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ABSTRACT

Environmental DNA (eDNA) studies have burgeoned over the last two decades and
the application of eDNA has increased exponentially since 2010, albeit at a slower pace in
the marine system. We provide a literature overview on marine metazoan eDNA studies
and assess recent achievements in answering questions related to species distributions,
biodiversity and biomass. We investigate which are the better studied taxonomic groups,
geographic regions and the genetic markers used. We evaluate the use of eDNA for
addressing ecological and environmental issues through food web, ecotoxicological,
surveillance and management studies. Based on this state of the art, we highlight exciting
prospects of eDNA for marine time series, population genetic studies, the use of natural
sampler DNA, and eDNA data for building trophic networks and ecosystem models. We
discuss the current limitations, in terms of marker choice and incompleteness of reference
databases. We also present recent advances using experiments and modeling to better
understand persistence, decay and dispersal of eDNA in coastal and oceanic systems.
Finally, we explore promising avenues for marine eDNA research, including autonomous
or passive eDNA sampling, as well as the combined applications of eDNA with different
surveillance methods and further molecular advances.

Keywords: environmental DNA, DNA metabarcoding, marine metazoa, biodiversity,
population genetics, natural sampler DNA, diet analysis.

RESUMO

Os estudos com DNA ambiental (eDNA) cresceram nas tiltimas duas décadas e a aplicagdo de
eDNA aumentou exponencialmente desde 2010, embora em um ritmo mais lento no sistema mari-
nho. Apresentamos uma visio geral da literatura sobre estudos com eDNA de metazodrios marinhos
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e avaliamos as conquistas recentes em responder a perquntas relacionadas a distribuigdo de espécies,
biodiversidade e biomassa. Investigamos quais sio os grupos taxondmicos e as regioes geogrificas
melhor estudados assim como os marcadores genéticos utilizados. Avaliamos o uso de eDNA para
abordar questoes ecoldgicas e ambientais por meio de estudos de teia alimentar, ecotoxicologia, mo-
nitoramento e gestdo. Com base nesse estado da arte, destacamos as perspectivas estimulantes do uso
de eDNA para séries temporais marinhas, os estudos de genética populacional, o uso de DNA amos-
trador natural e dados de eDNA para a construgdo de redes troficas e modelos de ecossistemas. Dis-
cutimos as limitagoes atuais, em termos de escolha do marcador e deficiéncias das bases de dados de
referéncia. Também apresentamos avangos recentes usando experimentos e modelagem para melhor
compreender a persisténcia, decaimento e dispersio de eEDNA em sistemas costeiros e ocednicos. Fi-
nalmente, exploramos caminhos promissores para pesquisa com eDNA marinho, incluindo amostra-
gem de eDNA autonoma ou passiva, bem como as aplicagcoes combinadas de eDNA com diferentes
meétodos de monitoramento e outros avancos moleculares.

Palavras-chave: DNA ambiental, metabarcoding DNA, metazoo marinho, biodiversidade, gené-
tica populacional, amostrador natural DNA, andlise da dieta.

INTRODUCTION

The world’s oceans cover 71% of the Earth’s surface and are drivers of global physical
(circulation patterns) and biological processes (oxygen production, biological carbon
pump). The oceans are responsible for around half of all primary production and provide
crucial food, recreation, social and economic services (Falkowski & Raven, 2013). However,
due to climate change and human activities, the physics and chemistry of the world’s
oceans are changing at an unprecedented pace, inducing an equally unprecedented
biodiversity loss. These ever-mounting pressures on our Blue Planet will increasingly lead
to changes in geographic distribution and population performances, fundamentally
altering species communities and their functions. Hence, the use of an efficient toolkit for
assessing and monitoring marine biodiversity is critical and urgent to improve existing
management and conservation efforts.

The oceans contain the extra-organismal genetic material of all of its inhabitants,
consisting of shed skin cells, mucus, damaged tissue, gametes, faeces and metabolic waste;
all of which literally represents a “genetic soup” (Kelly et al., 2014). Sampling this DNA,
referred to as environmental DNA (eDNA), is a powerful way to assess entire communities
and biodiversity. It is an increasingly common tool for conducting community and
biodiversity surveys, rare and invasive species detection and impact assessment. Target
organisms are detected through the extraction of their DNA from soil, water, and air
samples as well as bulk (mixture of whole organisms) samples. eDNA represents a non-
invasive, rapid method, based on the ever-advancing high-throughput sequencing
technologies and bioinformatic processing, with a wide taxonomic applicability. It has
already been shown to be a promising instrument for biodiversity studies, allowing major
progress compared to, or in combination with, traditional sampling methods; which often
are invasive, destructive (e.g., trawling) or costly. Furthermore, the subsequent taxonomic
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inventory of these samples is dependent on sparse, localized expertise and can be extremely
time-consuming, hence resource intensive.

Depending on the method used, eDNA studies focus on single species, groups of
species or entire communities. The most accessible and cost-effective method used to target
single species, is the quantitative real-time polymerase chain reaction (qQPCR) analysis
(reviewed in Langlois et al., 2021). Communities can be studied at different levels of
resolution, which can range from targeting different species of the same group (e.g., a
particular family of fish) to the broadest scope, assessing all eukaryotic taxa in an
environment. When multiple species are targeted and sequenced with general primer sets,
we refer to the term DNA metabarcoding (Pompanon; Coissac & Taberlet, 2011). DNA
metabarcoding is also increasingly being used to assess diversity in bulk samples, which
contain a mixture of different organisms or parts of them (Ruppert et al., 2019). DNA can
be extracted from a sample of organisms isolated from sediment, or collected with nets or
trawls (e.g., Creer et al., 2016). Although DNA metabarcoding often refers to both bulk and
environmental samples, the former is per definition not the same as eDNA. Samples
collected for dietary analyses (e.g., gut contents or faeces) are in a grey area between bulk
and environmental samples, as they do contain biological source material, but their DNA
is often degraded (van der Loos & Nijland, 2021), so we will discuss their use here as
well. Both single and multiple species approaches rely on the assumption that the detection
of DNA indicates the presence of the species to which it belongs, and therefore need
optimization of both sampling design and laboratory protocols to reduce false negatives
and positives (Buxton et al., 2021).

The aim of this paper is to provide a simplified overview of the current state of the
art of eDNA research in the world’s oceans, with a focus on metazoan-based studies. We
will explore current trends and research gaps, before outlining the exciting prospects of
eDNA as a growing field for ecological and evolutionary studies. Finally, we present future
avenues of eDNA research in the marine environment.

Marine metazoan eDNA literature overview

To get a simplified overview of the state of the art of marine eDNA research, we
conducted two topic searches in the Web of Science Core Collection in May 2021 (Table I).
The aim of these searches was to find: (1) eDNA studies focusing on metazoans and (2)
eDNA studies focusing on the analysis of stomach or faeces through metabarcoding in
marine environments since 1970. The searches resulted in initial lists of 993 and 86 articles,
respectively. For the first search, this was then reduced to 258 through the removal of
reviews, papers focusing on non-metazoans (with the exception of macroalgae), terrestrial
or freshwater studies, ancient DNA and diet analysis studies. For the diet analyses search,
the initial list was reduced to 60, by removing papers with a terrestrial or freshwater focus,
and microbiome papers. Diet papers recovered in our Topic 1 search were added to this
list, resulting in a final list of 82 studies. It is inevitable that some relevant studies were left
out of this search for reasons such as keywords not matching.

Based on the lists for topics 1 and 2, we assessed the studies based on their goals by

/i

classifying them into different categories: “biodiversity assessment”, “impact assessment”,
g

“nonindigenous species (NIS) detection”, “single/rare species detection” (studies aiming
to detect a particular species), “methods” (i.e. studies with a major methodological focus)
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and “primer testing” (i.e. studies in which primers were developed, compared or optimized)
were counted for different habitats and different species. Target organisms and communities
were identified to the lowest taxonomic level possible. These categories were assessed per
habitat and target organism group. For the second dataset (Table I) on metabarcoding diet
studies, the number of studies were evaluated per ocean and organism group.

