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Abstract
Single- species PCR assays accurately measure eDNA concentration. Here we test 
whether multi- species PCR, that is, metabarcoding, with an internal standard can 
quantify eDNA of marine bony fish. Replicate amplifications with Riaz 12 S gene prim-
ers were spiked with known amounts of a non- fish vertebrate DNA standard, indexed 
separately, and sequenced on an Illumina MiSeq. Fish eDNA copies were calculated by 
comparing fish and standard reads. Relative reads were directly proportional to rela-
tive DNA copies, with average and maximum variance between replicates of about 
1.3-  and 2- fold, respectively. There was an apparent minimum threshold for consistent 
amplification of about 10 eDNA copies per PCR reaction. The internal DNA standard 
corrected for suppression of fish read counts due to amplification of non- fish DNA. To 
assess potential PCR bias among species, we compared reads obtained with Riaz 12 S 
primers to those with modified MiFish primers, which target a different 12 S gene seg-
ment. Our results provide evidence that Riaz 12 S gene metabarcoding with an inter-
nal DNA standard quantifies marine bony fish eDNA over a range of about 10– 5000 
copies per reaction, without indication of significant PCR bias among teleost species. 
In mid- Atlantic coastal samples, eDNA rarity was the main limitation to reproducible 
detection and quantification, and this was partly overcome by increasing the amount 
of a DNA sample amplified. Our findings support incorporating a DNA standard in 
12 S metabarcoding to help quantify eDNA abundance for marine bony fish species.

K E Y W O R D S
bottom trawl survey, coastal ecosystem, eDNA, environmental DNA, marine fish, 
metabarcoding, quantitative metabarcoding
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2  |    STOECKLE et al.

1  |  INTRODUC TION

Addressing human impacts on the ocean calls for regular monitoring 
of marine life (Halpern et al., 2008; Lubchenco et al., 2020). Accurate 
assessment of marine fish populations, for example, enables effec-
tive fisheries management, helps gauge value of Marine Protected 
Areas (MPAs), and helps reveal ecological footprints of maritime in-
dustries including aquaculture and wind farms (Ahmadia et al., 2015; 
Fernandes et al., 2001; Hollingworth, 2000). Traditional survey 
methods for monitoring marine fish— capture, sonar, and visual— are 
relatively expensive and need specialized equipment and trained 
personnel. In some settings, traditional surveys may be harmful or 
otherwise unsuitable. For instance, bottom trawls may damage sea 
floor habitat and cannot be deployed at rocky sites (de Groot, 1984). 
Environmental DNA offers an informative addition to current sur-
vey techniques. Advantages include relatively low cost, modest 
field equipment, performance by a wide variety of personnel, harm-
lessness to environment, and applicability in difficult environments 
(Bourlat et al., 2013; Hansen et al., 2018). Inherent disadvantages 
are absent information on organism size, life stage, sex, and health. 
Despite limitations, eDNA appears poised to become a routine mon-
itoring tool for marine life (Gilbey et al., 2021; Hinz et al., 2022). 
Current challenges to wider adoption include lack of standardized 
methods, incomplete DNA reference libraries, and, most impor-
tantly, limited understanding of how eDNA abundance relates to 
organism abundance under various environmental conditions (Allan 
et al., 2020; Andruszkiewicz et al., 2019; Collins et al., 2018; Jeunen 
et al., 2019).

