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We investigated the use of eDNA metabarcoding for supplementing traditional diver-
based monitoring of biodiversity of marine boulder reefs within the photic zone. The
applied sampling design made it possible to evaluate the usefulness of eDNA monitoring
as a supplement for traditional monitoring. Specifically, this study aimed to (1) assess
the local influence of boulder reefs on biodiversity across the North Sea to Baltic Sea
transition zone and (2) investigate the importance of environmental gradients for patterns
in community structure. On samples collected during August 2020, we compared
the composition and abundance of species associated with nine reefs, representing
an environmental gradient of salinity (16–33 psu), water temperature (16–21◦C) and
water depth (6–29 m). At each reef site, water was sampled near the bottom just
above the reef and on average 2.6 km upstream and downstream (location) and
sequenced with metabarcoding using COI, 18S and 12S rDNA primers. eDNA identified
400 species, diver-based observations identified 184 with an overlap of 70 species
(12%) and 81 genera (18%). While eDNA identified many infaunal species, it did not
detect several macroalgal species which dominated in the diver-based observations.
Multivariate analysis of eDNA and diver-based community structure both distinguished
between reef communities, with a significant match between patterns observed by
the two methods (r = 0.37, p = 0.02). Furthermore, the eDNA approach made it
possible to identify significant differences in species composition between upstream,
above-reef and downstream locations, suggesting that eDNA leaves a local footprint
in benthic habitats. Patterns in both eDNA and diver-based species composition and
richness were significantly related to geographical distance, salinity, water temperature
and water depth. Despite of low detection of macroalgae, the eDNA sampling provided
a substantial supplement to traditional diver-based monitoring of biodiversity around
benthic hotspots in the Danish marine waters and therefore we recommend to add
eDNA methods to conventional monitoring programs in the future.
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INTRODUCTION

Boulder reefs are productive hard bottom habitats in marine
ecosystems otherwise characterized by soft sediments (Dahl,
2003). The reefs encompass a large range of sizes, compactness
and complexity which under favorable photic conditions
are associated with a high coverage of macroalgae, and
with diminishing light at depth gradually change to faunal
communities (Figure 1). The reefs are known to be active
sites for marine carbon sequestration (Krause-Jensen and
Duarte, 2016) and provide habitat, refuge and food for sessile
and mobile animals (Lundsteen et al., 2008). This includes
fish species (Stenberg and Kristensen, 2015) with evidence
of enhanced overall fish productivity through better access
to shelter, increased food availability and reduced metabolic
costs (Schwartzbach et al., 2020). Therefore, boulder reefs are
considered as important biological hotspots for a range of benthic
and pelagic species, resulting in several reefs being protected in
regions, within the European Union (Directive, 1992). Due to
the ecosystem services associated with reefs, they are increasingly
restored and used as a management tool to mitigate human
pressures on marine ecosystems (Bohnsack and Sutherland, 1985;
Kristensen et al., 2017; Stæhr et al., 2020; Staehr et al., 2021).

Structurally complex reef habitats are becoming rarer across
many marine environments (Pandolfi et al., 2003; Airoldi
and Beck, 2007) with negative implications for biodiversity
(Airoldi et al., 2008). In Danish waters, boulder reefs have been
diminished for decades through the removal of boulders to be
used for port mills and construction works. A recent estimation
suggests that over the last 50 years, around 55 km2 of boulders
and stones were removed from Danish coastal waters (Helmig
et al., 2020). This was done mostly from the shallow waters
(<10 m), until prohibited by law in the year 2010. In addition,
significant amounts of stones have been removed from the fjords
due to mussel dredging (Krause-Jensen et al., 2012). Although
there was no systematic survey to estimate to what extent
the removal of natural boulder reefs affected the ecosystem,
evidence from a large reef restoration project in The Kattegat
region, document that reintroducing boulders can result in a
several fold increase in the abundance of associated macroalgae
and fauna and the functions these provide (Stenberg et al.,
2015). The restoration effort also documented the importance
of boulder reefs as food and nursery grounds for higher trophic
levels such as marine mammals which increased in numbers
(Mikkelsen et al., 2013).

Robust and affordable monitoring surveys are necessary
to provide assessment of ecosystem health, including detailed
data on species’ distributions and trends in abundance (Keith
et al., 2015). Monitoring of reefs in Danish waters has been
ongoing for more than 30 years using divers equipped with
underwater video and radio communication. Species verification
on collected material has provided high taxonomic certainty
and enabled a thorough understanding of responses in species
composition, coverage and diversity in relation to changes in
environmental conditions including eutrophication and climate
change (Krause-Jensen et al., 2021). While this monitoring
approach is robust, it is very resource demanding and it provides

limited information on fish associated with reefs and on species
living in the soft sediment between (here referred to as infaunal
species) the boulders as these are less visible to the diver. Also,
occurrence of species with unresolved taxonomy including those
of unknown origin (cryptogenic) in combination with general
diminishing taxonomic expertise in many countries, may reduce
the applicability of traditional, observation-based monitoring
techniques with implications for proper protection of marine
areas (Gill et al., 2017). Attempts are therefore being made
worldwide to apply a variety of molecular approaches to monitor
marine biodiversity (Leray and Knowlton, 2015; Barnes and
Turner, 2016). They are potentially less expensive and/or provide
more detailed information on the plants, sessile and mobile
animals and plankton associated with the reefs.

The use of environmental DNA (eDNA), in particular
metabarcoding, has gained attention as a promising tool for
monitoring aquatic species for biodiversity assessments. By
avoiding visual species observation, capture and direct sampling
(Goldberg et al., 2016) eDNA metabarcoding has the potential
to greatly reduce cost and time, while aiding ecosystem
conservation and management through improved detection of
species (Thomsen and Willerslev, 2015; Winding et al., 2019).
Studies have demonstrated that eDNA metabarcoding can detect
taxa not easily detectable such as alien or endangered species
(Dejean et al., 2012; Piaggio et al., 2014), and document local scale
patterns in benthic communities in marine habitats connected by
water movement (Jeunen et al., 2019).

