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Abstract
Environmental DNA (eDNA) has revolutionized our ability to identify the presence and 
distributions of terrestrial and aquatic organisms. Recent evidence suggests the con-
centration of eDNA could also provide a rapid, cost- effective indicator of abundance 
and/or biomass for fisheries stock assessments. Globally, fisheries resources are under 
immense pressure, and their sustainable harvest requires accurate information on the 
sizes of fished stocks. However, in many cases the required information remains elu-
sive because of a reliance on imprecise or costly fishery- dependent and independent 
data. Here, we review the literature describing relationships between eDNA concen-
trations and fish abundance and/or biomass, as well as key influencing factors, as a 
precursor to determining the broader utility of eDNA for monitoring fish populations. 
We reviewed 63 studies published between 2012 and 2020 and found 90% identi-
fied positive relationships between eDNA concentrations and the abundance and/or 
biomass of focal species. Key influencing biotic factors included the taxon examined 
as well as their body size, distribution, reproduction, and migration. Key abiotic fac-
tors mostly comprised hydrological processes affecting the dispersal and persistence 
of eDNA, especially water flow and temperature, although eDNA collection methods 
were also influential. The cumulative influence of these different factors likely explains 
the substantial variability observed in eDNA concentrations, both within and among 
studies. Nevertheless, there is considerable evidence to support using eDNA as an 
ancillary tool for assessing fish population abundance and/or biomass across discrete 
spatio- temporal scales, following preliminary investigations to determine species-  
and context- specific factors influencing the eDNA abundance/biomass relationship. 
Advantages of eDNA monitoring relative to other approaches include reduced costs, 
increased efficiencies, and nonlethal sampling.
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1  | INTRODUC TION

The global harvest from wild marine and inland fisheries peaked at 
~90 million tonnes during the mid- 1990s and has fluctuated around 
this value to the present day (FAO, 2018). While there remains con-
jecture over the accuracy of these estimates (Branch et al., 2011; 
Pauly & Zeller, 2017), it is clear that within the same period (and prior 
to the early 1970s) the proportion of sustainably harvested stocks 
declined. The most recent estimate suggests only 67% of stocks are 
sustainably harvested (FAO, 2018). In addition to concerns over the 
future sustainability of the world's harvested stocks are the impacts 
to populations of bycatch species, particularly endangered, threat-
ened, and protected (ETP) species (Gray & Kennelly, 2018; Lewison 
et al., 2004).

Sustainable harvesting requires accurate information on pop-
ulation size, exploitation rates, population connectivity, dynamics, 
and size structures. However, much of the intrinsic information 
can be challenging to obtain for many species. Estimating the size 
(usually biomass) of fished populations, or proxies of size that 
allow relative temporal trends to be examined, is usually achieved 
by collating in situ fishery- dependent or fishery- independent data 
as a basis for stock assessments (Beverton & Holt, 1957; Hilborn 
& Walters, 1992).

Fishery- dependent methods typically involve collecting catch 
data from vessel logbooks and/or scientific sampling onboard or 
during landings (Doubleday & Rivard, 1983). While cost- effective 
and broad scale, such data are subject to numerous biases, includ-
ing variable fishing effort or efficiency and/or hyperstability (where 
catch per unit of effort remains stable while the population declines; 
Dennis et al., 2015). Commercial catches are also a diminishing data 
source for assessment in some developed nations, owing to declining 
yields due to fleet consolidations and increased pressure from rec-
reational fisheries that are often poorly assessed themselves (Gray 
& Kennelly, 2017). Other assessment methods (mostly among de-
veloped nations) utilize fishery- independent surveys by deploying 
similar gears as those fished commercially (Dennis et al., 2015) that 
are sometimes supplemented by larval sampling (e.g., egg counts 
for fish, or puerulus surveys for rock lobsters) (Chittleborough & 
Phillips, 1975; Ospina- Álvarez et al., 2013). These methods can pro-
vide high- quality representative data for assessments, but are often 
costly and logistically demanding. For ETP species, conventional 
survey methods for stock assessment are generally too invasive and 
often conflict with animal- welfare legislation. Cost- effective data 
sources that are free from fisheries operational biases and do not 
impact populations of declining species will be invaluable for sup-
porting sustainable fisheries worldwide (Gray & Kennelly, 2018).

