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Species detection using environmental DNA (eDNA) is a biomonitoring tool that
can be widely applied to mangrove restoration and management. Compared to
traditional surveys that are taxa-specific and time-consuming, eDNA
metabarcoding offers a rapid, non-invasive and cost-efficient method for
monitoring mangrove biodiversity and characterising the spatio-temporal
distribution of multiple taxa simultaneously. General guidelines for eDNA
metabarcoding are well-established for aquatic systems, but habitat-specific
guidelines are still lacking. Mangrove habitats, as priority ecosystems for
restoration in Southeast Asia, present unique prospects and challenges in
these regards. Environmental DNA metabarcoding can be used to (1) track
functional recovery in ecological restoration, (2) prioritise conservation areas,
(3) provide early warning for threats, (4) monitor threatened taxa, (5) monitor
response to climate change, and (6) support community-based restoration.
However, these potential applications have yet been realized in Southeast Asia
due to (1) technical challenges, (2) lack of standardised methods, (3) spatio-
temporal difficulties in defining community, (4) data limitations, and (5) lack of
funding, infrastructure and technical capacity. Successful implementation of
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eDNA metabarcoding in mangrove restoration activities would encourage the
development of data-driven coastal management and equitable conservation
programs. Eventually, this would promote Southeast Asia’s shared regional
interests in food security, coastal defence and biodiversity conservation.
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1 Introduction

Mangroves provide various ecosystem services and socio-
economic benefits (Hochard et al., 2019; Spalding and Parrett,
2019; Friess et al.,, 2020). Mangroves are also recognized for their
roles in climate change adaptation and mitigation (CCAM; Zari
et al, 2019) and biodiversity conservation (da Rosa and Marques,
2022). The largest (32.2%; 43,767 km?; Spalding and Leal, 2021) and
most diverse mangroves (> 50 species; Spalding, 2010) are found in
Southeast Asia (SEA). Although mangrove degradation rate
declined globally in the last 10 years, SEA remains a hotspot for
mangrove loss (Spalding and Leal, 2021; Bhowmik et al., 2022), with
Myanmar and the Philippines experiencing the highest rate of loss
(Long et al., 2014; Estoque et al., 2018). Aquaculture is the main
driver of loss in most SEA countries, though other drivers could be
country-specific, e.g. rice farms in Myanmar, and oil palms in
Malaysia and Indonesia (Richards & Friess, 2016). When
mangroves are lost or degraded, the delivery of ecosystem services
and biodiversity conservation are expected to decline (Sannigrahi
et al., 2020).

