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1. Summary 

DNA-based monitoring has the potential to provide high resolution biodiversity data from the 
marine environment at a fraction of the time and costs associated with morphology based 
monitoring. Yet, proper ground truthing of DNA-based monitoring is needed across different 
member states to reach harmonization of methods and to pave the way for implementation in 
national and European monitoring programs. Within the GEANS soft sediment pilot, three case 
studies were selected in which bulk DNA-based monitoring was conducted in parallel with 
morphology-based monitoring: 1/ national ecological impact monitoring for aggregate 
extraction in the Belgian part of the North Sea, 2/ long term monitoring of a North Sea benthos 
observatory sampled since 1978 in Germany and 3/ impact assessment of mechanical harvesting 
of lugworms (Arenicola marina) in The Netherlands. The first two case studies showed very 
consistent results with identical ecological patterns in alpha diversity (number of species, 
Shannon-diversity) and beta diversity (community composition) compared to traditional 
morphology based sampling despite the very different objectives of the two studies. Differences 
between the two methods were situated in the number of species detected - significantly more 
species were detected with DNA-based monitoring - and in their identity - only 37% (case study 
1) and 25% (case study 2) of the species were detected by both methods thereby emphasizing 
the complementarity of the two methods. The species responsible for the observed differences 
linked to sand extraction or to the seasonal fluctuations in the long term monitoring study were 
to some extent shared between the two methods, but each method also had unique indicator 
species. For the lugworm case study, no data could be obtained because of a failure in the PCR 
amplification step. This illustrates that DNA-based monitoring may also come with a risk of 
getting no data and highlights the importance of following accurate field and lab protocols. In a 
fourth case study, eDNA from the sediment instead of bulk DNA was used to determine 
macrobenthos as part of the national MSFD monitoring in the Danish part of the North Sea. 
Here, similar ecological patterns were observed between eDNA-based and morphological data 
with both methods showing significant differences between the locations and between the two 
depth zones. However, species lists were completely different between the two methods, 
illustrating that eDNA from the sediment is not suitable for macrobenthos monitoring related to 
MSFD assessments. The case studies all tracked time and costs associated with the two methods, 
and provide empirical evidence that bulk DNA-based monitoring is 26-27% cheaper and 46-66% 
faster than morphology based monitoring. A SWOT analysis for DNA-based monitoring of 
macrobenthos was conducted based on our experience with the case studies, and the 
contribution of GEANS to solve some of the weaknesses and threats are provided. Finally, we 
provide practical recommendations for performing DNA-based monitoring and highlight the 
next steps towards implementation of the method for marine soft-bottom environmental 
monitoring. 

2. Introduction 
Soft-bottom animals bigger than 1 mm, also known as macrobenthos, are good indicators to 
assess marine environmental quality. Consequently, soft sediment samples are taken all around 
the North Sea in the framework of the European Marine Strategy Framework Directive (MSFD), 
environmental impact assessments or for monitoring long-term environmental trends. Despite 
the different objectives of these monitoring programs, the overall sample processing is largely 
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similar: macrobenthos individuals are sorted, counted and identified under a stereo-
microscope by taxonomic experts. This is a time-consuming process, and accuracy of species 
detection relies on the skills of the identifier. Furthermore, conventional monitoring of soft 
bottom fauna is based on grabs (Fig 1) with a small sampling surface (0.1 to 0.5 m²) compared 
to the total area under study and thus a single sample only represents a fraction of the species 
pool present in the surroundings. Hence, the number of detected species depends on the 
number of samples collected, and only a limited part of the diversity of the sampled area will 
be described. Marine benthic environmental assessments thus depend on the number of 
collected samples and  the expertise of the taxonomist.  
DNA-based approaches, where species can be distinguished based on their unique DNA 
barcode, may speed up and complement the conventional methods for species identification. 
The approaches used in this project, either use so-called bulk DNA where the macrobenthos 
species are used as starting material or use DNA molecules released by the benthos in the water 
or sediment through e.g. tissue, faeces, slime, cells, gametes (so-called eDNA or environmental 
DNA). Common for the DNA-based approaches is that they do not rely on sorting and 
identifying each individual specimen, and can therefore easily process many samples without 
similar upscaling of the costs associated with sample processing. DNA-based methods may 
therefore provide more representative biodiversity data for a study area. 
The GEANS soft-bottom pilot was designed to compare traditional morphology based 
processing of macrobenthos samples with bulk DNA or sediment eDNA processing of the same 
samples in four different monitoring case studies in the North Sea: national ecological impact 
monitoring for aggregate extraction in the Belgian part of the North Sea, national MSFD 
monitoring in the Danish part of the North Sea, long term monitoring of a North Sea Benthos 
Observatory sampled since 1978 in Germany and impact assessment of mechanical harvesting 
of lugworms (Arenicola marina) in the Wadden Sea near Texel (The Netherlands). The different 
case studies were specifically chosen to evaluate whether DNA-based monitoring reveals 
similar ecological patterns in alpha diversity (e.g. number of species, Shannon-diversity) and  
beta diversity (e.g. community composition) compared to traditional morphology based 
sampling. We also investigated whether both approaches detected the same species and 
whether the indicator species identified by each approach were similar. A SWOT analysis based 
on the results of these case studies supports our final recommendations on how DNA-based 
monitoring can be implemented in marine soft-bottom environmental monitoring. 
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Figure 1. Overview of typical steps involved in conventional monitoring of soft 
sediment habitats. A/ Soft-bottom grab; B/ sediment sample; C/ sieving of sediment; 
D/ collection of macrobenthos in formalin. 

3. Pilot design 
The soft sediment pilot consists of four different monitoring case studies: a/national ecological 
impact monitoring for aggregate extraction in the Belgian part of the North Sea, b/ long term 
monitoring of a North Sea Benthos Observatory sampled since 1978 in Germany, c/ impact 
assessment of mechanical harvesting of lugworms (Arenicola marina) in the Wadden Sea near 
Texel (The Netherlands), and d/national MSFD monitoring in the Danish part of the North Sea. 

a. Case study on environmental impact assessment of marine aggregate extraction 
(Belgium) 

i. Design and monitoring objective 

This pilot was designed to evaluate whether DNA-based monitoring can be used for 
environmental impact assessment (EIA) of marine aggregate extraction. Marine aggregate 
extraction activities are extensive throughout the North-East Atlantic and alter the seafloor 
through sediment removal and sediment (re)suspension which in turn affect the benthic 
communities (de Jong et al., 2015, Wyns et al., 2021). Monitoring changes in soft-sediment 



Soft sediment pilot report     

 

6 
 

macrobenthos communities is part of a legally obliged environmental monitoring program for 
aggregate extraction activities in the Belgian part of the North Sea (BPNS). 

We selected three concession zones in the BPNS which are characterized by different degrees 
of extraction intensity: the Thortonbank, which is the epicenter of extraction since 2015 with 
continuous high extraction intensities of ca 150 000 m3/month for industrial use, the Oostdyck 
with continuous but low extraction intensities of around 30 000 m3/month for industrial use as 
well and the Hinderbanken with periodically high amounts of extraction (sometimes up to 500 
000 m3/month) for coastal protection. Depending on the amount of sand extracted during one 
year in a 50 m buffer area (i.e. 7800 m²) around our sampling location, three impact groups 
(high: > 2000 m³, medium: 500 – 2000 m³, low: < 500 m³) and a reference group (0 m³) were 
delineated in each of the sandbanks. Initially five locations were foreseen in each impact zone, 
but as the extracted volume of sand was only determined after sampling, between one and six 
locations for the impact zones were obtained, together with six to twelve  reference locations 
for each sandbank (Oostdyck: 12, Hinderbanken: 12 (2019) or 6 (2021) and Thorntonbank: 9).  
These locations were sampled in autumn 2019 onboard the RV Belgica and again in autumn 2021 
onboard RV Simon Stevin (Oostdyck), GEO-Ocean V (Hinderbanken) and GeoSurveyor XI 
(Thortonbank). 
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ii. Collection of samples 

 

Figure 2: Map of Belgian Part of the North Sea (BPNS) with the different sampling 
locations in three sandbank systems (Hinderbanken, Oostdyck, Thorntonbank) in 
2019 (78 samples, circles) and 2021 (65 samples, diamonds). Locations sampled in 
both years are indicated by triangles. Green: reference locations; orange: impact 
locations.  

Sediment samples were collected using a Van Veen grab (0.1 m²). During the 2019 sampling 
campaign, two replicate Van Veen grabs were collected in 78 locations distributed in impact and 
reference areas in the three sandbanks (Thontonbank, Hinderbanken and Oostdyck; Fig 2). For 
each grab, the sediment was sieved on a 1 mm sieve and the remaining animals were fixed in 
absolute ethanol and stored at -20°C until further DNA-based processing for the first Van Veen, 
or fixed in formalin for morphological identification in the lab for the second Van Veen. The 
ethanol-preserved samples of the Thorntonbank (n=24) were first identified morphologically 
and then bulk DNA processing took place. During the 2021 campaign, one Van Veen was 
collected in 65 locations distributed in impact and reference areas in the three sandbanks. The 
sediment was sieved on a 1 mm sieve and the remaining animals were fixed in absolute ethanol 
and stored at -20°C. Ethanol preserved specimens were first identified morphologically and then 
processed in the lab for bulk DNA-based identification.   



Soft sediment pilot report     

 

8 
 

iii. Lab processing 

Specimens were recovered from the formalin or ethanol samples by the decanting process using 
a 1 mm sieve and tap water (each sample was ten times decantated). Heavier specimens were 
added to the decanted material in ethanol/ formalin after screening the remaining material (e.g. 
shells). Specimens were identified morphologically up to species level, except for juveniles, 
which were identified up to genus level and specimens belonging to Nemertea, Anthozoa and 
Oligochaeta, which were identified up to phylum, class and order level, respectively. Molecular 
processing of the ethanol fixed samples was done according to the GEANS COI metabarcoding 
lab protocol (https://northsearegion.eu/geans/output-library/). Samples from 2019 were pooled 
into one library and samples from 2021 were pooled in a second library. Both libraries were sent 
to Admera Health (US) for paired-end 250bp Illumina Miseq sequencing. Each library was 
sequenced on a separate Miseq run. 

iv. Bioinformatic processing 

Bioinformatic processing of the sequencing data was separately conducted for each dataset 
(2019 or 2021) in R v4.0.2 (Core Team, 2022). The quality of demultiplexed reads was checked 
with MultiQC (Ewels et al. 2016), and forward and reverse primers were removed using 
Trimmomatic (Bolger et al. 2014). Amplicon sequence variants (ASVs) were generated using the 
Dada2 pipeline in the Dada2 v1.17.0 package (Callahan et al. 2016). Reads were further trimmed 
by removing parts with a quality score lower than 30. Forward and reverse reads were merged 
for each sample. Chimeras were removed with the removeBimeraDenovo function, and 
taxonomy was assigned with the assignTaxonomy function in the Dada2 package using the 
Ribosomal Database Project (RDP) Classifier (Wang et al. 2007). Standard settings were 
employed, except for the minimum bootstrap confidence parameter, which was set to 80. The 
GEANS reference database version 4 containing 1993 COI sequences from 565 species was used. 
Contaminants were removed from the dataset with the “prevalence” method (using the 
detected ASVs in the negative controls) of the decontam package v1.18.0 (Davis et al., 2017).  

v. Data-analyses 

Samples in the DNA-based analysis were rarified at 10 000 reads for the 2019 dataset and at 13 
000 reads for the 2021 dataset. This number was a tradeoff between reaching the plateau of 
the rarefaction curves and removing a minimum number of samples. Diversity was assessed 
using the lowest taxonomic classification (i.e. species level for bulk DNA and higher taxonomic 
classification for difficult-to-identify taxa using morphology). A square root transformation on 
the reads (bulk DNA datasets) and on the counts (morphological datasets) was performed to 
minimize effects of highly abundant species. The number of species and the Shannon diversity 
index were determined using the diversity function of the vegan package (v2.6.4, Dixon 2003) 
and visualized using the ggplot2 package (v3.4.0, Wickham 2016). The formalin-fixed samples 
collected in the Thorntonbank in 2019 were excluded from subsequent analyses. 