Table I - Strategies used in Web of Science Core Collection search

Keywords used in web
Topic Target literature of science with capitals
for each word

Total Removed from
(Initial/final) search

TOPIC: (edna or .
Reviews, non-

eDNA studies in "environmental DNA" or metazoans
marine metabarcoding) AND terrestrial z;nd
1 environments TOPIC: (marine or ocean 993/258
. - freshwater
focusing on or sea or estuarine or environments, and
metazoans coastal) NOT TOPIC: : o
diet analysis
(freshwater)

TOPIC: (diet or “stomach
content” or faeces) AND

eDNA studies in TOPIC: (“DNA Reviews,
) . terrestrial and
marine metabarcoding” or freshwater
2 environments barcoding) AND TOPIC: 86/82 .
f . di . environments, gut
ocusing on diet (marine or ocean or sea or . .
. microbiome

analyses estuarine or coastal) NOT studies

TOPIC: (freshwater or

terrestrial)

Current status and applications

1 Are eDNA studies omnipresent across oceans and organisms?

eDNA studies have been widely used in the marine system and have targeted a vast
number of ecosystems, habitats and organisms. The majority of studies have focused on
coastal waters in the North Atlantic and North Pacific oceans (together around 70% of all
studies), whereas the South Atlantic and South Pacific oceans are comparably much less
studied (Figure 1). However, the application of eDNA to the more inaccessible regions is
far from uncommon. eDNA studies focusing on the deep sea have been carried out for
more than a decade. The majority of these studies targeted foraminiferal diversity (not
included in our metazoan literature search), from abyssal to hadal depths, and from the
poles to temperate waters (Cordier et al., 2019; Pawlowski et al., 2011). Recently, a significant
number of metazoan eDNA studies have greatly contributed to documenting deep-sea
taxa, several of which revealed unprecedented levels of diversity (e.g., Kersten et al., 2019;
Le et al., 2021; Lejzerowicz et al., 2021). In contrast, eDNA studies in other remote areas
such as the polar regions remain comparatively scarce (only 8% of eDNA studies in our
search). Most of the studies investigated eDNA in coastal water, followed by the open
ocean, and the least studied is the deep sea. Of the eDNA metazoan studies, the majority
focused on the pelagic environment, followed by the benthic environment (Figure 1).
Papers studying epifaunal communities or organisms were least common, and were carried
out in coastal waters. Finally, a bit more than half of the studies used water samples to
retrieve eDNA, whereas circa 26% used sediment samples and 23% investigated bulk
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samples. Studies targeting benthic organisms or communities did not only work with
sediment samples, but also used, albeit to a lesser extent, water or bulk samples. Epifaunal
studies investigated bulk and water samples in almost equal proportions, whereas the
majority of pelagic studies looked at eDNA in water, followed by bulk samples, and a
small fraction worked with sediment samples.

Figure 1 - Sankey diagram of marine metazoan eDNA studies carried out per ocean, per “water type”
(coastal, open ocean or deep sea), per ecological region (benthic, epifauna or pelagic) and per sample
type (bulk, sediment or water). This figure was created with consideration that a single value of the node
could have multiple connections (e.g., if the study was conducted within several oceans or its zones). The
dataset was built on our literature search described in Table I. Out of the 258 research articles, 233 were
considered on this graph, excluding articles with missing values for the studied features

Qcean Water type Ecological region Sample type

=open frocen
van -
Ocean

Our literature search showed that metazoans (43%), fish (27%), and invertebrates
(10%) are well represented among marine eDNA studies. However, the other taxa were
each represented in three percent or less of
studies, e. g cnidarians (3%) , marine Figure2-Comparisonoftheproportionsof marinemetazoan
mammals (3%), molluscs (3%), crustaceans SN studies per targeted organism type, based on our

; : literature search specified in Table I
(3%) and echinoderms (1%) (Figure 2).

2 eDNA across a wide range of habitats

eDNA studies have focused on a wide
range of habitats, from deep sea to estuarine
and from coral reefs to ballast water. As
reflected in Figure 1, showing that most
studies were conducted in coastal areas,
about 45% of all studies were carried out in
estuaries, anthropogenic structures and
shore habitats (Figure 3). An uneven
distribution of surveys is also observed for
reef habitats, with fractions of 1% and 10%
for cold reef habitats and warm coral reefs,
respectively (Figure 3). The North Atlantic
Ocean has had the most eDNA studies across

Fish:

. S Tunicata
Marine mammals Echinodermata

Vertebrates Annelida
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the widest range of habitats, including the highest number of studies focusing on
anthropogenic structures. The southern hemisphere has the least number of habitats
studied, with the Southern Ocean and South Atlantic Ocean as least diverse in terms of
habitats studied. The deep sea (including abyssal plain or deep-sea features such as
seamounts, canyons, cold seeps and hydrothermal vents) has been studied with eDNA in
all oceans except the South Pacific. The relatively large coverage of eDNA studies in deep-
sea environments of the worlds’ oceans is quite surprising considering its remoteness and
associated sampling challenges.

Figure 3 - Comparison of habitat types sampled for metazoan eDNA studies in different oceans. The
habitats were organized into eleven distinct categories. These include marine vegetation (incl. kelp fo-
rests, seaweeds, seagrass meadows), tidal systems (incl. intertidal, subtidal), estuary, shore (incl. caves,
mangroves, lagoons, springs, bays, fjords, coves), cold-water reefs, coral reefs, abyssal plains (incl.
polymetallic nodules), deep-sea features (incl. seamounts, canyons, hydrothermal vents, cold seeps, blue
holes), experimental studies (incl. mesocosm, tank, lab-based), anthropogenic structures (incl. all man-
-made structures and settings) and other (incl. shelf, upwelling systems, water column, hard-bottom,
pockmarks). The dataset was built on our literature search described in Table I

North Atlantic Ocean North Pacific Ocean Arctic Ocean Habitat
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We compared marine eDNA studies and their major aims (biodiversity assessment,
impact assessment, NIS detection, single/rare species detection, methods and primer
testing) as well as their division over several habitat types and target organisms (Figure 4).
Compared to other study goals, the most common are studies focusing on biodiversity
assessment, often using DNA metabarcoding to assess communities in time and space.
These studies focused on metazoan communities close to the shore, but also in coral reefs
and both on and in the vicinity of deep-sea features.

Despite their remoteness, deep-sea habitats have been relatively well-characterized
with eDNA. Several deep-sea eDNA studies explored diversity in abyssal plains, while
others targeted seamounts (e.g., Kitahashi et al., 2020; Laroche et al., 2020), canyons
(Andruszkiewicz et al., 2017; Guardiola et al., 2015), hydrothermal vents (e.g., Brandt et
al., 2021; Klunder et al., 2020), and cold seeps (Macheriotou et al., 2021). Artificial habitats,
such as floating marine litter and shipping ballast water, have also been the focus of DNA
metabarcoding research (Ibabe et al., 2020). Colonization of the so-called “plastisphere”
by fungi (Lacerda et al., 2020) and eukaryotic communities (Davidov et al., 2020) has been
investigated, and is likely to be increasingly studied for marine metazoans. Ballast water
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as an artificial habitat is becoming a focus when using eDNA as a tool in biosecurity
monitoring, with both Rey et al. (2019) and Darling et al. (2018) demonstrating its potential
as a cost-effective tool for monitoring the impacts of ballast water on local biodiversity
and ecosystems.

Figure 4 - The number of marine metazoan eDNA studies based on our literature search specified in
Table I organized for their target i) goals (biodiversity assessment, impact assessment, methods, primer
testing, NIS (nonindigenous species) detection and single or rare species detection), ii) habitats and iii)
organisms. Circle radius shows the number of conducted studies and colors indicate different organisms.
Habitats were organized into different categories. These include deep-sea features (incl. seamounts,
canyons, hydrothermal vents, blue holes and cold seeps), anthropogenic structures (incl. aquaculture
settings, cages, ARMS - autonomous reef monitoring structures, harbors, offshore platforms, ballast or
bilge water, and all other man-made structures), marine vegetation (incl. kelp forests, seagrass meadows
and seaweeds), shore (incl. lagoons, bays, caves, fjords, springs, coves, mangroves), tidal systems (incl.
intertidal, subtidal) and other (incl. upwelling systems, pockmarks, shelf, hard bottom, water column)
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eDNA studies have not only been used to characterize diversity of particular habitats,
but also targeted processes such as vertical carbon export, by identifying the major
contributors to vertical flux. To do so, researchers have screened deep-sea sediments for
organisms from the pelagic zone transported to the seafloor (Gutierrez-Rodriguez et al.,
2019; Laroche et al., 2020). Another study compared eDNA of sediment taxa with eDNA
found in the water column, revealing the presence of a wide array of pelagic taxa (from
diatoms to scyphozoans and cephalopods) in both, supporting their contribution to pelagic-
benthic coupling (Brandt et al., 2021). The sinking particles themselves, too, have been
investigated with eDNA, representing a microhabitat for organisms that re-work and
process sinking particles on their way to the seafloor. In the study of Preston, Durkin and
Yamahara (2020), sinking particulate organic matter (POM) was sampled from sediment
traps, as aggregates on the seafloor and in seawater, and their communities assessed with
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DNA metabarcoding over several seasons. The results highlighted seasonal community
changes, including increases in diatoms or zooplankton grazing (Preston; Durkin &
Yamahara, 2020).