Mangroves and SEA are therefore priority ecosystems and
regions, respectively, for global CCAM and biodiversity
conservation (Bunting et al., 2022). Mangrove restoration is
advocated as a nature-based solution (NbS; Zimmer et al., 2022)
and an integral component of the United Nations Decade on
Ecosystem Restoration (Su et al, 2021). The region has already
implemented several restoration programs since the 1990s (e.g.
Walters, 2003; Ilman et al.,, 2011; Hamdan et al., 2014) although the
efficacy was not systematically assessed and reported (Lee et al,
2019). Generally, when mangroves are restored, the vegetation and
sediment conditions are expected to improve with age of the stands
(Salmo et al,, 2013), followed by improvements in the faunal
assemblages and associated food web indicators (Salmo et al,
2017; Then et al,, 2021; Basyuni et al., 2022). As more researchers
move away from simple metrics of forest cover to assess the efficacy
of restoration programs, regular monitoring and documentation of
biodiversity becomes more important in mangrove restoration
ecology (da Rosa and Marques, 2022). In this regard,
conventional biodiversity monitoring approaches (e.g. faunal
sampling, transect and plot techniques) remain vital to
undoubtedly provide foundational empirical data but are time
consuming and expensive (Taddeo and Dronova, 2018).
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The development of environmental DNA (eDNA) provides an
opportunity for biodiversity documentation that can complement
conventional biodiversity monitoring techniques (e.g. Oka et al,,
2021; Polanco Fernandez et al., 2021). The term eDNA refers to
organismal DNA and extra-organismal DNA sourced from marine,
aquatic, aerial and terrestrial environmental samples, such as water
and sediments (Rodriguez-Ezpeleta et al., 2021). Environmental
DNA metabarcoding is a novel method of assessing biodiversity
from a wide taxonomic group using remnant DNA from
environmental samples (Ruppert et al., 2019; see Figure 1 for the
workflow of eDNA metabarcoding). The utilisation of eDNA
metabarcoding has revolutionised biodiversity research in that (1)
it is faster than conventional biodiversity assessment using
morphological identification, making it efficient and relatively
cheap, (2) the sampling process is simple, non-destructive, and
non-invasive, (3) it can detect rare, cryptic, and elusive species, (4) it
enables the early detection of imminent, significant environmental
change, (5) it is standardised and reproducible across different life
stages and environment, and (6) it allows for the simultaneous
biodiversity assessment for a wide range of organisms (Beng &
Corlett, 2020). Despite its increased popularity in aquatic and
marine ecosystems (Bessey et al., 2021), eDNA metabarcoding is
still not widely adapted yet in SEA due to several key technical and
practical limitations. In this mini-review, we synthesize the viability,
potentials, challenges and future prospects of applying eDNA
metabarcoding approaches in mangrove restoration in SEA. We
align our recommendations to the broader aims of the UN’s Decade
on Ecosystem Restoration and highlight the role of eDNA
metabarcoding in advancing mangrove restoration research in SEA.

2 Environmental DNA applications for
mangrove restoration

2.1 Track functional recovery in
ecological restoration

The success of mangrove restoration to date is often measured
by forest cover recovery using remote sensing and quadrat/transect
surveys (Giri, 2016). This is because measuring the recovery of all
ecosystem components (and thus the full ecosystem function -
Bosire et al.,, 2008) is more challenging, especially the recovery of
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mangrove biota such as macrofaunal, meiofaunal and microbial
communities. Often, excavation, careful taxonomic identification,
and abundance/biomass quantification, are needed to obtain
meaningful results. Thus, assessing restoration success can often
be time-consuming, resource-intensive, and subjective due to the
limited availability of expertise. Environmental DNA
metabarcoding would allow for faster, accurate and cost-efficient
data collection at a large number of sites, including healthy and
degraded ones (Wang et al., 2019; Saenz-Agudelo et al., 2022), and
for tracking community-wide shifts in response to recovery (but see
quantification limitation in Section 3.4). The possibility to
standardise sampling protocols across time and user groups
allows for an accurate chronosequence of species succession.
Furthermore, the high resolution of eDNA metabarcoding data
can improve understanding of fine-scale movement of taxa or
connectivity between systems. Environmental DNA also allows
for the detection of rare species, and the accurate identification of
specimens that would be difficult through morphological
examination alone, e.g. cryptic species (Lim et al., 2016;
Mennesson et al., 2018) or juvenile/larval stages (Marshall and
Stepien, 2019).

2.2 Prioritise conservation area

Evidence from aquatic and marine ecosystems have
demonstrated the usefulness of eDNA metabarcoding in
informing protected area design. Significant differences in fish
species composition among coral reefs with different levels of
protection in Lombok Island (Indonesia) was observed using
eDNA metabarcoding (Gelis et al., 2021). Environmental DNA
techniques can also be used in the conservation management of
priority species, especially in monitoring populations and
understanding habitat boundaries. For example, in blacktip reef
sharks, single-species eDNA surveys using real-time PCR detected
spatio-temporal changes in abundance that are comparable to
extensive fishing surveys and acoustic telemetry (Postaire et al,
2020), highlighting the potential of eDNA for monitoring shark
populations and understanding their habitat boundaries. These
eDNA approaches can be applied to the mangrove habitat to
understand the movement ecology of priority species and the
connectivity across habitats. Such information on metapopulation
dynamics will aid in the prioritisation and design of conservation
areas and the selection of restoration sites.

