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The ability to properly identify species present in a landscape is foundational to
ecology and essential for natural resource management and conservation. However,
many species are often unaccounted for due to ineffective direct capture and visual
surveys, especially in aquatic environments. Environmental DNA metabarcoding is an
approach that overcomes low detection probabilities and should consequently enhance
estimates of biodiversity and its proxy, species richness. Here, we synthesize 37
studies in natural aquatic systems to compare species richness estimates for bony
fish between eDNA metabarcoding and conventional methods, such as nets, visual
census, and electrofishing. In freshwater systems with fewer than 100 species, we
found eDNA metabarcoding detected more species than conventional methods. Using
multiple genetic markers further increased species richness estimates with eDNA
metabarcoding. For more diverse freshwater systems and across marine systems,
eDNA metabarcoding reported similar values of species richness to conventional
methods; however, more studies are needed in these environments to better evaluate
relative performance. In systems with greater biodiversity, eDNA metabarcoding
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will require more populated reference databases, increased sampling effort, and
multi-marker assays to ensure robust species richness estimates to further validate
the approach. eDNA metabarcoding is reliable and provides a path for broader
biodiversity assessments that can outperform conventional methods for estimating
species richness.

Keywords: bland-altman analysis, Lin’s concordance correlation coefficient, high-throughput sequencing,
marine, freshwater, eDNA

INTRODUCTION

High-throughput sequencing (HTS) of macro-organismal DNA
from environmental samples is an innovative conservation
approach to detect and measure ecological communities
(Thomsen and Willerslev, 2015; Deiner et al., 2017). This
technique, hereafter referred to as environmental DNA (eDNA)
metabarcoding, enhances conventional biodiversity monitoring
because it targets a presumably more widespread particle (DNA)
than the species itself (Lacoursière-Roussel and Deiner, 2019),
which aids in the detection of rare and elusive species (Jerde,
2019). eDNA metabarcoding for macro-organism detection
works in various substrates, including freshwater (Olds et al.,
2016), seawater (Thomsen et al., 2012), soil (Epp et al., 2012),
sediment (Guardiola et al., 2015), and even air and snow
(Kraaijeveld et al., 2015; Kinoshita et al., 2019). Similarly, these
methods have been used to characterize taxa from across the
eukaryotic tree of life – including mammals (Foote et al., 2012;
Ushio et al., 2017), amphibians (Lopes et al., 2017; Bálint et al.,
2018), bony fishes (Yamamoto et al., 2017), elasmobranchs
(Bakker et al., 2017; Boussarie et al., 2018), plants (Yoccoz
et al., 2012), and macro-invertebrates (McGee and Eaton,
2015; Lacoursière-Roussel et al., 2018). This broad applicability
across taxa and environments makes eDNA metabarcoding a
potentially revolutionary biodiversity monitoring tool, but only
if it provides reliable, accurate, and efficient assessments of
communities on par with, or better than, conventional methods
of species detection.

Numerous studies have now compared conventional species
detection to that inferred from eDNA metabarcoding. This
has provided valuable insight into the relative performance
of eDNA metabarcoding covering limited spatial extents or
taxonomic diversity (Deiner et al., 2017; Jerde et al., 2019).
Agreement between how many and which species are detected
has ranged from nearly identical (Olds et al., 2016) to very
disparate (Cilleros et al., 2019). However, we currently lack a
broad understanding of how eDNA metabarcoding calibrates to
conventional surveys across diverse systems and taxa, particularly
given differences in organisms’ DNA shedding rates, degradation
of DNA in variable environments, and fluctuation in eDNA
transport (Barnes and Turner, 2016). Beyond appreciating the
logistical and financial advantages over conventional methods
(Evans et al., 2017b), we must also quantitatively evaluate how
eDNA performs as a measure of species richness (Jerde et al.,
2019). The need for enhanced biodiversity surveillance for
conservation and management has never been more acute. On
land and in the oceans, ecological communities are undergoing

rapid compositional and geographic shifts (Pecl et al., 2017;
Blowes et al., 2019) and are confronted with numerous threats
(Tilman et al., 2017; Halpern et al., 2019; Reid et al., 2019), so it is
critical that we better understand if eDNA metabarcoding could
facilitate broad biodiversity assessment.

