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a b s t r a c t

Environmental DNA (eDNA) metabarcoding is a novel method of assessing biodiversity
wherein samples are taken from the environment via water, sediment or air from which
DNA is extracted, and then amplified using general or universal primers in polymerase
chain reaction and sequenced using next-generation sequencing to generate thousands to
millions of reads. From this data, species presence can be determined, and overall biodi-
versity assessed. It is an interdisciplinary method that brings together traditional field-
based ecology with in-depth molecular methods and advanced computational tools. As
an emerging monitoring method, there are many pitfalls and roadblocks to be considered
and avoided, but the method may still have the ability to revolutionize modern biodi-
versity surveys for the molecular era. In this paper, we review the basic methodology,
benefits, and concerns of eDNA metabarcoding, and systematically cover the applications
of the method in global ecology thus far, including biodiversity monitoring across all
habitats and taxonomic groups, ancient ecosystem reconstruction, plant-pollinator in-
teractions, diet analysis, invasive species detection, pollution responses, and air quality
monitoring. We also discuss the future applications of the method as well as expected
technological advances and how they may impact the way that eDNA metabarcoding may
used in the future. eDNA metabarcoding is a unique method still in development and will
likely remain in flux for some time as technology advances and procedures become
standardized. However, as metabarcoding is optimized and its use becomes more wide-
spread, it is likely to become an essential tool for ecological monitoring and global con-
servation study.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Environmental DNA or eDNA describes the genetic material present in environmental samples such as sediment, water,
and air, including whole cells, extracellular DNA and potentially whole organisms (Ficetola et al., 2008; Barnes and Turner,
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2016). eDNA can be captured from environmental samples and preserved, extracted, amplified, sequenced, and categorized
based on its sequence (Deiner et al., 2015) From this information, detection and classification of species is possible. eDNAmay
come from skin, mucous, saliva, sperm, secretions, eggs, feces, urine, blood, roots, leaves, fruit, pollen, and rotting bodies of
larger organisms, whilemicroorganismsmay be obtained in their entirety (Taberlet et al., 2012a; Bohmann et al., 2014; Barnes
and Turner, 2016). eDNA production is dependent on biomass, age and feeding activity of the organism as well as physiology,
life history, and space use (Barnes and Turner, 2016; Goldberg et al., 2016; Hering et al., 2018). Despite being a relatively new
method of surveying, eDNA has already proven to have enormous potential in biological monitoring. Conventional methods
for surveying richness and abundance are limited by taxonomic identification, may cause disturbance or destruction of
habitat, and may rely on methods in which it is difficult to detect small or elusive species, thus making estimates for entire
communities impossible. eDNA can complement thesemethods by targeting different species, sampling greater diversity, and
increasing taxonomic resolution (Deiner et al., 2017). Additionally, eDNA is capable of detecting rare species, but not of
determining population quality information such as sex ratios and body conditions, so it is ideal for supplementing traditional
studies (Goldberg et al., 2016; Deiner et al., 2017). Regardless, it has useful applications in detecting the first occurrences of
invasive species, the continued presence of native species thought to be extinct or otherwise threatened, and other elusive
species occurring in low densities that would be difficult to detect by traditional means.

Degradation of eDNA in the environment limits the scope of eDNA studies, as often only small segments of geneticmaterial
remain, particularly in warm, tropical regions. Additionally, the varying lengths of time to degradation based on environ-
mental conditions and the potential of DNA to travel throughout media such as water can affect inference of fine-scale
spatiotemporal trends of species and communities (Coissac et al., 2012; Taberlet et al., 2012a; Eichmiller et al., 2016;
Goldberg et al., 2016; Deiner et al., 2017; Hering et al., 2018). Despite these drawbacks, eDNA still has the potential to
determine relative or rank abundance as some studies have found it to correspond with biomass, though the variation
inherent in environmental samples makes it difficult to quantify (Bohmann et al., 2014; Hering et al., 2018). While eDNA has
numerous applications in conservation, monitoring, and ecosystem assessment, as well as others yet to be described, the
highly variable concentrations of eDNA and potential heterogeneity through the water body makes it essential that the
procedure is optimized, ideally with a pilot study for each new application to ensure that the sampling design is appropriate
to detect the target (Carew et al., 2013; Goldberg et al., 2016; Deiner et al., 2017).

While the definition of eDNA seems straightforward, the lines between different forms of DNA become blurred, partic-
ularly in comparison to community DNA, which is described as bulk organismal samples (Deiner et al., 2017). A question
arises regarding whole microorganisms captured in eDNA samples: do these organisms alter the classification of the sample
to a community DNA sample? Additionally, the classification of genetic material from feces is problematic and often referred
to as eDNA (Deiner et al., 2017). Differentiation between the two is important as community DNA indicates organismal
presence at a particular time and place, while eDNA may have come from a different location, from predator feces, or from
past presence, however this differentiation is often impossible (Creer et al., 2016; Deiner et al., 2017). For the sake of
simplicity, this paper will consider eDNA loosely classified as including many sectors of DNA biodiversity research, including
fecal analysis and bulk samples when they are applicable to biodiversity research and ecosystem analysis.

Methods in eDNA research have recently expanded to be able to assess whole communities from a single sample. This
process involves metabarcoding, which can be precisely defined as the use of general or universal polymerase chain reaction
(PCR) primers on mixed DNA samples from any origin followed by high-throughput next-generation sequencing (NGS) to
determine the species composition of the sample. This method has been common in microbiology for years, but is only just
finding its footing in assessment of macroorganisms (Coissac et al., 2012; Creer et al., 2016; Deiner et al., 2017). Ecosystem-
wide applications of eDNA metabarcoding have the potential to not only describe communities and biodiversity, but also to
detect interactions and functional ecology over large spatial scales, though it may be limited by false readings due to
contamination or other errors (Bohmann et al., 2014; Ficetola et al., 2016; Creer et al., 2016; Hering et al., 2018). Altogether,
eDNAmetabarcoding increases speed, accuracy, and identification over traditional barcoding and decreases cost, but needs to
be standardized and unified, integrating taxonomy and molecular methods for full ecological study (Coissac et al., 2012; Yu
et al., 2012; Cristescu, 2014; Gibson et al., 2015; Hering et al., 2018).

This review is intended to provide an overview of methodological and bioinformatics considerations for eDNA meta-
barcoding studies, as well as to summarize published eDNAmetabarcoding studies to date, describing some of the numerous
applications therein. Additionally, critical considerations, areas needing improvement, and future directions will be
discussed.

2. Methods and technical considerations

Within published eDNA metabarcoding studies, the methodologies often differ substantially, making cross-study com-
parisons impossible, but the uniqueness of each study site and target taxa likely make standardization a challenging goal
(Hering et al., 2018). Regardless, a coordinated global initiative for biodiversity research and evaluation viametabarcoding has
the potential to standardize methods to some degree (Cristescu, 2014; Hering et al., 2018). In this section, wewill briefly cover
the process of eDNA metabarcoding from sample collection to data analysis.

As eDNA can be applied to numerous ecosystems, collection methods must correspond with these different sample types.
Microbes and pollen can be easily collected from the air, biofilms can be swabbed or scraped, water can be precipitated or
filtered, and sediments can be processed (Creer et al., 2016). For water samples, large volumes of water and multiple field
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replicates should be used; however, the choice between precipitation and filtration (and subsequently filter size) is reliant on
the target taxa, as different taxa can be isolated more efficiently in different ways (Deiner et al., 2015; Creer et al., 2016;
Goldberg et al., 2016; Hering et al., 2018). For soil and sediment samples, larger volumes of sample over larger spatial scales
are required from larger size classes of organisms, and samples should be extracted from multiple locations to avoid het-
erogeneity of samples and to better describe the biodiversity of the area (Taberlet et al., 2012b; Creer et al., 2016). In all
studies, field equipment, supplies, and personnel must be separated from areas where PCR, tissue, and organisms are pro-
cessed or handled due to the high potential for contamination, and decontamination must occur between samples to
maintain independence (Goldberg et al., 2016). Negative field controls are also essential to ensuring valid sampling and to
identify contamination; this can include periodically filtering clean water as field blanks and processing the filters with the
same protocol as the samples (Goldberg et al., 2016; Hering et al., 2018). Preservation methods are straightforward among
sample types: drying, freezing at �20 �C, or preserving in 100% ethanol or a cell lysis buffer are all adequate methods for
sample preservation (Creer et al., 2016; Goldberg et al., 2016). Immediate preservation of samples is essential to avoid
degradation, which can be affected by environmental variables such as temperature, pH, and exposure to light, as well as
target species (Barnes and Turner, 2016; Strickler et al., 2015; Tsuji et al., 2017).

Laboratory procedures tend to be more homogenous among sample types but differ between studies. eDNA should be
processed in a clean lab with equipment and supplies that cannot be removed; additionally, decontamination of personnel
and supplies must occur before entering the clean lab (Goldberg et al., 2016). Processing areas in the lab should be cleaned
with bleach and UV periodically, and during all procedures, filter pipet tips and clean gloves should be used (Champlot et al.,
2010; Goldberg et al., 2016). In addition to the field blanks discussed previously, it is important to have a lab procedure that
includes positive controls, negative controls, and replicates at all steps (Ficetola et al., 2016; Deiner et al., 2017). Kit-based
extraction procedures are probably the most common, and are generally effective; however different kits may be more
effective depending on the target taxa, particularly between eukaryotes and prokaryotes (Deiner et al., 2015; Creer et al.,
2016). Phenol chloroform extractions are also effective, and may isolate more genetic material than other methods in
certain scenarios (Creer et al., 2016; Deiner et al., 2017).

Perhaps one of the most important considerations in eDNAmetabarcoding studies is PCR primer design. Different primers
and regions differ in coverage, resolution, and bias between taxa. Cytochrome oxidase-I (COI) for metazoans and Ribulose
bisphosphate carboxylase large chain (rcbL) for plants are the standards established by the barcode of life, but other regions
such as 12s or 16s ribosomal RNA may be more appropriate for different taxa (Epp et al., 2012; Taberlet et al., 2012b; Gibson
et al., 2015; Creer et al., 2016; Deiner et al., 2017; Hering et al., 2018). Primers for eDNA metabarcoding need to be short
enough to amplify degraded samples, identical within but variable between species, and flanked by highly conserved regions
to amplify a variety of species without sacrificing specificity of the target group (Epp et al., 2012). In addition to these
specifications, primer choice has the potential to bias results by preferentially amplifying some target sequences more than
others, as well as amplifying non-target groups (Cristescu, 2014). One potential solution to this issue is the use of multiple
primer sets, particularly evolutionarily independent primer sets coinciding with standardized barcodes for the target taxo-
nomic groups (Drummond et al., 2015). Although it can reduce primer bias and increase taxonomic coverage, this method
suffers from being more costly and time-consuming (Cristescu, 2014; Creer et al., 2016; Alberdi et al., 2018). Another
important factor in PCR and primer design is in replicates; multiple PCR replicates increase species detection and decrease the
likelihood of false negatives, but the number of replicates used often differs between studies and depends on detection
probabilities, research objectives, sequencing depth, primer choice, cost constraints, and sequencing platform (Ficetola et al.,
2015; Alberdi et al., 2018). It is also worth noting that the use of PCR replicates is not an adequate substitute for biological
replicates; rather, both are necessary for comprehensive results (Goldberg et al., 2016). In running PCR for next generation
sequencing (NGS), primers can be tagged with short nucleotide sequences to uniquely identify their source in a process
commonly referred to as multiplexing. These tags, while useful, also have the potential to bias results, particularly when
located on the 5’ end, so they also require rigorous testing before implementation (Binladen et al., 2007; Berry et al., 2011). In
the sequencing step a number of platforms are available, but Illumina sequencing currently outperforms other NGS platforms
in terms of depth and accuracy (Deiner et al., 2017). It is also important to note that diversity has been found to increase with
sequencing depth before reaching a plateau, so theoretically a maximum sequencing depth could be determined for indi-
vidual studies (Alberdi et al., 2018).

The final technical step to be discussed is bioinformatics pathways. Unique bioinformatics pathways must be developed
for eDNA metabarcoding and must be adapted for each study, previously requiring consultation with a computational
specialist (Coissac et al., 2012). As technology has advanced, however, programs have been developed specifically for analysis
of information from NGS data, making the method more accessible and user-friendly (Alberdi et al., 2018). NGS results in
millions of reads which describe the genetic code of each strand of DNA that has been sequenced. These reads are typically
grouped into operational taxonomic units (OTUs) which are not standard across sites, studies, or species, and cannot be
universally applicable between them (Cristescu, 2014; Hering et al., 2018). OTUs are used to differentiate species or taxa based
on similarity of genetic code as determined by sequencing, but they also need to be linked with ecological and physiological
traits of species for proper identification. Various programs exist to help, but intragenetic variation hampers this process
(Coissac et al., 2012; Cristescu, 2014; Deiner et al., 2017). OTU clustering is based on similarity to a specific sequence and
subsequent grouping under similarity cutoffs, with 97e99% similarity being a common cutoff range; however ranges for
studies depend on intraspecific diversity estimated from existing reference databases, such as GenBank (Deiner et al., 2017).
Species identification from OTUs is often based on similarity (BLAST), phylogeny (maxlike), character (diagnostic regions),
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classification algorithms, and coalescence (evaluation of quality using likelihood/Bayesian), or even species delimitation
where sequences are partitioned based on differences and not similarity to a known sequence, but these should be combined
with other ecological characteristics (Coissac et al., 2012; Deiner et al., 2017). Unassigned reads are another concern and their
impact on analyses needs to be limited, but as so many species have yet to be described, analyses may wrongly exclude target
species; poor species representation in databases may lead to incorrect identification and affect assessments of ecological
quality (Deiner et al., 2017; Hering et al., 2018). Errors in false positives and negatives can be best avoided by combining
metabarcoding datawith direct observation and generalized occupancymodels. It is recommended that occupancymodels be
run to evaluate detection probability, rate of false presences, and whether the level of replication is appropriate to control for
false negatives (Ficetola et al., 2015, 2016; Deiner et al., 2017). Calculation of diversity indices is often used to influence di-
versity modelling and interpretation of results (Deiner et al., 2017). Ficetola et al. (2016) developed formulas to calculate the
number of positives needed to be confident that they are not false positives:

Prðx � ijsite not occupiedÞ ¼
Xk
j¼i

�
k
j

�
� pj10 � ð1� p10Þ

k�j

where p10 is the false positive rate, k is the number of replicated analyses on one sample, and i is the number of detections in
PCR replicates from the same sample, and

Prðsite occupiedjxÞ ¼ jpx11ð1� p11Þk�x

jpx11ð1� p11Þk�x þ ð1� jÞpx10ð1� p10Þ
k�x

where x is the number of detections, j is the estimated probabilities of occupancy, p11 is true detection, and p10 is false
detection.