Advancing knowledge of how fish species eDNA abundance in-
forms on fish species abundance has two essential components. The 
first is accurately measuring the concentration of a species eDNA 
in collected water samples. The second is analyzing how that con-
centration relates to the species local abundance. This latter com-
ponent can be challenging regarding marine fish, as there is no gold 
standard for abundance— all survey methods have biases (Arregúin- 
Sánchez, 1996; Fraser et al., 2007). In this report, we focus on the 
first step, accurate measurement, and test whether 12S gene me-
tabarcoding incorporating a DNA standard can be a quantitative 

tool for marine bony fish eDNA. Metabarcoding uses broad- range 
primers that amplify the target gene of multiple species in a taxo-
nomic group, such as vertebrates, and applies Next Generation 
Sequencing (NGS) to sequence the resulting mixture of amplified 
DNA (Taberlet et al., 2018). Bioinformatic processing bins NGS 
output, called reads, into amplicon sequence variants (ASVs), and 
identifies ASVs by matching to a genetic reference library (Callahan 
et al., 2016). Metabarcoding is often considered a qualitative tool 
best suited for presence/absence surveys (Bush et al., 2020; Leray 
& Knowlton, 2015; Turunen et al., 2021). Hindrances to quantita-
tive metabarcoding include differing PCR bias among species, sup-
pression of target species reads due to amplification of nontarget 
DNA, and the fact that metabarcoding PCR tends to generate the 
same number of reads unrelated to the amount of eDNA added 
(Kelly et al., 2019; Krehenwinkel et al., 2017). In contrast, qPCR 
and other single- species techniques provide reliable measures of 
eDNA concentration (Andruszkiewicz et al., 2020; Doi et al., 2015; 
Shelton, Gold, et al., 2022). However, it may be unwieldy to develop 
and apply single species assays covering the multitude of taxa that 
are actively managed or otherwise of interest. For example, in our 
coastal mid- Atlantic study area, about 30 fish species are subject 
to catch quotas or are monitored due to threatened status (Atlantic 
States Marine Fisheries Commission, 2022). For more general eco-
system assessment such as for MPAs, taxonomically broad- range 
monitoring with metabarcoding would be helpful. Regional targets 
might include the approximately 100 fish species captured annually 
in bottom trawl surveys, or the over 400 species recorded in coastal 
waters (Able, 1992).

In this report, we analyze bony fish eDNA in water samples col-
lected during New Jersey Ocean Trawl Survey (NJOTS) and from 
an ongoing environmental survey of shoreline sites in coastal New 
Jersey, New York, and Massachusetts (Hinks & Barry, 2020; Stoeckle 
et al., 2022, 2021). We test whether adding a DNA standard to me-
tabarcoding PCRs measures absolute concentration of marine bony 
fish eDNA. In support of this strategy, spike- in standards quantify 
absolute microbial abundance in 16s rRNA gene metabarcoding 
(Zemb et al., 2019). Quantifying marine fish eDNA by spiking me-
tabarcoding PCRs with internal standards was first described by 

F I G U R E  1  Mid- Atlantic bony fish 
abundance differs over multiple orders 
of magnitude, shown in (a) linear and 
(b) logarithmic scale. Source data are in 
Table S1.
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    |  3STOECKLE et al.

Ushio et al. (2018). To date, this methodology has not been widely 
applied to vertebrate eDNA, possibly due to limited information 
about accuracy and reproducibility. Here, we test the performance 
of a metabarcoding spike- in protocol to quantify marine fish eDNA. 
Advantages of our regional focus include long- term data on fish 
abundance obtained with NJOTS (Levesque, 2019), an excellent 
DNA reference library for commonly encountered fish species, and, 
among bony fish, highly conserved binding sites for mitochondrial 
12S rRNA gene metabarcoding primers. Marine fish differ widely 
in abundance. For example, in NJOTS, monthly biomass per species 
ranges over four or five orders of magnitude (e.g., Figure 1, Table S1). 
With this in mind, we aimed to evaluate samples covering a wide 
range of eDNA copies per species. To better understand sources of 
variation and the value of replicate PCR, all replicates were analyzed 
individually. We focused on four related goals: first, establishing that 
MiSeq reads are proportional to eDNA copies; second, defining the 
lower limit to reproducible detection; third, overcoming distortion 
due to amplification of nontarget DNA; and fourth, evaluating PCR 
bias.

