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Current laboratory protocols for detecting fish species with
environmental DNA optimize sensitivity and reproducibility,
especially for more abundant populations
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Analysing environmental DNA (eDNA) in seawater can aid in monitoring marine fish populations. However, the extent to which current methods
optimize fish eDNA detection from water samples is unknown. Here, we test modifications to laboratory components of an eDNA metabarcoding
protocol targeting marine finfish. As compared to baseline methods, amplifying a smaller proportion of extracted DNA yielded fewer species,
and, conversely, amplifying a larger proportion identified more taxa. Higher-read species were amplified more reproducibly and with less variation
in read number than were lower-read species. Among pooled samples, -fold deeper sequencing recovered one additional fish species out of a
total of  species. No benefit was observed with additional PCR cycles, alternative primer concentrations, or fish-selective primers. Experiments
using an exogenous DNA standard to assess absolute eDNA concentration suggested that, for a given proportion of a DNA sample, current
laboratory methods for metabarcoding marine fish eDNA are near to maximally sensitive. Our results support the unofficial standard collection
volume of one liter for eDNA assessment of commonly encountered marine fish species. We conclude that eDNA rarity poses the main challenge
to current methods.

Keywords: bottom trawl survey, coastal ecosystem, eDNA, environmental DNA, marine fish, metabarcoding, neritic zone, ocean management,
Poisson distribution, stock assessment.

Introduction
Environmental DNA (eDNA) analysis has attracted interest as a tool
for monitoring marine animals. As compared to traditional field
observation and capture techniques, including trawl, gillnet, seine,
and trap, collecting water for eDNA is relatively inexpensive, harm-
less to marine life and the physical environment, requires modest
equipment, and can be performed by a wide variety of personnel
(Bourlat et al., 2013; Hansen et al., 2018). However, more work is

needed to establish reproducible, replicable, and generalizable labo-
ratory procedures (Joskow 2015), and to benchmark eDNA against
traditional methods (Gilbey et al., 2021). Here, we focus on labora-
tory procedures used for metabarcoding fish eDNA extracted from
a water sample. The goal was to maximize fish species detection
from a given water sample and so to reduce the need for additional
water collection in the field.

First, we briefly review eDNA biology and analytic methods. Sea-
water contains DNA from nearby animals, in the form of cells and
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Figure 1. Schematic of eDNA metabarcoding protocol for marine fish. Major components and baseline parameters are shown. Aspects
modified in this study are listed in blue text.

cell fragments, either shed from internal or external body surfaces,
or released from tissues following injury or mortality. In the ocean,
eDNA is lost through degradation and dispersal relatively quickly,
such that detection usually indicates animals were nearby in the
last few days (Goldberg et al., 2016; Allan et al., 2020). There is in-
creasing evidence that the concentration of a fish species eDNA in
a water sample can serve as an index to the local abundance of that
species (Yates et al., 2020; Stoeckle et al., 2021). eDNA analysis starts
with collecting water, typically 1 l, then filtration to capture partic-
ulates, and extraction of DNA from the retained material. Most (>
99%) of the DNA obtained by this process is from bacteria, algae,
and other planktonic organisms (Turner et al., 2014). PCR is then
used to amplify the DNA of the species of interest (Figure 1). eDNA
metabarcoding uses PCR primers that target multiple species in a
taxonomic group, e.g. vertebrates (Pompanon et al., 2011; Kelly et
al., 2014; Valentini et al., 2015; Andruszkiewicz et al., 2017). This
strategy takes advantage of the fact that short segments of mito-
chondrial genes are identical among related species, and primers
that bind at the conserved segments will amplify the DNA of any of
those species. When applied to an eDNA sample, multiple species
are amplified, and the resulting mixture is sequenced using next
generation technology. Sequences are identified by matching to a
genetic reference library derived from named specimens. Metabar-
coding methods are sufficiently robust to be codified in handbooks
(Laramie et al., 2015; Taberlet et al., 2018; Pawlowski et al., 2020).
Regarding optimization, considerable work has been done compar-
ing results according to filter material, filter pore size, DNA ex-
traction method, PCR primers, and presence of DNA inhibitors
(Djurhuus et al., 2017; Hunter et al., 2019; Jeunen et al., 2019; Muha
et al., 2019; Sanches and Schreier, 2020; Valsecchi et al., 2020; Zhang
et al., 2020). Marine eDNA metabarcoding surveys may fail to de-
tect some fish species likely or known to be present (Port et al.,
2016; Stoeckle et al., 2017; Bessey et al., 2020; Fernandez et al.,
2021).