3 Concurrent use and comparisons of eDNA with other methods

In order to validate the use of eDNA for diversity studies, many studies have used a
combined approach, comparing community composition obtained with eDNA with other,
more traditional methods in the field. Generally, for both terrestrial and aquatic systems, a
meta-analysis has demonstrated that when there has been a direct comparison, eDNA
outperforms traditional surveys (Fediajevaite et al., 2021). A large number of marine studies
have applied morphology-based identification in combination with eDNA. Often,
community composition differed significantly between metabarcoding and morphology,
as well as the alpha and beta diversity. In many cases, eDNA metabarcoding actually
recovered more taxonomic groups than the morphological approach (e.g., Steyaert et al.,
2020). Hence, in a large number of case studies, eDNA metabarcoding has been suggested
to provide a more holistic analysis than the traditional morphotaxonomy, despite existing
limitations due to incomplete reference databases (see also section below). In Leduc et al.
(2019), eDNA metabarcoding of water sampling was compared with standard invertebrate
species sampling for assessing Arctic coastal community composition across different
spatial scales. The authors found significant differences in species richness and community
composition, with lesser taxa identified through species collection, as eDNA likely detects
the species in their pelagic phases. However, eDNA revealed more homogeneous
communities over larger spatial scales, concluding that the dispersal of eDNA may interfere
with the evaluation of local community structure, emphasizing the need for the combination
of both methods (Leduc et al., 2019; Stoeckle et al., 2021). A study comparing the seasonal
diversity of two Antarctic coves demonstrated the effectiveness in combining
morphotaxonomy and DNA metabarcoding to characterize different size classes in soft-
sediment communities (Vause et al., 2019).

Mock communities are another way to study the reliability of DNA metabarcoding,
and are widely used for freshwater (e.g., Elbrecht & Leese, 2017) and terrestrial systems
(e.g., Braukmann et al., 2019) but to a much lesser extent in the marine community. Known
species assemblages are used to assess the potential of DNA metabarcoding for amplifying
all taxa present in a sample, and in some cases, to infer species abundance from read counts.
Then polymerase and primer biases causing a differential amplification and other factors
impeding the recovery of the DNA of all taxa present, can be considered when interpreting
the results of metabarcoding studies in the field. An example in the marine environment is
the study of Duke and Burton (2020), who used a mock community with a known relative
proportion of eggs and larvae belonging to different fish species. DNA metabarcoding
detected these even at very low input proportions, however, multiple markers were
required to detect all species present (Duke & Burton, 2020).

eDNA has also been compared with other field methods, such as optics and acoustics.
Baited remote underwater video systems (BRUVs) are commonly used to assess bony fish
and elasmobranch diversity. Stat et al. (2019) compared video results with eDNA from
water samples and concluded that the combination of both would yield more than 30%
generic richness than each method used alone. eDNA also appeared to perform well in
terms of spatial distribution revealed with the BRUVs. In the majority of comparative
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studies, eDNA has proven to augment significantly traditional sampling. In the case of
vertebrate fauna (fish and marine mammals), taxa identified with eDNA partially
overlapped with those monitored through trawl and marine mammal surveys, but more
taxa were identified with eDNA (Closek et al., 2019). On the contrary, when eDNA was
compared with static acoustic monitoring devices to detect harbor porpoises, eDNA
detection was less successful, although it did reveal species rarely sighted in the study area
(Foote et al., 2012). Easson et al. (2020) combined the use of eDNA and acoustics for the
analysis of diel vertical migration patterns of pelagic communities in the Gulf of Mexico,
showing that eDNA can provide a fine-scale taxonomy where echosounders cannot.

In order to assess zooplankton diversity, eDNA sampling was compared with
continuous plankton recorder (CPR) surveys (a regularly deployed monitoring tool for
zooplankton in the Southern Ocean, which filters and collects zooplankton over large
transects) (Suter et al., 2020). In this study, metabarcoding of eDNA water samples and
bulk plankton samples collected with the CPR, as well as conventional morphological
identification of CPR samples were all compared. Of all three methods, metabarcoding of
the bulk plankton revealed the most species, while eDNA from filtered water, detected 1.6
times more species than morphological analyses. Plankton studies in the mesopelagic,
which compared eDNA from water samples with that recovered from net sampling
(MOCNESS), showed that the number of taxa detected per liter was significantly higher for
eDNA, although DNA metabarcoding of zooplankton from the net hauls recovered more
taxa (Govindarajan et al., 2021). This discrepancy can be explained by the delicate gelatinous
zooplankton fraction, which remains undersampled with nets.

For fish surveys, eDNA sampling has been compared with trawling efforts. eDNA
metabarcoding identified over 30% more fish species than bottom trawling (Zou et al.,
2020). Similar results were obtained for finfish, comparing the sensitivity of traditional
surveys and eDNA metabarcoding, where the latter detected species rarely observed
otherwise (Liu et al., 2019). Stoeckle et al. (2021) compared eDNA and fish trawls over the
period of a year and found that the two methods largely agreed, with eDNA showing more
sensitive in detecting species richness, relative abundance and seasonality.

4 The elusive, rare and endangered: eDNA as a non-invasive method

Traditional sampling methods are often invasive, destructive, and time-consuming.
The development of eDNA methods represents major progress in monitoring organisms
that are not easily sampled or detected. One of the most famous examples of such a species
is the elusive giant squid (Architeuthis dux), gigantic in size but hidden to humans despite
intense surveying efforts. For a long time, it was only known as washed up carcasses or
from fishermen’s nets, while its ecology and distribution have remained a mystery. A
newly developed species-specific PCR probe was able to detect A. dux DNA in water
samples in the Sea of Japan (Wada et al., 2020). Similarly, for other elusive animals such as
the octopus Octopus vulgaris in the Cantabrian Sea, QPCRs protocols were developed with
an experimental approach and validated with water samples collected in the field
(Mauvisseau et al., 2017). eDNA has also been applied within highly species-rich coral reef
environments to reveal otherwise undetected species, i.e. those inhabiting hidden spaces
within the reef matrix. This “reef cryptobiome” was successfully studied with DNA
metabarcoding, revealing many rare and localized lineages of sessile and mobile organisms
(Carvalho et al., 2019).
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Traditional net sampling has appeared particularly poor for recovering gelatinous
zooplankton diversity and abundances. Species richness and biomass of gelatinous
zooplankton such as ctenophores and cnidarians are consistently underestimated due to
their fragile and watery bodies that are easily damaged and destroyed in nets (Hosia et al.,
2017). Recently, a study compared the zooplankton taxa recovered with nets and with
eDNA of filtered water samples, and demonstrated eDNA to be particularly suitable for
revealing gelatinous diversity (Govindarajan et al., 2021). However, eDNA studies focusing
on gelatinous zooplankton still remain relatively scarce (Ames et al., 2021; Gaynor et al.,
2017; Minamoto et al., 2017; Takasu et al., 2019).

eDNA yields many promises for many other vertebrate taxa too. One example is
sharks, of which several species are endangered and difficult to monitor due to their
elusiveness and high mobility. An elasmobranch-specific metabarcoding assay was proven
effective in characterizing shark diversity around Reunion Island (Mariani et al., 2021) and
detecting temporal fluctuations during the study period. Great white shark (Carcharodon
carcharias) eDNA was also identified in the open ocean (Truelove; Andruszkiewicz & Block,
2019), showing the potential for eDNA to be used in concert with visual surveys to
eventually replace invasive capture-based techniques. Other rare but emblematic animals
such as whales have been detected with eDNA. Droplet digital PCR technology with
species-specific probes was applied for identifying cetaceans from seawater samples,
which were collected during encounters with orcas (Orcinus orca) in inshore waters of the
Salish Sea. eDNA remained detectable up to 2 hours after the passage of the orcas, which
were monitored with sightings and hydrophone recordings (Baker et al., 2018). Another
study targeting the rarely sighted pygmy (Kogia breviceps) and dwarf (K. sima) sperm
whales with eDNA metabarcoding was successful in detecting their presence in Colombian
waters (Juhel et al., 2021). However, compared to other study goals, the detection of single
or rare species is still rather scarcely applied in the marine environment, and most of these
studies were focused on fish species (Figure 4).

5 eDNA for large-scale monitoring of nonindigenous and invasive species

Nonindigenous species (NIS) detection is, after biodiversity assessment, the second
most important goal of all marine metazoan eDNA studies carried out so far (Figure 4). Of
allhabitats, NIS studies have focused mostly on communities or organisms on anthropogenic
structures, such as harbors, aquaculture settings and ballast waters (Figure 4), followed by
shore habitats and estuaries. A lot of the studies looking at anthropogenic structures were
carried out in the North Atlantic Ocean (Figure 3), in particular the European seas. Most of
the NIS studies carried out so far targeted metazoan and invertebrate communities, but
several also detected single species (e.g., echinoderms, annelids or mollusks) (Figure 4).