Because of the vast methodological differences and limited
taxonomic coverage of published studies comparing eDNA
metabarcoding to conventional surveys, a global meta-analysis
remains difficult. However, bony fishes have been an early
and popular focus of eDNA-based approaches (Jerde et al.,
2011), and eDNA metabarcoding has been used to measure fish
diversity across a broad range of environmental conditions and
species richness values (Jerde et al., 2019). One requirement
of eDNA metabarcoding is establishing comprehensive genetic
reference libraries, consisting of genetic sequences sourced
from reliably identified species, to compare with metabarcoding
outputs (sequence reads). Several eDNA metabarcoding studies
of bony fishes have used multiple gene markers (e.g., CO1, 12S,
16S) from different mitochondrial loci to increase taxonomic
coverage (Olds et al., 2016; Evans et al., 2017a). This provides
an opportunity to evaluate the impact of multi-marker methods,
which should improve measures of species richness with
eDNA metabarcoding.

Here, we synthesize peer-reviewed studies that used eDNA
metabarcoding and conventional surveys to measure fish species
richness and characterize fish community composition in natural
aquatic systems. We test the agreement between the methods
to evaluate how eDNA metabarcoding performs relative to
conventional surveys as a measure of species richness. We
also examine method complementarity by linking fish species
identities to the method of detection (eDNA or conventional).
Finally, we assess how complementarity in species detection differ
across diverse aquatic systems and between single and multi-
marker eDNA metabarcoding studies.

MATERIALS AND METHODS

We conducted a literature search following systematic review
practices (Moher et al., 2015). Using Google Scholar1 and Web of
Science2, we queried peer-reviewed articles published between 1
January 2008 and 1 April 2020 with the key terms “environmental
DNA,” “metabarcoding,” and “fish.” Records from the search
results were screened and selected for analysis if the study

1https://scholar.google.com/
2https://webofknowledge.com
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(1) sampled eDNA from water in natural aquatic systems, (2)
used an eDNA metabarcoding approach, (3) measured fish
species richness with eDNA and (4) compared eDNA-based
species richness to species richness measured by conventional fish
surveys in the same study area.

For each article retained, we extracted data on study
context and methodology as reported or referenced in the
main article and Supplementary Material. When necessary,
authors were contacted to provide additional details. We
identified comparative observations of fish species richness
from eDNA metabarcoding and conventional surveys for
independent study sites. Some articles contained multiple
independent sites for species richness evaluation whereas others
focused on a single study site. We used the same hydrological
units defined in the primary studies to compare fish species
richness observations between eDNA and conventional methods.
However, to maintain consistency among lentic and lotic
systems, we aggregated comparative observations from three
studies to single observations of species richness at the river,
canal, and lake level (Pont et al., 2018; McDevitt et al., 2019;
Doble et al., 2020).

We used Lin’s concordance correlation coefficient (CCC)
(Lawrence and Lin, 1989) and Bland-Altman analyses to evaluate
how well species richness measured by eDNA metabarcoding
agreed with conventional surveys (Bland and Altman, 1986).
Both approaches are widely used in medicine and engineering
to validate new assays and instrumentation against an accepted
method. We implemented them here to evaluate performance
of eDNA metabarcoding for measuring species richness relative
to conventional surveys. In general, CCC values provide a
measure of agreement in the species richness estimates whereas
Bland-Altman analyses show directionality in performance (i.e.,
is eDNA metabarcoding detecting more or fewer species than
conventional methods?). We assessed overall agreement, as well
as context-specific agreement to identify differences in relative
performance based on system (freshwater and marine) and
metabarcoding approach (single and multi-marker). CCC values
were considered significant if 95% confidence intervals (CI) did
not capture zero. Bland-Altman analyses allowed us to evaluate
differences in species richness estimates as function of increasing
site-level diversity. Differences were considered significant if
the 95% CI around group means did not overlap with zero.
Observations were considered outliers if they fell beyond the 95%
CI around two standard deviations from the mean. We evaluated
subsets of the data by comparing freshwater versus marine
systems and single- versus multi-marker observations. Because
freshwater systems were well represented, we also analyzed
subsets of lentic and lotic systems (Supplementary File S1). All
analyses were performed in R (R Core Team, 2020) using agRee
(Feng, 2020) and blandr (Datta, 2018) packages.