2  |  MATERIAL S AND METHODS

Most of the methods employed in this study have previously been 
described in detail (Stoeckle et al., 2022, 2021). These are briefly 
summarized here, and additional details are in Table S2.

2.1  |  Water collection, filtration, DNA extraction

Standard water collection volume was 1 L. The data presented were 
obtained from 19 NJOTS and 23 environmental survey samples, 
plus tap water controls. Filtration was done using a 47 mm diame-
ter, 0.45 μM pore- size nitrocellulose filter, and filters were stored at 
−20°C for up to 1 month before DNA extraction. DNA was extracted 
with DNeasy PowerSoil Pro Kit (QIAGEN), recovered in 100 μl Buffer 
C6, and stored at −20°C for up to 6 months before library prepara-
tion. Negative filtration and extraction controls were prepared from 
1 L samples of laboratory tap water and were processed using the 
same equipment and procedures as for field samples. No animals 
were housed or experimented upon as part of this study. No endan-
gered or protected species were collected.

2.2  |  12S gene DNA standards

We selected ostrich (Struthio camelus) and emu (Dromaius novae-
hollandiae) as internal standards, as DNA could be obtained from 
commercial food products (ostrich, American Ostrich Farms; emu, 
Newport Jerky Company), both were unlikely to be present in re-
gional environmental samples, and Riaz 12S gene metabarcoding 
primer sites were identical to those in bony fish. Alternate standards 
were employed as a step toward understanding the generalizability 

of this approach. Standards were generated with M13- tailed prim-
ers that amplify a 689 bp segment of 12S gene covering the Riaz 
primer target sites and flanking regions (Figure 2). Primer sequences 
and thermal cycling parameters are in Table S2. Sanger sequencing 
confirmed 100% match to S. camelus or D. novaehollandiae reference 
sequences. PCR products were purified with AMPure beads at 1:1, 
concentration measured by Qubit, and a series of 10- fold dilutions 
were prepared in Buffer EB. Amounts added to replicates in this 
study ranged from 500 to 0.5 ag, corresponding to 600– 0.6 copies, 
respectively. Linear regression and Fisher's exact test analyses were 
made with Prism 8.

2.3  |  PCR

Metabarcoding PCR reactions were carried out in 25 μl total volume 
with TaKaRa High Yield PCR EcoDry™ Premix. Typical conditions 
were 5 μl of extracted DNA or 5 μl of molecular biology grade water, 
and 200 nM of Illumina- tailed Riaz 12S primers (IDT) (Figure 2) (Riaz 
et al., 2011). Where noted, modified MiFish- U- F/R2 primers were 
used (Miya et al., 2015; Stoeckle et al., 2022). The modified set has 
reduced off- target amplification of bacterial 16S gene, facilitating 
amplicon sequencing without gel purification. Primer sequences and 
thermal cycling conditions are shown in Table S2. Negative control 
reactions were included in all amplification sets. Five micro liters 
of each reaction mix were run on a 2.5% agarose gel to assess am-
plification, and the remaining 20 μl were diluted 1:20 in Buffer EB 
(QIAGEN) to be used as template for indexing. Indexing was done 
with Nextera XT kit and Cytiva PuReTaq Ready- To- Go PCR beads, 
using 5 μl of diluted primary PCR product as template (thermal cy-
cling protocol in Table S2).

2.4  |  Next- generation sequencing, 
bioinformatic analysis

Sequencing was performed at GENEWIZ on an Illumina MiSeq 
with Reagent Kit v2, 2 × 150 bp, (2 × 250 bp for MiFish libraries), 
with 10% PhiX added to each run. Bioinformatic analysis was per-
formed on Illumina FASTQ files using a DADA2 pipeline (Callahan 
et al., 2016; Callahan et al., 2017) (DADA2 pipeline R script posted in 
Appendix S1). Taxon assignments were generated by comparison to 

F I G U R E  2  Targeted gene regions. Schematic of vertebrate 12S 
gene with metabarcoding targets and segment used for standard 
shown.
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4  |    STOECKLE et al.