The effects of methodology and sand extraction impact on the number of species and Shannon 
index were tested using a mixed ANOVA model with fixed factors methodology (two levels: bulk 

https://northsearegion.eu/geans/output-library/
https://northsearegion.eu/geans/output-library/
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DNA, morphology) and impact (four levels: Reference, Low, Medium, High) and the interaction 
factor impact*methodology. Sandbank and sampling stations were considered random factors, 
with sampling stations nested within sandbank. Variation caused by sampling year was included 
as a fixed factor in the model because the number of levels (two: 2019 and 2021) was too low 
to be defined as a random factor. When the interaction effect was not significant, it was 
removed to only look at the main effects ‘methodology’ and ‘impact’. Model assumptions were 
checked by looking at plots of the residuals to investigate the homogeneity of the variances and 
the normality of the data. When model assumptions were not met, data were log transformed. 
If significant effects were observed, posthoc pairwise comparisons were calculated using the 
package emmeans v1.8.2. 

The effect of aggregate extraction and sandbanks on species numbers and Shannon index were 
studied using a mixed ANOVA model with fixed factors impact (four levels: Reference, Low, 
Medium, High) and sandbank (three levels: Hinderbanken, Oostdyck, Thornonbank). Variation 
due to sampling stations and sampling year were included as random factor or fixed effect (see 
above), respectively. This ANOVA was conducted on the bulk DNA and morphology-based 
datasets separately to investigate whether observed patterns were similar for both methods. 
When the interaction effect was non-significant, it was removed from the model to investigate 
the main effects of impact and sandbank. ANOVA assumptions and post hoc testing were tested 
as described above. The species detected with bulk DNA and morphology were compared using 
only the samples with data from both methods (so samples removed by rarifying in the bulk 
DNA dataset were also excluded from the morphology based dataset) and visualized with Venn 
diagrams for each sandbank and sampling year separately.  

For each sandbank and identification method separately, the variation in community 
composition between impact groups and years was investigated using non-metric 
multidimensional scaling (nMDS) plots based on the Bray-Curtis (Edward 1984) dissimilarity 
index using PRIMER 6. A two-way PERMANOVA was conducted in R with main effects  ‘impact’ 
(four levels: reference, low, medium, high) and year (two levels: 2019 and 2021), performed 
with 9999 permutations. A distance dispersion test and permutest were used to test the 
homogeneity of dispersion between samples with the R package “vegan” v2.5-6. For each 
sandbank, a SIMPER analysis (in PRIMER 6, 90% abundance cut-off level ) for both the 
morphological and bulk DNA identification method was performed to investigate which species 
contributed most to within-group similarity of the  different sand extraction impact groups. This 
allowed us to observe whether both methods revealed similar characteristic species groups. 

b. Case study on long-term soft bottom monitoring at Norderney island (Germany) 

i. Design and monitoring objective 

The study was performed north of Norderney Island in the Wadden Sea (Fig 3, South North Sea, 
Germany), one of the few long-term benthic study sites in the North Sea and the world. 
Senckenberg has a 45 year time series in this site (Zeiss & Kröncke, 1997; Kröncke et al., 1998; 
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2001, 2013; Dippner & Kröncke, 2015), where samples have been collected since 1978 aiming to 
monitor temporal variability on macrobenthic communities.  

For this pilot, the same sampling plan was followed as the one performed for the long-term 
monitoring since 1978 in order for our results to be comparable (Kröncke et al., 2001). Sampling 
was carried out on board of RV Senckenberg three times within the years 2019-2020. Samples 
were taken from five stations (stn 11, stn 12, stn 13, stn 14, stn 15) north from Norderney Island 
in water depths ranging between 12 and 20 m (Fig 3). The stations at the study site are 
characterized by fine sand (grain size: 63-250 µm) and a Fabulina fabula community (Kröncke et 
al., 2001; Kröncke & Reiss, 2010) in which the bivalve F. fabula, species of the polychaete genera 
Nephtys and Magelona, amphipod species of the genus Bathyporeia are dominant. No fishing 
by big vessels is allowed, while seldom smaller vessels fish in the area.  

 

Figure 3.  Map indicating the sampling locations in the long-term monitoring 
station of Senckenberg off Norderney island, Wadden Sea (North Sea). 

ii. Collection of samples 

Sampling was carried out in September 2019, March 2020 and June 2020 in parallel with the 
morphology-based sampling. Soft sediment samples were collected using a 0.2 m2 van Veen 
grab following the sampling protocol of the Norderney long-term monitoring (Kröncke et al., 
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2013) and were washed on board over a sieve of 0.63 mm mesh size (Fig 4). From each of three 
stations (stn 11, stn 13, stn 14), two replicate Van Veens were taken, of which one was fixed in 
formalin 4% and the other in 96% undenatured ethanol. From the remaining two stations (stn 
12, stn 15) six replicates were taken, of which three were fixed in formalin and three in ethanol. 
The ethanol from the samples was exchanged the following day and always kept in -20°C 
pending their morphological examination and DNA-based processing. Both ethanol and formalin 
preserved samples were sorted and then morphologically identified, except for the samples 
from June where only the formalin samples have been identified morphologically. Specimens 
from one replicate per station of the ethanol preserved samples have been pooled together 
(September and March) for bulkDNA metabarcoding, while for June, this one replicate was used 
directly for metabarcoding. The rest of the ethanol preserved replicates have been used for 
building the barcode reference library. In summary, for metabarcoding one sample per station 
from each season (with three DNA extraction pseudoreplicates) has been sequenced and 
analyzed (n=45); for morphology, from spring and autumn, one replicate from stations 11, 13 
and 14, and 3 replicates from stations 12 and 15 have been processed from each of the formalin 
and ethanol preserved samples. For summer, only one replicate from only formalin samples has 
been identified morphologically from all the 5 stations.    

 

Figure 4. Soft sediment sampling on board the RV Senckenberg off Norderney 
Island, Wadden Sea (North Sea). 
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iii. Lab processing 

Specimens were sorted and separated first in higher taxonomic groups from both the formalin 
and the ethanol preserved samples. For the samples collected in June, morphological analyses 
have been only carried out on the formalin preserved samples. In order to make the specimens 
easier visible, rose bengal stain was used for the formalin kept specimens but not for the ethanol 
preserved so as to not interfere with downstream genetic analyses. Specimens were identified 
morphologically down to species level, whereas for juveniles genus level identification was 
possible. Morphologically difficult groups such as Nemertea, Cnidaria and Oligochaeta, were 
only identified to phylum level.  

For metabarcoding, one ethanol-preserved sample from each station/season (total of 15 
samples) was homogenized for 60 seconds using a lab mixer. From each homogenized sample, 
three subsamples (pseudoreplicates) of 1.5 ml in sterile 1.5 ml eppendorf tubes were taken; the 
ethanol was completely evaporated using a SpeedVac centrifuge at 60°C for 1 hour.  Genomic 
DNA were extracted using the DNeasy PowerSoil Pro Kit (Qiagen) following the manufacturer’s 
protocol and eluted in 100 ul of elution buffer. Using a real-time PCR cycler, two qPCR were 
performed to amplify the COI gene fragment and attach unique dual indexes and Illumina 
universal adapters to each library. The first qPCR was performed using 1µl of mlCOIintF (Leray 
et al., 2013), 1 µl of jgHCO2198 (Geller et al., 2013), 10ul of SsoAdvanced Universal Inhibitor-
Tolerant SYBR Green Supermix (BIO-RAD), 6µl of DNase-free water and 2µl of template DNA. 
Initial denaturation of 98°C for 3 minutes followed by 30 cycles of denaturation at 98°C, 
annealing at 54°C, extension of 72°C (each step for 30 seconds) and a final extension of 72°C for 
3 minutes were set up for the first qPCR. Same supermix has been used for the second qPCR 
with 2µl of IDT® for Illumina® DNA/RNA UD Indexes, 6 µl of DNase-free water and 2ul of 1st PCR 
product as template. The cycling program followed: initial denaturation at 98°C for 1 minute, 15 
cycles of 98°C denaturation (10 sec), annealing and extension of 72°C (15 sec) and a final 
extension of 72°C for 5 minutes. The Relative Fluorescence Unit, Ct values, amplification and 
melting curves have been checked during the qPCRs to ensure the amplification of target 
fragment and attachment of the indexes. The indexed products were purified and normalized 
using SequalPrep™ Normalization kit (Thermofisher) prior pooling. A test run has been 
performed on pooled libraries consisting of 47 samples (15 samples * 3 seasons plus a positive 
and a negative control) using MiSeq Reagent Nano Kit v2 (250 cycles, 1 million paired end reads) 
followed by a final run of 25 million reads using v3 reagent kit (300 cycles, paired end) on MiSeq 
platform. 

iii. Bio-informatic processing 

The de-multiplexed NGS reads have been trimmed for primer sequences using BBmap 
(sourceforge.net/projects/bbmap/). Further the Illumina reads have been de-noised, truncated, 
merged to make contigs, filtered by length and quality scores, chimera detected and de-
replicated to ASVs using DADA2 pipeline (Callahan et al., 2016). A costume script (SGN 
Metabarcoding pipeline) has been used to blast the ASVs against the NCBI database 
incorporating BLASTn pipeline. The sequences of ten best blast hits were retrieved and pooled 
with the GEANS reference library v4 and this merged dataset was used as database (db) to assign 
the best and closest taxonomic assignment to each ASV including the percentage identity, query 

http://sourceforge.net/projects/bbmap/
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coverage, length of the fragment, GenBank/reference library accession number and number of 
reads per ASV. The taxonomic assignments of ASVs (which have been retrieved from GenBank) 
were checked against WoRMS to ensure accurate taxonomic assignment. The target 
macrofauna ASVs have been further aggregated into potential species using a similarity 
threshold of 97% (Neighbor Joining method). Only for the comparison between morphology and 
DNA-based identification the unique species names have been considered (the aggregated 
species have been merged into unique taxonomic species names).  

iv. Data-analyses 

The community analyses were performed at species (aggregated ASVs at 97% similarity) levels 
using different R packages: vegan, Limma, dada2pp, pairwiseAdonis and DECIPHER. 
Compositional differences of macrobenthos communities were examined between the five 
stations and three seasons illustrated by non-metric MDS plots applying Hellinger dissimilarity 
index and logarithmic transformation. Permutational multivariate analysis of variance was 
performed to investigate differences between seasons using the Hellinger distance applying 
logarithmic transformation and euclidean method. Multilevel pattern analysis using 
“Indicspecies” R package was performed to assess the strength and statistical significance of the 
relationship between species occurrence/abundance and groups of sites (here morphology and 
metabarcoding results).  