There are potential problems with eDNA based monitoring
(Darling and Mahon, 2011) one should be aware of. There may
for example be false positives, where DNA from a species is
detected during the analysis although actually not present in
the area. This could be a case of DNA arising from species far
from the study site and would depend on the DNA “life-time,”
currents and other environmental conditions. There is also the
possibility of false negatives, i.e., no DNA is detected from a
particular species although present in the area. We know that
“detectability” varies between phyla and also depends on the
primers used (see e.g., the case of the macroalgae in this study).
It could also depend on abiotic factors like DNA degradation.
The completeness of reference databases will determine the
match between sequence and species. As a consequence, all
sequences cannot be assigned Linnean names. Like traditional
visual biodiversity inventories there are thus also shortcomings
with eDNA monitoring (McClenaghan et al., 2020).

Application of eDNA metabarcoding as a technique to
monitor biodiversity in hotspot areas such as boulder reefs in
Danish marine water, is furthermore challenging as there are
many conditions (Figure 1) which may potentially confound
results by dispersal of eDNA in the water column (Goldberg
et al., 2016; Jeunen et al., 2019). The shallow bathymetry of the
Danish marine waters combined with a significant exchange of
high saline North Atlantic waters with the outflowing brackish
Baltic Sea water cause large scale movement within the Baltic-
North Sea transition zone (Bendtsen et al., 2007). In addition,
water movements around boulder reefs vary greatly over time
from different directions depending on local dynamics (e.g.,
turbulence, vertical mixing) influencing currents around and
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FIGURE 1 | Boulder reefs are accumulations of boulders in an otherwise soft bottom dominated seascape. Divers perform observations of cover and composition of
species at the reef foot and toward the reef top. These include different lifeforms (macroalgae, sessile, and mobile fauna). Vertical gradients in salinity can cause
strong stratification (halocline) of the water column reducing inflow of deeper waters on the reef. The reef structure itself furthermore affects the local mixing
conditions. Composition and concentration of eDNA around a boulder reef results from release of intra- and extracellular material from reef associated organisms
and will likely be affected by a range of environmental conditions affecting species abundance, and transportation, dilution and degradation of eDNA. Upstream
currents are expected to carry eDNA from neighboring soft bottom dominated habitats. The importance of environmental conditions on eDNA composition and
concentration will vary seasonally, with depth and between reef sites.

within the reefs (Sørensen, 2012). It is therefore likely that
currents are capable of transporting eDNA over larger distances,
potentially leading to false positive signals (Roussel et al., 2015).

In this study, we investigated the applicability of
eDNA metabarcoding to survey boulder reef habitats in a
hydrodynamically complex marine system within the transition
zone from the North Sea to the Baltic Sea. We present eDNA data
from three metabarcoding assays for eukaryotes (18S rDNA),
fish (12S rDNA) and invertebrates (COI) collected on average
2.6 km upstream and downstream and ca. 1 m above a boulder
reef (see Table 1). Nine reef sites were sampled representing
a total distance of 430 km and salinity gradient from 10 to 34
psu, with depth ranges of 6–29 m. At each reef we also obtained
diver-based observations of benthic sessile and mobile fauna and
attached macroalgae. These surveys enabled us to address the
following questions and hypotheses:

(1) Does eDNA metabarcoding enable detection of benthic
associated species related to discrete boulder reef habitats?
We expect that reef samples will be dissimilar compared to
samples collected upstream and downstream of the reefs
and contain more reef-associated species.

(2) What is the level of agreement between benthic
species community composition and species richness
detected by eDNA metabarcoding and diver-based
observations, respectively? We expect some similarity in

the characterization of the nine reef sites for both methods,
but with overall more species detected through eDNA
which is expected also to better detect infaunal species and
fish not associated with the hard-bottom reef structures.

(3) To what extent can patterns in species composition
determined from eDNA and diver-based observations
be explained by the environmental conditions associated
with the reefs? We expect salinity to be the most
important driver of change in species richness and benthic
community structure.

METHODS AND STUDY SITES

Sampling Sites
The inner Danish marine waters covers a transition zone from
the high saline dense North Sea waters entering from the north
into the Kattegat area, where the water is intercepted by less
saline surface waters outflowing from the Baltic Sea (Figure 2).
Along this transition zone several natural formations of boulders
are scattered providing habitats for several sessile and mobile
organisms. The boulders are interspersed with sand and gravel,
and typically surrounded by deeper soft sandy and muddy
sediments. The boulders consist of mostly granite, gneiss and
limestone left behind by retreating glaciers, and ranges from a few
cm to 1–2 m in diameter. Formations of boulders covering more
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TABLE 1 | Information on depth distribution of boulders and eDNA sampling locations (Loc).