One alternative approach to conventional survey methods in-
volves genetic analyses through sampling environmental DNA 
(eDNA) (Kamoroff & Goldberg, 2018; Shelton et al., 2019). All or-
ganisms release mucus, feces, urine, gametes, and skin cells which, 
for aquatic species, result in intra-  and extracellular DNA being 
suspended in the water column and detectable for up to ~60 days 
(Dejean et al., 2012; Strickler et al., 2015; Thomsen et al., 2012). This 

eDNA can be collected and used to identify the recent presence and 
distribution of a species; often at lower costs than traditional sur-
vey methods (Jerde, 2019; Lugg et al., 2018; Yamamoto et al., 2016). 
Alternatively, eDNA metabarcoding using universal primers can 
allow multiple species to be rapidly and concurrently identified 
(Berry et al., 2019; McInerney & Rees, 2018; Shaw et al., 2016; Stein 
et al., 2014; Thomsen et al., 2016; Yamamoto et al., 2017).

Most of the early research on eDNA was constrained to de-
tecting species presence (Cristescu & Hebert, 2018; Deiner 
et al., 2017; Evans & Lamberti, 2018; Rees et al., 2014; Thomsen 
& Willerslev, 2015). More recent investigations have examined 
whether eDNA concentrations correlate with the abundance 
and/or biomass of aquatic taxa (e.g., fish— Takahara et al. (2012); 
amphibians— Thomsen et al. (2012); Pilliod et al. (2013); and 
molluscs— Goldberg et al. (2013)). For some fish species, these rela-
tionships have been confirmed in controlled environment (aquaria/
mesocosm) studies (Doi et al., 2015; Klymus et al., 2015), but are 
less clear in natural environments (Spear et al., 2015; Yamamoto 
et al., 2016; Yates et al., 2019)— reflecting at least two consider-
ations. First, most studies have compared eDNA concentrations 
to abundance and/or biomass estimated via traditional survey 
methods, which have their own inherent biases (Lyon et al., 2014). 
Second, and perhaps more importantly, a plethora of uncontrolled 
species- specific biotic and abiotic factors may affect eDNA concen-
trations, and in turn abundance and/or biomass estimates (Deiner 
et al., 2017; Hansen et al., 2018; Stewart, 2019; Yates et al., 2019). 
Nevertheless, multiple studies showing correlations between abun-
dance and/or biomass and eDNA concentrations for various taxa 
justify not only ongoing efforts to improve accuracy and precision, 
but also a synthesis of existing information to help refine future 
efforts (Mace et al., 2000; Shelton et al., 2016). Ultimately, consoli-
dation of efforts in this area is required to inform fisheries manage-
ment and conservation efforts globally (Shelton et al., 2016).

Based on the information above, our primary objective in this 
synthesis paper was to evaluate the broader utility and limitations of 
eDNA for quantifying the abundance and/or biomass of fish through 
a systematic review of the available literature. Specifically, we aimed 
to (a) collate published peer- reviewed studies and describe biotic 
and abiotic factors affecting the relationship between eDNA con-
centrations and abundance and/or biomass, and then (b) use this in-
formation to propose future research efforts in this developing field.

2  | METHODS

A search was conducted on the Web of Science for published, 
peer- reviewed literature (January 2000 to October 2020) with pre-
determined stem keywords (and variants) including ‘eDNA or en-
vironmental DNA’, ‘abundance, or biomass, or quanti*’, ‘marine or 
aquatic or freshwater or river* or estuar*’. This initial search identi-
fied 631 publications, which were further filtered using ‘fish’. All pa-
pers referencing fish were manually filtered and only retained if their 
titles or abstracts were consistent with the stated objective above.
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The collected literature was also assessed for any additional 
relevant references within each publication. The key methods, out-
comes, and/or limitations of each paper were tabulated, and the 
most common themes were used to partition topics for this review. 
The focus was to identify studies that tested the relationship be-
tween eDNA concentrations and fish abundance and/or biomass. 
We identified a relationship as being positive (or negative) when it 
was explicitly stated by the authors of the publications and objec-
tively supported by hypothesis testing with p = 0.05.

3  | RESULTS AND DISCUSSION

In total, 63 papers assessing both freshwater and saltwater fish 
species satisfied the review criteria, with an almost linear increase 
in publishing between the first article in 2012 and the most recent 
in 2020 (Tables 1 and 2; Figure 1). Of note, we failed to find any 
references to species- specific or metabarcoding approaches based 
on eDNA analyses in aquatic environments until 2008 (amphibians) 
and 2012 (amphibians, invertebrates, fish, and mammals), 
respectively (Ficetola et al., 2008; Thomsen et al., 2012). Most 
studies were completed in the United States of America (USA; 53%) 
and Japan (25%) and were biased toward experiments done in the 
field (rivers, lakes, estuaries, and the sea; 60%) followed by those 
in controlled environments (aquaria or artificial ponds; 25%). The 
remaining studies (14%) were conducted across a combination of the 
field and controlled environments, but all within developed nations 
(Table 1, Figure 2).