In this study, we tested modifications to our laboratory eDNA
protocol to better understand determinants of species detection.
The goal was to improve finfish detection without increasing
water collection volume. We focused on laboratory aspects that
have attracted relatively little attention, including the amount of
DNA used for PCR, number of PCR cycles, primer concentration,
sequencing depth, and fish- vs. vertebrate-selective primers (Figure

1). For each modification, the null hypothesis was that it would not
improve detection of fish species.

Methods
eDNA sources
Archived DNA extracts from New Jersey Trawl-eDNA Project
(NJTrawl-eDNA) water samples collected during 2019 (Stoeckle et
al., 2021), and from additional trawl collections in January 2020 that
were not part of the original report, were employed to study pro-
tocol modifications. Water samples were collected during normal
trawl operations, prior to net deployment, at surface and near bot-
tom, and at about one quarter of trawl sites each survey month. Pro-
cessing details include 1 l water sample volume, vacuum filtration
with wall suction using a 47 mm diameter, 0.45 μM pore size nitro-
cellulose filter (Whatman), DNA extraction with DNeasy PowerSoil
Kit (Qiagen), and re-suspension of extracted DNA in 100 μl Buffer
C6. In addition to NJTrawl-eDNA samples, we made use of aquatic
eDNA samples from an ongoing regional habitat survey conducted
at shoreline sites in Massachusetts, Rhode Island, New York, and
New Jersey during 2019–2020. Processing followed similar proce-
dures as for NJTrawl–eDNA samples. Briefly, vacuum filtration of
500–1000 ml water was done out of laboratory with a hand pump
(Nalgene) or in laboratory with wall suction and was performed on
same day as collection, or water was stored at 4◦C and filtered within
24 h. Filters were 47 mm, 0.45 μM pore size, nylon (Millipore), or
nitrocellulose. In our experience, nitrocellulose vs. nylon filters and
hand pump vs. wall suction produced equivalent results. We note
that the lower volume habitat survey samples may have contained
eDNA of fewer fish species. All experiments involved comparing
aliquots of the same DNA sample, so differences in filter type, filtra-
tion method, or water volume are unlikely to have affected findings.
For negative controls, 1 l of laboratory tap water was processed us-
ing the same equipment and procedures as for field samples. Filters
were stored at −20◦C until extraction. DNA was isolated from fil-
ters with DNeasy PowerSoil Kit, with modifications from the man-
ufacturer’s protocol as previously described (Stoeckle et al., 2020).
At completion, DNA was eluted with 100 μl Buffer C6 and stored
at −20◦C. Collection date, location, processing intervals, and DNA
yield (average 1 μg per liter filtered) for samples analysed in this re-
port are in Supplementary Table 1. No animals were housed or ex-
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perimented upon as part of this study. No endangered or protected
species were collected.

