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Marine hard-bottom communities are undergoing severe change under the influence
of multiple drivers, notably climate change, extraction of natural resources, pollution
and eutrophication, habitat degradation, and invasive species. Monitoring marine
biodiversity in such habitats is, however, challenging as it typically involves expensive,
non-standardized, and often destructive sampling methods that limit its scalability.
Differences in monitoring approaches furthermore hinders inter-comparison among
monitoring programs. Here, we announce a Marine Biodiversity Observation Network
(MBON) consisting of Autonomous Reef Monitoring Structures (ARMS) with the aim
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to assess the status and changes in benthic fauna with genomic-based methods,
notably DNA metabarcoding, in combination with image-based identifications. This
article presents the results of a 30-month pilot phase in which we established an
operational and geographically expansive ARMS-MBON. The network currently consists
of 20 observatories distributed across European coastal waters and the polar regions,
in which 134 ARMS have been deployed to date. Sampling takes place annually,
either as short-term deployments during the summer or as long-term deployments
starting in spring. The pilot phase was used to establish a common set of standards
for field sampling, genetic analysis, data management, and legal compliance, which
are presented here. We also tested the potential of ARMS for combining genetic
and image-based identification methods in comparative studies of benthic diversity, as
well as for detecting non-indigenous species. Results show that ARMS are suitable
for monitoring hard-bottom environments as they provide genetic data that can be
continuously enriched, re-analyzed, and integrated with conventional data to document
benthic community composition and detect non-indigenous species. Finally, we provide
guidelines to expand the network and present a sustainability plan as part of the European
Marine Biological Resource Centre (www.embrc.eu).
Keywords: benthic invertebrates, Marine Strategy Framework Directive (MSFD), Essential Biodiversity Variables
(EBVs), Essential Ocean Variables (EOVs), European Marine Biological Resource Centre (EMBRC), non-indigenous
species (NIS), Genomic Observatories, marine biodiversity assessment

INTRODUCTION

box corers or grab samplers), hard-bottom communities are
usually studied by individual assessments in smaller areas using
video recordings and scientific diving. A promising approach,
however, is the use of artificial substrates—passive samplers
that can record the community composition on the seafloor
in a standardized way. Artificial Substrate Units (ASU), for
example, have been used for many years in individual field
experiments (Menge et al., 2002; Gobin and Warwick, 2006),
while some European monitoring programs also use settlement
plates for monitoring non-indigenous species (HELCOM, 2013).
Another popular system is provided by Autonomous Reef
Monitoring Structures (ARMS) (www.oceanarms.org). These are
three-dimensional units consisting of stacked settlement plates
attached to the sea floor (David et al., 2019). Because of their
three-dimensional structure, mimicking the complexity of hard
bottom marine substrates, ARMS attract both sessile and motile
benthic organisms. These monitoring systems were originally
developed during the Census of Marine Life and are currently
in broad use for integrated studies combining morphological
identification with metabarcoding (Leray and Knowlton, 2015;
Pearman et al., 2016, 2018; Cahill et al., 2018).
DNA-metabarcoding has been advocated for some years as a
potential method for rapid, effective, and scalable measurements
of community composition in marine habitats (Bourlat et al.,
2013; Borja et al., 2016; Bean et al., 2017). Recent studies
have also tested the applicability of this method for hardbottom monitoring and non-indigenous species (NIS) detection,
comparing genetic with conventional methods (Pearman et al.,
2016; Kelly et al., 2017; Cahill et al., 2018; Couton et al.,
2019). Most of these studies concluded that metabarcoding adds
substantial value for monitoring marine biological communities,

