sample (Manu and Umapathy 2023). Further, analysis of 
metagenomics data requires a nucleotide reference database containing 

whole genome data, bioinformatic expertise, and substantial computing 
power (Garlapati et al. 2019, Holman et al. 2025). Although metagenom-

ics circumvents quantiʭcation issues that arise in metabarcoding from 
primer or PCR biases, challenges in accurate quantiʭcation of species 
abundance (e.g. due to copy number variation) remain, emphasising the 

need for further research to enable standardised implementation (Kre-

henwinkel et al. 2017, Di Muri et al. 2020, Serite et al. 2023). Neverthe-

less, approaches capable of simultaneously assessing biodiversity and 

relative biomass from environmental samples are currently under devel-

opment (Callens et al. 2025). Consequently, expected continued reduc-

tions in sequencing costs and expansion of reference databases should 
further enhance the application of metagenomics for investigating ma-

rine biodiversity and ecosystem dynamics from environmental samples, 

and facilitate its integration into standardised ecosystem monitoring. 

3. �EMERGING MOLECULAR TOOLS AND 
APPROACHES FOR MONITORING SPECIES 
DYNAMICS 

It can be argued that the health and functioning of ecosystems are not 

solely determined by biodiversity, but are also fundamentally inʮuenced 
by ecosystem complexity. Ecosystem complexity, encompassing inter- 
and intraspecies interactions, and structural organisation within (e.g. 

age or sex cohorts) and between species (trophic niches), plays a critical 
role in shaping ecosystem resilience, productivity, and overall stability 

(Farnsworth et al. 2012, Tilman et al. 2014, Murgier et al. 2021). While 
currently used molecular tools have proven useful to assess marine bio-

diversity, the potential to assess population status, species’ demograph-

ics, or ecosystem health is generally limited. As molecular technologies 
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advance beyond metabarcoding and metagenomics, more research 

questions can be addressed by following a multi-omics based approach 

(Fig. 1C; “eDNA Approaches for Ecosystem Health Monitoring,” 2025). 

Integration of these novel tools could oʬer new opportunities to enhance 
our understanding of North Sea ecosystem dynamics, functioning, and 

health. Here, we discuss several novel molecular tools for monitoring 

marine ecosystem dynamics and evaluate their potential for integration 

within current North Sea biodiversity monitoring frameworks. 

3.1 Epigenetics
Epigenetics represent chemical modiʭcations to DNA, RNA, chromatins, 
and histones that have the potential to inʮuence gene regulatory mecha-

nisms without changing the coding sequence (Jones 2012). As such, 

these modiʭcations are involved in important regulatory processes, such 
as growth, development, and reproduction (Duncan et al. 2014, Liu et 

al. 2022). Environmental conditions can modulate epigenetic program-

ming, thereby providing the molecular machinery to facilitate phenotypic 

plasticity in a wide variety of organisms (Bogan & Yi, 2024; Bonasio, 

2015; Roberts & Gavery, 2012, Fig 1, E). Patterns of DNA methylation, 

currently the most studied epigenetic mechanism, can vary in response 

to environmental conditions, such as changes in nutrition, temperature, 

and acidiʭcation (Eirin-Lopez and Putnam 2019, Bock et al. 2022, Sun et 
al. 2023). Accordingly, within biodiversity research, the detection of such 

epigenetic changes or reprogramming can serve as a valuable indicator of 

environmental change (Fig. 1E; Dang et al., 2023; Gombeau et al., 2016; 

Lee et al., 2020; F. Liu et al., 2023). For example, alterations in DNA 
methylation patterns facilitate thermal tolerance to rising temperatures 

in Acartia tonsa, an abundant copepod in the North Sea (Janssens et al. 

2024). As DNA methylation changes often follow a predictable correlation 

with life-history characteristics, intraindividual and intraspeciʭc diʬer-
ences in DNA methylation patterns can help to understand other aspects 

of population demography in changing environments (e.g. sex and re-

productive behaviour, diseases, pathogen response, and species’ welfare 
and resilience) (Ortega-Recalde et al. 2020, Sigsgaard et al. 2020b, Sil-

liman et al. 2023, Belenguer et al. 2024, Brink et al. 2024, Viña-Feás et 
al. 2024, Saito et al. 2025, Valk et al. 2025). In addition to studying epi-

genetic mechanisms from tissue samples, methylation proʭles derived 
from environmental samples (epi-eDNA) show substantial potential in 

understanding population demographics in marine ecosystems (Sigs-

gaard et al. 2020b, Balard et al. 2024). For example, DNA methylation 
was proven a useful indicator for inferring the age of ʭsh and inverte-
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brates from eDNA samples (Zhao et al. 2023, Ruiz et al. 2025). However, 

despite early successes in using epi-eDNA, studying such modiʭcations 
requires collecting well-preserved and large quantities of genomic DNA 

(Li and Tollefsbol 2021). Moreover, it was shown that biases introduced 

by sample characteristics and methodology complicate comparability 

between studies (Shao et al. 2014, Trigg et al. 2022, Rahman and Lozier 

2023, Balard et al. 2024). As such, it is pivotal to expand our knowledge 
of epigenetic signals and markers in diʬerent species, life-stages, and 
environmental conditions to eʬectively integrate epigenetic and epi-
eDNA data into biodiversity monitoring of North Sea ecosystems (Liu et 

al. 2025).

3.2 Environmental RNA and meta-transcriptomics
In addition to eDNA, samples can contain environmental RNA (eRNA), 

encompassing mRNA, tRNA, rRNA, and miRNA. Due to the higher insta-

bility of RNA, eRNA exhibits a faster degradation rate than eDNA and is 
therefore considered to provide a more accurate representation of recent 

biodiversity (Giroux et al. 2022, Kagzi et al. 2022, Li et al. 2024a, Macher 
et al. 2024). Accordingly, eRNA detection is proposed to complement 

eDNA analyses and thereby improve the spatio-temporal accuracy of bio-

diversity assays (Fig. 1F; W. Li et al., 2024; Marshall et al., 2021; Miyata 
et al., 2022). An additional opportunity oʬered by eRNA in comparison 
to eDNA, is the possibility to diʬerentiate between viable and non-viable 
organisms, improving pathogen detection sensitivity and biosecurity 

surveillance (Darling and Frederick 2018, Mérou et al. 2020, Miyata et 
al. 2022, Bass et al. 2023). These applications highlight the potential of 

eRNA research in assessing ecosystem dynamics and health, and oʬer 
promising possibilities for their expansion into studying marine systems 
(Fig. 1). The complementary application of eDNA and eRNA approaches, 

collectively referred to as eNA, in metabarcoding studies has been dem-

onstrated to reduce false positives and subsequently provide a more ac-

curate representation of overall biodiversity (Littlefair et al. 2022, Miyata 

et al. 2022, 2025, Kagzi et al. 2023, Li et al. 2024a). Consequently, the 

integrated use of eDNA and eRNA detection can expand the resolution 
of eNA-based monitoring and broaden our understanding of North Sea 

dynamics and other marine ecosystems (Fig. 1C). 

In addition to its use in biodiversity monitoring through eRNA metaba-

rcoding (Fig. 1, B), eRNA-derived metatranscriptomic analysis, which 

targets transcriptional signals (Fig. 1F). provides the opportunity to as-

sess species’ ontogeny, population structure and dynamics, as well as 
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organismal responses to environmental change (Tsuri et al. 2021, Hechler 

et al. 2023, Sutherland et al. 2023, Parsley and Goldberg 2024, Miyata 

et al. 2025). Beyond biodiversity assessments, metatranscriptomics has 

the potential to enhance understanding of ecosystem functioning by 

identifying diʬerential gene expression between individuals, species, or 
environments (Sutherland et al. 2023, He et al. 2025). For example, se-

quencing of all available transcripts from an environmental sample was 

demonstrated to elucidate stress responses in aquatic organisms (Hechler 

et al. 2023, Miyata et al. 2025). However, current applications of eRNA-

based approaches are often applied to enclosed systems targeting a single 

species (Hechler et al. 2023, Miyata et al. 2025). A more comprehensive 

understanding of eRNA characteristics is required prior to its eʬective 
integration into biodiversity monitoring frameworks. Future research 
could explore eRNA degradation rates, shedding characteristics, or gene 
transcript quantities and variety in environmental samples (Wood et al. 

2020, Giroux et al. 2022, Kagzi et al. 2022, 2023, Stevens and Parsley 
2023). Once these areas are better understood, eRNA metabarcoding and 

metatranscriptomics can be integrated with eDNA analysis to expand our 
understanding of North Sea ecosystem functioning and health (Fig. 1). 

3.2 Environmental nucleic acids (eNA)
Recently, biodiversity assessment approaches are emerging that collec-

tively target environmental nucleic acids (eNA), encompassing all nucleic 

acids (both eDNA and eRNA) released by organisms into the environment 

(Littlefair et al. 2022, Wang et al. 2025). The applications of analyses 

targeting eNA reach far beyond biodiversity assessments, where for ex-

ample, the detection of microbial activity can be utilised as an indicator 

of ecosystem health (Fig. 1C; Cook et al., 2025). As such, eNA-based ap-

proaches represent the next step in molecular-based biodiversity moni-
toring by oʬering an integrated nucleic acid proʭle rather than utilising 
eDNA or eRNA approaches separately. These developments demonstrate 

the advancement of omics-based tools to not only identify taxonomic 
diversity but also biological activity within marine ecosystems. However, 

similar to the limitations faced by single-molecule (DNA or RNA-based) 

approaches, biodiversity assessments relying on eNA are limited by vari-

ability in the amount of eNA released by diʬerent individuals and species, 
as well as by diʬerences in eNA integrity, where eNA degradation varies 
under diʬerent environmental conditions (Kagzi et al. 2022, 2023, Little-

fair et al. 2022). We refer to other reviews for a more complete overview 

of the current challenges that arise from eNA shedding, decay, and deg-
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radation in assessing species biodiversity (Collins et al. 2018, Kagzi et al. 

2022, 2023, Lamb et al. 2022, Nagler et al. 2022, Wang et al. 2025). 

With the ongoing improvement of sequencing technologies and bioinfor-

matic analytical pipelines, it is only a matter of time before eDNA studies 

pave the way for broader eNA and omics-based approaches. In the mean-

time, further research is required to explore the complementary roles of 
eDNA and eRNA, and to understand how the integrated application of 

total eNAs can inform restoration and conservation eʬorts by elucidating 
ecosystem structure, stability, and function. 

4. DATA CURATION AND STANDARDISATION

4.1 Current challenges in database management
Nucleotide reference databases are a crucial component of most molecu-

lar workʮows, however, challenges persist during accurate taxonomic 
assignment. Robust and accurate species identiʭcation requires a com-

prehensive and up-to-date database, including a broad range of taxa 
identiʭed to the lowest taxonomic rank. Such reference databases may 
be public (Table 1), such as those under the umbrella of the International 

Nucleotide Sequence Database Collaboration (INSDC, https://www.insdc.

org/), for example, the European Nucleotide Archive (ENA, https://www.
ebi.ac.uk/ena/browser/home), the National Centre for Biotechnology In-

formation database (NCBI, https://www.ncbi.nlm.nih.gov/), and the DNA 

databank of Japan (DDBJ, https://www.ddbj.nig.ac.jp/index-e.html) or 
local, which are typically focused on speciʭc geographic regions. 
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Table 1. Summary of established open-access nucleotide reference databases, de-

tailing taxonomic scope, molecule types and data types accepted for submission.

Database Taxonomic 
scope

Molecule 
types

Data types 
accepted

Release 
year

Recent 
citation

Link

GenBank 
(NCBI)

All do-
mains of 
life

Gene regions 
such as COI, 
12S/16S/18S, 
ITS. Pro-
teins, whole 
genomes

Nucleotide 
sequences, 
assemblies 
(inc. mi-
togenomes 
and whole 
genomes. 
Uses FASTQ, 
BAM/CRAM 
or Genbank 
format.

1982 Sayers et al., 
2025

https://
www.ncbi.
nlm.nih.
gov/gen-
bank/

SRA 
(NCBI)

All do-
mains of 
life

Raw se-
quence data

Fastq, Fast5, 
BAM/CRAM, 
HDF and 
HDF5

2007 Katz et al., 
2022

https://
www.ncbi.
nlm.nih.
gov/sra/ 

European 
Nucleo-
tide 
Archive 
(ENA)

All do-
mains of 
life

Gene regions 
such as COI, 
12S/16S/18S, 
ITS. Pro-
teins, whole 
genomes

Raw reads 
(FASTQ, 
BAM/
CRAM), as-
semblies, 
annotated 
sequences, 
metadata

1982 O’Cathail et 
al., 2025

https://
www.ebi.
ac.uk/ena/
browser/

DNA Data 
Bank of 
Japan 
(DDBJ)

All do-
mains of 
life

Gene regions 
such as COI, 
12S/16S/18S, 
ITS. Pro-
teins, whole 
genomes

Raw reads 
( FASTQ, 
BAM/
CRAM), as-
semblies, 
annotated 
sequences, 
metadata

1987 Tateno & 
Gojobori, 
1997

https://
www.ddbj.
nig.ac.jp/
index-e.
html

RefSeq 
(NCBI)

Curated 
repre-
sentative 
sequences 
focused 
on model 
organisms

Genomes, 
transcripts, 
proteins 
(reference 
loci)

RefSeq data 
is derived 
from se-
quences cu-
rated from 
GenBank/
ENA/DDBJ.

2000 Pruitt, 2004 https://
www.ncbi.
nlm.nih.
gov/ref-
seq/

BOLD 
Systems 
(Barcode 
of Life 
Data Sys-
tem)

Broad 
eukaryotes 
(animals, 
plants, 
fungi)

Genetic 
markers 
only such 
as COI, rbcL 
and ITS

FASTA 2005 Ratnasing-
ham & He-
bert, 2007

https://
boldsys-
tems.org/
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Table 1. Summary of established open-access nucleotide reference databases, de-

tailing taxonomic scope, molecule types and data types accepted for submission. 
(continued)

Database Taxonomic 
scope

Molecule 
types

Data types 
accepted

Release 
year

Recent 
citation

Link

SILVA Prokary-
otes & 
eukaryotic 
rRNA

Ribosomal 
RNA mark-
ers only 
such as 16S, 
18S and 23S 
rRNA (SSU/
LSU)

FASTA, 
FASTA with 
metadata 
and ARB

2007 Quast et al., 
2012

https://
www.arb-
silva.de/

UNITE 
(fungal 
ITS)

ITS da-
tabase 
predomi-
nantly 
Fungi

Ribosomal 
ITS region

UNITE data 
is curated 
from INSDC

2003 Abarenkov 
et al., 2024

https://
unite.
ut.ee/in-
dex.php

PR2 
(Protist 
Ribosom-
al Refer-
ence)

Protists / 
micro-eu-
karyotes

18S rRNA Data extrap-
olated from 
genome as-
semblies on 
NCBI

2010 Krabberød et 
al., 2025

https://
app.pr2-
database.
org/pr2-
database/

    Marine 
focused

 

Database Taxonomic 
scope

Molecule 
types

Data types 
accepted

Release 
year

Recent cita-
tion

Link

AquaGene Fish spe-
cies

COI, CYTB 
and the nu-
clear genes 
myosin 6 
(MYH6) and 
rhodopsin I 
(RHOD)

Does not ac-
cept public 
uploads

2013 AquaGene, 
n.d.

https://
www.
aquagene.
org/

MarRef / 
MarDB / 
MarCat 

Marine 
prokary-
otes / 
metage-
nomes

Reference 
genomes

Uses ge-
nomes and 
metage-
nomes col-
lated from 
ENA and 
NCBI

2017 Klemetsen et 
al., 2018

https://
sfb.mmp2.
sigma2.
no/

MARES ( 
pipeline)

Marine eu-
karyotes

COI Reproduc-
ible pipeline 
to retrieve 
sequences 
from Gen-
Bank and 
BOLD

2020 Arranz et al., 
2020

https://
github.
com/
wpear-
man1996/
MARES_
database_
pipeline
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Despite the extensive taxonomic coverage of public repositories, the lack 
of curation, gaps in taxa representation, and irregular maintenance of 
these databases increases the risk of incomplete or erroneous taxonomic 
assignments (Hestetun et al. 2020, 2021, van der Loos and Nijland 2020). 

Consequently, numerous studies have highlighted the need to expand 
public nucleotide databases, including clearer metadata requirements 

to ensure consistency and reproducibility (Bucklin et al. 2016, Alberdi et 

al. 2018, 2019, Duarte et al. 2020). To address some of these challenges, 

the EU project eDNAquaplan has been working collaboratively across EU 

and international research institutions and data repository leaders to 

harmonise metadata standards for eDNA metabarcoding datasets, with a 

focus on nucleotide database submissions (https://ednaquaplan.com/). In 

addition, databases belonging to INSDC have taken steps towards these 

requirements through the sharing of nucleotide data once uploaded to 

one of these three databases and creating resources for INSDC members 

such as metadata structures and facilitating the submission of raw se-

quence reads. Local databases are typically more curated and, therefore, 

less likely to lead to erroneous species identiʭcation. However, non-in-

digenous, rare, or cryptic species are easily overlooked in local databases, 

thereby emphasising the need to combine local and public databases for 

molecular biodiversity analysis (Duarte et al. 2020). Furthermore, by 
maintaining “local” or private databases derived from publicly-funded 

Table 1. Summary of established open-access nucleotide reference databases, de-
tailing taxonomic scope, molecule types and data types accepted for submission. 
(continued)

Database Taxonomic 
scope

Molecule 
types

Data types 
accepted

Release 
year

Recent 
citation

Link

Mare-
MAGE 
(ʭsh ref-
erence)

Marine 
ʭshes

Mitochon-
drial 12S 
rRNA (ʭsh), 
COI

Sequences 
retrieved 
from Gen-
Bank, ENA, 
AquaGene 
and BOLD

2023 
(publi-
cation / 
release)

Kasmi et al., 
2023 

https://
mare-
mage.wee-
bly.com/

Meta-
ZooGene 
Atlas 
(MZGdb)

Zoo-
plankton, 
benthic 
inverte-
brates, 
ʭsh, 
marine 
mammals 
and phyto-
plankton

COI, 12S, 
16S, 18S and 
28S

Sequences 
retrieved 
from Gen-
Bank and 
BOLD

2021 Christodou-
lou et al., 
2025

https://
metazoo-
gene.org/
database/
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research raises ethical as well as practical concerns regarding data 

equity, reproducibility and transparency. Limiting the sharing of such 

resources can impact international collaboration and the wider advance-

ment of molecular knowledge, particularly in shared ecosystems such as 

the North Sea. Currently, there are several initiatives that aim to har-

monise database curation and data sharing being implemented globally 

(e.g. FAANG, GEANS, OBON, and ELIXIR (FAANG Data Portal, https://data.

faang.org; GEANS, https://www.geans.eu/;; Samuel et al., 2021; Water-

house et al., 2022). Beyond database accessibility, there are wider debates 

in the molecular ecology ʭeld over whether eʬorts should be made to 
transition away from targeted gene regions (e.g. COI, 12S, 18S) towards 

complete mitochondrial or whole-genome reference sequences (Dziedzic 

et al. 2023). This shift in direction could improve taxonomic resolution 
from eNA samples and facilitate a multi-target or target-free (multi-

omics) approach to eDNA sequencing. 

4.2. �Standardisation and implementation of molecular data 
for routine North Sea marine monitoring

Molecular ecological methodologies, such as species-speciʭc assays and 
eDNA metabarcoding, have become increasingly popular in recent years 

(Derycke et al. 2021, Cornelis et al. 2024, Moutinho et al. 2024). How-

ever, the uptake of these approaches into routine biodiversity monitoring 

has been hindered by a lack of standardisation across sampling tech-

niques, metadata collection, and subsequent inconsistencies in publica-

tions (Veilleux et al. 2021, Shea et al. 2023, Klymus et al. 2024). A clear 
overview on the reported use of monitoring methods demonstrated that 

over 20 diʬerent methods are used as part of monitoring programmes 
in European regional sea conventions (Korpinen et al. 2022). Despite the 

spatial and temporal expansion of marine monitoring, the integration 
and harmonisation across these methods in standardised monitoring 

programmes remains uncoordinated. Recently, formal standards for eD-

NA-based approaches using metabarcoding were published as the “Mini-

mum Information for reporting of Environmental Metabarcoding data” 

(MIEM), and is similar to the existing guidelines for species-speciʭc 
assays (Bustin et al. 2009, Hunter et al. 2017, Loeza‐Quintana et al. 2020, 

The dMIQE Group et al. 2020, Borchardt et al. 2021, Langlois et al. 2021). 

However, subsequent reviews of similar guidelines found a lack of uptake 

and reporting in published articles (Bustin et al. 2009, Bustin and Nolan 

2017, Bustin 2024). This inconsistency, compounded by heterogeneous 

or incomplete metadata in public nucleotide repositories limits repro-

ducibility and long-term data use (Gilbert et al. 2012, Pope et al. 2015). 
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The aforementioned eDNAquaplan project aims to address some of these 

issues by setting clear deʭnitions to vocabulary, generating mandatory 
metadata ʭelds and creating consistent bioinformatic reporting protocols 
that align with MIEM and the FAIRe (Findable, Accessible, Interoperable, 
Reusable eDNA data) data principles. A fundamental component of eD-

NAquaplan is to federate access to as many reference datasets and physi-

cal reference materials as possible, therefore ensuring that the data and 

metadata standards developed facilitate interoperability and accessibility 

of these resources. Achieving these objectives is essential for improving 

comparability of eDNA data across research institutes and countries and 

to ultimately facilitate integration with marine biodiversity frameworks 

such as the Marine Strategy Framework Directive (MSFD) and OSPAR 
monitoring frameworks. Furthermore, an online repository that consists 
of molecular data complemented by ecological and geographical data 

would be an asset for biodiversity monitoring and analysis. To this end, 

the Global Biodiversity Information Facility (GBIF) has recently estab-

lished the metabarcoding data toolkit (https://mdt.gbif.org/) to facilitate 

the standardised submission, curation, and integration of metabarcod-

ing datasets with existing species occurrence records, thereby bridging 
the gap between molecular biodiversity data and traditional ecological 

observations (GBIF Secretariat 2024). Another initiative that focuses on 
linking genetic sequence material to ecological metadata and geographi-

cal species occurrence databases (e.g. WORMS or OBIS), is the Genomic 

Observatories Metadatabase (Ocean Biodiversity Information System, 2022.; 

WoRMS - World Register of Marine Species, 2023; Riginos et al., 2020). To 

further promote data sharing, raw sequences that would otherwise be 

ʭltered out during bioinformatic workʮows could be archived in open-
access repositories. This approach aligns with FAIR principles and would 
facilitate reproducibility, support the maintenance of bioinformatic pipe-

lines, and improve future taxonomic assignment and database expansion.