an internal 12S gene reference library for regional fishes and other 
commonly amplified vertebrate ASVs (Appendix S2). In addition, 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. 
Some near shore samples generated matches to nonlocal fish spe-
cies, consistent with wastewater origin (Fujii et al., 2019). These 
were excluded from analysis. In addition, given that cartilaginous 
fish eDNA amplifies poorly with both primer sets used in this study, 
elasmobranch detections were set aside. Tap water eDNA and rea-
gent grade water libraries were negative for fish ASVs after filtering 
DADA2 output tables as previously described. Filtering consisted 
of excluding detections comprising <1/1000th of the total for that 
taxon among all libraries in the run. For MiFish amplifications, all 
ASVs were manually submitted to GenBank. The data presented 
were obtained from 144 libraries generated from the 42 field sam-
ples plus controls, which were analyzed in five MiSeq runs together 
with other samples not reported here. The DADA2 pipeline was 
applied to separately to each sequencing run. Except for Riaz vs. 
MiFish experiment described below, all analyses compared libraries 
in the same sequencing run. The MiFish 12S gene segment distin-
guishes some species which have identical Riaz 12S gene sequences. 
To enable comparison, MiFish reads for species with identical Riaz 
sequences were collapsed to genus or family level (relevant details 
in Table S3).

3  |  RESULTS

To test whether metabarcoding reads were proportional to eDNA 
copies, we prepared sets of amplification replicates containing the 
same amount of an eDNA sample and different amounts of ostrich 
or emu DNA standard, as illustrated in Figure 3a. Replicates were in-
dexed separately, sequenced, and fish eDNA copies were calculated 

by comparing fish reads to standard reads in each replicate as 
follows:

Copies fish eDNA = (Fish reads) ×
[(

Standard copies

Standard reads

)]

Several findings were evident. First, total vertebrate reads differed 
among replicates, up to about 2- fold. This might reflect variable effi-
ciency of indexing, PCR inhibition, or other factors. Second, in some 
replicates prepared with smaller amounts of standard DNA, there 
were no standard reads (e.g., Figure 3b, see replicate with 6 copies 
ostrich DNA). In these cases, standard reads were present in FASTQ 
files but were below the filtering threshold (see Methods). Third, rep-
licates containing different amounts of standard DNA yielded similar 
estimates of fish eDNA copies, consistent with relative reads being 
proportional to relative DNA copies (Figure 3c). Fourth, calculated 
copies per species were uniform across replicates for taxa with more 
than 10 calculated copies (Figure 3d). Below that level, some species 
were detected inconsistently. Inconsistent detection, referred to as 
pickups or dropouts, is commonly observed in metabarcoding studies 
(Ficetola et al., 2015). These findings were further explored in experi-
ments reported below, with supportive results.

3.1  |  Establishing that MiSeq reads are 
proportional to eDNA copies

If MiSeq reads are proportional to eDNA copies, then replicates 
containing different amounts of standard DNA should yield iden-
tical estimates of fish eDNA copies. Replicates containing 5 μl of 
a DNA sample (n = 18) were spiked with 6000 or 600 copies of 
ostrich DNA, and copies of fish eDNA in each replicate were cal-
culated by comparing fish reads to standard reads as described 
above. Different amounts of standard DNA generated similar es-
timates of fish eDNA copies (Figure 4a). The average arithmetic 

F I G U R E  3  Experimental protocol, representative results. Beginning at left, (a) technical replicates were spiked with known amounts of 
ostrich or emu 12S DNA; (b) separate libraries were generated from each replicate; (c) total fish eDNA copies were calculated by comparing 
fish and DNA standard reads; and (d) eDNA copies for individual fish species were calculated by applying average total fish eDNA copies to 
each library. Data shown were obtained from one NJOTS sample (source data Table S4a,b).
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    |  5STOECKLE et al.