To examine the extent of species-identity overlap between
detection methods, we collated species lists for each study
site and recorded the survey method (eDNA, conventional, or
both) by which each species was detected. We note in the
Supplementary Material when authors reported detections to
the genus or family level, but we did not include these taxa in
the analyses (Supplementary File S2). Although false-positive

detections (misidentified DNA sequences to species presumably
not present in the system or detections emerging from likely
contamination) would incorrectly indicate eDNA performed
better as a richness indicator, we assumed authors minimized
such errors relative to total species richness at each site. We
calculated total observed species richness at each site as the sum
of fish species detected by (1) eDNA only, (2) conventional survey
only, and (3) both methods, then determined the proportions
of each mechanism of detection. Finally, we assessed the
proportions of shared and method-specific detections between
marine and freshwater systems and between single- and multi-
marker eDNA metabarcoding.

For all analyses, we included species richness data from
conventional surveys conducted alongside eDNA sampling,
as well as data from many years of routine or historical
conventional fish monitoring. When authors provided data
from both historical monitoring and contemporary surveys
for the same study site, we used species richness calculated
from aggregated contemporary and historical data. Our intent
was to capture the most complete picture of fish diversity
possible through conventional methods to compare with eDNA
metabarcoding. However, this could also provide an unfair
measure of comparison due to substantially disproportionate
effort between approaches and changes in community richness
or species presence through time. As such, we provide additional
analyses of observations when eDNA sampling and conventional
surveys were conducted concurrently (Supplementary File S3).
Although we collected data on the types of conventional methods
and gene markers used in each study (Supplementary File S4),
our analyses did not distinguish between multiple conventional
survey types or between locus-specific detections when multiple
genetic markers were used for eDNA metabarcoding because
further partitioning of the data into subsets resulted in reduced
power to detect differences.

RESULTS

Overview of Studies
Systematic review of the literature yielded 37 peer-reviewed
studies meeting our synthesis criteria (Supplementary
Files S5, S6). The earliest study was published in 2012, but
all others were published between 2016 and 2020. Most were
conducted in Europe (35%), Asia (24%), and North America
(22%), and a few were conducted in Australia (11%), South
America (5%), and Africa (3%) (Figure 1). Most studies (65%)
occurred in freshwater systems, including lentic and lotic
environments ranging from ditches, ponds, and small streams
to large rivers and lakes in temperate and tropical locations.
Studies of marine systems included temperate and tropical
estuaries, bays, and coastal oceans. Within these studies, we
identified 121 independent sites where authors compared fish
species richness between eDNA metabarcoding and conventional
surveys. The number of sites across studies was highly uneven –
56% of comparative observations originated from just three
publications, all of which sampled freshwater systems (Valentini
et al., 2016; Fujii et al., 2019; Li et al., 2019).
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FIGURE 1 | Global distribution of studies included in synthesis (n = 37). Red
circles indicate freshwater studies (n = 24), and blue circles indicate marine
studies (n = 13).

Authors compared eDNA-based fish species richness to a
variety of conventional survey methods both within and across
studies. Nets were the most common conventional method (used
in 22 studies), followed by traps, electrofishing, visual surveys,
and angling. Impingement, acoustic, and toxicant-based surveys
were also used. Most studies (57%) deployed multiple gears
or derived observed species richness from a combination of
methods to compare with eDNA metabarcoding (Figures 2C,D).
Although using multiple gears for conventional surveys was
common, using multiple gene markers for eDNA metabarcoding
of fish diversity was not. Only 11 studies used a multi-marker
approach targeting different mitochondrial gene regions for
sequencing (Figures 2A,B). Overall, the most commonly used
gene locus was 12S rRNA (used in 29 studies), followed by 16S
rRNA (n = 9), cytochrome b (CytB, n = 9), and cytochrome-
c-oxidase subunit I (COI, n = 4). Of the multi-marker studies,
the most common combination was 12S and CytB (n = 4). For
single-marker studies, the most frequently used locus was 12S
(n = 18). Other components of eDNA metabarcoding workflows
were inconsistently reported across studies (Supplementary
File S7). When reported, water volumes filtered per site ranged
widely (0.6 to 3540 L, n = 118), as did filter pore sizes (0.22
to 1.2 µm, n = 106), filter membrane materials, extraction
methods, amplicon primers, and numbers of PCR replicates (2
to 12, n = 102).