Salmonidae (includes salmon, trouts, chars, freshwater white-
fishes, and graylings) was the most assessed family with 16 papers 
using species- specific detection methods, followed by Cyprinidae 
(13 papers; includes carps, the true minnows and their relatives) 
(Table 1). Only three species- specific assessments involved globally 
listed ETP species (Table 1). Most studies used species- specific de-
tection methods (51 or 81% across 46 species; Tables 1 and 2) rather 
than metabarcoding methods (12 or 19% across > 200 species; 
Table 2) to evaluate eDNA concentrations, with the latter restricted 
to estimating only relative abundance and/or biomass.

Irrespective of the experimental location, only six (10%) of the 
63 studies accepted the null hypothesis of no relationship between 
eDNA and the abundance and/or biomass of focal species (Capo 
et al., 2019; Deutschmann et al., 2019; Fraija- Fernandez et al., 2020; 
Hinlo et al., 2018; Knudsen et al., 2019; Perez et al., 2017) (Table 2). 
While this general outcome is compelling, it is important to ac-
knowledge the possibility of biases whereby researchers are less 
likely to publish their null or negative results. Nevertheless, among 
the published studies there was consistent support for the utility 
of the approach with 46 (90%) and 11 (92%) studies incorporating 
species- specific or metabarcoding methods, respectively, reporting 
positive correlations between eDNA concentrations or read counts 
and abundance and/or biomass (Table 2).

Notwithstanding the clear trend identified, most studies noted at 
least some uncertainty around absolute (versus relative) abundance 

or biomass estimates. Such uncertainty was due to the processes 
affecting the production, degradation, and transport of DNA in 
the environment (Hansen et al., 2018; Klymus et al., 2015; Wood 
et al., 2020), as well as the choice of eDNA capture, extraction meth-
ods, and primer amplification biases (Eichmiller et al., 2016; Kelly 
et al., 2014). In some cases, this uncertainty might be considered 
acceptable (e.g., generating a relative abundance index for temporal 
comparisons), but in other cases could produce unacceptable biases 
(e.g., attempting to understand the population size of an ETP spe-
cies). The biotic and abiotic factors most commonly identified across 
studies are critically discussed below and used to consider the fu-
ture utility of eDNA concentrations for estimating abundances and/
or biomasses of fish populations.

3.1 | Biotic factors affecting eDNA concentrations

Considerable research has been completed to examine what is 
perhaps the key biological consideration for estimating abundance/
biomass: How the quantity of eDNA in the water is affected by biotic 
factors directly related to eDNA production by a focal organism 
(Table 2). Various biotic factors affect eDNA concentrations, with 
interactive effects frequently identified among both biotic and 
abiotic influences. Such an outcome is somewhat implicit considering 
the source for eDNA is the biological organism itself, and so the 
movements of these molecules reflect intrinsic processes, as well 
as external influences on those intrinsic processes. The influence 
of each of these variables is discussed separately below, although 
the interrelated effects of intrinsic factors on eDNA production 
mean that isolating individual effects is challenging. Despite this, 
knowledge of combined effects may be sufficient to correct 
estimates of abundance or biomass derived from measures of eDNA 
concentration.

3.1.1 | Intraspecific variation in DNA production

Intraspecific variation in DNA production and shedding rates among 
individuals experiencing the same environment and exhibiting the 
same behavior could potentially impact estimates of abundance 
and/or biomass (Kelly et al., 2014). Several aquaria studies reported 
large variations in DNA shedding rates, despite using similar- sized 
individuals of the same species and after eliminating some other 
confounding influences (Horiuchi et al., 2019; Klymus et al., 2015; 
Minamoto et al., 2017; Wilcox et al., 2016). For example, Klymus 
et al. (2015) observed up to a 100- fold variation in day- to- day DNA 
shedding (interpolated from eDNA in the water) from the same fish 
under controlled conditions— variability that the authors postulated 
was due to different sources of the DNA, including tissues, cells, 
and fecal debris that were unlikely to have be evenly dispersed in 
the water column. In another example, the greatest DNA shedding 
rates during experimental trials using tanks housing round gobies 
(Neogobius melanostomus) came from a tank with a single fish versus 
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TA B L E  2   Spatio- temporal summary of peer- reviewed literature published between January 2000 and October 2020 describing methods 
for assessing null hypotheses associated with the utility of eDNA, and key limiting factors, for quantifying the abundance and/or biomass 
of fish. C, Controlled environment; L, lake; R, river; E, estuary, S, sea; Sp, species- specific; Met, metabarcoding; and significant (+) positive 
or (– ) negative effect if null hypothesis was rejected (continuous variables only), p < 0.05. Refer to Table 1 for the Latin names. *Key null 
hypothesis was interpreted where not clearly stated

Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

JapanC, L Common carp Sp Difference between eDNA concentrations 
and water temperature and known biomass

0.02 L centrifuged into pellet, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit (aquaria 
exp). 2.0 L through a 3.0 or 0.8- μm polycarbonate 
filter, with DNA extracted as above (mesocosm exp)

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA capture method, water 
temperature in aquaria (no 
effect), water temperature in 
the lake (+) and biomass (+)

Takahara et al. (2012)

USAC, R African jewelfishSp Difference between eDNA concentrations 
and known abundance

1.0 L through a 0.45- µm cellulose nitrate filter, with 
DNA extracted using the Rapid Water DNA Isolation 
Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA and Ct values used as a proxy for 
DNA

Abundance (+) Diaz- Ferguson et al. (2014)

USAC, L Common carp Sp Difference between eDNA concentrations 
and mark– recapture and telemetry for 
estimating distribution

0.2 L through 1.5- mm glass microfiber filters, with DNA 
extracted using the QIAamp DNA Stool Mini Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

High- use versus low- use areas 
versus concentration of eDNA 
(+) and sampling depth

Eichmiller et al. (2014)

USAC Confined assemblage of 
12 marine speciesMet

Difference between eDNA metabarcoding 
reads and known species abundance

1.0 L through 0.22- µm membrane filters, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance

Rank biomass abundance of 
bony fish versus rank DNA 
sequence abundance (+)

Kelly et al. (2014)

USAC Round gobySp Difference between eDNA concentrations 
derived via PCR, qPCR and ddPCR for 
known abundance/biomass

2.0 L through 1.5- μm glass filter papers, with DNA 
extracted using a MoBio PowerWater DNA Isolation 
Kit

PCR, qPCR and dPCR TaqMan 
assays of the COI gene

Standard curves (qPCR), and QuantaSoft 
software (ddPCR)

qPCR/ddPCR accuracy, analysis 
time/cost and biomass (+)

Nathan et al. (2014)

JapanC Bluegill sunfishSp Difference between eDNA concentrations 
and life stage and known abundance

0.015 L centrifuged into pellet, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA shedding rate with life 
stage (adult/juvenile) and 
abundance (+)

Maruyama et al. (2014)

JapanC Common carpSp Difference between eDNA concentrations 
derived via qPCR and ddPCR and known 
abundance/biomass.

0.015 L centrifuged into pellet, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA (qPCR), Bio- Rad QuantaSoft 
software used to quantify DNA (ddPCR)

Biomass (+), abundance (+) and 
qPCR/ddPCR accuracy

Doi et al. (2015)

USAR Brook troutSp Difference between eDNA concentrations 
and sampling distance, water flow and 
known biomass

6.0 L through a 1.5- μm glass fiber filter, with DNA 
extracted using the MoBio PowerWater DNA 
Isolation Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA transport distance (+/– ), 
flow (+/– ), biomass (+) and PCR 
inhibition

Jane et al. (2015)

USAC Silver carp and bighead 
carpSp

Difference between eDNA concentrations 
and temperature, diet, and known biomass

0.05 L centrifuged into pellet, with DNA extracted 
using a phenol– chloroform method

qPCR TaqMan assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Biomass (+), diet (+), water 
temperature (no effect) and 
eDNA shedding rates

Klymus et al. (2015)

USAC Common carpSp Difference between eDNA concentration 
and capture methods (precipitation, 
centrifugation, and filtration) and six 
commercially available DNA extraction kits.

1.0 L with eDNA captured via precipitation, 
centrifugation or filtration, with DNA extracted using 
the QIAamp DNA Stool Mini Kit. 1.0 L through 0.6- um 
polycarbonate membrane filters, with DNA extracted 
by one of six commercial kits.