4.3 �Improving data processing and standardisation for North 
Sea biodiversity assessment using machine learning

The integration of artiʭcial intelligence and machine learning ap-

proaches into routine environmental biodiversity monitoring has the 

potential to facilitate faster and more accurate species identiʭcation, 
remote sample collection, and predictive modelling using environmental 

parameters (Ditria et al. 2022, Stefanni et al. 2022a). In the broader con-

text of marine biodiversity, machine learning models have been applied 
to investigate the eʬects of abiotic environmental conditions on North 
Sea cod stocks (Kühn et al. 2021), map plankton distributions to deʭne 
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ecological niches (Plonus and Floeter 2024), and to assess the health of 
marine mammals (IJsseldijk et al. 2024) Machine learning is increasingly 

applied to monitor zooplankton (Van Walraven et al. 2025), invertebrates 

(Sokolova et al. 2021), birds (Sommer et al. 2025), and pollution in the 

North Sea (Kaandorp et al. 2022), using automated species detection 

from high-resolution imagery and videos. For a complete overview of all 
the current applications of machine learning in marine ecology, we refer 

to the review of Rubbens et al., 2023. Another application of machine 

learning is facilitating continuous and automated sample collection based 

on forecasted environmental conditions, thereby minimising labour and 

enabling access to remote areas, such as oʬshore wind farms (Stefanni et 
al. 2022b). 

There are numerous possibilities for integrating machine learning tools 

into data collection, processing, and archiving, to facilitate biodiversity 

monitoring. For example, the utilisation of neural network algorithms 
to curate molecular reference libraries has been explored and can greatly 
reduce the laborious eʬorts that come with manual curation (Fontes et 
al. 2024). Furthermore, the application of machine learning models for 
predicting the ecological quality status of marine environments, using 

eDNA metabarcoding data, has also been demonstrated (Cordier et al. 

2017). This highlights machine learning as a promising tool to model 

non-linear complex ecological relationships that enhance ecological as-

sessments. These models also show potential to be utilised to organise 

and autonomously maintain large reference databases that integrate data 

from diʬerent sources (Stefanni et al. 2022b, Yang et al. 2024). Auto-

mated algorithms have the potential to assist in continuous monitoring 

and updating data records by cross-referencing changes in databases, 

ensuring data accuracy and reducing inconsistencies. This would reduce 

the likelihood of nomenclature errors as seen in current nucleotide refer-

ence databases, which often contain misidentiʭcations and incomplete 
taxonomic coverage (Mugnai et al. 2021). Implementing automated sys-

tems requires agreement on standardised data formats and collaboration 

between host organisations of existing databases. The Global Biodiversity 
Information Facility (GBIF) has been a signiʭcant step towards creating a 
single platform where data from many diʬerent sources can be accessed 
(GBIF, https://www.gbif.org/). An integrated framework that combines 

imaging, sound, habitat assessment, molecular data, and behavioural 

analysis into one autonomously managed database would signiʭcantly 
enhance biodiversity monitoring and our understanding of ecosystem 

function (Heberling et al. 2021, Stefanni et al. 2022b). Consequently, 



184 Chapter 5

it is strongly recommended that researchers publish comprehensive 

metadata alongside environmental or molecular datasets to enrich data 

repositories and comply with the FAIRe principles (https://ednaquaplan.
com/). Such complete datasets can be utilised in modelling approaches 

or incorporated into machine learning algorithms aimed at estimating 

ecosystem-related indices informing on ecosystem functioning, health, 

and overall stability. 

The formulation of clear data-sharing guidelines, coupled with the sup-

port of machine learning in automated data curation and archiving, is 

expected to enhance the harmonisation of marine datasets across ex-

periments, thereby improving the understanding of marine ecosystem 

dynamics and biodiversity by increasing interpretability across studies. 

5. CONCLUSION AND RECOMMENDATIONS 

With the current intensity of anthropogenic exploitation in the North 
Sea, an accurate and more extensive understanding of ecosystem health 
and functioning is pivotal for management and conservation. Above, we 

have summarised current methods and highlighted novel molecular ap-

proaches that could be adopted into standard monitoring frameworks for 

assessing the biodiversity and functioning of the North Sea. Upscaling 

and standardising the utilisation of these multi-omics tools for robust 

ecosystem biodiversity monitoring requires a collaborative approach 

among researchers, conservationists, and policymakers. This would 

not only require data sharing and integrating various monitoring tech-

nologies, but also active pursuance ensuring that these frameworks and 

guidelines are adhered to. This multifaceted approach will facilitate the 

identiʭcation of biodiversity dynamics, assess the impacts of environ-

mental stressors, and inform management and conservation. Finally, we 
have highlighted how current limitations in reference databases, as well 

as challenges in data curation and archiving, can hamper harmonisation 

across experiments. To this end, we provide three suggestions for inte-

grating molecular methods in a standardised manner to improve assess-

ment of ecosystem biodiversity, function, and structure in the dynamic 

North Sea:
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(i)	Comprehensive archiving of metadata alongside biodiversity data to 

improve data curation, facilitate integration across experiments and 

enhance the interoperability and reproducibility between molecular 

and conventional monitoring of marine biodiversity. This approach, 

integrating molecular and conventional monitoring methods with 

comprehensive metadata curation, will improve understanding of 

ecosystem functioning by providing a multi-disciplinary perspective 

of diʬerent aspects and interactions within an ecosystem. 
(ii)	 Establish data-sharing guidelines to enable standardisation 

and comparison between studies. Once data collection and curation 

become more standardised, this will allow for comprehensive com-

parisons between studies, by using data collected through diʬerent 
approaches and on diʬerent scales. 

(iii)	 Make all molecular data publicly available to enable compre-

hensive analysis of ecosystem biodiversity and function. Publishing 

all sequence data, instead of only the subset used for publication, is 

expected to improve understanding of ecosystem functioning by pro-

viding a more detailed image of molecular biodiversity in a spatial-

temporal context. 

6. LIST OF ABBREVIATIONS

OWF – Oʬshore wind farm
MSFD – Marine Strategy Framework Directive
GES – Good Environmental Status 

eDNA – environmental DNA

eRNA – environmental RNA

eNA – environmental Nucleic Acids

qPCR – quantitative PCR

ddPCR – digital-droplet PCR

NGS – Next Generation Sequencing
epi-eDNA – epigenetic patterns derived from eDNA samples

FAIR – Findable, Accessible, Interoperable, Reusable 
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ABSTRACT

Biogenic reefs, shaped by organisms like corals, tubeworms and bivalves, 

have faced extensive degradation worldwide, resulting in a vast reduction 
of their extent. The remaining reefs are essential habitat for marine ver-
tebrates, providing food, shelter, and nursery grounds. However, the role 

of natural shellʭsh reefs as essential ʭsh habitats is poorly understood, 
particularly in temperate regions. This study assessed the eʬect of reef 
presence on marine vertebrate diversity and composition and compared 

traits for habitat and feeding strategy at two shellʭsh reefs in the North 
Sea: a mixed shellʭsh reef and a horse mussel reef. We also assessed the 
complementarity of two non-invasive techniques: eDNA metabarcoding 

and baited camera analysis (BRUVs). Stations inside and outside reefs 

were compared. Vertebrate diversity was consistently higher within both 

reefs than in their surroundings, declining with increasing distance from 

the reefs up to 400-1500m from the reefs’ border. Community composi-
tion varied, with several species, such as gobies, gunnels, clingʭsh, and 
sculpins, occurring more frequently within the reefs. Commercial species 

like cod, pollock, and mullet, also occurred more often in reef areas, with 

reefs likely serving as juvenile habitats for species like ling. Functional 
diversity showed that reefs attracted mostly invertivores and pelagic spe-

cies adapting their diet to food availability. eDNA identiʭed more species 
overall, while BRUVs detected both adult and juvenile stages, highlight-

ing the value of complementary methods in biodiversity assessments. 

These results emphasize the importance of temperate reefs as essential 

ʭsh habitats and inform more eʬective conservation and ʭsheries man-

agement strategies.

Keywords: Fishes, vertebrate communities, mobile communities, biogenic 
reefs, shellʭsh, Modiolus, eDNA, BRUVs, North Sea
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1. INTRODUCTION

From tropical to temperate waters, marine reefs represent biodiversity 
hotspots for both benthic and mobile faunal communities worldwide 

(Holt et al. 1998, Spalding et al. 2002, Sobha et al. 2023). They enhance 

resources and habitat availability for species, oʬering grounds for at-
tachment, foraging, spawning, or nursing (Spalding et al. 2002, Hunter 

& Sayer 2009, Ponti et al. 2021). Despite their importance, these funda-

mental habitats are facing a dramatic global decline due to anthropogenic 

pressures, particularly in temperate marginal seas such as the North Sea 

(Munday 2004, Thurstan et al. 2024, zu Ermgassen et al. 2024). For this 
reason, in the last decade growing attention has been directed toward the 

remaining temperate reefs, for which literature is relatively limited in 

comparison to that on tropical coral reefs.

The North Sea is one of the most intensively used marine ecosystems 

globally. Resource extraction, including dredging sand and minerals, 
hydrocarbons, shipping, and chronic bottom trawling, has severely im-

pacted ʭsh stocks and led to signiʭcant habitat losses (Thurstan et al. 
2024, Porz et al. 2024). Critical ecosystems, such as biogenic reefs built 

by ecosystem engineers like mussels (e.g. Modiolus modiolus), oysters (e.g. 

Ostrea edulis) and certain species of tube-building worms (e.g. Sabellaria 

spinulosa), have suʬered dramatic declines, with some nearing functional 
extinction (e.g. ʮat oysters in Europe; Beck et al. 2001, Thurstan et al. 
2024). These habitats, which enhance biodiversity and biomass produc-

tion, play an essential role in supporting benthic and mobile species, 

including commercially important ʭsh (Støttrup et al. 2014, Seitz et al. 
2014, Kent et al. 2017b,c, van der Reijden et al. 2019).

Reefs are essential for the spawning, feeding, and maturation of numer-

ous species (e.g. whelks: Kent et al. 2016, 2017; octopus: Garofalo et al. 

2011; Fluharty 2000). Various species, including elasmobranchs, gadoids, 
seabasses, and commercially important species of crabs (Cancer pagurus) 

and whelks (Buccinum undatum), aggregate around natural and artiʭcial 
reef habitats (Krone & Schröder 2011, Krone et al. 2013, 2017, Kent et al. 

2017b,c, Flávio et al. 2023, Ibanez-Erquiaga et al. 2024). In addition, 
monitoring around artiʭcial reefs has shown aggregation of several 
pelagic species, including Atlantic cod Gadus morhua, pouting Trisopterus 

luscus, mackerel Scomber scombrus, and seabass Dicentrarchus labrax (Reu-

bens et al. 2011, 2014, van Hal et al. 2017, Flávio et al. 2023). Limited 
studies targeted natural biogenic reefs in the North Sea (Seitz et al. 2014, 
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Kent et al. 2017b, Flávio et al. 2023). For example, reef-associated species 
have been identiʭed within S. spinulosa reefs, such as dragonets (Calliony-

mus spp.), small-spotted catshark (Scyliorhinus canicula), and rock gunnel 

(Pholis gunnellus) (van der Reijden et al. 2019).

The loss of habitat has been linked to the reduced eʬectiveness of ʭsh 
stock management strategies, as habitat availability is a key determi-

nant of population resilience (Mangel 2000, Brown et al. 2019). Select-

ing essential ʭsh habitats (EFH) is crucial for making informed ʭshery 
management decisions to protect and restore these habitats (US Fishery 
Act, 1996). EFHs are deʭned as habitats with a critical role in support-
ing commercial species at various life stages (e.g. as feeding or nursery 

grounds), ultimately sustaining ʭsh stocks (USDOC, 1997) and emphasise 
the importance of an ecosystem-based management approach (e.g. The 

Habitats Directive, Council Directive 92/43/EEC). Temperate reefs are 

gaining increasing attention for their key role in biodiversity provision 

and are regarded as EFH, although their speciʭc role in supporting mobile 
vertebrate communities has yet to be fully explored (Coen et al. 1999). 
Detailed knowledge of the ecological association between species and 

their environment, including habitat use across all life stages, is needed 

to deʭne temperate reefs as EFH (Coen et al. 1999, Levin & Stunz 2005). 
Particularly, emphasis should be placed on understanding the speciʭc 
function of temperate reefs within the life cycle of mobile species, such 

as feeding, spawning, or living grounds (Johnson et al. 2013, Kent et al. 

2017b, Brown et al. 2019). Despite their ecological signiʭcance, these 
relationships remain poorly understood, including in the North Sea (zu 

Ermgassen et al. 2016a, Kent et al. 2017b, Smaal et al. 2018). 

Several methods exist for monitoring biodiversity of marine mobile com-

munities, both extractive and observational. Extractive techniques like 
ʭshing, netting or trapping are most commonly used, however are often 
dependent on the species catchability, and can cause signiʭcant dam-

age to the specimens and the seabed (Murphy & Jenkins 2010, Mallet & 

Pelletier 2014). Conversely, observational methods like underwater visual 

census, videos and acoustic techniques, though more labour-intensive 

compared to ʭshing related methods, are generally preferred when mon-

itoring occurs in sensitive habitats (e.g. reefs or marine protected areas 

(Murphy & Jenkins 2010). Among these, the combined use of baited re-

mote underwater video systems (BRUVs) and environmental DNA (eDNA) 

has increased in the recent years, as it oʬers a valid alternative that mi-
nimise habitat disturbance (Rees et al. 2014, Langlois et al. 2020). BRUVs 
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and eDNA are complementary, with BRUVs providing visual identiʭcation 
of species and eDNA oʬering broader taxonomic scope (Stat et al. 2019, 
Jeunen et al. 2020, Mirimin et al. 2021, Clark et al. 2024). However, their 

combined application to natural biogenic reefs has not been thoroughly 

explored, especially between contrasting locations at small spatial scales 
(>100 - 1,000 meters).

In this study, we 1) evaluate the eʬects of biogenic reefs on mobile ver-
tebrate communities in terms of diversity and community composition; 

2) compare habitat preference and feeding strategy based on functional 

traits of the vertebrate communities; and 3) determine the complemen-

tarity value of eDNA and BRUVs in terms of richness and detected spe-

cies. We evaluate the biodiversity of ʭsh and other marine vertebrates 
at two distinct shellʭsh reefs: a small shallow (approx. 4 m depth) 
mixed shellʭsh reef in the Dutch North Sea, and a large deep (approx. 
40 m depth) M. modiolus reef in the Scottish North Sea. Using BRUVs and 

eDNA, we assessed the mobile vertebrate communities on the reefs and 

compared them to nearby sandy seabed areas. We hypothesize that reefs 

have distinct communities with distinct habitat preferences and feeding 

strategies depending on reef density as this determines food availability, 

habitat complexity and predator presence. In addition, we hypothesize 
that adding eDNA monitoring to BRUVs application provides a more 

comprehensive picture of ʭsh communities, including cryptic or noctur-
nal species, better captured with genetic methods (Watson et al. 2005, 

Stat et al. 2019).

2. MATERIALS AND METHODS

Two study areas were selected for this study: the Voordelta and the Noss 

Head, both featuring a natural bivalve reef in an environment of sandy 

seabed (without reef). These areas were chosen due to their contrasting 

environmental conditions. The Voordelta was selected as a small shal-

low reef in the southern North Sea, characterized by higher turbidity 

and a composition of mixed bivalves (blue mussels, paciʭc and European 
oysters). The Noss Head was selected as a larger and deeper reef in the 

Northern North Sea, with lower turbidity and solely composed of horse 

mussels. Both sites are located within a marine protected area where 

bottom trawling is prohibited, ensuring minimal disturbance. However, 

some anthropogenic activities (e.g. regulated whelk ʭshery, tourism) 
still occur across both reef and non-reef areas, potentially eʬecting ʭsh 
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distribution and applying a relatively uniform random noise to the back-

ground. As we lack the data needed to explicitly quantify these eʬects, 
they were not included in the analyses.

At both sites, seabed was ʭrst ground-truthed with a towed camera to 
locate the reef areas and plan the sampling stations within and outside 

reefs. Then, at selected sampling stations, water sampling was performed 

to retain eDNA samples and BRUVs were deployed to acquire footage of 

ʭsh specimens (Tables S1, S2). Due to the diʬering conditions of the 
two study areas, sampling was conducted onboard two diʬerent vessels; 
hence, ʭeld methods are described separately for each area. In contrast, 
onshore procedures (e.g. laboratory work, video and statistical analysis) 

were identical for all samples and are therefore described together for 

both areas.

2.1 Field sampling: Voordelta

2.1.1 The Voordelta
The Voordelta is a coastal area in the southern North Sea, near the coast 

of Zeeland, in the Netherlands (Figure 1A). It is designated as a Natura 

2000 site under the EU Birds and Habitats Directives, which aims at pro-

tecting and restoring habitats and species of special conservation interest 

(European Union, 1992, 2009). This area includes a bivalve reef com-

posed of a mix of Paciʭc oysters (Magallana gigas), European ʮat oysters 
(Ostrea edulis), and blue mussels (Mytilus edulis; Figure 1A) at a depth of 

approximately 3-6m and covering ~0.54km²
 (Christianen et al. 2018, 

Kamermans et al. 2023). 

Due to its depths, the Voordelta is reachable only by limited sized re-

search vessels especially designed for research in shallow areas, such as 

the RV Navicula used for this study (26m). Therefore, due to ship time 

and space limitations, diʬerent ʭeldwork activities (ground truthing, 
water sampling and BRUVs deployments) were performed during three 

separated expeditions, conducted between May 2021 and August 2022.

2.1.2 Gound-truthing and sampling design
To determine the precise location of the reef and estimate its boundaries, 

the area was ground truthed using the towed camera system BRUCE Tow 

Cam (van der Reijden et al. 2019) between May 27th and June 4th, 2021. 

During the survey, the video was live-streamed on board, enabling real-

time assessment of the seabed for the presence or absence of the reef 
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while collecting time and position data (cable payout length and direction 

corrected) for each observation. Based on the collected data, 60 sampling 

stations were selected along six transects, including stations within the 
reef and increasing distance from the reef edge, to assess how far the reef 

eʬect extended beyond its border (A-K; Figure 1B; Figure S1, Table S1). Of 
A-F, 16 stations were located within the reef area, 25 at relatively close 
distances from the reef edge (25-200m), and 24 stations were placed 

250-1000m from the edge. Furthermore, an extra transect K (1–10km 
from the reef edge) was designed to control the eDNA background condi-

tions. Along this transect, stations 10, 9, and 8 were sampled during ebb 

tide, while stations 1 through 7 during ʮow tide, in order to minimize 
any potential background eDNA signal from the nearby water sluice con-

necting the area to lake Grevellingen. 

In reef

25-200m from reef

250-2000m from reef

BRUVs sample

eDNA sample

eDNA and BRUVs sample

Legend

1-10km from reef

Voordelta
M

P
A Nosshead

In reef

400-1500m from reef

5km from reef

BRUVs sample

eDNA sample

eDNA and BRUVs sample

Legend

transect k 

A

B
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2.1.3 Water sampling
Water sampling for eDNA was conducted between October 6th and Octo-

ber 10th, 2021, using a 10L Niskin bottle lowered to approximately 50cm 
above the seaʮoor and rinsed between stations. During high tide, three 
2L pseudo-replicates were collected from the same Niskin at each station 

(Table S2). Water was transferred into 2L plastic bottles previously rinsed 

with milliQ water. Gloves were worn throughout sample handling and 

processing to prevent contamination and were changed at each station. 

For each replicate, ~2000-1300ml of seawater (depending on when the 
ʭlter clogged ) was ʭltered through 0.45µm cellulose nitrate ʭlter using 
a vacuum pump (Rocker, Taiwan), directly shipboard in a laboratory set-

ting. Filters were then folded with chloride-cleaned tweezers and stored 
in a 2 ml screw cap containing 400ul RNA/DNA shield (Zymo, USA). The 

ʭlter holders, plastic bottles and tweezers were rinsed between samples 
then sterilized using a 10-minute 1:10 litres commercial bleach bath and 

followed by MilliQ water rinsing. Field controls were taken on decon-

taminated ʭlter equipment before and after each day of ʭltering using 
~1L MilliQ water. Samples were immediately stored in the freezer at -20 

°C. Samples were immediately stored in the freezer at -20 °C. 