Across study sites (n = 118), total observed fish species
richness regardless of detection method ranged from 0 to 253
and averaged 30.44 ± 3.92 (mean ± SEM). On average, marine
sites (89.00 ± 15.45, n = 17) were over four times more species-
rich than freshwater sites (20.58 ± 2.80, n = 101). Conventional
surveys detected more fish species than (i.e., outperformed)
eDNA metabarcoding at 50 sites (41%), and eDNA outperformed
conventional surveys at 54 sites (45%). Both methods detected the
same number of fish species at 17 sites (14%).

Relative Performance of Methods as
Species Richness Measures
Lin’s CCC showed moderate agreement across all study sites
(n = 121, CCC = 0.74, CI95%: 0.66, 0.80), suggesting similar
performance of eDNA metabarcoding and conventional surveys

as measures of fish species richness. However, notable disparities
emerged when we assessed agreement by target system –
freshwater systems showed good agreement (CCC = 0.86,
CI95%: 0.81, 0.90; n = 104), but marine systems showed no
agreement as Lin’s CCC was not significantly different from
zero (CCC = 0.35, CI95%: −0.04, 0.65; n = 17). Bland-
Altman analyses reflected similar patterns (Figure 3). Here,
performance of eDNA metabarcoding as a richness measure
was not significantly different from conventional surveys in
both freshwater and marine systems as means for both groups
bounded zero (Figures 3A,B). Although the differences between
methods in marine systems were not considered significant in the
latter analysis, we note that wide confidence intervals around the
mean and few observations for marine systems limit the insight
of this particular result.

Lin’s CCC showed agreement for multi-marker observations
(CCC = 0.85, CI95%: 0.76, 0.91; n = 37) and for single-
marker observations (CCC = 0.72, CI95%: 0.64, 0.79; n = 84).
However, Bland-Altman analyses indicated multi-marker eDNA
metabarcoding outperformed conventional surveys while single-
marker eDNA metabarcoding did not (Figures 3C,D). These
results highlight the importance of considering not only the
agreement between methods with CCC values, but also the
direction of performance as demonstrated by Bland-Altman
analysis. For freshwater sites, we conducted a post hoc evaluation
of the Bland-Altman formatted data (Figure 3A) using a bent
cable model (grid size 30) to identify thresholds implemented by
applying the SiZer package in R (Sonderegger et al., 2009). The
peak difference in relative performance for eDNA metabarcoding
compared to conventional surveys, occurred at a species richness
of 30, and the species richness threshold where the bent cable
model intersected relative performance parity (eDNA species
richness estimate – conventional species richness estimate = 0)
was at approximately 100 species. There was insufficient sample
size and species richness coverage to implement a similar analysis
for marine systems.

Across all subsets of data except for marine systems, CCC
values showed agreement between eDNA metabarcoding and
conventional surveys (Supplementary File S8). Additionally,
Bland-Altman analyses indicated eDNA metabarcoding performs
as well as conventional surveys in both lentic and lotic
environments (Supplementary File S1). When conventional
surveys are conducted concurrently with eDNA sampling,
eDNA metabarcoding performed as well as conventional
methods. In contrast, non-concurrent sampling resulted in
eDNA metabarcoding slightly underperforming conventional
surveys (Supplementary File S3).

Method Complementarity Using Species
Identities
Conventional surveys and eDNA metabarcoding exhibited a high
degree of overlap when accounting for shared species detections
within study sites (Figure 4). For most sites (65%), the proportion
of shared detections was 0.50 or greater (specifically, average
overlap was 0.56 ± 0.02, n = 115). At 25 different sites, the degree
of overlap was 0.75 or greater, including 7 sites with complete
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FIGURE 2 | Pie charts characterizing the genetic loci sequenced in eDNA metabarcoding studies and conventional survey types for freshwater (red) and marine
systems (blue). Numbers in parentheses show the number of observations (n = 121). (A) Loci used in freshwater systems. Dark and light shading indicate single- and
multi-marker observations, respectively. (B) Loci used in marine systems. Dark and light shading indicate single- and multi-marker observations, respectively.
(C) Conventional surveys used in freshwater systems. Dark and light shading indicate where single and multiple survey methods were used, respectively. White
indicates observations for which primary study authors did not report the type of conventional methods used to create species lists. (D) Conventional surveys used
in marine systems. Dark and light shading indicate where single and multiple survey methods were used, respectively.
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FIGURE 3 | Bland-Altman plots for (A) freshwater and (B) marine systems, (C) single-marker and (D) multi-marker observations for freshwater and marine systems
combined. Blue band indicates a mean (wide dashed line) with 95% confidence intervals. Green and red bands indicate two standard deviations (wide dashed lines)
from the mean with 95% confidence intervals. Outliers are observations that lie above and below the green and red bands, respectively. Regions of the figure where
one method differentially detects more or fewer species than the other method are detailed in panel (D) and are consistent across all panels.