Reef no Reef site name Loc Latitude Longitude Dist
(km)

US/DS
Dist (km)

Fvol
(ml)

Depth
(m)

Salt
(psu)

Temp
(◦C)

1 Herthas Flak US 57◦ 39.50′ N 10◦ 52.00′ E 2 1020 27 33.1 17.0

1 Herthas Flak Reef 57◦ 38.48′ N 10◦ 51.93′ E 0 1020 15 (10–20) 33.2 17.0

1 Herthas Flak DS 57◦ 37.50′ N 10◦ 52.00′ E 2 1020 26 33.2 17.0

2 Per Nilen US 57◦ 20.50′ N 11◦ 7.80′ E 7 1020 10 25.2 18.0

2 Per Nilen Reef 57◦ 22.74′ N 11◦ 2.60′ E 31 1020 11 (6–11) 27.5 18.0

2 Per Nilen DS 57◦ 23.20′ N 11◦ 2.00′ E 1 1020 15 27.5 18.0

3 Tønneberg Banke US 57◦ 24.50′ N 11◦ 16.00’ E 7 1020 29 32.5 17.0

3 Tønneberg Banke Reef 57◦ 28.29′ N 11◦ 16.25’ E 48 1020 11 (10–15) 32.8 17.0

3 Tønneberg Banke DS 57◦ 29.50′ N 11◦ 16.00′ E 2 1020 22 32.8 17.0

4 Kims Top US 56◦ 58.96′ N 11◦ 35.38′ E 3 1020 20 33.1 17.0

4 Kims Top Reef 57◦ 0.76′ N 11◦ 35.43′ E 103 1020 16 (15–23) 33.5 18.0

4 Kims Top DS 57◦ 1.51′ N 11◦ 35.70′ E 1 1020 26 33.6 16.0

5 Briseis Flak US 56◦ 19.58′ N 11◦ 14.00′ E 6 1020 22 31.7 16.5

5 Briseis Flak Reef 56◦ 19.58′ N 11◦ 19.57′ E 181 780 8 (5–10) 29.7 20.0

5 Briseis Flak DS 56◦ 18.00′ N 11◦ 20.00′ E 3 1020 20 30.4 17.0

6 Schultzs grund US 56◦ 7.240′ N 11◦ 8.67′ E 1 1020 27 32.1 16.0

6 Schultzs grund Reef 56◦ 7.53′ N 11◦ 7.91′ E 206 900 17 (4–18) 32.1 17.0

6 Schultzs grund DS 56◦ 8.53′ N 11◦ 9.81′ E 3 780 24 30.6 15.5

7 Staalegrund Banke US 54◦ 59.06′ N 11◦ 18.79′ E <1 1020 14 (14) 18.2 21.0

7 Staalegrund Banke Reef 54◦ 59.14′ N 11◦ 19.04′ E 333 1020 9 18.2 21.0

7 Staalegrund Banke DS 54◦ 59.19′ N 11◦ 19.20′ E <1 1020 13 17.9 20.0

8 Kirkegrund US 55◦ 6.67′ N 11◦ 23.36′ E 1 840 12 16.1 21.0

8 Kirkegrund Reef 55◦ 6.84′ N 11◦ 22.26′ E 348 1020 6 (6–13) 16.8 21.0

8 Kirkegrund DS 55◦ 7.21′ N 11◦ 22.56′ E 1 1020 15 16.5 21.0

9 Moens Klint US 54◦ 56.24′ N 12◦ 32.73′ E 2 1020 12 (4–21) 10.2 19.0

9 Moens Klint Reef 54◦ 57.43′ N 12◦ 33.46′ E 426 1020 6 9.9 19.5

9 Moens Klint DS 54◦ 58.98′ N 12◦ 34.95′ E 3 1020 21 11.7 19.0

Water samples were collected at nine reefs sites, with samples taken upstream (US), downstream (DS) and above the reefs (Reef). Distance (Dist) is from the first reef and
US/DS Dist, is the distance either upstream or downstream of the central reef location. Fvol is the filtration volume for DNA sampling. Depths in parenthesis indicate the
depth range of the respective reefs. Salt represent summer average salinity levels while water temperatures (Temp) were measured inside the water sampler.

than 25% of the seafloor are defined as boulder reefs according
to the Danish EPA’s definition. As part of the Danish national
marine monitoring program, a number of the larger boulder reefs
have been investigated since the 1990s. Of these, we selected
nine of the largest reefs for our investigation (Figure 2). The
depth distribution of the nine reef structures varies considerably,
some more shallow some deeper and some having a larger depth
range (Table 1).

Environmental DNA Sample Collection,
Filtration, and Extraction
At each of the nine reef sites, water eDNA was collected above
the central part of each reef (above-reef) and on average 2.6 km
upstream (US) and 2.6 km downstream (DS) from the reef
center. Samples were collected during the annual reef monitoring
cruise during 1 week in August 2020. At each sampling site,
the maximum water column depth was determined by the ships
echo sounder, after which the sampling depth (max – 1 m)
was decided and replicate water samples were collected 1–2 m
above the seafloor with a 1.5 L Niskin water sampler. In cases
where the water sampler touched the seafloor a new sample

was taken. This approach was used to optimize collection of
benthic eDNA traces while avoiding collection of resuspended
material (Tréguier et al., 2014; Turner et al., 2015). The choice
of downstream and upstream sites was based on interpretation of
the direction and strength of the local currents and knowledge
of bathymetry conditions. Shorter distances were thus chosen
around reefs. e.g., at Kirkegrund (Figure 3) where currents were
low and bathymetry indicated hard bottom structures at greater
distance. Current direction was determined from positioning
of the anchored ship over the central reef site relative to
the geographic north. Current speeds were obtained from the
Sejladsudsigt1. Between 780 and 1020 mL of water were collected
per samples and manually pressure filtered using 100 ml vials
through a 0.22 mm Sterivex filter cartridge (Millipore). Filters
were transferred to individual zip lock plastic bags and stored at
–20◦C until DNA extraction. Negative controls during fieldwork
were carried out by filtering RNA/DNA free water at sampling
sites using the same equipment and procedures as for the sharp
samples. To avoid cross-contamination, non-disposable and non-
sterile equipment was wiped or soaked in 10% bleach between

1https://ifm.fcoo.dk/
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FIGURE 2 | Reef sampling sites in the Danish inner marine waters. Blue
colors represent depth contours.

sampling sites. Information on sampling depth, position, water
depth and filtration volume is shown in Table 1.