deviation from identity was 1.3- fold, and the maximum was 2- 
fold. The direct relationship between relative reads and relative 
DNA copies held over a wide range of sample eDNA content, from 
about 50 to about 5000 calculated copies fish eDNA. This proto-
col was applied to additional samples (n = 18), except that 600 or 
60 copies of ostrich or emu DNA were added. As in prior experi-
ment, different amounts of standard generated nearly identical 

estimates of fish eDNA copies (Figure 4b). The average and maxi-
mum difference in replicate pairs was 1.2-  and 1.7- fold, respec-
tively. A proportional relationship between reads and copies was 
observed in samples with widely varying eDNA content ranging 
from about 5 to about 5000 copies of fish eDNA. A direct relation-
ship of relative reads to relative DNA copies extended to 60-  vs. 
6- copy replicates (Figure 4c).

F I G U R E  4  Calculated copies of fish eDNA according to DNA standards. (a) separate libraries were generated from replicates spiked 
with 6000 or 600 copies of ostrich DNA, and copies of fish eDNA were calculated as described. Each point represents one eDNA sample 
analyzed with one pair of replicates. Blue line denotes relative reads directly proportional to relative copies. Red line is linear regression of 
log- transformed experimental data. (b) Protocol applied to a different set of eDNA samples, using 600 or 60 copies of ostrich or emu DNA. 
(c) Results with subset of samples in center panel, using 60 or 6 copies ostrich standard (source data Tables S4A– S6).

F I G U R E  5  Copies and reads compared to amount eDNA analyzed. Replicates were prepared with indicated amounts of an eDNA sample 
plus ostrich standards. Each point represents one species in one pair of replicates. (a) black points represent paired values for copies/species 
or (b) reads/species (right). In both graphs, blue line corresponds to copies or reads per species being 4- fold higher in 17.5 μl replicate, red 
line is linear regression of log- transformed experimental data, and the y = x boundary indicates plot if values were equal. Green points 
represent pickups, i.e., species detected in one of the paired replicates (source data Table S5).
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6  |    STOECKLE et al.

To further test whether metabarcoding reads are proportional to 
eDNA copies, we varied the amount of DNA analyzed. Paired repli-
cates with standards were prepared with 4.375 μl or a 4- fold greater 
amount, 17.5 μl, of eDNA samples (n = 4). Increased DNA input 
was evident in copies/species, but not in reads/species (Figure 5). 
Consistent with expectations, there were four- fold more pickups 
in 17.5 μl replicates, and among all replicates, most pickups (21/22, 
95%) were eDNAs present at fewer than 10 copies.

3.2  |  Defining lower limit to reproducible detection

Drop- outs, as in illustrated Figures 3 and 5, indicate inconsistent am-
plification of a species eDNA. Conversely, the absence of drop- outs 
defines reproducible detection. To evaluate a potential threshold, 
we compiled detections from samples (n = 8) analyzed with five rep-
licates (Figure 6). Copies/species and reads/species were calculated 
by averaging positive values among replicates, that is, excluding non-
detections. Higher eDNA copy number was associated with fewer 
dropouts (e.g., detected in all replicates: 4th vs. 1st quartile, 97% vs. 
0%; p < 0.0001, Fisher's exact test). No dropouts were observed in 
detections with more than 10 calculated copies (Figure 6). A weaker 
trend was observed with raw reads (detected in all replicates, 4th 
quartile, copies vs. reads, 97% vs 74%, p = 0.007, Fisher's exact test).

3.3  |  Overcoming distortion due to 
amplification of nontarget DNA

We analyzed copies in replicates with different proportions of fish 
vs. non- fish vertebrate reads, the latter including those due to DNA 
standard itself (Figure 7). Despite large differences within replicate 
sets in the proportion of total reads occupied by fish, fish copies 
and fish species detection were consistent across replicates. In ad-
dition, calculated fish copies were approximately two- fold higher in 
replicates prepared from a two- fold larger volume water sample, as 
expected, whereas fish reads were lower (Figure 7, columns 2 and 
3). Most non- fish vertebrate DNA reads not from standards were 

human or domestic animal, and the remainder were derived from 
non- fish wildlife (Tables S4– S6).