overlap (1.00). These seven sites originated from two studies
(Valentini et al., 2016; Li et al., 2019) and were all low-diversity
freshwater lentic systems (<7 species). Additionally, there were
four sites with no shared detections where eDNA metabarcoding
failed to detect 7 to 14 fish species identified in conventional
surveys. These sites occurred in a single study of 31 oxbow and
backwater lakes in Japan (Fujii et al., 2019).

In freshwater systems, the proportion of shared
detections (0.61 ± 0.02, n = 98) was more than twice as

in marine systems (0.26 ± 0.04, n = 17). The proportion
of shared detections in multi-marker studies (0.63 ± 0.04,
n = 37) was also higher than in single-marker studies
(0.53 ± 0.03, n = 78). Interestingly, the proportion of
eDNA-only detections was higher in marine systems
(0.31 ± 0.06) than in freshwater systems (0.19 ± 0.02),
and it was higher in multi-marker studies (Figure 4A;
0.27 ± 0.03) than in single-marker studies (Figure 4B;
0.18 ± 0.02).
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FIGURE 4 | The proportion of species detected by only eDNA (bottom, dark gray), eDNA and conventional surveys (middle, black), and only conventional surveys
(top, light gray), ordered by total observed species richness for (A) single-marker and (B) multi-marker observations. Labels on the x-axis indicate the study from
which the data were sourced – the alphabetical label is a unique observation within a study, and the preceding number indicates total species richness associated
with an observation. Asterisks (*) indicate marine and estuarine observations. A cross-referenced table of values can be found in Supplementary File S7.

The high degree of shared species detections was matched by
a similarly high degree of method-specific detections. At 77% of
sites, eDNA metabarcoding revealed at least one additional fish
species beyond those also detected by conventional surveys – at
times adding up to 69 species (Yamamoto et al., 2017). At 78% of
sites, conventional surveys also identified at least one additional
fish species beyond those also detected by eDNA metabarcoding –
in one case, adding up to 188 species (DiBattista et al., 2017).

DISCUSSION

As a measure of fish species richness, eDNA metabarcoding
calibrates well to conventional surveys in low to moderately
diverse freshwater systems (<100 species). In marine and more
diverse systems, the relative performance of eDNA is unclear
given few observations from these sites. It is possible there are
proportionally many undetected taxa by eDNA metabarcoding
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in high-diversity systems due in part to false negatives stemming
from single-marker assays, incomplete reference libraries, PCR
inhibition, and insufficient sampling effort or sequencing
depth. Nevertheless, eDNA metabarcoding performs as well as
conventional methods in many freshwater systems. This result
should impart confidence in eDNA metabarcoding applications
for ecological study and natural resource management (Kelly
et al., 2014; Jerde, 2019; Sepulveda et al., 2020), particularly if
further refinement of the approach improves performance in
more diverse and marine systems.

Critically, we also show that both eDNA metabarcoding
and conventional surveys detect unique fish species in all
aquatic systems despite a high degree of overlapping detections.
Thus, when species identities matter, such as for assessments
of community composition, they are currently complementary
methods. Although this is the case now, eDNA capacity may
improve as we optimize metabarcoding approaches to better
detect rare species and distinguish closely related species.
Furthermore, eDNA offers the possibility of reanalyzing archived
samples as we develop more powerful assays and instruments
(Singer et al., 2019), which may reveal species that initially
went undetected. Reanalysis of archival samples represents
a significant advantage over conventional surveys, which
are unlikely to experience a similar degree of technological
advancement moving forward and for which retroactive species
detection is impossible without some form of specimen capture
and preservation.

One way of optimizing eDNA metabarcoding for biodiversity
assessment involves using multiple genetic markers. Our results
highlight that multi-marker assays improve species detection,
albeit with added sequencing cost. For example, Doble et al.
(2020) sampled eDNA concurrently with visual surveys at 21
sites in Lake Tanganyika to characterize the lake’s highly diverse,
endemic fish communities. The authors used four primer sets –
two previously published and two newly developed for their
study, including a cichlid-specific marker. With multiple markers
targeting different loci, good genetic reference database coverage
(83% of 431 known species), and deeper sequencing, eDNA
metabarcoding identified 30 more fish species than aggregated
detections from 27 concurrent snorkel surveys. Although deeper
sequencing and multi-marker methods involve increased costs,
these costs are unlikely to be greater than those associated with
more intensive conventional field surveys, especially for remote
and sensitive habitats.