Quantitative analysis of eDNA metabarcoding data is questionable, and while there is some data that suggests a rela-
tionship between biomass and number of copies, there are many confounding variables, so multiple sampling occasions and
replicates would be necessary as well as in-depth testing and optimization. Additionally, the scope of the study must be
considered as general estimates may be appropriate for some studies (Goldberg et al., 2016; Deiner et al., 2017; Hering et al.,
2018). There are some core programming skills required for analysis of metabarcoding data: the ability to operate from the
command line, the capacity to use/manipulate/write programs in Perl or Python for analyzing large volumes of data, and
familiarity with R (Creer et al., 2016). Some of the software often used for analyzing these datasets includes USEARCH,
VSEARCH, CROP, swarm, UNIX, QIIME, mothur, OBITools, and phyloseq (Coissac et al., 2012; Creer et al., 2016). Most impor-
tantly, data from eDNA metabarcoding studies must be shared and accessible in its raw format with standardized metadata,
ideally in cloud-based storage or common-storage databases to be used by future researchers (Creer et al., 2016; Deiner et al.,
2017). Altogether, workflows are often determined by personal preference, available equipment, and cost (Deiner et al., 2015).
Specificity and suggestions for bioinformatics pathways are also reviewed by Deiner et al. (2017). It is important to note that
even if all methods in an eDNA metabarcoding study are executed flawlessly with primers that bind perfectly, some error
should be expected. As eDNA is composed of small fragments heterogeneously distributed in the environment, there is always
a chance that these fragments will not be picked up (Pilliod et al. 2013; Goldberg et al., 2016). This supports the need for lab-
based testing before entering the field and replicates across sampling areas, but also the idea that absence cannot be
confirmed; even if a species is not detected, that does not mean it is not there. Additionally, a positive eDNA result can be
introduced through confounding sources (Darling and Mahon, 2011; Goldberg et al., 2016). Many issues with eDNA pro-
cedures may be resolved over time as the process matures, but the goal is to be focused on reducing falsehoods rather than
perfect detection. Regardless, the data able to be gleaned from eDNA metabarcoding is invaluable and can be applied to a
myriad of projects in a variety of ways.
3. Ecosystem and biodiversity monitoring

3.1. Advantages and disadvantages

Perhaps the most exciting and thus far the most explored avenue of eDNA metabarcoding research is the application for
ecosystem and biodiversity monitoring, either for specific species groups, or potentially for entire ecosystem studies.
Biodiversity is known to be declining worldwide, but it is difficult to monitor using traditional means (Thomsen and
Willerslev, 2015). Additionally, some traditional survey methods have relied on destructive techniques and often require
extensive taxonomic expertise, making them imperfect methods of detection (Thomsen andWillerslev, 2015; Holdaway et al.,
2017). eDNA can remain viable for variable periods of time from weeks to hundreds of thousands of years, allowing for
applications in molecular biology, ecology, palaeontology, and environmental sciences, particularly when coupled with next-
generation sequencing (Thomsen and Willerslev, 2015). eDNA metabarcoding can even be automated to further streamline
the procedure (Holdaway et al., 2017). Taking automation even further, supervised machine learning has been used to build
predictive models for biodiversity monitoring without requiring taxonomic assignment, removing the need for human
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interference in development of reference databases and subsequent species assignment, an innovation particularly exciting
for monitoring of extremely diverse and sensitive groups of bioindicators that would require extensive effort to fully describe
(Cordier et al., 2017). eDNA has superior species detectability, requires lower effort, causes no ecosystem disturbance, allows
detection without a priori knowledge of species, and can be implemented in areas where traditional surveys are impossible,
making it extremely promising for the future of biodiversity monitoring (Valentini et al., 2016).

There are concerns regarding methodology with eDNA metabarcoding, as would be expected with any emerging science.
Every step of the procedure has the potential to influence the results, and when these results are in turn used to influence
important conservation decisions, it is essential that the procedures be optimized and standardized. Many of these concerns
are discussed in the previous section, but some specifically relevant to biodiversity monitoring include: optimization of
sample collection and extraction; ensuring samples are free of contamination; designing primers to have minimal bias
without sacrificing resolution or spread; development of extensive reference databases; using proper bioinformatics path-
ways; lack of standardization in classification; and difficulty in estimating DNA degradation rates, thus allowing for the
misrepresentation of species presence in areas which they may have vacated (Deiner et al., 2015; Thomsen and Willerslev,
2015; Valentini et al., 2016; Holdaway et al., 2017). There is information on populations that simply cannot be obtained via
metabarcoding. Population structure and size, sex and age ratios, and individual conditions cannot be obtained by using
standard eDNA metabarcoding alone and are often critical to the development of conservation plans (Valentini et al., 2016;
Evans et al., 2016a; Holdaway et al., 2017). Despite this, there areways to accurately measure biodiversity with the integration
of eDNA metabarcoding. The most common solution to this lack of data is to integrate metabarcoding into the traditional
monitoring framework (Holdaway et al., 2017). While eDNA metabarcoding cannot ascertain information on population
structure, it can detect rare, cryptic, or elusive species from a single sample, including species that may be considered pests,
diseases, or species of conservation concern (Holdaway et al., 2017). An integration of the two methods can allow for the
benefits of both without being hindered by the drawbacks of using only one; as such, this integrated biodiversity monitoring
approach has been recommended to be used with government monitoring projects in New Zealand, including in biosecurity
and agriculture (Holdaway et al., 2017). Fully removing the need for traditional sampling in the determination of ecological
networks, it may be possible to describe interactions between species and their subsequent influence on ecosystem function
from metabarcoding alone. Evans et al. (2016a,b) developed a methodology employing the use of nested tags allowing
analysis of samples as individuals, enabling the construction of ecological networks from environmental samples alone.
Traditional methods of describing ecological networks rely on indicator species or bipartite networks, but DNA-based net-
works have been found to be faster, more efficient, and more comprehensive than traditional methods, particularly as the
complexity of the region increases or in poorly known ecosystems (Evans et al., 2016a). Overall, a combination of methods
yields the most resolved networks, and has been suggested for use in conservation, restoration, and assessment of how
human-induced climate change affects ecosystem function (Evans et al., 2016a). Altogether, an integration of conventional
and novel techniques appears to be the next step in acquiring information for land management and biodiversity monitoring.
The following discusses some of the studies in which eDNA metabarcoding has already been applied for monitoring across
marine, estuarine, freshwater, and terrestrial ecosystems (Fig. 1).
3.2. Marine monitoring

3.2.1. Sediments
eDNA metabarcoding has been applied to marine environments by use of several collection procedures targeting many

different groups of organisms. Marine sediments in particular are extremely species-rich, have key ecological roles and
ecosystem services, and are sensitive to anthropogenic disturbance, but they have been poorly studied using traditional
means and are not well understood because taxonomic work to describe the species found in marine sediments is difficult
and rarely performed (Guardiola et al., 2015). eDNAmetabarcoding of sediment has been used in attempts to describe marine
eukaryotic communities, though it has suffered from a lack of taxonomic knowledge. Pawlowski et al. (2011) used meta-
barcoding onmarine sediments to examine deep-sea eukaryotic richness and detected 942e1756 taxa per sample, dominated
by dinoflagellates, cercozoans, ciliates, and euglenozoans; even photosynthetic taxa were present. Between 31 and 71
metazoan taxa were identified per sample despite small sample volumes, indicating free, extracellular, remnant, or resting
DNA/organisms in the sample (Pawlowski et al., 2011). They determined the deep-sea floor to be a global DNA repository,
describing organisms living both in the sediment as well as in the water column, making it useful for monitoring environ-
mental changes. Interpretation of DNA data from the deep-sea floor was difficult due to lack of direct observational data, but
still offers important insights into living marine organisms and the potential to study ancient marine life by analysis of deep
soil cores (Pawlowski et al., 2011). A similar study by Guardiola et al. (2015) using metabarcoding on deep sea sediments
identified over 1600 taxa dominated by Metazoa, Alveolata, Stramenopiles, and Rhizaria, with noticeable differences on a
small scale, such as within the same core sample, between core samples, within localities, and between geographic zones
(Guardiola et al., 2015). While composition was found to change between sites, overall biodiversity was similar throughout
the dataset, with some differentiation due to differences in metazoan lifestyles (Guardiola et al., 2015). Guardiola et al. (2016)
also published a similar study the following year, finding over 5500 taxa dominated by Metazoa, Alveolata, Rhizaria, Nem-
atoda, Arthropoda, and Annelida and discovering significant differences between layers of sediment, zone (slope or canyon),



Fig. 1. Schematic diagram of global ecosystem and biodiversity monitoring with environmental DNA metabarcoding.
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depth, and season. They determined that despite the use of a hypervariable region, diversity estimates were likely conser-
vative due to the huge diversity of eukaryotes and that a lack of extensive databases limits the completeness of the study; as
such, differences in taxonomic units may only be variations within taxa rather than different taxa entirely. In the same year,
Sinniger et al. (2016) published a study in which they used eDNA metabarcoding of sediments to assess deep-sea benthic
metazoan diversity at varying depths and locations worldwide. They found their data to be dominated by meiobenthic taxa,
and while all phyla were identified, diversity within phyla remains largely unknown due to lack of studies exploring benthic
metazoans and therefore a reference database that lacked specificity. Finally, Lanz�en et al. (2017) tested the use of meta-
barcoding genomic DNA obtained from soil samples for determining diversity and community structure of meio- and
microbenthic eukaryote communities, finding that sequencing depth and extraction replicates are important for optimization
of diversity estimates. However, the precise number of replicates or sequencing depth will vary based on the aim of the study.

Looking at marine metazoan biodiversity, Fonseca et al. (2010) used metabarcoding to analyze eDNA from sediment in
Scotland. From this study, they aimed to determine taxonomic richness based on identifiable taxa, to describe the breadth of
unidentified microbial metazoans, and to assess the ecological importance of various groups. They argued that biodiversity
assessments are biased towards large organisms, thus leading to the lack of descriptions for millions of microscopic meta-
zoans, a group estimated to comprise up to 60% of the animal phyla that perform important tasks in the marine ecosystem.
Their study confirmed this immense lack of knowledge, for which they suggest further exploration of microbial metazoan
phylogeny by use of metabarcoding in order to better understand this important and highly diverse group (Fonseca et al.,
2010).

eDNA metabarcoding of marine sediment has also been used to identify invertebrate communities. Cowart et al. (2015)
tested the reliability of metabarcoding by comparing it to morphological methods of identifying invertebrates associated
with seagrass meadows. They determined that metabarcoding enabled them to identify greater diversity with similar spatial
differences when compared to morphological surveys; however, 36% of the species identified with metabarcoding were not
present in the database, indicating the need for optimization of the library and procedures before future studies are employed
(Cowart et al., 2015). Aylagas et al. (2016) compared taxonomic inferences of benthic macroinvertebrates of known taxonomy
between different DNA sources, different COI barcodes, and different amplification conditions. They determined that met-
abarcoding was comparable to morphologic surveys but was able to consistently identify more benthic macroinvertebrate
taxa. eDNA metabarcoding of marine sediments has also been used to investigate the distribution of fungi diversity and
potential factors influencing said distribution (Li et al., 2016). This study identified 816 taxa, 130 known genera, 36 orders, 14
classes, and 5 phyla, with Ascomycota making up 72e79% of all units, and found that species compositions varied across
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regions, with temperature determined to be the most important factor in fungal community distribution (Li et al., 2016).
eDNA metabarcoding of sediments has the potential to quickly and accurately assess community structure, benthic health,
and response to changes in environment, making it a promising methodology for biodiversity monitoring. However, it
currently continues to require integration or comparison with traditional methods until it is fully optimized (Cowart et al.,
2015; Aylagas et al., 2016; Sinniger et al., 2016).

3.2.2. Bulk specimens and biofilms
In addition to sediment, marine eDNA metabarcoding can be applied directly to collected specimens, particularly of

microscopic organisms that would otherwise require high levels of taxonomic expertise to identify. This technique has been
applied to plankton biodiversity studies to determine the applicability of metabarcoding for evaluation of large scale trends
(Chain et al., 2016). From bulk samples of zooplankton, Chain et al. (2016) discovered approximately 400metazoan families in
ports, including over 30 orders not previously reported. Zooplankton communities were also found to vary temporally and to
be distinct throughout habitats (Chain et al., 2016). More recently, Djurhuus et al. (2018) compared metabarcoding of
plankton samples against morphological identification, as well as the potential differences between direct seawater filtering,
prefiltering, and plankton tissue metabarcoding. They found that different metabarcoding techniques revealed significant
differences in taxonomic composition, with prefiltering detecting less than other methods. Deagle et al. (2018) also published
a study comparing plankton metabarcoding to morphological identification; however, their study relied on the use of
continuous plankton recorders which have been used to characterize plankton diversity for decades. They found that met-
abarcoding increased the number of species identified, increased the taxonomic resolution, and produced more detections
overall compared to microscopy. Collectively, these results indicate that the potential use of metabarcoding in addition to
continuous plankton recorders already in place has great potential, though it would require a shift in perspective regarding
biodiversity surveys to integrate molecular methods in what is traditionally a morphological field.

