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Preface 

This report presents results from the project “Development of new methods for assessment of 
fisheries management and spatial closures”, in Danish: “Udvikling af nye metoder til 
effektvurdering af fiskerireguleringer og områdelukninger i forhold til miljømål” (eDNA detektion 
af bundfauna effekter af fiskeri)” which received funding from the European Maritime and Fish-
eries Fund (EMFF) and the Ministry of Food, Agriculture and Fisheries of Denmark (grant agree-
ment No 33113-B-19-146). The project period was from June 2019 – January 2023. 

Lyngby, June 2025 

Grete Elisabeth Dinesen 
Senior Consultant 

Photo: Seabed with dense aggregation of tube-building amphipods, Haploops spp. (image from a UWTV 
sledge transect recorded Southeast off Læsø, Kattegat). Photo: DTU Aqua, by Grete E. Dinesen 
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Summary 

Objectives, efforts and deliverables 
The primary project objectives were to: i), identify new methods for detection of sensitive habi-
tat-forming species and their associated communities; and ii), assess the suitability of new and 
existing methods to inform fisheries management and implementation of the Marine Strategy 
Framework Directive Descriptor 6 “Seafloor Integrity” and Descriptor 1 “Biodiversity of benthic 
habitats”. 
 
The project efforts and outcomes were organised in three overarching components, which have 
also formed the backbone of the work packages and associated tasks in the project: 
 

1. Field sampling of eDNA and benthic fauna of sensitive habitat-forming species, and of 
associated species, in areas closed and open to fisheries. 

2. Modelling of distribution and density of sensitive habitat-forming species, and of the bio-
diversity of associated species, based on different sampling gears. 

3. Development of eDNA methods for detection of identified sensitive benthic fauna spe-
cies. 

 
Based on these overarching project components, the following key deliverables were produced 
during the project period: i), sampling of eDNA water, sediment and fauna from 19 stations in 
the Northern Kattegat; ii), analyses of sensitive habitat-forming species distribution; iii), pilot 
analysis of density of individuals and density of species and biodiversity across sampling gears 
and stations; iv), detection and analyses of eDNA of sensitive species and correlation with fau-
nal samples and v), conclusions and perspectives for suitability of monitoring methods to sup-
port fisheries and environmental management in Danish and EU waters. 
 
Key results and conclusions 
Data from a larger sediment sampler, the Van Veen grab (0.1 m2), in combination with a towed 
underwater sledge recording video transects (approx. 480 m2) provides a better representation 
of larger, sensitive benthic faunal species than data from the current Danish marine monitoring 
programme, NOVANA, which is based on the smaller HAPS corer alone (0.0143 m2). All molec-
ular assays performed well, i.e., showed high sensitivity and potential for precise quantitative 
assessment of eDNA copy number. Moreover, new eDNA detection methods based on water 
and sediment samples provide an important supplementary sampling method, which may im-
prove the efficiency and representativity of future monitoring of the environmental status of the 
investigated sensitive habitat-forming species. 
 
Implementation and dissemination 
With the above-described deliverables, the key project objectives have been met, and national 
stakeholders and governmental managers will profit from the project outputs: e.g., improved 
methods for detection of sensitive benthic faunal species as a basis for future environmental 
and fisheries management related to achieving Good Environmental Status (i.e., GES) in Dan-
ish marine waters. This will improve implementation of the Marine Strategy Framework Directive 
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Descriptor 6 “Seafloor Integrity” and associated Descriptor 1 benthic Biodiversity, especially re-
lated to future settings of GES thresholds for spatial extent and configuration of spatial closures 
of specific benthic Broad Habitat Types and their associated sensitive habitat forming species. 
 
The project outcome will be disseminated through international scientific publications and via 
oral presentations of presented at meetings and graduate courses). Furthermore, contributions 
from the project have informed the work carried out in the international ICES FBIT, OSPAR and 
HELCOM working groups on identification and configuration of spatial closures (GES extent 
thresholds) and trade-offs between environmental conservation measures and fisheries re-
sources and financial outcomes in Danish and European waters. 
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1. Introduction 

Several epifaunal, large-bodied or tube-building species occur in dense aggregations and form 
habitats on the seabed. Among the habitat forming species in Danish waters are the large, colo-
nial sea pens, Pennatula phosphorea Linnaeus, 1758 (DK: rød søfjer) and Virgularia mirabilis 
(Müller, 1776) (DK: søstrå), and the small tube-building crustacean amphipods, Haploops tenuis 
Kanneworff, 1966, and H. tubicola Liljeborg, 1856 (DK: Haploops tanglopper). They mainly oc-
cur in dense patches on aphotic mud and sandy-gravelly mud (Gormley et al. 2015; Rigolet et 
al. 2015). 
 
The large-bodied sea pens live partly anchored in the seabed extending 20-60 cm above the 
sediment surface and are long-lived (>10 years) and reproduce by pelagic larvae that disperse 
into adjacent areas. The small-bodied amphipod Haploops species (i.e., Haploops spp.) live in 
tubes anchored into the seabed and extending 2-6 cm above the sediment surface. The Hap-
loops individual is short-lived (<1.5 years) and broods its young in their tube, thus long-distance 
recruitment to adjacent areas is limited. The Haploops species form dense tube-patches which 
may exist for a considerable time-period (>10 years) (Gormley et al. 2015; Rigolet et al. 2015). 
 
Due to their epifaunal, sessile mode of life and the long-lived colonies and/or tube-structures, 
these habitat-forming species are sensitive to sub-optimal oxygen conditions near the seabed 
and mechanical disturbance from human activities, such as fishery by mobile bottom-contacting 
gears. These are considered important reasons for population decline or disappearance in sev-
eral areas, and the species and their habitats are regarded as sensitive, vulnerable or endan-
gered in the North Sea and Baltic Sea regions, due to anthropogenic pressures (OSPAR 2008, 
HELCOM 2014; SLU Artdatabanken 2020; ICES 2022). 
 
The Danish Marine Monitoring Programme (NOVANA, Miljøstyrelsen 2022) sampling design 
uses a HAPS corer, which samples a seabed area of 0.043 m2. Due to the relatively small sam-
ple size combined with the patchiness and/or body-size of the above sensitive species, they ap-
pear to be rarely sampled in the current NOVANA programme (Gislason et al. 2017; Dinesen et 
al. 2020). Existing methods using a larger sediment sampler, a Van Veen grab covering an area 
of 0.1 m2, and the Under Water TeleVision (UWTV) sledge recording video transects of approx. 
0.8 x 600 m =480 m2) may supplement each other and provide a better representation of the 
above species than the HAPS corer alone. Moreover, new eDNA detection method based on 
water and sediment samples provides an important supplementary sampling approach which 
may prove suitable for future monitoring of the environmental status of these species and their 
habitats.  
 
The objectives of this study were to identify new methods for detection of sensitive, habitat-
forming species and their associated communities, and to assess the suitability of new and ex-
isting methods to inform fisheries management and implementation of the Marine Strategy 
Framework Directive Descriptor 6 “Seafloor Integrity” and Descriptor 1 “Biodiversity of benthic 
habitats”. 
 
This was carried out by: i), field sampling of eDNA water, sediment and fauna at 19 stations in 
the Northern Kattegat; ii), analysis of the distribution and frequency of sensitive habitat-forming 
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species; iii), pilot analysis of density of individuals, density of species and biodiversity across 
sampling gears and stations; and vi), detection and analyses of eDNA of sensitive species and 
correlation with faunal samples. We provide conclusions and perspectives for the suitability of 
these monitoring methods to support fisheries and environmental management in Danish and 
EU marine waters. 
  



 

Development of new methods for assessment of fisheries management and spatial closures  9 

 

2. Field sampling of eDNA and benthic fauna 

Material and field methods 
Field sampling was carried out during a cruise in the Northern Kattegat and Aalbaek Bay with 
the DTU Aqua R/V Havfisken in May 2020. 
 
Samples were collected at 16 core stations (Station no. 1-16) in the Northern Kattegat, and 3 
control stations (Station no. 17-19) in the Aalbaek Bay (Figure 2.1 and 2.2) (see list of samples 
in Appendix 1). All gears used for eDNA sampling were rinsed after sampling with fresh water to 
avoid contamination between stations. The stations no. 4 and 7 were de facto closed to fisher-
ies, however the fishery closed areas under the Marine Strategy Framework Directive were not 
yet implemented in the Northern Kattegat. 
 
eDNA detection from the bottom seawater. At all 19 stations, two CTD water samples were col-
lected 1-2 m above the seabed. From each individual sample, 2 L of near-seabed water was re-
trieved and stored at -18 °C until further analyses in the laboratory. 
 
eDNA detection from the sediment. At the 16 core stations, one sediment sample was collected 
by the HAPS corer (0.0143 m2) from which the top 5 cm of sediment was retrieved and stored at 
-18 °C until further analyses in the laboratory.  
 
Faunal detection by underwater video transects. At the 16 core stations, 1 video transect was 
recorded for 10 minutes (approx. 0.8 x 600 m = 480 m2) using an Under Water TeleVision 
(UWTV) Norwegian lobster sledge (used in the stock assessment survey of Nephrops norvegi-
cus (Linnaeus, 1758) (DK: Jomfruhummer). 
 
Faunal detection by Van Veen grab. At the 16 core stations, 5 sediment samples were retrieved 
by a Van Veen grab (0.1 m2) and sieved over 1 mm and 4 mm mesh sizes. All retrieved faunal 
samples were preserved in a 4% formaldehyde solution in ambient seawater saturated with bo-
rax and stored until further analyses in the laboratory. 
 
Faunal detection by HAPS corer. At the 16 core stations, 7 sediment samples were retrieved by 
a HAPS corer (0.0143 m2), and sieved over 1 mm and 4 mm mesh sizes. All retrieved faunal 
samples were preserved in a 4% formaldehyde solution in ambient seawater saturated with bo-
rax and stored until further analyses in the laboratory. 
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Figure 2.1. Sampling stations, Northern Kattegat, May 2020. Geographic station positions and 
depth contours. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2. Sampling stations, Northern Kattegat, May 2020. Geographic station positions and the 
MSFD (MSFD) benthic Broad Habitat Types (BHTs) with detailed legends. 
 
Laboratory work, faunal video data. In the laboratory all video transects were analysed for the 
occurrence of sensitive species, with a focus on the sea pens, Pennatula phosphorea and Vir-
gularia mirabilis, and the tube-building amphipods, Haploops tenuis and H. tubicola. While the 
sea pen species are both easily identified to the species level based on UWTV video material 
(image data), Haploops amphipods can only be identified to the genus level as Haploops spp. 
based on their characteristic tube structures in the video material. 
 