However, multi-marker approaches do not guarantee better
performance if reference databases are insufficiently populated
or if primers impart amplification bias. The impact of these two
factors on biodiversity inferences from eDNA metabarcoding
has been explored (Hajibabaei et al., 2019; Kelly et al., 2019)
but is inconsistently reported in field studies. Lecaudey et al.
(2019) detected only 23 of 43 fish species (53%) known to
occur in their study area despite using three gene markers (cytb,
12S, 16S) in their analysis of Volga River eDNA samples. In a
follow-up study reanalyzing the metabarcoding data, Schenekar
et al. (2020) revealed that an incomplete reference database led
to several false negatives and mis-assigned species. They also
highlighted significant differences in primer efficiencies between

markers and among species and the associated potential for
false negatives. Addressing these pitfalls could involve a priori
analyses of primer amplification bias using tissue from target
species or in silico tests of primer specificity to inform appropriate
genetic marker selection (Collins et al., 2019). In another multi-
marker study assessing marine fish diversity in a public aquarium,
Morey et al. (2020) only detected ∼50% of 107 known tank
species with eDNA metabarcoding. While using three markers
(12S, 16S, COI) improved taxonomic recovery over using just
one or two, the approach was limited in part by poor quality
of available reference sequences. Until we develop regional
databases and molecular markers can ensure consistent species
detection, eDNA metabarcoding will remain a complementary
tool for aquatic biodiversity surveys in many systems rather than
a stand-alone monitoring approach (McGee et al., 2019). Along
with genetic reference development and primer optimization,
two additional areas are ripe for improvement. We identified
four instances of eDNA failing to detect any present fish
species at sites where PCR amplification failed due to chemical
inhibition (Fujii et al., 2019), which can occur when soil
debris and humic substances are extracted along with DNA
from environmental samples. Overcoming false negatives from
PCR inhibition will enable robust species richness estimation
with eDNA metabarcoding data. This is a well-acknowledged
pitfall in the general eDNA approach (Goldberg et al., 2016)
that can be mitigated with simple protocol adjustments to
remove inhibitors from samples (McKee et al., 2015). Less
acknowledged is the pitfall of insufficient sampling or spatial
coverage to make eDNA metabarcoding inferences comparable to
intensive conventional sampling. Justification of sampling effort
and configuration for eDNA metabarcoding is a knowledge gap
requiring more attention moving forward (Dickie et al., 2018),
but see Evans et al. (2017a).

In the context of our synthesis, it is difficult to discern
the impact of variable effort on the relative performance of
eDNA metabarcoding and conventional surveys in part because
effort can be characterized and quantified in myriad ways for
both approaches. We made a limited attempt to explore the
effect of differential effort in time using observations from
concurrent and non-concurrent surveys. When water samples
were collected concurrently with conventional surveys, eDNA
metabarcoding performed as well as conventional methods, but
with non-concurrent surveys, conventional methods slightly
outperformed eDNA (Supplementary File S3). Although this
may suggest some bias due to mismatched effort favoring
conventional methods, it was not possible to disentangle this
effect from other sources of variable effort like using multiple
conventional gear types. Furthermore, the studies we analyzed
varied considerably in their metabarcoding workflows – from
the volume and number of samples collected, spatial coverage,
filtration and extraction methods, to the selected markers and
primers, sequencing platforms, and bioinformatics pipelines –
all of which have documented impact on biodiversity inferences
from eDNA (Djurhuus et al., 2017; Evans et al., 2017a; Alberdi
et al., 2018; Grey et al., 2018; Zhang et al., 2018).