DNA amplification
PCR reactions were carried out in 25 μl total volume with TaKaRa
High Yield PCR EcoDry™ Premix containing TaqStart® Antibody
for hot-start PCR. Standard conditions were 5 μl of DNA (repre-
senting 1/20th of DNA extracted from a water sample, containing
on average 55 ng DNA) or 5 μl of molecular biology grade water,
and 200 nM Illumina-tailed “ecoPrimers” (IDT) that target an ap-
proximately 110 bp segment of the vertebrate mitochondrial gene
for 12S rRNA (12S gene; Riaz et al., 2011). Primer sequences are
shown in Supplementary Table 2. Thermal cycling conditions were
95◦C × 5 m, 40 cycles of (95◦C 20 s, 52◦C 20 s, and 72◦C 20 s),
extension at 72◦C for 1 m, and hold at 4◦C. Negative control reac-
tions were included in all amplification sets. A total of 5 μl of each
reaction mix were run on a 2.5% agarose gel with SYBR Safe (In-
vitrogen) to assess amplification. The remaining 20 μl were diluted
1:20 in 10 mM Tris-HCl, pH 8.5 (Buffer EB, Qiagen) to be used as
template for indexing, described below. Where noted, DNA input,
primer concentration, and cycle number were altered.

Indexing
Indexing tags individual libraries with unique DNA sequences
so that multiple libraries can be analysed the same sequencing
run. Indexing was done in 25 μl reaction volume with Illustra
PuReTaq Ready-To-Go PCR beads. PCR cocktails included 5 μl
diluted reaction mix from initial PCR (see above) and 2.5 μl N7xx
and S5xx indexing primers (Nextera XT Index Kit v2 set A, 96
indices; Illumina). Parameters were as above, except 10 cycles and
55◦C annealing temperature were used. A total of 5 μl of each
reaction mix were run on a 2.5% agarose gel with SYBR Safe to
assess amplification. The remaining 20 μl from each of 96 libraries
were pooled. A total of 400 μl of pooled libraries were cleaned
with AMPure beads (Beckman Coulter) at 1:1 and eluted with
equivalent volume of EB. Concentration was checked by Qubit
(Thermo Fisher Scientific; typical yield 10 ng μl−1), and pooled
sample was sent for sequencing.

Next-generation sequencing, bioinformatic analysis
Sequencing was performed at GENEWIZ on an Illumina MiSeq,
2×150 bp. Findings in this study are based on 139 eDNA and 28
negative control libraries, which were analysed together with other
samples not reported here, in seven MiSeq runs with 96 libraries per
run. PhiX was not routinely employed. Bioinformatic analysis was
performed on Illumina FASTQ files using DADA2, which identifies
all amplicon sequence variants (ASVs) without a similarity thresh-
old (Callahan et al., 2016, 2017). Our DADA2 pipeline (Stoeckle
et al., 2017) generated taxon assignments by comparison to an in-
ternal 12S gene reference library of regional fishes and other com-
monly amplified vertebrate ASVs (Supplementary File 1). In ad-
dition, all ASVs were manually submitted to GenBank to recover
overlooked matches to 12S gene sequences not included in internal
library. All identifications were based on 100% match to a reference
sequence. Tap water eDNA and reagent grade water libraries were
negative for fish ASVs after filtering DADA2 output tables as previ-
ously described (Stoeckle et al., 2020). Filtering consisted of exclud-
ing detections comprising less than 1/1000th of the total for that
taxon among all libraries in the run. Except where noted, filtered

DADA2 reads are presented as obtained without normalization. All
sequence data analysed here are new, except Supplementary Fig-
ure 1 re-analysed FASTQ files from an earlier study (Stoeckle et al.,
2021). To assess possible benefit of increased sequencing depth, one
set of pooled libraries was additionally sequenced at GENEWIZ on
Illumina HiSeq 2×150 bp with 10% Phi-X spike-in. HiSeq FASTQ
files were analysed with a modified DADA2 pipeline (Supplemen-
tary File 2). To assess whether fish species were eliminated by bioin-
formatic processing, TextEdit search function was applied to MiSeq
FASTQ files. Linear regression, Fisher’s exact test, t-test, and Pois-
son statistics were made with Prism 8.