The DNA extraction was performed with NucleoSpin R© eDNA
Water, MACHEREY-NAGEL according to the manufacturer’s
instructions. This kit allows processing of encapsulated Sterivex
filters which prevents cross-sample contaminations. A no-
sample control was included at the DNA extraction stage. DNA
extraction and the following PCR were carried out in separate
rooms. Laboratory procedures to avoid contamination involved
regular wiping of bench surfaces with DNA AwayTM, placing
equipment in UV-cabinet, using sterile filter pipette tips and
small aliquots of chemical solutions. No-template controls were
included in all PCRs.

In addition to the field samples we included two mock
community samples: one containing DNA from nine invertebrate
species and the other containing DNA from ten fish species.
These mock communities were used as positive controls
for PCR amplification and sequence analyses. Altogether, 63
samples were included for each of the three barcodes: nine
reefs × three locations (upstream, above-reef, downstream) per
reef site × two field replicates per location = 54 water samples,
five negative controls (three field controls, one lab control and
one PCR no-template control) and two mock communities. More
details on positive and negative controls are provided in the
Supplementary Material.

Metabarcoding of Environmental DNA
Samples
The amplicon libraries were prepared using three targeted
markers: 18S rDNA with universal eukaryote primers SSU-F04
and SSU-R22, fragment size approx. 370 nt (Fonseca et al., 2010),

COI with universal invertebrates primers mICOIintF and
dgCOI2198, fragment size 367 nt (Leray et al., 2013), and
12S rDNA with universal ray-finned fish primers MiFish-U-
F and MiFish-U-R, fragment size approx. 260 nt (Miya et al.,
2015). The libraries were prepared in two steps: first, the
target gene fragments were amplified with the locus-specific
primes, extended with overhang adapter sequences compatible
with Illumina Nextera XT library preparation kit in the
second PCR. The first PCR products were amplified with the
Nextera index primers to add Illumina sequencing adapters and
dual−index barcodes.

The first, locus-specific PCR, two PCR reactions were
performed for each sample and pooled to minimize random
variation. Each PCR was performed in 25 µL volume, containing
12.5 µl KaPa HiFi HotStart ReadyMix 2x (Roche), 1 µl of
10 mM forward and reverse primers, 0.5 µl of bovine serum
albumin 20 mg µL−1, and 2 µL (10–20 ng) of DNA template.
Thermocycling conditions involved initial denaturation at 98◦C
for 2 min followed by 35 cycles at 98◦C for 40 s, Ta ◦C for
30 s, 72◦C for 30 s, and final extension at 72◦C for 5 min.
Annealing temperatures (Ta) were 57◦C for 18S rDNA, 48◦C for
COI and 65◦C for 12S rDNA. PCR products were visualized on
agarose gels to confirm successful amplification and cleaned with
AMPure XP beads in 1:1 ratio (Beckman Coulter) following the
Illumina amplicon preparation protocol2.

The second index-PCR was performed in 50 µL volume,
containing 25 µl KaPa HiFi HotStart ReadyMix 2x (Roche), 5 µL
of index 1 and index 2 primers from Illumina Nextera XT v.2
Index kit, 5 µL of cleaned inner PCR products and 10 µL of
PCR-grade water. Thermocycling conditions (Tm) were 95◦C
for 2 min; 10 cycles at 95◦C for 30 s, 55◦C for 30 s, 72◦C
for 30 s; 72◦C for 5 min. PCR products were cleaned with
AMPure XP beads (Beckman Coulter) following the Illumina
protocol, see above. The DNA concentrations of the cleaned
PCR were measured with Qubit fluorometer and PCR products
were pooled in equimolar concentrations (900 nM). The samples
were sequenced on the Illumina MiSeq v3-600 (2x300) platform
by the National Genomic Infrastructure (NGI) in Sweden, 96
samples per run combining PCR products for different loci. All
sequence files and metadata from this study were deposited in
the NCBI sequence read archive under the project accession
number PRJEB48452.

Bioinformatic Analyses
Bioinformatic analysis was performed with a custom pipeline
written in the R programming language (R-Core-Team, 2019).
Raw sequencing files in fastq format were processed with Dada2
(Callahan et al., 2016). Primer location and orientation was
assessed, while primer removal was done with Cutadapt (Martin,
2011). Quality profiles for all samples and markers were assessed
with FastQC. Subsequently, low-quality read ends were trimmed
off at the first instance with a quality score less than 2 and
the error model was trained and evaluated, resulting in a good

2https://support.illumina.com/documents/documentation/chemistry_
documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
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FIGURE 3 | Close up of eDNA and diver-based sampling at Kirkegrund reef (#8). (A) The reef is outlined by a solid gray line. eDNA was sampled at the dive station
#1 (reef site) in the center of the reef and upstream and downstream of the reef as indicated by the dominating water current. A total of four dive stations were
sampled covering a depth range of 6–12 m. Sampling depths for up- and downstream eDNA stations were 12 and 15 m respectively. Photos are examples of
differences in distribution of hard- and soft bottom organisms and substrate near the top (B) dominated by macroalgae (Delesseria sanguinea) on bounders and (C)
near the bottom of the reef with a common reef fish (Ctenolabrus rupestris) in an area dominated by of sand and gravel.

match between observed and expected errors. Thereafter de-
replication and inference of Amplicon Sequence Variants (ASV)
were performed and forward and reverse reads merged. Finally,
chimeras and singletons were removed using “pseudo-pooling”
option. Remaining sequences were trimmed to a minimum
length to exclude short reads (12S: 150 bp, COI: 300 bp, 18S:
300 bp). After filtering, the number of reads per sample was on
average 24,176 (range 7,554–100,784). The scripts are available in
the Supplementary Material.