2.1.4 Video collection using BRUVs
Video collection through BRUVs deployment was conducted between 2-9 

August 2022. 12 camera systems were used and each consisted of a GoPro 

digital camera (Hero 8 or Hero 9) mounted on a frame of PVC pipes ʭlled 
with gravel. As natural light reached the seaʮoor at all sampling stations, 
artiʭcial lighting was not used. All systems were baited using frozen 
mackerel (Scomber scombrus) wrapped in a nylon mesh and attached to the 

frame through a 45-50cm bamboo stick. During sampling, 6 or 12 BRUV 

camera systems were deployed simultaneously, with one camera placed 

Figure 1: Study area locations and habitat pictures, showing A) the mixed bivalve 
reef at Voordelta including a Close-up view of the position of the sampling loca-

tions at Voordelta (for details of transect K and sampling locations see Supple-

mentary ʭgure 1) and a Seaʮoor picture (picture by Peter van Rodijnen). B) The 
Modiolus modiolus reef at Noss Head, in the North Sea and Close-up view of the 

position of the sampling locations and a picture from a sediment sample collected 

at Noss Head (picture by Joop Coolen) . Colours indicate the diʬerent biotopes; 
open circles represent stations sampled with the BRUVS method, crosses indicate 

those sampled with the eDNA method, and open squares show stations sampled 

with both techniques. The brown shape at Noss Head marks the area protected 

under the Noss Head MPA. The map is presented in the WGS84 Geographic Coor-

dinate System. 
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at each sampling station. Sampled stations during each deployment were 

evenly distributed across biotopes to achieve a balanced design (Tables 

S1, S2). Each camera recorded for 45–90 minutes, depending on battery 

life. In total, 90 videos were obtained.

2.2 Field sampling: Noss Head

2.2.1 The Noss Head
The Noss Head is a Marine Protected Area (MPA) located oʬ the coast of 
Scotland (Figure 1B). It encompasses a horse mussel (Modiolus modiolus) 

reef, which lies at around 35-50m depth and covers an estimated 3.85km2 

(Hirst et al. 2012, Moore 2019). Fisheries management measures are 
enforced within the Noss Head MPA, restricting activities to controlled 

static gear only, which must be further limited in areas where horse 

mussels are present.(Hirst et al. 2012, NatureScot 2024). All ʭeldwork 
activities (ground-truthing, water sampling, BRUVs deployment) were 

performed onboard the RV Pelagia between October 3rd and 10th, 2023. 

The presence of multiple static ʭshing gear (i.e. whelk fykes) in multiple 
locations within the reef area restricted RV Pelagia’s transit and sampling 
zones to gear-free areas, which constrained the overall sampling design. 

As a result, the sampling design diʬered slightly between Voordelta and 
Noss Head, leading to a lower resolution of the distance gradient at Noss 

Head, where sampling intervals were wider (In reef, 400-1500m, 5km) 

compared to Voordelta (In reef, 25-200m, 250-2000m, 1-10 km). 

2.2.2 Gound-truthing and sampling design
Previous surveys at the Noss Head conʭrmed the presence of high-den-

sity patches of M. modiolus in the northern part of the area (Moore and 

Roberts 2011, Hirst et al. 2012). Consequently, the video survey focused 

on the southern part of the reef to complete the seabed characterization 

and locate the reef’s southern boundary. Ground truthing was performed 
using an HD video hopper frame (Coolen et al. 2023) towed from the side 

of the vessel while live-streamed on board, registering observations in 

real-time. Based on the observed seabed, 18 stations were selected across 

three biotopes, with six stations per biotope (Figure 1B, Figure S1, Table 
S2): high-density reef (>50% of alive M. modiolus cover), low-density reef 

(<50% of alive M. modiolus cover), and no reef (0% of alive M. modiolus). 

The southernmost station within the low-density reef was selected as 

a proxy of the reef edge to assess distances from stations outside the 
reef ranging between 400 and 1500m from such edge. Moreover, an extra 
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station, situated 5 km from the reef edge, was included to control for the 

eDNA background conditions. 

Due to limited ship time and technical constraints (e.g. a single crane was 

available for deploying either the BRUVs or the rosette for eDNA water 

sampling), it was not possible to collect eDNA samples on the same day 

as the BRUV deployments (Tables S1, S2). Instead, all eDNA samples were 

collected during the same tidal phase to at least minimize variability and 

obtain a more reliable dataset.

2.2.3 Water sampling
Water was collected using six 25 L Niskin bottles mounted on a rosette 
frame, with three replicates taken 1 m above the seaʮoor and three rep-

licates 1 m below the surface, each from a distinct bottle. To minimize 

contamination, the Niskin bottles were rinsed with freshwater between 

samples, and gloves were worn throughout sample handling and process-

ing, changing to a new pair at each station. For each replicate, the water 
was transferred into 2L plastic bottles, then ~2000- 1300ml (depending 

on when the ʭlter clogged) was ʭltered through a 1.2µm cellulose nitrate 
ʭlter using a vacuum pump (Rocker, Taiwan). Filtration was performed 
in the dry lab onboard the research vessel. Filters were then folded using 
chloride-cleaned tweezers and stored in 2 mL screw-cap tubes contain-

ing 400 µL RNA/DNA Shield (Zymo, USA). Filter holders, plastic bottles, 
and tweezers were rinsed between samples and sterilized in a 1:10 litre 

commercial bleach bath for 10 minutes, followed by rinsing with Milli-

Q water. Field controls were taken on decontaminated ʭlter equipment 
before and after each ʭltering session using ~1L of MilliQ water. All 
samples were immediately stored at -20 °C onboard.

2.2.4 Video collection using BRUVs
BRUV sampling was conducted using eight systems, each consisting of a 

camera (GoPro Hero 8 or Hero 9) mounted on a 1.5 m2 metal cage used as 

a lander (Coolen et al. 2023). Also, two LetonPower BB27-1/S high-power 

20.000 lm LED ʮood lights were attached to the cage and angled down-

ward at 45° to ensure adequate illumination of the seaʮoor. Each system 
was baited with frozen mackerel (Scomber scombrus), wrapped in nylon 

mesh and mounted on the cage at the bottom centre of the camera’s ʭeld 
of view using a 45–50 cm bamboo stick. The eight BRUVs were deployed 

twice over consecutive days, with one system per sampling station, and 

were evenly distributed across biotopes to achieve a balanced design 
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(Table S2). Each camera recorded 45-90 minutes, depending on battery 

life. In total, 14 videos were acquired.

2.3 DNA processing: Voordelta and Noss Head

2.3.1 DNA extraction
Samples with ʭlters and DNA/RNA shield were defrosted at room tem-

perature prior to extraction. DNA was extracted in batches of 24 samples 
using the DNeasy Blood and Tissue extraction kit (Qiagen, USA) follow-

ing the manufacturer’s protocol for tissue samples. Samples were pre-
processed by adding 20µl Proteinase K and 400µl lysis buʬer, followed by 
incubation for one hour at room temperature. DNA concentrations were 

measured using a Qubit 2.0 Fluorometer (Invitrogen, USA). Extraction 
controls were taken within each round of extractions. 

2.3.2 DNA ampliʭcation and gel extraction
DNA extracts were ampliʭed in a 10µL reaction volume consisting of 5µL 
of 2x Phire Tissue Direct PCR Master Mix, 2µL of template DNA, 0.2µL 
(10 µM) of each primer, and nuclease-free water (NFW) to a ʭnal volume 
of 10µL. Three PCR replicates were used to reduce the stochastic eʬect of 
PCR. Short read Miʭsh primers (Miya et al. 2015) were used for the am-

pliʭcation. In addition, the Miʭsh primers were manufactured (Euroʭns, 
NL) with an addition of 13bp tags to avoid an extra barcoding of index 
PCR cycle, as adapted from Srivathsan et al. (2018) (Table S3 primers 

with 96 individual tags). PCR settings for ampliʭcation were 98°C 180s, 
98° 10s, 59.6°C for 8s, 72°C 10s, and 72°C 3min with 35 cycles. Three PCR 

replicates were pooled, and PCR controls were also taken during each PCR 

experiment (96 reactions in total).

Ampliʭcation was conʭrmed and pooled to semi- equimolar concen-

tration using gel electrophoresis (1.5% TAE agarose gel). To reduce the 
amount of bacterial amplicon and enhance the sequence eʯciency of the 
target amplicons, the pooled product was run on a 2% agarose gel for 90 
minutes at 100V. After detection using blue light from a Bluegel (mini-

PCR bio, USA), the target band was cut out, and the DNA was extracted 
using a gel extraction kit (MinElute Gel, Qiagen, USA) according to the 
manufacturer’s protocol. 

2.3.3 Nanopore sequencing 
End prep and adapter ligation were performed using the SQK-LSK114 kit 

(Oxford Nanopore Technologies Ltd., UK). The total puriʭed DNA con-
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centration was estimated using the Qubit HS kit. A maximum of 100ng 
DNA was loaded on a primed ʮow cell to prevent overload. A total of 
96 samples was sequenced on a Mk1c with an R10.4.1 ʮow cell with a 
sequencing speed of 450 bases/sec, run with an average sequence depth 

of 200K reads per sample (~20-25 million reads per run). All sequencing 

runs were performed on separate ʮow cells to avoid cross-contamination 
between runs. 

2.3.4 Bioinformatics 
Base-calling of the pod5 ʭles was performed using Dorado (Version 0.5.3, 
Oxford Nanopore Technologies Ltd., UK) in super high accuracy (SUP) 
mode. Decona was used for the bioinformatic analysis (Doorenspleet et 

al. 2025). The raw base called reads were ʭltered for length in a win-

dow from 150 to 240bp. A cluster similarity at 96% was chosen based on 
carefully checking diʬerent clustering percentages (Doorenspleet et al. 
2025) with a minimum of 5 reads per sequence. (decona -f – T 20 -l 150 

-m 240 -c 0.94 -g “GTYGGTAAAWCTCGTGCCAGC; max_error_rate=0.1; 
min_overlap=20…CAAACTYGGA TACCCCACTAT; max_error_rate=0.1; 
min_overlap=20” -n 5 -r 0.99= -R 500 -k 6 -M). 

Taxonomic identiʭcation of the sequences was performed using the Basic 
Local Alignment Search Tool for nucleotides (BLASTn) using the Chor-

data nucleotide (nt) database (last updated April 2024), integrated within 

DECONA (https://github.com/Saskia-Oosterbroek/DECONA; Doorenspleet 

et al. 2025). Singletons were not taken into account. Assignments on 

species level were accepted if the top hit e-value was higher than the 

second hit, and/or when the second or third hit assigned the same spe-

cies. If this criterion was not met, the lowest common ancestor (LCA) 

was assigned. 

 To validate the species list obtained from BLASTn taxonomic assign-

ments, the online repositories WoRMS (World Register of Marine Species) 

and GBIF were used. First, marine species were detected using pyworms, 

the Python client for WORMS REST service, and consequently non-ma-

rine species were excluded from the analysis. For each marine species the 
number of occurrences were then extracted from the GBIF using the Py-

thon client pygbif. Occurrences were counted within a radius of 2 degrees, 

representative of local species, and 10 degrees, representative of rare or 

potentially visiting species, around the sample locations (https://github.

com/cld321/ednavalid). The BLASTn species list was corrected by elevat-

ing species not observed within the 2-degree radius. These identiʭca-
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tions were manually checked and replaced to their LCA, or species names 

were replaced with the North Sea species, and marked with an asterisk to 

indicate a certain level of uncertainty. All results were manually checked; 

the LCA was assigned if species from the same genus had one or fewer 

mismatches. To correct for sequencing depth, species occurring less than 

<0.1% in each barcode were removed to correct for PCR stochasticity and 
tag jumping ((Wang et al. 2022, Skelton et al. 2023). To correct for pos-

sible contamination, the uncorrected reads of the dataset were also tested 

using Microdecon and LULU (Frøslev et al. 2017, McKnight et al. 2019).

2.4 Video analysis: Voordelta and Noss Head 
Analysis of the baited videos was done by manual visual observations 

using the VLC software (version 3.0.21). Starting when the camera 

reached the bottom, the number of species and individuals per species 

were registered for each second for the entire length of each video. In-

dividuals were identiʭed to the lowest possible taxonomic level using 
relevant literature (i.e. Heessen et al. 2015, Maitland et al. 2009, Wood 

2018) and with assistance from experts at NIOZ and WUR. The maximum 
observed number of individuals per species in a single frame (MaxN) 
was used to measure abundance to avoid double counting (e.g., when a 

ʭsh swam in and out of the video frame multiple times (Langlois et al. 
2018, Clark et al. 2024). As video length varied with camera battery life 

(45-90 minutes), the maximum number of individuals (MaxN) for each 
species was divided by video duration (in hours) to calculate sightings 

per unit eʬort (SPUE; Sherman et al. 2020), rather than analysing only 
the ʭrst 45 minutes. This approach corrected for variation in recording 
time while retaining all data for species richness. As recording time was 

not standardised among deployments and no consistent relationship be-

tween species richness and video length was detected, the full recording 

duration was retained for analyses of species richness. Moreover, MaxN 
values were not used for direct biomass comparisons among stations, but 

only to calculate ecological indices within stations. The visibility of each 

video was evaluated on a scale of 0 to 5, based on the visibility of the bait. 

Recordings rated with a visibility of 0 or those where the camera didn’t 
land horizontally on the seaʮoor were excluded from the analysis.

2.5 Traits collection: Voordelta and Noss Head
From the list of species obtained from eDNA, functional traits (feeding 
strategy and habitat preference) were collected using literature and online 

resources (Table S4, Supplementary data ʭle). Each trait was categorized, 
and species were scored for each category using fuzzy coding (Chevene et 



202 Chapter 6

al. 1994), up to a total score of 1 per species per trait. Subsequently, com-

munity weighted means were calculated per each eDNA sample, using 

eDNA relative read abundance per each species. 

2.6 Statistical analysis: Voordelta and Noss Head 
The data analysis was executed in RStudio v4.2.2 (RStudio Team, 2020). 
Taxa richness and the Shannon ecological index were determined us-

ing the diversity() function (vegan v2.6.4) Oksanen et al. 2022) and 

visualized using a violin plot (ggplot2, v3.4.0) Wickham, 2016). The 

signiʭcance of the diʬerence in variance between richness and diver-
sity indices across habitats was tested for both sampling locations (Noss 

head and Voordelta) and methods (BRUVs, eDNA). As there was no 

signiʭcant diʬerence between bottom and surface samples in the eDNA 
Noss Head dataset, all samples were used from each area for analysis. 

Abundance from BRUVs data was also tested. First, a generalized linear 
model (GLM) was applied (package mass, Brian et al. 2024). Richness 

was ʭtted with a Poisson distribution, the Shannon index with a gamma 
distribution, and Simpson’s and evenness indices with beta distribu-

tions. To calculate ecological indices for the eDNA dataset, the relative 

read abundance was preferred over the eDNA index (Kelly et al. 2019), 
because the analysis compared diversity between samples. Abundance 

was ʭtted with a negative binomial distribution. Model selection was 
based on the lowest Akaike information criterion (AIC; Akaike, 1973), and 

residuals were checked for overdispersion. Subsequently, an analysis of 

variance (ANOVA) was conducted on the resulting models to assess the 

signiʭcance of diʬerences among habitats using the aov function (pack-

age stats, v3.6.2; R Core Team, 2024). A post hoc Tukey test (HSD) was 

then performed using the TukeyHSD function (stats, v3.6.2; R Core Team, 

2024) for pairwise comparison. Finally, to analyse diʬerences between 
community composition across habitats, a PERMANOVA was conducted 

with 999 permutations and Bray-Curtis similarity, using the function 

adonis from the vegan package (v2.6.4; Oksanen et al. 2022). Non-metric 

multidimensional scaling (NMDS) with Bray-Curtis dissimilarity (‘bray’) 
was applied to visualize clustering among habitats for both locations and 

methods (Figure S6, S7). 

To test for diʬerences between habitats in the presence of speciʭc taxa in 
the eDNA samples, generalized linear latent variable models were applied 

using the gllvm package v2.0 (Niku et al. 2024) following methods by 

Zuur & Ieno (2025). The eDNA data were converted to presence-absence 

per sample by assigning 1 to read counts >0. Observations per cast 
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were aggregated as counts when a taxon was detected in multiple (sub)
samples. Confounding eʬects of the distance from the coast at Noss Head 
with the reef density challenged the interpretation of the gllvm results. 

Therefore, the Noss Head data was not further analysed using gllvm. In 

the Voordelta, the models included area type (reef/non-reef) and distance 

from the coast as explanatory variables. Sampling date and cast number 
were included as random eʬects. Taxa occurring in less than 10 samples 
(33 taxa) were excluded from the analysis. Phocoena phocoena (250-2000 

m, 1-10 km from reef), Gobius paganellus (In reef, 25-200 m, 250-2000 m 

from reef), and Clupeidae (In reef, 25-200 m, 1-10 km from reef) were 

almost exclusively present in a sub-set of the areas and caused poor 
model ʭt. Thus, they were excluded from the model. The ʭnal model 
included 34 species. The model family was selected by generating mul-

tiple models with 0, 1, or 2 latent variables and diʬerent distributions 
(Poisson, negative binomial, zero-inʮated Poisson, and zero-inʮated 
negative binomial). From these 12 models, the best ʭtting model (Pois-

son distribution with zero latent variables) was selected using the AIC 

(Akaike, 1973). After model formulation, post hoc contrasts based on the 

estimated marginal means between all area combinations within each 

species were generated using the emmeans and pairs functions of the em-

means package (Lenth, 2025).

3. RESULTS

3.1 �Read processing comparison and taxonomic assignment 
between datasets.

Overall, more taxa were found with eDNA compared to BRUVs (Table 1, 

Table S6, Figure S8). At the Voordelta, a total of seventy-two marine 
vertebrate taxa were identiʭed using the eDNA method, while ten taxa 
could be identiʭed through BRUVs. Sequencing of the Voordelta eDNA 
reads yielded 40 710 000 reads, where 16 140 460 could be taxonomically 
assigned to target taxa (marine vertebrates, Table S5). At the Noss Head, 
ninety-three diʬerent taxa were found using the eDNA method and elev-

en taxa using BRUVs. A total of 45 160 000 reads were sequenced from 
the Noss Head eDNA samples, where 19 191 294 could be taxonomically 
assigned to target taxa (Table S5). Species accumulation curves indicated 
that enough sequencing depth was reach for the samples (Figure S4). 
Field negative extraction or negative PCR controls (31 in total) mostly 
contained unassigned or non-target DNA. Nevertheless, ʭeld control 
samples (Figure S3) showed low read counts on a reduced amount of 
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marine vertebrate species for both areas. Indeed, decontamination let to 

the reduction of richness in the control samples without aʬecting the 
diversity patterns between samples, indicating that although some con-

tamination occurred, the inʮuence on the results is likely limited.

3.2 �The eʬect of reefs on the diversity indices and 
community compositions

Overall, the diversity of ʭsh communities was signiʭcantly higher on 
reefs than away from the reefs at both Voordelta (Figure 2, Figure S5, 
Table S6, A1) and Noss Head (Figure 2, Figure S6). In addition, there 
was a decreasing trend at short distance intervals from the reef in both 

Voordelta and Noss Head. However, these diʬerences were not signiʭ-

cant. At the Voordelta, both richness and Shannon index were signiʭ-

cantly higher in the reef stations compared to stations >250m from the 
reef for both eDNA and BRUVs (eDNA: p < 0.001; BRUVs: p < 0.001), but 

not with 25-200m distance from the reef. Similarly, at the Noss Head, 

the richness and Shannon indexes were signiʭcantly higher in the reef 
than at >400m from the reef with eDNA (P < 0.001 (richness), P < 0.001 
(Shannon). However, these diʬerences were non-signiʭcant for the 
BRUVs data. PERMANOVA and NMDS showed a signiʭcant diʬerence 
in the community composition between habitats at Voordelta (eDNA, P 

< 0.01, BRUVs, P < 0.01) and Noss Head (eDNA, P < 0,01, BRUVs, P < 

0.01), based on the relative read abundance (eDNA) and maxN (BRUVs) 
(Table A1, Figure S7, S8). Nevertheless, NMDS plots showed a greater and 
clearer diʬerentiation among stations within eDNA samples compared to 
BRUVs, suggesting that the two methods detect community diʬerences 
at diʬerent spatial scales.
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Table 1: Full list of taxa detected at both study areas, Noss Head and Voordelta, 
through eDNA and BRUVs. The presence of a taxa within an habitat is depicted by 
a P.
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Figure 2: Comparison of vertebrate communities between reef habitats and in-

creasing distances from their edges, at the mixed bivalve reef at Voordelta and the 
Modiolus modiolus reef at Noss Head. Biodiversity is compared in terms of rich-

ness (number of taxa) per sample and Shannon diversity index per sample repre-

senting taxa distribution within the community. Biodiversity indices are exhibited 
for eDNA data (A, C) and BRUVS data (B, D). Data are presented as violin plots 

with embedded boxplot. Violin plots illustrate the distribution of the data points, 
while boxplots display the median, interquartile range (between 25th to 75th per-
centiles), and minimum and maximum values (whiskers). Signiʭcant diʬerences, 
determined using a generalized linear model with Tukey post hoc comparisons, 

are indicated by diʬerent letters.
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3.3 Species-speciʭc ʭndings 
A generally consistent species composition was observed throughout 

habitats at both locations, although some species were observed more 

frequently in or near the reefs. Post hoc comparison of the estimated 

marginal means from the GLLVM at Voordelta showed that the num-

ber of observations was signiʭcantly higher within the reef habitat for 
several species, such as sand smelt (Atherina sp.; P < 0.05, Table S7, 

Figure 3), ʭve-bearded rockling (Ciliata mustela; P<0.05) and black goby 

(Gobius niger; P < 0.05). Contrastingly, the common seal Phoca vitulina 

was signiʭcantly more present in the areas outside the reef surround-

ings. There were less reads of common goby (Pomatochistus microps) 

and butterʭsh (Pholis gunnellus) in the outside areas, although this was 

not signiʭcant (Table S7). For the Noss Head dataset, boxplots showed 
that many commercially important species, such as cod (Gadus morhua), 

mackerel (Scomber scombrus), and ling (Molva molva), as well as many 

reef-associated species, such as pouting (Trisopterus minutus), P. gunnel-

lus, and clingʭsh (Diplecogaster bimaculata), were more present inside the 

reef than outside the reef. 
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Figure 3: Comparison of the 20 most frequently recurring species from eDNA 

dataset between reef habitats and increasing distances from their edges, at the 

mixed bivalve reef at Voordelta (A) and the Modiolus modiolus reef at Noss Head 
(B). Data are presented as boxplots displaying the median, interquartile range 
(between 25th to 75th percentiles), minimum and maximum values (whiskers) 
and outliers (closed circles). Signiʭcant diʬerences, identiʭed using GLLVMs, are 
indicated by asterisk
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Figure 4: Comparison of functional diversity from eDNA dataset between reef 

habitats and increasing distances from their edges, at the mixed bivalve reef at 
Voordelta and the Modiolus modiolus reef at Noss Head. Diʬerent habitat prefer-
ences (A,C) and feeding strategies (B, D) of the species found within the commu-

nities at the diʬerent habitats are compared within habitats. Data are displayed 
as community weighted means per sample. Boxplots display the median, inter-
quartile range (between 25th to 75th percentiles), minimum and maximum values 
(whiskers) and outliers (closed circles).