Exogenous S gene DNA standard
We selected ostrich (Struthio camelus) as an exogenous standard, as
it was unlikely to be present in regional environmental samples and
Riaz 12S gene metabarcoding primer sites are identical to those in
bony fish. DNA was extracted from ostrich meat dog treats (Ameri-
can Ostrich Farms) and amplified with M13-tailed primers that tar-
geted a 689 bp segment of ostrich 12S gene covering the Riaz primer
target site and flanking regions. Primer sequences are in Supple-
mentary Table 2. PCR parameters were as above, except 45 cycles
and 55◦C annealing temperature were used. Gel electrophoresis
showed a single band of expected size and Sanger sequencing with
M13 primers at GENEWIZ confirmed 100% identity to S. camelus
mitochondrial reference genome NC002785. Ostrich PCR product
was purified with AMPure beads at 1:1, concentration checked by
Qubit, and a series of 100-fold dilutions was made in EB with re-
sulting concentrations of 10 pg μl−1–0.1 ag μl−1. Where noted, 5
μl, containing 50 pg, 500 fg, 5 fg, 50 ag, or 0.5 ag, were added to four
eDNA samples (two from January 2020 NJTrawl–eDNA Project,
two from habitat survey) before amplification. Given amplicon size
including primers of 765 bp, these aliquots were calculated to con-
tain on average 6 × 107, 6 × 105, 6 × 103, 60, or 0.6 copies of os-
trich DNA, respectively. For lowest concentration, 0.6 copies, ex-
pected content of a 5 μl aliquot was 0–2 copies, according to Pois-
son distribution. To assess whether metabarcoding reads were pro-
portional to template copies, for each sample we compared ostrich
reads in the 6000-copy library to those in the 60-copy library, us-
ing fish reads in the respective libraries to normalize each value.
This generated a “6K/60 index” as follows, with expected value
of 100:

(
Ostrich reads/flsh reads in 6000 − copy − library

)

(
Ostrich reads/flsh reads in 60 − copy − library

) .

To evaluate accuracy of ostrich DNA standard, libraries were pre-
pared from eight replicate PCRs with 0.6 or 6 copies of ostrich DNA.
Based on Poisson distribution, about half (45.1%) of 0.6-copy am-
plifications were expected to contain ostrich DNA, as compared to
essentially all (99.8%) of 6-copy inputs.

Fish-selective primers
Riaz 12S gene primers employed in this study commonly recover
human and domestic animal DNA from near shore marine sam-
ples (Stoeckle et al., 2017). Potential sources include wastewa-
ter contamination, laboratory procedures, and laboratory reagents
(Leonard et al., 2007; Champlot et al., 2010). At the same time, pilot
experiments demonstrated MiFish-U primers (Miya et al., 2015),
which are selective for fish vs. other vertebrates, frequently am-
plified a 256 bp segment of bacterial 16S rRNA gene. With both
Riaz and MiFish primers, non-target reads sometimes exceeded fish
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Figure 2. Species decumulation curve: effect of smaller amount of DNA template on fish species detection and total fish reads. Black diamonds
with connecting lines represent number of fish species per library, and blue columns depict fish reads per library. Each black diamond and blue
column represent one library prepared by amplifying indicated fraction of NJTrawl–eDNA sample collected during month shown. Libraries in
each panel were analysed in a single MiSeq run. Source data are in Supplementary Tables A
and B.

Figure 3. Species decumulation: effect of smaller amount of DNA template on reads per fish species. Reads per species from libraries depicted
in Figure  are shown. Coloured symbols with connecting lines represent individual species, and designated species differ between charts. As
noted in Figure  legend, libraries in each panel were analysed in a single MiSeq run. Source data are in Supplementary Tables A
and B.

reads. To assess the possible benefit of fish-selective primers, we
modified the MiFish-U reverse primer by adding a T at 3’ end.
This change was based on observation that most (98%) regional
fish species had a T in this position, whereas off-target bacterial 16S
DNA amplicons had a C. PCR with the modified MiFish-U primer
set was done as described above except that annealing temperature
was 60◦C. Primer sequences are listed in Supplementary Table 2.
PCR products were cleaned with AMPure at 1:1, and indexing and
sequencing were performed at GENEWIZ on Illumina MiSeq 2 ×
250 bp.