Metabarcoding of specimens has also been applied to eukaryotes as a general group. Leray and Knowlton (2015) used
eDNA metabarcoding of biofilms to describe the diversity and structuring of animals living on oyster reefs. They identified
over 2000 taxonomic units, but only 11% could be matched to reference databases and only 8% to the species level in part due
to broad but nonspecific taxonomic coverage. Despite issues in coverage, they were able to determine that smaller organisms
weremore diverse and that spatial overlap between sites wasminimal, illustrating the usefulness of themethod for presence/
absence surveys as well as relative abundances and comprehensive community-level diversity analyses (Leray and Knowlton,
2015). Wangensteen et al. (2018a,b) developed a DNA metabarcoding protocol for biodiversity characterization of marine
hard-bottom communities using two molecular markers. They determined that the analyzed communities contained a large
amount of undescribed eukaryotic biodiversity, and that while gaps in reference databases were common, they typically
applied to “rare” taxa present on a low number of sequencing reads (Wangensteen et al., 2018a,b). Specimen metabarcoding
has also been applied to focal groups of nematodes and diatoms. Dell’Anno et al. (2015) compared eDNA metabarcoding to
morphological data of nematodes and found that the analyses only matched at the family level due to poor resolution and
incomplete reference databases for the metabarcoding methodology. As such, they called for further research on the subject
before widespread application, but acknowledged its potential for studying the hyper-diverse nematodes in the deep-sea
benthos (Dell’Anno et al., 2015). For diatoms, Rivera et al. (2018a,b) explored the use of metabarcoding biofilms from the
shells of sea turtles to infer turtle behavior. They compared metabarcoding and morphological approaches and determined
that each approach resulted in different diatom assemblages. Metabarcoding was able to distinguish between individual sea
turtles based on diatom communities, but was limited by reference databases, while microscopy provided more ecological
information on sea turtles, making a combination of bothmethods ideal for using biofilms to study sea turtle behavior (Rivera
et al., 2018a). This study illustrates the widespread potential of eDNA metabarcoding of ecosystems, as it can be applied not
only to ecosystem monitoring but also to movements of larger vertebrates. Altogether, metabarcoding is powerful and
sensitive for large scale biodiversity studies, and as reference databases are expanded, the methodwill be further improved. It
is a robust, fast, objective, and affordable method for characterizing complex communities of any size of organism with the
potential to be further expandedwith the use of multiple primer sets for optimal coverage (Chain et al., 2016; Pawlowski et al.,
2018; Wangensteen et al., 2018a,b).

3.2.3. Water
Metabarcoding of water samples has been integral to the development of biomonitoring methodologies. Marine micro-

organismal diversity was assessed by Brannock et al. (2016) in which metabarcoding was used to assess micro-eukaryotic
diversity over time at various locations throughout the Alabama continental shelf. They found that community composi-
tion correlated with salinity, temperature, and dissolved silicate, and that it also differed seasonally. This information on
diversity and community variance is important to the study of marine ecosystems, but without the use of advancedmolecular
techniques, it would be nearly impossible to gain a comprehensive understanding (Brannock et al., 2016). Bridging the gap
betweenmicro- andmacro- organismal metabarcoding studies, Stat et al. (2017) compared shotgun sequencing to tree-of-life
metabarcoding or “the use of multiple metabarcoding assays to survey a wide array of biotic diversity,” in determining
biodiversity in a tropical marine environment. They found shotgun sequencing to be very inefficient due to the high number
of reads required to obtain a clear picture of biodiversity, but the tree-of-life methodology was able to detect 287 taxa across
the major eukaryotic divisions (animals, fungi, protozoa, plantae, chromista, bacteria, archaea) (Stat et al., 2017). However,
multiple sets of “universal” primers were needed to obtain the full scope of biodiversity (Stat et al., 2017). In addition, they
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were able to isolate haplotypes from a specific fish genus from the same water samples, further expanding the biodiversity
applications of eDNA metabarcoding (Stat et al., 2017).

Metabarcoding studies focusing solely on the identification of vertebrates from marine water samples are numerous. A
study by Thomsen et al. (2012) investigated the potential of metabarcoding eDNA from seawater to determine marine fish
biodiversity and compared the data against traditional fish surveys. They successfully obtained DNA from 15 species of fish,
including species important for human use and species rarely recorded traditionally, as well as 4 bird species, determining
that eDNA metabarcoding identified the same or more species than traditional sampling. Additionally, they found that DNA
fragments degraded within days in seawater, indicating that positive eDNA signals indicate recent species presence. Kelly
et al. (2014) tested the ability of eDNA metabarcoding to detect species of bony fish in a large mesocosm aquarium,
discovering a correlation between the rank abundance of eDNA and species biomass. They were also able to detect non-native
species used as food in the aquarium. Miya et al. (2015) focused on the development of a truly universal primer set for fish
identification to the species level via metabarcoding, testing their primers against over 800 different species and calling their
creation “MiFish”. These primers were tested at an aquariumwith known species, detecting 93.3% of all species present (123
genera and 59 families), and around natural coral reefs detecting 232 species (70 families and 152 genera), supporting their
effectiveness and universal application. These primers have since been used in numerous fish eDNA metabarcoding studies
(Miya et al., 2015). One such study was published in 2017 by Yamamoto et al. (2017) in which the ability of eDNA meta-
barcoding to reveal fish community structure in coastal waters at 47 spatially distinct stations was evaluated and compared to
14 years of data from visual surveys. The metabarcoding study detected 128 species, 62.5% of which were seen by visual
surveys, and 20 species that were expected to occur but had never before been documented, indicating that the method has
potential to enhance marine ecosystem analyses and fish community surveys, particularly as it was determined to have a
higher detection rate than other methods (Yamamoto et al., 2017).

eDNA metabarcoding of water samples has also been used to describe entire vertebrate communities. Port et al. (2016)
tested eDNA metabarcoding for marine vertebrates along a transect gradient of habitats and compared the results to
simultaneous visual surveys by divers, finding spatial correspondence between metabarcoding and visual surveys, and sig-
nificant differences between habitats indicating local community compositions. Additionally, metabarcoding was found to be
able to reliably detect cryptic species missed by visual surveys, though not all species were consistently detected with both
methods, suggesting that the current applications of eDNA metabarcoding are best suited to augment traditional data for the
monitoring of community dynamics over space and time (Port et al., 2016). Andruszkiewicz et al. (2017) published a study in
which they used eDNA metabarcoding to characterize marine vertebrate communities at 10 locations by collecting water
samples in replicates at multiple depths per station. They were able to identify 7 families, 3 subfamilies, 10 genera, and 72
species from 33 unique marine vertebrate taxawith all but one family already known to inhabit the area. They also found that
communities differed based on sampling depth and between sampling locations, indicating that eDNAmetabarcoding is able
to provide an accurate census of vertebrate communities and thus has enormous potential for biomonitoring at fine scale over
space and time (Andruszkiewicz et al., 2017).

The effectiveness of marine eDNA metabarcoding has also been compared between sample types. Massana et al. (2015)
analyzed the taxonomic diversity of both planktonic and benthic protist communities over space and time. They found
different species compositions betweenwater and sediment samples and that community composition varied between sites.
They also determined that seasonality was important to consider, and that many samples are needed per site to adequately
estimate diversity and community composition (Massana et al., 2015). Altogether, the use of sediment and water each yielded
different results in community composition and spatiotemporal differences, further indicating the need to ensure that studies
are optimized for the desired species groups. Overall, marine eDNA metabarcoding is non-invasive, efficient, cost-effective,
and sensitive, with potential to complement other methods of biodiversity monitoring for ecological study and manage-
ment on large spatial and temporal scales. Although it requires optimization in replicates, marker selection, avoidance of false
negatives/positives, and reference database development, it has enormous potential across sample types and target taxa
(Miya et al., 2015; Port et al., 2016; Pawlowski et al., 2016; Andruszkiewicz et al., 2017).
3.3. Estuarine monitoring

3.3.1. Sediment
Estuarine biodiversity monitoring is often included with marine monitoring due to their similarities; however, estuaries

are a unique ecosystem overlapping with both marine and freshwater ecosystems and as such some eDNA metabarcoding
studies have focused specifically on estuarine biodiversity. The majority of these studies have been concerned with the
identification of benthic communities from sediment samples which often contain taxa such as nematodes that are
commonly considered to be indicators of environmental health (Lallias et al., 2015; Av�o et al., 2017). Morphology-based
profiling of benthic communities has so far been low-throughput and ambiguous, and metabarcoding has been poorly
applied to estuarinemacrobenthos communities. Additionally, models to predict estuarine ecosystem diversity are limited for
eukaryotes, which are a huge resource for assessing ecosystem health (Lallias et al., 2015; Lobo et al., 2017). As such, future
studies are needed to explore estuarine sedimentary diversity via metabarcoding; however, some exploratory studies have
been published. Chariton et al. (2010) applied metabarcoding to estuarine sediments to identify eukaryotes in human-
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impacted ecosystems, successfully obtaining sequencing data for thousands of eukaryotes from 54 phyla ranging from
microscopic non-metazoans to large metazoans, with a large proportion of richness stemming from micro- and meiofauna
that are often overlooked in traditional surveys. Chariton et al. (2015) also s published a study in which metabarcoding was
used to assess benthic eukaryotic composition of five estuaries of varying conditions. They found that eukaryotic community
composition reflected environmental condition and was strongly correlated with nutrients, turbidity, and pH, with the
highest biotic richness occurring in themost disturbed environment. In the same year, Lallias et al. (2015) published a study in
which metabarcoding was used to assess environmental impacts on microbial metazoan and protist diversity in two distinct
estuaries with different histories of use by using longer primers focused for live individuals, they aimed to offer an immediate
picture of the microbial community. They found that taxa were responding to hydrodynamics, salinity, and granulometry
based on their life history, and that they exhibited estuary-specific similarity within salinity ranges. In development and
assessment of metabarcoding methodology, Lobo et al. (2017) created several test communities to assess the viability of
metabarcoding, and then compared metabarcoding to morphological identification in field tests at four distinct estuaries.
They found that fieldmorphologicalmethods underestimated species richness, identifying only 23 species as compared to the
61 species identified using metabarcoding. They concluded that metabarcoding was able to provide many high-quality
species identifications, and sensitive enough to determine differences in species compositions between communities. Av�o
et al. (2017) also tested the ability of metabarcoding to accurately describe communities by comparing metabarcoding of
sediments from an estuary that had been previously characterized using traditional methodology. Metabarcoding generated
25e26 of the traditionally identified genera and identified 34e43 species in total, including 7e16 new genera for the da-
tabases, while morphological analysis matched approximately 90% of the metabarcoding genera (Av�o et al., 2017). Between
the two methods, they found strong temporal differences, but not spatial differences in species composition, with meta-
barcoding appearing to be a promising alternative for the labor-intensive and time-consuming traditional monitoring
methods (Av�o et al., 2017).

3.3.2. Bulk specimens
eDNA metabarcoding has also been applied to studies of the plankton community. Abad et al. (2016) evaluated the ca-

pacity of metabarcoding for estuarine plankton monitoring by comparing it with traditional microscopic taxonomic analysis.
They found similar spatial and temporal trends of taxonomic diversity for zooplankton but not phytoplankton, possibly due to
a lack of an extensive phytoplankton database. Additionally, there was high correspondence between abundances in the two
methodologies, suggesting that there is potential for using metabarcoding to estimate species abundances as well as invasive
species detection, as two non-indigenous species were discerned (Abad et al., 2016).

Limitations of eDNA metabarcoding in estuaries are similar to those found in other ecosystems and applications, though
the lack of studies assessing estuaries using metabarcoding results in a greater need for exploratory studies. Overall, eDNA
metabarcoding of estuaries is fast, scalable, objective comprehensive, extremely sensitive, has potential for high taxonomic
resolution, is able to identify species of any size, and is cost- and time-effective with the ability to enhance traditional
monitoring techniques and inform environmental policies (Lallias et al., 2015; Chariton et al., 2015; Abad et al., 2016).

3.4. Freshwater monitoring

Biodiversity monitoring studies in freshwater using eDNA metabarcoding are quite similar to those in marine and estu-
arine environments, with themain areas of focus being in sediment, biofilms, bulk specimens, andwater samples. Freshwater
fauna are sensitive to environmental change, making them excellent indicators of ecosystem health, but traditional surveys
are labor intensive, require physical capture which may injure individuals, and often result in low detection. eDNA meta-
barcoding has potential to improve aquatic biodiversity surveys; however further research of species characteristics and life
history traits that may affect detection and refinement of quantification is needed (Evans et al., 2016b).

3.4.1. Sediments
Metabarcoding has been used on freshwater sediments to analyze plant communities. Alsos et al. (2018) analyzed the

composition of lake vegetation and vascular plant eDNA at 11 lakes by using both metabarcoding and traditional vegetation
sampling to determine the degree to which modern taxa are found in sediment eDNA samples. They recorded 489 taxa by
traditional surveys, of which 17e49% were detected using eDNA, while 47 plant taxa were identified using eDNA, of which 73%
matched those recorded in vegetation surveys. They concluded that the taxawhich were present in eDNA but not surveys were
likely missed during the surveys or grew outside the survey area, and those missed in eDNA may have been found with
increased sampling effort. Additionally, they determined that detection rates varied among plant families, and terrestrial plant
DNA was dependent on sampling distance (Alsos et al., 2018). For aquatic vegetation, eDNA may be superior to traditional
surveys; however, further optimization is needed before the procedure is ready for widespread application. Altogether, met-
abarcoding of sediments appears to be a promisingmethod for biodiversity monitoring, though it requires standardization and
expansion of databases before it is able to reach its full potential as a staple in biomonitoring methodology (Alsos et al., 2018).