2.3 Provide early warning for threats

Environmental DNA metabarcoding allows for the early
detection of elusive and invasive species at low densities, which is
otherwise challenging to monitor using conventional techniques
(Loeza-Quintana et al., 2021). Environmental DNA has been used
to monitor the invasive Burmese python Python bivittatus in South
Florida (Piaggio et al., 2014) and the Atlantic Charru mussel Mytella
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strigata in Singapore (Ip et al., 2021). Also, significant changes in
indicator copepod species like Paracalanus indicus and
Hexanauplia detected by eDNA metabarcoding can be used to
monitor heat waves and their impacts on aquatic ecosystems (Berry
et al,, 2019). Interestingly, the recent development of 60 species-
specific real-time, or quantitative, PCR (qPCR) assays for invasive,
threatened, and exploited freshwater vertebrates and invertebrates
in North America (Hernandez et al.,, 2020) paved the way forward
for other aquatic ecosystems, e.g. mangroves, that are constantly
under threat. In mangroves, invasive plants (e.g. carrotwood) and
harmful algae could cause significant loss of biodiversity and
damage to ecosystem function. Thus, early detection and regular
monitoring of these species using eDNA metabarcoding and even
species-specific qPCR assays is crucial to ensure successful
ecological restoration.

2.4 Monitor threatened taxa

Mangroves in SEA are key habitats of multiple threatened
species such as the dugong (Dugong dugon), proboscis monkey
(Nasalis larvatus), roughnose stingray (Pastinachus solocirostris)
and tiger tail seahorse (Hippocampus comes). Reliable monitoring of
these organisms is crucial for data-driven conservation actions but
remains a challenge owing to the lack of standardised methods,
elusiveness of the species, and dependence on species experts
(Thomsen et al., 2012). Environmental DNA has various proven
applications in monitoring specific threatened taxa, including
uncovering previously unrecorded elasmobranch species in
Singapore’s waters (Ip et al., 2021), mapping the distribution of
endangered European eel (Weldon et al., 2020) and documenting
rare and threatened sharks and rays across eastern Indonesia
(Moore et al., 2021). This is accelerated by the development of
universal primers that allows for metabarcoding and multi-taxa
detection, e.g. the reptile primers simultaneously detected the
vulnerable flatback turtle and the Indo-Australian water snake,
which inhabit mangrove forests in SEA (West et al., 2021).
Furthermore, species detection by eDNA can now include qPCR,
whereby the presence and even abundance of a species can be
quantitatively estimated based on the eDNA concentration (Weltz
etal,, 2017). Species detection by qPCR of eDNA samples is still less
expensive than traditional surveys, and represent a highly
repeatable and sensitive method for behaviorally elusive species
(Qu & Stewart, 2019). The presence and recovery of threatened taxa
can thus be used as an important metric in monitoring mangrove

restoration success.

2.5 Monitor response to climate change

Environmental DNA metabarcoding is useful in tracking the
response of mangrove communities to climate change. For example,
a 5-year eDNA metabarcoding survey demonstrated a significant
seasonal change in meroplankton communities, including fish,
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molluscs, and cnidarians, especially after the 2015 strong El Nifio
event (Djurhuus et al., 2020). In 2021, UNESCO launched a global
eDNA metabarcoding expedition to study species vulnerability to
climate change at marine World Heritage sites (UNESCO, 2021).
As successful restoration includes resilience towards climate
change, similar eDNA metabarcoding approaches can be applied
to mangrove ecosystems to understand climatic response and
facilitate adaptation.