c. Case study on impact assessment of mechanical lugworm harvesting in the Wadden 
Sea (The Netherlands) 

i. Design and monitoring objective 
This study was set up to assess the impact of mechanical lugworm (Arenicola marina) harvesting 
in the Wadden Sea on macrobenthos communities. During high tide, a trawler removes and 
sieves the top layer of sediment along a transect, using their anchor as a winch. Because the 
trawler removes the top layer of sediment and discards it back into the sea after filtering, the 
seabed is turned, which may leave macrobenthos vulnerable to predation or buries them under 
sediment. Such disturbances may be lethal for several species, such as the common cockle 
(Cerastoderma edule), which can only survive in the upper 10 cm of the seabed. Previous studies 
have shown changes in macrobenthos communities in both species abundance and composition 
after physical disturbance. From dredging studies, where effects have been extensively studied, 
it is known that dredging is followed by a decline in species numbers, population density and 
biomass of macrobenthos (Newell et al., 1998; Queirós et al., 2006; Piló et al., 2019). Shortly 
after dredging, opportunistic species with a relatively fast reproduction cycle and growth are 
prevalent. Species with a longer lifespan and slow growth need more time for recovery, and 
recolonization in areas of low current velocity can take up to five to ten years (Van der Veer et 
al., 1985; Newell et al., 1998). The aim of this case study was therefore to analyse the impact of 
lugworm harvesting on benthic diversity using morphology based and bulk DNA-based analyses. 
For the latter, a detailed evaluation of the best primer set to use was conducted using mock 
communities of known macrobenthos composition. 

ii. Collection of samples 
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Three pairs of transects were sampled near the island of Texel in the Dutch part of the Wadden 
Sea (Fig 5), where each transect pair consisted of one transect that was undisturbed and one 
transect that was used for mechanical lugworm harvesting. Sampling was carried out by the 
Royal Netherlands Institute for Sea Research (NIOZ), using core samples  (177cm2, 25-30cm 
depth), which were sieved on a 1 mm sieve. Along each sampling transect, a total of six samples 
were collected. The transects were sampled a total of seventeen times, starting on 20-3-2016 
(the morning before the lugworm harvesting) with intervals ranging from a few days to several 
months (Fig 5). Sieved macrobenthos samples were freeze dried using the Alpha 2-4 LSCbasic 
(Martin Christ) and stored at -30°C. Of each transect, three samples were morphologically 
identified by NIOZ.  

 
Figure 5. Sampling moments and transect locations of the coast of Texel. 

ii. Lab processing 
The freeze dried samples were homogenized using liquid nitrogen and a mortar and pestle 
before DNA extraction, which was performed in triplicate using the MagAttract PowerSoil DNA 
Kit (Qiagen), according to the manufacturer protocol. The DNA extraction triplicates were then 
combined and measured on the DropSense 96 (Trinean). DNA was further cleaned with the 
OneStep PCR Inhibitor Removal Kit (Zymo Research), again following the manufacturer protocol, 
and measured on the DropSense 96 again. 
PCR was performed using the primer combination mlCOIintF (Leray et al., 2013) and jgHCO2198 
(Geller et al., 2013). PCR amplification was performed using different polymerases; KAPA HiFi 
HotStart ReadyMix (Roche), Taqman Environmental Master Mix 2.0 (ThermoFisher), and Phire 
II Hotstart (ThermoFisher). Further processing for Next-Generation Sequencing was not 
performed, as no usable PCR products were obtained from these bulk DNA extracts. 
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Various COI primer sets were tested on mock communities prepared from DNA extracts from 
recent collections deposited at the Naturalis Biodiversity Center. A total of 50 commonly 
occurring species were collected, including 33 BISI (Bentic Indicator Species Index) species. For 
each species, DNA was normalized to 5ng/µl and combined, in order to create a mock sample 
with equal proportions of all DNA extracts. A second mock sample was created the same way, 
except that eight species were diluted 1000 times before adding to the sample, to simulate rare 
species. These mock samples were amplified using different primer combinations from the 
literature, which were evaluated in silico before being applied to the samples. All species in the 
mock samples had been sequenced prior to this study, so COI barcodes were available for each 
of them. Five different forward primers were tested in silico: BF1, BF2 (Elbrecht & Leese 2017), 
BF3 (Elbrecht et al., 2019), mlCOIintF (Leray et al., 2013) and mlCOIintF-XT (Wangensteen et al., 
2018). In the amplification evaluation, the standard forward primer was compared to the best 
primer according to the in silico test (mlCOIintF and mlCOIintF-XT, respectively), which were 
combined with jgHCO2198 (Geller et al., 2013) and Fol-Degen-Rev (Yu et al., 2012). A dual 
indexed MiSeq amplicon library was prepared using two rounds of PCR amplifications, using 
Nextera-tailed primers for the first round. All PCRs in the first round contained 20 μl reactions 
with 10 μl 2x TaqMan Environmental Master Mix 2.0 (Thermo Fisher), 1 μl of template, 7 μl MiliQ 
and 1 μl (10 pMol) of both a forward and a reverse primer. Initial denaturation was done at 96 
°C for 10 min, followed by 30 cycles of 96 °C for 30 s, 50 °C for 30 s, 72 °C for 20 s and followed 
by a final elongation 72 °C for 7 min. Twelve replicates were performed per mock with 1 µl 
template DNA, and one additional PCR was performed for each mock with 12 µl of template 
DNA. To ensure the PCR was successful the product was checked on an E-Gel 96 pre-cast agarose 
gel (Thermo Fisher), and the PCR products were cleaned with NucleoMag NGS-Beads (Machery-
Nagel) using a 1:0,9 ratio. The second round of PCRs was done in 20 μl reactions using 10 μl 2x 
TaqMan Environmental Master Mix 2.0 (Thermo Fisher), 1 μl of MiSeq Nextera XT labels, 4 μl 
PCR product and 4 μl MiliQ. The initial denaturation was performed at 96 °C for 10 min, followed 
by 8 cycles at 96 °C for 30 s, 55 °C for 60 s, 72 °C for 30 s and followed by a final elongation at 72 
°C for 7 min. PCR products were then cleaned with NucleoMag NGS-Beads using a ratio of 1:0,9 
and then quantified on the QIAxcel (Qiagen) and pooled equimolarly with the QIAgility (Qiagen). 
The pool was quantified on the Bioanalyzer 2100 (Agilent Technologies) with the DNA High 
Sensitivity Kit, and run on the Illumina MiSeq at BaseClear (Leiden, the Netherlands). 

iii. Bioinformatic processing 
No bio-informatic processing and analyses were performed for the impact study, due to failure 
of the PCR amplification. Consequently, a comparison between morphology based and bulk 
DNA-based biodiversity analyses could not be performed. 
For the mock samples in the primer and PCR evaluation, filtering and clustering of the raw data 
obtained from the Illumina MiSeq was performed in the bioinformatics pipeline of Naturalis 
Biodiversity Center through a Galaxy instance. Raw sequences were merged using FLASH and all 
non-merged reads were discarded. The reads were split into the four different primer 
combinations and the primers trimmed from the merged reads using Cutadapt. All reads with 
primers not present or not anchored were discarded. Sequences with a length below 310 bp and 
above 316 bp were discarded using PRINSEQ. Reads were clustered into OTUs with UNOISE2 
with an alpha value of 0.5. A 0.02% threshold was used to omit spurious reads from the OTU 
tables. A custom reference was created from the individually sequenced specimens that were 
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used for the mock samples. Comparison between the mock samples and the custom reference 
was done with BLASTn (using 100% identity match). 
 

d. Case study on MSFD monitoring in the North Sea (Denmark) 

i. Design and monitoring objective 

Danish monitoring conducted for the Marine Strategy Framework Directive (MSFD) in the North 
Sea (NOVANA) consists of 20 sets of sampling grids of 2 to 6 km², distributed evenly over the 
Danish part of the North Sea (Fig 6). Biannual sampling of 10 grids each year is conducted using 
conventional morphology based analyses. The NOVANA program has been running from 2015 
to 2021. The sediment composition at the sampling sites ranges from coarse sand and gravel to 
fine sand and muddy sand at the deepest westernmost stations. Depth ranges from 19 to 79 m. 
The sample stations can be broadly divided into two categories based on depth. Sediment in 
coastal stations (<44 m depth)  are likely more mixed (mix) than offshore stations (> 44 m depth, 
bottom). 

The pilot study in the Danish part of the North Sea was designed to investigate if and how eDNA-
based analysis of soft bottom sediments can supplement the on-going conventional Danish 
North Sea monitoring program (NOVANA). Specifically,  the pilot investigated to what extent 
species identification by sediment eDNA metabarcoding represents the benthic fauna identified 
by conventional methods. Furthermore, our analysis was designed to investigate patterns in 
species composition with increasing depth in the North Sea. 

 

Figure 6. Left panel: map of the NOVANA sampling sites where soft bottom fauna 
is sampled as part of MSFD-monitoring. The stations sampled in April 2019 are 
encircled with pink. The gray shades indicate the substrate while the color of the 
sampling sites indicates how the infauna community groups together in different 
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areas. Right side: Example of a station grid with 42 individual sample locations (blue 
dots) and the subset of samples selected for eDNA analyses (purple circles). 

i. Collection of samples 

In April 2019, the morphology based monitoring program focused on 11 grids where sediment 
was collected in 42 stations within each grid (Fig 6). The field sampling uses a Haps bottom corer 
(Kanneworff & Nicolaisen 1973) covering a sampled area of the sea floor of 0.0143 m2. The Haps 
corer is further equipped with a vibrator to ensure penetration to about 20 cm into the 
sediment. All sampling of the macrofauna follows a set of national guidelines (Hansen & Josefson 
2014), in line with corresponding guidelines under the Sea Conventions OSPAR and HELCOM. In 
short, the sediment collected by the Haps corer is sieved onboard the ship using a 1-mm sieve 
and all retained material are preserved with 70 % ethanol (final concentration) for later analysis 
in the laboratory. The material is sorted under the microscope where all animals are identified 
to the lowest possible taxon leading to a final data format of species-specific abundance and 
wet weight for each individual sample and is stored in the National Marine Database.  

Sediment samples for eDNA analysis were collected from the same Haps cores that were part of 
the morphological monitoring program and subjected for later analysis of the infauna 
community. Sediments were sampled from five random samples in all 11 grid areas. Upon 
retrieval of the Haps core, a small subsample (20 ml, sediment surface area of 2.2 cm²) of the 
surface sediment was sampled with a 20-ml open-cut syringe that penetrated about 9 cm into 
the sediment (Fig 7). The syringe samples were immediately stored at -20°C, while the rest of 
Haps sample was processed for macrofaunal analysis as described above. Hence, for each Haps 
core one syringe sample was analyzed, resulting in five replicates of both eDNA and conventional 
species identification within each of the 11 grid areas. For eDNA and conventional monitoring 
comparison, we found syringe samples collected from haps cores for 9 grid areas out of 11, thus 
we only used 9 grid areas (stations) for diversity based analysis.  
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Figure 7: Example of intact sediment sample within syringe. 