3.4.2. Bulk specimens and biofilms
Similar to marine environments, specimen collection for metabarcoding is a popular choice for describing freshwater

biodiversity, with many of these studies focusing on plankton. Liu et al. (2017) assessed the effect of prefiltering on detection
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of microeukaryotic plankton communities and found that approximately 25% of reads were for metazoans in both groups.
Additionally, they found no significant differences in richness, diversity, and spatiotemporal patterns, suggesting that pre-
filtering does nothing to differentiate size classes of eukaryotic plankton in freshwater environments. In the same year,
Wurzbacher et al. (2017) published a study in which they tested eDNA metabarcoding for total plankton community dy-
namics over time, including eukaryotes and prokaryotes in their analysis. They discovered changes in community compo-
sition over time, following the same patterns as detected by morphological methods, but morphological methods missed the
bloom of a rare dominant bacterium that was impacting the planktonic community. These results highlight the usefulness of
microbial and macrobial community metabarcoding studies for understanding whole ecosystems and species interactions
and community dynamics. Banerji et al. (2018) published a similar study in which they ran metabarcoding analysis on
samples collected from multiple sites in a reservoir over 4 months, from which they detected over 1300 taxonomic units,
including metazoans, protists, chlorophytes and fungi. They found that diversity estimates differed between sites and be-
tween taxonomic groups, suggesting that different groups of plankton respond to different environmental factors. Previous to
these studies, Sohlberg et al. (2015) explored planktonic fungal communities in groundwater associated with deep bedrock
fractures, finding fungi at all depths sampled at higher diversity than expected, dominated by Ascomycota. Fungi were found
to be active in the fracture zones, indicating an ability to maintain cellular activity potently by adaptation to the environment.
Some of the fungal sequences isolated may represent novel species that may play an important role in subsurface nutrient
cycling (Sohlberg et al., 2015). Yang et al. (2017) used metabarcoding to characterize zooplankton communities by comparing
results to traditional morphological methods and found agreement between the twomethods regarding species composition,
spatial distribution, differences betweenwater body type, and abundance based on biomass, indicating that metabarcoding is
valid for use on a large scale for biomonitoring of ecosystems to influence conservation decisions. Additionally, they found
metabarcoding to identify more species than morphology-based identification, though it was limited by biases commonly
associated with metabarcoding studies such as technical biases, bioinformatics differences, lack of comprehensive databases,
and an inability to detect life stage and health of individuals (Yang et al., 2017). Another study applying metabarcoding to
freshwater specimens was published the same year, in which a new method for analysis of larval fish communities using
metabarcoding of bulk ichthyoplankton samples was developed and compared to individual larval sequencing (Maggia et al.,
2017). They found that both methods were comparable in results, indicating the potential of metabarcoding to inform un-
derstanding of fish recruitment and river preservation, particularly in tropical regions where fish larval ecology is poorly
studied due to difficulty in identification (Maggia et al., 2017). Metabarcoding of plankton communities has the potential to
provide better taxonomic coverage and resolution than morphological methods, and comparison to conventional data
revealed similar abundance and diversity data. However, each method included groups not seen in the other, suggesting the
use of the two methods simultaneously is the best way to achieve optimum coverage and the most accurate estimates of
diversity (Banerji et al., 2018).

In addition to plankton, metabarcoding of collected freshwater specimens has been applied to bulk macroinvertebrate
samples to describe biodiversity. Carew et al. (2013) tested whether metabarcoding could be used to identify species of
Chironomidae from field specimens, an important indicator group of aquatic ecosystem health. They found that with one
gene region (COI) metabarcoding could identify 96% of species, but when using two (COI and CytB), 99% of species could be
identified. They also found a strong relationship between number of sequences and number of individuals, indicating the
possibility of estimating abundance using metabarcoding. Metabarcoding has been compared to morphological macro-
invertebrate metrics across a gradient linked to watershed features where the two study types were found to consistently
indicate the same differences within the stream gradient, again suggesting the usefulness of macroinvertebrate DNA met-
abarcoding for large-scale biomonitoring (Emilson et al., 2017).

A unique study published by Hajibabaei et al., in 2012 investigated the use of preservative ethanol as a nondestructive
source for DNA from macroinvertebrates to determine biodiversity and compared this data to both the morphological
identification of species in the ethanol as well as metabarcoding of all the specimens homogenized together, as is typically
donewith specimenmetabarcoding studies. They found that ethanol-basedmetabarcoding identified 87% of taxawhile tissue
metabarcoding identified 89%, with the missing taxa for both being those of lowest abundances in the mixture. This
methodology presents a solution to the need for both sample and voucher specimens by not destroying samples in order to
obtain data, thus taking advantage of existing preservation standards to run molecular biodiversity surveys. It has the po-
tential to be applied to target pests, pathogens, vectors, or other organisms associated with those that have been preserved in
ethanol in addition to the larger macroinvertebrates (Hajibabaei et al., 2012). Altogether, metabarcoding of specimens has
great potential in the realm of freshwater biodiversity monitoring as it has been found to reduce the cost and time of bio-
monitoring, though as with all metabarcoding studies thus far, it requires refinement and further development of reference
databases (Maggia et al., 2017; Yang et al., 2017; Emilson et al., 2017).

The testing of biofilms for diatom diversity has been applied several times in freshwater diversity; diatoms are often a
focus of freshwater monitoring due to their status as bioindicators (Kermarrec et al., 2014, Rivera et al., 2018a,b). Meta-
barcoding of biofilm diatoms has been compared to morphological surveys several times with similar results throughout. In a
mock community, Kermarrec et al. (2014) found that species richness was always higher with microscopy but noted that
some species detections from microscopy may have been from dead cells, which cannot always be differentiated from living
organisms morphologically. Several studies have used natural freshwater communities that often function as indicators of
water quality to assess the effectiveness of metabarcoding. Zimmermann et al. (2015) found that metabarcoding consistently
identified more taxa and more knowledge on taxonomic diversity than morphological methods, while Vasselon et al. (2017)
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determined that while the community structures of the two methods were highly correlated and the ecological quality es-
timates were similar, only 13% of species were shared by both approaches, likely due to incompleteness of databases, limits in
taxonomic knowledge, and biased abundance estimates. Similarly, Rivera et al. (2018a,b) found similar assemblages with both
approaches structured by the same environmental factors; but the ecological assessment for each approach differed, perhaps
due to the lack of a comprehensive DNA reference library, an issue that will likely resolve itself over time. Despite this
limitation, the authors suggest an integrated approach of taxonomy, autecology, life forms, cell sizes, and ecological guilds
frommorphology, molecular data, and ecological aspects for determination of freshwater diatom biodiversity;metabarcoding
offers the ability to obtain diversity data that can then be applied on different spatial, temporal, and taxonomic levels for large
scale biomonitoring and management, including functional and ecological community relations and water quality assess-
ment (Kermarrec et al., 2014, Zimmermann et al., 2015, Rivera et al., 2018a,b). In short, metabarcoding has great potential for
the augmentation of traditional diatom surveys rather than the complete replacement.

Freshwater biofilms have also been used for the metabarcoding of microbes in general. A study by Besemer et al. (2013)
used eDNA metabarcoding to test fluvial biofilms to determine the distribution of diversity of ecologically critical benthic
microbes. They were able to determine from metabarcoding data alone that microbial diversity decreased downstream,
particularly at confluences, suggesting that environmental and biotic factors may influence biofilm connectivity and diversity.
Additionally, they found a high degree of variability in species composition between streams not explained by geographic
distance, suggesting that fluvial networks constrain microbial distribution (Besemer et al., 2013). Patterns of diversity
discovered in this metabarcoding study indicate the importance of headwater communities for regional diversity and con-
servation as well as management of ecosystem function (Besemer et al., 2013).

3.4.3. Water
Water sampling is perhaps the most common method of collecting eDNA for metabarcoding in freshwater environments,

largely dominated by studies focusing on fish and other aquatic vertebrates. One of the earliest studies in freshwater
vertebrate metabarcoding compared eDNA metabarcoding to electrofishing to characterize stream fish communities (Olds
et al., 2016). They found electrofishing to yield 12 species and an estimated richness of 16 species, while eDNA sampling
detected 16 species, including 3 species that had never been detected in thewater body using electrofishing (Olds et al., 2016).
They determined that eDNA metabarcoding has the potential to enhance fish surveys without disturbing fish or habitat in
order to better informmanagement decisions despite being unable to provide specific data on population quality (Olds et al.,
2016). The same year, Civade et al. (2016) used eDNAmetabarcoding to assess fish biodiversity in a freshwater ecosystem and
investigated signal variability by testing organization of fish communities along a longitudinal gradient. They found eDNA
metabarcoding to bemore efficient andmore likely to detect species presence than traditional sampling, and that fish species
identified with metabarcoding were comparable to those identified by traditional sampling, thus giving an in-depth
description of local fish biodiversity along a longitudinal system (Civade et al., 2016). Hanfling et al. (2016) compared
eDNA metabarcoding of a lake fish community to long-term traditional data in an attempt to define the qualitative and
quantitative accuracy of eDNA metabarcoding. They found that eDNA detected 14 of the 16 known species in the lake from
one sampling session, while the most recent traditional sampling effort had detected only 4, making eDNA much more
sensitive; the two species missed by eDNA were unlikely to be in the lake at the time of sampling. They also found that the
number of sequence reads corresponded with both site occupancy and abundance estimated from previous surveys, indi-
cating that eDNA metabarcoding could potentially be used quantitatively for describing fish communities (H€anfling et al.,
2016). Shaw et al. (2016) also compared eDNA metabarcoding to traditional methods, focusing on the comparison with
netting surveys. They found that water samples detected 100% of netted species (including species of conservation concern,
rare, and invasive species), and that five 1 L water samples per site were more effective for characterizing fish communities
than smaller water samples or sediment samples. The following year, Evans et al. (2017) tested eDNA metabarcoding esti-
mates of species richness by comparing them to traditional methods to define how spatial distribution and bioinformatics
affect efficiency. They discovered that eDNA metabarcoding could detect all species found with traditional sampling plus 11
more when considering all markers separately. Despite this success with a variety of markers, they determined that when
species needed to be detected by all markers, only 7 known, traditionally captured species were found. Additionally, they
determined that eDNA was relatively evenly distributed throughout the reservoir but predicted that this would not be the
case with moving water bodies such as streams and rivers. Nakagawa et al. (2018) assessed the performance of eDNA
metabarcoding in a moving water body, focusing on stream fish species and comparing metabarcoding data against existing
observational data; additionally, they tested for detection bias between upstream and downstream sampling locations. They
found upstream eDNA data to be most similar to observational data, detecting 86.4% of reported species as well as two
additional species, and that eDNA results were consistent with turnover and assemblage patterns of some species (Nakagawa
et al., 2018). Sato et al. (2017) explored the differences in freshwater fish biodiversity assessments resulting from pooling
water for eDNA metabarcoding. They found more species in the individual samples, including moderate spatial correlation,
indicating that the pooling strategy is not suitable for assessing richness, but may be useful for comparing fish communities
within sites. Additionally, they found that increased replicates lead to increased sensitivity with water volumes and adequate
distance between sampling points being necessary, and thus suggested small volumes from many locations for maximum
detectability (Sato et al., 2017).

Expanding the scope from fish alone, Evans et al. (2017) created aquatic mesocosms to test the ability of eDNA meta-
barcoding to detect both fish and amphibian species in different densities and relative abundances. They found that
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metabarcodingwas able to detect all species in all mesocosms, andwere able to identify a small positive relationship between
species abundance and read abundance, illustrating the potential of eDNA metabarcoding use as an index of species abun-
dance and quantification of diversity. Valentini et al. (2016) took this a step further by designing fish and amphibian primer
sets and testing them in both lab and field conditions for applicability in ecological studies and aquatic biodiversity moni-
toring. They tested their primer designs against 53 amphibian species, 64 freshwater fish, and 22 marine fish, initially tested
with individual tissue to construct a reference database, next with pooled tissue, thenwith spikedwater, and finally with field
sampling in areas with known species compositions. Following these tests, occupancy data was compared to historical and
traditional survey data, finding that the use of eDNA metabarcoding with these primers could be an applicable methodology
for freshwater vertebrate biodiversity studies (Valentini et al., 2016). Lim et al. (2016) also assessed species diversity across
taxa, using universal metazoan primers on water samples from two reservoirs with known species diversity. They found
signatures for over 500 species, of which approximately 100 could be identified to genus or species level, including an
invasive snail and a rare fish.

Studies focusing only on amphibians have also been published. A study by Lopes et al. (2017) tested eDNA metabarcoding
for anurans in tropical streams by comparing metabarcoding data to that from traditional visual and audio surveys. They
successfully detected all species known to inhabit the streams with one eDNA visit, with a greater number of reads coming
from more common species that are more closely tied to the streams. They also found that detection was maximized by
filtering large quantities of water and sampling multiple sites along streams, but quantification was not found to be possible.
eDNA detectionwas higher per sampling event than traditional field surveys, was able to detect various life stages that may be
missed by traditional surveys, could be applied outside of the species reproductive peak, is noninvasive, and could be used on
a wide taxonomic scale and large spatial scale in relatively short time periods, making it useful for anuran surveys in tropical
environments (Lopes et al., 2017). Lacoursi�ere-Roussel et al. (2016) also focused on herpetofauna and foundmetabarcoding to
be effective in assessing species distributions. Most recently, Harper et al. (2018) compared the sensitivity of eDNA meta-
barcoding to eDNA quantitative PCR (qPCR) detection for great crested newts. They found qPCR to provide greater detection
for this species, but when thresholds were removed frommetabarcoding, it performed as well as qPCR suggesting that a good
potential methodology would be initial community surveys using metabarcoding followed by species-specific surveys using
qPCR for species of concern as indicated by the metabarcoding studies (Harper et al., 2018). eDNA metabarcoding appears to
be an extremely promising avenue in freshwater biodiversity studies with the capability to collect monumental amounts of
data in short periods of time without disrupting ecosystems (Shaw et al., 2016; Nakagawa et al., 2018). Although it has the
expected downsides discussed in previous sections, as technology advances, metabarcoding can be expected to decrease in
cost and increase in effectiveness. As in other ecosystems, it is probably best suited as a complementary method to traditional
surveys (Valentini et al., 2016; H€anfling et al., 2016).

3.5. Terrestrial monitoring

Terrestrial eDNA metabarcoding for biodiversity is not an intuitive application of the methodology, but there are several
important sources of terrestrial eDNA that can be traced, such as soil, saltlicks, water sources, and bulk specimens. It seems
improbable that soil samples alone would allow reliable detection of non-soil dwelling species. Indeed, the majority of
terrestrial eDNA metabarcoding studies focus on soil samples for invertebrates in frequent, direct contact with the soil, but
other associations have been detected and studied (Calvignac-Spencer et al., 2013; Schubert et al., 2015; Lee et al., 2016).
These creative workarounds are unique and certainly seem impossible without the advent of metabarcoding. Rapid survey
approaches for monitoring biodiversity could help to assess and understand threats to ecosystems worldwide, and meta-
barcoding provides new opportunities for large-scale biodiversity studies as well as being an efficient and economical
approach to studying ecosystem structure (Yoccoz et al., 2012).

3.5.1. Soil
Terrestrial metabarcoding beganwith soil sampling, with a study by Bu�ee et al., in 2009 inwhich universal fungal primers

were used on six distinct forest soil samples, discovering over 1000 separate taxonomic units, primarily of Ascomycota and
Basidiomycota, with Agaricomycetes as the dominant taxa. From this data, diversity analyses suggested strong spatial het-
erogeneity and unexpectedly high richness. Additionally, they found that analyzed sequences corresponded 73% of the time
with only 26 identified taxa, thus highlighting the urgent need for more extensive sequence databases. Soil fungi also play an
important ecological role but little is known about the structure, richness, and distribution of different fungal communities
and ecological groups, making metabarcoding an exciting prospect for soil fungal studies in the future (Bu�ee et al., 2009).