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA capture method, type of 
extraction kit and biomass (+)

Eichmiller et al. (2016)

USAR Silver carp and bighead 
carpSp

Difference between eDNA concentrations 
and fish movement, water discharge and 
egg densities

0.05 L centrifuged into pellet, with DNA extracted 
using the Qiagen DNeasy Blood and Tissue Kit

qPCR Taqman assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Telemetry counts (+), river 
discharge (+), egg densities (no 
effect) and relative abundance 
(+)

Erickson et al. (2016)

USAC Eight fish and one 
amphibian speciesMet

Difference between eDNA metabarcoding 
reads and known abundance/biomass

0.25 L through 1.2- um polycarbonate membrane 
filters, DNA extracted using a CTAB method

Metabarcoding of the CytB, 
12S and 16S genes, Illumina 
MiSeq platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance/biomass

Species detection rate (+), eDNA 
read abundance and species 
abundance and biomass (+)

Evans et al. (2016)

UKL Freshwater fish 
assemblages in three 
lakesMet

Difference between eDNA metabarcoding 
reads and gill- netting surveys for 
estimating abundance

2.0 L through a 0.4- µm cellulose nitrate membrane 
filter, with DNA extracted using the PowerWater 
DNA Isolation Kit

Metabarcoding of the 12S 
rRNA and CytB genes, 
Illumina MiSeq platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance

Species detection rates (+), 
eDNA read count and site 
occupancy versus rank 
abundance or biomass (+)

Hänfling et al. (2016)

CanadaL Lake troutSp Difference between eDNA concentrations 
and gillnet surveys for estimating 
abundance/biomass

1.0 L through a 1.2- μm glass microfiber filter, with DNA 
extracted using QIAshredder and Qiagen DNeasy 
Blood and Tissue Kit

qPCR Taqman assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Water temperature, dissolved 
oxygen, pH and turbidity (no 
effect), abundance (+) and 
biomass (+)

Lacoursière- Roussel 
et al. (2016a)

(Continues)
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TA B L E  2   Spatio- temporal summary of peer- reviewed literature published between January 2000 and October 2020 describing methods 
for assessing null hypotheses associated with the utility of eDNA, and key limiting factors, for quantifying the abundance and/or biomass 
of fish. C, Controlled environment; L, lake; R, river; E, estuary, S, sea; Sp, species- specific; Met, metabarcoding; and significant (+) positive 
or (– ) negative effect if null hypothesis was rejected (continuous variables only), p < 0.05. Refer to Table 1 for the Latin names. *Key null 
hypothesis was interpreted where not clearly stated

Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

JapanC, L Common carp Sp Difference between eDNA concentrations 
and water temperature and known biomass

0.02 L centrifuged into pellet, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit (aquaria 
exp). 2.0 L through a 3.0 or 0.8- μm polycarbonate 
filter, with DNA extracted as above (mesocosm exp)

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA capture method, water 
temperature in aquaria (no 
effect), water temperature in 
the lake (+) and biomass (+)

Takahara et al. (2012)

USAC, R African jewelfishSp Difference between eDNA concentrations 
and known abundance

1.0 L through a 0.45- µm cellulose nitrate filter, with 
DNA extracted using the Rapid Water DNA Isolation 
Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA and Ct values used as a proxy for 
DNA

Abundance (+) Diaz- Ferguson et al. (2014)

USAC, L Common carp Sp Difference between eDNA concentrations 
and mark– recapture and telemetry for 
estimating distribution

0.2 L through 1.5- mm glass microfiber filters, with DNA 
extracted using the QIAamp DNA Stool Mini Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

High- use versus low- use areas 
versus concentration of eDNA 
(+) and sampling depth

Eichmiller et al. (2014)

USAC Confined assemblage of 
12 marine speciesMet

Difference between eDNA metabarcoding 
reads and known species abundance

1.0 L through 0.22- µm membrane filters, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance

Rank biomass abundance of 
bony fish versus rank DNA 
sequence abundance (+)

Kelly et al. (2014)

USAC Round gobySp Difference between eDNA concentrations 
derived via PCR, qPCR and ddPCR for 
known abundance/biomass

2.0 L through 1.5- μm glass filter papers, with DNA 
extracted using a MoBio PowerWater DNA Isolation 
Kit

PCR, qPCR and dPCR TaqMan 
assays of the COI gene

Standard curves (qPCR), and QuantaSoft 
software (ddPCR)

qPCR/ddPCR accuracy, analysis 
time/cost and biomass (+)

Nathan et al. (2014)

JapanC Bluegill sunfishSp Difference between eDNA concentrations 
and life stage and known abundance

0.015 L centrifuged into pellet, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA shedding rate with life 
stage (adult/juvenile) and 
abundance (+)

Maruyama et al. (2014)

JapanC Common carpSp Difference between eDNA concentrations 
derived via qPCR and ddPCR and known 
abundance/biomass.