ii. Lab processing 

Sediment in the syringes was sliced into five depth layers:  0-2 cm, 2-4 cm, 4-6 cm, 6-8 cm and > 
8 cm. In order to avoid mixing of the sediment profile, slicing of the sample was completed 
before the sediment was fully thawed.  Each slice was weighed before DNA extraction, and DNA 
was extracted from 0.250 g sediment using the PowerLyzer UltraClean Microbial DNA isolation 
kit (Qiagen) according to the manufacturer's instructions. The DNA concentration was measured 
with a Qubit® Fluorometer (Thermo Fisher Scientific) and stored at -20°C until the amplicon 
libraries were prepared. All DNA extractions and slicing of the samples were done in a clean 
DNA-laboratory inside a clean flow bench. Further measures to avoid contamination and mixing 
of DNA between samples involved alcohol and flame sterilization of scalpels used to slice the 
sediment and changing of gloves between each handled syringe following general 
recommendations.  
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Two sets of primers targeting the mitochondrial  COI region and the ribosomal  18S rDNA were 
used for library preparation (Leray et al. 2013; Stat et al. 2017). The initial PCR amplicons were 
generated using 25 μL reaction mixture consisting of 0.25 µL PCRBIO HiFi Polymerase (2U/µL), 5 
µl PCRBIO reaction buffer (PCR Biosystems), 0.5 µl BSA, 16.25 µL water, 0.5 µL of of 10μM 
forward and reverse primers (10μM) and 2 µL of DNA template. For COI region, the PCR 
thermocycler program included an initial denaturation at 95°C for 2 minutes,  followed by 35 
cycles of 95°C 30 sec, 48-52°C for 30 sec, 72°C for 1 min and a final elongation at 72°C for 4 min 
followed by 4°C for 10 minutes. Multistep annealing temperature starting from 48°C for 10 
cycles, followed by 50°C for 10 cycles and by 52 °C for 15 cycles was used for the COI region. 
Thermal cycles were performed similarly for 18S rDNA, with the exception that the multistep 
annealing temperature started from 50°C for 10 cycles, followed by 52°C for 10 cycles and 54°C 
for 15 cycles. This was followed by a 15-cycle indexing PCR, during which unique index 
combinations (i7 and i5) and adaptors were added. The index PCR included 5 µl of PCR 1 product 
and primers with Illumina adaptors and in house dual index combinations using the 25 μl 
amplification mixture containing 0.25 µL PCRBIO HiFi Polymerase (2U/µL), 5 µl PCRBIO 
reaction buffer (PCR Biosystems), 2 μl of 10μM forward and reverse primers, 10.75 µL water and 
5μl template DNA. The index PCR program included 98°C for 1 min, 13 cycles of 98°C for 10 sec, 
55°C for 20 sec and 72°C for 40 sec and a final elongation of 72°C for 4 min. The PCR amplification 
was confirmed using 1.5% agarose gels and SYBR green staining. Subsequently, the amplicon 
products were cleaned using HighPrep™ magnetic beads (MagBio Genomics Inc. Gaithersburg, 
USA), according to the manufacturer's instructions. DNA concentrations were measured using 
Qubit 4.0 (Thermo-Fischer Scientific) with the High-Sensitivity DNA assay. Finally, amplicons 
were equimolarly pooled for equal representation in the sequencing library,  and sequenced on 
three Illumina Miseq runs (2*250bp, Department of Environmental Science, Aarhus University, 
Denmark).  

iii. Bioinformatic processing 

The DADA2 plugin in QIIME2 was used with default parameters except reads trimmed for primer 
sequence, and reads truncated after 230 bp (Callahan et al., 2016; Bolyen et al., 2019). For 18S 
rDNA, the resulting amplicon sequence variants (ASVs) were classified using the QIIME2 naive 
Bayes classifier trained on 99% Operational Taxonomic Units (OTUs) from the SILVA rRNA 
database (v. 138) after trimming to the primer region (Quast et al., 2013). COI ASVs were 
assigned using the naive Bayes classifier against MIDORI2 merged with GEANS reference 
database (v4). Singleton ASVs and ASVs found in only one sample were filtered out before 
taxonomic assignment. Blast taxa with high similarity and coverage (>97%) at species were used. 
The ASVs for each slice of individual syringe samples were merged for further downstream 
analyses, giving five biological replicates for each of nine grids. 

iv. Data-analyses 
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The ASV table and taxonomy files were imported into R and statistical analyses and data 
visualizations were performed in v.4.2.1 (R Core Team, 2022). Diversity based analysis (non-
metric multidimensional scaling and rarefaction analyses) was carried out using the ‘vegan’ 
package (Oksanen et al., 2019) and ‘phyloseq’ (McMurdie et al., 2013). Patterns in community 
composition and alpha diversity (the number of observed species and Shannon diversity index) 
were investigated for the COI and 18S datasets separately. In addition we investigated 
similarities in species composition using presence-absence data. Here we merged the ASV table 
(from 18S and COI) at species level using the tax_glom function from the ‘phyloseq’ package. 
Only metazoan taxa were kept in the final species table. The significance of differences between 
alpha diversity was evaluated using a non-parametric Kruskal-Wallis test followed by Tukey HSD 
test for pairwise comparison. To investigate patterns in species composition, we produced 
ordination plots using non-metric multidimensional scaling (nMDS). To investigate differences 
in species composition among sample stations, we applied a non-parametric analysis of variance 
(ANOSIM). Community analysis was performed using Presence/Absence data, using the PRIMER 
software (Clarke and Gorley 2006). A pairwise PERMANOVA test was performed in order to 
identify significant differences between stations using the ‘pairwise Adonis’ package in R. 
Benthic species associated with depth (indicator species) were calculated using the multipatt 
function from ‘indicspecies’ R package. Furthermore,  we used SIMPER analysis for the 
conventional and eDNA data using simper function from vegan. Presence-absence data was used 
to perform indicator species and SIMPER  analysis.  

e. Effect of sample fixative (formalin vs ethanol) on macrobenthos diversity  

For two case studies, replicate samples have been collected from the same stations and were 
fixed with either formalin or ethanol. Both sample types have been identified by morphology, 
and the ethanol samples also by bulk DNA analysis. This allowed comparing the effect of 
different fixatives on the species identification of macrobenthos samples.  

For case study “a” focusing on sand extraction impact,  replicate Van Veen grabs from the same 
locations in the Thorntonbank sampled in 2019 have been fixed with ethanol or formalin. 
Differences in taxonomic composition between the three methods were investigated with an 
ANOVA with main factors methodology (three levels: bulk DNA, morphFORMOL, morphETOH) 
and impact (four levels: Reference, Low, Medium, High). The species detected for each method 
were visualized with a Venn diagram. Community composition obtained with the different 
methods were visualised with nMDS plots based on Bray-Curtis dissimilarity in R. A two-way 
PERMANOVA was performed with main effects ‘identification method’ (three levels: 
morphology fixed on ethanol, morphology fixed on formalin, bulk DNA fixed on ethanol) and 
impact (four levels: reference, low, medium, high), performed with 9999 permutations. 
Homogeneity of dispersion between samples was checked using distance dispersion test and 
permutest with the package “vegan” v2.5-6. 

For case study “b” focusing on the long term monitoring of Norderney Island, the effect of 
sample fixatives (ethanol vs formalin) was investigated using a subset of stations for which 
species identification was available for three methods (bulk DNA from ethanol, morphology 
from formalin and morphology from ethanol) in autumn and spring. The number of species and 
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Shannon index were calculated and significant differences were assessed using a two-way 
ANOVA (factors season and method). The number of shared and unique species for each 
method/fixative was visualized with a venn diagram. Community differences were assessed 
using PERMANOVA, and visualized using an nMDS plot using presence/absence of species. 

f. Calculation of cost and time for DNA-based and morphology based sample processing 

Three case studies tracked time and costs of processing the samples by morphology or by DNA-
based methodology. For case study “a” (aggregate extraction), time and cost tracking was done 
on one set of samples i.e. the 24 ethanol preserved samples taken on the Thorntonbank in 2019. 
For case study “b” (long-term monitoring), time and cost calculations were done based on two 
sets of five ethanol-preserved samples collected in September 2019 and October 2020 for the 
morphological and bulk DNA analyses. For the bulk DNA analysis an extra set of five ethanol 
preserved samples collected in June 2020 was also taken into account. For case study “d” (MSFD 
monitoring), time and cost tracking was done as averages of 40 samples taken during 2019.  

Since the first two steps of sample processing (decantation and screening for remaining 
specimens) are similar for the bulk DNA and morphology based analyses, time-tracking started 
at the identification step for the morphology-based method and at the mixing step for DNA-
based analyses. For case study “d”, the first two steps of sample processing are different, since 
decantation and screening for remaining specimens are not needed for the eDNA analyses of 
the sediment. For this case study, time tracking of the morphology based method was done as 
for the two other case studies, but started from the DNA extraction step for the eDNA-based 
analyses.  For all methods, time tracking was done up to acquiring the species list with 
abundance and biomass or read numbers. For the morphology-based analyses, identification 
time followed by weighing the species was tracked for each individual sample. Input of the data 
in a database was timed in batch. For the bulk DNA-based analyses, mixing time was tracked per 
sample while all other steps (DNA extraction, PCR amplification,  library preparation and DADA2 
pipeline) were each timed for the entire set of samples. The different timings were summed for 
all methods as total time in hours and divided by the number of samples to get time per sample. 
Costs were calculated starting from the lab processing. Ship and sampling costs have not been 
included since these are similar for both methods. The costs included both 
consumables/equipment and personnel costs for each method. For personnel costs, the hourly 
rate of the executing person was multiplied by the total time spent on each method respectively. 

4. Results 
a. Case study on environmental impact assessment of marine aggregate 

extraction (Belgium) 

This pilot study investigated whether different identification methods (bulk DNA metabarcoding 
or morphology) yield similar results for monitoring sand extraction activity. ANOVA showed no 
significant interaction effect between the methodology and sand extraction impact for the 
number of taxa (Chisq=1.59, p-value=0.66) and for the Shannon diversity index (Chisq= 2.28, p-
value=0.52) (Table 1) indicating that both methods detect similar patterns in alpha diversity 
related to sand extraction activity. The bulk DNA dataset detected a significantly higher number 
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of taxa (mean=12.9 ±4.9 taxa) than the morphology-based dataset (mean=10.9 ± 8.3 taxa). Also, 
a significant effect of the sand extraction impact was observed, with the medium impacted 
group showing higher number of taxa (mean=14.8 ± 10 taxa) compared to the reference group 
(mean=10.43 ± 4.5 taxa) (Table 1). Shannon indices were significantly higher using 
morphological identification (mean = 2.1 ± 0.6) compared to bulk DNA (mean=1.8 ± 0.5) (Table 
1), and showed a significant effect of the sand extraction impact, with higher Shannon indices 
for medium (mean= 2.1 ± 0.7) and high (mean=2.1 ± 0.6) impacted locations compared to the 
the reference (mean=1.8 ± 0.5) and low (mean=1.9 ± 0.5) impacted groups when averaged over 
year and method.  

When looking at the sand extraction impact on the different sandbanks for each method 
separately, alpha diversity again yielded comparable results for both methods, except for a 
borderline significant interaction between sandbank and impact group for number of taxa  for 
morphology (Chisq=12.56, p-value= 0.049) that was not apparent for bulk DNA (Table 2). 
Nevertheless, for both methods, a significant difference in the number of taxa was observed 
between sandbanks (Table 2), with more species being found on the Thorntonbank compared 
to the two other sandbanks (Fig 8). Similarly, the Shannon index showed a significant effect of 
sandbank for both methods (Bulk DNA: Chisq=20.32, p-value=3.86e-05; morphology: 
Chisq=43.38, p-value=3.81e-10), and no effect of sand extraction impact (Bulk DNA: Chisq=4.42, 
p-value=0.22; morphology: Chisq=7.64, p-value=0.054) (Table 2). 
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Figure 8: Alpha diversity with the median and 25 and 75 percentiles of the  number 
of species (A) and Shannon index (B) per concession zone and per year for each 
impact group (reference, low, medium and high) determined using bulk DNA 
metabarcoding (yellow), morphological identification from ethanol (blue) and from 
formalin fixed samples (green). In some impact groups, less samples were used for 
the bulk DNA datasets due to low sequencing depth. The number of replicates is 
indicated above the boxplots.  

Table 1: Output of the mixed ANOVA for number of species and Shannon index, with fixed 
factors Identification method and impact and the interaction method*impact. Significant 
values are indicated in bold. 