Other studies have focused on determining plant diversity from soil samplemetabarcoding. Plant community composition
can help to define the ecological quality of sites, but aboveground visual surveys are not all-encompassing; eDNA has the
potential to identify active and dormant seeds, pollen, and detritus of species simultaneous with metabarcoding, thus
providing a more comprehensive view of plant diversity (Fahner et al., 2016). Yoccoz et al. (2012) used metabarcoding of a
short DNA fragment using plant-specific primers to estimate taxonomic diversity on 8 plant communities from two vege-
tation types and assessed DNA persistence by metabarcoding formerly cultivated soils. They found that plant diversity from
metabarcoding was consistent with estimates from conventional surveys but revealed taxa not detectable through traditional
surveys. In addition, soil samples were spatially distinct in species composition and diversity, with crop DNA sequence
detection from the formerly cultivated fields dependent on the amount of time since cultivation, dropping off almost
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completely after approximately 50 years (Yoccoz et al., 2012). Fahner et al. (2016) also assessed soil metabarcoding for
measuring plant diversity, evaluating sequence recovery, annotation, and resolution for 4 plant DNA markers first with
database sequences, thenwith soil samples from a remote wetland. They determined that internal transcribed spacer (ITS)-2
and ribulose bisphosphate carboxylase (rbc)-L were the most effective regions for metabarcoding vascular plants for
generalized databases, and that full-length DNA barcode regions could outperform the shorter sequences in taxonomic
resolution and detection. This finding is especially noteworthy as Yoccoz et al. (2012) noted the limitations of the short
barcoding region in taxonomic resolution (Fahner et al., 2016).

Like in aquatic biodiversity studies, metabarcoding of soil and sediment has been applied to the characterization of
eukaryotic communities. Drummond et al. (2015) compared a broad suite of markers against traditional biodiversity
monitoring tools for terrestrial eukaryotes, examining the 16S, 18S, trnL, ITS, and COI regions to see if eDNA could be a proxy
for traditional biodiversity sampling, which combinations of markers are best, and how sensitive the measures are to
markers/parameters. They found that alpha and gamma diversities were sensitive to number of reads, while beta diversity
was stable after a couple thousand reads. Additionally, they determined that the COI region had the strongest correlationwith
traditional sampling data, especially for vegetation and invertebrates, but that sampling efforts required at least twomarkers
to cover all phyla (Drummond et al., 2015). Invertebrate-species metabarcoding has also been explored. Yang et al. (2014)
compared the results of soil and leaf litter metabarcoding to traditional surveys for arthropods and found that the two
methodologies yielded different species compositions. However, they described similar ecological information in regards to
relative richness and diversity, with metabarcoding being perhaps more sensitive to habitat differences than traditional
surveys (Yang et al., 2014). Soil metabarcoding can also be applied to the assessment of eukaryotic communities in response to
environmental changes. �Stursov�a et al. (2014) used metabarcoding to analyze the response of fungal soil and leaf litter
communities during a bark beetle-induced tree dieback, finding that the biomass of the fungal communities decreased, and
that community composition changed with a loss of root-associated fungi and an increase in saprotrophic species (�Stursov�a
et al., 2014).

Andersen et al. (2012) used metabarcoding to attempt to characterize vertebrate taxonomic richness and structural di-
versity by use of soil samples from areas with known species compositions such as zoological gardens, safari parks, and farms.
They found that DNA from the soil reflects overall taxonomic richness and relative biomass but may not be sensitive to recent
changes in communities. Moreover, they found no impact of soil pH on DNA amplification, but that high organic content did
inhibit amplification, and that DNAwas capable of traveling through strata depending on soil texture and structure (Andersen
et al., 2012). DNAwas not uniformly distributed throughout the area, with higher concentrations found around latrine or den
areas, so they concluded that spatial replicates are necessary to optimize detection. Despite this, they determined meta-
barcoding to be a quick and reliable alternative to traditional surveys (Andersen et al., 2012). Perhaps themost comprehensive
study on terrestrial biodiversity from soil samples was published by Epp et al. (2012) in which they developed metabarcodes
for fungi, bryophytes, enchytraeids, beetles and birds, and evaluated in silico PCR and in vitro PCR of surface soil and frozen
sediment. They found that in silico primer design was effective in creating working primers for the field and that the most
promising universal metabarcoding regions were located on 12s and 16s which resulted in higher coverage than other re-
gions. They also found that there was high variation between the modern and ancient species compositions (Epp et al., 2012).

3.5.2. Root associations
In a similar environment to soil samples, sampling of communities associated with roots has been used for metabarcoding

biodiversity studies. Blaalid et al. (2012) investigated changes in fungal communities associated with the root systems of
Bistorta vivipara, a perennial herbaceous flowering plant, along a primary succession gradient using metabarcoding to detect
variation in fungal richness and community composition as the ecosystems change. They identified a total of 470 taxonomic
units found to correspond with between 8 and 41 fungal sequences dominated by basidiomycetes. Additionally, total taxa
increased as the ecosystem developed, but average per root system did not change, though there was a high degree of
patchiness in fungal distribution across root systems (Blaalid et al., 2012). Martínez-García et al. (2015) also looked at root-
associated fungal communities by using metabarcoding. They looked at a long-term soil sequence that included ecosystem
progression and retrogression to determine the importance of host plant identity as a factor driving fungal community
composition. They also combined metabarcoding methods (for determining community per site) with terminal fragment
length polymorphism (T-RFLP) methods (for determining community within sites) to acquire a full view of community
composition, diversity, and change over time. They found fungal communities to be highly structured by ecosystem age with
strong niche differentiation. They also found that diversity decreased as the ecosystem aged, and 39% of fungal variance could
be attributed to the host plant, suggesting that fungal communities are tightly linked to plant communities (Martínez-García
et al., 2015).

3.5.3. Bulk specimens
Bulk specimen metabarcoding has also been explored in terrestrial environments. Conventional ecosystem assessments

based onmorphology or barcodes are costly and time-consuming and thus less than ideal for large numbers of samples, hence
the future applications of metabarcoding (Gibson et al., 2014). Yu et al. (2012) presented protocols for determining taxonomy
of bulk arthropod samples via metabarcoding by constructing seven communities of arthropods and comparing community
composition and diversity between the two datasets. They found that it is possible to precisely estimate community dif-
ferences and diversities by metabarcoding despite the loss of some taxonomic information, and that metabarcoding of bulk
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samples is effective for measuring biodiversity. In the following year, Ji et al. (2013) validated metabarcoding of bulk
arthropod samples by testing it against 3 high quality standard datasets fromMalaysia, China and the United Kingdom. For all
locations, metabarcoding returned correlated estimates of species richness, identified treatments and responses, and
returned similar statistical models in the same taxon. Gibson et al. (2014) published a similar study in which they used
multiple universal primers on bulk arthropod samples to test the ability of metabarcoding to describe diversity. They found
that metabarcoding was able to identify 91% of the arthropods as well as detect microbes associated with the arthropods.
Additionally, they determined that metabarcoding was more effective than other methods and greatly reduced the time and
cost of biodiversity studies, making it ideal for a variety of further applications in ecology, including interactions between the
macro- and micro-biome (Gibson et al., 2014).

Metabarcoding of bulk specimens may also have applications in the assessment of host-parasitoid and community in-
teractions within biodiversity studies, an area of study essential to biodiversity monitoring, but difficult to discern using
traditional methods. �Sigut et al. (2017) used mock samples of insect larvae and parasitoids to test the potential of meta-
barcoding for identification and assessed the completeness of the barcode database by comparing it to a known host-
parasitoid database for the study area. In this study, metabarcoding successfully identified 92.8% of all taxa present in
mock samples and was able to identify taxa consistently across all taxonomic levels. Additionally, they found that 39.4%
parasitoid and 90.7% host taxa were able to be identified based on the reference database, indicating a definite need for
expansion of the parasitoid database. Metabarcoding data in this study suggests higher parasitoid diversity than traditional
surveys, identifying the potential of metabarcoding to achieve more accurate identifications from reliable libraries and to
better characterize diversity (�Sigut et al., 2017). Miller et al. (2016) established a protocol for metabarcoding fungal com-
munities directly from the DNA extracted from homogenized beetles and found that metabarcoding produced viable infor-
mation on fungal species abundance associated with beetles particularly when large numbers of PCR replicates are used.

A unique application of metabarcoding bulk arthropod samples lies in the use of carrion fly samples to estimate vertebrate
diversity. Carrion flies feed ubiquitously on dead and decaying animals and have not been found to have any distinct host
preferences. This lack of preference makes them an excellent potential model for determining vertebrate diversity, assuming
death rates between species are relatively constant (Calvignac-Spencer et al., 2013). Applications of this method may even be
able to be applied to monitoring efforts of mortality dynamics or identification and monitoring of individual populations
(Calvignac-Spencer et al., 2013). One of the earliest studies employing this creative methodology for monitoring terrestrial
biodiversity was by Calvignac-Spencer et al. (2013) inwhich they used metabarcoding on 201 pooled carrion flies collected in
Cote d'Ivoire and Madagascar, retrieving DNA from 22 to 4 species respectively, from different forest strata and different size
ranges, including very rare species. Though a full spectrum of mammalian diversity was not established in this study, they
estimated further sampling effort could achieve amore complete estimation of biodiversity. In addition, amphibians and birds
were detected, suggesting further applications in biodiversity monitoring (Calvignac-Spencer et al., 2013). Schubert et al.
(2015) screened carrion flies with nonspecific and specific primers to determine the differences in detection rates be-
tween the two primers. They found that while specific primers increased the detection of target species, it was still possible to
detect these species using general primers. They also determined that the DNA collected from carrion flies was enough to
attempt genotyping individuals in addition to the intended use to estimate population abundance and assess overall
mammalian diversity (Schubert et al., 2015). Lee et al. (2016) attempted to calibrate the use of metabarcoding of carrion flies
by comparing the metabarcoding-derived biodiversity estimates against traditional methods including cage trapping, mist
netting, hair trapping, and scat collection in two forests, one with known megafauna and one without. They found meta-
barcoding to consistently detect more species than other methods, and predicted that as study times progressed, it would
continue to outperform traditional methods (Lee et al., 2016). Finally, Rodgers et al. (2017) conducted vertebrate-specific
metabarcoding on carrion flies in an area with a well-known mammal community to test the efficiency of the methodol-
ogy for vertebrate detection and monitoring by comparing metabarcoding results against diurnal transect counts and camera
trapping. All surveys were conducted over the same time period (including fly collection), and metabarcoding was found to
detect more species than other methods over the same time period, but less than those documented over the past 7 years of
surveys (Rodgers et al., 2017). Their data suggests that metabarcoding is powerful and efficient for biodiversity studies,
particularly when used in conjunction with current monitoring methods. However, more complete reference databases, PCR
optimization, multiple markers, greater sampling effort, and greater sequencing depth are needed, sentiments shared by
other studies (Lee et al., 2016; Rodgers et al., 2017). This unique application of metabarcoding may be a rapid, unbiased, and
cost- and time-efficient wildlife monitoring methodology with capabilities to detect species and individuals, and the po-
tential to join the standard mammal monitoring field methods. Moreover, further investigation is also needed into carrion fly
ecology before it can be fully integrated into terrestrial biodiversity monitoring efforts.

3.5.4. Water
Though they do not reside in the water, terrestrial animals still require water and other nutrient sources to survive. As

such, eDNA can be collected from the sources and analyzed to determine species use. Assessing species presence using eDNA
in forest habitats, which are often difficult to survey, particularly when containing elusive or rare species, could be a viable
alternative or augmentation to traditional study methods. A study in 2017 used metabarcoding to characterize the
mammalian community utilizing forest ponds in Japan, fromwhich they were able to detect several commonmammals from
the area. Not all common mammals were detected, however, as pond use is dependent on individual need and likely varies
greatly over space and time (Ushio et al., 2017). A similar study using universal bird primers has also been published, however
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variation in species and a lack of reference sequences reduced detection (Ushio et al., 2018). Another terrestrial location that
may be visited more frequently is saltlicks or other nutrient centers. Environmental DNA metabarcoding has been applied to
saltlicks in Borneo for detection of mammals; in this study, several endangered species were detected, but many smaller
species were missed due to lack of reference sequences (Ishige et al., 2017). Regardless, this is an area of research that shows
great promise with the improvement of techniques and reference databases.
4. Further applications

While the prospects for ecosystem and biodiversity monitoring using eDNA metabarcoding are thrilling and in need of
further research, it is not the only area inwhich themethod can be applied. Metabarcoding can be used to reconstruct ancient
ecosystems from DNA found throughout the world, to explore the interconnectness between plants and pollinators, to assess
diet without need for feeding observation or stomach flushing, to detect invasive species before they could possibly be
detected via traditional means, to determine community responses to pollution, and even to assess air quality and its im-
plications for human health. Though these are the topics covered in this review paper, more applications of eDNA meta-
barcoding are surely yet to come (Fig. 2).
4.1. Paleology and ancient ecosystems

Environmental metabarcoding is not only applicable for monitoring the health and status of modern ecosystems but has
also been used to reconstruct ancient ecosystems from carbon-dated deep sediment samples that have been carbon dated
(Pedersen et al., 2013). As traditional methods of ancient ecosystem reconstruction are based on pollen and microfossil
identification, they are often time-consuming and prone to human error; metabarcoding studies when used in conjunction
with traditional data may be able to give a more complete view of ancient ecosystems (Sønstebø et al., 2010; Jørgensen et al.,
2012). These reconstructed ecosystems can in turn be used for future conservation planning, including backwards testing of
climate changemodels, invasive species emergence tracking, and assessment of anthropogenic influences to past biodiversity
and landscape (Sønstebø et al., 2010; Jørgensen et al., 2012; Bellemain et al., 2013; Giguet-Covex et al., 2014).