Laboratory work, Van Veen and HAPS faunal data. In the laboratory all samples were drained 
from formaldehyde, rinsed over a sieve (mesh size: 0.5 mm) in freshwater and subsequently 
preserved in 80% ethanol. All sample fractions were sorted individually for benthic fauna into 
main taxonomic groups, individuals were identified to the lowest taxonomic level possible and 
subsequently enumerated.  
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Additional Van Veen grab and HAPS corer samples from 12 of the same stations collected in 
the Northern Kattegat in May 2018 were included in this study for a comparison of the suitability 
of different sediment gear types to capture the target sensitive species on aphotic mud and 
sandy-gravelly mud. Identification to the species level was possible for all individuals of Pennat-
ula phosphorea, Virgularia mirabilis and, importantly, for the two amphipods Haploops tenuis 
and H. tubicola. 
 
Moreover, as part of this project a supplementary study conducted on photic sandy and muddy 
sand substrate in the Aalbaek Bay showed that the communities here deviated significantly from 
the area in the Northern Kattegat and comprised none of the sensitive target species (Bromhall 
et al. 2025, submitted). This study contributed with valuable knowledge on fisheries effects on 
sandy habitats, and was, thus, also used to identify suitable locations as control stations with 
expected zero recording of eDNA. 
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3. Sensitive fauna detection and biodiversity 

Modelling methods 
Analyses of faunal data. Prior to analyses, all fauna densities were calibrated to 0.1 m2 and 1 m2 
per sample. Multivariate analyses of benthic faunal data including gear detection of sensitive 
species and the associated fauna communities were conducted using the software package Pri-
merE v7 (https://www.primer-e.com/). This included MDS ordination based on Bray-Curtis simi-
larity analyses of occurrence of sensitive species and associated fauna compositions, multivari-
ate ANOSIM analyses of significant differences between gear types and stations and SIMPER 
detection of station specific species differences in community composition. Data of faunal den-
sity was non-transformed in the analyses focusing on distribution of individuals, and Present/Ab-
sent transformed in the analyses focusing on species density distribution. 
 
Results 
Total density of individuals and species. In total, 192 taxa were identified in the HAPS and Van 
Veen grab samples from the Northern Kattegat (see Appendix 2). The brittle star Amphiura fili-
formis (O.F. Müller, 1776) was by far the most abundant species across the entire data set, and 
the species showed densities up to 3,080 individuals m-2 (Figure 3.1). The second most abun-
dant species was the brittle star Amphiura chiajei Forbes, 1843, with densities up to 770 m-2 
(Figure 3.2). The small bivalve Kurtiella bidentata (Montagu, 1803), which lives commensally 
with A. filiformis, was similarly widespread and highly abundant with densities up to 980 individ-
uals m-2 (Figure 3.3). The small gastropod, Hyala vitrea (Montagu, 1803), also showed high 
densities up to 520 m-2 (Figure 3.4). The burrowing decapod, Callianassa subterranea (Mon-
tagu, 1808), which lives commensally with Nephrops norvegicus, showed densities up to 210 m-

2 (Figure 3.5). 
 

 
Figure 3.1. MDS diagram of non-transformed data. Distribution of Amphiura filiformis across sta-
tions and samples, Northern Kattegat, May 2018. 
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Figure 3.2. MDS diagram of non-transformed data. Distribution of Amphiura filiformis across sta-
tions and samples, Northern Kattegat, May 2018. 
 

 
Figure 3.3. MDS diagram of non-transformed data. Distribution of Kurtiella bidentata across sta-
tions and samples, Northern Kattegat, May 2018. 
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Figure 3.4. MDS diagram of non-transformed data. Distribution of Hyala vitrea across stations and 
samples, Northern Kattegat, May 2018. 
 

 
Figure 3.5. MDS diagram of non-transformed data. Distribution of Callianassa subterranea across 
stations and samples, Northern Kattegat, May 2018. 
 
Detection of sensitive habitat-forming species in different gears. Detection of the sensitive habi-
tat-forming species proved to be quite different between the different gear types. Pennatula 
phosphorea was not detected in any of the HAPS or Van Veen samples, and Virgularia mirabilis 
was detected in only one Van Veen sample (at station 9) (Figure 3.6). The tube-building amphi-
pod, Haploops tubicola, showed high densities up to 1,960 individuals m-2, which was therefore 
characterised as a Haploops habitat. Haploops tubicola was detected in all HAPS and Van 
Veen samples at station 4, but not at any of the other stations (Figure 3.7). 
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Figure 3.6. MDS diagram of non-transformed data. Distribution of Virgularia mirabilis across sta-
tions and samples, Northern Kattegat, May 2018. 
 
 

 
Figure 3.7. MDS diagram of non-transformed data. Distribution of Haploops tubicola across sta-
tions and samples, Northern Kattegat, May 2018. 
 
This may also explain why earlier studies based on the NOVANA data and related benthic indi-
cators had discovered low sensitivity in detection of fisheries impacts on benthic fauna in the in-
ner Danish waters, including in the Kattegat (Gislason et al. 2017).  
 
Further studies in the Kattegat, including in this project, based on NOVANA HAPS data and 
new Van Veen data collected in the Northern Kattegat have shown that low sensitivity in detec-
tion especially concerns detection of fisheries impacts on the large-bodied, long-lived and/or 
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highly patchy species, as these species are rarely sampled by the smaller HAPS corer, and also 
show relatively low capture rates by the Van Veen grab (McLaverty et al. 2021). 
 
However, the study showed that other species with relatively large bodies sizes and medium 
long life spans and with less patchy and more frequent occurrence, which are also sessile and 
feed either as suspension feeders (such as sea pens) or are filter-feeders (such as Haploops 
amphipods) are significantly more sensitive to bottom trawling (Figure 3.8) than short lived spe-
cies with smaller body-sizes, and which are mobile and/or burrowing and detritus feeding, and 
have wider dispersal ranges. The latter species typically dominate the fauna sampled by the 
small HAPS corer. Thus, the HAPS samples appear to have lower suitability in detection and 
monitoring of fisheries impacts on seabed fauna, compared to sampling methods that covers 
larger sampling areas. 
 

 
 

 

 
Figure 3.8. Relations between trawling intensity and the trait modalities “sessile”, “suspension 
feeding” and “tube dwelling”. Regression lines denote a significant relationship, based on the pre-
dicted values from generalised linear mixed effects models. Coloured areas represent 95% confi-
dent intervals. Re-drawn from McLaverty et al. (2021). 
 
Biodiversity detection of benthic faunal communities. A study of the NOVANA benthic fauna 
data from the Kattegat showed high correlation between density of individuals and density of 
species (Gislason et al. 2017). Furthermore, the study showed that this correlation varies de-
pendently between stations and, therefore, concluded that several commonly used biodiversity 
indicators, such as the Shannon Weaner Index (‘H), AMBI and M-AMBI are less suitable for 
comparison of biodiversity across different habitats and geographic areas (Gislason et al. 2017). 
This is also the case for benthic indicators that build upon the above biodiversity indicators, 
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such as the Danish Quality Index (DKI) and Norwegian Quality Index (NKI), as well as the Ben-
thic Quality Index (BQI) using unrarefied samples. There is, thus, a need for alternative method-
ologies for assessment of biodiversity state, thresholds and changes across marine ecoregions 
and different benthic Broad Habitat Types (BHTs) for the implementation of the Marine Strategy 
Framework Directive (MSFD).  
 
Formulation of robust models requires the use of large data sets with as many samples as pos-
sible across environmental and pressure components investigated. Benthic macrofauna have 
traditionally been sampled quantitatively using corer or grab samples. In the Kattegat this was 
primarily by a HAPS corer (0.0143 m2) or a Van Veen grab (0.1 m2). The sampling efficiency of 
the two gears may differ due to the difference in area sampled (a ratio of 7:1). However, this 
correlation has not been investigated. 
 
The results of this pilot study showed that the total density of individuals varied considerably 
within and across stations. For example, the density at station no. 9 was <100 individuals m-2 
and at the stations no. 3, 6, 7, 11 and 12 <200 m-2, whereas at the stations no. 1, 2 and 4 densi-
ties ranged between 500-600 m-2 (Figure 3.9). The density of species also varied considerably 
between samples and stations but, not consistently so with the density of individuals at all sta-
tions (Figure 3.10). The correlation between density of individuals and density of species 
showed significant differences between the HAPS and Van Veen. The Van Veen samples 
showed significantly larger numbers of individuals and species than the HAPS samples, and the 
differences increased exponentially with increasing numbers of stations (Fig. 3.11). Thus, sta-
tions with low densities of individuals are relatively similar across gear types, however with in-
creasing densities of individuals result in significantly larger differences between gear types, 
which explains the inconstancy in density of individuals and species across the total data set.  
 

 
Figure 3.9. Density of individuals per m-2 across stations and samples (HAPS and Van Veen) from 
Northern Kattegat, May 2018. 
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Figure 3.10. Density of species per m-2 across stations and samples (HAPS and Van Veen) from 
Northern Kattegat, May 2018. 
 
 

 
Figure 3.11. Density of species by density of individuals, calibrated to density per 0.1 m2. Red cir-
cles: HAPS corer (sampling area of 0.0143 m2); Blue circles: Van Veen grab (sampling area of 0.1 
m2), Northern Kattegat, May 2018. 
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The results of the multivariate analyses showed similar trends and variation across the total da-
taset and between gear types. Analyses using non-transformed data emphasizes the similarities 
of distribution of the species with the highest densities of individuals. The MDS plot of stations 
showed that station no. 4 is different from the other stations, and that stations no. 3, 8 and 9 are 
different from the rest (Figure 3.12).  
 
The MDS plot of all samples across gear types based on the non-transformed data, however, 
did not show clear differences between gear types (Figure 3.13). The statistical analyses, a 2-
way ANOSIM of the differences across all samples, confirmed that the distribution of the most 
abundant species did not differ across gear types (Global R: 0.101, p = 0.025), whereas there 
were considerable differences between stations (Global R: 0.605, p = 0.01). The pairwise test 
showed that the faunal composition at station no. 4 was highly different from that of other sta-
tions, and that the faunal composition at stations no. 3, 8 and 9 differed considerably from each 
other and from all other stations (Table 3.1). 
 

 
Figure 3.12. MDS diagram of non-transformed data of benthic faunal composition. Non-metric dis-
tribution of samples across stations, Northern Kattegat, May 2018. 
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Figure 3.13. MDS diagram of non-transformed data of benthic faunal composition. Non-metric dis-
tribution of samples across gear types, Northern Kattegat, May 2018. 
 
Table 3.1. A 2-way ANOSIM across gear types and stations. Non-transformed data of benthic faunal 
composition, Bray-Curtis similarity across samples, Northern Kattegat, May 2018. 

 
 
Analyses using Present/Absent (P/A) transformed data emphasis the similarities of faunal distri-
bution giving equal weight to each of the species regardless of the density of individuals. The 
MDS plot of stations showed that station no. 4 differed from all other stations, and that stations 
no. 3, 8 and 9 differed from the rest (Figure 3.14). 
 