Healthy ecosystems and the biodiversity they harbor are a
prerequisite for the sustainable future of our planet (Rockström
et al., 2009). Scientists are now more than ever forced
to provide evidence to understand, and where possible
counteract, the factors causing severe change in the biological
composition of these environments. Such knowledge is critical
as human pressures increase and accumulate, especially in
coastal zones, from a combination of factors including traffic,
wastewater discharges, energy production, aquaculture and
fisheries, recreation, and tourism (Lotze et al., 2006; Worm et al.,
2006; OSPAR, 2009). A key limitation to improved understanding
of the impact of human activities on marine ecosystems is the
ability to generate comparative biological time-series data at a
large spatial scale (Richardson and Poloczanska, 2008; Dailianis
et al., 2018; Guidi et al., 2020). There is therefore strong pressure
on biological monitoring programs to implement standardized
and scalable methods to assess status and change in marine
biological communities in order to support marine research
and policy (Bourlat et al., 2013; Borja et al., 2016; Danovaro
et al., 2016; Bean et al., 2017; Bevilacqua et al., 2020). These
methods need to fulfill several important criteria, including
the implementation of common standards and protocols and
to generate material samples and data that are FAIR: findable,
accessible, interoperable, and re-usable (Tanhua et al., 2019).
Monitoring subtidal hard-bottom habitats is a challenge as
they are three-dimensionally complex and inherently difficult to
access (Bianchi et al., 2004; Beisiegel et al., 2017). In contrast
to soft-bottom environments, which are widely sampled in a
standardized fashion across countries and regions (e.g., with
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especially when combined with other methods in biological
monitoring programs.
The use of metabarcoding for rapid identification of
species in marine communities, however, is not without
limitations (e.g., Cahill et al., 2018). One obvious drawback is
the still incomplete taxonomic reference databases, which limit
positive identifications and can also lead to misidentifications
(Meiklejohn et al., 2019; Weigand et al., 2019; Hestetun et al.,
2020). It should be noted that alternative morphologicalbased identification also has flaws as the declining number
of taxonomic experts and large numbers of cryptic species
mean that mis-identification is commonplace, with important
consequences especially for non-indigenous species (NIS)
detection (e.g., Viard et al., 2019). Another important
consideration of metabarcoding is the sensitivity of the results to
primer choice and sequencing methods. A recent study by van
der Loos and Nijland (2020) showed that there is a high degree
of inconsistency in metabarcoding studies, which are often
explorative and designed for a specific purpose, and hence not
directly comparable. There is a need to move beyond episodic
metabarcoding studies and build up time-series of genetic data
(Danovaro et al., 2016; David et al., 2019).
Here we describe a contribution to the Marine Biodiversity
Observation Network (MBON) consisting of Autonomous Reef
Monitoring Structures (ARMS). The goal of the ARMS-MBON
is to establish long-term assessments of status and change in
hard-bottom communities in the European continental seas
using standardized methodology and generating FAIR data.
The network is initiated and maintained by European marine
infrastructure programs and intends to contribute a community
of practice to the Group on Earth Observations Biodiversity
Observation Network, GEO BON (Kissling et al., 2018).

DNA extractions are performed with the DNeasy PowerSoil
Kit (Qiagen), while PCR amplification follow a two-step PCR
protocol for: the mitochondrial cytochrome c oxidase subunit
I (COI), the nuclear 18S small ribosomal subunit (18S rRNA)
(except for the samples of 2018), and the nuclear Internal
Transcribed Spacer (ITS1). Resulting amplicons are further
sequenced using Illumina MiSeq Reagent Kit v3 (2 × 300 bp).
Currently, samples are processed and sequenced as batches twice
a year. In the future, samples may be processed more frequently
and potentially involving additional partners, if these follow the
established protocols.
All raw sequence files produced by the network are submitted
to the European Nucleotide Archive, ENA (Amid et al., 2020),
and processed with the Pipeline for Environmental DNA
Metabarcoding Analysis, PEMA (Zafeiropoulos et al., 2020).
Repeatable workflow procedures for integrated processing of
image and sequence data are currently under development as
part of the LifeWatch-ERIC Internal Joint Initiative on nonindigenous species. The final cleaned sequence files are stored
in the PlutoF data management system (Abarenkov et al., 2010)
where they are accessible to all members of the network.