3.4  |  Evaluating PCR bias

PCR bias may arise from primer mismatch, effects of flanking se-
quences on primer binding, or intrinsic differences in the intervening 
segment that affect amplification efficiency (Silverman et al., 2021). 
We reasoned that if PCR bias differed among species, then primer 
sets targeting different gene regions should give different results. 
Conversely, similar results would be evidence of absence of signifi-
cant PCR bias, at least for the species present in the sample. To test 
this hypothesis, we compared results obtained with Riaz primers 
to those generated with modified MiFish primers (see Methods), 
which amplify an adjacent region of vertebrate 12S gene (Figure 2). 
Libraries were generated from NJOTS samples (n = 19) from January 
2020, and the results were pooled. Reads/species were well- 
correlated between the two primer sets (Figure 8, Tables S7– S9), 
although there were greater differences below about 1000 reads/
species, which might be due to variability inherent in low- copy 
number eDNA as noted above (more than 1000 reads, linear regres-
sion log- transformed values: slope, 1.00; R2, 0.94; fewer than 1000 
reads, no significant relationship). The number of dropouts was simi-
lar between primer sets, and most (10/11; 91%) were represented 
by fewer than 1000 reads, consistent with these corresponding to 
low- copy number eDNA.

4  |  DISCUSSION

We tested whether Riaz 12 S gene metabarcoding with an inter-
nal DNA standard quantifies marine bony fish eDNA. We present 
several lines of evidence supporting this hypothesis. First, reads 
were directly proportional to DNA copies over a 1000- fold range 
of standard DNA copies (6– 6000) and a 1000- fold range of cal-
culated eDNA copies (about 5– 5000). Paired replicate measure-
ments differed by an average and maximum of 1.3-  and 2- fold, 

F I G U R E  6  Replicate detection. Each 
black line represents one species in one 
eDNA sample analyzed with five technical 
replicates (n = 154). (a) samples ranked by 
copies per species; (b) samples ranked by 
reads per species. Superimposed gold line 
charts percent detections present in all 
replicates for each quartile (source data 
Table S4c).
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    |  7STOECKLE et al.

respectively. Second, the DNA standard accurately measured the 
proportion of a DNA sample used for PCR, information that could 
not be extracted from read data alone. Third, we found a thresh-
old for reproducible detection of about 10 copies/species per 
PCR reaction and demonstrated improved detection of low- copy 
number eDNA by analyzing a larger proportion of a DNA sample. 

These results provide an intuitive mechanistic explanation for the 
empirical phenomenon of metabarcoding dropouts. Fourth, incor-
porating a DNA standard corrected for suppression of fish reads 
due to amplification of non- fish vertebrate DNA and variation in 
total reads among replicates. Finally, a comparison of eDNA reads 
obtained with primer sets targeting different 12S gene regions 

F I G U R E  7  Evaluating suppression due to non- fish vertebrate reads. Three eDNA samples were analyzed with protocol illustrated 
in Figure 3. (a– c) reads by category; (d– f) calculated total copies fish eDNA; (g– i) calculated eDNA copies per fish species. See text for 
discussion (source data Table S4a,b)
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8  |    STOECKLE et al.

was consistent with absence of significant PCR bias among marine 
bony fish species.