2.6 Support community-based restoration

The benefits of involving local communities in restoration
efforts and monitoring are three-fold (Schmitt and Duke, 2015;
Miya et al., 2022): (1) shared ownership ensures multi-stakeholder
support and continued protection of the site, (2) payment for
restoration efforts contribute towards local livelihoods, and, (3)
increased participation allows for more detailed data collection.
However, the lack of taxonomic expertise and the need to maintain
a standardised protocol present challenges to increase community
involvement in restoration (Eger et al., 2022). The use of eDNA
metabarcoding addresses these limitations as community
volunteers or employees are able to collect the eDNA
metabarcoding sample with minimal training (Miya et al., 2022),
and samples are then analysed by taxon experts and molecular
researchers who can easily provide a comprehensive species list.
This rapid assessment by local communities across a finer temporal
and spatial scale (Agersnap et al., 2022) could also allow for early
detection of invasive species (Larson et al., 2020) and changes in
coastal communities or targeted species (Biggs et al, 2015). In
addition, it is important to sustain the collaboration between
molecular ecologists and local stakeholders through the Adoption
of Translational Molecular Ecology that enhances consensus on
objectives, methods, and outcomes of environmental management
projects (Aylagas et al., 2020). Establishing a sustained dialogue
among stakeholders is key to accelerating the adoption of
molecular-based approaches for marine monitoring and
assessment (Aylagas et al., 2020).

3 Challenges
3.1 Technical challenges

The eDNA metabarcoding workflow - from sample collection,
preservation, amplification, sequencing to bioinformatic analysis —
presents multiple technical challenges. As eDNA metabarcoding
work involves detecting minute amounts of degraded DNA from
environmental samples, the sample collection process is therefore
prone to contamination, from sampling instruments, lab supplies
(e.g. collection tubes), boats and other field gear (e.g. boots).
Therefore, field decontamination before sampling is paramount to
ensure sample independence (Goldberg et al., 2016). The most
widely-adopted approach to capture eDNA is by filtration, which is
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highly dependent on factors like pH, amount of suspended particles,
filter pore size, and filtered water volume (Majaneva et al., 2018;
Wong et al,, 2020). For the turbid estuarine waters characteristic of
mangroves in SEA, high concentrations of suspended organic and
inorganic particles are associated with higher eDNA abundance but
also rapid clogging of filters. Sample preservation is key, as the
degradation of eDNA accelerated by the warm humid tropical
climate results in shorter DNA fragments (Ruppert et al., 2019)
that reduce PCR amplification success. Also, studies in relatively
remote areas can pose logistical challenges in sample preservation.
Higher levels of PCR inhibitions are also linked to turbid waters
(Kumar et al., 2022); some inhibitors, such as humic acid, fulvic
acid, tannic acid, and hematin, are naturally excreted in the
environment from animals or plants (Sato et al., 2017; Minegishi
et al, 2019; Uchii et al, 2019). In highly biodiverse tropical
mangroves, successful co-amplification of eDNA strongly depends
on suitable design primer(s) that is (are) specific and sensitive
(Coissac et al., 2012). These challenges would have to be overcome
to facilitate the standardisation of experimental protocol.

3.2 Lack of standardised methods

The standardisation of methodology is necessary to ensure
comparability across studies. Taxon detection using eDNA
metabarcoding is highly dependent on environmental variables
(Stewart, 2019; Blabolil et al., 2021). Taxa groups may differ based
on the types of waters sampled in the mangroves (Majaneva et al.,
2018; Jerde et al,, 2019) — eDNA from estuarine waters will likely
reflect both surface and bottom estuarine fauna such as fish and
prawns but interstitial or pore water may better represent
terrestrially-associated fauna, e.g. gastropods. Other sources such
as aquatic sediments may contain more eDNA of fish as compared
to water samples (Turner et al., 2015). The lack of consensus on best
practices for collection and analysis (Goldberg et al., 2015)
ultimately prevents the development of a universal eDNA
protocol for SE Asian mangroves and reduces the comparability
of biodiversity studies (Fonseca, 2018).