One of the first studies using bothmetabarcoding and next-generation sequencing on ancient DNAwas published in 2010,
wherein Sønstebø et al. (2010) constructed a library of 842 widespread/important arctic flora species and identified chlo-
roplast region P6 as a successful metabarcoding region for these plants. They found that using metabarcoding primers with
NGS resulted in greater taxonomic resolution than traditional methods. However, using both methods together was the most
successful in identifying the greatest number of taxa to the smallest resolution (Sønstebø et al., 2010). Also studying arctic
plant composition, Jørgensen et al. (2012) compared sedimentary DNA retrieved from nunataks to data from detailed surveys
of the past 130 years. Based on traditional surveys, biodiversity had drastically decreased since 1967 from 60 species to just
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Fig. 2. Applications of environmental DNA metabarcoding in aquatic and terrestrial ecosystems.
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eight in 2009. They determined that metabarcoding plant DNAwas more successful than traditional surveys, as it was able to
identify twice as many species as the 2009 survey, including 3 taxa that had never been documented on the nunatak
(Jørgensen et al., 2012). As there is no animal life on these nunataks, changes in biodiversity can be assumed to directly
correlate with climate, making data from this location especially valuable for climate change research (Jørgensen et al., 2012).
Pedersen et al. (2013) comparedmetabarcoding of sediment from a lake in Greenland to a previously determined biodiversity
record to identify ancient plant biodiversity. Sedimentary DNA was able to identify two previously undiscovered families at
the study site; however, others were missed due to the incomplete nature of genetic libraries. As such, they determined that
DNAmetabarcoding has the potential to reconstruct local vegetation in greater detail than traditional means, but that further
work is needed on resources such as GenBank to ensure that no species are missed during the process. Despite increased rates
of degradation due to climatic differences, even tropical regions can yield useful metabarcoding data from sediment.
Boessenkool et al. (2014) were able to identify species from tropical sedimentary DNA to a greater taxonomic resolution than
was found with pollen sampling, but more species were identified with pollen. This discrepancy could be due to DNA
degradation, or it could be a product of the transient nature of pollen; where sedimentary DNA is relatively local, pollen is able
to spread before landing in sediment, and thus may not give an accurate representation of species composition in a specific
location (Boessenkool et al., 2014).

To achieve a more complete look at ancient ecosystems, Willerslev et al. (2014) built upon a previous study from 2003 by
studying not only plant diversity from sediment DNA, but also nematode diversity as a proxy for vegetation cover and the
diets of ancient herbaceous megafauna as a method of confirming plant species presence and ecosystem-level interactions
(Willerslev et al., 2003). By combining all results of ancient eDNA sequencing, the study was able to determine the
circumpolar vegetation cover and the changes therein over time. Additionally, metabarcoding of stomach contents of ancient
megafauna reveals information regarding habitat choice, behavior, and biology of species and their influence on the plant
communities (Willerslev et al., 2014). Wood et al. (2012) also used metabarcoding to analyze the diet of extinct herbivores,
focusing on the moa of New Zealand. They were able to identify at least 67 plant taxa, revealing a generalist feeding ecology
across available habitats. Additionally, intact seeds indicate the potential importance of moa for plant dispersal (Wood et al.,
2012). Microorganisms such as fungi also play an important role in ancient ecosystems and can even be used to determine
plant and animal diversity based on associated fungal presence (Bellemain et al., 2013). Metabarcoding of permafrost has
been successfully used to identify fungal communities with almost double the number of taxonomic units identified than
with Sanger sequencing (Bellemain et al., 2013). While this is undoubtedly useful, differences in stability during cryopres-
ervation and bias in PCR amplification and sequencing make it impossible to fully describe ancient fungal communities,
though overall changes in diversity over time may be observed (Bellemain et al., 2013). Ancient DNA metabarcoding can also
be used to determine anthropogenic effects on the landscape, as explored by Giguet-Covex et al. (2014). Lake sediments were
used to reconstruct plant cover and livestock farming history to determine human causes of erosive events as compared to
naturally predicted erosion. High amounts of cattle and sheep DNA in the sediment indicated intense grazing and a disap-
pearance of tree species from deforestation would reduce soil stability and contribute to erosion (Giguet-Covex et al., 2014).
Pansu et al. (2015) also assessed ancient human impacts on plant communities by metabarcoding lake sediments; they were
able to identify anthropogenic changes to vegetation communities indicating the establishment of an agropastoral landscape.

The majority of ancient metabarcoding studies have used sediment to determine biodiversity, but bone fragments can be
sequenced to determine their species of origin (Haouchar et al., 2014; Grealy et al., 2015). Bone fragments that are uniden-
tifiable based onmorphology can be combined and sequenced together to determine the species at a certain sitewhere bones
were found. In particular, bulk bone metabarcoding “has applications for the detection of cryptic or morphologically un-
discoverable taxa, historical faunal turnover and population fragmentation” which may provide a powerful tool for species
conservation as well as “identifying taxonomic assemblages, estimating genetic diversity, and assessing general ancient DNA
preservation” (Grealy et al., 2015). Bulk bone metabarcoding can be combined with sediment analysis as indicated by
Haouchar et al. (2014). They used a variety of general and taxa-specific primers on bone and sediment samples to assess the
genetic biodiversity of a cave in Australia, from which at least 15 plant and animal taxa were identified, providing valuable
insight to the ancient biodiversity of the area.

The possible applications of ancient DNA metabarcoding are staggering, but it is important to acknowledge potential
flaws and limitations of current technology. Limitations of genetic libraries, differing rates of degradation between species
and geographic location, and PCR bias are all major concerns (Bellemain et al., 2013; Pedersen et al., 2013). Another major
concern is contamination; the presence of a modern species replicated by the primers can not only give false positives, but
also false negatives by overwhelming the concentration of taxa to where low-concentration DNA is not able to replicate
(Boessenkool et al., 2012). One of the contaminants most difficult to avoid is human DNA, which can cause problems when
using mammal primers (Boessenkool et al., 2012). To combat this, Boessenkool et al. (2014) developed human-blocking
primers to reduce the amplification of human DNA and found that species diversity increased, and new taxa were
evident when the human DNA was suppressed. Other concerns include climatic/temporal limitations, biological origin/
state, stratigraphic reliability, and sterile sampling procedure (Rawlence et al., 2014). In particular, ancient DNA is limited
by the climate of the region; most studies so far have employed the technique in arctic or temperate climates; tropical
regions are typically both warmer and more humid, which increases the rate of DNA degradation over time. As such,
microclimates such as caves may be essential to the application of ancient eDNA metabarcoding in more tropical regions
(Guti�errez-García et al., 2014).
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4.2. Plant-pollinator interactions

Environmental DNA metabarcoding can be used to characterize interactions between organisms and the environment.
One of the most promising areas where this is being applied is in analyzing pollinator interactions with plants. Pollinators
are essential to human survival and to general ecosystem health, but many populations are declining. The worldwide
decline of bee species and colony collapse has the potential to be detrimental to global food production. In determining
plant species most used by pollinators, conservation plans can be constructed to ensure these species are available for
pollinators to use. Previously, the methods for determining the plants visited by pollinators involved either visually
observing which plants individuals visited or collecting pollen to be identified under a microscope. Both methods are
time-consuming and subject to bias, with the latter requiring a taxonomic pollen expert to do the identification. Valentini
et al. (2010) used universal barcodes and NGS to determine the geographical origin of honey based on the plant DNA
present in the honey samples. They found the method to be simple, fast, robust, and successful in identifying plant
presence to pinpoint the origin of the samples. Additionally, the nature of honey prevents DNA degradation, so multiple,
longer primer sets could be used if certain regions are indistinguishable with the universal primers (Valentini et al., 2010).
Hawkins et al. (2015) tested the effectiveness of the metabarcoding method as compared to traditional, microscopic
identification of pollen grains in honey. They found that the two methods had a correspondence of 92% when only high
abundance taxa were considered, but that when all taxa were considered, the correspondence dropped to below 50%, with
both methods finding taxa that were missed by the other. While metabarcoding is highly sensitive and able to provide
greater taxonomic resolution, it is less likely to detect pollen present in low levels than traditional methods due to
inherent bias in amplification and sequencing. de Vere et al. (2017) applied metabarcoding of honey samples directly to
determination of bee plant preference. By testing honey in a highly diverse botanical garden, they were able to determine
that bees preferentially used the same plant taxa composed of native or near-native plants found in woodlands and
hedgerows, suggesting that maintenance of these natural environments free from invasive species is essential for bees to
thrive (de Vere et al., 2017).

In addition to honey samples, pollen can be taken directly from pollinators for identification. Keller et al. (2015) compared
metabarcoding to microscopy for mixed pollen samples collected from pollinators, testing whether primers were actually
universal while being able to differentiate species. They found that at 85% match of sequencing results to genome libraries,
98.9% of samples were classified to genus and 61.6% were classified to species, with metabarcoding identifying 13 taxa missed
by microscopy. Microscopy found 4 taxa missed by metabarcoding, but overall richness and abundance estimates were
similar (Keller et al., 2015). Richardson et al. (2015a,b) published two studies on metabarcoding pollen from pollinators. The
first tested a multi-locus approach to metabarcoding to characterize pollen from honey bees. This study found that using
multiple loci was more reliable for identifying pollen as it helps to eliminate false positives and to avoid primer amplification
bias. They also compared traditional pollen analysis to metabarcoding of pollen samples from honey bees. The results from
this study indicate that metabarcoding is sensitive enough for identification of plants and is able to identify taxa missed by
traditional analysis. However, it cannot quantify pollen analysis due to replication bias, and they therefore recommended that
both methods be used together when quantification is necessary (Richardson et al., 2015b, 2015a). In the same year, Sickel
et al. (2015) published a dual-index multiplexing method adapted from bacterial studies and applied it to the sequencing
of pollen samples from multiple bee species simultaneously. They were able to adapt the method so that labelling and PCR
were completed in one step and determined that 2000 to 3000 quality reads were needed in order to identify all taxa in the
sample. In addition to general plant species use, metabarcoding of pollen from pollinators can be applied to look at landscape-
level plant diversity of taxa most used by pollinators (Cornman et al., 2015). Networking and quantifying plant-pollinator
interactions can also be accomplished by metabarcoding. Pornon et al. (2016) tested whether metabarcoding could
circumvent the limits of conventional sampling in detecting and quantifying plant-pollinator interactions and found that
metabarcoding of insect pollen loads revealed 2.5x more plant-pollinator interactions. Additionally, there was correlation
between number of sequences with both pollen-carrying load and number of visits per plant species (Pornon et al., 2016).
These interactions can be used to determine pollen transport networks and plant species choice among groups, as studied by
Lucas et al., in 2018. They used metabarcoding of pollen from hoverflies to determine that there appears to be individual
seasonal specialization in plant choice, while within groups there was redundancy (Lucas et al., 2018). Using eDNA meta-
barcoding on the pollen from migratory pollinators can reveal migratory distances and geographic ranges of migratory
species (Liu et al., 2017; Suchan et al., 2018; Chang et al., 2018). Suchan et al. (2018) used this method on a model butterfly
species along the EuropeanMediterranean coast, finding pollen from taxa native to Africa, suggesting the possibility of insect-
mediated transcontinental pollination.

Pollen metabarcoding is faster and more effective than direct observation for interactions and allows the study of plant-
pollinator networks across ecological gradients (Pornon et al., 2016). Additionally, it is able to detect numerous interactions
that would otherwise be missed by traditional methods, thus better describing pollinator behavior and plant choice (Pornon
et al., 2017). Bell et al. (2017) tested the effectiveness of metabarcoding for creating networks by sampling pollen from 38 bee
species across varying environments. From this data, they were able to match bee species to pollen presence and number of
interacting individuals to quantify the interactions. Though metabarcoding of pollen to determine plant-pollinator in-
teractions has benefits including faster turnaround time, hands-off work during which researchers can focus on other ac-
tivities, the ability to include all pollen grains, more standardized and known techniques, greater taxonomic sensitivity,
identification of novel taxa, and more predictable costs that may sometimes be lower than traditional pollen ID, there are
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some downsides to the technique; namely, lack of complete libraries, potential for contamination and misidentification, and
potential reduced amplification of rare species due to primer bias (Bell et al., 2017; Pornon et al., 2017).

4.3. Diet analysis

Perhaps one of the earliest applications of metabarcoding was in non-invasive diet analysis from fecal matter or stomach
contents. Traditional diet analysis is labor intensive and involves expert morphological identification of partially or fully
digested foodmaterial which is particularly difficult for species that are rare, small, aquatic, nocturnal, fast-moving, elusive, or
that consume primarily soft-bodied organisms (Boyer et al., 2013; Berry et al., 2017). As such, a new method was needed to
fully characterize the diets of species in the wild. Metabarcoding has shown to be a viable alternative and has been found to
result in more in-depth characterization of diet than other methods for both herbivores and predators, particularly when
standard forward and reverse primers are combined with a blocking primer to reduce amplification of the host species
(Vestheim and Jarman, 2008; Deagle et al., 2009, 2010; McInnes et al., 2017a; Guillerault et al., 2017). Metabarcoding of feces
and stomach contents has further applications beyond diet characterization. It has been used to study resource partitioning,
dietary overlap and competition, impacts to forestry and fisheries, comparative conservation strategies, range management,
habitat use, species interactions, large-scale monitoring, ecological impacts of changing populations, and human dimensions
(Valentini et al., 2009; Kowalczyk et al., 2011; Shehzad et al., 2012a, 2012b; Baamrane et al., 2012; Qu�em�er�e et al., 2013; Hibert
et al., 2013; Soininen et al., 2013, 2014; Jakubavi�ci�ut _e et al., 2017). The metabarcoding approach to diet analysis is fast, simple,
robust, widely applicable, typically cheaper than traditional sampling and identification, often has high taxonomic resolution,
and is able to detect DNA from digested materials even for soft-bodied or gelatinous prey (Valentini et al., 2009; Shehzad
et al., 2012a; Boyer et al., 2013; Buglione et al., 2018). It has even been described as “one of the most accurate approaches
available for increasing the understanding on the feeding habits of animals” (Buglione et al., 2018). Despite these definite
advantages, there are still drawbacks to usingmetabarcoding for diet analysis. Poor database quality and imprecise taxonomic
resolution are issues yet to be overcome. Despite this, it can be expected that as technology advances, metabarcoding will
make these issues merely a problem of the past (Hibert et al., 2013; Yoon et al., 2017).