  Number of species  Shannon Index 
 Chisq Df Pr(>Chisq) Chisq Df Pr(>Chisq) 
(Intercept) 163.1733 1 

 
< 2.2e-16 93.0508 1 < 2.2e-16 

Impact 10.9764 3 0.0119 9.4698 3 0.0237 
Identification_method 28.2589 1 

 
1.061e-07 31.1353 1 

 
2.406e-08 
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Impact:Identification_method No significant interaction, so removed 
from model 

No significant interaction, so removed 
from model 

 

Table 2: Output of the mixed ANOVAs for number of species and Shannon index in the bulk 
DNA and morphology-based dataset, with fixed factors impact and sandbank and the 
interaction impact*sandbank. Significant values are indicated in bold 

Number of species 
  Bulk DNA metabarcoding morphology 

Chisq Df Pr(>Chisq) Chisq Df Pr(>Chisq) 
(Intercept) 844.7042 1 

 
< 2.2e-16 201.5305 1  

Impact 4.8288 3 0.1848 2.7154 3 0.4376 
Sandbank 34.4708 2 

 
3.272e-08 8.2060 2 0.0165 

Impact:Sandbank No significant interaction, so removed from 
model 

12.6490 6 0.0490 

 Shannon Index 
  Bulk DNA metabarcoding morphology 

Chisq Df Pr(>Chisq) Chisq Df Pr(>Chisq) 
(Intercept) 36.2278 1 

 
1.755e-09 215.1946 1 < 2.2e-16 

Impact 4.4230 3 0.2193 7.6404 3 0.0541 
Sandbank 20.3225 2 

 
3.864e-05 43.3780 2 

 
3.807e-10 

Impact:Sandbank No significant interaction, so removed from 
model 

No significant interaction, so removed from 
model 

. 

The species identity was substantially different between bulk DNA metabarcoding and 
morphology since only 27.5% and 37.3% for the Hinderbanken, 26.5% and 36.4% for the 
Oostdyck and 28% and 37.6% for the Thorntonbank of the total detected species for 2019 and 
2021 respectively, were shared between the two methods (Fig 9). Most of the uniquely found 
taxa with the morphological method were classifications at a higher taxonomic level (13 and 6 
for the Hinderbanken, 13 and 8 for the Oostdyck, 29 and 15 for the Thorntonbank, in 2019 and 
2021 respectively) or, if identified at species level, were Polychaeta (14 and 5 for the 
Hinderbanken, 10 and 9 for the Oostdyck, 27 and 18 for the Thorntonbank respectively).  Some 
unique identifications for the morphology were not present in the reference database (7 and 4 
for the Hinderbanken, 6 and 5 for the Oostdyck, 22 and 15 for the Thorntonbank, in 2019 and 
2021 respectively) (Table 3). Most of the uniquely found taxa with bulk DNA had low read 
numbers (<100). 
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Figure 9: Venn diagrams of the taxa detected with bulk DNA metabarcoding and 
morphological identification, visualized per sampling year (2019 and 2021) and 
sandbank (Hinderbanken, Oostdyck and Thorntonbank). 

Table 3: Summary of the species uniquely found by one method: identified at a higher taxonomic 
level in one dataset or availability of a sequence in the reference database. 

 
  

Hinderbanken Oostdyck Thorntonbank 

2019 2021 2019 2021 2019 2021 

Shared species 19 19 18 20 37 41 

Unique for morphological method 27 15 32 16 70 42 

➔ Higher taxonomic level 13 6 13 8 29 15 

➔ No reference sequence available in the used 
reference database 

7 4 6 5 22 15 

➔ Phylum = Mollusca 5 0 7 2 13 3 

➔ Class = Polychaeta 14 5 10 9 27 18 

Unique for Bulk DNA metabarcoding method 23 17 18 19 25 26 

➔ Low read numbers (<100) 14 13 14 14 11 20 

➔ Higher taxonomic level present in 
morphological identified samples 

2 
 
 

2 4 3 11 7 

Community PERMANOVA results were comparable between the bulk DNA and morphological 
identification method for the Oostdyck, where a significant effect of the main factors year and 
impact was observed (Table 4). The high impact samples cluster separately from the reference 
and low impact samples, but no significant post hoc tests for the bulk DNA were obtained (Fig 
10). For the Hinderbanken, only a significant effect was seen for the factor year using the bulk 
DNA metabarcoding method, while for the morphological identification method also a 
significant effect of the main factor impact was observed. Posthoc tests showed that high impact 
samples were significantly different from the reference and low impact samples. A significant 
interaction effect was observed for the Thorntonbank with the bulk DNA metabarcoding 
method while this was (borderline) non significant for the morphology-based method. The main 



Soft sediment pilot report     

 

26 
 

factors year and impact were significantly different with both methods (Table 4). Significant 
PERMANOVA results of factor impact in the Oostdyck (both methods) and Thorntonbank 
(morphological method), the interaction impact*year in the Thorntonbank (bulk DNA) and the 
factor year in the Hinderbanken were caused by location as well as by dispersion effects, as 
significant permdisp results were seen (Table 4).  

 

Figure 10: nMDS plots per sandbank (Hinderbanken, Oostdyck and Thorntonbank) 
and method (left: bulk DNA metabarcoding, right: morphology). The different 
colors indicate the sand extraction impact (REF: grey, LOW: green, MEDIUM: 
orange, HIGH: red) and the two years are visualized by a different symbol (2019: 
triangle, 2021: circle).  

Table 4: Output Permdisp  and PERMANOVA with main factors year (2019 and 2021) and impact 
(reference, low, medium, high) per sandbank for bulk DNA and morphology separately.  
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SIMPER results showed that the number of species contributing most to within-group similarity 
of the different extraction impact groups were very similar between the two methods for the 
three sandbanks. The biggest discrepancy was observed for the medium and high impact zones 
of the Thortonbank, where more species contributed to within-group similarity for morphology 
(resp. 14 and 13) compared to bulkDNA (resp. 8 and  10) (Table 5). Additionally, the species 
contributing most to within-group similarity (i.e. most characteristic species) are similar 
between both methods. The species with high contributions that were not shared between the  
method showed rather high read numbers or density, and therefore can not be explained by a 
lower abundance in the sample (Table 5).  

Table 5: Simper analysis showing the species contribution within-group similarity in each impact zone per 
sand bank (for bulk DNA metabarcoding and morphology, in %). Species were included to the list so the 
total contribution reached 90%. Species that were found in both datasets (bulk DNA and morphology) are 
marked in blue. For species uniquely found by one method, the read numbers or density is given. 

 Hinderbanken  Oostdyck  Thorntonbank  

   Bulk 
DNA  

morpholo
gy 

Abundan
ce (read 
numbers 
OR 
density) 

  Bulk 
DNA 

morphol
ogy 

Abundan
ce (read 
numbers 
OR 
density) 

  Bulk 
DNA 

morpholo
gy 

Abundan
ce (read 
numbers 
OR 
density) 

ref       
Nephtys 
cirrosa 

55.3
9 

57.97  Nephtys 
cirrosa 

55.5
2 

32.53  Nephtys 
cirrosa 

45.1
3 

28.11  

Ophelia 
borealis 

19.2
2 

17.78  Echinocardi
um 
cordatum 

11 4.46  Spiophanes 
bombyx 

21.9 14.84  

Scolelepi
s 
bonnieri 

11.4
9 

  24988 Gastrosacc
us spinifer 

5.87 2.77  Scolelepis 
bonnieri 

11.2
2 

  18557 

Gastrosa
ccus 
spinifer 

3.92   5522 Scolelepis 
bonnieri 

5.74 3.11  Echinocardiu
m cordatum 

7.54   23811 

Bathypo
reia 
elegans 

 8.07 250 Thia 
scutellata 

5.61   15081 Urothoe 
brevicornis 

3.59 7.36  
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 Hinderbanken  Oostdyck  Thorntonbank  

Hesionu
ra 
elongata 

 6.74 200 Spiophanes 
bombyx 

4.52 5.06  Thia 
scutellata 

2.53   5770 

      Bathyporei
a elegans 

4.11 29.64  Hesionura 
elongata 

 25.85 1100 

      Hesionura 
elongata 

 14.46 2650 Bathyporeia 
elegans 

 8.68 470 

            Diogenes 
pugilator 

 3.53 270 

              Gastrosaccus 
spinifer 

  3.1  

low 
  
  
  
  
  
  
  
  
  

Average 
similarit
y 

33.2
2 

24.87  average 
similarity 

36.3
4 

46.76  Average 
similarity 

36.0
2 

31.71  

Nephtys 
cirrosa 

57.9
1 

39.94  Nephtys 
cirrosa 

36.9
9 

28.33  Nephtys 
cirrosa 

42.9
3 

28.27  

Scolelep
is 
bonnieri 

12.8
3 

23.35  Echinocardi
um 
cordatum 

16.7 7.62  Spiophanes 
bombyx 

21.2
7 

7.58  

Urothoe 
brevicor
nis 

5.69 18.28  Scolelepis 
bonnieri 

9.8 4.1  Urothoe 
brevicornis 

9.57 9.92  

Lagis 
koreni 

5.51    Bathyporei
a elegans 

5.36 22.69  Thia 
scutellata 

7.4 4.1  

Gastrosa
ccus 
spinifer 

5.15   5765 Diogenes 
pugilator 

5.27 3.85  Ophelia 
borealis 

6.91  5.27  

Ophelia 
borealis 

3.34 4.69  Ophelia 
borealis 

5.09 4.54  Scolelepis 
bonnieri 

2.54   2836 

Pseudoc
uma 
simile 

 4.62 110 Thia 
scutellata 

3.74   7874 Gastrosaccus 
spinifer 

 6.98 60 

      Spiophanes 
bombyx 

3.72 3.51  Bathyporeia 
elegans 

  5.18 220 

       Megalurop
us agilis 

3.7 3.73      

me
diu
m 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Average 
similarit
y 
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 Hinderbanken  Oostdyck  Thorntonbank  
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 Hinderbanken  Oostdyck  Thorntonbank  

     Spiophanes 
bombyx 

 9.26 120 Lagis koreni 3.86   627 

     Diogenes 
pugilator 

 3.38 70 Pisidia 
longicornis 

3.23 2.06  

           Abludomelit
a obtusata 

 10.75 1580 

           Hesionura 
elongata 

 6.9 90 

           Aonides 
paucibranchi
ata 

 5.33 270 

           Owenia 
fusiformis 

 3.49 50 

              Nototropis 
swammerda
mei 

  2.81 320 

 

In conclusion, bulk DNA metabarcoding and morphology-based identification revealed 
comparable patterns in alpha and beta diversity related to sand extraction activity. However, 
bulk DNA detected significantly more taxa and showed significantly lower Shannon diversity 
than the morphology based method. Additionally, both methods detected very different species 
since at most 37% of the species were shared between both methods. Despite differences in the 
number and identity of taxa identified by the two methods, the common characteristic species 
contributing to within-group similarity (reference, low, medium, high) at each sandbank were 
similar for the bulk DNA and morphology-based method.   

b. Case study on long-term soft bottom monitoring at Norderney (Germany) 

In the seasonal sampling of Norderney soft bottom macrofauna, a total of 322 clusters (after 3% 
cut off) were identified to 151 unique species using bulk DNA metabarcoding of the ethanol 
samples, while 121 species were morphologically identified from formalin samples and 111 
species from ethanol preserved samples (together 140 species from morphology). Both 
morphology and metabarcoding indicated that collecting more samples would increase the 
number of captured species (Fig 11) 
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Figure 11: Rarefaction curves based on morphology (left panel) and bulk DNA (right 
panel) indicating that higher species richness could have been observed by 
increasing the number of collected samples in each season for both morphology 
and metabarcoding approach. 