3.3 Spatio-temporal difficulties in
defining community

The terrestrial, aquatic and intertidal fauna found in mangroves
are diverse in life history strategies, and may use mangroves for part
of or throughout their lifespans. Mobile taxa such as fish may use
mangrove creeks and estuaries exclusively or opportunistically in
conjunction with other adjacent habitats, and may move upstream
even into more freshwater zones (Krumme, 2004; Russell and
McDougall, 2005). Hence, taxon detection depends on multiple
factors, e.g. tidal condition, monsoons, salinity gradient, and
stratification of the water column (Figure 2). Furthermore,
understanding processes that govern both eDNA release from
focal mangrove fauna and removal of eDNA in the intertidal
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mangrove environment, i.e. eDNA sources and sinks respectively,
are critical (Stewart, 2019) but remain poorly documented. The
dynamic spatio-temporal heterogeneity in faunal utilisation of
mangroves also poses a problem of scale in terms of delineating
the sampling boundaries for different ecological and ecosystem
applications. Due to the bio-geomorphological complexity of
mangrove habitats, the species distribution data could be
influenced by the microhabitat, estuarine position and extent,
biogeographic region and mangrove type (Figure 2), in addition
to being confounded by human influences (e.g. the presence of
introduced or invasive species). Hence, it is important that eDNA
metabarcoding in mangroves includes sampling at multiple spatial
scales and checklist records of native species to allow for better
understanding of species distribution. Consensus in sampling
protocols at congruent scales is needed to facilitate comparative
studies across mangroves in SEA.

3.4 Data limitations

A comprehensive reference database is lacking for many highly
speciose but poorly studied mangrove fauna (Rajpar and Zakaria,
2014; Jerde et al., 2021). Across all taxa, fishes (especially freshwater
fish) have the most comprehensive reference database, e.g. FISH-
BOL (Ward et al., 2009). However, the available reference databases
are mostly region-specific and have limited transferability across
ecosystems and ecoregions of the world. The absence of a region-
specific reference database has confined eDNA metabarcoding
research in SEA to single-species study on ecologically significant
taxa, e.g. highly invasive bivalve (Xia et al, 2018). As species
identification using eDNA metabarcoding is only as good as the
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reference database (Thomsen & Sigsgaard, 2019), establishing a
regional, comprehensive database is the necessary step forward for
the application of eDNA metabarcoding as a routine
biomonitoring tool.

Environmental DNA metabarcoding holds great promise in
determining relative species abundance and/or biomass. To date,
abundance/or biomass estimation has been shown feasible for select
taxa in ‘controlled’ environments such as aquaria and in selected
natural environments (see review by Rourke et al., 2022). For this to
be feasible, correlations must be established between eDNA
concentrations and abundance and/or biomass across taxa
(Fonseca, 2018). Further work will be essential to overcome
eDNA data limitations beyond documentation of species presence.

3.5 Lack of funding, infrastructure and
capacity building

Although eDNA metabarcoding can be more cost-effective than
traditional approaches in highly biodiverse regions (Balint et al.,
2018), it remains relatively cost-prohibitive in local SEA currencies,
especially when many molecular supplies come from developed
countries like the USA and Germany. Advances in eDNA
biodiversity applications to date are primarily confined to high-
income developed countries (Rourke et al., 2022). This is further
hampered by limitations in funding, molecular laboratories and
infrastructure that can support the post-sampling analyses. The
molecular component poses a steep learning curve, and coupled
with the lack of user-friendly reference databases, hampers the
uptake of eDNA metabarcoding within SEA. Knowledge transfer
and capacity building training that promote hands-on experiences
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FIGURE 2

(A) Key examples of spatio-temporal challenges of designing eDNA metabarcoding studies in mangroves, (B) mangrove zonation and tidal
fluctuation are two examples of the spatio-temporal challenges in mangrove eDNA metabarcoding study design.

in field sampling, laboratory and data analysis, as well as mutual
academic exchanges to develop the best practice, are necessary.