In the analyses of Present/Absent (P/A) transformed data, the MDS plot of gear types, however, 
did not show clear differences between gear types (Figure 3.15). The statistical analyses, a 2-
way ANOSIM of the differences across all samples, confirmed that the distribution of the spe-
cies composition did not differ across gear types (Global R: 0.294, p = 0.01), whereas there 
were considerable differences between stations (Global R: 0.569, p = 0.01). The pairwise test 

ANOSIM pairwise tests. r
Station 10 11 12 1 2 3 4 5 6 7 8 9

10
11 0.3321005
12 0.5265064 0.565033

1 0.2510402 0.38835 0.682925
2 0.5527046 0.695639 0.792341 0.491755
3 0.783865 0.688627 0.753429 0.73301 0.768069
4 0.9938357 0.927184 0.974572 0.978425 1 0.762675
5 0.478348 0.771536 0.861689 0.34073 0.497688 0.803128 1
6 0.1015565 0.188165 0.301202 0.313299 0.631916 0.690168 0.971336 0.724842
7 0.2718447 0.431114 0.775774 0.290954 0.678379 0.780783 0.99268 0.373324 0.355139
8 0.7380182 0.548081 0.654415 0.676375 0.723378 0.276391 0.714517 0.752658 0.661889 0.765372
9 0.8751734 0.718292 0.854831 0.851672 0.900601 0.556095 0.872091 0.904839 0.829481 0.909462 0.36246

Differencies between fauna composition
Very high ≥0.9 - 1
High ≥75 <0.9
Moderate ≥0.5. < 0.75
Low ≥0.3, <0.5
No <0.3
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showed that the species composition at station no. 4 was highly different from that of other sta-
tions, and that the species composition at stations no. 3, 8 and 9 differed considerably from 
each other and from most other stations (Table 3.2). 
 

 
Figure 3.14. MDS diagram of Present/Absent-transformed data of benthic faunal composition. Non-
metric distribution of samples across stations, Northern Kattegat, May 2018. 
 
 

 
Figure 3.15. MDS diagram of Present/Absent-transformed data of benthic faunal composition. Non-
metric distribution of samples across gear types, Northern Kattegat, May 2018. 
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Table 3.2. A 2-way ANOSIM across gear types and stations. Present/Absent-transformed data of 
benthic faunal composition, Bray-Curtis similarity across samples, Northern Kattegat, May 2018. 

 
 
These results support that biodiversity assessments should adopt a modelling approach which 
allows for variations at different scales. It is important to account for such as the variation, nu-
merical differences and correlations of faunal composition detected both for density of individu-
als and species across gear type, habitats and geographic areas, and considering environmen-
tal variables and human pressures. This could potentially be solved by the development of gen-
eralised linear mixed effects models (GLMMs) approach (Brooks et al. 2017).  
 
Such model approach should be tested and validated across a wider geographic area and using 
a larger data set including different types of sampling gear, such as the HAPS corer, Van Veen 
grab, and UWTV transects with different areas of sampling for validation as a suitable approach 
to compare biodiversity and Good Environmental Status (GES) across different areas (e.g., sub-
ecoregions) and habitats (e.g., MSFD benthic BHTs). 
 
Conclusions 

• Analyses of the benthic faunal density of individuals and species showed that the larger 
Van Veen grab sampled a significantly better representation of the biodiversity (i.e., 
density of species) than the smaller HAPS corer at the individual sites. 

• The HAPS corer (0.0143m2) and Van Veen grab (0.1 m2) were both inadequate for 
sampling and assessment of sensitive, large-bodied species, such as the sea pens 
Pennatula phosphorea and Virgularia mirabilis.  

• Both gears were adequate for sampling of Haploops spp. at sites where densities are 
high (i.e., Haploops habitats). However, due to the small sample area of the sediment 
samplers, both sediment samples are inadequate for assessment of this highly patchy 
habitat across its general distribution. 

• The UWTV sledge covered a considerably large area (approx. 480 m2) within a short 
time (10 minutes), and this gear thus provides an efficient, and less invasive monitoring 
method for assessment of sessile species with large body-sizes or characteristic habitat 
features. However, individuals of smaller benthic fauna (<2-3 cm in length or width) can-
not be identified to the species (or genus) level, and burrowing species go undetected. 

• Manuel processing time of data retrieval from the UWTV video transects is time con-
suming (as for sediment faunal samples). However, video processing time could be 

ANOSIM pairwise tests. r
Station 10 11 12 1 2 3 4 5 6 7 8 9

10
11 0.3961319
12 0.4140083 0.60302

1 0.3781014 0.382262 0.589074
2 0.7345508 0.848205 0.858607 0.803514
3 0.6307597 0.421714 0.63754 0.463323 0.588843
4 0.9241023 0.796579 0.917553 0.7908 0.993836 0.626291
5 0.6110341 0.695408 0.736862 0.438974 0.571968 0.600478 0.923332
6 -0.032902 0.188781 0.410772 0.234243 0.621051 0.393204 0.767299 0.492063
7 0.4153182 0.604716 0.734936 0.39644 0.722762 0.603637 0.938742 0.227847 0.236708
8 0.6482509 0.428417 0.550393 0.583141 0.581214 0.154107 0.659424 0.618971 0.474341 0.708353
9 0.789567 0.527277 0.821313 0.724688 0.873247 0.413623 0.808522 0.835876 0.654646 0.887887 0.18986

Differencies between fauna composition
Very high ≥0.9 - 1
High ≥75 <0.9
Moderate ≥0.5. <0.75
Low ≥0.3, <0.5
No <0.3
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considerably reduced by the development of AI-methods for image recognition of ben-
thic fauna.  

• Data from the larger sediment sampler, the Van Veen grab (0.1 m2), in combination with 
the UWTV sledge recording video transects (approx. 480 m2) provides a better repre-
sentation of the species distribution than data from the current NOVANA programme, 
which is based on the smaller HAPS corer alone (0.0143 m2).  
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4. eDNA detection and trade-offs 

Materials and methods 
Water and sediment sampling 
Water and sediment samples for eDNA analysis were sampled in parallel at 16 different loca-
tions in the Northern Kattegat, east of the island of Læsø (Figure 2.1). The stations included 
muddy and sandy-muddy habitats at 35-90 m depth, which were known to contain one or more 
of the four target species Pennatula phosphorea, Virgularia mirabilis, Haploops tenuis and H. 
tubicola (stations 1-16). An additional three sample stations located north of Læsø (station 17) 
and offshore of Strandby (stations 18-19) (Northern Jutland) were used as control sites for the 
water samples. These stations constituted sandy habitats at 10 m depth with no prior observa-
tions of the target species. 
 
The water samples were collected using a CTD. Two 2 L water samples were collected per 
sampling site and the water was poured into a sterile 2 L container and immediately frozen at -
18°C. After sampling, the CTD was washed with freshwater to reduce the risk of eDNA contami-
nation between samples. Sediment samples were collected from the same localities using a 
HAPS bottom corer (0.0143 m2). The top 5 cm of the cores were stored in sterile plastic bags 
and stored frozen at -18 °C until further processing. As for the CTD, the HAPS bottom corer was 
also washed with freshwater between sampling events. 
 
Faunal records of P, phosphorea, V. mirabilis and Haploops spp from the video transects col-
lected with the Underwater TeleVision (UWTV) sledge were assessed into four categories: 0 = 
non, 1 = few, 2 = several and 3 = many). 
 
eDNA filtering and DNA extraction 
Processing of water and sediment samples was carried out in a room not associated with han-
dling of any of the target species or sediments. To avoid contamination with endogenous DNA, 
all table surfaces were wiped with, first, 2% Sodium hypochlorite, then with nuclease free water 
and 70% ethanol, before any filtering of samples took place. 
 
The frozen water samples were thawed overnight in a fridge (4 °C). Filtering of the water sam-
ples was done using a vvacuum pump (kif LAB Liquiport, Fischer Scientific, MA, USA) fitted to a 
disposable filter cup (Micro Funnel, Pall Corporation, NY, USA) with a Millipore Sterivex 0.2 μm 
filter. The filtered water was collected in a container and the total water volume filtered was 
noted. Filters were placed in 1.5 ml Eppendorf tubes, using sterile forceps, and stored at -20 ⁰C 
until DNA extraction. DNA extraction followed the standard Omega Biotek E.Z.N.A. tissue DNA 
kit protocol, with one-hour incubation and final elution in 2⨯80 μl elution buffer.  
 
As for the water samples, sediment samples were thawed overnight. Before sampling, we ho-
mogenized the sediment samples by mixing the sediment inside the plastic bags by hand for 2 
min. This was done to lower the risk of potential false-positive detections in cases with uneven 
distributions of eDNA in the samples. Four 235-276 mg subsamples were collected at different 
places from each homogenized sample and processed using the DNeasy powersoil DNA ex-
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traction kit (QIAGEN, Hilden, Germany). DNA extractions were conducted according to the man-
ufacture’s guidelines; however, we processed all supernatant after adding buffer C1 and C2 to 
increase eDNA yield and eluted DNA in 100 μl.  
 
For both water and sediment samples we included several extractions blanks (i.e., DNA extrac-
tions without filter or sediment) to control for contamination during sample processing. Extracted 
DNA concentrations were estimated from both water and sediment samples using a Qubit 2.0 
fluorometer (Invitrogen, USA) with the dsDNA Broad Range kit (Invitrogen, USA).  
 
DNA detection and quantification 
We designed three species-specific quantitative PCR (qPCR) assays for detection of Pennatula 
phosphorea, Virgularia mirabilis and Haploops tenuis. All assays were subjected to in silico, as 
well as in vitro tests to ensure specificity. First, cytochrome oxidase subunit 1 (COI) mtDNA ref-
erence databases were constructed for target species and known co-occurring closely related 
species by downloading sequences from Genbank (https://www.ncbi.nlm.nih.gov/) and BOLD 
(Bold Systems v4). Specifically, we made one reference database for sea pens and one for 
Haploops. The sea pen database included the two target species Pennatula phosphorea and 
Virgularia mirabilis, as well as Funiculina quadrangularis (Pallas, 1766). Pennatula phosphorea 
and Virgularia mirabilis are the only described species of sea pens from Danish waters in the 
Kattegat, while Funiculina quadrangularis has been reported only from the deeper parts (>100 
m depth) of the Skagerrak. The Haploops database included target species Haploops tenuis, 
Haploops tubicolar occurring in Danish waters, and Haploops similis Stephensen, 1925, and 
Haploops setosa Boeck, 1871, found in Norway. It further included five benthic amphipods: Am-
pelisca brevocornis (A. Costa, 1853), Ampelisca eschrichti Krøyer, 1842, Ampelisca macro-
cephala Liljeborg, 1853, Ampelisca tenuiscornis Liljeborg, 1856, and Ampelisca typica (Spence 
Bate, 1857) (see Table 4.1., and Appendix 3, Table S1 for sequence IDs for all used sequences 
in both databases). Sequence information for assays is available upon request. 
 