Bulk DNA metabarcoding detected a higher number of species in summer compared to the two 
other seasons, while morphology showed a more or less similar number of species over the 
seasons (Fig 12). ANOVA results supported these findings and showed that the number of 
species was affected by a significant interaction between method (bulk DNA/formalin 
morphology) and season (Table 6). For the Shannon diversity index, no significant interaction 
between methods and season was observed, but a significantly higher index was achieved for 
the morphological dataset compared to the bulk DNA dataset (Fig 12, Table 6).    

 

Figure 12: Number of species ( left plot) and evenness (right plot) in each season for 
macrobenthos communities for bulk DNA metabarcoding (45 samples) and 
morphology (23 samples) from Norderney pilot study. Note that the formalin fixed 
samples are shown in this analysis, as there is no morphology data available for 
summer from ethanol preserved samples. The line in each box plot refers to the 
median.   
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Table 6: Analysis of variance (two way ANOVA) calculated for shannon index and the 
number of species (dependent variables) considering methods (bulk DNA metabarcoding 
and morphology formalin), the three seasons and the interaction of both factors. Only 23 
samples/replicates have been analyzed here. 

 

The number of shared species between stations was comparable between bulk DNA and 
morphology based analyses (31 vs 36 species, respectively), while bulk DNA metabarcoding 
showed a higher number of unique species in all stations and seasons compared to morphology 
based analyses (Fig 13). The number of  shared species among the three seasons was higher for 
the bulk DNA analyzes than for the morphology based analyses (53 vs 46, respectively). This 
might be partially due to the higher number of replicates (n=45) which have been analyzed for 
bulkDNA compared to morphology (n=23; summer is presented with only one sample per 
station). Summer shows the highest number of unique macrofauna species (n=112, in bulk DNA 
metabarcoding), whereas in morphology spring revealed the highest diversity by means of 
unique species (n=25).  
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Figure 13: Venn diagrams showing the presence of unique and shared macrofauna 
species between the five stations (upper plots) and three seasons (lower plots) for 
both bulk DNA metabarcoding (45 samples) of the ethanol samples and 
morphology of formalin samples (23 samples) of Norderney pilot study.    

 

When only using the same set samples for which bulk DNA and morphology (formalin) had been 
applied (23 samples), bulk DNA also showed a higher number of unique species (n=88) compared 
to formalin samples (n=66). Both methods detected very different species, since only 50 species 
(25%) are shared between the two datasets (Fig 14).  
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Figure 14: Venn diagram showing the number of shared and unique species 
between bulk DNA metabarcoding and morphology (formalin) samples from the 
same stations. For this analysis only 23 samples in which both methods were 
applied on the same samples have been considered.  

 

The analyses of dissimilarities between the composition of macrofauna communities (Hellinger) 
in both morphology (formalin, 23 samples) and bulk DNA (45 samples) separated station 15, 
which is the deepest station, from the other stations in all three seasons (Fig 15). Both methods 
also revealed significant differences in community composition between the three seasons (Fig 
15, Table 7).  

 

Figure 15: nMDS plot using Hellinger distance and logarithmic transformation 
comparing the composition of macrofauna among stations and seasons at 
Norderney island by bulk DNA (left plot, 15 samples with each three DNA 
extractions)  and  morphology (formalin, right plot, 23 samples). Both methods 
support distinct clustering between seasons, while stations showing mixed diversity 
with exception of station 15 (in both methods) and 11 only by metabarcoding. 

Table 7: PERMANOVA comparing the community between seasons and pairwise multivariate analyses of 
variance using Hellinger distance ((logarithmic transformation) and Euclidean algorithm performing 
pairwise comparison of the three seasons of Norderney pilot study by bulk DNA metabarcoding and 
morphology results. Both methods support significant differences between seasons. 
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Indicator species analysis showed that bulk DNA analysis had a higher number of indicator 
species for each season than the morphology based analysis, and only few species are indicator 
species for both datasets (Table 8). Lack of morphological identifications for certain groups e.g. 
Bryozoa, Anthozoa, Hydrozoa, Nemertea and Tanaidacea, as well as some juvenile or damaged 
specimens of Cumacea, Bivalvia, Ophiuroidea, Asteroidea and Polychaeta can explain these 
differences.  

 

Table 8: Multilevel pattern analyzes detecting indicator species for the two approaches over the 3 seasons 
applied on 23 samples in which both methods were applied. Species in blue are common indicators in both 
approaches in each season. Names in red are only identified at high taxonomic level (morphologically) 
therefore, no certain statements can be provided from them in comparison to species from the same group 
identified to species level in bulk DNA metabarcoding. 
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In conclusion, bulk DNA metabarcoding detected significantly more macrobenthos species and 
had significantly lower Shannon diversity than morphology-based analyses. Patterns of species 
numbers were significantly different between the two methods, while evenness patterns were 
identical. Both methods also detected different macrobenthos species, as only 25% of species 
were shared between the two methods. Despite the different species picked up by the two 
methods, similar patterns in beta diversity were observed between the two methods: significant 
differences in macrobenthos communities between all three seasons for the two methods were 
observed. However, the indicator species responsible for these differences were largely 
different between the two methods.  
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c. Case study on impact assessment of mechanical lugworm harvesting in the Wadden Sea (The 
Netherlands) 

For the 90 samples processed for this case study, only five samples delivered a PCR product after 
the initial amplification. To improve the success, various troubleshooting methods were tried. 
Samples were diluted 10x and 100x to test if this would lower the effect of potential inhibitors 
in the DNA extracts, three different polymerase mixes were tested (KAPA HiFi HotStart 
ReadyMix, Taqman Environmental Master Mix 2.0 and Phire II Hotstart), and the annealing 
temperature was adjusted. However, all the different alterations were unsuccessful, and no 
more than five samples were amplified. Diversity analyses were performed on the 
morphological data in an internship project, but no bulk DNA-based data was obtained to 
compare. From the results of the PCRs, it is hard to conclude what the reason behind the failure 
of the samples was. The process of freeze-drying and preservation itself may have already had 
an impact on the integrity of the DNA of the samples. From measurements on the DNA itself, it 
was found that there were relatively high concentrations of inhibiting compounds present in the 
extracts. These were lowered after clean-up, which however also significantly lowered the 
concentrations of DNA measured. The reason for the failure of these samples likely comes down 
to a combination of low-quality, low-concentration DNA and relatively high concentrations of 
inhibitors that negatively affected the PCRs. 
 
For the evaluation of the primer and PCR success, in silico testing was performed on five forward 
primers from the literature (reverse primers were not tested in silico as they are located outside 
the reference barcode region). The forward primer mlCOIintF-XT bound to the highest number 
of the 50 mock species (Fig 16A) and the 178 North Sea macrobenthos species (Fig 16B). The BF 
primers performed quite similarly to one another and all bound roughly to the same amount of 
mock and North Sea macrobenthos species. Primer mlCOIintF bound to noticeably less mock 
and North Sea macrobenthos species. 
 

 
Figure 16: Different forward primers and their ability to bind in silico to the mock 
species sequences (A)(N = 50) and to all North Sea macrobenthos species including 
all mock species (B)(N = 178).  

 
The number of species detected in the wetlab mock communities with the primer combinations 
where mlCOIintF was the forward primer largely exceeded the in silico tests in the number of 
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mock community species detected (Fig 17). For the mlCOIintF-XT primer combinations, in silico 
and wetlab testing were very similar. This analysis clearly illustrates that in silico testing of 
primer sets does not always accurately predict the species that will be detected in bulk DNA 
samples. No primer combination detected all mock community species. All combinations failed 
to detect the species Arctica islandica, Cerianthus Iloydii, Ensis siliqua and Ophiura albida in 
contradiction to the in silico test. The combinations with Fol-Degen-Rev as reverse primer 
detected the species Alcyonium digitatum and Aphrodite aculeata, which were undetected by 
the other primer combinations. Aequipecten opercularis was only detected by the mlCOIintF-XT 
+ Fol-Degen-Rev primer combination even though it was not supposed to be amplified according 
to the in silico tests. 
 

 
Figure 17: Different primer combinations and the number of mock community 
species recovered for the in silico test and the mock community samples. 

 
The accumulation curves of the mock communities demonstrate that not all species were found 
in three PCR replicates (Fig 18), the number of replicates which is often used for these studies. 
The curves start to flatten out after three replicates, and at six replicates only two to four mock 
community species were still not detected. The number of PCR replicates needed to detect all 
the amplified species present in the mock communities was ten.  
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Figure 18: Species accumulation curves and their confidence intervals (p = 0,005) 
for all primer combinations based on the PCR replicates of the undiluted mock 
community.  

 
Additionally, in the mock community with diluted DNA for several species, some of the diluted 
species were not detected at all in any of the 12 PCR replicates. Lutraria lutraria, Pagurus 
bernhardus and Aporrhais pespecelani have all been detected in the undiluted samples but were 
not detected in the diluted mock samples, whereas  the number of reads for Astropecten 
irregularis and Echinocardium flavescens indicated that a 1000 times dilution of a species does 
not equal a 1000 times less reads (Fig 19). 
 



Soft sediment pilot report     

 

40 
 

 
Figure 19: Boxplots displaying the number of reads found for six species in 
both the regular mock sample (in blue) and using a 1000-fold dilution in a 
second mock sample (in red). 

 
In conclusion, this case study illustrated that DNA-based monitoring may fail and it remained 
unclear at which step the problem occurred (sample preservation, DNA extraction, PCR 
amplification). The lab tests further illustrated that the Leray primerset detected the highest 
number of macrobenthos species in the mock samples, and that at least three PCR replicates 
were needed to detect the majority of the species.  
 

d. Case study on MSFD monitoring in the North Sea (Denmark) 

For eDNA, two primer sets targeting COI and 18S rDNA were used for profiling benthic 
communities. The morphology based species list was dominated by Annelida, Arthropoda, 
Echinodermata and Mollusca and these four phyla were also abundantly detected by COI and/or 
18S eDNA (Fig 20). A substantial proportion of the 18S eDNA was assigned to Platyhelminthes 
and a small portion of COI eDNA reads were assigned to Nematoda, two phyla that are absent 
from the morphology based method since they are not macrobenthos and thus pass through 
the sieve. 
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Figure 20. Barplot showing relative abundance of metazoa communities at phylum 
level from 2019 analyzed by  conventional morphology (Morph) and eDNA (COI and 
18S).  The X axis shows the 9 stations, read abundance data from the  5 replicate 
samples per station were summed and then converted to relative abundance for 
each phylum.  

 

For both eDNA and morphological methods, we determined alpha diversity as the observed 
species richness and the Shannon diversity index for the 9 sampling stations (Fig 21). Highest 
species richness was observed for the morphological method (mean 7.3 ± 2.8) followed by COI 
eDNA (6.1 ±2.1) and lowest for the 18S eDNA (3.1±1.8). Similarly Shannon diversity was higher 
for morphology based identification (mean 1.7 ± 0.5) compared to COI eDNA (0.8 ±0.5) and 18S 
eDNA (0.5 ±0.4). Species richness (observed) and the Shannon diversity index showed no overall 
significant difference between sampling stations for morphological data nor eDNA data using 
COI and 18S regions (Kruskal-Wallis test). 
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Figure 21. Benthic eukaryotic alpha diversity (observed species richness and 
Shannon diversity) in nine different North sea stations based on eDNA (COI and 18S) 
and conventional morphological (Morph) identification methods. Variability 
represents 5 subsamples at each station.  
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To ease comparison with the morphology based species detection we pooled the COI and 18S 
eDNA species lists. In general, there are more species captured by morphological sampling 
compared to eDNA-based detection. While the eDNA method detected 64 other species not 
reported by morphological methods, the morphological method reported 104 species not 
detected by eDNA. Only 10 species (5.6 % of all species found) were detected by both 
morphology and eDNA-based analyses (Fig 22).    