3.4 Reef eʬect on trait composition
Reef presence slightly inʮuenced functional diversity for both feeding 
strategy and habitat preference, with this eʬect also evident at stations at 
close proximity to the reef (Voordelta: 25 -200 m from the reef edge; Fig-

ure 4, Table S8). Regarding habitat preferences, the reef at the Voordelta 

showed a negative trend of pelagic taxa occurrences with increasing 
distance from the reef. This trend was opposite for sand and mud taxa, 
which increased with distance to the reef. Within the Noss Head com-

munity, the proportion of pelagic taxa decreased with distance from the 
reef. With regards to the feeding strategy, at Voordelta, reef communities 

were primarily composed of invertivores and planktivorous species, with 

a minor proportion of piscivores, which was relatively higher oʬ the reef. 
There was a clear diʬerence in the reef at the Noss Head, with a higher 
proportion of planktivorous and piscivorous ʭsh outside of the reef. In 
contrast, the proportion of invertivores ʭsh was higher inside the reef. 
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3.5 �General considerations on the complementary value  
of eDNA and BRUVs

Although diʬerences in sampling seasons, times and sample sizes 
prevent a direct comparison between the two methods, some general 

conclusions can still be drawn from their overall ʭndings. Overall, eDNA 
identiʭed more taxa than BRUVs, with seventy-two vs nine at Voordelta 
and ninety-three vs twelve at Noss Head (Table 1, Figure S9). Most spe-

cies identiʭed using BRUVs were also identiʭed with eDNA; however, 
three additional taxa were found with BRUVs at Voordelta (Callyonimus 

sp., Dicentrarchus labrax, and Sepia oʯcinalis) and two at Noss Head (Eu-

trigla gurnardus and Melanogrammus aegleʭnus). Moreover, video analysis 

of BRUVs data could identify species at diʬerent developmental stages, as 
for example ling (M. molva) and bull-rout (Myoxocephalus scorpius) (Fig-

ure S10). In some instances, BRUVs data could identify taxa on a lower 
taxonomic level than eDNA, such as Melanogrammus aegleʭnus. In other 

cases, however, eDNA could identify taxa to a lower taxonomic level than 
BRUVs, such as for Gobiidae and Pleuronectiformes. 

4. DISCUSSION

We investigated the eʬect of reefs on marine vertebrate communities 
by comparing areas with and without a reef presence, and at increasing 

distance from the reef, across two distinct systems in the North Sea: a 

mixed bivalve reef in the Dutch MPA Voordelta and a Modiolus modiolus 

reef in the Scottish MPA Noss Head. To achieve this, we used two non-

invasive complementary techniques: environmental DNA (eDNA) and 

baited remote underwater video systems (BRUVs). We found that reefs 

enhanced species richness and diversity, which were found decreasing 

with distance from the reef. Reefs also inʮuenced species-speciʭc distri-
bution (i.e. Atherina sp., Ciliata mustela, Gobius niger), resulting in slightly 

distinct community compositions characterized by diʬerences in habitat 
use and feeding strategies. Notably, eDNA detected a broader range of 

species than BRUVs, whereas BRUVs provided information on species 

life stages, conʭrming the complementary value of the two approaches. 
However, a direct comparison between the methods was not possible due 

to diʬerences in sample size and timing resulting from survey condi-
tions. In addition, this study further suggests the sensitivity of eDNA 

for biodiversity assessments and its ability to capture ʭne-scale spatial 
patterns in community structure. 
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4.1 Reef eʬect on species richness and diversity
An increase in biodiversity within the reef habitats compared to oʬ reefs 
was found at both locations. This included reduced taxa and commu-

nity evenness, with oʬ-reef sites being less diverse and increasingly 
dominated by fewer species. These results are in accordance with already 

published studies for natural reefs (Peterson et al. 2003, Coolen et al. 

2015, zu Ermgassen et al. 2016b, Kent et al. 2017b, van der Reijden et al. 

2019), recovered biogenic reefs (Kristensen et al. 2015, Gilby et al. 2019, 

2021), and artiʭcial reefs (Reubens et al. 2013, Coolen et al. 2020, Dickson 
et al. 2023, Flávio et al. 2023, Ibanez-Erquiaga et al. 2025). This increase 
in biodiversity is associated with reefs enhancing habitat complexity and 
availability, as well as the diversity and abundance of benthic fauna (Rees 

et al. 2008, Coolen et al. 2015, van der Reijden et al. 2019), which rep-

resents a food source for ʭsh and is positively linked to their abundance 
(Kaiser et al. 2006, Sell & Kröncke 2013, Eggleton et al. 2018). At both lo-

cations, the number of species identiʭed through eDNA in the reef habi-
tats was comparable to other studies on natural and artiʭcial structures 
within the North Sea (e.g.; Dahlgren et al. 2023, Ibanez-Erquiaga et al. 

2024, Doorenspleet et al. 2025). In some cases, artiʭcial structures may 
have a stronger inʮuence on ʭsh communities than natural reefs, as they 
provide greater habitat complexity, expanding habitat availability higher 
in the water column (Hunter & Sayer 2009, Claisse et al. 2014, Paxton 
et al. 2020, Flávio et al. 2023). Often, they are speciʭcally designed and 
deployed to increase ʭshing yield (Hylkema et al. 2021). Nevertheless, 
our ʭndings indicate that shellʭsh reefs that oʬer relatively limited 3D 
complexity and size compared to artiʭcial structures, do enhance overall 
marine vertebrate biodiversity. 

4.2 Reef eʬect on surrounding areas
At both locations, we observed a decline in ʭsh biodiversity with in-

creasing distance from the reefs, suggesting that the inʮuence of reef 
presence may extend up to a few hundred meters outside the reef area. 
Reefs facilitate ʭsh diversity, abundance and production through dif-
ferent mechanisms. They enhance ʭsh biomass as nursery and spawn-

ing grounds for several species, thereby increasing larval production 

and survival and leading to a net species spillover from the reef (Gell 

& Roberts, 2003). Additionally, the structural complexity of reefs pro-

vides foraging opportunities that attract adult ʭsh. Restored reefs can 
increase ʭsh attraction even within the ʭrst few months and have long 
served as a management tool to support ʭsh stock recovery (Fernandes 
& Cook 2013, Gilby et al. 2019, 2021, Knoester et al. 2023). In our study, 



212 Chapter 6

we cannot determine with certainty whether the observed patterns re-

flect attraction, spillover eʬects, or a combination of both. However, the 
habitats studied here are long-established natural reefs, persisting for 

several years (Voordelta: Christianen et al. 2018, Witbaard et al. 2020; 

Noss Head: personal observation, R. Witbaard, Coolen et al. 2023), rather 

than newly introduced structures. Therefore, we hypothesize a combined 

attraction and production eʬect. Investigating this eʬect further—par-
ticularly by assessing the presence of juveniles and larvae—could provide 
deeper knowledge on the mechanisms behind temperate biogenic reefs 

eʬect on ʭsh populations. 

Studies conducted on natural and artiʭcial reefs have shown that ʭsh 
distributions are influenced up to approximately 90 meters from the reef, 
which is somewhat less than what we observed (dos Santos et al. 2010, 

Claire Rosemond et al. 2018). However, our study examined ʭsh distribu-

tion over a distance gradient with a relatively low resolution, spanning 

from 25-200 m (Voordelta) and 400-1500 m (Noss Head). We therefore 

recommend that future research investigate this gradient at ʭner spatial 
scales, highlighting the 90 m threshold. Additionally, reef characteris-

tics such as composition, size, and depth could influence the extent of 
the gradient, and should be considered to better understand how these 

features could shape ʭsh distribution. Moreover, future studies could 
also beneʭt from sampling a greater portion of the water column both 
horizontally and vertically to gain better understanding of the impact of 

shellʭsh reefs to the surrounding areas. 

4.3 Reef eʬect on community composition
The community composition of the M. modiolus reef was fundamentally 

diʬerent from the surrounding area at 400-1500m and 5 km distance, 
although limited replication at 5 km prevents ʭrm conclusions. At the 
mixed bivalve reef at Voordelta, species composition showed more overlap 
close to the reef, suggesting an influence of the reef to locations at rela-

tively close distances (25-200m). Reef-associated species that declined 

away from the reef edge included rockling (Ciliata mustela) at Voordelta 

and the northern rockling (Ciliata septentrionalis) at Noss Head. Both spe-

cies are known to prefer complex habitats like Sabellaria spinulosa reefs 

(Pearce et al. 2013, van der Reijden et al. 2019), rocky or bivalve reefs 

(Gonçalves et al. 2002, Heessen et al. 2015, Dye et al. 2024) or experi-
mental reef structures like tree-reefs (Dickson et al. 2023), or other hard 

substrates such as rocks, wood, reef paste, etc (Watson et al. 2025). In 

these habitats, ʭsh ʭnd shelter from predators and forage for their op-
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portunistic diet (Badsha & Sainsbury 1978). Other typical reef-associated 

species included gobies (Pomatoschistus spp., Gobius niger), clingʭsh (Di-

plecogaster bimaculata) and gunnels (Pholis gunnellus). These species too 

are known to use reefs for refuge and to feed on their rich and abundant 

benthic communities (Heessen et al. 2015). Sculpins (Myoxocephalus 

spp.) and scorpion ʭsh (Taurulus bubalis) also occurred more on the reef 

habitats in our study. These benthic predators are common within reefs 

where they ambush crustaceans (i.e. shrimps, small crabs, amphipods 

etc), polychaetes, molluscs (including gastropods and bivalves), or other 

ʭsh including gobies (Heessen et al. 2015, Ivanova et al. 2018). These 
medium sized species can represent important food sources for larger 

ʭsh and other predators like seabirds and marine mammals (Divoky & 
Tremblay 2013, Camphuysen & Henderson 2017, Aarts et al. 2019, Dye 

et al. 2024). Thus, our ʭndings are in line with expected habitat prefer-
ences and highlight that bivalve reefs support a wide range of ʭsh spe-

cies, oʬering refuges, habitat and forage, hence potentially playing an 
important role in marine food webs.

Several commercial species were found more frequently in reef habitats 

at both locations. These included cod (Gadus morhua), pollack (Pollachius 

sp.), poor cod (Trisopterus minutus) and ling (Molva molva) at Noss Head, 

and golden grey mullet (Chelon auratus) at Voordelta. Juveniles of cod 

are often associated with reefs, where habitat complexity increases their 
survival rate (Lindholm et al. 2001, Wieland et al. 2009, Dunlop et al. 

2022), while adults appear to save up to 20% energy by using rocky reefs 
for shelter and predation, which become more eʯcient due to the higher 
prey availability (Schwartzbach et al. 2020). Gobies, abundant in reef 

habitats, may also attract cod (Fjøsne & Gjøsœter 1996, Wennhage & Pihl 
2002, Almqvist et al. 2010, Kristensen et al. 2015). Juvenile pollacks and 

poor cod adults may also beneʭt by feeding within reefs as their diet 
include benthic preys like small crabs, worms and small ʭsh ( Dunlop et 
al. 2022, Heessen et al. 2015 and references within). 

Ling was detected with both eDNA and BRUVs within the reef at Noss 

Head (30-60 m depth). Although adults typically occur at depths of 

200–1000m (Svetovidov 1986, Heessen et al. 2015), juveniles are more 

commonly found at shallower depths of <100 m (Bergstad & Gordon 1994, 

Heessen et al. 2015), and interestingly, the BRUVS video data conʭrmed 
the presence of juvenile ling individuals. This suggests that mussel beds 

could serve as a nursery habitat for this species and warrants further 

investigation.
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With their ʭltration activity, bivalves enhance water quality and favour 
algal growth if in the photic zone (Riemann et al. 1988, Newell 2004, 

Nielsen & Maar 2007, Kristensen et al. 2015), while also increasing the 

nutritional value of the sediments with their bio deposits (Rees et al. 

2008, Kent et al. 2017a). This could explain the presence of grey mullets, 
which feed by scraping mud or other surfaces to feed on diatoms, algae, 

and meiofauna (Heessen et al. 2015). The association between these spe-

cies and natural, healthy reefs is nevertheless noteworthy, reinforcing 

the role of bivalve reefs in enhancing ʭsh habitats and supporting com-

mercial stocks.

4.4 Reef relevance for functional diversity
The high proportion of invertivores in reef habitats suggests that rich 

benthic communities attract ʭsh that feed on benthos or have opportu-

nistic diet, like mid-sized species. However, scoring trait data based on 

literature rather than empirical observations has limitations. As we did 

not account for possible juveniles occurrences, this may have resulted in 

over or underrepresentation of certain traits, as juveniles primarily rely 

on phyto- and zooplankton as a food source (Nunn et al. 2012). Addition-

ally, gadoids shift their diet based on food availability, from pelagic to 

benthic sources, which may have inʮuenced the proportion of inverti-
vores (Nunn et al. 2012 and reference within).

The proportion of planktivorous ʭsh was higher with increasing distance 
to the reefs, particularly at Noss Head. This may be related to the deplet-

ing eʬect of bivalve ʭltration on plankton concentrations and community 
structure (Petersen et al. 2013, Kristensen et al. 2015, Tan et al. 2024). 

As expected, the proportion of rock/shell habitats preferring species 
decreased with distance from the reef. At Noss Head, the no-reef areas 

were characterized by coarse sediments with sparse cobbles, as observed 

during the ground-truthing survey. This may explain the great propor-
tion of species with mixed sediment habitat preference and with sand/
mud preference found there, as they might beneʭt from the muddy bio 
deposits produced by the horse mussels.

4.5 Complementarity of monitoring methods
Using eDNA metabarcoding, we detected up to 6 times more ʭsh and 
other vertebrate species than with BRUVs. However, these results were 

likely inʮuenced by diʬerences in sampling size, timing and season 
(Voordelta) between the two methods and must be interpreted with cau-
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tion. Nevertheless, the magnitude of the observed diʬerences was con-

sistent with previous studies reporting approximately 5-10 times higher 
species detection with eDNA than with BRUVs (Gold et al. 2023, Clark 

et al. 2024). Other studies have reported greater diversity per BRUVs 

deployment (Stat et al. 2019, Gold et al. 2023, Clark et al. 2024) than 

we found, which could be related to our limited number of deployments, 

especially at Noss Head. At the Voordelta, the low visibility and high 

number of swimming tourists during the sampling period could have 

reduced the number of recorded ʭsh. Low individual counts from BRUVs 
prevented species biomass estimation and comparison among habitats. 

As ʭsh aggregation is a known reef eʬect, we recommend future studies 
incorporate more eʯcient biomass-targeting methods, such as acoustic 
detections. Despite limitations, this study suggests that BRUVs and eDNA 

can be used complementarily if supported by an appropriate sampling 

design, as both methods picked up a unique set of species (Clark et al. 

2024). In particular, we observed that BRUVs allowed the distinction 

between juvenile and adult ʭsh, as shown in our study for ling and bull-
rout, and reported by Clark et al. (2024). 

Our results demonstrate that eDNA can detect diʬerences in community 
composition at ʭne horizontal spatial scales, even across distances of 
just a few hundred meters. This aligns with previous studies that have 

also reported variation in community composition at both horizontal 

and vertical scales (Dukan et al. 2024). Developing a proxy for biomass 
or individual abundance of diʬerent species from eDNA measurements 
remains an important goal for future research (Urban et al. 2023, Dukan 

et al. 2024). In addition to often-unknown dilution factors, eDNA persis-

tence in the water column depends on chemical, physical (Collins et al. 

2018, McCartin et al. 2022) and biological (Joseph et al. 2022) degrada-

tion processes, which are, among other factors, temperature-dependent. 

At species levels, cell shedding rates per kg of animal diʬers depending 
on traits such as size, age, season, and diet (Sassoubre et al. 2016). Ad-

ditionally, methodological biases may be introduced during laboratory 

processing, such as ampliʭcation bias, primer binding eʯciency, and se-

quencing data processing biases (van der Loos & Nijland 2021). Moreover, 

avoid contamination can be quite challenging within ʭeld settings or on 
board research vessels, due to suboptimal laboratory conditions. Thereby, 

this study further stresses the importance of complementary methods 

for better-informed biodiversity assessment studies. 
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4.6 Conclusions and future perspectives
In this study, we demonstrated that eDNA is a sensitive method to 

identify habitat-speciʭc species composition over scales of few hundred 
meters. Combined with BRUVs, it increases taxonomic resolution and 
enables identiʭcation of developmental stages of the detected species. 
Using both methods, we found that biogenic shellʭsh reefs in the North 
Sea positively aʬect the biodiversity of mobile ʭsh community, increas-

ing species richness. Reef eʬects were detectable even a few hundred 
meters from the reef borders, due to the spill-over or the attraction ef-

fect of reefs. Mid-sized invertivores like gobies, rocklings, and clingʭsh, 
were more frequent on reefs, where they can hide and feed opportunisti-

cally on benthic fauna. Planktivorous species, in contrast, were higher 

further from the reef, possibly due to the plankton-depleting of ʭltering 
bivalves. Commercial species like cod and ling were also attracted by 

the reefs, either as adults seeking preys or as juveniles using the reef as 

habitat. Future research should focus on the role of temperate reefs as 
nursery areas and further expand on the horizontal and vertical spatial 
eʬects of reefs on their surroundings. 

Ultimately, our study contributes to a better understanding and quan-

tiʭcation of the eʬects of natural reefs on vertebrate communities and 
surrounding areas, highlighting their ecological importance and role as 

EFHs. Protecting and restoring these habitats not only promotes na-

ture conservation but also supports the productivity of commercial ʭsh 
stocks. By oʯcially designating temperate reefs as EFHs, their protection 
and restoration can be more eʬectively integrated into ʭsheries policies 
and management frameworks. Remaining temperate reefs should be 

mapped and protected. Our results indicate that these reefs can inʮu-

ence ʭsh communities beyond their physical boundaries, suggesting that 
a buʬer zone of at least 200 m should be established around protected 
reef areas. However, further research is needed to clarify how reef char-

acteristics aʬect the extent of this inʮuence. Currently, many restora-

tion projects focus on bivalves such as European and Paciʭc oysters. We 
recommend expanding restoration eʬorts to include other bivalves, such 
as horse mussels, which can provide with additional habitats. Moreover, 

incorporating shellʭsh reef restoration into the nature-inclusive design 
of artiʭcial infrastructures, such as oʬshore wind farms, could enhance 
their potential as ʭsh habitats and aggregators. Ultimately, our ʭndings 
provide a valuable foundation for future strategies that align ecological 

restoration with ʭshery management, oʬering important perspectives 
for future nature conservation projects. 



217
Shellʭsh reefs as Essential Fish Habitats: complementary insights 

from eDNA and BRUVs in the North Sea

C
h

a
p

te
r 

6

Acknowledgements
This research was conducted as part of the North Sea ReViFES project, 
founded by the Dutch research Council NWO (grant number 17671). 

We are grateful for all students who helped us with the analysis of the 

BRUVs video data and eDNA. Particularly, we thank Liza Kluss for pro-

cessing the eDNA samples from the Voordelta. We want to acknowledge 

all the students who helped with the video data analysis: Mandy Dil, Julia 

Boogh, Karel de Bruijn, Ilona Toth and Zono Heidemans. Moreover, we 

thank all students and scientists who helped with the ʭeldwork and the 
samples collection: Anne Hendricks, Chen Li, Leandra Kornau, Daniel van 

Berkel, Loran Kleine Schaars, Dominique de Boer. We would also like to 

thank the crew of R/V Pelagia and Navicula for their precious contribu-

tion onboard and their fundamental assistance in operating ʭeldwork 
equipment and sampling. Ultimately, our thanks to Benoit Berges, who 

helped us greatly with our data processing and analysis.

Data availability
The sequence data used for writing this manuscript have been uploaded to 

the European Nucleotide Archive (ENA) under project accession PRJEXXX. 

The code for the detection of non-target organisms is available through 

https://github.com/cld321/ednavalid. BRUVs videos are available upon 

request by the authors. 



218 Chapter 6

SUPPLEMENTARY MATERIAL

Appendices
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair.