After database establishment, we designed primers and probes using the primer tool imple-
mented in Geneious Prime® 2022.0.1 (https://www.geneious.com/). Candidate assays were re-
stricted to amplicons <150 bp long. The primer and probes with the highest numbers of base 
mismatches to the non-target species in the respective databases were chosen for further in 
vitro testing on extracted DNA from target and non-target species using traditional PCR. The 
PCR reactions were carried in 20 µl volumes with 8 µl of TaqMan Environmental Mastermix 2.0 
(ThermoFisher Scientific, Waltham, MA, USA), 2 µl of DNA and 400 nM of each primer. The pri-
mer combinations producing the highest number of amplicons, as visualized by gel electropho-
resis, were used for further in vitro tests by quantitative PCR (qPCR). qPCR reactions were per-
formed in 20 µl reaction volumes containing 400 nM of each primer and 200 nM of the matching 
probe. The reactions included 8 µl of TaqMan Environmental Mastermix 2.0 (ThermoFisher Sci-
entific, Waltham, MA, USA) and 2 µl template DNA. Reactions were run on a StepOnePlus 
Real-time PCR instrument (Life Technologies, Carlsbad, CA, USA), using 10 minutes initial de-
naturation at 95°C, followed by 50 cycles of 95°C for 30 sec and 60°C for 1 min. Estimation of 
assay performance, evaluated by PCR efficiency and goodness-of-fit (R2) correlation, was sub-
sequently tested using a dilution series from 2-2⨯106 copies of PCR product generated by con-
ventional endpoint PCR using the primers used for the qPCR analysis and purified using the 
Nucleospin Gel and PCR clean-up kit (Macherey-nagel, Düren, Germany). As the assay perfor-
mance was good for all three assays (R2 >0.99 and efficiency 90%<x<110%) (Bustin et al. 

https://www.ncbi.nlm.nih.gov/
https://www.boldsystems.org/
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2009), we used the same primer and probe concentrations to analyze all extracted eDNA sam-
ples in triplicates. The qPCR reagent volumes matched the in vitro tests for the sediment sam-
ples but included a 4 µl eDNA sample from the extracted water samples. All samples and ex-
traction blanks were run in triplicates and three negative controls were run per 96-plate. Estima-
tion of number of copies per reaction was conducted using a dilution series. Further, initial tests 
for potential PCR inhibitors were conducted by running a positive control (TaqMan EXO IPC 
Mix) on all extracts using the same volume of extract as in the species tests. All pre-PCR molec-
ular work took place in a dedicated clean laboratory facility at DTU Aqua (Technical University 
of Denmark, Silkeborg, Denmark). 
 
Data processing 
All qPCR results were compared to a standard dilution series and categorized in terms of limit of 
detection (LOD) and limit of quantification (LOQ). We defined LOD as amplifications with Ct-val-
ues >41, and LOQ as the lowest standard dilution were all triplicates amplified. The qPCR copy 
number estimates were used to calculate the concentration of eDNA targets in the filtered water 
samples in copies/L and in copies/g for sediment samples. Values below LOD were treated as 
false-positives and excluded from downstream analysis. 
 
Evaluation of potential differences/similarities between eDNA and traditional monitoring data 
were done by comparing estimated eDNA concentrations of each target species with the ben-
thic faunal occurrences reported from the sediment and underwater video surveys. 
 
Results 
Assay performance 
Calculated efficiencies and goodness-of-fit (R2) of the standard dilution series were all within the 
ranges considered good for quantitative analysis (R2 >0.99 and efficiency 90%<x<110%) (Bus-
tin et al. 2009). In vitro tests confirmed amplification of the target species for all three assays. 
Specificity tests were restricted to tests for cross-amplification between the developed sea pen 
assays and its known co-occurring Danish relative, i.e., either Pennatula phosphorea or Virgu-
laria mirabilis. These tests supported specificity of both assays. The assay targeting Haploops 
tenuis was tested only on DNA from the target species (Appendix 3, Table S2). However, in sil-
ico tests using genetic sequences from known co-occurring related species supported specific-
ity of the assay (Appendix 3, Tables S3, S4, and S5). Analysis of the standard dilution series 
supported a high sensitivity with a calculated LOQ of 2 for all assays.  
 
Table 4.1. Information of the Primer/probe, Name, mtDNA Gene, Length and sequence for each tar-
get species.

 
 
 

Target species Primer/probe Name mtDNA Gene Length (bp) Sequence
Pennatula phosphorea Forward primer PenPho_160F COI 24 5'-GGTAATGCCTATCATGATTGGAGG-3'
Pennatula phosphorea Reverse primer PenPho_291R COI 25 5'-GGTCAATAGGATTAAAGAAGGCGGT-3'
Pennatula phosphorea Zen-probe PenPho_214P COI 28 5'-FAM-TGGTGCAC/ZEN/CTGATATGGCCTTTCCTAGA-BkFQ-3'

Virgularia mirabilis Forward primer VirMir_160F COI 22 5'-GGTAATGCCAATCCTGATCGGA-3'
Virgularia mirabilis Reverse primer VirMir_279R COI 22 5'-AGAGAAGGTGGCAATAACCAGA-3'
Virgularia mirabilis Zen-probe VirMir_211P COI 26 5'-FAM-GATCGGCG/ZEN/CACCTGATATGGCCTTTC-BkFQ-3'

Haploops tenuis Forward primer HapTen_326F COI 23 5'-GTATAGTGGAAAGAGGAGTGGGC-3'
Haploops tenuis Reverse primer HapTen_416R COI 22 5'-GCTAAATCAACACTTGCACCCC-3'
Haploops tenuis Zen-probe HapTen_352P COI 29 5'-FAM-GGTTGAAC/ZEN/TGTTTACCCACCTTTAGCGGG-BkFQ-3'
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Detection and quantification 
None of the extraction blanks and negative controls showed amplification. Analysis of environ-
mental DNA detected the two targeted Sea pen species in most of the collected water samples. 
Out of the 16 stations, all of them showed presence of eDNA from Pennatula phosphorea while 
14 of them contained eDNA from Virgularia mirabilis. Pennatula phosphorea eDNA was in gen-
eral found in higher concentrations than Virgularia mirabilis (Average across all samples over 
LOQ showing detection 450.07 copies/L [N=15] and 144.43 copies/L [N=13], respectively). Con-
trol stations 16-19 showed amplification for Pennatula phosphorea in one sample (19-1) and 
two samples for Virgularia mirabilis (17-2 and 18-1). The detections were below LOD for Pen-
natula phosphorea but above LOD for Virgularia mirabilis hence indicating low amounts of 
eDNA in these samples. Analysis of the 16 sediment samples detected low (around LOD) con-
centrations of Pennatula phosphorea and Virgularia mirabilis eDNA in respectively three and 
five samples (Tables 4.2 and 4.3). 
 
Table 4.2. Overview over eDNA detections and estimated concentrations in all analyzed water sam-
ples. Colors in dark green indicate detections over LOQ, in light green within LOD and red below 
LOD. Values inside the respective squares denote the average ct-value of the triplicate qPCR reac-
tions. Conversions to concentration are shown to the right of the ct-values.  

 
 
Haploops tenuis eDNA was only detected in two water samples from two different stations (Sta-
tion 4 and 13). However, the results matched well with the results from the sediment cores 
(HAPS), which only showed detections at the same two stations. Specifically, qPCR analysis 
consistently detected high concentrations in all four replicates at station 4, while the analysis of 
station 13 showed a possible detection in one replicate, which however was below LOD and 
therefore potentially a false-positive. 

Sample 
ID

Site 
coordinates

water 
volume (mL)

DNA conc. 
(ng/µL)

Target species Positive 
detections

Concentration 
(copies/L)

Target species Positive 
detections

Concentration 
(copies/L)

Target species Positive 
detections

Concentration 
(copies/L)

01-1 2070 4,56 Pennatula phosphorea 39,24 40,14 Virgularia mirabilis 38,76 43,23 Haploops tenuis ND 0
01-2 2030 3,26 Pennatula phosphorea 39,94 31,52 Virgularia mirabilis 37,61 111,57 Haploops tenuis ND 0
02-1 2000 6,41 Pennatula phosphorea 39,97 25,18 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
02-2 2070 7,72 Pennatula phosphorea 32,95 2813,81 Virgularia mirabilis 37,41 107,92 Haploops tenuis ND 0
03-1 2000 2,54 Pennatula phosphorea 40,47 17,99 Virgularia mirabilis 39,61 28,58 Haploops tenuis ND 0
03-2 2030 11,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis 40,52 15,29 Haploops tenuis ND 0
04-1 2030 3,16 Pennatula phosphorea 40,25 20,68 Virgularia mirabilis 39,06 43,94 Haploops tenuis 39,65 35,57
04-2 1970 9,82 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
05-1 2020 9,22 Pennatula phosphorea 41,44 9,27 Virgularia mirabilis 39,53 29,96 Haploops tenuis ND 0
05-2 2060 8,86 Pennatula phosphorea 39,80 28,19 Virgularia mirabilis 39,15 35,31 Haploops tenuis ND 0
06-1 1960 4,05 Pennatula phosphorea 40,03 24,78 Virgularia mirabilis 37,85 109,54 Haploops tenuis 41,19 12,86
06-2 2020 3,13 Pennatula phosphorea 38,30 77,76 Virgularia mirabilis 36,96 171,42 Haploops tenuis ND 0
07-1 2050 23,3 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
07-2 2060 9,98 Pennatula phosphorea 39,63 37,94 Virgularia mirabilis 38,81 43,29 Haploops tenuis ND 0
08-1 2000 9,37 Pennatula phosphorea 41,06 18,01 Virgularia mirabilis 39,50 30,84 Haploops tenuis ND 0
08-2 2000 3,6 Pennatula phosphorea 39,04 47,32 Virgularia mirabilis 39,60 25,29 Haploops tenuis ND 0
09-1 1970 14,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
09-2 2000 14,1 Pennatula phosphorea 41,06 12,15 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
10-1 2000 6,34 Pennatula phosphorea 36,14 341,93 Virgularia mirabilis 38,04 85,44 Haploops tenuis ND 0
10-2 2000 6,47 Pennatula phosphorea 33,45 2073,82 Virgularia mirabilis 35,61 374,73 Haploops tenuis ND 0
11-1 2060 5,01 Pennatula phosphorea 37,60 126,99 Virgularia mirabilis 39,29 30,70 Haploops tenuis ND 0
11-2 2020 5,52 Pennatula phosphorea 35,35 571,27 Virgularia mirabilis 37,68 94,20 Haploops tenuis ND 0
12-1 2020 9,31 Pennatula phosphorea 37,63 130,98 Virgularia mirabilis 39,17 39,20 Haploops tenuis ND 0
12-2 2000 6,36 Pennatula phosphorea 39,88 36,37 Virgularia mirabilis 39,29 34,34 Haploops tenuis ND 0
13-1 2050 4,8 Pennatula phosphorea 38,90 50,66 Virgularia mirabilis ND 0,00 Haploops tenuis 40,24 23,34
13-2 2000 5,42 Pennatula phosphorea 39,78 28,67 Virgularia mirabilis 39,87 24,03 Haploops tenuis ND 0
14-1 2000 9,43 Pennatula phosphorea 40,66 16,59 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
14-2 2020 7,36 Pennatula phosphorea 39,19 46,01 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
15-1 2010 7,31 Pennatula phosphorea 38,62 77,67 Virgularia mirabilis 37,32 142,59 Haploops tenuis ND 0
15-2 2000 7,61 Pennatula phosphorea 36,20 325,03 Virgularia mirabilis 35,69 405,29 Haploops tenuis ND 0
16-1 2020 1,65 Pennatula phosphorea 39,32 41,45 Virgularia mirabilis 39,89 24,16 Haploops tenuis ND 0
16-2 2020 7,47 Pennatula phosphorea 37,51 136,16 Virgularia mirabilis 39,35 34,81 Haploops tenuis ND 0
17-1 2750 20,7 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
17-2 2750 13,4 Pennatula phosphorea ND 0,00 Virgularia mirabilis 39,51 22,31 Haploops tenuis ND 0
18-1 2080 6,01 Pennatula phosphorea ND 0,00 Virgularia mirabilis 39,59 24,50 Haploops tenuis ND 0
18-2 2750 10,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
19-1 2000 9,91 Pennatula phosphorea 41,19 11,04 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
19-2 2000 9,4 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0,00 Haploops tenuis ND 0
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Underwater video sampling found specimens of all three target species (Figure 2.1., Appendix 
3; Table S5). Interestingly, Haploops tenuis individuals were reported from all samples at Sta-
tion 4. This station showed very high densities (i.e., up to more than 3000 individuals m-2) and, 
thus, matched the high concentrations of eDNA observed at that station. Pennatula phosphorea 
specimens were reported from several stations, with the highest density recorded at Station 7, 
whereas Virgularia mirabilis was recorded from almost all stations with P. phophorea but mostly 
at lower densities. 
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Table 4.3. Overview of eDNA detections and estimated concentrations in all analyzed sediment 
samples. Colors in dark green indicate detections over LOQ, in light green within LOD and red be-
low LOD. Values inside the respective squares denote the average ct-value of the triplicate qPCR 
reactions. Conversions to concentration are shown to the right of the ct-values.  