Invasions of NIS are heavily facilitated in marine environments by the global shipping
industry, and are becoming an increasingly pervasive global issue (reviewed by Bowers
et al., 2021; Duarte et al., 2020). Timely detection, and management responses are of
paramount importance (Lehtiniemi et al., 2015), and traditional surveillance may overlook
NIS when the population is still localized and in low densities (Freire et al., 2014). Hence,
eDNA is becoming a crucial tool in biosecurity monitoring in marine environments all over
the world (Bowers et al., 2021). Even in the most intensively studied regions, such as the
Baltic Sea (Ojaveer et al., 2010; Zaiko et al., 2015), eDNA could exclusively detect four of five
NIS, all considered invasive. When applied for plankton surveillance, eDNA has the
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advantage over traditional sampling that it detects meroplankton more effectively (Zaiko
et al., 2015) and also circumvents the problem that morphological identification of larvae
and juveniles is often impossible (Pochon et al., 2013). eDNA retrieved from only some
liters of water allowed the early detection of NIS and harmful algae in a Mediterranean
lagoon (Suarez-Menendez et al., 2020). The use of eDNA as biosurveillance tool has the
potential to implement eradication efforts in a timely manner for mitigating the devastating
effects of NIS on marine communities worldwide (Westfall; Therriault & Abbott, 2020).

6 Application of eDNA forimpact assessment, biodiversity monitoring and conservation

The impact of anthropogenic activities can be monitored with environmental impact
studies, and in this context, eDNA has appeared to be a very useful and rapid tool. eDNA
has been applied for impact assessments across a wide range of habitats (Figure 3). A large
fraction of them assessed species present on anthropogenic structures (e.g., offshore
platforms and coastal aquaculture settings) and targeted diversity at low resolution
(metazoans, invertebrate communities). When validated and following standardized
sampling protocols, eDNA holds many promises for being used as a proxy for ecological
changes and impact monitoring over regular intervals. Examples include monitoring of the
impact of oil production platforms (Laroche et al., 2017) and offshore gas platforms (Cordier
et al., 2019) on surrounding benthic assemblages, the impact of tourist visits on meiofauna
inhabiting sandy beaches (Martinez et al., 2020), and the impact of metal pollution caused
by a mine tailing disaster on benthic estuarine fauna (Bernardino ef al., 2019). Finally, the
impacts of coastal salmon farming can be monitored with eDNA metabarcoding, to detect
benthic community changes across different spatial scales (He et al., 2020) to develop biotic
indices to quantify such changes (Keeley; Wood & Pochon, 2018).

Despite its apparent inaccessibility, the deep sea is threatened by mining and other
anthropogenic activities. As mentioned above, eDNA has already contributed to major
advances in the understanding of deep-sea communities and the processes controlling them
(Macheriotou et al., 2020). In an area claimed for deep-sea mining activities, the Clarion
Clipperton Fracture Zone (CCZ, Pacific Ocean), DNA metabarcoding of the meroplankton
assemblages was carried out to assess biodiversity and spatial variability in larval
communities. It provided baseline findings that can serve future monitoring studies, and to
better understand larval dispersal and recolonization, essential for assessing the patchiness
and vulnerability of these communities (Kersten et al., 2019). Just like polymetallic nodules
on the abyssal plains, seafloor massive sulfide (SMS) deposits at hydrothermal vents are of
interest for deep-sea mining for exploiting their valuable metals. The species inhabiting this
particular habitat may be exposed to mining-related sediment plumes. By looking at benthic
communities with eDNA from sediment and water in the vicinity of natural plumes,
Klunder et al. (2020) reported the fauna to be heavily influenced by the plume’s fall out and
communities varying over small spatial scales, which may hinder their restoration after
mining activities. Cowart, Murphy and Cheng (2018) used eDNA to study recolonization
dynamics of benthic communities associated with hard-substrata after an experimentally
induced faunal clearance. Such baseline and impact studies will facilitate future monitoring
efforts and allow us to better understand the resilience and recovery potential of these
unique ecosystems in view of conservation and management efforts.

Finally, eDNA appeared to be a successful strategy for revealing macrophyte
contribution to coastal sediment as sources of blue carbon (i.e. carbon stored in coastal
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and marine ecosystems) (Geraldi et al., 2019; Ortega; Geraldi & Duarte, 2020). It was
proven to provide a high-resolution picture of the diversity of macroalgae, seagrasses and
mangroves, but eDNA abundances could also be correlated with the organic carbon
content. The role of eDNA in identifying the drivers of natural carbon sinks may become
crucial to ensure restoration and protection of such blue carbon habitats, in the light of
climate mitigation measures.

7 DNA metabarcoding for assessing diets from gut contents, faeces and scats

Most diet studies using DNA metabarcoding have targeted different fish species
(e.g., Bachiller et al., 2020; Kume et al., 2021; Shink et al., 2019), followed in number by
studies targeting marine mammals (e.g., Granquist et al., 2018; Nielsen et al., 2007; Tverin et
al., 2019) (Figure 5). Regarding regions, most studies were performed in the North Atlantic
Ocean, followed by the North Pacific Ocean. The polar regions seem to be understudied,
with only one study, focusing on marine mammals, carried out in the Arctic Ocean
(Sonsthagen et al., 2020) and five Southern Ocean studies, targeting seabirds, fish and
echinoderms (Clarke et al., 2020; Heindler et al., 2018; McInnes et al., 2017a; Mclnnes et al.,
2017b; Yoon et al., 2017). The South Atlantic Ocean is underrepresented, with only two
studies carried out on tunicates and seabirds (see Figure 5) and one mesocosm study
characterizing the diet of copepods (Ray et al., 2016).

Figure 5 - Diet studies for different target organisms using DNA metabarcoding conducted in the world’s
oceans based on our literature search specified in Table I

Seabirds
Tunicates

Cephalopods
Crustaceans
Echinodermata
Fish

Marine mammals
Mollusks

B Zooplankton

Diet studies using DNA metabarcoding have, compared to biomarker analyses, the
unique advantage of providing a high-resolution prey spectrum, which, depending on the
reference database, allows an identification of all the different prey items to the species
level. Hence, DNA metabarcoding revealed previously unknown trophic links in many
instances. Its application has also contributed to studying predation on endangered species
or populations. This was the case for the endangered European eel, of which the larvae
were found to be preyed upon by several mesopelagic fish species (Jensen et al., 2018). The
use of DNA metabarcoding has also revealed a hitherto unknown level of complexity, in
terms of intraspecific variation in diet and foraging habits of apex predators. Indeed,
metabarcoding of scat samples of harbor seals (Phoca vitulina) resulted in a very
comprehensive examination of intraspecific variation in feeding specialization and foraging
styles, which was revealed to be much more important than initially assumed. This
unexpected feeding diversity varied in time and space, as well as between sexes (Voelker
et al., 2020). Similar unexpected levels of complexity of feeding habits were uncovered by
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using DNA metabarcode assays on ray (Mobula ) species, revealing unprecedented diversity
and occurrences of bony fish (Bessey et al., 2019). Such studies show that we can expect
feeding habits to be much more complex in other organisms as well, and we recommend
in-depth diet studies comparing feeding strategies within and between life stages, sexes,
habitats and populations.

DNA metabarcoding in diet analysis has also revealed predation of otherwise
undetectable prey. An example of this is gelatinous zooplankton, which are easily digested
in predators” stomachs and therefore not revealed by traditional microscopic stomach
content analyses. Major insights on this came from the Southern Ocean, where mesopelagic
myctophid fish were shown to feed on gelatinous zooplankton from metabarcoding of
stomach contents (Clarke et al., 2020; Nirazuka et al., 2021), corroborating that their role as
prey has been significantly underestimated. The same was true for seabirds, such as the
little penguin (Eudyptula minor), which extensively preys on gelatinous zooplankton
including salps, appendicularians and cnidarians (Cavallo et al., 2018), as well as albatrosses
regularly consuming scyphozoan jellyfish (Mclnnes et al., 2017a). Similarly, larvae of
mesopelagic fish in the coastal Pacific were demonstrated to feed on appendicularians
(Kume et al., 2021).