Results
Protocol modifications with a negative effect on species
detection
Smaller amount of DNA template
Libraries prepared from progressively smaller amounts of a DNA
sample yielded progressively fewer species (Figure 2, lines). No fish
were recovered with less than 1/1024th and 1/256th of November
2019 and January 2020 NJTrawl–eDNA samples, respectively,
which implied 5 μl of these undiluted samples contained at least
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Current eDNA protocols optimize fish detection 

Figure 4. Effect of larger amount of DNA template on fish species detection. In total, five NJTrawl–eDNA samples collected during months
shown were analysed. For each sample, separate libraries were prepared from amplifications of - and -μl extracted DNA. Libraries in each
panel were analysed in a single MiSeq run. Each circle represents one species from one water sample. Black circles denote “shared” detections,
i.e. present in both  and  μl libraries, and blue circles represent “single” detections, i.e. in  or  μl library only. Charts at bottom compare
single and shared detections according to reads per species. A larger proportion of singles had fewer than  reads (% vs. %, and % vs.
%, for  and  samples, respectively; p < . for both months, Fisher’s exact test). In addition, shared positives with fewer than 
reads were more variable than were those with more than  reads (August , mean absolute arithmetic fold-difference reads, . vs. ., p
= .; January , . vs. ., p = .; unpaired t-test). Source data are in Supplementary
Table .

1024 and 256 eDNA copies of fish eDNA. In contrast to reduction in
species number, total fish reads (Figure 2, columns) were relatively
unchanged with as little as 1/256th and 1/64th of standard input for
these samples, respectively. For both samples, there was a step-up
in total reads with 1

4 of standard amount of DNA, which might
reflect reduced PCR inhibition. However, this was not accompa-
nied by improved species detection. Species decumulation curves
in Figure 2 reflected progressive drop-out of those species with
the fewest reads (Figure 3). This suggested that, at each step down,
the rarer templates were lost by dilution. Reads for the remaining
species were largely maintained with decreased DNA, illustrating
that metabarcoding reports relative, not absolute, eDNA copy
number.

Protocol modifications with a positive effect
Larger amount of DNA template
Replicate metabarcoding amplification typically reveals additional
species and fails to detect others (e.g. Sato et al., 2017). Here, we
refer to these as “singles,” i.e. species found in only one replicate.
Metabarcoding libraries generated with a fourfold larger amount
of template DNA yielded about fourfold more singles than did li-
braries generated with standard amount (Figure 4). Most singles

had fewer than 1000 reads, and shared positives with fewer than
1000 reads were more variable (see Figure 4 legend). Replicate am-
plification with 5 μl followed the same pattern, namely, most sin-
gle detections had fewer than 1000 reads (single vs. shared, 99% vs.
47%, respectively, p < 0.0001, Fisher’s exact test), and shared pos-
itives with fewer than 1000 reads were more variable (Supplemen-
tary Figure 1).

Increased sequencing depth
Repeat sequencing of a 96-library pool with Illumina HiSeq yielded
about 2 million fish reads per library, about 20-fold more than with
MiSeq. Among pool of 96 libraries, DADA2 processing of HiSeq
and MiSeq files recovered 63 and 62 bony fish species, respectively,
with highly correlated read counts (Figure 5). The one HiSeq-only
species was present in MiSeq FASTQ files, but was screened out by
DADA2 bioinformatic pipeline. At the level of individual libraries,
HiSeq recovered on average about 10% more species than MiSeq. As
with pooled results, these novelties were present in corresponding
MiSeq FASTQ files but were screened out by DADA2 pipeline (Sup-
plementary Figure 2). In addition, HiSeq ASV table contained mul-
tiple very low-read-number detections not represented in corre-
sponding MiSeq FASTQ files (Supplementary Figure 3). These were
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 M.Y. Stoeckle et al.

Figure 5. Increased sequencing depth. A -library pool was
sequenced on HiSeq and MiSeq platforms, and files were analysed by
DADA pipeline. Among all libraries,  fish species were detected by
both platforms, represented by black circles in grid. HiSeq yielded
one additional species, shown as blue circle. Source data are in
Supplementary Table .

exclusive to libraries that shared an index with a high-read number,
presumably accurate, positive. We, therefore, concluded that very
low-read-number positives reflected library mis-assignment due to
PCR, sequencing, or bioinformatic error.