 
 
Comparison of eDNA records with benthic faunal sediment and video data 
Overall, we observed a good overlay between eDNA and underwater video data. The analyses 
detected both sea pen species to the east off the island of Læsø, and of Haploops spp. further 
to the south. Environmental DNA (eDNA) from bottom water and sediment equally showed very 
similar patterns for all species, however, with distinct differences in the concentration between 
the two sample types. Specifically, we observed much higher concentration of eDNA from sea 

Sample 
ID

Site 
coordinates

Sediment 
(mg)

DNA conc. 
(ng/µL)

Target species Positive 
detections

Concentration 
(copies/g)

Target species Positive 
detections

Concentration 
(copies/g)

Target species Positive 
detections

Concentration 
(copies/g)

1-1 250 14,8 Pennatula phosphorea ND 0 Virgularia mirabilis ND 0 Haploops tenuis ND 0
1-2 250 20,4 Pennatula phosphorea ND 0 Virgularia mirabilis ND 0 Haploops tenuis ND 0
1-3 250 15,8 Pennatula phosphorea ND 0 Virgularia mirabilis ND 0 Haploops tenuis ND 0
1-4 250 16 Pennatula phosphorea 40,81 88,26 Virgularia mirabilis ND 0 Haploops tenuis ND 0
2-1 250 7,9 Pennatula phosphorea 40,83 130,15 Virgularia mirabilis ND 0 Haploops tenuis ND 0
2-2 250 12 Pennatula phosphorea ND 0,00 Virgularia mirabilis 40,50 85,74 Haploops tenuis ND 0
2-3 250 10 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
2-4 250 9,08 Pennatula phosphorea 41,43 88,56 Virgularia mirabilis ND 0 Haploops tenuis ND 0
3-1 250 16,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
3-2 250 16,3 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
3-3 250 16,7 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
3-4 250 13,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
4-1 250 17,3 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis 33,01 19451,19
4-2 250 18,7 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis 32,44 28452,42
4-3 250 12,9 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis 32,77 22813,26
4-4 250 14,5 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis 31,83 39545,70
5-1 250 2,56 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
5-2 250 3,12 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
5-3 250 2,88 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
5-4 250 3,22 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
6-1 276 7,38 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
6-2 255 8,06 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
6-3 266 7,07 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
6-4 266 6,4 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
7-1 266 Too Low Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
7-2 235 Too Low Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
7-3 248 0,572 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
7-4 245 Too Low Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
8-1 250 8,88 Pennatula phosphorea ND 0,00 Virgularia mirabilis 39,45 140,10 Haploops tenuis ND 0
8-2 250 10 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
8-3 250 9,2 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
8-4 250 9,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
9-1 250 13,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
9-2 250 23,4 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
9-3 250 19,3 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
9-4 250 18,9 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0

10-1 250 27 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
10-2 250 17,8 Pennatula phosphorea 39,79 172,62 Virgularia mirabilis ND 0 Haploops tenuis ND 0
10-3 250 26,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
10-4 250 33,4 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
11-1 250 39,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
11-2 250 39 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
11-3 250 41,2 Pennatula phosphorea ND 0,00 Virgularia mirabilis 39,58 128,23 Haploops tenuis ND 0
11-4 250 45,2 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
12-1 250 15,5 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
12-2 250 14 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
12-3 250 19,3 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
12-4 250 11,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
13-1 250 42,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis 49,24 0,42
13-2 250 38,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
13-3 250 43,2 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
13-4 250 42,6 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
14-1 250 14,8 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
14-2 250 13,4 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
14-3 250 15,2 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
14-4 250 17,9 Pennatula phosphorea ND 0,00 Virgularia mirabilis 40,63 62,82 Haploops tenuis ND 0
15-1 243 5,36 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
15-2 247 5,36 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
15-3 276 9,27 Pennatula phosphorea ND 0,00 Virgularia mirabilis 40,64 82,28 Haploops tenuis ND 0
15-4 268 7,38 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
16-1 251 16,1 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
16-2 272 16,2 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
16-3 239 15,3 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
16-4 250 15,7 Pennatula phosphorea ND 0,00 Virgularia mirabilis ND 0 Haploops tenuis ND 0
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pens in the water samples, while the opposite was observed for Haploops spp., which showed 
an >500-fold higher concentration in the sediment samples (Fig. 2). 
 

 
Figure 4.2. Observed distributions of all target species: Pennatula phosphorea (Pp), Virgularia mi-
rabilis (Vm), and Haploops tenuis (Ht). Each dot represents a sampling station. Colour progres-
sions represent densities derived from the underwater video data and eDNA concentrations for the 
analysed bottom water sample (‘water_conc’ [eDNA copies/L]) and sediment samples (‘sedi_conc’ 
[eDNA copies/g]) as specified in the legend to the right of each map. Underwater video data was 
categorized from 0-3 depending on the overall density of amphipod tube coverage (Haploops) or 
sea pen colonies (Pennatula phosphorea and Virgularia mirabilis) observed at the stations (0 
=none, 1 = few, 2 = several, 3 = many). For further details, see Materials and Methods. 
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Conclusions 
• We developed three assays targeting the three sensitive, epibenthic, habitat-forming 

species, Pennatula phosphorea, Virgularia mirabilis and Haploops tenuis. 
• All assays performed well, i.e., showed high sensitivity and potential for precise quanti-

tative assessment of eDNA copy number. 
• Specificity tests supported that the assays are species-specific, but as we only have 

had access to DNA from a limited number of specimens/species, we cannot confidently 
exclude the possibility that cross-amplification can occur. 

• We observed a good overlap between video data (i.e., UWTV sledge) and eDNA data.  
• For Haploops tenuis, we found a very good match between water and sediment, while 

the two sea pen species were detected more often in the water samples than in the 
sediment samples.  

• Interestingly, we find the highest concentrations of eDNA in the sediment for Haploops 
spp. but in water for the sea pens. 

• The analyses of Haploops and sea pen species showed very different eDNA patterns. 
This may be explained by differences in their biology, which could influence eDNA ex-
cretion. For example, we know that most hard-shelled invertebrates generally excrete 
little eDNA to their environment compared to soft-bodied animals. Haploops spp. indi-
viduals are small (<2 cm long), cuticulous, and live most of their lives in their tube (and 
lie on their back at the top of the tube with their feet out when filter-feeding) in the sedi-
ment, which may reduce eDNA excretion to the water column, while potentially concen-
trating in the sediment. Sea pens are larger-bodied (>20-40 cm long), soft-bodied, and 
anchor themselves in the sediment with most of the colony exposed extending into the 
water column. The colonial polyps are suspension-feeders and excrete mucus and 
nematocysts upon catching their prey, which may increase eDNA release into the sur-
rounding water. Hence, it is likely that the observed species differences in the eDNA 
patterns can be ascribed to different excretion volumes, exposure to the water column 
and convection patterns at the seabed sites where the species occur. 

• eDNA is generally a fast and cheap method to detect the presence of aquatic species 
from an environmental sample. This is especially true when reliable species-specific as-
says already have been developed, as in the current study. The method is highly sensi-
tive, meaning that it can detect the presence of rare species. Implementation of the 
method may aid in the monitoring of the potential distribution of sensitive and other key 
species of benthic fauna. 
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5. Conclusions and perspectives 

• Data from a larger sediment sampler, the Van Veen grab (0.1 m2), in combination with a 
towed underwater sledge recording video transects (approx., 480 m2) provides a better 
representation of the species distribution than data from the current NOVANA survey, 
which is based on the smaller HAPS corer alone (0.0143 m2).  

• Analyses of the benthic faunal density of individuals and species showed that the larger 
Van Veen grab gave a significantly better representation of the biodiversity (i.e., density 
of species) than the smaller HAPS corer at the individual sites. 

• The HAPS corer (0.0143 m2) and Van Veen grab (0.1 m2) were both inadequate for 
sampling and assessment of sensitive, large-bodied species, such as the sea pens 
Pennatula phosphorea and Virgularia mirabilis, whereas the UWTV sledge covered a 
considerably larger area (approx., 480 m2) within a short time (10 min) and provided an 
efficient monitoring method for assessment of sessile species with large body-sizes or 
characteristic habitat features. However, individuals of smaller benthic fauna (<2-3 cm 
in length or width) cannot be identified to the species (or genus) level, and burrowing 
species go undetected. 

• We developed three assays targeting the three sensitive, epibenthic, habitat-forming 
species, Pennatula phosphorea, Virgularia mirabilis and Haploops tenuis. 

• All assays performed well, i.e., showed high sensitivity and potential for precise quanti-
tative assessment of eDNA copy number. 

• We observed a good overlap between video data (i.e., UWTV sledge) and eDNA data.  
• eDNA is generally a fast and cheap method to detect the presence of aquatic species 

from an environmental sample. This is especially true when reliable species-specific as-
says already have been developed, as in the current study. The method is highly sensi-
tive, meaning that it can detect the presence of rare species. Implementation of the 
method may aid in the monitoring of potential distribution of sensitive and other key spe-
cies of benthic fauna. 
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Appendix. Supplementary material 

Appendix 1. Station list 
Station list of samples collected in the Northern Kattegat during the field cruise with the DTU 
Aqua R/V Havfisken in May 2020. For visibility, individual stations are marked alternatingly by 
white and grey background. 
 