Case Study
During the pilot phase, we used two ARMS for parallel sampling
trials with alternative preservation methods, namely Dimethyl
sulfoxide (DMSO) vs. ethanol (EtOH). One ARMS was located
in a Marine Protected Area in Sweden, while the other one
was located in a marina in Greece (Supplementary Table 1).
The samples from these two sites were used to analyze the
effects of the preservation method and compare the community
composition between localities and fractions, as well as for
identifying non-indigenous species.

MATERIALS AND METHODS

RESULTS

Field Sampling and Processing

The ARMS-MBON Network and Associated
Standards

ARMS observatories were established in the vicinity of marinas,
ports, marine protected areas (MPAs), and long-term ecological
research (LTER) sites between December 2017 and May 2020
(Supplementary Table 1). The duration of sample events varied
between short (2–3 months) and long (12–24 months) periods,
and was repeated annually, when possible. Some deployment
periods had to be extended during the COVID-19 pandemic
due to travel and diving restrictions. In several cases, ARMS are
deployed as part of national monitoring programs (e.g., Limfjord,
Laeso, Swedish West coast, Getxo).

Currently, the network maintains 20 ARMS observatories in
14 European countries, as well as Greenland and Antarctica,
ranging from tropical waters to polar environments (Figure 1,
Supplementary Table 1). All major European continental seas
are sampled, with exception of the Black Sea. To date, the network
has deployed a total number of 134 ARMS units. The first
sampling campaign (2018) deployed 20 ARMS across 11 sites, the
second campaign (2019) deployed 53 ARMS across 18 sites, and
the third campaign (2020) currently deploys 61 ARMS across 20
sites (Figure 1, Supplementary Table 1).
During the pilot phase, we customized the methodology
of the global ARMS Program at the Smithsonian Institution
(www.oceanarms.org/) to match the purpose of ARMS-MBON.
Detailed protocols for sampling and sample processing are
documented in the Handbook and in the molecular standard
operating procedures (MSOP) available at the ARMS-MBON
website (www.arms-mbon.eu). In addition, we also developed
a specific partner registration sheet to allow new partners to
register new observatories and receive consultation as well
as training.

Molecular and Image Analysis
Each sampling event produces at least three fractions (40 µm
sessile, 100–500 µm, and 500 µm −2 mm motile) as well as a
stack of plate and specimen images. Images are analyzed by
individual partners, while material samples are stored at −20◦ C
and shipped for processing by the Institute of Marine Biology,
Biotechnology and Aquaculture (IMBBC) of the Hellenic Centre
for Marine Research (HCMR) in Greece. Detailed protocols
for DNA extraction, PCR amplification, and sequencing are
available on the website (http://www.arms-mbon.eu/) under
Molecular Standard Operating Procedures (MSOP). In summary,
Frontiers in Marine Science | www.frontiersin.org
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FIGURE 1 | Overview of the ARMS-MBON observatories. (A) Deployed ARMS; (B,C) Geographical overview of currently established observatories. (D) Growth
metrics of the network over time (for details see Supplementary Table 1). Numbers in parentheses (B,C) indicate the number of ARMS deployed in 2018, 2019, and
2020, respectively.

available under the Data Availability Statement. Data from all
remaining and future sampling events will become automatically
available under the same license after the embargo period,
starting in May 2021.

To date, 74% of all concluded sampling events have been
sequenced (120 out of 162 material samples). The status
of sequence processing and data publication is shown in
Supplementary Table 2 and will be updated regularly on the
ARMS-MBON website (www.arms-mbon.eu).