List of used primers

1 FwMIFV1001 ATC CGG TCG GAG AGT YGG TAA AWC TCG TGC CAG C

2 RvMIFV1001 ATC CGG TCG GAG AAT AGT GGG GTA TCT AAT CCY AGT TTG

3 FwMIFV1002 CTG AGG TGA TCA GGT YGG TAA AWC TCG TGC CAG C

4 RvMIFV1002 CTG AGG TGA TCA GAT AGT GGG GTA TCT AAT CCY AGT TTG

5 RvMIFV1003 AGT GTC CTG CTA GAT AGT GGG GTA TCT AAT CCY AGT TTG

6 FwMIFV1003 AGT GTC CTG CTA GGT YGG TAA AWC TCG TGC CAG C

7 FwMIFV1004 ATA AGC AAT TCG AGT YGG TAA AWC TCG TGC CAG C

8 RvMIFV1004 ATA AGC AAT TCG AAT AGT GGG GTA TCT AAT CCY AGT TTG

9 FwMIFV1005 ATC TAA CAG GAC CGT YGG TAA AWC TCG TGC CAG C

10 RvMIFV1005 ATC TAA CAG GAC CAT AGT GGG GTA TCT AAT CCY AGT TTG

11 FwMIFV1006 CAT TAT ATA GCC AGT YGG TAA AWC TCG TGC CAG C

12 RvMIFV1006 CAT TAT ATA GCC AAT AGT GGG GTA TCT AAT CCY AGT TTG

13 FwMIFV1007 CCT GAT TAC GTA AGT YGG TAA AWC TCG TGC CAG C

14 RvMIFV1007 CCT GAT TAC GTA AAT AGT GGG GTA TCT AAT CCY AGT TTG

15 FwMIFV1008 CTA ATA CAC ACC GGT YGG TAA AWC TCG TGC CAG C

16 RvMIFV1008 CTA ATA CAC ACC GAT AGT GGG GTA TCT AAT CCY AGT TTG

17 FwMIFV1009 TTA TGA CCG TTG CGT YGG TAA AWC TCG TGC CAG C

18 RvMIFV1009 TTA TGA CCG TTG CAT AGT GGG GTA TCT AAT CCY AGT TTG

19 FwMIFV1010 TTC TCG GCC GCA TGT YGG TAA AWC TCG TGC CAG C

20 RvMIFV1010 TTC TCG GCC GCA TAT AGT GGG GTA TCT AAT CCY AGT TTG

21 FwMIFV1011 TTG GCG GTA AGA AGT YGG TAA AWC TCG TGC CAG C

22 RvMIFV1011 TTG GCG GTA AGA AAT AGT GGG GTA TCT AAT CCY AGT TTG

23 FwMIFV1012 ACT TGT GCA CCT GGT YGG TAA AWC TCG TGC CAG C

24 RvMIFV1012 ACT TGT GCA CCT GAT AGT GGG GTA TCT AAT CCY AGT TTG

25 RvMIFV1013 CAT GCC TTG ATA CAT AGT GGG GTA TCT AAT CCY AGT TTG

26 FwMIFV1013 CAT GCC TTG ATA CGT YGG TAA AWC TCG TGC CAG C

27 RvMIFV1014 CTG ACG TTC GGT AAT AGT GGG GTA TCT AAT CCY AGT TTG

28 FwMIFV1014 CTG ACG TTC GGT AGT YGG TAA AWC TCG TGC CAG C

29 FwMIFV1015 GAG GAG AGA CAC AGT YGG TAA AWC TCG TGC CAG C

30 RvMIFV1015 GAG GAG AGA CAC AAT AGT GGG GTA TCT AAT CCY AGT TTG

31 RvMIFV1016 GCC GGT CCA AGT GAT AGT GGG GTA TCT AAT CCY AGT TTG

32 FwMIFV1016 GCC GGT CCA AGT GGT YGG TAA AWC TCG TGC CAG C
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair. 
(continued)

List of used primers

33 RvMIFV1017 TTG CGT CTC ACG CAT AGT GGG GTA TCT AAT CCY AGT TTG

34 FwMIFV1017 TTG CGT CTC ACG CGT YGG TAA AWC TCG TGC CAG C

35 RvMIFV1018 TTA TTC GCA CAC TAT AGT GGG GTA TCT AAT CCY AGT TTG

36 FwMIFV1018 TTA TTC GCA CAC TGT YGG TAA AWC TCG TGC CAG C

37 RvMIFV1019 TGC ACA GGC GGC AAT AGT GGG GTA TCT AAT CCY AGT TTG

38 FwMIFV1019 TGC ACA GGC GGC AGT YGG TAA AWC TCG TGC CAG C

39 RvMIFV1020 AAC ATG TGG TAA GAT AGT GGG GTA TCT AAT CCY AGT TTG

40 FwMIFV1020 AAC ATG TGG TAA GGT YGG TAA AWC TCG TGC CAG C

41 FwMIFV1021 ACG CGC TCT TAT AGT YGG TAA AWC TCG TGC CAG C

42 RvMIFV1021 ACG CGC TCT TAT AAT AGT GGG GTA TCT AAT CCY AGT TTG

43 RvMIFV1022 CAA TGT TAA TGG TAT AGT GGG GTA TCT AAT CCY AGT TTG

44 FwMIFV1022 CAA TGT TAA TGG TGT YGG TAA AWC TCG TGC CAG C

45 RvMIFV1023 CTA GGA TAT AGT TAT AGT GGG GTA TCT AAT CCY AGT TTG

46 FwMIFV1023 CTA GGA TAT AGT TGT YGG TAA AWC TCG TGC CAG C

47 RvMIFV1024 CTG TAG GCG AGG AAT AGT GGG GTA TCT AAT CCY AGT TTG

48 FwMIFV1024 CTG TAG GCG AGG AGT YGG TAA AWC TCG TGC CAG C

49 RvMIFV1025 CTG TCG AGG CGA CAT AGT GGG GTA TCT AAT CCY AGT TTG

50 FwMIFV1025 CTG TCG AGG CGA CGT YGG TAA AWC TCG TGC CAG C

51 FwMIFV1026 GAC TAA TGA GGA AGT YGG TAA AWC TCG TGC CAG C

52 RvMIFV1026 GAC TAA TGA GGA AAT AGT GGG GTA TCT AAT CCY AGT TTG

53 FwMIFV1027 TAT CCG TAA TCA TGT YGG TAA AWC TCG TGC CAG C

54 RvMIFV1027 TAT CCG TAA TCA TAT AGT GGG GTA TCT AAT CCY AGT TTG

55 FwMIFV1028 TCC TGG AGG ATA AGT YGG TAA AWC TCG TGC CAG C

56 RvMIFV1028 TCC TGG AGG ATA AAT AGT GGG GTA TCT AAT CCY AGT TTG

57 FwMIFV1029 TCT ACT GTT GTG CGT YGG TAA AWC TCG TGC CAG C

58 RvMIFV1029 TCT ACT GTT GTG CAT AGT GGG GTA TCT AAT CCY AGT TTG

59 RvMIFV1030 TGT ATA TTC AGC GAT AGT GGG GTA TCT AAT CCY AGT TTG

60 FwMIFV1030 TGT ATA TTC AGC GGT YGG TAA AWC TCG TGC CAG C

61 RvMIFV1031 ACA TCA GTA GTT CAT AGT GGG GTA TCT AAT CCY AGT TTG

62 FwMIFV1031 ACA TCA GTA GTT CGT YGG TAA AWC TCG TGC CAG C

63 RvMIFV1032 AGC GCT GGA CCA AAT AGT GGG GTA TCT AAT CCY AGT TTG
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair. 
(continued)

List of used primers

64 FwMIFV1032 AGC GCT GGA CCA AGT YGG TAA AWC TCG TGC CAG C

65 RvMIFV1033 CAA GAT CGG TAC CAT AGT GGG GTA TCT AAT CCY AGT TTG

66 FwMIFV1033 CAA GAT CGG TAC CGT YGG TAA AWC TCG TGC CAG C

67 FwMIFV1034 CCA GCC TGA CGG TGT YGG TAA AWC TCG TGC CAG C

68 RvMIFV1034 CCA GCC TGA CGG TAT AGT GGG GTA TCT AAT CCY AGT TTG

69 RvMIFV1035 CCG AAG CCG GTT CAT AGT GGG GTA TCT AAT CCY AGT TTG

70 FwMIFV1035 CCG AAG CCG GTT CGT YGG TAA AWC TCG TGC CAG C

71 FwMIFV1036 CCG AGC AGC TGT TGT YGG TAA AWC TCG TGC CAG C

72 RvMIFV1036 CCG AGC AGC TGT TAT AGT GGG GTA TCT AAT CCY AGT TTG

73 FwMIFV1037 CCT CCG CAC AAT CGT YGG TAA AWC TCG TGC CAG C

74 RvMIFV1037 CCT CCG CAC AAT CAT AGT GGG GTA TCT AAT CCY AGT TTG

75 FwMIFV1038 CTC TAA CCT ATT AGT YGG TAA AWC TCG TGC CAG C

76 RvMIFV1038 CTC TAA CCT ATT AAT AGT GGG GTA TCT AAT CCY AGT TTG

77 RvMIFV1039 GCA CCT TGA CAT AAT AGT GGG GTA TCT AAT CCY AGT TTG

78 FwMIFV1039 GCA CCT TGA CAT AGT YGG TAA AWC TCG TGC CAG C

79 FwMIFV1040 TAA GCG TGC TGA AGT YGG TAA AWC TCG TGC CAG C

80 RvMIFV1040 TAA GCG TGC TGA AAT AGT GGG GTA TCT AAT CCY AGT TTG

81 RvMIFV1041 TTC GGC ACA GGA GAT AGT GGG GTA TCT AAT CCY AGT TTG

82 FwMIFV1041 TTC GGC ACA GGA GGT YGG TAA AWC TCG TGC CAG C

83 RvMIFV1042 AGA CTC GAT TGA GAT AGT GGG GTA TCT AAT CCY AGT TTG

84 FwMIFV1042 AGA CTC GAT TGA GGT YGG TAA AWC TCG TGC CAG C

85 FwMIFV1043 ATC CTT CTG TTC TGT YGG TAA AWC TCG TGC CAG C

86 RvMIFV1043 ATC CTT CTG TTC TAT AGT GGG GTA TCT AAT CCY AGT TTG

87 FwMIFV1044 CGT TAC TTA GGT CGT YGG TAA AWC TCG TGC CAG C

88 RvMIFV1044 CGT TAC TTA GGT CAT AGT GGG GTA TCT AAT CCY AGT TTG

89 FwMIFV1045 CTG GTT GGC TAT CGT YGG TAA AWC TCG TGC CAG C

90 RvMIFV1045 CTG GTT GGC TAT CAT AGT GGG GTA TCT AAT CCY AGT TTG

91 FwMIFV1046 GCA CCA ACG ATT GGT YGG TAA AWC TCG TGC CAG C

92 RvMIFV1046 GCA CCA ACG ATT GAT AGT GGG GTA TCT AAT CCY AGT TTG

93 RvMIFV1047 TCT TAT GCA TAA CAT AGT GGG GTA TCT AAT CCY AGT TTG

94 FwMIFV1047 TCT TAT GCA TAA CGT YGG TAA AWC TCG TGC CAG C
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair. 
(continued)

List of used primers

95 FwMIFV1048 TTA GGT GTG GAC CGT YGG TAA AWC TCG TGC CAG C

96 RvMIFV1048 TTA GGT GTG GAC CAT AGT GGG GTA TCT AAT CCY AGT TTG

97 FwMIFV1049 TTC TTC TGG AAC AGT YGG TAA AWC TCG TGC CAG C

98 RvMIFV1049 TTC TTC TGG AAC AAT AGT GGG GTA TCT AAT CCY AGT TTG

99 FwMIFV1050 AGC AAG TGG CTC TGT YGG TAA AWC TCG TGC CAG C

100 RvMIFV1050 AGC AAG TGG CTC TAT AGT GGG GTA TCT AAT CCY AGT TTG

101 FwMIFV1051 TCA AGT CAC TAA TGT YGG TAA AWC TCG TGC CAG C

102 RvMIFV1051 TCA AGT CAC TAA TAT AGT GGG GTA TCT AAT CCY AGT TTG

103 FwMIFV1052 ATG AAG ACT ACT GGT YGG TAA AWC TCG TGC CAG C

104 RvMIFV1052 ATG AAG ACT ACT GAT AGT GGG GTA TCT AAT CCY AGT TTG

105 RvMIFV1053 CAC CGG TAG AAC CAT AGT GGG GTA TCT AAT CCY AGT TTG

106 FwMIFV1053 CAC CGG TAG AAC CGT YGG TAA AWC TCG TGC CAG C

107 FwMIFV1054 CAG AAC AAC GCA TGT YGG TAA AWC TCG TGC CAG C

108 RvMIFV1054 CAG AAC AAC GCA TAT AGT GGG GTA TCT AAT CCY AGT TTG

109 RvMIFV1055 CCT GCC GAG AAC GAT AGT GGG GTA TCT AAT CCY AGT TTG

110 FwMIFV1055 CCT GCC GAG AAC GGT YGG TAA AWC TCG TGC CAG C

111 RvMIFV1056 GTG ATG GAG CGG TAT AGT GGG GTA TCT AAT CCY AGT TTG

112 FwMIFV1056 GTG ATG GAG CGG TGT YGG TAA AWC TCG TGC CAG C

113 RvMIFV1057 TAC GAA CTA TAG CAT AGT GGG GTA TCT AAT CCY AGT TTG

114 FwMIFV1057 TAC GAA CTA TAG CGT YGG TAA AWC TCG TGC CAG C

115 RvMIFV1058 TAC GGA CCG CTC AAT AGT GGG GTA TCT AAT CCY AGT TTG

116 FwMIFV1058 TAC GGA CCG CTC AGT YGG TAA AWC TCG TGC CAG C

117 RvMIFV1059 TGG ACG CTA GAT CAT AGT GGG GTA TCT AAT CCY AGT TTG

118 FwMIFV1059 TGG ACG CTA GAT CGT YGG TAA AWC TCG TGC CAG C

119 FwMIFV1060 AGT CTT CAC CTC CGT YGG TAA AWC TCG TGC CAG C

120 RvMIFV1060 AGT CTT CAC CTC CAT AGT GGG GTA TCT AAT CCY AGT TTG

121 RvMIFV1061 AGT GCT TAT CCG TAT AGT GGG GTA TCT AAT CCY AGT TTG

122 FwMIFV1061 AGT GCT TAT CCG TGT YGG TAA AWC TCG TGC CAG C

123 RvMIFV1062 ATC GCT GCC TGG CAT AGT GGG GTA TCT AAT CCY AGT TTG

124 FwMIFV1062 ATC GCT GCC TGG CGT YGG TAA AWC TCG TGC CAG C

125 FwMIFV1063 ATG CTT GCG ACA GGT YGG TAA AWC TCG TGC CAG C
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair. 
(continued)

List of used primers

126 RvMIFV1063 ATG CTT GCG ACA GAT AGT GGG GTA TCT AAT CCY AGT TTG

127 FwMIFV1064 CAA TCC TCA AGA GGT YGG TAA AWC TCG TGC CAG C

128 RvMIFV1064 CAA TCC TCA AGA GAT AGT GGG GTA TCT AAT CCY AGT TTG

129 FwMIFV1065 CAT GCA CAC CTC TGT YGG TAA AWC TCG TGC CAG C

130 RvMIFV1065 CAT GCA CAC CTC TAT AGT GGG GTA TCT AAT CCY AGT TTG

131 FwMIFV1066 CGG AGA ATA TTA TGT YGG TAA AWC TCG TGC CAG C

132 RvMIFV1066 CGG AGA ATA TTA TAT AGT GGG GTA TCT AAT CCY AGT TTG

133 RvMIFV1067 GAG CGA AGG TAG TAT AGT GGG GTA TCT AAT CCY AGT TTG

134 FwMIFV1067 GAG CGA AGG TAG TGT YGG TAA AWC TCG TGC CAG C

135 RvMIFV1068 GGC GAC TGT TCC TAT AGT GGG GTA TCT AAT CCY AGT TTG

136 FwMIFV1068 GGC GAC TGT TCC TGT YGG TAA AWC TCG TGC CAG C

137 RvMIFV1069 GTC AGT TAA CGA CAT AGT GGG GTA TCT AAT CCY AGT TTG

138 FwMIFV1069 GTC AGT TAA CGA CGT YGG TAA AWC TCG TGC CAG C

139 RvMIFV1070 TCC ACA GAT ACA GAT AGT GGG GTA TCT AAT CCY AGT TTG

140 FwMIFV1070 TCC ACA GAT ACA GGT YGG TAA AWC TCG TGC CAG C

141 RvMIFV1071 TCG AGT TGT AAC TAT AGT GGG GTA TCT AAT CCY AGT TTG

142 FwMIFV1071 TCG AGT TGT AAC TGT YGG TAA AWC TCG TGC CAG C

143 FwMIFV1072 TCG GTC TTA GAC GGT YGG TAA AWC TCG TGC CAG C

144 RvMIFV1072 TCG GTC TTA GAC GAT AGT GGG GTA TCT AAT CCY AGT TTG

145 FwMIFV1073 TCT AAG GAG TTA TGT YGG TAA AWC TCG TGC CAG C

146 RvMIFV1073 TCT AAG GAG TTA TAT AGT GGG GTA TCT AAT CCY AGT TTG

147 FwMIFV1074 TCT ATC TCT CGC TGT YGG TAA AWC TCG TGC CAG C

148 RvMIFV1074 TCT ATC TCT CGC TAT AGT GGG GTA TCT AAT CCY AGT TTG

149 RvMIFV1075 TGT GAA GTT GCC AAT AGT GGG GTA TCT AAT CCY AGT TTG

150 FwMIFV1075 TGT GAA GTT GCC AGT YGG TAA AWC TCG TGC CAG C

151 RvMIFV1076 TTA CCA TTC CTC AAT AGT GGG GTA TCT AAT CCY AGT TTG

152 FwMIFV1076 TTA CCA TTC CTC AGT YGG TAA AWC TCG TGC CAG C

153 FwMIFV1077 AGA TTC TAC ACA AGT YGG TAA AWC TCG TGC CAG C

154 RvMIFV1077 AGA TTC TAC ACA AAT AGT GGG GTA TCT AAT CCY AGT TTG

155 RvMIFV1078 ATG CGA TTA ATT GAT AGT GGG GTA TCT AAT CCY AGT TTG

156 FwMIFV1078 ATG CGA TTA ATT GGT YGG TAA AWC TCG TGC CAG C
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair. 
(continued)

List of used primers

157 RvMIFV1079 CCG TAG TGT TGA TAT AGT GGG GTA TCT AAT CCY AGT TTG

158 FwMIFV1079 CCG TAG TGT TGA TGT YGG TAA AWC TCG TGC CAG C

159 FwMIFV1080 CCT GTA CCA TTG TGT YGG TAA AWC TCG TGC CAG C

160 RvMIFV1080 CCT GTA CCA TTG TAT AGT GGG GTA TCT AAT CCY AGT TTG

161 RvMIFV1081 GGC TGT TAC AAC AAT AGT GGG GTA TCT AAT CCY AGT TTG

162 FwMIFV1081 GGC TGT TAC AAC AGT YGG TAA AWC TCG TGC CAG C

163 RvMIFV1082 GGT TCA ATG ACG CAT AGT GGG GTA TCT AAT CCY AGT TTG

164 FwMIFV1082 GGT TCA ATG ACG CGT YGG TAA AWC TCG TGC CAG C

165 FwMIFV1083 GGT TCC TGC ACT TGT YGG TAA AWC TCG TGC CAG C

166 RvMIFV1083 GGT TCC TGC ACT TAT AGT GGG GTA TCT AAT CCY AGT TTG

167 FwMIFV1084 GTC CAA CTT CAG TGT YGG TAA AWC TCG TGC CAG C

168 RvMIFV1084 GTC CAA CTT CAG TAT AGT GGG GTA TCT AAT CCY AGT TTG

169 RvMIFV1085 GTC CAG GCC TTC TAT AGT GGG GTA TCT AAT CCY AGT TTG

170 FwMIFV1085 GTC CAG GCC TTC TGT YGG TAA AWC TCG TGC CAG C

171 FwMIFV1086 GTG ACG CCG TAT TGT YGG TAA AWC TCG TGC CAG C

172 RvMIFV1086 GTG ACG CCG TAT TAT AGT GGG GTA TCT AAT CCY AGT TTG

173 RvMIFV1087 TGC AGC AAC CAG CAT AGT GGG GTA TCT AAT CCY AGT TTG

174 FwMIFV1087 TGC AGC AAC CAG CGT YGG TAA AWC TCG TGC CAG C

175 RvMIFV1088 TGG ACA TGG CAT TAT AGT GGG GTA TCT AAT CCY AGT TTG

176 FwMIFV1088 TGG ACA TGG CAT TGT YGG TAA AWC TCG TGC CAG C

177 RvMIFV1089 TGG TGG TCA TTC AAT AGT GGG GTA TCT AAT CCY AGT TTG

178 FwMIFV1089 TGG TGG TCA TTC AGT YGG TAA AWC TCG TGC CAG C

179 RvMIFV1090 TTA CCA GAG CCT GAT AGT GGG GTA TCT AAT CCY AGT TTG

180 FwMIFV1090 TTA CCA GAG CCT GGT YGG TAA AWC TCG TGC CAG C

181 RvMIFV1091 TTC CGC GGC ATA GAT AGT GGG GTA TCT AAT CCY AGT TTG

182 FwMIFV1091 TTC CGC GGC ATA GGT YGG TAA AWC TCG TGC CAG C

183 FwMIFV1092 ACA ACC ATT GGC AGT YGG TAA AWC TCG TGC CAG C

184 RvMIFV1092 ACA ACC ATT GGC AAT AGT GGG GTA TCT AAT CCY AGT TTG

185 FwMIFV1093 AGC CTA GCC AAC TGT YGG TAA AWC TCG TGC CAG C

186 RvMIFV1093 AGC CTA GCC AAC TAT AGT GGG GTA TCT AAT CCY AGT TTG

187 FwMIFV1094 ATA ATC GAG GCT TGT YGG TAA AWC TCG TGC CAG C
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Table S3 Designed tagged primers as adapted from (Srivathsan et al. 2018) with 

a primer pair speciʭc 13bp tag (black) attached to the MiFish Primer (Miya et al. 
2015) as exemplary indicated in red in the ʭrst six primer pairs. Every two col-
umns (FwMIFV, RvMIFV1001..1096) correspond to a unique primer pair. 
(continued)

List of used primers

188 RvMIFV1094 ATA ATC GAG GCT TAT AGT GGG GTA TCT AAT CCY AGT TTG

189 RvMIFV1095 CTG AGT CAG AAG TAT AGT GGG GTA TCT AAT CCY AGT TTG

190 FwMIFV1095 CTG AGT CAG AAG TGT YGG TAA AWC TCG TGC CAG C

191 RvMIFV1096 GAT AGG CGC CTT GAT AGT GGG GTA TCT AAT CCY AGT TTG

192 FwMIFV1096 GAT AGG CGC CTT GGT YGG TAA AWC TCG TGC CAG C

Table S4: Table depicting the category for the selected traits (Feeding strategy and 
Habitat preference) with their descriptions.