Date Replicate_ID Lat_in Long_in Time_in Depth_m 
20_05_2020 KB20_s5_HAPS1 57_29_812 11_19_215 10:41:24 37.8 
20_05_2020 KB20_s5_HAPS2 57_29_858 11_19_119 10:49:46 37.2 
20_05_2020 KB20_s5_HAPS3 57_29_949 11_19_546 11:07:34 39.4 
20_05_2020 KB20_s5_HAPS4 57_29_958 11_19_509 11:11:22 39.3 
20_05_2020 KB20_s5_HAPS5 57_29_974 11_19_464 11:14:32 39.2 
20_05_2020 KB20_s5_HAPS6 57_29_787 11_19_258 10:38:24 37.9 
20_05_2020 KB20_s5_HAPS7 57_29_984 11_19_435 11:16:48 39.1 
20_05_2020 KB20_s5_VV1 57_29_995 11_19_449 10:19:34 39.3 
20_05_2020 KB20_s5_VV2 57_30_013 11_19_419 10:22:48 39 
20_05_2020 KB20_s5_VV3 57_30_028 11_19_416 10:25:38 39.1 
20_05_2020 KB20_s5_VV4 57_30_042 11_19_410 10:28:02 39.1 
20_05_2020 KB20_s5_VV5 57_30_054 11_19_397 10:30:20 39 
20_05_2020 KB20_s5_UWTV 57_30_072 11_19_306 09:33:00 na 
20_05_2020 KB20_s5_UWTV 57_29_940 11_19_276 09:43:00 na 
20_05_2020 KB20_s5_CTD 57_29_923 11_19_156 07:57:00 na 
20_05_2020 KB20_s1_HAPS1 57_27_594 11_21_681 13:30:22 65.6 
20_05_2020 KB20_s1_HAPS2 57_27_619 11_21_678 13:35:18 64.8 
20_05_2020 KB20_s1_HAPS3 57_27_647 11_21_681 13:39:14 63.8 
20_05_2020 KB20_s1_HAPS4 57_27_672 11_21_681 13:42:30 62.6 
20_05_2020 KB20_s1_HAPS5 57_27_724 11_21_682 13:49:30 59.7 
20_05_2020 KB20_s1_HAPS6 57_27_704 11_21_681 13:46:50 60.9 
20_05_2020 KB20_s1_HAPS7 57_27_752 11_21_686 13:53:08 57.9 
20_05_2020 KB20_s1_VV1 57_27_531 11_21_097 14:01:06 66.5 
20_05_2020 KB20_s1_VV2 57_27_542 11_21_714 14:05:00 66.9 
20_05_2020 KB20_s1_VV3 57_27_560 11_21_724 14:07:56 66.4 
20_05_2020 KB20_s1_VV4 57_27_582 11_21_733 14:11:04 65.6 
20_05_2020 KB20_s1_VV5 57_27_604 11_21_743 14:14:08 na 
20_05_2020 KB20_s1_UWTV 57_27_747 11_21_747 12:29:36 na 
20_05_2020 KB20_s1_UWTV 57_27_569 11_21_724 12:49:54 na 
20_05_2020 KB20_s1_CTD 57_27_604 11_21_722 11:14:38 na 
21_05_2020 KB20_s4_HAPS1 57_04_058 11_32_429 08:43:04 70.8 
21_05_2020 KB20_s4_HAPS2 57_04_139 11_32_319 08:56:48 66.8 
21_05_2020 KB20_s4_HAPS3 57_04_118 11_32_351 09:23:24 68.7 
21_05_2020 KB20_s4_HAPS4 57_04_111 11_32_382 09:46:32 68.1 
21_05_2020 KB20_s4_HAPS5 57_04_107 11_32_383 09:49:36 68.9 
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21_05_2020 KB20_s4_HAPS6 57_04_145 11_32_351 09:37:08 64.2 
21_05_2020 KB20_s4_HAPS7 57_04_146 11_32_336 08:59:52 64.6 
21_05_2020 KB20_s4_VV1 57_04_118 11_32_390 08:17:30 66.9 
21_05_2020 KB20_s4_VV2 57_04_107 11_32_384 08:20:44 68.6 
21_05_2020 KB20_s4_VV3 57_04_094 11_32_392 08:24:10 69.6 
21_05_2020 KB20_s4_VV4 57_04_086 11_32_395 08:27:16 70.2 
21_05_2020 KB20_s4_VV5 57_04_082 11_32_401 08:30:40 70.5 
21_05_2020 KB20_s4_VV6 57_04_107 11_32_383 08:34:19 68.9 
21_05_2020 KB20_s4_UWTV 57_04_182 11_32_243 08:09:00 na 
21_05_2020 KB20_s4_UWTV 57_04_033 11_32_367 08:20:21 na 
21_05_2020 KB20_s4_CTD 57_04_001 11_32_403 05:29:00 na 
21_05_2020 KB20_s3_HAPS1 57_01_553 11_37_667 12:26:54 55 
21_05_2020 KB20_s3_HAPS2 57_01_584 11_37_753 12:29:54 59.3 
21_05_2020 KB20_s3_HAPS3 57_01_608 11_37_862 12:33:20 62.1 
21_05_2020 KB20_s3_HAPS4 57_01_535 11_37_641 12:39:56 53.5 
21_05_2020 KB20_s3_HAPS5 57_01_570 11_37_942 12:48:44 60.8 
21_05_2020 KB20_s3_HAPS6 57_01_542 11_37_731 13:46:50 55.6 
21_05_2020 KB20_s3_HAPS7 57_01_556 11_37_845 12:45:54 58.6 
21_05_2020 KB20_s3_VV1 57_01_561 11_37_602 12:57:48 64.1 
21_05_2020 KB20_s3_VV2 57_01_562 11_37_742 13:01:34 57.4 
21_05_2020 KB20_s3_VV3 57_01_569 11_37_856 13:04:32 59.7 
21_05_2020 KB20_s3_VV4 57_01_575 11_37_612 13:11:24 55.7 
21_05_2020 KB20_s3_VV5 57_01_579 11_37_720 13:14:30 58.2 
21_05_2020 KB20_s3_UWTV 57_01_604 11_38_285 11:30:31 na 
21_05_2020 KB20_s3_UWTV 57_01_558 11_38_024 11:42:34 na 
21_05_2020 KB20_s3_CTD 57_01_575 11_37_753 10:09:02 na 
22_05_2020 KB20_s6_HAPS1 57_25_722 11_24_072 07:07:56 49.9 
22_05_2020 KB20_s6_HAPS2 57_25_734 11_24_085 07:10:40 50 
22_05_2020 KB20_s6_HAPS3 57_25_744 11_24_096 07:14:54 50.1 
22_05_2020 KB20_s6_HAPS4 57_25_759 11_24_119 07:19:34 50 
22_05_2020 KB20_s6_HAPS5 57_25_773 11_24_130 07:23:06 49.9 
22_05_2020 KB20_s6_HAPS6 57_25_784 11_24_149 07:26:00 50 
22_05_2020 KB20_s6_HAPS7 57_25_794 11_24_162 07:28:20 49.8 
22_05_2020 KB20_s6_VV1 57_25_673 11_23_993 06:52:58 50.3 
22_05_2020 KB20_s6_VV2 57_25_681 11_24_005 06:55:36 50.4 
22_05_2020 KB20_s6_VV3 57_25_687 11_24_017 06:58:18 50.3 
22_05_2020 KB20_s6_VV4 57_25_695 11_24_028 07:01:02 50.3 
22_05_2020 KB20_s6_VV5 57_25_705 11_24_045 07:03:42 50.2 
22_05_2020 KB20_s6_UWTV 57_25_981 11_24_050 05:45:20 na 
22_05_2020 KB20_s6_UWTV 57_25_824 11_24_083 05:57:00 na 
22_05_2020 KB20_s6_CTD 57_25_803 11_24_125 04:26:24 na 
22_05_2020 KB20_s7_HAPS1 57_22_817 11_26_100 09:38:46 45.3 
22_05_2020 KB20_s7_HAPS2 57_22_765 11_26_154 09:59:22 45.1 
22_05_2020 KB20_s7_HAPS3 57_22_808 11_26_118 10:02:26 45.3 
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22_05_2020 KB20_s7_HAPS4 57_22_849 11_26_078 10:05:32 45.9 
22_05_2020 KB20_s7_HAPS5 57_22_860 11_26_072 09:41:54 43.5 
22_05_2020 KB20_s7_HAPS6 57_22_710 11_26_161 09:30:54 42.6 
22_05_2020 KB20_s7_HAPS7 57_22_779 11_26_179 09:56:34 43.5 
22_05_2020 KB20_s7_VV1 57_22_724 11_26_206 10:15:38 43.3 
22_05_2020 KB20_s7_VV2 57_22_757 11_26_191 10:17:52 45.4 
22_05_2020 KB20_s7_VV3 57_22_821 11_26_162 10:21:46 46.9 
22_05_2020 KB20_s7_VV4 57_22_866 11_26_140 10:24:44 48.5 
22_05_2020 KB20_s7_VV5 57_22_909 11_26_118 10:27:18 49.9 
22_05_2020 KB20_s7_CTD 57_22_883 11_26_087 06:59:00 na 
22_05_2020 KB20_s14_HAPS1 57_20_484 11_17_475 12:36:50 36.2 
22_05_2020 KB20_s14_HAPS2 57_20_449 11_17_508 12:51:32 36.3 
22_05_2020 KB20_s14_HAPS3 57_20_494 11_17_474 12:54:02 35.8 
22_05_2020 KB20_s14_HAPS4 57_20_577 11_17_394 12:58:14 36.6 
22_05_2020 KB20_s14_HAPS5 57_20_558 11_17_415 13:11:34 35.6 
22_05_2020 KB20_s14_HAPS6 57_20_481 11_17_486 13:07:38 36 
22_05_2020 KB20_s14_HAPS7 57_20_623 11_17_339 13:15:04 35.1 
22_05_2020 KB20_s14_VV1 57_20_370 11_17_578 12:15:58 36.7 
22_05_2020 KB20_s14_VV2 57_20_412 11_17_548 12:18:42 36.4 
22_05_2020 KB20_s14_VV3 57_20_458 11_17_522 12:21:38 36.2 
22_05_2020 KB20_s14_VV4 57_20_500 11_17_491 12:24:12 36 
22_05_2020 KB20_s14_VV5 57_20_540 11_17_456 12:26:52 35.7 
22_05_2020 KB20_s14_UWTV 57_20_374 11_17_604 13:26:18 na 
22_05_2020 KB20_s14_UWTV 57_20_483 11_17_475 13:37:13 na 
22_05_2020 KB20_s14_CTD 57_20_495 11_17_457 09:58:46 na 
23_05_2020 KB20_s8_HAPS1 57_11_881 11_23_549 10:20:40 60.4 
23_05_2020 KB20_s8_HAPS2 57_11_944 11_23_581 10:23:46 67.4 
23_05_2020 KB20_s8_HAPS3 57_11_872 11_23_429 10:30:48 59.4 
23_05_2020 KB20_s8_HAPS4 57_11_961 11_23_501 10:41:27 67.7 
23_05_2020 KB20_s8_HAPS5 57_11_879 11_23_402 10:47:04 60 
23_05_2020 KB20_s8_HAPS6 57_11_935 11_23_458 10:34:08 65.8 
23_05_2020 KB20_s8_HAPS7 57_11_956 11_23_454 10:50:58 68.1 
23_05_2020 KB20_s8_VV1 57_11_762 11_23_553 09:50:48 57.4 
23_05_2020 KB20_s8_VV2 57_11_818 11_23_575 09:54:02 56.6 
23_05_2020 KB20_s8_VV3 57_11_875 11_23_592 09:57:08 59.6 
23_05_2020 KB20_s8_VV4 57_11_783 11_23_521 10:05:14 56.8 
23_05_2020 KB20_s8_VV5 57_11_837 11_23_549 10:08:16 57.7 
23_05_2020 KB20_s8_UWTV 57_11_944 11_23_85 09:08:56 na 
23_05_2020 KB20_s8_CTD 57_11_863 11_23_428 07:11:32 na 
23_05_2020 KB20_s8_CTD 57_11_905 11_23_550 07:30:54 na 
23_05_2020 KB20_s9_HAPS1 57_13_769 11_27_832 13:34:40 52 
23_05_2020 KB20_s9_HAPS2 57_13_816 11_27_893 13:37:50 52.2 
23_05_2020 KB20_s9_HAPS3 57_13_865 11_27_958 13:40:46 52.6 
23_05_2020 KB20_s9_HAPS4 57_13_921 11_28_039 13:44:18 52.7 
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23_05_2020 KB20_s9_HAPS5 57_14_024 11_28_176 13:50:44 52.8 
23_05_2020 KB20_s9_HAPS6 57_13_996 11_28_141 13:48:58 53 
23_05_2020 KB20_s9_HAPS7 57_14_070 11_28_240 13:54:31 53.2 
23_05_2020 KB20_s9_VV1 57_13_856 11_27_941 14:15:56 52.5 
23_05_2020 KB20_s9_VV2 57_13_904 11_28_040 14:19:54 52.7 
23_05_2020 KB20_s9_VV3 57_13_964 11_28_151 14:25:02 52.6 
23_05_2020 KB20_s9_VV4 57_13_995 11_28_210 14:27:56 52.8 
23_05_2020 KB20_s9_VV5 57_14_026 11_28_268 14:30:50 52.9 
23_05_2020 KB20_s9_UWTV 57_14_155 11_28_351 12:44:48 na 
23_05_2020 KB20_s9_UWTV 57_14_003 11_28_147 12:57:54 na 
23_05_2020 KB20_s9_CTD 57_13_952 11_27_878 10:45:58 na 
23_05_2020 KB20_s9_CTD 57_14_100 11_28_226 11:07:34 na 
23_05_2020 KB20_s9_TV3 57_13_947 11_28_126 13:27:04 na 
24_05_2020 KB20_s10_HAPS1 57_19_285 11_21_339 10:12:10 42.9 
24_05_2020 KB20_s10_HAPS2 57_19_281 11_21_516 10:16:28 44.3 
24_05_2020 KB20_s10_HAPS3 57_19_316 11_21_452 10:49:24 43.6 
24_05_2020 KB20_s10_HAPS4 57_19_317 11_21_355 11:07:16 43 
24_05_2020 KB20_s10_HAPS5 57_19_280 11_21_594 11:13:42 43.8 
24_05_2020 KB20_s10_HAPS6 57_19_298 11_21_471 11:10:30 44.8 
24_05_2020 KB20_s10_HAPS7 57_19_269 11_21_681 11:16:06 45 
24_05_2020 KB20_s10_VV1 57_19_313 11_21_247 09:48:46 42.3 
24_05_2020 KB20_s10_VV2 57_19_319 11_21_358 09:51:22 43 
24_05_2020 KB20_s10_VV3 57_19_319 11_21_498 09:54:24 44 
24_05_2020 KB20_s10_VV4 57_19_322 11_21_019 09:57:44 44.8 
24_05_2020 KB20_s10_VV5 57_19_322 11_21_743 09:59:44 44.9 
24_05_2020 KB20_s10_UWTV 57_19_398 11_21_953 09:32:47 na 
24_05_2020 KB20_s10_UWTV 57_19_255 11_21_920 09:44:14 na 
24_05_2020 KB20_s10_CTD 57_19_215 11_21_640 07:30:16 na 
24_05_2020 KB20_s11_HAPS1 57_16_362 11_22_839 13:04:52 61.3 
24_05_2020 KB20_s11_HAPS2 57_16_351 11_22_896 13:08:04 61.1 
24_05_2020 KB20_s11_HAPS3 57_16_338 11_22_957 13:11:30 61.4 
24_05_2020 KB20_s11_HAPS4 57_16323 11_23_027 13:14:50 61.8 
24_05_2020 KB20_s11_HAPS5 57_16_302 11_23_101 13:18:06 60.3 
24_05_2020 KB20_s11_HAPS6 57_16_392 11_22_891 13:30:42 62.3 
24_05_2020 KB20_s11_HAPS7 57_16_372 11_22_946 13:33:20 60.3 
24_05_2020 KB20_s11_VV1 57_16_420 11_22_867 13:42:16 59.4 
24_05_2020 KB20_s11_VV2 57_16_411 11_22_916 13:45:20 59.6 
24_05_2020 KB20_s11_VV3 57_16_403 11_22_978 13:48:06 59.4 
24_05_2020 KB20_s11_VV4 57_16_392 11_23_046 13.51.02 59.6 
24_05_2020 KB20_s11_VV5 57_16_386 11_23_104 13.54.44 59.7 
24_05_2020 KB20_s11_UWTV 57_16_299 11_23_206 12:10:33 na 
24_05_2020 KB20_s11_UWTV 57_16_348 11_23_007 12:21:31 na 
24_05_2020 KB20_s11_CTD 57_16_336 11_22_911 10:47:30 na 
25_05_2020 KB20_s12_HAPS1 57_21_699 11_19_231 08:08:22 38.6 