Protocol modifications with no effect
Increased PCR cycles
Duplicate 5 μl aliquots from four habitat survey DNA samples were
amplified for 40 or 50 cycles and used to prepare separate libraries.
No gain in species counts was observed (Supplementary Figure 4).

Alternative primer concentration
Replicate 5 μl aliquots from two habitat survey DNA samples were
amplified with primer concentrations ranging in twofold steps from
50 to 800 nM. As compared to standard 200 nM, higher con-
centrations yielded more PCR product, and lower yielded less.
No difference in species number was observed (Supplementary
Figure 5).

Fish-selective primers
A total of six habitat survey samples that generated a large num-
ber of non-fish reads (mostly human) with Riaz primers were se-
lected for re-analysis. The modified MiFish-U primer set (see meth-
ods) successfully improved target specificity; however, species re-
covery was unchanged (Supplementary Figure 6). As an aside, this
amended primer set may be useful in other settings to reduce non-
target reads, given that gel purification of MiFish-U amplicons is
commonly required (e.g. Miya et al., 2015).

Assessing dynamic range and absolute copy number
using an exogenous standard
High-copy-number ostrich DNA (6 × 107 and 6 × 105) completely
suppressed fish amplification, indicating a limit to dynamic range
of assay (Figure 6). With lower amounts, 6000 and 60 copies, fish
eDNA was amplified. The relative number of ostrich vs fish reads
was closely proportional to relative number of ostrich vs fish DNA
template copies (Figure 6, 6K/60 index). In 6000-copy-ostrich-
DNA libraries, even though ostrich DNA occupied 90% or more
of reads, eDNA from all, or most all, fish species was amplified, al-
beit at lower read numbers. This demonstrated that the dynamic
range of the metabarcoding protocol was greater than the range of
eDNA abundance in these samples. Based on comparison to ostrich
standard, the apparent fish 12S eDNA template copy number was
170–700 per 5 μl extract, in the same range as minimums extrapo-
lated from decumulation analysis (Figures 2 and 3; albeit with dif-
ferent DNA samples), consistent with detection of single-copy tem-
plate. To assess accuracy of ostrich DNA concentration, replicate
libraries were prepared with 0.6 or 6 copies of ostrich DNA, and
no fish eDNA. In total, five of eight (62.5%) 0.6-copy libraries and
eight of eight (100%) 6-copy libraries contained ostrich reads (Sup-
plementary Table 6), consistent with expected Poisson distribution
outcomes of 45% and 100%, respectively. Given observed outcome
with 0.6-copy libraries, 95% confidence interval of actual concen-
tration was 0.3–2.2 copies per aliquot.

Discussion
In this study, we tested modifications to laboratory components
of an eDNA metabarcoding protocol targeting marine finfish.
The baseline methods were representative of those in other fish
metabarcoding applications. The goal was to enhance species re-
covery from a DNA sample, thereby improving fish eDNA detec-
tion without the need to filter larger volumes of water. The baseline
protocol, which used 1/20th of DNA obtained from one liter of sea-
water, gave reproducible results for most fish species in our neritic
zone samples. However, the proportion of the DNA sample used for
PCR was critical—a smaller proportion produced fewer species and
a larger proportion yielded more. Higher-read species were ampli-
fied more reproducibly and with less variation in read number than
were lower-read species. We hypothesize that variable amplification
reflects Poisson distribution of low-copy-number templates among
aliquots subject to PCR (Figure 7). Non-detection due to Poisson
distribution implies an average concentration of 3 or fewer template
copies per aliquot and becomes the norm (p > 0.5) only when aver-
age concentration is less than one copy per aliquot, implying proto-
col detected single copy eDNA. Experiments with ostrich DNA as
an exogenous standard supported this inference.