Despite the major advances this method brings to trophic ecology, there are still
some uncertainties and caveats. One such remaining issue is the challenge of pinpointing
secondary predation. Some studies hypothesize ingestion as secondary prey based on their
size (e.g., appendicularians and copepods for penguins). Another way to identify secondary
predation is the use of probabilistic co-occurrence analysis, as suggested in Tercel,
Symondson and Cuff (2021). With such analyses, the co-occurrence patterns of different
prey items are visualized to identify items that have a high likelihood to result from
secondary predation (Tercel; Symondson & Cuff, 2021). However, since this approach is
only an explorative analysis, it should be interpreted with care (Tercel; Symondson & Cuff,
2021). Another difficulty for interpreting the DNA metabarcoding results for diet analysis,
is the occurrence of cannibalistic behavior, as for most commonly used markers, it may not
be possible to easily distinguish between the DNA from ingested conspecific individuals
or that originating from the predator itself. Additionally, predator DNA is often of good
quality, while prey DNA can be highly degraded, resulting in a higher probability of
predator DNA being amplified and dominating the recovered sequences (Pifiol et al., 2015).
Two approaches are commonly applied to overcome this problem. The first approach is
the use of predator-specific blocking oligonucleotides, preventing the predator’s DNA
from being amplified during the PCR (Deagle et al., 2009; Deagle et al., 2010; Deagle et al.,
2013; Shehzad et al., 2012; Vestheim & Jarman, 2008). However, Vestheim and Jarman
(2008) pointed out that such blocking primers may inhibit the amplification of DNA from
(often closely-related) prey items. The second approach deals with predator read
predominance by increasing the sequencing depth through newly emerging sequencing
technologies, which are able to reveal a higher diversity and therefore provide a more
comprehensive picture of the dietary spectrum of a species (e.g., NovaSeq, van der Loos &
Nijland, 2021; Singer et al., 2019).

DNA metabarcoding also holds many more promising avenues for diet analyses (see
also section below). An exciting example is the use of metabarcoding of scats to determine
whether microplastic exposure is linked to the type of prey consumed, which appeared to
be the case for grey seals (Halichoerus grypus) (Nelms et al., 2019). Furthermore, DNA
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metabarcoding of gut contents not only reveals the presence of the prey but also allows
the discovery of endoparasites and the characterization of the microbiome of an
organism. For the latter, the application of metagenomics can have a twofold outcome:
characterizing both the diet spectrum as well as the microbiome of a certain species
(e.g., for fish; Pan et al., 2021).

Prospects for eDNA in a changing ocean

1 Target areas for future eDNA studies: the lesser explored oceans, habitats and organisms

So far, the northern hemisphere is much better studied for metazoan eDNA than the
southern hemisphere marine systems (Figure 1). The least well studied oceans are the
South Atlantic and Southern oceans, in terms of the number of studies and range of habitats
covered (Figure 3). A similar pattern can be observed for diet studies, where the South
Atlantic Ocean clearly stands out as being underrepresented. Cold-water reefs and marine
vegetation (kelp forests, seagrass or seaweed) have only scarcely been studied (Figure 3).
We also determined a gap in studies of epifauna in the open ocean and deep sea, as well as
the open ocean benthic realm.

We could also highlight the comparatively low coverage of eDNA studies in both the
Arctic and the Southern oceans. Polar regions are changing faster than others, with range
contractions of native species and poleward range expansions of temperate species already
underway (e.g., Frainer et al., 2017; Freer; Daase & Tarling, 2021; Schréter et al., 2019). The
need for baseline studies and comprehensive biodiversity assessments to be used for
mitigating these impacts is more pressing than ever. Nevertheless, these regions also
represent major research limitations in terms of year-round and spatial accessibility.
Logically, these regions are comparatively less studied (Figures 1 and 3), but where applied,
eDNA has shown to be a particularly useful tool for detecting incoming species and
assessing diversity. In Antarctica, eDNA was used to document benthic diversity from
shelf water samples collected around the West Antarctic Peninsula, and allowed the
detection of king crabs, known to expand their ranges poleward and colonizing the
Antarctic shelf (Cowart; Murphy & Cheng, 2018). eDNA also holds many promises for
studying marine mammals in a non-invasive way. As a case study, Howell, LaRue and
Flanagan (2021) proposed to use snow-based eDNA for monitoring Weddell seals hauling
out on fast ice. Recently, eDNA has been increasingly applied for monitoring coastal
communities in the Canadian Arctic (Lacoursiére-Roussel et al., 2018; Sevellec et al., 2021)
highlighting the effectiveness of eDNA in documenting diversity over different spatial and
temporal scales but also linking the timing of different life stages (occurrence of larvae,
spawning) with the most abundant sequence data (Sevellec et al., 2021). Mesozooplankton
communities from the Pacific Arctic have also recently been characterized with DNA
metabarcoding (Hirai; Tachibana & Tsuda, 2020; Questel et al., 2021). However, pelagic
eDNA studies from elsewhere in the Arctic region are still missing. Benthic communities
have only been characterized with sediment eDNA in Kongsfjorden (Svalbard) for NIS
detection (van den Heuvel-Greve et al., 2021), and in the Beaufort Sea (Alaska, Barrow). In
the latter study, DNA metabarcoding was used to investigate sea ice and sediment samples
for metazoan diversity throughout winter, spring and summer (Leasi et al., 2021). The
majority of the aforementioned studies were carried out in coastal or shore areas of the
Arctic and Southern oceans. Hence, we appeal for a wider application of eDNA methods
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in the polar regions, across broader spatial and temporal scales than those of the studies
that have been carried out so far.

Another unstudied habitat so far for metazoans are oxygen minimum zones (OMZ).
OMZs have been explored with eDNA for picoeukaryote diversity assessment, comparing
different environmental gradients (De la Iglesia et al., 2020). eDNA holds much potential
for evaluating metazoan species distributions in dysoxic and suboxic conditions, bringing
new insights into tolerance limits of pelagic organisms. Candidate species for future eDNA
studies could be identified for their occurrence in such zones, just like a limpet species
endemic to hydrothermal vents was suggested as candidate to detect presence of active
vents (Collins et al., 2020).

eDNA has so far been only scarcely applied in Marine Protected Areas (MPAs), for
their biodiversity assessment (baseline studies) and subsequent monitoring. In an MPA in
California, eDNA surveys were combined with visual surveys to compare fish communities
inside and outside the area, and eDNA was shown to pick up many species that divers did
not (Gold et al., 2021). eDNA was also used to compare fish communities inside a marine
no-take reserve and in its surrounding fishing grounds in the Mediterranean (Boulanger
et al., 2021). While most other traditional methods are lethal or stressful for the targeted
species, eDNA can greatly enhance monitoring of marine reserves and MPAs and reduce
collateral damage.

In terms of target organisms, the majority of eDNA studies in our literature search
focused on metazoan or invertebrate species and communities but research focusing on a
lower taxonomic rank of invertebrates is still missing. Finally, eDNA has been largely
applied to fish species and communities, but other marine vertebrates such as seabirds and
mammals remain understudied.

2 The use of eDNA in marine time series

Despite its rapidly increasing use as a tool for marine biodiversity studies and
ecological monitoring, eDNA is still greatly underutilized for marine time series analyses,
particularly those including the study of metazoans. However, temporal eDNA datasets,
especially those collected over longer time spans, will become increasingly valuable to
identify biotic shifts related to environmental changes (Balint et al., 2018). For example,
water sampling, using CTD (conductivity-temperature-depth) rosette samplers or pumps,
demands much less station time than deploying various nets and trawls to capture
planktonic and nektonic communities across their different size ranges. Furthermore, the
eDNA datasets obtained from these filtered water samples provide information
simultaneously across a wide array of taxa, whereas traditional sampling and processing
may be limited to certain size ranges or taxonomic groups. The integration of eDNA in
long-term monitoring programs, conveniently allows for less ship time for sampling
particular communities, facilitates the use of standardized protocols, as well as the reliance
on generally sparse and dispersed taxonomic expertise. Marine eDNA time series could
infer seasonality in community patterns as well as long-term dynamics of species and
communities. Such temporal eDNA datasets have the potential for detecting changes in
abundances and range expansions, when focusing on the species level. When targeting the
community level, decreases in species richness, biotic tipping points and regime shifts can
be identified. Before they are used to test hypotheses concerning the long-term drivers of
community changes, eDNA data can be validated with the traditional data sources for
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assessing their efficiency in capturing biodiversity changes and providing estimates of
biomass. eDNA time series can also serve to study the impact of extreme events on
communities and species’ abundances. The five-year study of Berry and colleagues
(2019), assessed eDNA by metabarcoding of monthly bulk zooplankton samples at a
locality in Western Australia, which was subjected to a marine heatwave during the time
span of the time series. The authors were not only able to track biotic shifts in response
to seasonal and annual changes but also identify changes that occurred in the zooplankton
community due to the witnessed temperature anomaly. Such time-stamped eDNA
samples could be collected in view of their long-term storage in curated “environmental
biobanks” to allow for comparability of studies as molecular technologies evolve (Jarman;
Berry & Bunce, 2018).