 

Development of new methods for assessment of fisheries management and spatial closures  39 

 

25_05_2020 KB20_s12_HAPS2 57_21_613 11_19_333 08:15:54 38.7 
25_05_2020 KB20_s12_HAPS3 57_21_581 11_19_375 08:18:32 38.7 
25_05_2020 KB20_s12_HAPS4 57_21_540 11_19_435 08:21:56 39 
25_05_2020 KB20_s12_HAPS5 57_21_443 11_19_577 08:29:30 39.3 
25_05_2020 KB20_s12_HAPS6 57_21_483 11_19_518 08:26:18 39.2 
25_05_2020 KB20_s12_HAPS7 57_21_416 11_19_611 08:31:38 39.4 
25_05_2020 KB20_s12_VV1 57_21_667 11_19_232 07:51:30 38.8 
25_05_2020 KB20_s12_VV2 57_21_637 11_19_254 07:54:02 38.6 
25_05_2020 KB20_s12_VV3 57_21_607 11_19_296 07:56:22 38.7 
25_05_2020 KB20_s12_VV4 57_21_573 11_19_339 07:57:52 38.6 
25_05_2020 KB20_s12_VV5 57_21_541 11_19_382 08:01:20 38.7 
25_05_2020 KB20_s12_UWTV 57_21_374 11_19_788 06:41:18 na 
25_05_2020 KB20_s12_UWTV 57_21_434 11_19_544 06:52:50 na 
25_05_2020 KB20_s12_CTD 57_21_569 11_19_265 05:33:48 na 
25_05_2020 KB20_s15_HAPS1 57-19-238 11_25_236 09:57:12 65.5 
25_05_2020 KB20_s15_HAPS2 57_19_208 11_25_238 10:00:50 65.8 
25_05_2020 KB20_s15_HAPS3 57_19_177 11_25_266 10:04:34 66.1 
25_05_2020 KB20_s15_HAPS4 57_19_151 11_25_279 10:08:00 66.5 
25_05_2020 KB20_s15_HAPS5 57_19_098 11_25_303 10:14:46 67.4 
25_05_2020 KB20_s15_HAPS6 57_19_122 11_25_294 10:11:28 66.7 
25_05_2020 KB20_s15_HAPS7 57_19_077 11_25_312 10:17:16 67 
25_05_2020 KB20_s15_VV1 57_19_269 11_25_264 10:24:14 65.4 
25_05_2020 KB20_s15_VV2 57_19_295 11_25_295 10:27:24 65 
25_05_2020 KB20_s15_VV3 57_19_235 11_25_325 10:30:14 65.1 
25_05_2020 KB20_s15_VV4 57_19_201 11_25_365 10:34:50 65.5 
25_05_2020 KB20_s15_VV5 57_19_178 11_25_391 10:37:48 66 
25_05_2020 KB20_s15_UWTV 57_19_062 11_25_329 08:49:53 na 
25_05_2020 KB20_s15_UWTV 57_19_185 11_25_293 09:00:45 na 
25_05_2020 KB20_s15_CTD 57_19_237 11_25_256 07:38:36 na 
25_05_2020 KB20_s16_HAPS1 57_14_556 11_21_406 13:15:26 76.8 
25_05_2020 KB20_s16_HAPS2 57_14_504 11_21_386 13:18:58 75.9 
25_05_2020 KB20_s16_HAPS3 57_14_453 11_21_367 13:22:24 75.5 
25_05_2020 KB20_s16_HAPS4 57_14_603 11_21_372 13:32:58 74.4 
25_05_2020 KB20_s16_HAPS5 57_14_502 11_21_314 13:45:18 70.8 
25_05_2020 KB20_s16_HAPS6 57_14_555 11_21_340 13:36:10 71.9 
25_05_2020 KB20_s16_HAPS7 57_14_421 11_21_278 13:39:48 71 
25_05_2020 KB20_s16_VV5 57_14_880 11_21_520 12:53:24 79.2 
25_05_2020 KB20_s16_VV2 57_14_837 11_21_517 12:56:42 78.7 
25_05_2020 KB20_s16_VV3 57_14_782 11_21_492 13:00:28 78 
25_05_2020 KB20_s16_VV4 57_14_730 11_21_475 13:03:54 77.9 
25_05_2020 KB20_s16_VV6 57_14_680 11_21_455 13:07:18 78.1 
25_05_2020 KB20_s16_VV1 57_14_627 11_21_436 13:10:44 77.8 
25_05_2020 KB20_s16_UWTV 57_14_392 11_21_316 11:58:04 na 
25_05_2020 KB20_s16_UWTV 57_14_634 11_21_421 12:15:36 na 
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25_05_2020 KB20_s16_CTD 57_14_998 11_21_384 10:35:00 na 
26_05_2020 KB20_s2_HAPS1 57_24_317 11_14_108 07:05:52 29 
26_05_2020 KB20_s2_HAPS2 57_24_326 11_14_128 07:08:08 29.5 
26_05_2020 KB20_s2_HAPS3 57_24_354 11_14_172 07:13:30 33.6 
26_05_2020 KB20_s2_HAPS4 57_24_370 11_14_206 07:16:36 35.1 
26_05_2020 KB20_s2_HAPS5 57_24_412 11_14_306 07:25:04 36.2 
26_05_2020 KB20_s2_HAPS6 57_24_249 11_14_249 07:20:12 36 
26_05_2020 KB20_s2_HAPS7 57_24_403 11_14_283 07:23:04 36.2 
26_05_2020 KB20_s2_VV1 57_24_373 11_14_100 07:30:06 31.7 
26_05_2020 KB20_s2_VV2 57_24376 11_14_117 07:32:50 32.6 
26_05_2020 KB20_s2_VV3 57_24_383 11_14_138 07:35:18 33.6 
26_05_2020 KB20_s2_VV4 57_24_386 11_14_167 07:37:34 34.5 
26_05_2020 KB20_s2_VV5 57_24_387 11_14_199 07:39:52 35.2 
26_05_2020 KB20_s2_UWTV 57_24_572 11_14_315 05:54:18 na 
26_05_2020 KB20_s2_UWTV 57_24_381 11_14_216 06:11:25 na 
26_05_2020 KB20_s2_CTD 57_24_498 11_14_316 04:52:00 na 
26_05_2020 KB20_s17_CTD 57_26_959 11_02_970 07:47:56 na 
26_05_2020 KB20_s18_CTD 57_30_873 10_37_184 10:10:12 na 
26_05_2020 KB20_s19_CTD 57_30_822 10_35_853 10:23:32 na 
23_05_2020 KB20_s13_HAPS1 57_09_860 11_27_350 06:57:26 63.7 
23_05_2020 KB20_s13_HAPS2 57_09_872 11_27_355 07:01:34 63.6 
23_05_2020 KB20_s13_HAPS3 57_09_904 11_27_368 07:09:20 63.4 
23_05_2020 KB20_s13_HAPS4 57_09_912 11_27_367 07:11:51 63.4 
23_05_2020 KB20_s13_HAPS5 57_09_823 11_27_340 07:25:56 63.9 
23_05_2020 KB20_s13_HAPS6 57_09_920 11_27_366 07:13:20 63.4 
23_05_2020 KB20_s13_HAPS7 57_09_848 11_27_324 07:33:30 63.8 
23_05_2020 KB20_s13_VV1 57_09_890 11_27_318 07:41:42 63.6 
23_05_2020 KB20_s13_VV2 57_09_906 11_27_319 07:44:52 63.7 
23_05_2020 KB20_s13_VV3 57_09_918 11_27_299 07:47:56 63.7 
23_05_2020 KB20_s13_VV4 57_09_932 11_27_274 07:51:10 63.6 
23_05_2020 KB20_s13_VV5 57_09_945 11_27_255 07:54:08 63.9 
23_05_2020 KB20_s13_UWTV 57_09_974 11_27_202 06:08:44 na 
23_05_2020 KB20_s13_UWTV 57_09_933 11_27_328 06:29:20 na 
23_05_2020 KB20_s13_CTD 57_11_863 11_23_428 07:11:32 na 
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Appendix 2. List of benthic faunal taxa  
List of benthic faunal taxa recorded in the HAPS and Van Veen samples from the Northern Kat-
tegat, May 2018. 
 