Our findings help demonstrate that metabarcoding reports rel-
ative, not absolute abundance—reads per species were largely
maintained over 1000-fold range of DNA template concentrations
(Figure 3). As others have noted, measuring absolute eDNA con-
centration with metabarcoding requires an exogenous standard
(Ushio et al., 2018). We infer a threshold for reproducible detec-
tion of about 100 copies l−1 seawater (Figure 7). Most species de-
tections in our neritic zone samples were reproducible and likely
represented by eDNA concentration above this threshold. Detec-
tions were largely maintained in the presence of non-fish vertebrate
DNA up to 10-fold excess (Figure 6) and, consistent with this re-
sult, there was no benefit of fish-specific primers (Supplementary
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Current eDNA protocols optimize fish detection 

Figure 6. Amplification of DNA samples spiked with exogenous S gene DNA standard. Libraries were prepared by amplifying  μl of eDNA
sample mixed with indicated number of copies of ostrich S gene amplicon. Yellow and blue columns represent relative proportion of ostrich
and fish reads, respectively, and black lines indicate number fish species detected. The K/ index compares ostrich reads in - and
-copy libraries (see methods for details), with expected value of . Libraries in each panel were analysed in a single MiSeq run. Source data
are in Supplementary Tables A and B.

Figure 7. Model of metabarcoding detection, eDNA abundance, and law of small numbers. Illustration assumes  l water collection,  μl
eDNA elution volume,  μl eDNA sample in first round PCR, and single amplification. The illustrated cutoffs are approximate—with given
parameters, non-detection due to Poisson distribution is expected to become significant (p ≥ .) when eDNA concentration is below 
copies l−—and assume % capture of eDNA from water sample.

Figure 6). These findings predict that blocking primers designed to
prevent amplification of unwanted templates from aquatic eDNA,
such as human DNA (e.g. Thomsen et al., 2016), may increase reads
per species, but will not improve the number of species detected.

We conclude that eDNA rarity poses the main challenge to cur-
rent methods. This has several practical implications. First, reduc-
ing the proportion of a DNA sample subject to PCR, as commonly
done to minimize PCR inhibition (e.g. Ushio et al., 2018), can be ex-
pected to reduce recovery of rare eDNA. The absence of a plateau
with increased template concentration (Figure 4) implies that iden-
tifying all the species in an eDNA sample may require analysing
the entire sample. Beyond detection, amplifying a larger propor-
tion of an eDNA sample can be expected to improve reproducibil-
ity in read counts via lessened Poisson effects. Second, advances in
sequencing technology alone are unlikely to dramatically improve
fish species recovery over current protocols. There was some benefit
to 20-fold deeper sequencing, about 10% more species per library,
however, this gain was obviated by pooling multiple libraries. Given
that HiSeq-only species were present in MiSeq files prior to bioin-
formatic processing, it may be fruitful to investigate whether soft-
ware modification could improve findings. Third, reliable monitor-

ing of scarce eDNA may require analysing much larger water vol-
umes (e.g. ≥ 10X), either by collecting multiple water samples or
via alternative filtration devices. Scarcity of eDNA may arise from
organism rarity, reduced eDNA shedding (Harper et al., 2020), or
enhanced degradation and dispersal (Allan et al., 2020). Other ap-
proaches that may aid in the recovery of rare eDNA include collec-
tion near to organisms (Baker et al., 2018; Dugal et al., 2021), analy-
sis of invertebrate filter feeders such as sponges that trap suspended
eDNA (Mariani et al., 2019), and passive collection methods (Bessy
et al., 2021). Rarity challenges all survey technologies, including
nets, traps, cameras, and sound. Given the enormous gain in sen-
sitivity (fish species detected per unit water volume) with eDNA
compared to a bottom trawl—seven orders of magnitude (Stoeckle
et al., 2021)—eDNA may be more practical than other methods.