3 Spatial up- and downscaling

The use of eDNA for surveying whole animal communities in large, dynamic marine
systems has been slowed down due to significant unknowns regarding error rates (false
negatives and false positives) in species’ detection and an in-depth understanding of the
relevant spatial resolution for eDNA surveys (Port et al., 2016). Like a lack of temporal
sampling, a low spatial resolution of monitoring programs can severely influence
biodiversity monitoring and hamper NIS detection (e.g., Zaiko et al., 2015). Recent studies
have shown that eDNA metabarcoding showed a high sensitivity to elucidate fine-scale
patterns in oceanographically very dynamic and complex regions (West et al., 2021). In a
study targeting eDNA from fish and mammals, communities could be distinguished from
habitats separated by as little as 60m (Port et al., 2016). However, spillover of eDNA between
habitats has also been detected (Lafferty et al., 2021). Wide-scale oceanographic surveys
using eDNA have shown to represent well the catches obtained by trawling and also match
known species distribution patterns of fish species, corroborating that eDNA can be used
across wide spatial scales (Fraija-Fernandez et al., 2020).

4 Natural samplers in the ocean and invertebrate-derived DNA

Recently, the principle of natural sampler DNA (nsDNA), also frequently called
biological samplers, has been put forward. It refers to DN A naturally captured by organisms
occurring in the field. As an example, sponges have been considered for nsDNA due to
their efficiency in filtering water. In a recent study from a coral reef environment, sponges
appeared to be very successful at collecting nsDNA in their tissues: one third of the total
local ichthyofauna has been recovered in sponges. Not only local coral reef fish species but
also pelagic, migratory and deep-sea fish species were revealed from sponge tissues (Turon
et al., 2020). A number of studies have targeted predators for assessing the occurrence of
their prey, such as the study by Queiros and colleagues (2021), which used Antarctic
toothfish as natural samplers of cephalopods. In order to assess diversity at the community
level across a wide array of taxa, generalist predators/scavengers have been targeted as
natural benthic samplers in several studies. Gut content analyses of scampi were shown
efficient in sampling deep-sea benthic ecosystems (van der Reis; Jeffs & Lavery, 2020) and
the diet of the European brown shrimp Crangon crangon for monitoring biodiversity in
estuarine systems (Siegenthaler et al., 2019).

An offshoot of this approach is invertebrate-derived DNA or iDNA, which is the
sampling of flesh-eating or hematophagous invertebrate parasites for retrieving the DNA
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of their hosts. The use of iDNA is widely used in terrestrial systems, using flies, ticks or
leeches (e.g., Schnell et al., 2018; Schubert et al., 2015); but until recently, there were no
similar studies for the marine environment, despite its potential as a minimally invasive
method to assess endangered or elusive species. A pioneering example from the marine
realm is the sampling of parasitic or commensal copepods for assessing their host, the
whale shark Rhincodon typus, and infer its population genetic structure based on
mitochondrial DNA (mtDNA) (Meekan et al., 2017).

5 A huge step for evolutionary ecology: from eDNA to population genetics

eDNA studies have shown large potential as a source of population genetic
information. eDNA metabarcoding studies generate millions of reads for studying
different taxa across multiple sampling sites, areas and seasons. When hypervariable
metabarcoding markers are used, which were recently suggested to be applied for
understanding phylogeographic patterns under the term “metaphylogeography”
(Turon et al., 2020), the generated large datasets also contain information at the
intraspecific level. Similar results were obtained when comparing typical
phylogeographic analyses (haplotype networks, AMOVA) based on Cytochrome c
oxidase subunit I (COI) metabarcoding reads and traditional Sanger sequence data
(Turon et al., 2020). This and similar findings (Sigsgaard et al., 2021) open up new
possibilities to test new hypotheses in evolutionary ecology and connectivity, especially
since one of the major current limitations for population genetic analyses is the need to
collect a sufficient number of tissue samples. Using eDNA for assessing population
dynamics is particularly useful when it acts as an indirect sampling tactic for targeting
elusive, endangered, or inaccessible marine taxa. It also allows for a larger sampling
window in time and space, as it increases the likelihood to detect individuals, including
those that are not present at the exact time and place of sampling (Baker et al., 2018).
For studying harbor porpoises (Phocoena phocoena), eDNA from surface water was
validated as novel approach for detecting genetic differentiation throughout the
population’s range (Parsons et al., 2018). The same was true for orcas (Orcinus orca)
(Baker et al., 2018), whale sharks (Sigsgaard et al., 2016) and bowhead whales (Balaena
mysticetus) (Székely et al., 2021). Since this application is still in its infancy, it will
require more fine-tuning of bioinformatical and statistical analyses to correct for errors,
biases and random variation in sequences and their relative abundances (Sigsgaard et
al., 2020). Such population genetic studies will also largely benefit from the expansion
of public sequence repositories, in order to more exhaustively cover intra- and
interspecific variation. Since several individuals can share the same mtDNA haplotype,
targeting longer fragments or higher polymorphic regions will enhance the potential to
distinguish individuals from eDNA reads (Dugal et al., 2021). Genome-wide approaches
based on eDNA are also becoming reality with whole mitochondrial genomes being
recovered from eDNA water samples (Deiner et al., 2017). Newest methods, such as
Haplotype Count from eDNA or HaCeD-Seq, applicable to organisms with individual
specific mitochondrial D-loop sequences, allow the determination of population sizes
(Yoshitake et al., 2019). This method has been successfully applied for the Pacific bluefin
tuna (Thunnus orientalis), and was shown to detect 94% of the haplotypes present in an
experimental setting (Yoshitake et al., 2021).
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6 eDNA for food web reconstructions, network analyses and ecosystem models

Recently, eDNA metabarcoding studies have not only been used for community
composition assessments, but also for providing information about biotic interactions (e.g.,
predator-prey relationships, trophic linkages) that can be linked to ecosystem changes.
This can be achieved using community network analyses, as in the study of (Djurhuus et
al., 2020). Here, metabarcoding of metazoan communities based on time-series samples
provided evidence for seasonal shifts and putative interactions among taxa, through the
detection of correlations between the communities and environmental conditions over
time. When applied to an ecosystem over time, eDNA analyses may also allow for the
identification of potential indicator species for different ecosystem states. D" Alessandro
and Mariani (2021) proposed a novel method for reconstructing trophic networks based on
DNA metabarcoding datasets of marine communities, combined with a literature review
to identify all possible consumer-resource interactions. With this approach of simplified
and rapid food web reconstructions, the authors were able to identify noteworthy features
of food webs, which can be used to make predictions about impacts of environmental
changes, NIS, and loss of keystone species. Finally, by using metrics for quantifying
predator-prey interactions, DNA metabarcoding studies of gut contents can also be used to
reconstruct food webs and evaluate the trophic niche of species with niche-base modelling
(Casey et al., 2019).

7 eDNA for monitoring marine resources and their exploitation

Marine resource monitoring and management is another field where eDNA has the
potential to bring major advances. In fishery science, there is an increased use of data
coming from fishing vessels to monitor commercially exploited fish stocks, as they may
act as sentinels of changes in stock sizes and distributions. eDNA performs well for
providing spatial and abundance information (evaluated in terms of relative read
abundances) for several commercially exploited fish species (Fraija-Ferndndez et al., 2020;
Salter et al., 2019). Hence, it could be incorporated into stock assessment programs to
provide a less costly method that can cover a broad geographic space, is non-lethal for the
fish and not damaging for its environment in comparison with standardized trawling
efforts. Erroneous detections, or false positives, may complexify management decisions,
because “there is no fish in hand” and contribute to current skepticism on the use of
eDNA for such purposes (Jerde; Wilson & Dressler, 2019). However, further research will
continue to further minimize this uncertainty linked to the nature of eDNA technologies.
The combination of eDNA and eRNA detection could also tackle the current drawback of
eDNA in that there is no way to conclude that it is sourced from a living organism or not.
“Legacy” eDNA can lead to false positives whereas eRNA distinguishes the living portion
of a community (Pochon et al., 2017). Finally, a better understanding of the behavior of
eDNA molecules in the marine environment (see section below) will increase our
confidence in eDNA for management purposes.

eDNA also represents a useful tool for controlling fishery activities and fisheries
enforcement. Such catch assessments rely on visual identification and quantification at sea
or when landed. This can be difficult, particularly when fish is processed on board as silage
(dissolved in acid) or block frozen. Here too, DNA metabarcoding and qPCR analyses
were able to identify and quantify DNA from fish species in both processed catches, from
run-off water, and exterior swabs of the frozen blocks (Hansen et al., 2020a). Similarly,
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another quantitative eDNA study to characterize catch composition based on DNA
metabarcoding of the drain water from fish nets after hauling operations was shown to
reliably represent the fish assemblages found and could demonstrate a relationship
between species abundances in the catch and read abundances (Russo et al., 2021).

eDNA has also proven its efficiency for providing crucial insights into the ecology
and migration patterns of fish species. Species-specific qPCR arrays can be used to
characterize spawning grounds where traditional surveys fail to identify the precise areas.
For example, the Japanese eel (Anguilla japonica) spawns at sea and subsequently migrates
to freshwater sites where it is extensively raised for aquaculture. For this species, a near
real-time identification of spawning aggregations was achieved with highly sensitive
eDNA probes (Takeuchi ef al., 2019). DNA metabarcoding of gentoo penguin scats within
an MPA was used to track their diet and showed that there is an increase in potential of
spatial overlap between gentoo penguin foraging and krill fisheries (Ratcliffe et al., 2021).
This is an example of eDNA providing a basis for informed management decisions in
commercially important krill fisheries.