Taxonomic assignment for COI was done against the BOLD
reference library3 using BOLDigger (Buchner and Leese, 2020).
18S rDNA ASVs (Amplicon Sequence Variants) were assigned
against the PR2 reference library4, and 12S rDNA against
MitoFish reference library5 using “assignTaxonomy” option
in Dada2. Output files included the distribution of identical
sequence reads across all samples associated with a taxonomic
identification, process-ID, and similarity value. ASVs tables
were transformed into presence/absence tables for all taxa
unambiguously identified with a similarity threshold 98% across
all samples and species assignments with lower similarity as well
as sequences without any match were discarded. All ASV tables
are available in the Supplementary Material, while all original
files and derived species observations are publicly available under
the PlutoF project https://plutof.ut.ee/#/study/view/107978.

All species with a low match to the reference libraries were
excluded from the data set as well as observations of typical
lab contaminants (Canis lupus, Homo sapiens) which were rare.
Finally, we removed observations of 6 tropical fish detected by the
12S rDNA marker, which are considered highly unlikely to occur
in Danish waters. In these cases, observations were based on a

3www.boldsystems.org/
4https://pr2-database.org/
5http://mitofish.aori.u-tokyo.ac.jp/

single ASV occurring only in one or two samples with few reads
(<20) and may originate from using a low quality score during
trimming of raw sequences. Two separate data sets were saved,
one including and one excluding presumed contaminations and
are available in the Supplementary Material. The taxonomic
species lists were finally reduced to macroalgae, fish and benthic
epi- and infauna species as we wanted to focus the investigation
on species that are expected to be associated with the boulder
reef habitats. This accordingly excluded species belonging to
phytoplankton and zooplankton.

Diver-Based Species Detection
The dive investigation included an in situ description of the
seabed sediment composition at each of the nine reef sites, a
description of the total vegetation cover, and species-specific
cover of macroalgae and hard bottom fauna organisms identified
by the diver. In addition to the in situ dive observations, video
recordings were later used for quality assessment and a more
detailed species account. The area covered at each dive site
was at least 25 m2. A dive site was located for each 2–3 m
depth interval on the reef structure from the top of the reef to
the reef foot where hard stable substrate became scarce (<10%
cover, Figure 1). Thus, depending on the size and depth range
of the reefs, there were between 1 to 6 dive sites at each reef
site (Figure 3). The investigation followed the Danish technical
guideline TA-M14 for reef monitoring (Dahl and Lundsteen,
2018), which describes the reef monitoring conducted as part
of the Danish national monitoring program (NOVANA). Some
organisms were not identified to species level but at higher
taxonomic level. Examples are crust-forming algae that are
separated into calcified red crusts, red and brown crusts and
the species Lithothamnion glaciale. In addition to the diver-
based in situ observations, individual species were sampled for
verification, thus providing a more detailed species account. The
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species were stored in 5–10 L buckets to which 70% alcohol was
added for conservation and later identified in the laboratory.
The investigations were made by divers with many years of
experience in hard bottom monitoring and a trained taxonomist
with high expertise. Eventually all species were assigned a cover
value ranging from 0.1 to 100% as an integrated measure over the
ca. 25 m2 covered area. For the purpose of comparing with the
eDNA based detection we, however, reduced cover information
to presence/absence. All diver-based species observations are
available in the Supplementary Material and also under the
public PlutoF project https://plutof.ut.ee/#/study/view/107978.

Environmental Variables
At each site water temperature of the sample was measured with
a thermometer inside the water sampler. Salinity was extracted
for each site from position and depth using modeled data
representing summer average values (Staehr et al., 2019). From
the sample positions we calculated the straight distances between
the central reef sites. The upstream and downstream distance was
calculated in relation to the central reef position (Table 1).

Community Analysis
Rank vs. relative abundance curves were used to compare the
level of evenness (Foster and Dunstan, 2010) between benthic
communities determined by eDNA and diver observations. For
each species, relative abundance was calculated as the number
of sites a species was observed divided by the total number
of sites investigated (54 for eDNA, and 35 for diver-based
observations). As a measure of evenness, we calculated the slope
of the relations between Log10 abundance and rank, using an
exponential decay model.

Patterns in community structure for both eDNA and
diver-based observations were analyzed with Bray–Curtis
similarities (Bray and Curtis, 1957) using a non-parametric
multivariate statistical software PRIMER (Clarke and Gorley,
2015). To investigate the effect of location (upstream, above-reef,
downstream), and site (nine reefs) on eDNA based species
composition, we applied a Permutational Analysis of Variance
(PERMANOVA) from the PRIMER add on package (Anderson
et al., 2008) based on the Bray–Curtis similarity matrix. We ran
PERMANOVA using sums of squares (SS) Type III. Highly non-
significant terms were removed from the final model. Similarities
between sample groups (eDNA based: location and reef sites,
Diver-based: reef sites and sampling depths) were visualized with
a metric Multi-Dimensional Scaling plot (mMDS-plots) using
the PRIMER software package (Clarke and Gorley, 2015). To
assess significant differences in diver-based species composition
among the nine reef sites, we applied a one-way analysis of
variance (ANOSIM) (Clarke et al., 2014). The RELATE analysis
in PRIMER (Clarke et al., 2014) was applied to investigate the
level of agreement between resemblance matrices for eDNA and
diver-based observations.

The Biota–Environmental (BIO–ENV) routine in PRIMER
v7 was used to explore relationships between community
structure and the environmental variables (water depth,
temperature, salinity, distance between sampling sites) presented
in Table 1. The BIO–ENV routine calculates Spearman rank

correlations between the similarity matrix derived from species
absence/presence data and matrices derived from environmental
variables that could explain the biotic structure (Clarke et al.,
2014). The statistical significance of the results was tested by the
global BIO–ENV match permutation test whereby each set of
samples was randomly permuted relative to the other. We tested
the null hypothesis that there is no relationship between the
species abundance matrix and any of the possible resemblance
matrices subsets of the environmental variables. The real rank
correlation coefficient was compared with the permuted null
hypothesis values, and if the actual coefficient was larger than
any of the permuted coefficients, the null hypothesis of no
relationship between the species abundance matrix and any of
the possible resemblance matrices subsets was rejected with a
p < 1%. Environmental parameters were log-transformed and
normalized prior to analysis to derive meaningful Euclidean
distances between environmental variables.