Trait category Description

Feeding strategy

Detritivores Diet includes sediments and organic matter within sediments

Invertivores Diet includes benthic invertebrates of diʬerent sizes (i.e. amphipods, 
crabs, polychaetes)

Piscivore Diet includes ʭsh

Herbivores Diet includes algae, seagrasses

Planktivores Diet includes plankton

Omnivores Generalist diet

Habitat preference

Soft sediments Preference for soft sediments like sand, mud, etc

Mixed sedi-
ments

Preference for mixed sediments like gravel, shells interspersed with 
soft sediments

Hard substrates Preferences for hard substrates like reefs, rocks, bedrocks, artiʭcial 
reefs, boulders etc

Pelagic Migrating species, species living predominantly in the water column

Seagrasses Preference for seagrasses

Shells Preference for shelly sediments
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Table S5: Sequencing depth of the raw sequenced reads from each sequencing 

run (three diʬerent runs for Noss Head and 2 diʬerent runs for Voordelta). Addi-
tionally, the remaining sequencing depth after each processing step (Basecalling, 

Bioinformatics processing with DECONA, Taxonomic assignment and Nontarget 
removal) was also reported in this table.

Seq run Raw reads Basecalled 
reads

Decona 
reads

Taxonomic 
assignment 
(Species)

After non target 
removal and ʭnal 
taxonomy assignment 
(including unclassiʭed)

Nosshead 1 24.230.000 15.196.000 14.508.164 13.607.465 19.191.294

Nosshead 2 12.810.000 12.368.000 9.783.369 9.128.254

Voordelta/
Nosshead

16.340.000 16.212.000 8.945.310 639.480 +

6.152.865 16.140.460

Voordelta 1 17.760.000 15.959.000 8.179.220 6.452.591

Voordelta 2 14.830.000 13.236.000 7.599.669 6.176.241

Table S6: Mean calculated ecological indices per habitat calculated at both loca-

tions. Values are expressed as mean values and standard error (SEM)

eDNA

Area Biotope
Richness

Shannon 
(H)

Simpson’s 
(1 - D)

Evenness (J)

Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Voordelta

In reef 18.89 0.48 2.24 0.03 0.85 0.01 0.77 0.01

25-200 m from reef 
edge

16.71 0.52 2.10 0.04 0.82 0.01 0.76 0.01

250-2000 m from 
reef edge

12.41 0.47 1.92 0.05 0.79 0.01 0.78 0.01

1-10 km from reef 
edge

13.05 0.55 1.86 0.05 0.77 0.02 0.74 0.02

Noss Head

High density reef 17.95 1.09 2.32 0.05 0.86 0.01 0.82 0.01

Low density reef 14.82 0.46 2.09 0.04 0.81 0.01 0.79 0.01

400-1500 m from 
reef edge

11.68 0.57 1.77 0.06 0.74 0.02 0.75 0.02

5km from reef edge 6.50 0.56 1.49 0.11 0.72 0.03 0.80 0.04

BRUVS

Area Biotope
Richness

Shannon 
(H)

Simpson’s 
(1 - D)

Evenness (J)

Mean ± SE Mean ± SE Mean ± SE Mean ± SE
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Table S6: Mean calculated ecological indices per habitat calculated at both loca-

tions. Values are expressed as mean values and standard error (SEM) (continued)

BRUVS

Voordelta

In reef 2.69 0.12 0.74 0.05 0.44 0.03 0.75 0.03

25-200 m from reef 
edge

2.44 0.22 0.59 0.09 0.35 0.05 0.62 0.07

250-2000 m from 
reef edge

1.71 0.14 0.36 0.06 0.26 0.04 0.45 0.07

Noss Head

High density reef 2.40 0.68 0.81 0.22 0.69 0.08 0.77 0.19

Low density reef 3.00 0.41 0.87 0.15 0.50 0.07 0.80 0.05

400-1500 m from 
reef edge

2.20 0.20 0.76 0.08 0.52 0.04 0.98 0.02

Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef). 

Contrast Species Estimate SE z.ratio p.value

1_background - 4_reef Ammodytidae -0.711 0.347 -2.050 0.170

1_background - 3_close 
to reef

Ammodytidae -0.555 0.305 -1.818 0.265

2_oʬ reef - 4_reef Ammodytidae -0.360 0.230 -1.567 0.398

1_background - 2_oʬ 
reef

Ammodytidae -0.351 0.338 -1.038 0.727

2_oʬ reef - 3_close to 
reef

Ammodytidae -0.204 0.240 -0.850 0.830

3_close to reef - 4_reef Ammodytidae -0.156 0.253 -0.618 0.926

2_oʬ reef - 3_close to 
reef

Anguilla anguilla* -2.408 0.805 -2.989 0.015

2_oʬ reef - 4_reef Anguilla anguilla* -2.258 0.776 -2.910 0.019

1_background - 3_close 
to reef

Anguilla anguilla* -1.083 0.647 -1.675 0.337

1_background - 2_oʬ 
reef

Anguilla anguilla* 1.324 0.960 1.379 0.512

1_background - 4_reef Anguilla anguilla* -0.934 0.713 -1.309 0.557

3_close to reef - 4_reef Anguilla anguilla* 0.150 0.488 0.308 0.990

2_oʬ reef - 4_reef Atherina sp. -0.818 0.246 -3.325 0.005

2_oʬ reef - 3_close to 
reef

Atherina sp. -0.823 0.252 -3.262 0.006
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

1_background - 3_close 
to reef

Atherina sp. -0.502 0.275 -1.829 0.260

1_background - 4_reef Atherina sp. -0.497 0.314 -1.584 0.388

1_background - 2_oʬ 
reef

Atherina sp. 0.321 0.326 0.984 0.758

3_close to reef - 4_reef Atherina sp. 0.005 0.239 0.021 1.000

1_background - 3_close 
to reef

Chelon auratus -1.455 0.545 -2.672 0.038

1_background - 4_reef Chelon auratus -1.384 0.588 -2.353 0.086

2_oʬ reef - 3_close to 
reef

Chelon auratus -0.668 0.349 -1.916 0.221

2_oʬ reef - 4_reef Chelon auratus -0.597 0.315 -1.896 0.230

1_background - 2_oʬ 
reef

Chelon auratus -0.787 0.592 -1.330 0.544

3_close to reef - 4_reef Chelon auratus 0.071 0.345 0.207 0.997

2_oʬ reef - 4_reef Chelon sp. -0.714 0.387 -1.847 0.251

2_oʬ reef - 3_close to 
reef

Chelon sp. -0.549 0.403 -1.361 0.524

1_background - 4_reef Chelon sp. -0.621 0.530 -1.172 0.645

1_background - 3_close 
to reef

Chelon sp. -0.456 0.465 -0.981 0.761

3_close to reef - 4_reef Chelon sp. -0.165 0.395 -0.418 0.975

1_background - 2_oʬ 
reef

Chelon sp. 0.093 0.536 0.174 0.998

2_oʬ reef - 4_reef Ciliata mustela -0.764 0.278 -2.750 0.030

2_oʬ reef - 3_close to 
reef

Ciliata mustela -0.723 0.308 -2.346 0.088

1_background - 4_reef Ciliata mustela -0.633 0.377 -1.678 0.336

1_background - 3_close 
to reef

Ciliata mustela -0.592 0.358 -1.653 0.349

1_background - 2_oʬ 
reef

Ciliata mustela 0.131 0.389 0.337 0.987

3_close to reef - 4_reef Ciliata mustela -0.041 0.294 -0.139 0.999
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

1_background - 2_oʬ 
reef

Clupea harengus* 0.077 0.241 0.318 0.989

1_background - 3_close 
to reef

Clupea harengus* 0.058 0.228 0.253 0.994

1_background - 4_reef Clupea harengus* 0.045 0.262 0.171 0.998

2_oʬ reef - 4_reef Clupea harengus* -0.032 0.207 -0.153 0.999

2_oʬ reef - 3_close to 
reef

Clupea harengus* -0.019 0.205 -0.092 1.000

3_close to reef - 4_reef Clupea harengus* -0.013 0.230 -0.056 1.000

2_oʬ reef - 4_reef Engraulis encrasicolus -1.415 0.871 -1.626 0.364

1_background - 4_reef Engraulis encrasicolus -1.536 1.238 -1.241 0.601

3_close to reef - 4_reef Engraulis encrasicolus -0.750 0.749 -1.002 0.748

1_background - 3_close 
to reef

Engraulis encrasicolus -0.786 1.040 -0.756 0.874

2_oʬ reef - 3_close to 
reef

Engraulis encrasicolus -0.665 0.882 -0.754 0.875

1_background - 2_oʬ 
reef

Engraulis encrasicolus -0.120 1.273 -0.095 1.000

1_background - 2_oʬ 
reef

Gadidae 0.507 0.269 1.886 0.234

2_oʬ reef - 4_reef Gadidae -0.361 0.240 -1.501 0.437

2_oʬ reef - 3_close to 
reef

Gadidae -0.265 0.240 -1.108 0.684

1_background - 3_close 
to reef

Gadidae 0.241 0.244 0.986 0.758

1_background - 4_reef Gadidae 0.146 0.280 0.519 0.954

3_close to reef - 4_reef Gadidae -0.096 0.253 -0.377 0.982

3_close to reef - 4_reef Gadus morhua* -0.624 0.764 -0.817 0.846

2_oʬ reef - 4_reef Gadus morhua* -0.461 0.607 -0.759 0.873

1_background - 4_reef Gadus morhua* -0.350 0.808 -0.434 0.973

1_background - 3_close 
to reef

Gadus morhua* 0.274 0.826 0.332 0.987

2_oʬ reef - 3_close to 
reef

Gadus morhua* 0.164 0.746 0.219 0.996
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

1_background - 2_oʬ 
reef

Gadus morhua* 0.110 0.793 0.139 0.999

2_oʬ reef - 4_reef Gobius niger -1.346 0.309 -4.352 0.000

1_background - 4_reef Gobius niger -2.390 0.739 -3.233 0.007

1_background - 3_close 
to reef

Gobius niger -2.472 0.847 -2.917 0.019

2_oʬ reef - 3_close to 
reef

Gobius niger -1.427 0.494 -2.890 0.020

1_background - 2_oʬ 
reef

Gobius niger -1.044 0.748 -1.396 0.502

3_close to reef - 4_reef Gobius niger 0.081 0.412 0.197 0.997

1_background - 2_oʬ 
reef

Halichoerus grypus 2.878 1.089 2.643 0.041

2_oʬ reef - 3_close to 
reef

Halichoerus grypus -2.630 1.056 -2.490 0.061

2_oʬ reef - 4_reef Halichoerus grypus -2.435 1.081 -2.253 0.109

1_background - 4_reef Halichoerus grypus 0.443 0.595 0.744 0.879

1_background - 3_close 
to reef

Halichoerus grypus 0.247 0.471 0.525 0.953

3_close to reef - 4_reef Halichoerus grypus 0.196 0.532 0.368 0.983

1_background - 2_oʬ 
reef

Limanda limanda* 0.418 0.264 1.579 0.390

1_background - 3_close 
to reef

Limanda limanda* 0.387 0.257 1.508 0.433

1_background - 4_reef Limanda limanda* 0.288 0.288 1.000 0.749

2_oʬ reef - 4_reef Limanda limanda* -0.130 0.246 -0.527 0.953

3_close to reef - 4_reef Limanda limanda* -0.099 0.274 -0.362 0.984

2_oʬ reef - 3_close to 
reef

Limanda limanda* -0.031 0.247 -0.124 0.999

2_oʬ reef - 3_close to 
reef

Lipophrys pholis -2.121 0.863 -2.456 0.067

2_oʬ reef - 4_reef Lipophrys pholis -1.353 0.868 -1.559 0.402

1_background - 3_close 
to reef

Lipophrys pholis -1.089 0.795 -1.370 0.518
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

3_close to reef - 4_reef Lipophrys pholis 0.768 0.685 1.121 0.677

1_background - 2_oʬ 
reef

Lipophrys pholis 1.032 1.035 0.997 0.751

1_background - 4_reef Lipophrys pholis -0.321 0.895 -0.359 0.984

1_background - 2_oʬ 
reef

Mugilidae -1.330 1.241 -1.072 0.707

2_oʬ reef - 3_close to 
reef

Mugilidae 0.831 0.859 0.967 0.768

2_oʬ reef - 4_reef Mugilidae 0.612 0.803 0.763 0.871

1_background - 4_reef Mugilidae -0.718 1.377 -0.521 0.954

1_background - 3_close 
to reef

Mugilidae -0.499 1.266 -0.394 0.979

3_close to reef - 4_reef Mugilidae -0.219 1.046 -0.209 0.997

1_background - 4_reef Mullus surmuletus -3.095 1.445 -2.142 0.140

3_close to reef - 4_reef Mullus surmuletus -1.499 0.758 -1.978 0.196

1_background - 2_oʬ 
reef

Mullus surmuletus -2.508 1.354 -1.853 0.249

2_oʬ reef - 3_close to 
reef

Mullus surmuletus 0.912 0.711 1.283 0.574

1_background - 3_close 
to reef

Mullus surmuletus -1.596 1.296 -1.232 0.607

2_oʬ reef - 4_reef Mullus surmuletus -0.586 0.566 -1.036 0.728

1_background - 4_reef Myoxocephalus sp. -1.480 0.461 -3.210 0.007

1_background - 3_close 
to reef

Myoxocephalus sp. -1.269 0.449 -2.827 0.024

2_oʬ reef - 4_reef Myoxocephalus sp. -0.680 0.241 -2.826 0.024

1_background - 2_oʬ 
reef

Myoxocephalus sp. -0.800 0.468 -1.711 0.318

2_oʬ reef - 3_close to 
reef

Myoxocephalus sp. -0.469 0.292 -1.603 0.377

3_close to reef - 4_reef Myoxocephalus sp. -0.211 0.283 -0.748 0.878

1_background - 2_oʬ 
reef

Osmerus eperlanus 0.589 0.679 0.868 0.822

2_oʬ reef - 4_reef Osmerus eperlanus -0.460 0.607 -0.758 0.873
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

2_oʬ reef - 3_close to 
reef

Osmerus eperlanus -0.327 0.635 -0.515 0.956

1_background - 3_close 
to reef

Osmerus eperlanus 0.263 0.643 0.408 0.977

3_close to reef - 4_reef Osmerus eperlanus -0.133 0.658 -0.202 0.997

1_background - 4_reef Osmerus eperlanus 0.130 0.699 0.185 0.998

1_background - 2_oʬ 
reef

Phoca vitulina* 2.315 0.578 4.007 0.000

2_oʬ reef - 4_reef Phoca vitulina* -1.556 0.593 -2.626 0.043

2_oʬ reef - 3_close to 
reef

Phoca vitulina* -1.432 0.592 -2.419 0.073

1_background - 3_close 
to reef

Phoca vitulina* 0.883 0.383 2.308 0.096

1_background - 4_reef Phoca vitulina* 0.759 0.427 1.779 0.283

3_close to reef - 4_reef Phoca vitulina* -0.124 0.447 -0.277 0.993

1_background - 3_close 
to reef

Pholis gunnellus* -0.714 0.297 -2.403 0.076

1_background - 4_reef Pholis gunnellus* -0.677 0.329 -2.059 0.167

1_background - 2_oʬ 
reef

Pholis gunnellus* -0.566 0.316 -1.793 0.277

2_oʬ reef - 3_close to 
reef

Pholis gunnellus* -0.148 0.220 -0.673 0.907

2_oʬ reef - 4_reef Pholis gunnellus* -0.111 0.210 -0.527 0.953

3_close to reef - 4_reef Pholis gunnellus* 0.038 0.241 0.156 0.999

2_oʬ reef - 4_reef Pleuronectidae -0.056 0.217 -0.258 0.994

2_oʬ reef - 3_close to 
reef

Pleuronectidae -0.053 0.212 -0.249 0.995

1_background - 3_close 
to reef

Pleuronectidae -0.037 0.241 -0.153 0.999

1_background - 4_reef Pleuronectidae -0.040 0.280 -0.142 0.999

1_background - 2_oʬ 
reef

Pleuronectidae 0.016 0.258 0.062 1.000

3_close to reef - 4_reef Pleuronectidae -0.003 0.239 -0.013 1.000
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

1_background - 3_close 
to reef

Pomatoschistus 

microps

-0.712 0.324 -2.198 0.124

1_background - 4_reef Pomatoschistus 

microps

-0.642 0.341 -1.880 0.237

2_oʬ reef - 3_close to 
reef

Pomatoschistus 

microps

-0.318 0.247 -1.285 0.572

1_background - 2_oʬ 
reef

Pomatoschistus 

microps

-0.394 0.333 -1.185 0.636

2_oʬ reef - 4_reef Pomatoschistus 

microps

-0.247 0.225 -1.101 0.689

3_close to reef - 4_reef Pomatoschistus 

microps

0.071 0.260 0.272 0.993

1_background - 3_close 
to reef

Pomatoschistus 

minutus

0.052 0.229 0.226 0.996

1_background - 2_oʬ 
reef

Pomatoschistus 

minutus

0.050 0.241 0.208 0.997

1_background - 4_reef Pomatoschistus 

minutus

0.033 0.263 0.126 0.999

2_oʬ reef - 4_reef Pomatoschistus 

minutus

-0.017 0.207 -0.083 1.000

3_close to reef - 4_reef Pomatoschistus 

minutus

-0.019 0.230 -0.081 1.000

2_oʬ reef - 3_close to 
reef

Pomatoschistus 

minutus

0.002 0.204 0.007 1.000

2_oʬ reef - 3_close to 
reef

Salmo trutta* 1.668 1.077 1.548 0.409

1_background - 3_close 
to reef

Salmo trutta* 1.404 1.155 1.215 0.617

3_close to reef - 4_reef Salmo trutta* -1.114 1.176 -0.947 0.779

2_oʬ reef - 4_reef Salmo trutta* 0.554 0.660 0.840 0.836

1_background - 2_oʬ 
reef

Salmo trutta* -0.264 0.711 -0.372 0.982

1_background - 4_reef Salmo trutta* 0.289 0.853 0.339 0.987

2_oʬ reef - 4_reef Sardina pilchardus -0.453 0.235 -1.932 0.214
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Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

2_oʬ reef - 3_close to 
reef

Sardina pilchardus -0.409 0.236 -1.733 0.306

1_background - 2_oʬ 
reef

Sardina pilchardus 0.357 0.281 1.267 0.584

1_background - 4_reef Sardina pilchardus -0.097 0.287 -0.337 0.987

1_background - 3_close 
to reef

Sardina pilchardus -0.052 0.250 -0.209 0.997

3_close to reef - 4_reef Sardina pilchardus -0.044 0.244 -0.182 0.998

2_oʬ reef - 3_close to 
reef

Scomber scombrus -0.928 0.437 -2.123 0.146

1_background - 3_close 
to reef

Scomber scombrus -1.101 0.565 -1.949 0.208

2_oʬ reef - 4_reef Scomber scombrus -0.731 0.419 -1.744 0.301

1_background - 4_reef Scomber scombrus -0.904 0.633 -1.427 0.482

3_close to reef - 4_reef Scomber scombrus 0.197 0.422 0.467 0.966

1_background - 2_oʬ 
reef

Scomber scombrus -0.173 0.645 -0.268 0.993

1_background - 2_oʬ 
reef

Solea solea 1.778 0.474 3.752 0.001

2_oʬ reef - 4_reef Solea solea -1.263 0.470 -2.686 0.036

2_oʬ reef - 3_close to 
reef

Solea solea -1.089 0.489 -2.226 0.116

1_background - 3_close 
to reef

Solea solea 0.689 0.376 1.834 0.257

1_background - 4_reef Solea solea 0.515 0.394 1.308 0.558

3_close to reef - 4_reef Solea solea -0.175 0.413 -0.423 0.975

2_oʬ reef - 4_reef Sprattus sprattus* -0.146 0.214 -0.683 0.903

1_background - 2_oʬ 
reef

Sprattus sprattus* 0.109 0.255 0.426 0.974

3_close to reef - 4_reef Sprattus sprattus* -0.079 0.238 -0.334 0.987

2_oʬ reef - 3_close to 
reef

Sprattus sprattus* -0.067 0.216 -0.310 0.990

1_background - 3_close 
to reef

Sprattus sprattus* 0.042 0.240 0.174 0.998



244 Chapter 6

Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

1_background - 4_reef Sprattus sprattus* -0.038 0.273 -0.138 0.999

2_oʬ reef - 3_close to 
reef

Syngnathus acus -1.207 0.904 -1.335 0.540

1_background - 3_close 
to reef

Syngnathus acus -1.607 1.265 -1.270 0.582

1_background - 4_reef Syngnathus acus -1.045 1.581 -0.661 0.912

2_oʬ reef - 4_reef Syngnathus acus -0.645 1.001 -0.644 0.918

3_close to reef - 4_reef Syngnathus acus 0.562 0.913 0.615 0.927

1_background - 2_oʬ 
reef

Syngnathus acus -0.400 1.566 -0.256 0.994

1_background - 3_close 
to reef

Syngnathus rostel-

latus

-0.773 0.429 -1.799 0.274

1_background - 2_oʬ 
reef

Syngnathus rostel-

latus

-0.641 0.483 -1.327 0.545

1_background - 4_reef Syngnathus rostel-

latus

-0.666 0.519 -1.283 0.574

2_oʬ reef - 3_close to 
reef

Syngnathus rostel-

latus

-0.132 0.311 -0.423 0.974

3_close to reef - 4_reef Syngnathus rostel-

latus

0.106 0.361 0.294 0.991

2_oʬ reef - 4_reef Syngnathus rostel-

latus

-0.025 0.333 -0.076 1.000

2_oʬ reef - 3_close to 
reef

Trachurus trachurus -2.466 0.775 -3.180 0.008

2_oʬ reef - 4_reef Trachurus trachurus -2.346 0.770 -3.048 0.012

1_background - 2_oʬ 
reef

Trachurus trachurus 1.586 0.907 1.748 0.299

1_background - 3_close 
to reef

Trachurus trachurus -0.880 0.543 -1.622 0.366

1_background - 4_reef Trachurus trachurus -0.760 0.641 -1.186 0.636

3_close to reef - 4_reef Trachurus trachurus 0.120 0.436 0.276 0.993

1_background - 2_oʬ 
reef

Triglidae -1.666 1.318 -1.264 0.586

2_oʬ reef - 3_close to 
reef

Triglidae 0.965 0.856 1.127 0.673



245
Shellʭsh reefs as Essential Fish Habitats: complementary insights 

from eDNA and BRUVs in the North Sea

C
h

a
p

te
r 

6

Table S7: Results of the generalized linear latent variable model (GLLVM) applied 

to eDNA data from the Voordelta, showing signiʭcant and non-signiʭcant dif-
ferences in species occurrence frequencies among habitats. Station names along 

the distance gradient were shortened in the analysis for practicality (background 