4.1  |  Limitations

The bioinformatic pipeline filters out low- level detections, those 
present at <1/1000 of total reads per taxon in sequencing run. This 
threshold aims to reduce effects of tag jumping and sequencing 
error. However, it may eliminate true positives if total reads for a 
taxon are high, which was the case for DNA standards. As expected, 
in some replicates prepared with smaller amounts of standard DNA, 
there were no standard reads after filtering (e.g., Figures 3 and 7), 
thus we could not use these to test our hypothesis. This limit could 
be addressed with unique dual indexing (Bohmann et al., 2021), 
which should reduce tag jumping and need for threshold. Although 
not a factor in this study, on a MiSeq, a high level of DNA standard 
(>100,000 copies per reaction) suppresses detection of fish eDNA 
in near shore samples (Stoeckle et al., 2022). If desired, this could 
potentially be overcome with deeper sequencing using NovaSeq or 
a similar platform (Singer et al., 2019).

Comparison of reads/species with MiFish and Riaz primer sets, 
which target different gene regions, was consistent with absence of 
significant PCR bias among bony fish species. However, we cannot 
exclude PCR bias, particularly for species not represented in the 
NJOTS samples analyzed. Both primer sets amplify cartilaginous 
fish eDNA poorly, and this limitation might apply to other spe-
cies. It is well established that broad range metazoan primers can 
give very different results in terms of taxon detection and relative 

abundance (Kumar et al., 2022; Liu & Zhang, 2021). Metabarcoding 
mock community samples may enable adjustments that correct for 
PCR bias (Shelton, Ramón- Laca, et al., 2022). Regarding the latter, 
it may be worthwhile to test mock communities that closely mimic 
eDNA samples, that is, in which target DNAs are present at eDNA- 
like concentrations and comprise a small fraction of total DNA. 
Primer mismatch may be the main factor determining 12S PCR bias 
in marine fish. For example, in Shelton, Ramón- Laca, et al. (2022), in 
analyzing fish eDNA with MiFish- UF/R primers, outliers were carti-
laginous species, which are known to amplify poorly with this primer 
set, while teleost taxa amplification was relatively uniform. Similar 
amplification with MiFish and Riaz 12S primers in this report may 
reflect that both sets are exact matches for most bony fish species. 
Recent reports demonstrate correlation between relative reads and 
relative organism abundance, which implies that even without in-
ternal standards, metabarcoding correctly reports relative eDNA 
abundance in some settings (Afzali et al., 2021; Di Muri et al., 2022; 
Ershova et al., 2021; Klymus et al., 2017) The reverse MiFish primer 
overlaps with the forward Riaz primer, which might mean there is 
less difference between these primer sets than one would other-
wise expect. PCR bias could be further evaluated by testing both 
primer sets on samples containing eDNA of other species and on 
mock communities, calibrating modified MiFish primers with proto-
cols similar to those here, and comparing NGS metabarcoding copies 
to results with single- species qPCR or ddPCR assays.

Copy number calculations in this study assumed that the ostrich 
and emu amplicons employed as DNA standards were accurately 
measured and that they amplified without PCR bias as compared 
to fish eDNA. Regarding the former, dilution experiments analyzed 
with Poisson distribution indicate these standards are within about 
3- fold of nominal value (Stoeckle et al., 2022). Similar support is pro-
vided by observation that the lowest values for calculated copies/
species per replicate were regularly at or close to 1 (e.g., Figures 3, 
6 and 7). The latter aspect, PCR bias, could be evaluated by adding 
standards to mock eDNA community samples. Alternatively, syn-
thetic DNA standards closely related to target sequences may help 
minimize PCR bias (Tsuji et al., 2020).

4.2  |  Other reports

As noted in Introduction, Ushio et al. (2018) were the first to apply 
internal standards to quantify MiSeq metabarcoding of marine fish 
eDNA. In that report, eDNA samples were spiked with four internal 
standards present at 50– 1000 copies, amplified in triplicate with un-
modified MiFish- U primers, and resulting amplicons were pooled, in-
dexed, and sequenced on a MiSeq. eDNA copies were calculated by 
comparing fish reads to standard reads, and these values were com-
pared to qPCR copies for total fish eDNA and two fish species. Some 
samples amplified poorly or not at all, possibly due to PCR inhibition, 
and correlations with qPCR were modest even after excluding outli-
ers. The authors note that off- target amplification with unmodified 
MiFish- U primers may have interfered with qPCR assay for total fish 