Drawbacks, challenges and uncertainties in marine eDNA studies

1 To count or not to count, that is the question

The question whether eDNA can be used beyond mere presence-absence detections,
to reliably assess biomass and abundances of species, has been discussed since the early
years of eDNA research (Bohmann ef al., 2014). For several fish species, it has been
demonstrated that eDNA successfully monitors the abundances of particular species, over
temporal or spatial scales. A large number of DNA metabarcoding studies show a strong
overall correlation between frequency of species detection and read abundance. A range of
evidence exists from fish studies, comparing eDNA with other methods such as visual
surveys or traditional trawling assessments (Mariani et al., 2021; Stoeckle et al., 2021;
Thomsen et al., 2016). However, in some cases eDNA failed to reliably assess fish biomass,
when compared with trawling efforts (Knudsen et al., 2019). Detection discrepancies can
occur when abundances are very low (Salter et al., 2019).

qPCR provides a quantitative measurement of eDNA molecules, which have been
extensively validated through both experimental and field studies, again, mostly with fish
(Horiuchi et al., 2019; Kuwae et al., 2020; Tsuji et al., 2020). A similar study, quantifying
eDNA with qPCR in experimental settings and subsequently validating the arrays in the
field, was also achieved for jellyfish (Minamoto et al., 2017). Attempts to assess abundances
or biomass with eDNA also included other taxa. Examples include a cold-water coral (Kutti
et al., 2020) and a sea star species (Uthicke; Lamare & Doyle, 2018), both developing qPCR
assays based on aquarium experiments prior to field assessments. However, as is the case
with qPCR, too low concentrations of the target taxa DNA may prevent them from being
accurately quantified (e.g., Postaire et al., 2020).

2 The dominance of single over multiple markers in marine eDNA studies

In order to be able to assess entire communities, one has to use universal or generic
primers for metabarcoding. A major drawback when doing so, is the reputed primer bias,
leading to certain sequences (from certain species) amplifying less efficiently than others
(Deagle et al., 2014). Hence, species with the highest primer affinity will be overrepresented
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in the community, or even inhibit the amplification of rarer taxa or those with a lower
primer affinity. Therefore, studies focusing on communities at the eukaryote or metazoan
level will often use multiple markers (e.g., Zhang et al., 2020). The variable regions within
the conserved nuclear small-subunit ribosomal RNA genes 185 and 285 rRNA are often
used for studies aiming to identify taxa from the phylum to the family level but are
generally not able to identify the sequences to species level. On the contrary, mitochondrial
markers (e.g., COI, 16S and 125 rRNA) provide a better taxonomic resolution, allowing for
species differentiation, but owing to less conserved primer regions (e.g., in COI), certain
taxa may not be amplified (false negatives) (Laakmann et al., 2020). In marine eDNA
studies, almost 70% of all studies evaluated here used only a single marker, the majority of
them using COI and 18S rRNA (Figure 6). Those studies that applied multiple markers
often used a combination of those two markers. Few studies have focused so far on
developing primers applicable for the study of specific marine organisms (Figure 4). 125
rRNA was more frequently used in single marker studies, for those targeting fish
communities. 165 rRNA was more widely used in combination with other markers than it
was in single-gene studies. The choice of a certain marker is also largely influenced by the
availability of reference sequences for comparison. A certain marker may more reliably
allow species differentiation of a particular taxon, whereas it may be limited for primer
design and in terms of completeness of the reference database. Moreover, some markers
may reveal diverse and abundant communities of a certain taxonomic group whereas these
are barely detected with another conventional marker (Guinther et al., 2018; Santoferrara,
2019). COI of many ctenophores are practically impossible to amplify with universal
primers (Christianson et al., 2021), and therefore these taxa remain undetected, whereas
185 rRNA analyses do detect them (Gtinther et al., 2018). As an example, abundant octocoral
species were not detected in a coral reef eDNA metabarcoding community study, which
could be due to primer biases, amongst other factors influencing eDN A detection (DiBattista
et al., 2019). Such issues warrant a concurrent use of several markers, which clearly deserves
further attention in marine eDNA studies.

Figure 6 - Proportions of studies using either A. single, or B. multiple markers, specifying the
markers used in those studies. “Other” category includes markers that appeared in 4 or less
studies: ITS, D-loop, rbcL, 28S, ND4, Mitochondrial control region, Microsatellites, 23S, mutS,
tRNA and species-specific assays

/ Unspecified

3 The need for comprehensive and taxonomically validated reference databases
The accuracy of DNA read assignment to a certain species in DNA metabarcoding
largely depends on the completeness of the reference database. Typically, public sequence
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repositories (GenBank, BOLD) are used, however, despite the great advantages they offer,
these massive public databases are naturally error-rich and incomplete (Radulovici et al.,
2021). The design of appropriate species-specific qPCR markers and probes also largely
depends on the availability of sequences of the target taxa, and as many different haplotypes
as possible, to ensure that the markers are specific to one target species without cross-
amplification with closely related species (Ardura, 2019). The database coverage of both
GenBank and BOLD were tested for all reported macrofaunal species from the North Sea,
for the most commonly used metabarcoding genes COI and 185 rRNA. A coverage of 50%
or less was found for COI, and for 18S, only ca. 36% (Hestetun et al., 2020), showing that
even for a well-surveyed area, a high number of missing reference sequences can severely
hamper biodiversity studies.

Recent progress in the further development of interactive tools linked to barcodes
and reads from public databases will significantly enhance future eDNA research, as well
as the use of eDNA studies for in-depth biogeographic and population genetic studies. The
Ocean Barcode Atlas web service (Vernette et al., 2021) directly links sequences to
environmental parameters at the locality and time of sampling and mapping. Curated
databases also provide a solution, such as the MARine Eukaryote Species (MARES)
reference database, including all COI sequences available in GenBank and BOLD for
marine taxa, unified into a single taxonomy (Arranz et al., 2020). The COI barcode library
for plankton studies has also seen significant improvement during last years (Bucklin et al.,
2021). Nonetheless, no consensus has yet been achieved on a general marker to be used for
zooplankton, as the completeness of reference databases varies strongly between taxa
(Bucklin et al., 2021).

A number of studies have concentrated efforts on improving reference databases for
certain localities or organisms. Oliveira and colleagues (2016) have done so for marine fish,
and assigned the publicly available barcodes to the different species. Discordances were
assessed and evaluated, species with a high intraspecific variability were detected, and
species in need of taxonomic re-evaluation were highlighted. A similar approach was
applied by Radulovici et al. (2021), who reviewed and annotated publicly available
sequences of crustaceans, echinoderms, molluscs and polychaetes. Moreover, several
studies have enriched the databases with sequences of species present in their target area,
accompanied with a comprehensive set of metadata. An example is the Biocode approach,
used to construct a regional reference database characterizing the marine fauna of a marine
parkin Singapore, along with a rich documentation, including photographs of all specimens
sequenced (Ip et al., 2019). Major initiatives such as the Tara Oceans expedition made
genomics datasets publicly available, from viruses to metazoan marine plankton sequences
together with their metadata (Alberti et al., 2017). Finally, other techniques are being
developed, which do aim to feed the databases but rather overcome biases linked to eDNA
sequences remaining unassigned, for example, using supervised machine learning (Cordier
et al., 2017).