= 1–10 km from reef, oʬ reef = 250–1000 m from reef, close to reef = 25–200 m 
from reef, in reef = In reef).  (continued)

Contrast Species Estimate SE z.ratio p.value

1_background - 4_reef Triglidae -1.482 1.503 -0.986 0.757

3_close to reef - 4_reef Triglidae -0.781 1.038 -0.752 0.876

1_background - 3_close 
to reef

Triglidae -0.701 1.294 -0.542 0.949

2_oʬ reef - 4_reef Triglidae 0.184 0.843 0.219 0.996

1_background - 4_reef Trisopterus luscus 0.904 0.745 1.213 0.618

1_background - 2_oʬ 
reef

Trisopterus luscus 0.702 0.610 1.151 0.658

3_close to reef - 4_reef Trisopterus luscus 0.614 0.727 0.844 0.834

2_oʬ reef - 3_close to 
reef

Trisopterus luscus -0.412 0.586 -0.703 0.896

1_background - 3_close 
to reef

Trisopterus luscus 0.291 0.581 0.500 0.959

2_oʬ reef - 4_reef Trisopterus luscus 0.202 0.691 0.292 0.991

2_oʬ reef - 4_reef Zoarces viviparus* -2.895 1.125 -2.573 0.049

2_oʬ reef - 3_close to 
reef

Zoarces viviparus* -4.136 1.614 -2.562 0.051

1_background - 3_close 
to reef

Zoarces viviparus* -2.477 1.589 -1.559 0.402

1_background - 2_oʬ 
reef

Zoarces viviparus* 1.659 1.237 1.341 0.537

1_background - 4_reef Zoarces viviparus* -1.236 0.948 -1.303 0.561

3_close to reef - 4_reef Zoarces viviparus* 1.241 1.068 1.162 0.651
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Figure S1. Details including station names of all sampling stations at a) the 

Voordelta and b) the Noss Head. Colours indicate the diʬerent biotopes; open 
circles represent stations sampled with the BRUVS method, crosses indicate those 

sampled with the eDNA method, and open squares show stations sampled with 

both techniques. The brown shape at Noss Head marks the area protected under 

the Noss Head MPA. The map is presented in the WGS84 Geographic Coordinate 

System.
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Figure S2: Bar plot of the species and log read count that were renamed to ‘non-
target’. This was chosen whenever a species was not a marine ʭsh elasmobranch 
or mammal and resulted in the removal of terrestrial animals, freshwater ʭsh 
species and birds. 
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Figure S3 Control samples of from the Voordelta and Noss Head sampling and 

sample processing. Where PCR CTRL refers to the pooled negative controls taken 

after every round of PCR (96 samples). Extraction CTRL refers to the negative 
controls taken during extraction. Field CTRL refers to the controls taken before 
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Figure S4: Species accumulation curve for every sample and sampling location 

seperetly. All samples show a ʮattening curve, indicating that the for that sample, 
sequencing depth was suʯcient.

(1, 2,3) and after a day of sample ʭltering (4,5,6). For Noss head CTRLS, days re-

ferred to the respective day that sampling and ʭltering took place. For Voordelta 
all sampling and ʭltering occurred on the same day and was not further indicated 
by date.
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Figure S5: Main calculated biodiversity indices (richness, Shannon, Simpson, 

evenness) for eDNA data and BRUVS data at the Voordelta, presented as violin 

plots with embedded boxplot. Violin plots illustrate the distribution of the data 
points, while boxplots display the median, interquartile range (between 25th to 
75th percentiles), and minimum and maximum values (whiskers).
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Figure S6: Main calculated biodiversity indices (richness, Shannon, Simpson, 

evenness) for eDNA data and BRUVS data at the Noss Head, including the low 

density reef habitat. Data are presented as violin plots with embedded boxplot. 
Violin plots illustrate the distribution of the data points, while boxplots display 
the median, interquartile range (between 25th to 75th percentiles), and minimum 

and maximum values (whiskers).
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Figure S7: Biplots of the non-metric multidimensional scaling (nMDS) based on 

Bray-Curtis similarity of vertebrate communities using A) BRUVS and B) eDNA at 

the Voordelta. Points correspond to single samples (replicate) are coloured based 

on the habitat, comparing samples from the reefs and at increasing distance. The 

proximity of the points in the biplot is based on their similarity in terms of com-

munity composition of each sample, with closer points being more similar. 
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Figure S8 Biplots of the non-metric multidimensional scaling (nMDS) based on 

Bray-Curtis similarity of vertebrate communities using A) BRUVS and B)and C) 
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eDNA at the Noss Head. Points correspond to single samples (replicate) are co-

loured based on the habitat, comparing samples from the reefs and at increasing 

distance. The proximity of the points in the biplot is based on their similarity in 
terms of community composition of each sample, with closer points being more 

similar. 
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Figure S9: Venn diagrams illustrating the diʬerences in species detected by eDNA 
and BRUVS at Voordelta and Noss Head, along with their overlap. 
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Figure S10: overall comparison among eDNA and BRUVS techniques, highlighting 

the main pros and cons of both. Example pictures display A) a juvenile individual 
of ling Molva molva (picture by Kare Telnes, https://www.seawater.no/fauna/

chordata/molva.html); B) common dragonet Callyonimus lyra (screenshot from 

BRUVs video data at Noss Head, C) juvenile ling (screenshot from BRUVS video 

data at Noss Head) and D) blue skate Dipturus batis (screenshot from BRUVS video 

data at Noss Head).
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Figure S11: Screenshots from BRUVS video at Noss Head, depicting A) a juvenile 

individual of ling Molva molva, and B) a juvenile bullrout Myxocephalus scorpius. 
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7. GENERAL DISCUSSION

To meet European North Sea monitoring requirements and adequately 

inform industry and conservation strategies, there is a need for non-

invasive, routine, cost-eʬective, and scalable monitoring methods. 
Molecular metabarcoding methods are highly sensitive and hold great 

potential for biodiversity monitoring. Before it can support manage-

ment decisions, molecular methods need to be evaluated to determine 

whether they are suʯciently robust to serve as a standard monitoring 
tool. It is also important to evaluate whether technological advances 

can complement or improve existing molecular methods for studying 
and monitoring biodiversity in the North Sea. This thesis aimed to de-

velop novel molecular methods and evaluate their potential for improved 

evidence-based monitoring in the North Sea. To do so, a metabarcoding 

workʮow and bioinformatics pipeline were developed for the new Oxford 
Nanopore MinION platform, and the outputs were evaluated against con-

ventional molecular and observational methods. The potential of using 

long-read molecular markers and eRNA metabarcoding was also exam-

ined to enhance species-level resolution and more accurately depict the 

recently active community. These methods were then applied in large-

scale sampling campaigns on natural bivalve reefs to examine vertebrate 
biodiversity and functional trait patterns compared with non-reef areas. 

First, the main ʭndings of this thesis are summarised in relation to the 
three formulated objectives introduced in Chapter 1. The main ʭndings 
are then discussed, focusing on how the choice of sequencing platforms 

and novel molecular methods aʬects the eʯciency, quality, and ʮex-

ibility of marine biodiversity monitoring in the North Sea. Finally, the 
latest advances, opportunities, and limitations of the molecular toolbox 
were explored, along with their inʮuence on our understanding of North 
Sea ecosystems. Additionally, future research directions were outlined 

that can enhance monitoring eʬorts and provide timely information for 
nature-based management.

7.1 main ʭndings of this thesis
Objective 1 is to validate a more ʮexible, cost-eʬective, and more 
straightforward sequencing platforms and methodological workʮows 
by comparing them with established molecular and observational ap-

proaches, supporting future harmonised and standardised monitoring 

frameworks.
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Validation was achieved in Chapter 2. Here, metabarcoding of the mi-

tochondrial COI fragment of North Sea macrobenthos from the Belgian 

North Sea was compared across Oxford Nanopore, Illumina MiSeq, and 
NovaSeq shotgun sequencing. Highly similar performances in alpha 

and beta diversity were observed and were consistent with observed 

and historical location-speciʭc community patterns. NovaSeq shotgun 
metagenomics showed slightly diʬerent community compositions com-

pared to both metabarcoding results and morphology, and had the weak-

est correlation with size-corrected morphological abundance data. All 

methods showed mismatches with morphological identiʭcations. This is 
partially due to primer biases and to incomplete reference databases. The 

results of this study show that nanopore metabarcoding is comparable to 

conventional Illumina MiSeq metabarcoding in bulk macrobenthos and 

thereby validates that a more ʮexible platform, such as Oxford nanopore, 
can support future standardised monitoring frameworks. 

Objective 2 is to develop molecular monitoring approaches that enhance 

species-level resolution and provide improved spatial and temporal reso-

lution, thereby advancing understanding of ecological patterns in North 

Sea ecosystems.

Novel molecular metabarcoding approaches were presented in Chapters 

3, 4, and 5. Chapter 3 introduces a marine vertebrate-speciʭc universal 
primer pair targeting a 2-kb region of mitochondrial 12S and 16S DNA, 

and compares it with MiFish primers. Tests with mock communities and 
aquarium DNA demonstrated improved species resolution with the 2kb 

primer. eDNA from natural and artiʭcial North Sea reefs revealed dis-

tinct community compositions and lower richness, likely due to longer, 

degraded fragments, indicating a more accurate temporal signal. Chapter 

4 examines how fragment length and type (eDNA vs eRNA) aʬect com-

munity detection, ʭnding that short-read eDNA captures higher diver-
sity, closely resembling eRNA results but with fewer large species such 

as sharks and rays, suggesting that eRNA reʮects active benthic commu-

nities. Long-read metabarcoding showed lower detectability, probably 

due to rapid degradation, making it unreliable for community ecology. 

Chapter 5 reviews molecular tools for North Sea biomonitoring, discusses 

challenges, and recommends integrating novel methods into long-term, 

harmonised monitoring eʬorts. 

Objective 3 is to apply these optimised tools to assess the biodiversity 

of natural reef systems in the North Sea and to complement detection 
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patterns obtained with other non-invasive observational surveys to gain 

a comprehensive understanding of how reef density inʮuences species 
and trait composition. 

In chapter 6, metabarcoding methods were applied to study the com-

munity ecology of a natural mixed bivalve reef in the Dutch Voordelta 
and an M. modiolus reef at Noss Head, Scotland. This chapter showed that 

eDNA metabarcoding consistently revealed higher vertebrate diversity 

within the reef and a distinct functional trait composition that decreased 

with increasing distance from the reef. eDNA detected the highest overall 

diversity compared to the non-invasive observational survey and baited 

remote underwater video (BRUVs), but BRUVs captured juvenile ling in-

dividuals that could be conʭrmed by eDNA detections, demonstrating the 
complementary value of using multiple methods simultaneously.

7.2 �Oxford Nanopore is a promising sequencing platform 
that, due to its ʮexibility, cost-eʬectiveness, and 
quality, outperforms conventional platforms. 

Over the past decade, high-throughput and next-generation sequenc-

ing have greatly advanced research into marine biodiversity (Hu et al., 

2021; Mohrbeck et al., 2015). Illumina continues to be the gold standard 

for its precise short-read data, making it ideal for metabarcoding and 

metagenomics (Meyer & Kircher, 2010). PacBio is preferred for its ability 

to generate long reads with high consensus accuracy, which is useful for 

complex genomics (Hu et al., 2021). Oxford Nanopore provides a unique, 
portable solution for long reads at competitive prices, although it has 

historically been more prone to errors (Bleidorn, 2016; Wang et al., 2021). 

Nevertheless, ongoing improvements in chemistry and base-calling al-

gorithms have signiʭcantly enhanced its accuracy throughout the years 
this PhD was conducted (Chang et al., 2024).

Between Nanopore and Illumina MiSeq metabarcoding, no diʬerences 
in alpha or beta diversity were observed (Chapter 2), and both methods 

identiʭed the same community composition, consistent with morpho-

logical observations at these locations (Chapter 2). Other comparisons of 

metabarcoding results between Illumina and Nanopore, for example, in 
a mixed food sample with six ʭsh species, showed that all species were 
identiʭed using Nanopore sequencing (Voorhuijzen-Harink et al., 2019). 
Other cases, such as a comparison between MiSeq and Nanopore conduct-

ed on the gut contents of juvenile lanternʭsh, also yielded similar com-

munity compositions (van der Reis et al., 2023). A sequencing platform 
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comparison of metabarcoding results from bulk zooplankton samples 

indicated that although Illumina MiSeq yielded approximately 100 more 
OTUs, this did not translate into higher species richness, and the spe-

cies composition was comparable between methods (Chang et al., 2023). 

This aligns with other comparisons between these platforms in marine 

invasive species research (Egeter et al., 2022), arthropods from bat diets 

(Nolan et al., 2025) and protist communities (Bludau et al., 2025). This, 

together with the ʭndings from chapter 2, shows an increasing consen-

sus that Illumina and Nanopore indeed produce reproducible community 

proʭles across eukaryotic taxonomic groups. Results from microbiome 
and fungal community ecology also align with this consensus of similar 

reproducibility (Heikema et al., 2020; Mittelstrass et al., 2025; Stevens et 

al., 2023a; Szoboszlay et al., 2023), further strengthening the accuracy 

of nanopore platforms across taxa. Nevertheless, robust bioinformatics 
pipelines, harmonised laboratory workʮows, and up-to-date Nanopore 
chemistry are essential for obtaining comparable results (Chapter 2), 

(Chang et al., 2024) and platform-speciʭc biases and diʬerences in 
quantitative results between platforms remain (Mittelstrass et al., 2025).

The robust, user-friendly bioinformatics pipeline DECONA used 

throughout this thesis proved both accurate and ecologically informa-

tive, producing comparable benthic communities, correctly reconstruct-

ing an aquarium community, and observing increased richness on reefs. 

DECONA is unique because it is speciʭcally designed to process Nanopore 
sequences through a pipeline that requires only a single line of code, 

oʬering adjustable clustering thresholds, ʮexible length ʭltering, and 
built-in consensus polishing. The choice of DECONA settings signiʭ-

cantly inʮuences results and depends on the Nanopore chemistry used, 
highlighting the importance of tuning parameters (Chapter 3). Although 

bioinformatics processing pipelines for Illumina sequencing are abundant 

and highly developed, such pipelines are optimised for Illumina-speciʭc 
short reads and are hardly transferable to Nanopore long-read sequence 

processing (Hakimzadeh et al., 2024). Other user-friendly Nanopore bio-

informatic pipelines have been developed, such as Nanopipe (Shabardina 

et al., 2019), PRONAME (Dubois et al., 2024), ASHURE (Baloğlu et al., 
2021) and Minibarcoder (Srivathsan et al., 2019), which mostly support 

metabarcoding, while several studies also use separate tools for consen-

sus OTU building (van der Reis et al., 2023; Voorhuijzen-Harink et al., 

2019). As bioinformatics workʮows rapidly develop, improved accessibil-
ity will likely increase the use of Nanopore metabarcoding. Nevertheless, 

because bioinformatics pipelines diʬer across settings and philosophies, 
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it is important to thoroughly compare their outputs. Most importantly, 

current Nanopore sequencing outputs yield much lower raw read error 

rates, going from 85% to over 99%, which enable amplicon sequence 
variant (ASV)-level resolution (Cousson et al., 2025) and require com-

parisons and likely updated bioinformatics pipelines that eʯciently 
handle ASV-level data. Thus, although sequencing platforms can reach 

similar conclusions, each platform has distinct advantages and limita-

tions as summarised in table 1.

For Nanopore, key advantages are its portability, rapid processing and 
minimal lab infrastructure needed, which enables sequencing in remote 

places such as in polar regions (Johnson et al., 2017), on a ship, in space 

(Castro-Wallace et al., 2017) and areas with limiting genomic technolo-

gies (Gygax et al., 2025). Using nanopore, may improve engagement with 
local high biodiversity by authorities that take conservation decisions 

(L. Urban et al., 2023). And although limitations remain in error rates 

and biases in quantitative results, the ongoing development of robust 

bioinformatics pipelines and improvements in pore chemistry overcome 

these. Therefore, Nanopore is slowly but steadily preferred over conven-

tional sequencing platforms and can readily be used for marine molecular 

monitoring practices. 

Table 1: Practical comparison of Nanopore compared to other sequencing plat-

forms as Illumina and Pacbio. 

Oxford Nanopore Other platforms Notes 

Cost Low initial costs per 
sample, is competitive

Low per base cost, 
but the instrument 
is expensive 

Price of Nanopore 
consumables is still 
considerable 

Workʮow acces-
sibility 

Very ʮexible, portable 
setups

More ʭxed lab 
infrastructure 
required more 
complex preps 

More accessible for 
ʭeld use (education-
al purposes) 

Autonomy Real-time sampling: stop 
when enough data 

Fixed running 
schedules 

Sequencing can be 
done under own 
management

Accuracy In recent years improved, 
comparable after polish-
ing, but raw reads still 
0-1% lower 

High raw read 
accuracy and 
established error 
proʭle

Flexibility Very ʮexible, long reads, 
Native DNA/RNA, struc-
tural variants, modiʭca-
tion 

Short reads; 
limited for long 
range, RNA and 
variants 
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7.3 �Using novel metabarcoding practices, such as longer 
fragments and RNA fragment metabarcoding, can 
improve marine biodiversity monitoring

With eDNA metabarcoding, it has become possible to detect species in a 

non-invasive, highly sensitive manner that can simultaneously identify 

species from diʬerent taxonomic groups (e.g., macrofauna, zooplankton, 
microbes), diʬerent trophic levels (e.g., gut content), cryptic symbi-
onts and across spatial scales (Deiner et al., 2017). This added value for 

biodiversity assessments has so far been inaccessible with conventional 

techniques such as trawling and grab surveys. Therefore, eDNA-based 

biodiversity assessments became a popular research topic that is quickly 

adopted in North Sea biodiversity studies (Boyse et al., 2024; Dukan et 

al., 2024). For example, coastal North Sea eDNA sampling demonstrates 
how spatial community patterns correspond with beam trawl surveys 

(Maggini et al., 2024), and additionally reveals bycatch diversity (P. Ur-

ban et al., 2024). Furthermore, monthly coastal eDNA sampling shows 
strong similarities with established, ʭsh migration patterns and life his-

tory events (Lolivier et al., 2025), and can also improve the detection 

of rare and pelagic species that are usually under sampled with trawl 

surveys (He et al., 2023; Veron et al., 2023). Recent North Sea monitoring 

Table 1: Practical comparison of Nanopore compared to other sequencing plat-

forms as Illumina and Pacbio.  (continued)

Oxford Nanopore Other platforms Notes 

Timeframe Fast, quick sample prep, 
real-time sequencing and 
processing can be done in 
hours to days 

Longer sample 
prep and run time, 
waiting time for 
facilities (weeks).

Field diagnostics Great, portable sequencer, 
minimal lab infrastructure 
required.

Hardly pos-
sible: lab required, 
sequencing in 
specialized labs

Accepted Emerging, increasingly 
accepted, but historical 
accuracy concerns are still 
catching up.

Widely estab-
lished, also clini-
cal. 

access bioinfor-
matics tools

Many pipelines, testing 
and comparisons are still 
preliminary; fewer widely 
used pipelines and long 
reads need specialized 
processing.

Strong, widely 
established, and 
many well-tested 
pipelines for 
amplicon and 
metagenomics

Nanopore technol-
ogy is continually 
innovating, and the 
varied outputs make 
it diʯcult to inte-
grate with estab-
lished pipelines from 
other platforms. 
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eʬorts have demonstrated that eDNA results align with species commu-

nity spatial patterns both horizontally and vertically (Dukan et al., 2024), 

can detect community shifts across spatial habitat gradients. Examples 
are, changes related to reef density, salinity and temperature gradients 

(Adams et al., 2023; Dukan et al., 2024; Lolivier et al., 2025; Ohnesorge et 

al., 2024) and detect non-indigenous species (Jansen et al., 2025). While 

eDNA application has transformed the study of North Sea biodiversity, 

challenges still need to be tackled, such as limited species-level resolu-

tion, uncertainty in eDNA transport and persistence, and quantiʭcation 
of biomass presence per species (Chapter 3 and 4).