RESULTS

Comparability in Species Richness and
Evenness
eDNA metabarcoding using three barcodes detected a total of
400 species within 328 genera in 54 samples. In comparison
diver-based monitoring provided 254 species and 206 genera in
35 samples (Table 2). There was an overlap between the two
methods of 70 species (12%) and 81 genera (18%) (Figure 4). The
highest overlap was within epifauna (gastropods, hydrozoans,
crabs, bryozoans, barnacles etc.) and macroalgae (red, brown
and green) (Table 2). Divers only observed 12 fish species,
four of which was also identified by eDNA, which, however,
detected 40 fish species. While eDNA detected 120 infaunal
species (polychaetes etc.), divers only observed six. In the mock
communities, 96% of the reads were correctly assigned to the
invertebrate species and 93% of the reads to the fish species by
COI. By 12S, 100% of the reads were correctly assigned to the
fish species in the mock at the genus level (not at the species level

TABLE 2 | Comparison of the number of species and genus within functional
groups.

Taxonomic
level

Functional
groups

Only
diver

Only
eDNA

Both
(% of total)

Total

Species Macroalgae 78 33 16 (13) 127

Epifauna 94 143 48 (17) 285

Fish 8 36 4 (8) 48

Infauna 4 118 2 (2) 124

Total 184 330 70 (12) 584

Genus Macroalgae 49 18 22 (25) 89

Epifauna 69 105 50 (22) 224

Fish 5 26 6 (16) 37

Infauna 2 98 3 (3) 103

Total 125 247 81 (18) 453
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FIGURE 4 | Venn diagrams comparing overlap in (A) number of species and
(B) number of genus detected for all of the nine reef sites investigated using
diver-based and eDNA based observations.

because the pikeperch in the mock was identified both as Sander
lucioperca and S. canadensis).

While eDNA detected more species overall, the two methods
identified on average a similar number of species per site
(Figure 5). For the eDNA approach, we detected slightly more
species when sampling above the boulder reefs (46) compared
to downstream (43) and upstream (43) of the reef. Differences
in number of species detected were mostly associated with
the hard bottom associated species (Table 3). Both methods
provided significant different number of species among reef sites
(p < 0.001, one-way ANOVA). Species richness detected by
eDNA at sample locations (upstream, above-reef, downstream),
were however, not significant different (p = 0.127, one-
way ANOVA).

To compare the overall species composition by the two
methods, we calculated the relative abundance of species, as sum
of species present divided by number of samples. Sorting the
species lists according to their relative abundance, and plotting
these with their rank number, provided rank abundance curves
where the slope can be used as a simple indicator of the overall
evenness of the species composition (Figure 6). Each data set was
modeled with an exponential decay function. Overall, the eDNA
method had a higher slope (–0.021) compared to diver-based data
(slope = –0.017). The eDNA method therefore seems to provide
a less even distribution of species with a few species being very
dominant. The eDNA records were furthermore dominated by
many infaunal species not detected by the divers, while divers
reported a number of macroalgae not recognized in the eDNA
analysis (Figure 6 and Table 2).

Patterns in Community Structure
To assess the level of agreement between benthic species
community composition detected through eDNA metabarcoding
and diver-based observations, we calculated the similarity of
the species communities using the Bray–Curtis similarity index.
Based on eDNA data, the species community structure was

overall significantly different among reefs and between locations,
using replicate samples for each location and analysis of variance
with PERMANOVA (Table 4). Also, differences in diver-based
species composition among the nine reef sites, were significant
(p = 0.001, one-way ANOSIM).

To visualize differences in species composition detected by
eDNA and diver-based observations, we made 2D ordination
plots and outlined the reef sites on these (Figure 7). Both
eDNA and diver-based 2D ordination plots had a high stress
of 0.33 and 0.26 respectively (Figure 7), compared to stress
of 0.24 and 0.18 in 3D ordination (not shown). Thus, while
the reef sites, according to the PERMANOVA (eDNA data)
and ANOSIM (diver data) tests were statistically different,
similarity in species composition were not optimally visualized
in 2D ordination plots. Accordingly, some overlap was observed
among reef sites for both the eDNA (Figure 7A) and diver-
based (Figure 7B) data, with the highest degree of overlap for
neighboring reefs. Furthermore, the PERMANOVA test indicated
that there was a significant difference between the upstream,
above-reef and downstream communities as detected by eDNA
sampling. A visual comparison of the eDNA and diver-based
ordination plots, suggested some similarities in the overall
distribution of reef sites. This was supported by comparison
of resemblance matrices using the RELATE analysis (r = 0.37,
p = 0.02), indicating a moderate but significant match between
the species composition pattern detected by the two methods.

Importance of Environmental Conditions
A Pearson correlation analysis showed that, as expected, salinity
decreased with increasing distance from the northern reef sites
(r = –0.87, p < 0.001) and increased with depth (r = 0.58,
p < 0.001). Also, water temperature decreased significantly with
depth (r = 0.71, p < 0.001) and reef depths decreased with
distance from north (r = –0.41, p < 0.001). Thus, with increasing
distance from north to south, reefs overall became shallower,
with warmer and less saline waters. Along this gradient, the
species richness detected by eDNA showed a weak decrease with
decreasing salinity (r = 0.23, p = 0.09), and a decrease with
increasing temperatures (r = –0.44, p < 0.001). A correlation
analysis for diver-based observations of species richness, showed
similar trends, with higher richness in more saline waters
(r = 0.77, p < 0.001), decreasing richness toward southern
sites (r = –0.80, p < 0.001) and a decrease with increasing
temperatures (r = –0.46, p = 0.005). Using the BIO–ENV routine
to explore relationships between community structure and the
environmental variables patterns, we found that the highest
level of explanation to derive from a combination of distance,
salinity, and water temperature (r = 0.48, p = 0.01) listed in
order of importance.