One of the most important specific methodologies for characterization of herbivorous diet using metabarcoding was
developed by Valentini et al., in 2009: the trnL approach. This approach has been found to be able to identify about 50% of
plant taxa to species from degraded DNA from feces by amplifying a 100e150 base pair region of the P6 loop of the chloroplast
trnL intron, and can be applied to herbivorous birds, mammals, insects, and molluscs (Valentini et al., 2009). This method has
been applied to numerous herbivore diet analysis studies since its development, including an experiment by Kowalczyk et al.
(2011) studying European bison restored after extinction in the wild. In this study, the trnL approach of metabarcoding was
used on feces from bison of different feeding groups (intensively fed, less intensively fed, non-fed in forest, and non-fed in
agriculture surrounding forest), and found that when fed, bison consumed more herbs, grasses, and sedges, but when not fed
they consumed more woody materials (Kowalczyk et al., 2011). As supplementary feeding has a negative impact on bison
ecology and health, a conservation plan can be developed based on their dietary choices when human-provided food is not
available; notably, the species of trees consumed could be identified and were determined to be insignificant to the forestry
industry, further supporting the change to a non-feeding management style (Kowalczyk et al., 2011). Also using the trnL
approach, Baamrane et al. (2012) evaluated food habits of the endangered Moroccan dorcas gazelle by metabarcoding fecal
pellets and comparing results against a previously compiled database of plant species found on the study site. Plant pref-
erences were able to be identified and datawas compared to the results of a microhistological study in the 1980s. Themodern
study found less taxonomic richness, but a much more diversified diet, potentially due to changes in nutritional quality of
plants over time (Baamrane et al., 2012). Hibert et al. (2013) used the trnL approach to study the diet of tapir, an elusive large
rainforest herbivore. They were able to achieve taxonomic resolution to genus, and found great correlation with plants
already known to be consumed by tapirs in the region, but new families of plants were also identified. Additionally, sea-
sonality of diet could be observed by their use of metabarcoding tapir feces throughout the year (Hibert et al., 2013). In the
same year, Qu�em�er�e et al. (2013) studied the dietary plasticity of the golden-crowned sifaka lemur inMadagascar by using the
trnL approach on fecal material compared to a large DNA reference database. They discovered remarkable dietary diversity
including over 130 identified species from varying habitats, suggesting a high flexibility of foraging strategies, including
consumption ofcultivated and naturalized plants, and thus confirming the species’ ability to adapt to human-induced
landscape changes.

Metabarcoding has also thoroughly characterized the diet of lemmings. Through metabarcoding of stomach contents,
Soininen et al. (2013) found that lemmings primarily ingested grass, but that vascular plant consumption differed between
habitat types, suggesting regional variation in lemming diet. Metabarcoding of stomach contents of several species of lem-
mings has revealed differences in composition and temporal variation (Soininen et al., 2014). Metabarcoding of lemming feces
has been used to assess diet overlap and potential for competition in sympatric lemming species. The species were found to
utilize the same plant as their primary food source in proportionwith resource availability but differed in other dietary items,
indicating a high potential for competition in populations that were not exhibiting any actual competition (Soininen et al.,
2015). Kartzinel et al. (2015) used metabarcoding and next-generation sequencing of fecal material from 7 large mamma-
lian herbivore species in Kenya to determine resource partitioning between species. They found diet to be similar within
species and strongly divergent between species, even when considering similar groups (i.e. grazing mammals may eat a
similar percentage of grass, but different species will consume different grasses), suggesting that food choice is more closely
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linked to plant species than type. Most recently, metabarcoding was used to characterize the diet and seasonal variations
therein of the vulnerable Italian hare from only 22 fecal pellets, detecting 99 taxa of plants (Buglione et al., 2018). Applications
of metabarcoding of herbivorous diets can be combined with those used for carnivorous diets to characterize the wide variety
of food items consumed by omnivores, such as brown bears, which consume plants, invertebrates and vertebrates (De Barba
et al., 2014).

Metabarcoding of feces and stomach contents can also be used to characterize the diets of carnivorous invertebrates. A
study published in 2013 used metabarcoding of feces to analyze the diet of a carnivorous and critically endangered land
snail, finding that the snails mostly consume earthworms that either live in the leaf litter or come to the surface to feed on
the leaf litter at night, suggesting that the snail will eat any earthworm it encounters in the leaf litter (Boyer et al., 2013).
This knowledge influences conservation decisions without having to harm or disturb the snails in their natural envi-
ronment. In the same year, Pi~nol et al. (2014) published a study which investigated the diet of a generalist arthropod
predator (linyphiid spider) using metabarcoding without a predator-blocking oligonucleotide. Of this data, only 6% of
usable reads were from prey, but this amounted to over 61,000 reads and was enough to identify many prey taxa and to
reach the conclusion that the spider exploits a large range of prey. Additionally, this study reached the conclusion that it is
possible to characterize diet without developing a blocking oligonucleotide, which would increase the time, testing
volume, and cost.

Metabarcoding of vertebrate predator feces emerged around the same time as did that of herbivores. Deagle et al. (2009)
used 4 metabarcoding primer sets and a blocking oligonucleotide on feces of Australian fur seals in order to compare the
process to traditional diet analysis. They identified 62 species in the seals' diet (including cartilaginous prey missed by
traditional identification due to degradation), andwere able to identify the most important prey species to the seals as well as
location-based differences in prey composition. Also studying aquatic mammalian predators, Berry et al. (2017) applied
metabarcoding to Australian sea lion scats to find 6 classes from 3 phyla for over 8 taxa altogether, some of which confirmed
the consumption known dietary itemswhile others had not previously been recorded as prey for these sea lions. These results
indicate that the Australian sea lion is an opportunistic predator primarily consuming demersal and benthic fauna of different
species composition between study sites (Berry et al., 2017). Metabarcoding of feces has also been used to compare diets of
sympatric mammalian predators, such as the study by Bohmann et al. (2011) with African free-tailed bats. They found a large
diversity of prey in the samples that were identified to species level at times and were able to determine the differences
between the two species’ diets. A similar study was recently published by Arrizabalaga-Escudero et al. (2018) in which they
used metabarcoding on the feces of two Mediterranean bats in order to determine dietary differences; similar to Bohmann
et al. (2011), they were able to characterize the diet of each species and determine the overlap therein (Arrizabalaga-Escudero
et al., 2018). Shehzad et al. (2012a,b) developed a methodology for studying mammalian carnivore diet via metabarcoding of
feces using the leopard cat as amodel species, and then applied the samemethodology to snow leopards. To do this, they used
a vertebrate primer set on feces samples and tested the methodology both with and without a predator blocking oligonu-
cleotide. In the leopard cat, they found 18 prey taxa includingmammals, birds, amphibians, and fish, withmost taxa and reads
coming from rodents, confirming previous assumptions that the cat has an eclectic diet focused on rodents. The methodology
was adapted for use with snow leopard feces where they observed 5 large ungulate prey items including domestic livestock.
This knowledge of snow leopard diet can help to influence conservation strategies regarding livestock predation and retal-
iatory killing (Shehzad et al., 2012a).

Deagle et al. (2010) ran another metabarcoding study in which they pyrosequenced markers from feces of captive little
penguins to see if sequences reflected proportions of species consumed. They found that the same species that were fed were
detected, but the proportions were much different, and discovered that DNA can persist in feces for at least 4 days based on
identification of species ingested by the penguins before they were taken into captivity for testing (Deagle et al., 2010).
McInnes et al. (2017a,b) also studied seabird diet via metabarcoding by developing scat collection protocols for detection of
food DNA in vertebrate scat by using shy albatross as a case study for methods that could be potentially applied to numerous
species. They found that fresh scat yielded highest food sequences while collection from dirt reduced food sequences and
increased contamination, that food DNA detection varied throughout breeding season, and that older individuals produced
scat with more food DNA. They then proceeded to apply this procedure to assess albatross consumption of gelatinous
zooplankton, finding that while fish were the primary dietary item, cnidarians were also prevalent in samples and detectable
at all breeding and life stages (McInnes et al., 2017b). They compared this data with fishery statistics regarding jellyfish catch
to discover a relationship that may indicate that jellyfish consumption in albatross is selective and contributes a significant
factor to diet. This study would have been near-impossible before metabarcoding, as gelatinous zooplankton dissolve quickly
once consumed (McInnes et al., 2017b).

Finally, metabarcoding has been used to characterize the diets of fish species including catfish, stickleback, and toothfish.
Using the feces of a non-native catfish, Guillerault et al. (2017) compared metabarcoding to traditional prey identification
finding 11 species with DNA and five with stomach content analysis for a total of 14 species, with two species identified using
both methods. Even more amazingly, they were able to detect prey indirectly via parasite presence: while eels were not
detected, an eel-specific parasite was, indicating that the catfish do in fact consume eels. Jakubavi�ci�ut _e et al. (2017) were able
to identify 120 prey taxa consumed by the three-spined stickleback, a fish whose population is currently steeply increasing.
From this unusually high prey diversity they were able to predict the potential impacts of the sticklebacks’ increasing
populations (Jakubavi�ci�ut _e et al., 2017). Applying metabarcoding to the stomach contents of Antarctic toothfish, Yoon et al.
(2017) were able to identify a total of 19 species and to determine the most important prey species for the toothfish.
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Additionally, they successfully obtained genotypes of prey items via next-generation sequencing and identified 17 more
haplotypes, further expanding knowledge of toothfish diet. The scope of dietary metabarcoding studies is already wide and
can only be expected to grow as technology improves and techniques are refined.

4.4. Detection of invasive species

Invasive and non-native species are some of the greatest threats to ecosystems as our planet becomes more connected. In
particular, aquatic vessels have incredible potential to unknowingly transport dangerously prolific species into new habitats
where they are capable of outcompeting native species. Current methodologies for aquatic microbiota inventory are diverse
and rely on labor-intensive sampling and expert taxonomic identification (Borrell et al., 2017). Additionally, many marine
pests cannot be identified morphologically at the larval/juvenile level, so they may go unnoticed at the early stages of
infestationwhen they have the highest prospects of successful management (Pochon et al., 2013). Many factors can influence
the transmission of species via vessels, such as activities performed on the boats, types of boats, and the season: motorboats
have a higher rate of species translocation, and propagation is more likely during warmer months (Fletcher et al., 2017;
Pochon et al., 2017). Invertebrates are able to survive in bilge and ballast water for at least 16 days, with protozoan species in
particular able to multiply during that time and emerge from the pumps unharmed, possibly long distances away from their
native environment (Zaiko et al., 2015a; Ardura et al., 2015; Fletcher et al., 2017). Metabarcoding offers a potential method to
identify these species early and implement management plans, even for benthic organisms at the planktonic larval stage
(Zaiko et al., 2015a). It is extremely sensitive, able to detect DNA at concentrations from 0.02 to 0.64% of the total biomass
analyzed, able to detect a variety of taxa simultaneously, and able to be applied to both freshwater and marine environments
(Pochon et al., 2013; Hatzenbuhler et al., 2017).

The practice of using metabarcoding to detect nonnative species was first used in marine environments. Ardura et al.
(2015) sampled from ballast waters in a ship across its journey from the North Sea to the tropics and found that mollusk
species could still be detected, including the invasive European mud snail. In the same year, Zaiko et al. (2015a,b) published
two studies comparing results of metabarcoding to traditional identification. In ballast waters, metabarcoding found several
noteworthy species that had been missed by traditional methods. In a study with a focus on plankton communities not
associated with a vessel, they identified five different non-indigenous species, four of which were not found with traditional
monitoring. In 2016, Zaiko et al., (2016) explored the scope of marine eukaryotic metabarcoding by sampling from settlement
plates in a busy port. They found more than 400 taxa (several of which were non-indigenous), but even at poor resolution,
data was consistent with the 25 taxa found bymorphological analysis. In a study testing whether a minimum sampling effort
for metabarcoding could compare with previously compiled nonnative invertebrate species, Borrell et al. (2017) found three
nonnative species matching the results of traditional studies from only three 1 L bottles of water per port at eight ports.
Testing metabarcoding on 30 bilge water samples, Fletcher et al. (2017) were able to identify five different non-indigenous
species in 23 water samples, all at high taxonomic resolution. Pochon et al. (2017) took bilge water sampling beyond the
status quo, using both eDNA and eRNA metabarcoding to test the potential for invasive identification. They found that eDNA
and enhancer RNA (eRNA) gave different results in terms of species presence, with eDNA showing mostly fungi while eRNA
showed mostly ciliates and metazoans. They hypothesized that this was due to the increased level of cell activity of ciliates
and metazoans, and therefore increased eRNA output (Pochon et al., 2017).

As previously mentioned, metabarcoding is applicable to freshwater ecosystems as well as marine. In 2016, Brown et al.
sampled zooplankton in Canadian ports to attempt to identify non-indigenous species via metabarcoding and successfully
identified 25 non-indigenous species, 11 of which had never previously been reported in their locations. Blackman et al.
(2017) used metabarcoding of freshwater samples from rivers and found it possible to reliably differentiate between
native and invasive gammarid species, and that the method could be applied to the assessment of geographic distribution
of invasive species. In the following year, Klymus et al. (2017a,b) developed two metabarcoding primers to use with eDNA
from the Great Lakes, focusing on the detection of invasive gastropod and bivalve species. Their dual primer design
allowed for inference of relative abundance of species, as well as detection of species missed by morphological survey.
Most recently, Borrell et al. (2018) used eDNA metabarcoding in two estuaries to test detection of non-native species, and
despite limited sampling, one invasive was identified and later confirmed by classic DNA barcoding studies of the
estuaries.