0.015 L centrifuged into pellet, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA (qPCR), Bio- Rad QuantaSoft 
software used to quantify DNA (ddPCR)

Biomass (+), abundance (+) and 
qPCR/ddPCR accuracy

Doi et al. (2015)

USAR Brook troutSp Difference between eDNA concentrations 
and sampling distance, water flow and 
known biomass

6.0 L through a 1.5- μm glass fiber filter, with DNA 
extracted using the MoBio PowerWater DNA 
Isolation Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA transport distance (+/– ), 
flow (+/– ), biomass (+) and PCR 
inhibition

Jane et al. (2015)

USAC Silver carp and bighead 
carpSp

Difference between eDNA concentrations 
and temperature, diet, and known biomass

0.05 L centrifuged into pellet, with DNA extracted 
using a phenol– chloroform method

qPCR TaqMan assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Biomass (+), diet (+), water 
temperature (no effect) and 
eDNA shedding rates

Klymus et al. (2015)

USAC Common carpSp Difference between eDNA concentration 
and capture methods (precipitation, 
centrifugation, and filtration) and six 
commercially available DNA extraction kits.

1.0 L with eDNA captured via precipitation, 
centrifugation or filtration, with DNA extracted using 
the QIAamp DNA Stool Mini Kit. 1.0 L through 0.6- um 
polycarbonate membrane filters, with DNA extracted 
by one of six commercial kits.

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA capture method, type of 
extraction kit and biomass (+)

Eichmiller et al. (2016)

USAR Silver carp and bighead 
carpSp

Difference between eDNA concentrations 
and fish movement, water discharge and 
egg densities

0.05 L centrifuged into pellet, with DNA extracted 
using the Qiagen DNeasy Blood and Tissue Kit

qPCR Taqman assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Telemetry counts (+), river 
discharge (+), egg densities (no 
effect) and relative abundance 
(+)

Erickson et al. (2016)

USAC Eight fish and one 
amphibian speciesMet

Difference between eDNA metabarcoding 
reads and known abundance/biomass

0.25 L through 1.2- um polycarbonate membrane 
filters, DNA extracted using a CTAB method

Metabarcoding of the CytB, 
12S and 16S genes, Illumina 
MiSeq platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance/biomass

Species detection rate (+), eDNA 
read abundance and species 
abundance and biomass (+)

Evans et al. (2016)

UKL Freshwater fish 
assemblages in three 
lakesMet

Difference between eDNA metabarcoding 
reads and gill- netting surveys for 
estimating abundance

2.0 L through a 0.4- µm cellulose nitrate membrane 
filter, with DNA extracted using the PowerWater 
DNA Isolation Kit

Metabarcoding of the 12S 
rRNA and CytB genes, 
Illumina MiSeq platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance

Species detection rates (+), 
eDNA read count and site 
occupancy versus rank 
abundance or biomass (+)

Hänfling et al. (2016)

CanadaL Lake troutSp Difference between eDNA concentrations 
and gillnet surveys for estimating 
abundance/biomass

1.0 L through a 1.2- μm glass microfiber filter, with DNA 
extracted using QIAshredder and Qiagen DNeasy 
Blood and Tissue Kit

qPCR Taqman assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Water temperature, dissolved 
oxygen, pH and turbidity (no 
effect), abundance (+) and 
biomass (+)

Lacoursière- Roussel 
et al. (2016a)

(Continues)
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Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

CanadaC Brook charrSp Difference between eDNA concentrations 
and water temperature, capture method, 
and known abundance/biomass

1.0 L through one of five filters (0.2 and 0.45- μm 
mixed cellulose ester, and 0.7, 1.2 and 3.0- μm glass 
microfiber), with DNA extracted using salt extraction 
method

qPCR Taqman assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Water temperature (+), eDNA 
capture method and biomass 
(+)

Lacoursière- Roussel 
et al. (2016b)

AustraliaC Macquarie perchSp Difference between eDNA concentrations 
and sampling methods, extraction 
methods, marker choice, amplicon size and 
dilutions of DNA as a proxy for biomass

0.25 L though (1) 0.45- μm cellulose nitrate filter and 
DNeasy Blood and Tissue Kit, (2) 0.45- μm cellulose 
nitrate filter and Phenol- Chloroform Isoamyl or (3) 
sodium acetate and ethanol precipitation and the 
Qiagen DNeasy Blood Tissue Kit

PCR and qPCR SYBR Green 
assay of the 12S rRNA and 
18S rRNA genes

Standard curves based on serial dilutions 
of DNA

Sampling and extraction 
methods, PCR strategy, 
amplicon size, marker choice 
and biomass (+)

Piggott (2016)