Despite substantial methodological variation across the
synthesized studies (Figure 2 and Supplementary File S7), we
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found eDNA metabarcoding performed well compared to, in
some cases, many years of conventional surveys (Olds et al., 2016;
Yamamoto et al., 2017). A few explanations are possible. First,
species richness inferences from eDNA metabarcoding may be
robust against methodological variation. Second, conventional
methods may significantly and systematically underestimate
species richness. Third, eDNA metabarcoding may overestimate
species richness in detecting DNA transported from locally
absent species (Shogren et al., 2017; Andruszkiewicz et al., 2019),
or false positives emerging from sources such as contamination or
reference database errors in species identification (Jerde, 2019).
Untangling biases in species richness (under- or overestimation)
from eDNA metabarcoding will require some reference to
species present in the target system, which could come from
calibration experiments using complex mesocosms with known
species composition. Although there have been recent calls for
standardized approaches in eDNA metabarcoding (Shu et al.,
2020), it is unclear if standardized protocols are needed for
purposes of measuring community composition or if protocols
should be optimized for each system. Still, best practices for
eDNA metabarcoding are useful for minimizing contamination
during sample and sequence processing and for maximizing
yield with DNA capture, extraction, and amplification protocols
(Goldberg et al., 2016).

There has also been a call for increased applications of eDNA
metabarcoding in marine systems (Ausubel et al., 2018), which
were poorly represented in our synthesis due primarily to a lack
of species-level comparative studies. Indeed, ambiguous eDNA
metabarcoding performance compared to conventional methods
reflects an insufficient number of observations across a wide
range of richness values (n = 17, range: 32 to 253 species).
Nonetheless, a higher proportion of eDNA-only detections at
marine sites demonstrate added value in eDNA-based marine
monitoring even if overall relative performance is still unclear.
In many cases, eDNA detected cryptic, nocturnal, rare, or elusive
species missed by conventional surveys (Thomsen et al., 2016;
Closek et al., 2019; Bessey et al., 2020). Further, more recent
studies highlight improved species detection in marine systems
with better populated reference libraries (Stoeckle et al., 2020)
and multiple markers (Lafferty et al., 2020). Marine systems are
especially difficult to sample comprehensively with conventional
methods, and eDNA metabarcoding could expand the scale
and resolution of monitoring at lower relative cost and effort.
However, data from both approaches are needed to robustly
assess the degree of agreement between them. To this end,
we encourage collaboration between eDNA-samplers and the
divers, seiners, snorkelers, trappers, and trawlers who together
can provide such critical data.

One of the most game-changing promises of eDNA
metabarcoding is the ability to detect biodiversity across
the tree of life from simple environmental samples (Stat et al.,
2017; Sawaya et al., 2019). We focused exclusively on water
samples and the target group of bony fish here because there
was a relatively large number of comparative observations across
aquatic systems. Our findings should motivate similar data-
gathering efforts and analyses for a wider range of organisms and
habitats. Importantly, further investigations of the robustness

of eDNA metabarcoding may reveal critical insights for taxa
that are notoriously challenging to observe using conventional
methods. Environmental DNA metabarcoding offers the promise
of a unified approach to whole-ecosystem assessments, which
would reduce monitoring costs, facilitate conservation and
management, and enhance studies of ecological responses
to growing global impacts (Trisos et al., 2020). The present
analysis supports continued development and expansion of
eDNA metabarcoding as an integral component of biodiversity
monitoring in a world where innovative approaches are needed to
track the effects of fast-paced and far-reaching ecological change.
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FILE S1 | Bland-Altman analyses for lentic and lotic freshwater systems.

FILE S2 | Species detection data for each study used in the synthesis ordered by
first author. Each tab consists of one or more species lists and detection category
(eDNA or conventional) to identify the method of detection for each species at
independent sites. For each site, we calculate the sum of species detected by
each method and include the data sourcing information referencing the primary
research article.

FILE S3 | Bland-Altman analyses comparing species richness estimates between
eDNA sampling with concurrent and non-concurrent conventional surveys.

FILE S4 | Summary of sites for which fish species richness was measured by both
eDNA metabarcoding and conventional surveys. Asterisks (*) indicate richness
observations generated from multiyear conventional survey data or when studies

referenced ’all previous records’ without specifying a survey method. Bold font
indicates richness observations generated from surveys using multiple
conventional gear types.

FILE S5 | Database search records and stepwise selection process. Includes list
of records found, rejected, rationale for rejection, records retained, manual
additions, and publication information.

FILE S6 | Flow diagram of study selection process used in this synthesis following
PRISMA-P systematic review practices outlined in Moher et al. (2015).

FILE S7 | Data used to perform summary statistics, agreement and overlap
analyses. Includes additional details of eDNA metabarcoding workflows.

FILE S8 | Lin’s concordance correlation analyses for all sites and subsets of data.
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