Metabarcoding is a powerful tool, and is a more comprehensive method of monitoring and checking for invasive
presence than traditional identification (Zaiko et al., 2015b; Brown et al., 2016). Additionally, the cost of metabarcoding is
currently comparable to other methods and is expected to decrease as it becomes more common (Borrell et al., 2017). As
with other applications, it does have drawbacks. For one, it may bias biodiversity assessments by capturing signals from
dead organisms, extracellular DNA, or false readings due to taxonomic selectivity and restricted sensitivity of primers
(Fletcher et al., 2017). False readings, either positive or negative, can be problematic in invasive species detection; false
positives could trigger an unwarranted and potentially expensive response, while false negatives can result in an invasion
that could have potentially be prevented (Darling and Mahon, 2011; Ficetola et al., 2015). Another drawback to this method
is the current lack of comprehensive genetic databases, and the unavoidability of primer and amplification bias make
quantification impossible and require careful analysis of results (Brown et al., 2016; Hatzenbuhler et al., 2017). Regardless,
metabarcoding is a unique tool that can only be expected to improve over time from its already wholly applicable and
useful state.
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4.5. Pollution response

Uses of eDNA metabarcoding extend to the ability to track ecosystem responses to pollution. While many pollutants do
not have DNA and thus cannot be detected, they often cause changes in microbiological communities affected by them.
Studies can be done to determine which species are most likely to be present or absent in the case of a specific pollutant to
help determine the severity of the pollution. Until that point, responses to pollution can be monitored in areas with known
pollutants or in controlled situations to determine differences in community composition. Perhaps some of the more high-
profile studies of pollution response are those which aim to determine differences in communities surrounding offshore oil
drilling platforms or in response to oil pollution events. Smith et al. (2015) used statistical analysis of microbial commu-
nities to identify environmental contaminants at a nuclear waste site, and then applied the approach to hydrocarbon
contamination from the Deepwater Horizon oil spill. They found that even after the contaminants had been fully degraded,
the bacterial communities affected were altered based on the interaction, indicating that bacterial communities have the
potential to be used as environmental sensors to evaluate human impacts. Coelho et al. (2016) used microbial activity
profiling to evaluate responses to ocean acidification and oil hydrocarbon contamination in lab conditions, determining
that the resulting lower relative abundance of sulphate-reducing bacteria may be coupled to changes in sediment archaeal
communities. Additionally, they found increased abundance of hydrocarbonoclastic fungi and changes to the sediment
chemistry due to the changes in the microbial community, all of which impair the ecosystem's ability to recover from oil
contamination events. In terms of community responses surrounding offshore drilling sites, Lanz�en et al. (2016) found
changes in sediment communities surrounding oil platforms, with metazoans appearing to be the most sensitive
eukaryotic taxa to the contaminant effects of drilling, while Laroche et al. (2018) determined that bacteria were highly
responsive to drilling activity as well, noting the presence of hydrocarbon-degrading taxa at the petroleum impacted
stations, indicating presence of taxa highly specific to site conditions. Both studies identified potential pollution indicator
species. Another important sphere of pollution to be considered is that of marine fisheries. Products from these facilities
have the potential to affect the marine microbiome, but traditional monitoring of these species is time-consuming and
requires extensive specialization. Environmental metabarcoding can be used to estimate community composition, and to
identify indicator species. Foraminiferal responses have been studied multiple times, and candidate bioindicator species
identified therein. Pawlowski et al. (2014) found high variation between communities collected near the fish farms versus
at a distance, with species richness decreasing nearer to the farms, while Pochon et al. (2015) found clear shifts in com-
munity structures between farm sites and control sites and differences in structure between high and low flow environ-
ments. Bacterial communities may also be important for assessing the impact of fisheries on ecosystems. Dowle et al.
(2015) tested the impact of organic sediment enrichment from a salmon farm on bacterial communities within the sedi-
ment along a gradient of distances from the farm. They found stark differences between bacterial communities near the
farm as compared to control sites, and identified a strong relationship between bacterial communities and total organic
matter, suggesting that metabarcoding bacterial communities may be a useful tool in assessing impacts of aquaculture
(Dowle et al., 2015). Stoek et al. published two studies in 2018 regarding microbial response to fish farming, one assessing
benthic bacterial communities and the other testing protist presence. They found that deltaproteobacteria were pre-
dominant in immediate vicinity of cages, while gammaproteobacteria dominated less impacted sites, indicating changes in
community structure due to salmon farming. Additionally, alpha and beta diversity correlated with macrofauna diversity
metrics, indicating similar responses to farming, thus making bacterial eDNA metabarcoding a potential alternative bio-
monitoring method. For protist response, they found that ciliate communities were the most powerful indicators of
fisheries pollution when compared to traditional macrofaunal surveys, and that the use of ciliates can allow for an even
finer scale resolution (Stoeck et al., 2018a,b).

Aquatic communities may be subject to pollution and contamination beyond that of oil drilling and commercial fisheries,
further extending the potential applications of environmental metabarcoding. Xie et al. (2017) studied eukaryotic community
response to different land use types and chemical contaminants, finding that structures of eukaryotic communities were
significantly different between land-use types and identifying key contaminants such as pyrethroids, Mn, Zn, Pb, Cr and
polycyclic aromatic hydrocarbons (PAHs). Negative associations of eukaryotic classes with these contaminants suggest that
there is some degree of toxicity. Other studies focused on specific contaminant effects. Chariton et al. (2014) examined the
responses of benthic communities exposed to elevated concentrations of triclosan, a common antimicrobial agent, and found
a decline of metazoan diversity, especially in the taxa Chromadorea, Bivalvia, and Kinorhyncha. Frontalini et al. (2018) tested
the response of benthic foraminifera communities exposed to different concentrations of Hg, finding that Hg pollution is
detrimental to foraminifera with diversity decreasing as Hg levels increase. Potential bioindicators of Hg pollution were also
identified (Frontalini et al., 2018).

This technique has been used in terrestrial as well as aquatic environments. Bell et al. (2014) compared fungal and
bacterial communities of 66 soil samples from the rhizospheres of planted willows and six unplanted control samples at
the site of a former petrochemical plant by metabarcoding, finding that fungal communities changed drastically between
sites, and bacterial communities changed to a lesser degree between sites with a decrease in diversity in hydrocarbon
contaminated sites. Additionally, they found that willow phylogeny influenced fungal diversity in these sites. Heavy
metals are also a concern in polluted soils. Azarbad et al. (2015) tested microbial communities associated with forests in
metal (Zn and Pb) polluted soils in Poland and found that the metal pollution level impacted bacterial community
structure, but not taxon richness or community composition; rather, the relative abundance of specific bacterial taxa
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changed. In the same year, Zappelini et al. (2015) reported bacterial and fungal communities from both chlor-alkali residue
(high in Hg and As) and nearby undisturbed soil to determine community composition. They found a dominance of
gammaproteobacteria and Pseudomonas sp. at the study site, and minor differences between genera of fungal commu-
nities. Foulon et al. (2016) compared microbial community composition at two sites with varying environmental con-
ditions, but both contaminated with Zn, Cd, and Pb: Pierrelaye, which was a sandier soil type enriched with P, C, and total
N, and Leforest, which was a more silt/clay soil type with a lower pH and higher amounts of Cd and Zn (Foulon et al., 2016).
They found that Ascomycota dominated overall poplar soil, root samples at Pierrelaye, and unplanted soil, while Basi-
diomycota was more dominant in root samples from Leforest (Foulon et al., 2016). The dominance of an ectomycorrhizal
community at Leforest was potentially favored due to strong resistance to environmental stress, while at Pierrelaye where
soils were more fertile and resources more available, other species are able to thrive (Foulon et al., 2016). Most recently,
fungal communities at an Hg-contaminated phytomanagement site of poplar trees were characterized using environ-
mental metabarcoding (Durand et al., 2017). Communities were found to be negatively affected by Hg concentration, and
aboveground and belowground fungi communities were found to be almost completely isolated from one another
(Durand et al., 2017).

Even areas specifically denoted to contain pollution are capable of having an effect onwildlife. In 2017, Klymus et al. tested
eDNA metabarcoding as a survey tool to examine potential use of uranium mine containment ponds as water sources by
wildlife by testing ponds near mines and one mine containment pond using two markers for vertebrates. They detected two
species missed by traditional surveys, including the presence of tiger salamanders in the containment pond. Finally, while
perhaps not a response to a pollutant in the traditional sense, environmental metabarcoding can be used to test the effects of
invasive species on native communities. Wangensteen et al. (2018a,b) used multigene metabarcoding to observe littoral
community responses to three invasive, canopy-forming seaweeds. They found that the presence of invasive seaweed had a
significant effect on the understory community for two of the three species. Overall, pollution response studies have found
metabarcoding to be more sensitive in revealing community changes than traditional surveys; however, it is still subject to
amplification bias, interpretation uncertainties, and other roadblocks previously discussed (Klymus et al., 2017b; Frontalini
et al., 2018).

4.6. Air quality monitoring

DNA metabarcoding can also have applications in human health; determining the microbiome in the air can influence
health decisions regarding allergens, pathogenic organisms, and air pollution. Current methods in studying airborne allergens
are microscope-based, labor intensive, and cannot identify to the genus level in all relevant groups (Kraaijeveld et al., 2015).
By collecting samples from the air and applying metabarcoding and next-generation sequencing technology, it is possible to
determine the composition of the airborne microbiome and its potential implications for human and ecosystem health.

Metabarcoding of pollen was found in 2014 to be more efficient and more sensitive than current pollen monitoring
techniques; however, a simple pollen count is needed in addition to metabarcoding data in order to properly quantify
airborne pollen (Kraaijeveld et al., 2015). Leontidou et al. (2018) created a standardized procedure for sample preparation and
DNA extraction for airborne pollen metabarcoding by comparing metabarcoding results to morphological identification. They
found that even in complex samples with more than 46 families, plants can be identified efficiently by metabarcoding with
greater taxonomic resolution than by morphological identification.

Airborne fungal diversity is another important facet of the aerial microbiome. Presence and abundance of taxa in fungal
airborne samples can be variable over time and impacted by climatic conditions, and because many mycelium fragments and
spores have the potential to be toxic or cause allergies, it is important to describe airborne fungal diversity (Banchi et al.,
2018). Previous studies have relied on a few indicator species and taxa of key importance, but with metabarcoding all taxa
can be analyzed. Oh et al. (2014) used metagenomics to study airborne fungal diversity and found over 1000 unique OTUs,
with a set of 40 potentially allergy-inducing genera identified accounting for approximately 20% of the airborne fungal di-
versity. Banchi et al. (2018) specifically compared metabarcoding to traditional airborne fungal analysis and found that
metabarcoding provided a 10xmore comprehensive determination of taxa compared tomicroscopy; even so, some taxawere
only identified in one technique or the other, making both methods necessary for comprehensive characterization of the
fungal community.

While themost frequent use of environmental metabarcoding is in natural environments, themethodology can be applied
to indoor locations as well. In particular, airborne microorganisms are a critical concern in hospitals, where some have the
potential to cause hospital-associated infections. Tong et al. (2017) compared results of metabarcoding air samples and
traditional culture-based methods to describe the microbial diversity. In this study, few bacteria were grown after cultivation,
but sequencing revealed the relative abundance of fungi, archaea, bacteria, and viruses. Knowing the species present can
inform infection control plans in the case of an outbreak, as sampling different areas of the hospital can offer a better idea of
what control methods are necessary (Tong et al., 2017). Cao et al. (2014) applied a similar method of characterizing the full
microbiome; however, their study was outdoors in Beijing during a severe smog event. While particulate matter air pollution
is well-understood, inhalable microorganisms have not been well studied, and most studies have been purposed for taxo-
nomic identification rather than pathogenic potential (Cao et al., 2014). This study used metabarcoding to characterize the
airborne microbial community and was able to identify most taxa to the species level with the results. In addition, they
discovered the presence of some respiratory microbial allergens and pathogens (Cao et al., 2014).
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5. Future directions

For eDNAmetabarcoding to truly take off, current assessments of ecological quality would need to be adapted to the eDNA
metabarcoding framework. These changes must be feasible on a large scale, particularly when considering thresholds be-
tween countries and the differences between traditional and molecular methods. To calibrate, molecular methods would
need to be applied simultaneously with existing systems in key environmental gradients which would likely be accomplished
during development and testing of molecular methods (Hering et al., 2018). As such, a comprehensive eDNA monitoring
program could be possible in just a few years across a variety of environments and taxa, thus providing a global framework for
ecosystem modelling and function to inform management decisions. To handle this shift, reference databases would need to
be expanded to include identifiable sequences for all target biodiversity, and advanced facilities will need to be created to
house the growing data libraries. Wide-spread implementation would benefit from optimized bioinformatics pathways with
user-friendly interfaces, as well as general improvements to the eDNA collection and extractionmethodologies, particularly in
terms of accounting for degradation. Metabarcoding has the potential to complement higher cost biodiversity measures and
even replace them in some instances, especially as it becomes more widespread and the cost goes down (Bohmann et al.,
2014; Creer et al., 2016; Deiner et al., 2017). Ecological indicators are essential for conservation science, but full biodiver-
sity assessments that are rapid, cost-effective, and noninvasive are also important to conservation biology (Ji et al., 2013;
Deiner et al., 2017). While eDNA metabarcoding cannot give information as to the health or demographics of a population, it
has the potential to assess long-term changes in ecosystems and local extinctions over time, including for modeling the
impacts of climate change on populations (Deiner et al., 2017).

eDNA also has applications in citizen science by engagement of citizen collection of eDNA using commercially available
sampling kits, involving the public in biodiversity sampling in a way that could be complementary to already established
methods. However it is limited by the difficulty in visualizing and explaining data to laypeople. More user-friendlymethods of
data exploration are needed (Bohmann et al., 2014; Deiner et al., 2017; Harper et al., 2018). It may even be possible to
automate eDNA sampling in the future, but further research is needed into the temporal longevity and spatial dispersal of
eDNA in all ecosystems for studies of abundance and richness to be considered fully valid (Barnes and Turner, 2016; Bohmann
et al., 2014; Deiner et al., 2017). Metagenomics, or shotgun sequencing of environmental samples without relying on a PCR
amplification step, avoids primer bias and could theoretically be used for biodiversity studies. However, because it requires a
huge increase in sequencing power to acquire adequate depth, the cost is often prohibitive. As technology advances, this may
become a commonplace method of biodiversity monitoring (Taberlet et al., 2012a; Yu et al., 2012; Cristescu, 2014; Creer et al.,
2016; Deiner et al., 2017; Hering et al., 2018). There is a definite need to let methods mature as eDNA metabarcoding is a
developing field, and thus apply the evolution of the method to reliable indices and ensure both forward and backward
compatibility (Hering et al., 2018).

6. Conclusion

In conclusion, the potential of eDNA metabarcoding in biological research seems almost limitless, but the technique re-
quires scientific collaboration and coordination. As technology advances and procedures are optimized, metabarcoding will
likely emerge as an essential tool for a number of scientific tasks not only in biodiversity monitoring but also in the numerous
areas discussed above. eDNA metabarcoding brings together several fields for the assessment of communities for purposes
ranging from ecosystem restoration to human health, making it extremely versatile and vital to the future of molecular
research.
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