DISCUSSION

The usefulness of eDNA metabarcoding as a possible supplement
to traditional diver-based monitoring of biodiversity at boulder
reefs was investigated. The eDNA approach provided substantial
additional information for the investigation of patterns in
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community structure along large scale environmental gradients
as well as local differences around the nine reefs. While this is
promising, the inability to identify several dominant macroalgal
species, indicate that adjustments of the metabarcoding protocol
for this specific group is needed to allow for better detection of
benthic flora associated with boulder reefs. The relatively low
agreement between species lists obtained from eDNA and diver-
based observations is not surprising as it has been described in
other comparative studies such as (Obst et al., 2020; Valdivia-
Carrillo et al., 2021), demonstrating in part how these methods
complement each other and highlighting that both techniques
have limitations.

Comparability in Species Richness and
Evenness
The eDNA approach provided an overall much larger list of
species compared to the diver-based observations, suggesting that
eDNA is a more sensitive approach. Part of this stems from the
fact that eDNA captures signals from several infaunal and fish
species not observed by the diver. In addition, due to exchange
of water masses, the size of the investigated area is many times
larger (square km) compared to the diver observations, which
record species within an area of only approximately 25 m2. While

TABLE 3 | Average number of species identified with eDNA for samples collected
downstream (DS), above the reef (Reef) and upstream (US) of the nine reef sites
and their distribution between four different habitats.

Habitat DS Reef US

Mixed bottom 11 12 11

Pelagic 2 1 1

Hard bottom 17 20 18

Soft bottom 13 13 13

Total 43 46 43

eDNA provided more species overall, the average number of
species at each reef site was surprisingly similar to the diver-
based approach. However, there was a geographical difference
with eDNA detecting less species at the northern sites (1–4) and
more species at the southern sites compared to diver observation.
The northern sites typically have a stronger stratification due
to higher influence from the high saline inflow combined with
generally greater water depth. At the southern sites with likely
more mixing, the species identified by eDNA water samples,
might originate from a larger and less restricted area leading
to “overestimation” of the local species richness. A recent study
of fish composition using metabarcoding, however, found that
even in systems with strong vertical stratification, eDNA derived
species composition, did not vary much between surface and
bottom samples (Stoeckle et al., 2021), suggesting that mixing
conditions may be less of an issue for fish. Also, looking
carefully at changes in the species composition at the nine
reef areas, the eDNA method has a larger renewal of species
between sites compared to the diver-based method, which is
more homogeneous across reefs. This interpretation stems from
the fact that although two methods provided quite similar levels
of species richness, the eDNA method identified many more
species. Also, the rank abundance curves for the two methods
are quite different. At ranks above ca. 50 there are several
species identified by the eDNA technique which have very low
relative abundance. This suggests a larger replacement of species
compared to the diver-based method. In addition, most variation
in species between reefs detected by eDNA are within the group
of infaunal species not detectable by the diver-based approach.
Comparing rank abundance curves, we likewise found a more
even distribution of species with the diver method. This suggests
that while divers may overlook some rare species, they overall
manage to account for a comparable number of species across the
investigated reef sites. In comparison, the eDNA method picked
up more fish and infaunal species, and seemed to detect more
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rare species, but failed to detect some of the larger key species,
especially within the group of macroalgae.

Remarkably, the eDNA method only detected 16 out of
94 (13%) species of macroalgae observed through diver-based
sampling. At the genus level the eDNA approach detected 22
out of 81 (22%). Missing a target group in eDNA metabarcoding
could be due to its absence in the reference database or low
taxonomic resolution here; low affinity of the metabarcoding
primers, or lack of DNA in the water sample from low release
rate from the target organisms (Guillera-Arroita et al., 2017).
Checking of the reference databases revealed that most of the
missing macroalgal species are present in the 18S-PR2 and
COI-BOLD databases. As recently shown, other 18S markers
are only able to identify brown algae to order or family level
(Ørberg et al., 2021). The COI-marker has also been used

for the DNA barcoding of both brown and red algae with
specific primers developed for these groups (Bartolo et al.,
2020). Therefore, it is likely that the universal invertebrate
COI primers, used in this study, misses the macroalgae due
to a low affinity. At present there are no standard barcoding
primers known to cover the whole macroalgal diversity (Bartolo
et al., 2020), and the important lesson learned from this
study is new protocols are required to catch this important
organism group. Application of statistical models, such as
occupancy models, should also be considered in preparation of
future comparisons of visual and eDNA methods. Experiences
show that application of occupancy models help assess the
performance of used methods, reduce the risk of false detections
(Ficetola et al., 2015), and improve ecological inference
(McClenaghan et al., 2020).
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TABLE 4 | PERMANOVA table of the significance of reefs site and location
[downstream (DS), above-reef (Reef), and upstream (US)] for the variation in
community structure in eDNA samples.