4 eDNA in the physical environment: decay vs. persistence and dispersal

Compared to other aquatic systems, the marine system is a much larger water body
and a much more complex three-dimensional environment, with various processes at play
influencing eDNA persistence in the water. As mentioned before, the detection of eDNA is
no evidence that the species in question is present, since the location, time and nature of the
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eDNA source remain unknown. Environmental and physical processes in the marine
environment (e.g., processes of advection, mixing, decay, and gravitational settling) may
rapidly dilute and disperse eDNA fragments, hence influencing the concentrations in the
water column (Foote et al., 2012). The transport of eDNA with currents over great distances
may induce false-positive species detection, generating inaccurate community assessments
(Jeunen et al., 2020).

Compared to freshwater systems and organisms, less marine eDNA studies have
been carried out with an experimental focus to determine the shedding and detection of
eDNA for a known biomass of organisms. From freshwater-focused studies, we know that
temperature, ultraviolet radiation and pH influence eDNA degradation (Strickler; Fremier
& Goldberg, 2015). Hence, eDNA is hypothesized to remain detectable for longer periods
in colder, less irradiated and more alkaline waters (Strickler; Fremier & Goldberg, 2015). In
the same line, in the coastal Arctic eDNA study of Sevellec et al. (2021), the rather
homogeneous eDNA signal over a wider spatial scale could be explained by the colder
temperatures preserving eDNA over a longer time. Such differences in eDNA persistence
need a better understanding for the marine environment and future studies need to
consider the potential differences between different oceanic regions. Sediment is also
known to harbor much higher concentrations of eDNA than found in the water column,
likely due to particle settling or a delayed degradation of eDNA molecules that adsorb to
sediment particles (Turner; Uy & Everhart, 2015). This was also confirmed for the marine
environment, in the case of jellyfish (Minamoto ef al., 2017). In the marine system, microbial
nutrient limitation has been demonstrated to play an additional role in the persistence of
dissolved eDNA (Salter, 2018). Murakami and colleagues (2019) performed experiments
with caged fish in a dynamic coastal system, showing that eDNA can be successfully
detected 1h after removal of the fish and up to 1000m away.

In-situ studies have also aimed to assess the influence of different oceanographic
features on eDNA signal. Tides are likely to influence eDNA detection and concentrations.
However, a study targeting a sand-flat showed that there was no significant variation in
species composition recovered with eDNA on the incoming tide compared with the
outgoing tide (Lafferty et al., 2021). On the contrary, water stratification, i.e. in the form of
a strong halocline, was demonstrated to restrict the vertical dispersal of eDNA in the water
column (Jeunen et al., 2020).

Although abiotic factors are quite often considered to be the main factors influencing
eDNA decay, consideration of biotic factors can be just as significant. As an example,
Friebertshauser et al. (2019) showed that bivalve filtration activity may lead to obstructed
detection of targeted species in near-bottom eDNA samples. An example of biotic factors
influencing the detection of eDNA is the presence of the colonial waterbirds, acting as a
potential source of contamination by contributing DNA of their prey species to the water
body sampled (Guilfoyle & Schultz, 2017). The aforementioned studies, investigating
eDNA detection and decay in situ, were focused on freshwater organisms; similar studies
are currently missing for the marine realm.

The next steps for eDNA studies in the marine realm

The drive to develop more cost effective, less invasive and less labour-intensive
methods has led to some interesting developments in eDNA technology. Williams et al.
(2021) developed a CRISPR-Cas-based eDNA assay for rapid detection of a single species.
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In a field-based validation experiment, it performed similarly to qPCR for detecting absence
and presence of Atlantic salmon (Salmo salar), showing potential as an accurate and cheap
on-site detection tool. More emerging technologies, such as the MinlON sequencing device
(Oxford Nanopore Technologies), will render eDNA in-field analyses more accessible and
adaptable (e.g., Gowers et al., 2019; Truelove; Andruszkiewicz & Block, 2019). The passive
collection of eDNA with submerged filter membranes, as opposed to active filtration of
water samples, which is often time-consuming and varies in methodology across studies,
has shown potential in both tropical and marine systems (Bessey et al., 2021). Yamahara
and colleagues (2019) recently developed an autonomous sampling device installed on an
autonomous underwater vehicle (AUV), which was able to effectively collect eDNA from
a broad range of taxa (microbes to fish), in areas without human presence. This
Environmental Sample Processor (ESP) can perform water sample filtration, storage and
in-situ genetic identification (Hansen et al., 2020b) via ‘ecogenomic sensors” (Scholin, 2010),
which should drastically enhance spatial and temporal coverage of the sampling regions
(Yamahara et al., 2019). It has been shown that such devices can take dozens of samples per
time while moving freely across the ocean for several days, and the quality of the samples
taken is comparable to classical sampling methods (Yamahara et al., 2019). Moreover, a
recent comparison of in-situ ESP and laboratory qPCR analyses showed that both methods
can well detect the most abundant organisms (Hansen et al., 2020b).

As discussed earlier, location, time, and nature of the eDNA source are unknown. An
eDNA fate and transport modelling framework can help to address these unknowns. Such
modelling frameworks should include high resolution regional oceanographic models
combined together with particle tracking models (Andruszkiewicz et al., 2019, Dagestad et
al., 2017). However, setting up the combination of such models requires the clarification of
multiple parameters and steps: 1) quantifying eDNA concentration in the environment; 2)
quantifying the eDNA source; 3) quantifying the decay rate of eDNA molecules; and 4)
model application and validation. When solving these parameters, we will be able to more
precisely trace the eDNA particles and find their origin. To do so, autonomous vehicles
suchas AUVs, equipped with ESPs, could be programmed to detect and follow the potential
‘hot spots’ of the targeted organisms.

eDNA research provides a promising opportunity for both the utilization of citizen
science as well as further involvement of indigenous peoples and members of communities
who are often excluded or disconnected from scientific research in their surroundings
(Handsley-Davis et al., 2021). Citizen science holds the potential to allow for rapid and
widescale, simultaneous sampling with minimal training and reduced costs, across a wide
range of habitats and ecosystems. A successful citizen science campaign was undertaken
with minimal training by Biggs ef al. (2015) on the Great Crested Newt in freshwater
environments. Its use is so far still limited for the marine environment. Howell, LaRue and
Flanagan (2021) suggest the Antarctic research communities and tourists to join efforts for
standardized eDNA surveys, of which Cusick et al. (2020), using tourist activities for
research, is an example. Lacoursiere-Roussel et al. (2018) successfully combined both by
involving indigenous community members and local research staff in a coastal biodiversity
study across two remote ports in the Canadian Arctic.

One thing that is clear: eDNA has the prospect to significantly enhance, improve, and
facilitate a better understanding of the global biogeography, macroecology and biodiversity
changes. This all-encompassing system of observations has been referred to as “the
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macroscope” (Dornelas et al., 2019). Together with an array of other advanced technologies
and recent methods, such as satellites, drones, passive samplers and biologgers, we will be
able to achieve an unprecedented, comprehensive monitoring effort, turning these efficient
methods into more than the sum of their parts, as cited by Dornelas et al. (2019). As an
example, in a recent biologger-based investigation into predator niche segregation of the
Risso’s dolphin and Cuvier’s beaked whales, eDNA was used to simultaneously assess the
community composition of their preferred prey (cephalopods) (Visser et al., 2021). Further
developments in molecular technologies and sequencer performances will further boost
eDNA research, which will be increasingly combined with metagenomics, meta-
transcriptomics, proteomics, metabolomics and epigenetics. As mentioned above,
simultaneous eDNA and eRNA surveys can help to distinguish “legacy” DNA from living
organisms present in the environment. Such comparative studies can significantly improve
our understanding of eDNA transport and decay. Whereas eDNA mostly serves to
characterize species and communities in terms of taxonomy and diversity, these different
methods will shed light on the functional processes characterizing them.

Strengthening interactions between eDNA and physical platforms around the world
ocean can bring unprecedented amounts of high-quality biodiversity data tied to its
environmental data. These data can subsequently be used in community distribution
modelling (Foster et al., 2013; Ovaskainen & Abrego, 2020), which will help us more clearly
define species niches, interactions between species, identify ecoregions, and determine
which of these regions are most vulnerable to ongoing and predicted environmental
changes, in terms of NIS arrivals or range shifts leading to the disruption of local food
webs. Such places may have a special priority for further eDNA monitoring, which can be
in the shape of surveys with autonomous technologies such as AUVs. Subsequently, in
these areas, the most susceptible species to climate change can be identified as being most
threatened. Based on this information, vulnerable species niches, as well as parts of
ecoregions, can be considered for further protection actions. To conclude, eDNA certainly
takes biodiversity studies to the next level and has the potential to tremendously facilitate
conservation efforts over the next decade, which is also the United Nations Decade of
Ocean Science for Sustainable Development.
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