4 Future perspectives

For eDNA metabarcoding to fully realise its potential as a
biomonitoring tool in mangrove restoration in SEA, several key
organisational, technical and logistical improvements will need to
be implemented. First, cohesive international and regional
collaboration is necessary to overcome the data limitations, enable
capacity building and facilitate the much-needed development of a
comprehensive reference database. Successful endeavours have
been undertaken at the national level, e.g. the Atlas of Living
Australia (hosted by CSIRO) and the Biodiversity of Singapore
(hosted by the Lee Kong Chian Natural History Museum)
initiatives, whereby concerted efforts among government agencies,
scientists and citizens have led to the establishment of a well-
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curated biodiversity inventory supplemented by DNA barcoding.
To advance eDNA metabarcoding in mangrove habitats with
pantropical distribution, transboundary cooperation is essential,
and hence such efforts should be emulated at an international
level. International collaboration will benefit not only the
development of the reference database, but also encourages
technical exchanges and the sharing of facilities and resources. All
of this will be crucial for developing countries in SEA and elsewhere,
which are commonly underfunded for molecular biodiversity
research. Long term funding, preferably from multiple sources,
would ensure the continuity of the collaborative platform. One key
example is the “Global analyses of mangrove ecosystem by eDNA
metabarcoding” international research project supported by the
Japan Society for the Promotion of Science (JSPS) Core-to-Core,
which enabled capacity-building through seminars and workshops
and eventually led to spin-off projects funded by regional,
multinational sources. One of the spin-offs being the international
collaborative research project between Japan, Philippines, and
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Indonesia on the “Application of eDNA metabarcoding in faunal
biodiversity assessment of Indo-Pacific mangroves vulnerable to
climate change” under the East Asia Science and Innovation Area
Joint Research Program (e-ASIA JRP), supported by public co-
funding from the East Asia Summit (EAS) member countries.

Second, explorative studies are essential in standardising the
methodology, developing the collaborative platform, and building
the baseline data for biomonitoring. Regular meetings among the
regional mangrove eDNA metabarcoding community are needed to
coordinate and refine a common methodology for local use. A
standardised, freely available experimental manual, e.g. the
Environmental DNA Sampling and Experiment Manual (The
eDNA Society, 2019), would be an ideal starting point, upon
which technical improvements to overcome excessive sediments
in samples and PCR inhibitors can be based. To address the
difficulties in defining the sampling scale, it is important to first
conduct baseline studies that sample widely and across various
spatio-temporal and forest configurations. This would include
sampling across tidal regimes, monsoonal seasons, intertidal
zones, water depths, salinity gradients, mangrove habitat types
(e.g. fringe, estuarine), spatial scales and levels of anthropogenic
impacts. Following this, a collaborative platform for inventorizing
the eDNA samples would be necessary to facilitate the comparison
of biodiversity across spatio-temporal configurations. For example,
the ANEMONE DB (https://db.anemone.bio/) based in Tohoku
University provides targeted inventorizing of MiFish eDNA
metabarcoding surveys in the Pacific Ocean and the WilderLab
platform (https://www.wilderlab.co.nz/) showcased publicly
available eDNA data in New Zealand. Such a data repository
would facilitate the sharing of eDNA data that can eventually
inform decision-making on sampling design and workload
planning. In addition, the initial studies would provide essential
baseline data for future biomonitoring efforts.

In summary, this review provides an essential, practical guide to
scientists, policymakers, conservation practitioners and mangrove
forest managers in implementing eDNA metabarcoding as a
biomonitoring tool in mangrove restoration programs. The
implementation of eDNA metabarcoding would encourage the
development of data-driven coastal management and equitable
conservation programs. Such advancement is especially needed in
SEA as it comprises coastal nations with shared coastal resources,
threats and ecosystem restoration goals. Hence, international
collaboration and capacity building in mangrove eDNA
metabarcoding are crucial to promote the region’s interests in
food security, coastal defense and biodiversity conservation.
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