Abra nitida 
Acidostoma nodiferum 
Alvania testae 
Ampelisca sp. 
Ampelisca tenuicornis 
Ampharete finmargica 
Ampharete lindstroemi 
Ampharetidae indet. 
Amphicteis gunneri 
Amphictene auricoma 
Amphiura chiajei 
Amphiura filiformis 
Anobothrus gracilis 
Antalis entalis 
Anthozoa indet. 
Antinoella sarsi 
Aoridae indet. 
Apseudes spinosa 
Astacilla longicornis 
Astarte borealis 
Astropecten irregularis 
Athecata indet. 
Bopyridae indet. 
Brissopsis lyrifera 
Callianassa subterranea 
Campanulariidae indet. 
Campylaspis rubicunda 
Capitellidae indet. 
Cerastoderma edule 
Ceratocephale loveni 
Cerianthus lloydii 
Chaetoderma nitidulum 
Chaetopterus variopedatus 
Chaetozone setosa 
Chamelea gallina 
Cirratulidae indet. 
Copepoda indet. 
Corophium affine 
Crustacea indet. 
Cylichna cylindracea 
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Diastylis bradyi 
Diastylis rathkei 
Diastylis sp. 
Diastyloides biplicatus 
Diastyloides serrata 
Diplocirrus glaucus 
Dosinia exoleta 
Dyopedos porrectus 
Echinocardium cordatum 
Echiurus echiurus 
Edwardsia sp. 
Ennucula tenuis 
Epitonium clathus 
Ericthonius difformis 
Ericthonius punctatus 
Ericthonius punctatus  
Eriopisa elongata 
Eudorella emarginata 
Eulalia viridis 
Eumida sanguinea 
Eupolymnia nesidensis 
Euspira nitida 
Exogone hebes 
Exogone naidina 
Exogone sp. 
Flabelligeridae indet. 
Galathea sp. 
Galathowenia oculata 
Glycera alba 
Glycera rouxii 
Glycera sp. 
Golfingia vulgaris 
Goniada maculata 
Goniada sp. 
Haploops tubicola 
Harmothoe sp. 
Harpinia serrata 
Hemilamprops roseus 
Hermania scabra 
Heteromastus filiformis 
Hiatella arctica 
Hyala vitrea 
Hydractinia echinata 
Hydroides norvegica 
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Iphinoe serrata 
Iphinoe sp. 
Jaera albifrons 
Kurtiella bidentata 
Laonice bahusiensis 
Leptosynapta inhaerens 
Leucon nasica 
Leucothoe insica 
Levinsenia gracilis 
Lichenoporidae indet. 
Lipobranchus jeffreysii 
Lumbrineris fragilis 
Lysilla loveni 
Maera loveni 
Maera othonis 
Magelona alleni 
Maldanidae indet.  
Munna minuta 
Musculus subpictus 
Mya truncata 
Mysia undata 
Nassarius reticulatus 
Natatolana borealis 
Nebalia bipes 
Nematoda indet. 
Nemertini indet. 
Nephrops norvegica 
Nephtys ciliata 
Nephtys hombergii 
Nephtys sp. 
Nereididae indet.  
Nicomache lumbricalis 
Notomastus latericeus 
Nucula nitidosa 
Nuculana pernula 
Nymphon sp. 
Ophelina acuminata 
Ophiodromus flexuosus 
Ophiura albida 
Ophiura ophiura 
Orbinia sertulata 
Orbiniidae indet. 
Pagurus sp. 
Palliolum tigrinum 
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Paramphinome jeffreysi 
Paramphinome jeffreysii 
Paraonis fulgens 
Parvicardium scriptum 
Pectinaria belgica 
Petaloproctus borealis 
Phascolion strombus 
Phaxas pellucidus 
Philomedes globosus 
Pholoe inornata 
Pholoe pallida 
Phoronis muelleri 
Phtisica marina 
Phyllodoce groenlandica 
Phyllodoce rosea 
Pista cristata 
Podocoryne carnea 
Polychaeta Annelida indet. 
Polycirrus medusa 
Polycladida indet.  
Polydora caeca 
Polydora sp. 
Polyphysia crassa 
Praxilella praetermissa 
Priapulus caudatus 
Prionospio cirrifera 
Prionospio steenstrupi 
Processa canaliculata 
Psammechinus miliaris 
Pyramidellidae indet. 
Retusa obtusa 
Sabella pavonina 
Sabellidae indet. 
Sabellides octocirrata 
Scalibregma inflatum 
Scolelepis squamata 
Sorgenfreispira brachystoma 
Spatangus purpureus 
Sphaerodorum flavum 
Spionidae indet. 
Spiophanes kröyeri 
Sthenelais limicola 
Strongylocentrotus droe-
bachiensis 
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Syllidae indet. 
Synelmis klatti 
Tanaidacea indet. 
Tellimya tenella 
Terebellidae indet. 
Terebellides stroemia 
Terebellomorpha indet. 
Thelepus cincinatus 
Thracia phacolina 
Thyasira flexuosa 
Tricobranchus roseus 
Tryphosites longipes 
Tubificiidae indet. 
Tubularia sp. 
Turritellinella tricarinata 
Upogebia deltaura 
Upogebia stellata 
Varicorbula gibba 
Virgularia mirabilis 
Westwoodilla caecula 
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Appendix 3. eDNA  
 
Table S1. Overview of sequences 
Table S1. Overview over sequences used for the in silico tests. 
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Table S2. Results of the in vitro tests 
Table S2. Results of the in vitro tests.  

 
 
 
Table S3. Information on primers and probes for Pennatula phosphorea 
Table S3. Information about the number of base mismatches between the primers and probes devel-
oped for Pennatula phosphorea and co-occurring closely related species in the developed database. 

 
 
 
Table S4. Information on primers and probes for Virgularia mirabilis 
Table S4. Information about the number of base mismatches between the primers and probes devel-
oped for Virgularia mirabilis and co-occurring closely related species in the developed database. 

 
 
 
Table S5. Information of primers and probes for Haploops tenuis 
Table S5. Information about the number of base mismatches between the primers and probes devel-
oped for Haploops tenuis and co-occurring closely related species in the developed database. 

 
  

Assay Test species Amplification
Pennatula phosphorea Pennatula phosphorea Yes

Virgularia mirabilis Virgularia mirabilis No

Virgularia mirabilis Virgularia mirabilis Yes
Virgularia mirabilis Pennatula phosphorea No

Haploops tenuis Haploops tenuis Yes

Virgularia mirabilis Virgularia tuberculata Funiculina quadrangularis
Pennatula phosphorea PenPho_160F 3 2 2
Pennatula phosphorea PenPho_291R 4 4 2
Pennatula phosphorea PenPho_214P 2 3 0

Test speciesTarget species Primer/probe name

Pennatula phosphorea Virgularia tuberculata Funiculina quadrangularis
Virgularia mirabilis VirMir_160F 3 1 1
Virgularia mirabilis VirMir_279R 3 0 3
Virgularia mirabilis VirMir_211P 2 1 2

Test speciesTarget species Primer/probe name

Haploops tubicolar haploops similis haploops setosa Ampelisca brevocornis Ampelisca eschrichti Ampelisca macrocephala Ampelisca ternuiscornis Ampelisca typica
Haploops tenuis HapTen_326F 6 4 1 to 4 4 3 to 5 5 3 to 6 5 to 6
Haploops tenuis HapTen_416R 6 2 to 5 4 to 6 5 to 6 6 to 8 7 5 6
Haploops tenuis HapTen_352P 4 3 to 5 5 to 6 5 2 to 4 5 5 to 6 4 to 5

Test speciesTarget species Primer/probe name
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