Case Study

Data Management and Open Access
Strategy for Sharing of Data

Comparison of sequence reads derived from DMSO and ethanol
preserved samples showed a higher yield for DMSO in the sessile
fraction and a lower yield for DMSO in the motile fraction from
Greece (500 µm), while DMSO and EtOH yield were almost
equal in the sessile factions from Sweden (Figure 2). Despite
this substantial variation of sequence reads in relation to the
fixative, the representation of taxa, as well as the resulting species
composition, remained very similar across both preservation
methods (Figures 2, 3).
Combined analysis of genetic and image data resulted
in 72 identified species from the Swedish ARMS, with 8%
overlap between genetic and image-based species observations
(Figure 3, Supplementary Table 3). In comparison, the analysis
of the Greek ARMS resulted in 69 identified species with only
4% overlap between genetic and image-based communities,
highlighting the high degree of complementarity of image and
genetic data collected by the ARMS.
Comparison of the taxonomic composition between the
three genetic fractions (40 µm sessile, 100–500 µm, and 500 µm
−2 mm motile) shows a shift in taxonomic dominance

A model agreement for sample storage and Data Policy was
developed in compliance with the Convention on Biological
Diversity and the Nagoya Protocol on Access and Benefit Sharing
(ABS) for the utilization of genetic resources in a fair and
equitable way. Important documents associated with this model
agreement include a Data Management Plan (DMP), Material
Transfer Agreement (MTA), and Documents for Access and
Benefit Sharing (ABS). All documents are available on the ARMSMBON website (http://www.arms-mbon.eu/).
Data are published as packages—one for each ARMS (i.e.,
sampling event) and allow for continuous enrichment, as well as
integration of sequence and image data during analysis (Exter
et al., 2020). Detailed explanations of the ARMS-MBON data
formats are given in the Supplementary Material. All data are
published under the Open Access license CC BY 4.0, with a
moratorium period of 1 year starting from the point when raw
sequence data become available to the partner network. Two
examples with data from the ARMS used in the case study are
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substrate (Chase et al., 2016; Sanabria-Fernandez et al., 2018),
the standardized method still allows for comparative studies of
species assemblages across broad spatial and temporal scales.

between fractions and hence also indicates a high degree of
complementarity (Figure 2). While the sessile fractions are
dominated by sequences from chordates (tunicates), the motile
fractions are co-dominated by arthropods, nematodes, mollusks,
and single cellular eukaryotes. The complementarity between the
fractions is also reflected by the distance between motile and
sessile fractions in the NMDS plot (Figure 3).
We matched species observations obtained in the case study
against the EASIN Catalog of Alien Species (https://easin.jrc.
ec.europa.eu/easin/Catalogue) as well as the AquaNIS database
(Olenin et al., 2014) and identified 16 non-indigenous species
(NIS) that are either alien or cryptogenic in the region of
detection (Table 1). Most of the NIS were tunicates, while all but
one NIS were detected on the Greek ARMS. Such high numbers
of NIS can be explained by the substantial biological invasion
in the Eastern Mediterranean, as well as the placement of the
Greek ARMS in a marina. In contrast, the low number of NIS
on the Swedish ARMS can be explained by its placement in a
Marine Protected Area. However, some NIS observations still
need to be confirmed, either by taxonomic experts (e.g., in the
case of Botryllus spp. in Greece) or by higher confidence estimates
(e.g., in the case of Ostraea angasi). We also identified previously
unknown NIS, as for example the first record of Anteaeolidiella
lurana in the Eastern Mediterranean, a little-known nudibranch
species which is suspected to have expanded its distribution range
through shipping transport (Bariche et al., 2020).