F I G U R E  8  Comparison of reads per bony fish species with 
different 12S primer sets. Black circles, species with shared 
detections (n = 33). Blue circles, species detected with one primer 
set only. Line is linear regression of log- transformed data (source 
data Tables S7– S9).
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eDNA. In addition, we observe that calculated fish eDNA copies/
species were mostly below 10 copies per reaction, which may have 
hampered reproducible measurement. This methodology has been 
applied to quantify marine fish eDNA around artificial reefs (Sato 
et al., 2021), but to our knowledge accuracy for marine fish has not 
been further evaluated.

4.3  |  Looking ahead

Our findings support further testing of the protocol outlined here 
for marine bony fish metabarcoding, namely, incorporation of an in-
ternal DNA standard and separate analysis of replicates. A reason-
able starting protocol would be a pair of replicates for each eDNA 
sample, one with 600 and one with 60 copies of DNA standard. 
Potential avenues for further investigation include comparing meta-
barcoding eDNA measurement to that obtained with qPCR, applying 
MiFish and Riaz primers to additional samples, testing different DNA 
standards, and adapting this approach to analyze cartilaginous fish 
eDNA. In the long run, just as a net catches some fish while others 
swim away, a metabarcoding assay does not need to perfectly report 
eDNA abundance to be useful, but it does need to be reproducible 
over a range of eDNA concentrations. Incorporating a DNA standard 
will likely help. In evaluating how eDNA abundance relates to fish 
abundance, it may be helpful to consider allometric scaling of fish 
biomass, which improves correlation of eDNA reads with fish abun-
dance (Stoeckle et al., 2021; Yates et al., 2020).

Our results add evidence that current metabarcoding protocols 
suffice for relatively abundant marine fish eDNA, which presumably 
includes that of most commercial species. Conversely, we find that 
eDNA rarity is the biggest challenge to fish eDNA metabarcoding. 
With a typical protocol applied to near shore mid- Atlantic samples, 
eDNA of many bony fish species was below the limit of reproducible 
detection. This could be addressed by amplifying a larger proportion 
of a DNA sample, starting with multiple or larger water samples, or 
utilizing a different collection strategy such as targeted collection 
near to organisms, passive collection, or examining DNA trapped 
by filter feeders (Baker et al., 2018; Bessey et al., 2020; Bessy 
et al., 2021; Hunter et al., 2019; Mächler et al., 2016). Assuming 
complete DNA recovery during extraction, the apparent detection 
threshold of about 10 eDNA copies per PCR reaction translates to 
about 200 eDNA copies per liter of seawater. Regarding rare spe-
cies, qPCR studies indicate that in some settings endangered marine 
vertebrates have eDNA concentrations above this level (Valsecchi 
et al., 2022; Weltz et al., 2017), so likely could be reliably detected 
with this 12S metabarcoding protocol. Our analysis benefitted from 
a well- populated genetic reference library for northwest Atlantic 
coastal marine fish. However, there is no obvious roadblock to ap-
plication in areas with higher diversity or less complete reference 
libraries, such as tropical reefs or abyssal zone ocean. As reference 
libraries become more comprehensive and computational power in-
creases, eDNA will be more capable of identifying and quantifying 
rarer species and those in areas with less historical data. The field 

will benefit from sharing protocols and standardized metadata tags 
and categories (Samuel et al., 2021).

4.4  |  Summary

Effective ocean management relies on accurate, up- to- date informa-
tion on marine life. eDNA provides a relatively low- cost, harmless, 
widely applicable, and potentially autonomous method that will sup-
plement traditional ocean survey techniques. Reliable measurement 
of eDNA concentration will enhance the value of this new technol-
ogy in accurate monitoring of marine animal populations.
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