Source df SS MS Pseudo-F P(perm) Unique perms

Reef (sites) 8 47592 5949 2.713 0.0001 9827

Replicates 1 1226.9 1226.9 1.0312 0.4257 9919

Location
(Reef, US,
DS)

18 39470 2192.8 1.8431 0.0001 9649

Residual 26 30933 1189.7

Total 53 1.19 E++05

Origin of Environmental DNA Sampled
Considering the differences between upstream, above-reef, and
downstream sampling sites, our results indicated slightly higher
number of species physically close to the reefs, as expected.
However, differences in species richness were not significant, as
the number of infaunal and fish species were similar among sites
and because eDNA failed to detect the majority of macroalgal
species, which dominated the reef locations (see Figure 5B).
As boulder reefs consist of aggregations of stones of varying
sizes laying on a bed of sandy sediment or clay, there will
be a high number of soft bottom infaunal species within the
boulder reefs themselves (see Figure 1). Furthermore, there
was a water current of between 0.1 and 1.5 knots during the
time of sampling. With the down- and upstream areas placed
on average 2.6 km away from the central part of the reef
area, it would approximately take less than 3 h for upstream
water masses to move over the reef to the downstream site.
Another factor which influences the exchange of water masses
and thus DNA between upstream, above-reef and downstream
sampling locations, is the sampled water depth. Due to the
influence of salt water intrusion from the North Sea and outflow
of less saline water from the Baltic Sea, many of the reefs
have a top which is located strictly in water mass above the
halocline during summer. As up- and downstream sites were
sampled at greater depth, exchange of DNA between these
water masses across the halocline is highly unlikely, albeit
this has been observed in fish surveys (Stoeckle et al., 2021).
Furthermore, in areas where exchange of water masses with
remote DNA do occur, the concentration will be strongly affected
by dilution from currents and degradation. Studies have shown
that eDNA degrades exponentially over time in sea water, with
rates reported between 10 and 50% per hour for fish (Saito and
Doi, 2021). These factors suggest, that while eDNA from up-
and downstream areas may influence the eDNA sampled above
a reef (Figure 1), the majority of eDNA measured within a reef
area would likely be of local origin. While species richness was
similar among upstream – above-reef - downstream locations,
the PERMANOVA analysis indicated significant differences in
the composition of species. Although we expected species
richness to be higher above-reef, eDNA detection suggested
that approximately the same number of species were found
around the reefs. But according to the PERMANOVA analysis the
composition of the communities varied locally around the reefs.

Thus, while water movement between adjacent areas around
a reef may efficiently transport DNA material, there were still
sufficiently large differences in the eDNA footprint among the
local locations to distinguish these.

Importance of Environmental Conditions
It is known that higher water temperatures accelerate DNA
degradation (Akihide et al., 2020), thus reducing the potential
geographical donor area contributing to the DNA sampled at
a given site. We observed a significant reduction in species
richness with increasing temperature, indicating a direct effect
of temperature on eDNA fate. This supports previous findings
that the eDNA methodology to obtain species is sensitive
toward a range of environmental conditions (Barnes and Turner,
2016). There was, however, also a significant negative correlation
between species richness, determined by divers and water
temperature. This suggests that the temperature effect was not
causal, but inferred from a significant covariation with other
governing conditions, such as salinity, which is known to
affect species richness in benthic communities of Danish waters
(Middelboe et al., 1997; Josefson and Hansen, 2004). In support
of this expectations, both the eDNA and diver-based method
indicated a significant salinity dependency, with lowest species
richness in the less saline and warmer waters in the south eastern
waters. The observed correlations between eDNA derived species
richness, temperature and salinity are therefore likely caused by a
combination of direct physical effects and a range of ecological
factors including seasonal affinity to prevailing environmental
conditions by the species (see Figure 1). In addition, the
multivariate analysis showed that community structure was
significantly related to gradients in distance, salinity, and water
temperature, underlying the importance of these conditions for
observed patterns in species composition and species richness
associated with boulder reef structures. Also, differences in
temperature and salinity conditions around the reefs resulting
from different sampling depths, suggests that differences in
eDNA sampled were affected by the level of water column mixing
within each of the nine reef sites.

Patterns in Regional Community
Structure
Multivariate analysis of eDNA and diver-based observations,
both showed that the nine reefs, differed significantly in
community structure. The mMDS ordination plots were
associated with high uncertainty (high stress values) indicating
large variations in the species composition among samples from
the same reef. This is to be expected when comparing data
from sites spanning large gradients in several environmental
conditions, in particular since the within site variability in
conditions (i.e., light, temperature, salinity, and substrate
conditions) framing the benthic communities vary substantially.
Nevertheless, a significant match was found between the overall
community structure detected by the eDNA and diver-based
method. Thus, while the methods emphasize different aspects
of the benthic communities, with eDNA method biased toward
faunal species, and diver-based method focusing on macroalgae,
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FIGURE 7 | mMDS plot of the distribution of species among reefs determined from (A) eDNA and (B) diver observations. Numbers in (A) refer to 1 = upstream,
2 = above-reef, and 3 = downstream locations, and numbers in (B) refer to sampling depths. Analysis was based on non-transformed presence/absence data using
Bray-Curtis similarity.

the detected patterns in community structure suggest that
the methods provide complimentary information. Lack of
replication for the diver-based method precluded us from a
rigorous statistical testing of differences between reefs sites.
This was possible and a clear advantage with the eDNA
method, which in agreement with our expectations, showed that
the nine investigated reef sites differed significantly in their
community structure.

CONCLUSION

Environmental DNA added substantially to the diver-based
observations of benthic species composition, especially within

infauna and fish which are difficult to detect as a diver. While
insignificant differences in species richness between downstream,
above-reef and upstream locations suggest that the local imprint
of boulder reefs is rather weak, analysis of species community
structure showed a significant effect of sample location indicating
a boulder-specific imprint in the region, although smaller than
anticipated. While the eDNA technique currently misses many
of the macroalgal species, eDNA sampling within a reef can be a
useful supplement to diver-based observations, providing a much
more detailed account of many faunal species, not accessible
to the diver-based methodology. To reduce the influence of
eDNA signals from species outside the reefs, it is important
to sample water from different sites around the reefs, and to
collect environmental data such as water temperature, salinity,
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current speed, and direction to characterize and discriminate
water masses. This will also be useful to assess the importance of
physical (dilution) and biochemical (degradation) processes that
may affect eDNA signals at the study site.
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