Application Potential of the Observatory
Network
ARMS-MBON membership is open to new partners who may
register through the program website (www.arms-mbon.eu),
although support from central services provided by the European
Marine Biological Resource Centre (EMBRC) may be subject
to eligibility and availability of resources. Any new partner
is expected to set up and maintain at least one observatory
in coastal waters and follow the methods and protocols for
sampling and sample processing. Partners will also be able to
further develop and customize any of the current protocols
and drive the scientific application of the data generated by
the network. Examples include adaptation of the sampling
design to collect data for descriptors in the Marine Strategy
Framework Directive (MSFD). As an example, Descriptor 2 (D2)
of the MSFD directs EU member states to develop monitoring
schemes and management strategies to keep non-indigenous
species (NIS) introduced by human activities at levels that do
not adversely alter the ecosystems. Given that ports and marinas
constitute major introduction hotspots and dispersion pathways
for NIS (Ulman et al., 2017), the establishment of ARMS-MBON
observatories in such environments is expected to enhance the
timely detection of new NIS across the European regional seas.
So far, at least nine observatories in the network are deploying
ARMS for this purpose, while at least four observatories are part
of national MSFD monitoring schemes in Sweden, Denmark,
Greece, and Spain.
Another potential application area is the collection of data for
calculating Essential Biodiversity Variables (EBV), as suggested
by Kissling et al. (2018). EBVs emphasize standardized repeated
measures of the same community in the same location at short
to long time intervals required for reporting biodiversity change
(Pereira et al., 2013). In the future, ARMS-MBON time-series
data should be tested for such applications in EBVs.
Presence surveys provided by ARMS-MBON can provide
occurrence data for prioritized taxa, including the AZTI Marine
Biotic Index (Borja and Muxika, 2005) and Non-indigenous
species (NIS). Finally, species traits can be derived from plate
images recording the prevalence or relative composition of
calcifying species or filter-feeding groups that might indicate
important trends in ocean acidification or nutrient levels.

DISCUSSION
Conclusions From the Case Study
Our results indicate that DMSO preservation does not impair
the biological analysis, confirming earlier results by Ransome
et al. (2017) who likewise found that DMSO is an appropriate
preservative for estimating the sessile community in ARMS.
Importantly, DMSO samples can be shipped across the network
more easily. For this reason, all samples in ARMS-MBON are
preserved in DMSO following the protocol of Seutin et al. (1991).
The low overlap between the communities identified by
image and genetic analysis (Figure 3) demonstrates the strengths
and weaknesses of both conventional and novel identification
methods, while it also indicates how these methods complement
each other. Genetic identifications are usually confined by
incomplete reference libraries (Hestetun et al., 2020), while
image-based identifications are confined by the available
taxonomic expertise and image resolution. These limitations
decline as genetic and image reference libraries continue to grow
and computational image-based identification methods improve
in the coming years. This will likely result in an increased number
of identified species from ARMS.
Our case study shows that ARMS are well suited for
hard-bottom monitoring as they provide standardized genetic
data that can be continuously enriched and re-analyzed to
document benthic community composition, obtain quantitative
estimates from image analysis, and detect non-indigenous
species. Although the species composition measured by ARMS
might not always accurately reflect the biotic composition of
surrounding natural substrates due to e.g., selective effects of the
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Long-Term Sustainability and Integration
The ambition of ARMS-MBON is to maintain the current
network and expand the coverage of the observatories with,
spatially and temporally, more dense sampling events. The
sustainability of the initiative as a long-term monitoring and
observation asset needs to be ensured in as many sites as possible.
This will be partly achieved by support from the European
Marine Biological Resource Centre (EMBRC-ERIC), which
provides access to marine biodiversity, ecosystems, experimental
facilities, and expertise to facilitate research using marine
organisms (www.embrc.eu). As Europe’s research infrastructure
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FIGURE 2 | Bar chart showing the relative abundances of the main taxa based on the COI gene and image analysis, at the phylum level, across the different fractions
of two ARMS (Greece ARMS: Crete_1HERP_180928-190128, Sweden ARMS: Koster_VH2_180418-180906).