 

 

Figure 22: Venn diagram comparing the benthic invertebrate species  in common 
between the conventional monitoring vs eDNA based metabarcoding in 2019. For 
eDNA, the COI and 18S species were merged.  

 

Using a non-parametric analysis of variance (ANOSIM), we found that both the eDNA and 
morphological method significantly separated the nine sampling stations (p<0.1). Both methods 
furthermore indicated that samples were grouped according to sampling depth (Fig 23). The 
separation according to depth was also confirmed by the ANOSIM analysis (p<0.1).  
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Figure 23: nMDS  plots showing distribution of sediment samples from 9 stations in 
2019 that were analyzed by both eDNA (COI and 18S) and morphology based 
methods. Analysis was based on presence/absence data and the Sørensen distance 
measure. Stations are indicated by different colors, depth zone is indicated by 
different symbols (> 44 m: bottom, < 44 m: mix).  

Pairwise adonis tests on presence/absence data for morphology and eDNA (18S + COI) revealed 
that most stations were different between each other (Table 9). Of the 17 pairwise comparisons, 
only three comparisons had a different outcome: stations 1023 and 1042 were not significantly 
different from each other when using eDNA, and stations 1074 and 1075 and stations 2210 and 
1101 were not significantly different from each other when using the morphological method.  

Table 9: Pairwise permutational analysis of variance (PERMANOVA) 
using the ‘adonis’ test on Bray-Curtis distance matrices for 
conventional and eDNA-based eukaryotic community dissimilarity 
assessment using 1000 permutations using presence absence data.  
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Despite the similar patterns that differentiated the stations, SIMPER analyses showed that the 
species contributing to the observed differences between stations were completely different for 
the eDNA and conventional methods. Indicator species analysis  pinpointed seven species 
explaining the difference between the two depths for the conventional method, and seven 
species for the eDNA method with no overlap in the list of species (Table 10). 

 

Table 10: Indicator species associated to two different depths for the 
morphological and eDNA based identification methods. Sediment samples from 
coastal stations (< 44 m depth) are classified as mix, while samples from offshore 
stations (> 44 m depth) are classified as bottom. 

 

In conclusion, the eDNA and morphology-based approaches provided similar patterns of alpha 
diversity (species richness and Shannon-diversity) as both methods showed no significant 
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differences between stations. Significantly more species were detected with morphology-based 
identification than with the eDNA and only 10 species were found by both methods. Despite 
these differences, beta diversity patterns were comparable between the two methods, as both 
showed that stations differed significantly in species composition, and with a clear distinction 
between deeper (>44m) and shallower sampling stations. However, the species explaining the 
differences between the two depth zones were completely different between both methods. 
Clearly, the eDNA extracted from the sediment obtained from a very small syringe sample does 
not provide a representative picture of the metazoan species detected with a larger grab sample 
but is able to detect ecological patterns linked to differences between stations and depth zones. 

e. Effect of sample fixative (formalin vs ethanol) on macrobenthos diversity  

Two case studies were able to compare the effect of sample fixative on alpha and beta diversity. 
In case study “a” regarding aggregate extraction, comparison between the number of detected 
taxa in bulk DNA samples, morphological samples fixed in ethanol or in formalin was performed 
for the Thorntonbank samples in 2019. Two-way ANOVA results showed that methodology did 
not affect the number of species detected: no significant interaction impact x method and no 
significant effect of the main factor method were found. Sand extraction impact did 
significantly  affect the number of species (p-value = 0.000267), with medium impacted samples 
having higher numbers of taxa with all three identification methods (Fig 24 A). In contrast, the 
species identity differed between methods, as the three methods only shared 22.6% of the 
taxa. In addition to the unique taxa found by bulk DNA metabarcoding (13.5%), also 21.3% and 
14.8% unique taxa were found for the morphology based method fixed in formalin or in 
ethanol, respectively (Fig 24 B). Both morphology based methods or fixatives shared 46.5% of 
the species. 

 

 
Figure 24: Boxplot (A) and Venn diagram (B) of the taxa detected in the bulk DNA 
dataset and in the morphological datasets fixed in ethanol or  formalin in the 
Thorntonbank sampled in 2019. 

 
Community patterns differed between the identification methods, with the two morphology-
based methods clustering closer together (Fig 25). PERMANOVA showed no significant 
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interaction effect between methodologies and impact (F=1.1517, p-value=0.1229), suggesting 
that the three identification methods yield similar patterns of aggregate extraction impact on 
community composition. A significant effect of the identification method and of impact group 
was observed. Significant effects of the identification methods were only observed for the bulk 
DNA versus morphology fixed on formalin (p-value=0.006) and morphology fixed on ethanol (p-
value= 0.002). As no significant effects were detected between the different fixatives for 
morphological identifications, only the ethanol fixative can be used.  
 

 

Figure 25: nMDS plot using Jaccard index (presence/absence) for samples identified 
with morphology from formalin (green) or ethanol (orange) fixed samples and with 
bulk DNA (yellow).  

In case study “b” on long-term monitoring, a subset of 18 samples collected in autumn and 
spring was available for which formalin and ethanol fixed samples have been identified 
morphologically and bulk DNA data identification was obtained from the ethanol samples. Two-
way ANOVA showed that the interaction between seasons and methods was not significant  for 
evenness (p= 0.41) or for the number of species (p =0.81), indicating that the same patterns 
were observed irrespective of the methodology used. However, the main factor methodology 
was significantly different for both indices (p = 0.0006 and 0.0007 for evenness and number of 
species, respectively), with lower number of species and evenness for the bulk DNA dataset 
compared to the morphological datasets based on formalin or ethanol (Fig 26). The main factor 
“season” was not significantly different for the two indices.  
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Figure 26: Number of species (left) and Shannon diversity evenness calculated from 
bulk DNA, morphology formalin and ethanol for spring and autumn. For each 
method one sample per season/station (10 in total) have been  considered. For 
samples with 3 replicates a mean of the 3 values has been applied.  

Also here, the number of shared species between the three methodologies was low (40, or 23% 
of all species found) (Fig 27). Bulk DNA metabarcoding shared more species (n=5) only with 
ethanol samples than only with formalin (n=1) and had the highest number of unique species 
(47). Between the two morphological approaches, 84 species were shared while formalin 
samples have 19 unique species and ethanol samples 18 unique species using morphology (Fig 
26).  

 

Figure 27: Venn diagram (left) showing the number of shared and unique species 
between bulk DNA, morphology (ethanol) and morphology (formalin) for 18 
samples. Summer is excluded as ethanol morphology samples have no summer 
counts. nMDS plot (right) using present/absent analyses comparing the 
composition of Norderney soft bottom macrofauna between bulk DNA, 
morphology formalin and ethanol for autumn and spring (18 samples). 

Two-way PERMANOVA using presence/absence (Jaccard distance) revealed significant 
differences in the community between methods (bulk DNA, formalin and ethanol morphology 
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p=0.001), seasons (autumn and spring, p=0.001) and the interaction of both factors (method * 
seasons, p=0.005) (Fig 27). Also, multiple pairwise PERMANOVA analyses  showed no significant 
differences in the community between ethanol and formalin samples (morphology) for each 
season (autumn, p=0.18; spring p=0.39) suggesting that only ethanol-preserved samples could 
have been considered for morphology. 

f. Time and cost comparison between DNA and morphology based analyses of 
macrobenthos 

The tracked time and costs for the three case studies are summarized in Table 11.  For the 
subpilot on sand extraction, DNA-based analysis was 46% faster and 26% cheaper compared to 
the morphology-based analysis. For the long term monitoring station in Norderney, DNA-based 
analysis was 66% faster and 27% cheaper compared to the morphology-based analysis.  For the 
MSFD case study in Denmark using eDNA, DNA-based analysis was 43% faster and 9% cheaper 
than the morphology based analyses. However, it is important to note here that the first two 
steps of the sample processing (decantation and screening for heavier specimens) are not 
needed for eDNA analyses of the sediment, and therefore time and costs associated with eDNA 
analyses are in reality even much lower than the numbers reported here if the entire sample 
processing would have been taken into consideration. 
 
Table 11. Summary of the time and costs associated with the processing of 24 samples from Thortonbank 
(case study a), 15 samples for Norderney Isle (case study b) and 40 samples for MSFD monitoring (case 
study d). Note that for the latter case study, time and costs for the first two processing steps differ 
substantially, but these have not been taken into consideration to be consistent with the two other case 
studies. 

 

5. General conclusions 

The two case studies (a and b) that successfully applied bulk DNA metabarcoding and 
morphology based analyses showed very similar conclusions despite the different objectives of 
both studies: 1/ bulk DNA detected significantly more taxa than morphology based 
identification; 2/ bulk DNA had significantly lower Shannon index than the morphology based 
method; 3/ the pattern of Shannon diversity was highly similar between both methods; 4/ the 
number of species shared by both methods was low (37 % for the sand extraction study, 25 % 
for the long-term monitoring study); 5/ despite differences in species identity and number of 
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species detected, beta diversity patterns were comparable between methods; 6/ bulk DNA 
identification is 46-66% faster and 26-27% cheaper than morphology based identification. For 
the sand extraction study, additional congruence between both methods was observed for 
patterns in species richness and importantly, the common species characteristic for similarity 
within impact groups were similar as well. Consequently, bulk DNA is a valid alternative to 
morphology-based analyses for monitoring sand extraction activity in dynamic coarse sandy 
areas like the Belgian part of the North Sea. We did, however, not look into density and biomass 
so this statement is valid if no density and biomass information is needed and the interest purely 
lies in general alpha and beta diversity patterns. For the long-term monitoring case, seasonal 
differences in species richness patterns were detected and the indicator species differed as well 
when using bulk DNA or morphology for identification of the samples. For this case study, a 
combination of both methods would bring the best monitoring results. 

Macrobenthos samples for morphological identification are in most countries fixed with 
formalin, preventing subsequent DNA-based analyses. Ethanol fixed samples allow DNA-based 
analyses but hamper morphological identification since crustacean specimens become more 
fragile, and small, interstitial species seem to dissolve in ethanol over time. For this reason, a 
subset of samples in the sand extraction case study and in the Norderney case study were fixed 
with either formalin or ethanol before morphological identification. The two case studies 
showed consistent results when comparing formalin or ethanol fixed samples: more than half 
of the species were picked up by both fixatives (53% and 64% of the morphological species in 
case study a and b, respectively) but also a large number of unique species were identified in 
the ethanol and formalin samples, since these represented different replicates. However, alpha 
and beta diversity patterns were highly similar between the two fixatives. Bulk DNA samples 
shared most species with the ethanol fixed samples, which is linked to the fact that both 
methods can be done on the same set of animals when using ethanol.  

The lugworm case study was not able to generate bulk DNA data because of PCR failure. This 
was the only dataset for which samples had been freeze dried instead of ethanol fixed, but it 
should be explicitly tested whether freeze drying was at the base of this failure. The lab testing 
further confirmed earlier results (Derycke et al 2021, Van den Bulcke et al. 2022) in that the used 
lab protocol was the optimal choice for macrobenthos: most species are detected when using 
three PCR replicates, the number that has been used throughout the other case studies reported 
here and the Leray primers (mIntCOIF and HCO2198 degenerated) detect the highest number 
of species of the mock community. This test also demonstrated that read numbers do not always 
accurately reflect DNA template amount, which hampers inferences on the abundance of 
species in a sample. 