The general concept of “more water, more fish” supported by
the experiments performed here is intuitive and can be logically
extended to a recommendation to sample more water in field, as
noted above. Filtering a larger volume, however, presents challenges
in practice because of the tendency of near shore seawater samples
to clog the small-pore-size filters typically used to recover eDNA,
due to sediment, phytoplankton, zooplankton, and other biological
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and physical debris. In the present experiments, eDNA was recov-
ered from 1 l of seawater collected on a 0.45 μm-pore-size cellu-
lose nitrate filter, and in most cases filtering more water would have
been difficult due to clogging. Capsule filtration devices, which have
higher surface areas and are less prone to clogging, have been used
to process ≥ 20 l volumes for eDNA analysis of freshwater systems
(Vences et al., 2016; Cantera et al., 2019). Giovannoni et al. (1990),
employed tangential flow filtration (TFF) to concentrate picoplank-
ton from thousands of liters of seawater against a 0.1 μm pore size
filter. TFF was used for decades as the standard for filtering large
volumes of seawater for viruses, although the excessive time and
expense associated with TFF has led the field toward alternative col-
lection methods (reviewed in Duhaime and Sullivan, 2012). Other
strategies such as filtering multiple 1 l samples and combining filters
before extraction may be feasible.

Our results add evidence that filtering larger water volumes re-
covers more aquatic taxa (Mächler et al., 2016; Lopes et al., 2017;
Cantera et al., 2019; McClenaghan et al., 2020). Bessey et al. (2020),
demonstrated improved marine fish eDNA recovery by increas-
ing filtered water volume from 25 to 2000 mL, and further gains
when results from ten 2000 mL samples were combined. The cal-
culated fish eDNA copy number in this study (total for all species,
3400–14000 copies l−1, Figure 6), is consistent with reported con-
centrations in other environments (Takahara et al., 2012; Ushio et
al., 2018; Collins et al., 2018; Salter et al., 2019; Ramón-Laca et al.,
2021). Our findings are compatible with equivalent sensitivity of
qPCR and metabarcoding (Harper et al., 2018; Ushio et al., 2018).

Limitations of this study include potential primer bias (Krehen-
winkel et al., 2017; Kelly et al., 2019). Although the 12S gene primer
binding sites are highly conserved among vertebrates, we cannot
exclude the contribution of primer bias to inconsistent detection
and variable read number. In addition, even with no primer bias,
PCR efficiency may differ among templates. In particular, the os-
trich DNA amplicon used as a standard may amplify with a different
efficiency than do native mitochondrial DNA templates which are
likely present in diverse fragments. Calculated template copy num-
bers may be inaccurate due to pipetting errors or a sink effect, such
as binding of DNA to plastic surfaces (Ellison et al., 2006), or to
non-vertebrate DNA, which is orders of magnitude more abundant
(Turner et al., 2014). Evidence against this speculation is that low
concentration ostrich DNA (0.6 copies) gave expected success, al-
though this estimate has a substantial confidence interval. The hall-
mark of PCR inhibition, namely, a larger number of species detected
with reduced amount of DNA template (Goldberg et al., 2016), was
not observed. However, PCR inhibition may have contributed to
some of the findings, such as increased total reads noted with frac-
tional input (Figure 1). A limited dynamic range of PCR may have
prevented amplification of some low-copy-number templates, al-
though near complete species recovery with excess ostrich template
suggests this aspect was not a constraint (Figure 6). Finally, the se-
quencing technology used in this study, Illumina MiSeq, may have
limitations. Singer et al. (2019), demonstrated improved detection
of rare ASVs with Illumina Novaseq, which uses a different type of
flow cell for sequencing and generates more reads per sample, as
compared to results with Illumina MiSeq.

Coastal oceans are subject to increasing human impacts—
offshore wind development, shipping, resource extraction, runoff
pollution, commercial and recreational fishing, aquaculture—and
to long-term changes in weather and climate. Together with tradi-
tional surveys, eDNA promises to enable more timely, accurate as-
sessments of marine animal populations. Current eDNA methods

appear sufficient for assessment of commonly encountered marine
fish species, which includes most managed fish stocks.
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