FIGURE 3 | Overview over variance and overlaps in composition of communities obtained from different fractions, preservations, as well as from plate images of two
ARMS (Greece ARMS: Crete_1HERP_180928-190128, Sweden ARMS: Koster_VH2_180418-180906). (A) Non-metric Multi-dimensional Scaling (NMDS) plot at
class level deducted from COI sequence and image analysis. (B) Venn diagram showing the overlap in the species identified from genetic data and images.
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TABLE 1 | List of identified non-indigenous species (NIS) resulting from matching the complete species lists from two samples (Greece ARMS:
Crete_1HERP_180928-190128, Sweden ARMS: Koster_VH2_180418-180906) against EASIN and AquaNIS databases.
Species

NIS status

Taxon

Source

Sequence reads

Confidence

ARMS

Clytia linearis (as C. hemisphaerica)

AL

Hydrozoa

ERR13:415770.613156

1

1.00

Greece

Cephalothrix simula

CR

Nemertea

ERR6:336120.637271

380

1.00

Greece

Bugula neritina

CR

Bryozoa

ERR3:1130880.648428

17

1.00

Greece

Bugulina stolonifera (as Bugula stolonifera)

CR

Bryozoa

ERR4:1011990.601062

30

1.00

Greece

Amphibalanus amphitrite

CR

Crustacea

ERR3:111700.649742

321

1.00

Greece

Balanus trigonus

AL

Crustacea

ERR9:501910.609480

32

1.00

Greece

Monocorophium acherusicum

CR

Crustacea

ERR5:433720.605205

96

1.00

Greece
Sweden

Ostraea angasi (as Ostrea angasi)

AL

Mollusca

ERR15:100740.616292

110

0.59

Anteaeolidiella lurana

CR

Mollusca

ERR3:1097540.663621

56

1.00

Greece

Pinctada imbricata radiata (as Pinctada radiata)

AL

Mollusca

Image

NA

NA

Greece

Botryllus schlosseri

CR

Tunicata

ERR3:1093300.604240

97

1.00

Greece

Ascidiella aspersa

AL

Tunicata

Image

NA

NA

Greece

6

1.00

Ciona robusta

AL

Tunicata

Image

NA

NA

Greece

Clavelina lepadiformis

CR

Tunicata

Image

NA

NA

Greece

Herdmania momus

AL

Tunicata

ERR3:387270.604124

15

1.00

Greece

Phallusia nigra

AL

Tunicata

Image

NA

NA

Greece

ERR16:281940.641233

AL, alien species; CR, cryptogenic species; NA, Non-applicable. Non-accepted names in the PEMA output were replaced with accepted synonyms.

and prototype for mainstreaming biodiversity observations at
the molecular level into biodiversity monitoring programs and
supports efforts led by a merger of the Genomic Observatories
Network and GLOMICON (https://glomicon.org/) to establish
an “Omics BON” (Buttigieg et al., 2019).

(RI) for accessing and studying marine biodiversity, and with a
functional lifespan of at least 20 years, EMBRC can offer a solid
base for the long-term support of the ARMS-MBON for eligible
partners in Europe.
EMBRC is currently developing an “Omics Observation
network” to be deployed across its 9 member states, which is
expected to cover pelagic and benthic sampling. Through the
network of RIs in Europe, EMBRC will also work to develop
new bioinformatics tools and analysis pipelines with its partners,
such as ELIXIR and LifeWatch. The ambition is to ensure
integration of ARMS-MBON (the European pilot described in
this paper) into global efforts, such as the Global ARMS Program
(www.oceanarms.org), Genomic Observatories Network (Davies
et al., 2014), Global Omics Observatory Network GLOMICON
(Buttigieg et al., 2019), as well as regional infrastructure networks
in other regions, such as those under the umbrella of the World
Association of Marine Stations (IOC) or the Partnership for
Observation of the Global Ocean (POGO) to expand the ARMSMBON further in the future.
The EMBRC “Omics Observatory” aims to ensure long-term,
sustainable observation of marine biodiversity, integrated in a
global setting. As such, the European research infrastructure
can support the ARMS-MBON by providing increased visibility
of the initiative to researchers and stakeholders in Europe and
beyond. It will provide a platform for training and maintaining
standards in the network, as well as expanding the coverage
by integrating new sites from EMBRC. Furthermore, it is likely
that the coordination and sequencing costs of the ARMS-MBON
sites in EMBRC can be covered by its “Omics Observatory,”
ensuring data collection from these sites for the foreseeable
future. Such an initiative provides an important demonstration
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