Finally, the eDNA approach in the MSFD monitoring case study offers a big advantage compared 
to bulk DNA analyses during the processing step because macrobenthos does not need to be 
sorted from the sediment, instead eDNA is extracted by simply taking a small amount of 
sediment.  Results of this case study showed that significantly more species were detected with 
morphology based identification than with eDNA and only 10 species (5.6%) were found by both 
methods. In contrast to the bulk DNA case studies, the eDNA extracted from the sediment does 



Soft sediment pilot report     

 

51 
 

not provide a representative picture of the macrobenthos species in that location. Despite these 
differences, both eDNA and morphology methods showed that stations significantly differed in 
species composition, and clearly separated stations based on depth. However, the species 
explaining the differences between the two depth zones were completely different between 
both methods. Although ecological patterns linked to differences between stations and depth 
zones were detected with eDNA, there is absolutely no link with morphological monitoring data 
and therefore this kind of monitoring would completely break with long term monitoring data. 

6. SWOT analysis 

Based on our experience during the execution of the four case studies, the GEANS consortium 
has defined strengths and weaknesses related to DNA-based soft sediment monitoring, and 
identified external opportunities and threats when using DNA-based methods for macrobenthos 
monitoring in the North Sea (Table 12). The GEANS project contributed to several of the points 
raised in the SWOT analysis.  

With respect to the strengths of DNA-based monitoring  

● The different case studies have kept track of time and costs involved in the analysis of 
macrobenthos, and provide independent empirical evidence that DNA-based methods 
are cheaper and faster than traditional morphology based analyses.  

● The case studies also revealed that DNA-based analyses are able to identify difficult 
taxonomic groups to species level which generally yielded a higher number of species in 
the DNA-based identification method. 

 In terms of weaknesses:  

● The lugworm case study demonstrated that DNA-based methods can fail to yield any 
result and that primer choice plays a role in whether macrobenthic species will be 
detected or not.  

● We find that sample preservation is critical to prevent failure of samples and therefore 
have provided guidelines for collecting samples to be used in DNA-based analyses 
Articles, Reports & Publications | GEANS). 

● Incomplete reference databases are a drawback for DNA-based monitoring studies, 
since only those species that have a reference sequence in the database can be detected 
with DNA metabarcoding. The GEANS project generated a North Sea specific reference 
database with COI sequences linked to a completely updated taxonomy for 
macrobenthos and added 86 species that had not been barcoded before. This 
substantially improves the power of DNA-based metabarcoding studies in the North 
Sea.  

● The main weakness of DNA-based methods remains in the fact that no life history 
information can be obtained (no information on females, males, juveniles) and that 
quantitative estimates are not always reliable.  

● eDNA extracted from sediments provides limited information on infaunal species 
composition and can not replace morphological species identification 

In terms of opportunities: 

https://geans.eu/outreach/reports
Rune Lagaisse
not sure where to find this on geans.eu
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● The case studies show that standardisation of the bulk DNA protocol can be easily done 
across institutes. GEANS has produced a soft sediment protocol 
(https://geans.eu/protocols/sbs) that was tested in a transnational ring test and proved 
to be robust and reproducible (Van den Bulcke et al. 2023) 

● The GEANS project also illustrated that taxonomic errors in traditional morphological 
studies can be detected when creating reference sequences. This is exemplified in the 
sequencing of a Loimia ramzega specimen that had been morphologically identified as 
Lanice conchilega. Both species are resembling and Loimia was previously not known 
from the area. Careful re-examination of the voucher specimen matched indeed the 
taxonomic description of Loimia, and allowed to trace back the taxonomic error and to 
update the monitoring data in retrospect. 

With respect to threats: 

● By implementing these different case studies alongside existing monitoring 
programs/studies, the GEANS project contributed to expectation management by 
showing how the DNA-based methods perform in comparison to traditional 
morphological methods. We provide evidence based results on what can and cannot be 
done when applying DNA-based monitoring. Additionally, the variety of these cases 
demonstrates the different types of monitoring questions that can be answered by DNA-
based monitoring. 

● Numerous discussions have taught us that local ecological knowledge is still key in the 
interpretation of DNA-based results. In order to acknowledge the presence of false 
positives or negatives, thorough knowledge on the local ecosystem is important to 
critically assess the obtained species list.  

Table 12. List of internal strengths and weaknesses and external opportunities and threats of DNA-based 
monitoring of macrobenthos 

Strengths 
● High throughput of samples is possible 
● High potential of detecting taxa that are 

taxonomically difficult to  identify 
● In case of eDNA: same biological sample 

can be used without extra effort of 
sampling 

● Biodiversity estimation can be done from 
complex bulk samples  

● No taxonomic expertise needed for 
analysing samples thereby circumventing 
the loss of morphological benthic 
expertise  

● Cheaper 
● Faster 
● Area-specific reference databases such as 

the GEANS reference database provide 
ground truthing  

Weaknesses 
● Sample preservation is more critical.  
● Quantitative information is unreliable at 

this moment, also no info on life stage 
and sex 

● Reliable, complete, curated reference 
libraries are a bottleneck. 

● eDNA: time of occurrence can be 
confounded with historical eDNA 

● False negatives: not all taxa are 
amplified 

● Sometimes samples fail, and there is no 
material to fall back to. The reason for 
failure is not always obvious. 

https://geans.eu/protocols/sbs
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Opportunities 
 

● Automation of lab protocol 
● Many projects in parallel possible 
● More samples with same resources which 

can lead to higher power and/or an 
increased resolution 

● Standardisation of method 
● Uncover taxonomic errors 
● Highlight locations of specific taxonomic 

relevance to direct taxonomic effort to 
hotspots of biodiversity 
 

Threats 
● Poor pilot results may lead to negative 

experiences with end users 
● Expectation management: important to 

be honest in what DNA-based 
monitoring can and cannot do 

● (Legal) Framework missing (no money) 
● Misinterpretation of data if insufficient 

knowledge of taxonomic/genetic 
variation 

● Compatibility of current monitoring 
programs & DNA-based sampling 

● Long-term storage of samples in ethanol 
requires substantial freezer capacity 

 

. 

7. Practical recommendations for DNA-based soft sediment 
monitoring 

The case studies reported here demonstrated that DNA-based monitoring of macrobenthos is a 
valuable method for ecological monitoring in geographic regions where extensive ecological 
knowledge is present. Such knowledge is critical to correctly interpret species information from 
DNA-based data, since it provides baseline information to create reliable reference databases 
(https://geans.eu/refrence-library) with sequence data from vouchered macrobenthos species 
ensuring a correct taxonomic identification of DNA sequences. When assigning taxonomy to COI 
sequences from southern North Sea samples, we recommend using the GEANS reference 
database to obtain the highest taxonomic resolution possible. Next to a good reference 
database, standardized field and lab protocols are key to obtaining reliable and robust results 
using bulk DNA metabarcoding. First of all, sample preservation is critical to obtain good quality 
DNA data. For DNA-based analyses, formalin preservation of samples is not an option. We have 
shown that species detections differ slightly between ethanol and formalin samples, but this did 
not affect alpha and beta diversity patterns. We therefore recommend storing macrobenthos 
samples in pure, undenatured ethanol and ensure that the final concentration of the 
macrobenthos sample is above 70%. Ideally, the concentration should be checked after 24h and 
if too much diluted, the ethanol should be replaced with fresh ethanol. We have provided a 
detailed field sampling protocol to ensure good quality samples for DNA-based analyses 
(Articles, Reports & Publications | GEANS). Since ethanol fixed samples can be used for both 
morphological and DNA-based analyses and overall diversity patterns are the same between the 
ethanol and formalin fixatives, we support a shift towards only collecting ethanol fixed 
macrobenthos samples for monitoring studies. This not only allows for genetic analyses, but also 
decreases exposure to carcinogenic formalin. Once samples have been adequately preserved, a 
standardized lab protocol offers the best strategy to obtain reliable and consistent DNA-based 
results. The GEANS lab protocol offers a detailed step by step procedure on how to process 
ethanol fixed macrobenthos samples (https://geans.eu/protocols/sbs ). This protocol  provides 

https://geans.eu/refrence-library
https://geans.eu/outreach/reports
https://geans.eu/protocols/sbs
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very consistent DNA-based results across different institutes even when slight modifications are 
done to the library preparation step in the lab (Van den Bulcke et al., 2023), and is therefore our 
recommended protocol for bulk DNA metabarcoding. When the aim is to identify responses of 
macrobenthos communities to human impacts or to assess good environmental status in the 
framework of MSFD monitoring or to detect shifts over time, we recommend to use bulk DNA 
instead of eDNA from the sediment. Our case study in the Danish part of the North Sea 
illustrated that eDNA is able to detect shifts in metazoan diversity, but there was very poor 
alignment with species information from the morphological identification and therefore we do 
not recommend switching to eDNA monitoring. Finally, the storage of DNA-based monitoring 
data in open access databases is crucial to be able to integrate DNA data across countries and 
to re-use sequencing data when new bioinformatic processing pipelines become available. The 
GEANS datasets from the case studies have been added to the Marine Data Archive 
(https://mda.vliz.be/archive.php?folder=8705) and we recommend foreseeing funding in future 
projects to ensure proper data storage according to the FAIR principle. 

8. Towards implementation of DNA-based monitoring 

With the above recommendations in place we are able to get the most out of bulk DNA 
metabarcoding of macrobenthos. DNA-based methods definitely have proven mature enough 
to be considered as an equally appropriate method as the morphology based approach. The 
critical question at this point is whether we are ready to abandon a long tradition of 
morphological identification of samples and switch to DNA-based monitoring. Our results have 
shown that bulk DNA-based methods provide similar diversity patterns as morphology based 
identifications and provide better species resolution. Moreover, DNA-based methods allow a 
much higher throughput of samples, and therefore allow upscaling of the number of samples 
that can be processed. However, some species are only found with morphology, no life history 
information can be retrieved from DNA sequence data and abundances estimated from DNA 
sequence data are unreliable for many species. Although biodiversity indices may be calculated 
from biomass data, abundance data are the most widely used data format that goes into the 
calculation of most of the environmental quality indices. The intercalibration of biomass and 
abundances derived diversity estimates as indicators of environmental/ecological quality seems 
difficult as the biological traits of many species change during their lifespan (i.e. many young 
individuals versus few large and old individuals does not give the same information of the 
environmental quality of the community) and these biological traits can - for now-  only be 
derived from morphology based analyses. As such, both methods provide complementary 
information and combining both yield the highest possible resolution of species information. 
Such high resolution biodiversity data forms the ultimate level of knowledge to adequately 
assess the good environmental status of the North Sea. However, combining the two methods 
has to be done in such a way that time and costs are not simply doubled and also in a way that 
we get the best out of both methods to further increase our current knowledge on ecosystem 
structure and function. DNA-based methods could be seen as a ‘quick’ way to keep the finger 
on the pulse related to benthic environmental health. In case changes are depicted using DNA, 
morphological or other methods can then be deployed to dive deeper in the area where change 
was detected to try and unravel the processes behind this change. To develop an optimal 
sampling strategy where morphology and DNA-based methods can be combined in an efficient 
way, we recommend a transition period of 3-5 years where both methods are applied 

https://mda.vliz.be/archive.php?folder=8705
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simultaneously by the different countries. This period will identify on the one hand how well 
DNA-based methods perform in a specific area and on the other hand, where and when it is 
crucial to have life history information or abundances of certain key species which can then be 
used to direct the efforts of morphology based monitoring. Such a transition period would allow 
to choose the best methodological approach for the monitoring question at hand, 
simultaneously contributes to further refining the reference databases and is needed to set-up 
a clear data management plan ensuring morphological data and DNA-based data are stored 
according to the FAIR principle. Minimum specifications of data collection, lab processing and 
bioinformatic analyses need to be provided so that information on how the species list was 
created can be retrieved at any point by any member state. Implementation of DNA-based 
monitoring should from the beginning carefully consider good data management practices.  
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