Chapters 3 and 4 explored two innovative technological advancements. A 
long-read eDNA metabarcoding approach was developed and tested, and 

an eRNA-based metabarcoding approach was evaluated. The rationale 

for using alternative fragments (long-read DNA and short-read eRNA) 

is twofold. First, longer amplicon fragments often contain more phylo-

genetically informative sites, thereby enhancing species-level resolution, 

especially for closely related taxa (Zhang et al., 2020). Second, longer 
fragments and eRNA may reʮect more recent biological material, since 
these fragments are generally less persistent in the water column than 

fragmented eDNA (Brandão-Dias et al., 2025; Jo, 2023), potentially pro-

viding a more recent snapshot of the community and allowing for ʭner 
spatial and temporal resolution.

Chapter 3 clearly showed that long-read metabarcoding signiʭcantly im-

proves species-level resolution across various taxonomic groups, such as 
Gadidae, Clupeidae, and Ammodytidae. Other studies employing longer 

reads have also demonstrated enhanced taxonomic resolution, as seen 
in Ulva microbiomes using full-length 16S metabarcoding (van der Loos 

et al., 2023), and in full-length 18S protist community analyses, which 

reported better recovery of genera and species for groups like diatoms 

and dinoʮagellates (Chwalińska et al., 2025). A diʬerent community 
composition observed between long and short read eDNA was initially 

hypothesised as longer reads reʮecting a ʭner temporal and spatial scale 
due to more rapid degradation (Brandão-Dias et al., 2025; Jo, 2023). 

However, repeated comparisons of long and short read eDNA metabar-

coding with eRNA metabarcoding (Chapter 4), indicate that eRNA more 

closely resembles the community composition observed with short-read 

eDNA. This contradicts the earlier hypothesis that mitochondrial eRNA 

degrades fastest and should therefore be more short-lived (Brandão-Dias 

et al., 2025). Several factors can explain this discrepancy: i) molecule size 
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and protection, short eRNA might be more abundant and/or spread more 

easily than it is degraded compared to full-length mtDNA (Jo, 2023); ii) 

low abundance of longer reads can lead to reduced ampliʭcation of rare 
species, causing biases (Shaʬer et al., 2025; Zhao et al., 2021). Therefore, 
although diʬerent nucleic acid fragments can enhance spatial and/or 
temporal resolution, initial biases persist.

This thesis, along with recent studies, shows that over the last 5 years, 

there has been signiʭcant progress in molecular methods for biodiversity 
assessment (Figure 1). Nonetheless, signiʭcant knowledge gaps remain 
regarding factors such as shedding, transport, degradation, and absorp-

tion rates, which likely inʮuence the detected community compositions. 
It is therefore essential to employ complementary methods, especially 

given eDNA metabarcoding’s limited ability to provide biomass and life-
stage information. 

7.4 �eDNA metabarcoding shows distinct community 
compositions on natural and artiʭcial North Sea 
ecosystems

Biogenic bivalve reefs, as well as artiʭcial reefs from the North Sea, 
are biodiversity hotspots for benthic and mobile faunal communities 

(Coral et al., 2025). In Chapter 6, we described, using eDNA, that both 

Figure 1: advances in novel methods for metabarcoding-based biodiversity as-

sessments oʬer opportunities for enhanced marine monitoring. Short fragment 
metabarcoding (ʭrst illustration) detects the full range of ʭsh and vertebrate tax-

onomies but is limited in identifying species speciʭcally. In contrast, long-read 
metabarcoding can enhance observations by enabling species-level identiʭcation 
(second illustration). Complementing this with the eRNA signal allows for the 

detection of the active community, as eRNA degrades faster in the water column 

(third illustration). 
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bivalve reefs in Scotland and the Netherlands hosted a high diversity 

of reef-associated ʭsh species, including rocklings (Lotidae), clingʭsh 
(Gobiesocidae), and gunnels (Pholis gunellus). Their presence decreased 

with increasing distance from the reef. Additionally, benthic predators 

like sculpins (Cottidae) and scorpionʭsh (Scorpaenidae), which are known 

to primarily feed on crustaceans, molluscs, or other small ʭsh (Heessen 
et al., 2023; Ivanova et al., 2018), were also present on the reef. Many 

commercially important species, such as cod (Gadus morhua), pollack 

(Pollachius pollachius), and poor cod (Trispoterus sp.), have been shown 

to beneʭt from the reefs by feeding on benthic prey (Almqvist et al., 
2010; Fjøsne & Gjøsæter, 1996; Kristensen et al., 2015; Wennhage & Pihl, 
2002), or as nursery areas for juveniles, such as cod and ling (Dunlop 

et al., 2022; Heessen et al., 2023; Wieland et al., 2009). These ʭndings 
were accompanied by signiʭcantly more invertivore species observations 
within the M. modiolus reef than outside the reef, linked to food avail-

ability within reefs (Nunn et al., 2012). Furthermore, the lower number 
of planktivorous ʭsh was associated with reduced plankton dnsity caused 
by increased bivalve ʭltration (Kristensen et al., 2015; Petersen et al., 
2013; Tan et al., 2024). 

Although direct comparisons between datasets and locations are never 

simple due to diʬering sampling strategies and sizes, some broader 
community patterns can be described when considering the reefs in the 

Southern North Sea (e.g., Voordelta) and the Northern North Sea (e.g., 

Noss Head). Generally, long-term large-scale surveys have revealed a 

gradient in community compositions between northern and southern 

habitats, primarily structured by depth, habitat type, and temperature 

(Heip & Craeymeersch, 1995). For example, Noss Head contained more 
Northern North Sea- and North Atlantic-associated species, such as 

ʮatʭshes (Hippoglossoides sp.), snailʭshes (Liparis sp.), and sculpins (Mi-

crenophrys sp;Heessen et al., 2023). Interestingly, the majority of marine 

vertebrates were uniquely associated with the northern reef, such as Por-

beagle shark (Lamna nasus), and blue skate (Dipturus batis), likely due to 

richer foraging grounds in the area (Sguotti et al., 2016). In addition, the 

southern community had species like mullets (Chelon sp.), sand smelts 

(Atherina sp.), and garʭsh (Belone belone) associated with estuaries and 

coastal zones (Breine et al., 2011; Edwards et al., 2025), but also species 

linked to the sandy characteristics of the southern North Sea, such as Bu-

glossidium luteum and Ammodytidae (Heessen et al., 2023). The commu-

nity across diʬerent associated reefs, whether artiʭcial (e.g., shipwrecks 
or OWFs) or natural (e.g., Borkum reef, Noss Head), has a clear species 
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signature including Micrenophrys lilljeborgii, along with other structure-

associated species (Chapter 3,6). eDNA-based metabarcoding can reveal 

community patterns that go beyond characterising biodiversity; by 

comparing community compositions, it can predict shifts in interactions, 

identify non-indigenous species and reveal hidden trophic links, provid-

ing valuable insights into the functioning of North Sea ecosystems (Boyse 

et al., 2024; Dukan et al., 2024; Jansen et al., 2025). Thus, molecular 

methods have become increasingly usable for North Sea biodiversity 

assessments (Cornelis et al., 2024; Derycke et al., 2021), but adopting 

eDNA as a standard monitoring technique still requires standardisation 

in laboratory workʮows, reference database curation and use and (meta) 
data collection (Klymus et al., 2024; Shea et al., 2023). As discussed in 

Chapter 5, several initiatives are presented that aim to harmonise data 

sharing (e.g., FAANG, GEANS, OBON, ELIXIR, and eDNAquaplan; (Samuel 
et al., 2021; Waterhouse et al., 2022) and emphasise the importance of 

standardised protocols and metadata management practices for routine 

use are emphasized. This will improve the comparability of eDNA data-

sets between countries and projects, with the ultimate aim of facilitat-

ing the integration of metabarcoding as a standardised approach within 

marine biodiversity frameworks, such as MSDF and OSPAR. 

7.5 �The molecular toolbox: its possibilities and limitations 
help shape our perception of marine life 

While eDNA metabarcoding is increasingly being integrated into standard 

and applied monitoring methods, the extent to which biodiversity can be 
accurately interpreted depends on several methodological factors and the 

availability of reference and environmental data. First, the hydrodynamic 
context of the sampling location is crucial, as nucleic acid fragments can 
be transported in particles by currents and moved up to 12 km (Har-

rison et al., 2019; Sunday et al., 2014). Especially in the turbulent North 

Sea, where currents are signiʭcant, eDNA signals can be detected over 
a broader spatial scale. Additionally, degradation rates ʮuctuate with 
factors such as pH, microbial activity, seasonal changes, and sediment 

absorption rates (Cristescu, 2019; Harrison et al., 2019). Nevertheless, 

eDNA sampling in a nearshore environment with varying tides showed 

that community patterns remained relatively stable over time and during 

the tide cycle, suggesting that eDNA signals are persistent for over 24 

hours and can be accurately interpreted when sampling is both frequent 

and spatially structured (Collins et al., 2018; Hallam et al., 2023; Kelly 

et al., 2018). Consequently, environmental factors do inʮuence eDNA 
results, but carefully planned sampling strategies can aid in their inter-
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pretation, even when additional data are not available. Other limitations 

arise, such as incomplete reference databases; even for relatively well-

represented groups, such as ʭsh, reference databases lack references for 
COI and 12S sequences (Weigand et al., 2019). Laboratory workʮows can 
also introduce biases; however, these limitations can largely be mitigated 

by using standardised, harmonised laboratory procedures across dif-

ferent labs (Van den Bulcke et al., 2021; Van den Bulcke et al., 2023). 

Finally, the ʭnancial resources available to a project, largely determine 
how surveys are designed and can therefore restrict replication, cover-

age, and frequency of sampling, reducing statistical power (Deiner et al., 

2017; Goldberg et al., 2016; He et al., 2023; Takahashi et al., 2023)). Thus, 

several physicochemical, biological, and experimental design factors are 
critical to consider when interpreting eDNA metabarcoding results.

Complementing eDNA monitoring with visual surveys (AUVs and BRUVs) 

and acoustic methods (sonar and hydrophones) can substantially im-

prove the coverage of North Sea biomonitoring surveys. In Chapter 6, 

the combination of BRUVS and eDNA demonstrated its complementary 

value by conʭrming the presence of juvenile Ling individuals identi-
ʭed in the eDNA results, while eDNA also detected more species. This 
is in accordance with other studies that combine eDNA with visual or 

acoustic surveys, which all report improved taxonomic recovery (Clark 
et al., 2024; Easson et al., 2020; Rey et al., 2023; Stat et al., 2019). Ad-

ditional complementary signals of visual surveys can be used to obtain 

biomass estimates (Rey et al., 2023) and juvenile presence (Clark et al., 

2024). Thus, while eDNA can detect a broad community and cryptic taxa, 
complementing with visual and acoustic surveys can conʭrm presence, 
size and numbers and improves the ecological information that single 

method approaches would otherwise miss. 

Advancements beyond eDNA metabarcoding have considerably increased 

during the course of this thesis. As discussed and reviewed in Chapter 5, 

techniques as species-speciʭc assays (Guri et al., 2024a; van Bleijswijk 
et al., 2020), long-read metabarcoding, metagenomics, epigenetics and 

population genomics can further improve ecological and taxonomic in-

formation from a monitoring survey and expand the molecular toolbox for 
marine monitoring. In addition, the innovative methods used in Chapters 

3 and 4 and reviewed in Chapter 5 demonstrate that using longer and 

eRNA fragments signiʭcantly enhances species and community resolu-

tion. Furthermore, metagenomics methods, as described in Chapters 2 
and 5, can potentially provide improved data on abundance and species, 
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especially as reference databases are extended with whole-genome se-

quences (Blasiak et al., 2020; Leray et al., 2022; Weigand et al., 2019). 

Multi-omics approaches can go beyond simple presence/absence studies 

and provide insights into functional potential and active gene expression, 
enabling an understanding of stress responses in an ecosystem (He et 

al., 2025; Hechler et al., 2025; Miyata et al., 2025). Additionally, omics 

data can reveal population genetic diversity, oʬering insights into con-

nectivity, demographic structure, and adaptive capacity of populations 

(Crowley et al., 2025; Serivichyaswat et al., 2025). Moreover, epigenetic 

methods can detect modiʭcations on the DNA in response to regulatory 
processes and changes enabling detection of environmental change, sex 
ratio, life-history characteristics, and can also uncover the age and sex 
ratios of individuals (Gerber et al., 2025; Silliman et al., 2023; Valk et al., 

2025; Viña-Feás et al., 2024). This further expands the capabilities of 
studying the North Sea ecosystem using molecular methods.

During the period the work for this thesis was performed, molecular 

tools have diversiʭed and have changed our view of the marine ecosys-

tem (Figure 2). 

Figure 2: Representation of the interactions between developments of the mo-

lecular toolbox, its limitations and the knowledge that is generated through mo-

lecular techniques and beyond shape our perception of marine life

Conventional monitoring methods mostly rely on the ‘visible’ characteristics of 
an ecosystem, whereas molecular techniques such as metabarcoding and multi-
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7.6 Future monitoring and research directions
Future molecular research should focus on developing and deploy-

ing integrated, multidimensional monitoring platforms that combine 

molecular tools, such as eDNA metabarcoding and metagenomics, with 

automated sampling and real-time sequencing. These systems (either in 

combination with robotics or animal tags) should improve cost eʯciency 
and scalability for large-scale monitoring programs, enabling remote 

sampling over large areas and longer timeframes. In addition, automated 

molecular monitoring should be complemented with video and acoustic 

methods to improve estimates of life stage and biomass. 

Simultaneously, molecular methods should be expanded from targeting 
single taxonomic groups (e.g., ʭsh) to multi-trophic and community-
wide biodiversity assessments, also incorporating microbial and plank-

tonic taxa. In addition, advances in studying the functional community 
through multi-omics techniques should be integrated, as this type of 

data can help further understand responses to human pressures such as 

trawling, pollution, and warming. These developments will not be pos-

sible without improving reference databases that support the identiʭca-

tion of omics data; therefore, consortia involved in North Sea molecular 

monitoring should focus on expanding these databases to include whole 
genomes and transcriptomes. 

Harmonised and standardised molecular data should be used for eco-

logical models. In addition, applying and developing machine learning 

models should be prioritised to connect patterns, thereby improving 

monitoring capabilities and scalability, and to better understand habitat 

connectivity, community dynamics, and functional responses to chang-

ing conditions and disturbance. 

omics sequencing provide new layers of knowledge on stress response, species 

dynamics, and population connectivity that were previously unavailable. Thus, 

novel molecular tools provide additional knowledge about food webs, ecosystem 

dynamics and biodiversity. Simultaneously, methodological limitations and tech-

nical choices further shape how we view the North Sea ecosystem. In biodiversity 

monitoring contexts, molecular advances change the perception from collecting 
species lists to a more interconnected understanding that is structured by species 

interactions, functional processes and responses and become central to ecology. 

Technological development shapes new ecological research questions, thereby 

changing what we recognise as ecologically relevant and fundamentally reshap-

ing our perception of marine life and redeʭning how we need to preserve it. 
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Finally, as anthropogenic marine infrastructure is likely to intensify, 
collaboration between oʬshore industry and conservation scientists will 
become increasingly important. These collaborations should focus on in-

tegrating automated, non-invasive monitoring devices into existing and 
future structures, such as wind turbines and artiʭcial reef installations, 
enabling long-term and continuous data collection that can evaluate 

both ecological beneʭts and risks. By combining data generated from 
diʬerent locations and habitats using an automated tool, it is possible to 
scale up from local sampling to a seascape ecological network. In doing 

so, current biodiversity monitoring will evolve towards a more in-depth 

understanding of marine ecosystem health, dynamic and resilience.

Conclusions
This thesis has demonstrated how novel molecular methods can substan-

tially improve biodiversity monitoring of the North Sea. Throughout the 

Chapters, sequencing platforms as Oxford Nanopore have been validated. 
The potential of molecular methods for harmonized and standardized 

monitoring are highlighted, and showed to deliver reliable information 

that aligns with conventional methods or known compositions. Innova-

tive metabarcoding methods, such as long read metabarcoding, improve 

species-level identiʭcation, and eRNA metabarcoding reʮects the ac-

tive and more recent community. Application of the methods to natural 

reefs further illustrates the ecological value of eDNA metabarcoding, 

as distinct reef-associated communities show distinct functional trait 

compositions. Molecular data were further linked to a non-invasive video 

survey, demonstrating the importance of using complementary methods 

for in-depth biodiversity assessments. 

These ʭndings demonstrate that molecular monitoring tools are powerful 
and suitable for routine use, capturing part of the diversity that conven-

tional methods might miss. Further development and integration into 
long-term monitoring programmes could enhance ecological assessment 

and support evidence-based management. By adopting scalable, faster, 

and more comprehensive approaches that are complementary and stan-

dardised, this thesis supports a fundamentally improved way of observ-

ing North Sea ecosystems, thereby guiding better sustainable industrial 

development and conservation management strategies. 
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SUMMARY

The North Sea is one of the most productive seas globally and contains 

several biogenic reefs that host a range of ʭsh and invertebrate species. 
Yet the North Sea is heavily used, putting substantial pressure on its 

habitats and marine communities. In response, several conservation and 

restoration measures, as well as nature-inclusive designs in industry, are 

in place and need to be guided by robust, transparent monitoring meth-

ods. eDNA metabarcoding holds great promise for marine biodiversity 

assessments, and novel sequencing platforms, such as Oxford Nanopore 
sequencing, can facilitate long-read metabarcoding and potentially im-

prove the resolution of species detection for monitoring the North Sea. In 

ʭve chapters, new molecular platforms and methods were veriʭed and 
applied to explore the biodiversity of natural and artiʭcial habitats of the 
North Sea. 

Chapter 2 compares short-read metabarcoding using Oxford Nanopore 
sequencing with metabarcoding using a conventional sequencing plat-

form Illumina MiSeq and metagenomics, and assesses their performance 

for macrobenthos biodiversity assessments in oʬshore windfarms in 
the Belgian part of the North Sea. Using marine invertebrate speciʭc 
markers, Nanopore and MiSeq yielded very similar alpha and beta di-

versity compositions and were consistent with observed location-speciʭc 
community patterns. Novaseq metagenomics yielded slightly diʬerent 
community compositions compared to metabarcoding and correlated 

poorly with size-corrected morphological abundance data. All methods 

had mismatches with classical monitoring methods, based on morpho-

logical identiʭcation of species, and likely reʮect primer biases and an 
incomplete reference database. Overall, this chapter emphasises that 

nanopore-based metabarcoding is a viable alternative to Illumina MiSeq 

for macrobenthos biodiversity monitoring.

Chapter 3 presents a long-read eDNA metabarcoding method using a 2kb 

mitochondrial primer targeting the 12S and 16S mitochondrial rRNA and 

the DECONA bioinformatics processing pipeline to handle error-prone 

nanopore reads. The results from the 2kb primer were compared with 

a widely used universal ʭsh (MiFish) primer. Mock communities and 
aquarium eDNA showed improved species-level resolution with the 2kb 

fragment. Still, North Sea samples from shipwrecks, the Borkum reef 

grounds, and a wind park yielded more species detections with the Mi-

Fish primer. This is likely due to a lower presence of longer reads in the 
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environment, as they degrade to shorter fragments over time. This dem-

onstrates the potential of long-read metabarcoding to provide a more 

accurate picture of species that were recently present. 

Chapter 4 presents an eRNA-based metabarcoding method to assess the 

vertebrate biodiversity on a natural Horse mussel (Modiolus modiolus) 

reef in a marine protected area in the Scottish part of the North Sea. By 

comparing short-read eDNA, long-read eDNA and short-read eRNA frag-

ments, this chapter evaluates how nucleic acid type and fragment length 

inʮuence community resulting species community detected. Short-read 
metabarcoding detected the highest diversity and was the only method 

that distinguished communities between high and low reef density. 

eRNA was similar to short-read eDNA but missed many large vertebrates, 

such as sharks and rays, suggesting that eRNA reʮects the active local 
benthic community. Long fragments from the 2kb primer showed the 

lowest detectability, contradicting earlier statements that long-read me-

tabarcoding may provide a more temporally accurate signal.

 Chapter 5 reviews current and future monitoring tools for assessing 

North Sea biodiversity and eʬective monitoring. The chapter outlines the 
strengths and limitations of existing molecular methods, including eDNA 
metabarcoding, and metagenomics, and describes improvements to their 

application. This chapter also explores emerging DNA and RNA-based 
methods, such as epigenetics and metatranscriptomics, that can poten-

tially improve understanding of ecosystem functioning. The chapter also 

discusses the challenges of reference database curation and standardisa-

tion, and concludes with recommendations for further integrating novel 

molecular methods into harmonised, long-term biodiversity monitoring 

of the North Sea. 

Chapter 6 applies metabarcoding methods to study marine vertebrate 

diversity in two North Sea shellʭsh reefs: a mixed shellʭsh reef in the 
Dutch Voordelta and a Horse mussel reef at Noss Head, Scotland, to 

evaluate their role as essential ʭsh habitats. By comparing stations in-

side and outside the reef using eDNA and baited remote underwater video 

(BRUVs), this chapter shows that vertebrate diversity was consistently 

higher inside the reef and that richness declined with increasing distance 

from it. The reef community included reef-associated species such as 

gobies, gunnels, and clingʭsh, as well as commercially important spe-

cies like cod and pollock. eDNA detected more species overall, but BRUVs 
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captured juvenile ling individuals, as veriʭed by eDNA, demonstrating 
the value of using complementary methods for monitoring. 

Chapter 7 discusses the thesis outcomes by examining the eʬectiveness 
of novel molecular methods for biodiversity assessment and monitoring 

in the North Sea. The ʭndings indicate that i) Nanopore metabarcod-

ing is comparable to Illumina metabarcoding for assessing macroben-

thos, making it a viable option; ii) Long-read and eRNA metabarcoding 

enhance species identiʭcation and active community detection; and iii) 
eDNA metabarcoding reveals distinct biodiversity patterns linked to reef 

density and natural reefs. In summary, this thesis highlights the value of 

these methods for improved, standardised, non-invasive monitoring of 

the North Sea ecosystem.
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