USAC Northern anchovy, 
Pacific sardine 
and, Pacific chub 
mackerelSp

Difference in eDNA shedding and decay 
rates

0.25– 0.50 L through 0.2- μm polycarbonate filters, 
with DNA extracted using the Qiagen DNeasy Blood 
Tissue Kit

qPCR Taqman assay of the 
mtD- loop and COI genes

Standard curves based on serial dilutions 
of DNA

eDNA shedding (+) and 
decay rates (+), eDNA size 
fractionation and abundance 
(+)

Sassoubre et al. (2016)

USAE Tidewater gobySp Difference between eDNA concentrations 
and seining for species detection and 
estimating abundance

2.0 L through a 3.0 µm polycarbonate, track- etched 
filter, with DNA extracted using the Qiagen DNeasy 
Blood and Tissue Kit and QIAshredder

qPCR TaqMan assay for the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Species detection rates (+), 
abundance (+) and salinity (– )

Schmelzle and Kinziger (2016)

GreenlandS Marine fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and bottom- trawl survey methods for 
estimating abundance

1.5 L through a 0.45- μm nylon filter, with DNA 
extracted using bead beating and the Qiagen DNeasy 
Blood and Tissue Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance

Species detection rates, relative 
eDNA read abundance versus 
relative abundance (+) and 
relative biomass (+) and depth

Thomsen et al. (2016)

USAC, R Brook troutSp Difference between eDNA concentrations 
and electrofishing for estimating detection 
probabilities/abundance. Difference in 
rates of eDNA shedding and persistence

1.0– 6.0 L through 1.5- µm pore glass filters, with DNA 
extracted using QIAshredder and Qiagen Blood and 
Tissue DNeasy Kit

qPCR Taqman assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Rate of eDNA production, 
eDNA transport distance, 
detection probability (+) and 
abundance (+)

Wilcox et al. (2016)

JapanS Japanese jack 
mackerelSp

Difference between eDNA concentrations 
and echo- sounder surveys for estimating 
biomass

1.0 L through 0.7- µm pore glass filters and DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR Taqman assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Sampling location (surface/
bottom), species distribution 
and biomass (+)

Yamamoto et al. (2016)

USAR Brook troutSp Difference between eDNA concentrations 
and electrofishing surveys for estimating 
abundance

Up to 6.0 L through 1.5- µm glass filters and several 
grams of sediment stored in plastic bags, with 
DNA was extracted using MoBio PowerWater and 
PowerSoil DNA Isolation Kits, respectively

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
abundance (+), biomass (+) 
and eDNA substrate (water/
sediment)

Baldigo et al. (2017)

JapanR AyuSp Difference between eDNA concentrations 
and snorkeling surveys for estimating 
abundance/biomass

1.0 L filtered through 0.7- µm glass filters, with DNA 
extracted using a Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+), biomass (+) and 
season

Doi et al. (2017)

AustraliaR Common carp, redfin 
perch and oriental 
weatherloachSp

Difference between eDNA concentrations 
and fyke netting for estimating abundance

2.0 L through 1.2- µm glass fiber filters, with DNA 
extracted using the MoBio PowerWater DNA 
Isolation Kit

qPCR TaqMan assay of the 
12S rRNA gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
season, sampling location 
(surface/subsurface), 
abundance of carp (no effect), 
abundance of redfin perch and 
oriental weatherloach (+)

Hinlo et al. (2017a)

JapanC, S Japanese jack 
mackerelSp

Difference between the decay rates of long 
and short eDNA fragments. Difference 
between eDNA concentration and acoustic 
surveys for estimating biomass

1.0 L filtered through 0.7- µm pore glass filters, with 
DNA extracted using a Qiagen DNeasy Blood and 
Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA decay rate, fragment 
length (+) and biomass (long 
fragment +)

Jo et al. (2017)

USAL Arctic charSp Difference between eDNA concentrations 
and mark– recapture for estimations of 
abundance/biomass. Difference between 
seasons and sampling depth

5.0 L through 10- µm polyamide filters, with DNA 
extracted using Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+), biomass (+), 
depth (±) and season

Klobucar et al. (2017)

USAL Largemouth bass and 
gizzard chadSp

Difference between eDNA concentrations 
and electrofishing/gill netting for 
estimating species presence, relative 
abundance and biomass

0.015 L centrifuged into pellet, with DNA extracted 
using the IBI gMAX Mini Genomic DNA Kit

qPCR TaqMan assay of the 
COI, ND4, ND3 and ND5 
genes

Standard curves based on serial dilutions 
of DNA

Season, relative abundance (no 
effect) and biomass (no effect)

Perez et al. (2017)

(Continues)
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     |  17ROURKE Et al.

Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

CanadaC Brook charrSp Difference between eDNA concentrations 
and water temperature, capture method, 
and known abundance/biomass

1.0 L through one of five filters (0.2 and 0.45- μm 
mixed cellulose ester, and 0.7, 1.2 and 3.0- μm glass 
microfiber), with DNA extracted using salt extraction 
method

qPCR Taqman assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Water temperature (+), eDNA 
capture method and biomass 
(+)

Lacoursière- Roussel 
et al. (2016b)

AustraliaC Macquarie perchSp Difference between eDNA concentrations 
and sampling methods, extraction 
methods, marker choice, amplicon size and 
dilutions of DNA as a proxy for biomass

0.25 L though (1) 0.45- μm cellulose nitrate filter and 
DNeasy Blood and Tissue Kit, (2) 0.45- μm cellulose 
nitrate filter and Phenol- Chloroform Isoamyl or (3) 
sodium acetate and ethanol precipitation and the 
Qiagen DNeasy Blood Tissue Kit

PCR and qPCR SYBR Green 
assay of the 12S rRNA and 
18S rRNA genes

Standard curves based on serial dilutions 
of DNA

Sampling and extraction 
methods, PCR strategy, 
amplicon size, marker choice 
and biomass (+)

Piggott (2016)

USAC Northern anchovy, 
Pacific sardine 
and, Pacific chub 
mackerelSp

Difference in eDNA shedding and decay 
rates

0.25– 0.50 L through 0.2- μm polycarbonate filters, 
with DNA extracted using the Qiagen DNeasy Blood 
Tissue Kit

qPCR Taqman assay of the 
mtD- loop and COI genes

Standard curves based on serial dilutions 
of DNA

eDNA shedding (+) and 
decay rates (+), eDNA size 
fractionation and abundance 
(+)

Sassoubre et al. (2016)

USAE Tidewater gobySp Difference between eDNA concentrations 
and seining for species detection and 
estimating abundance

2.0 L through a 3.0 µm polycarbonate, track- etched 
filter, with DNA extracted using the Qiagen DNeasy 
Blood and Tissue Kit and QIAshredder

qPCR TaqMan assay for the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Species detection rates (+), 
abundance (+) and salinity (– )

Schmelzle and Kinziger (2016)

GreenlandS Marine fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and bottom- trawl survey methods for 
estimating abundance

1.5 L through a 0.45- μm nylon filter, with DNA 
extracted using bead beating and the Qiagen DNeasy 
Blood and Tissue Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

eDNA sequence read abundance used as a 
proxy for relative fish abundance

Species detection rates, relative 
eDNA read abundance versus 
relative abundance (+) and 
relative biomass (+) and depth

Thomsen et al. (2016)

USAC, R Brook troutSp Difference between eDNA concentrations 
and electrofishing for estimating detection 
probabilities/abundance. Difference in 
rates of eDNA shedding and persistence

1.0– 6.0 L through 1.5- µm pore glass filters, with DNA 
extracted using QIAshredder and Qiagen Blood and 
Tissue DNeasy Kit

qPCR Taqman assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Rate of eDNA production, 
eDNA transport distance, 
detection probability (+) and 
abundance (+)

Wilcox et al. (2016)

JapanS Japanese jack 
mackerelSp

Difference between eDNA concentrations 
and echo- sounder surveys for estimating 
biomass

1.0 L through 0.7- µm pore glass filters and DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR Taqman assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Sampling location (surface/
bottom), species distribution 
and biomass (+)

Yamamoto et al. (2016)

USAR Brook troutSp Difference between eDNA concentrations 
and electrofishing surveys for estimating 
abundance

Up to 6.0 L through 1.5- µm glass filters and several 
grams of sediment stored in plastic bags, with 
DNA was extracted using MoBio PowerWater and 
PowerSoil DNA Isolation Kits, respectively

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
abundance (+), biomass (+) 
and eDNA substrate (water/
sediment)

Baldigo et al. (2017)

JapanR AyuSp Difference between eDNA concentrations 
and snorkeling surveys for estimating 
abundance/biomass

1.0 L filtered through 0.7- µm glass filters, with DNA 
extracted using a Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+), biomass (+) and 
season

Doi et al. (2017)

AustraliaR Common carp, redfin 
perch and oriental 
weatherloachSp

Difference between eDNA concentrations 
and fyke netting for estimating abundance

2.0 L through 1.2- µm glass fiber filters, with DNA 
extracted using the MoBio PowerWater DNA 
Isolation Kit

qPCR TaqMan assay of the 
12S rRNA gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
season, sampling location 
(surface/subsurface), 
abundance of carp (no effect), 
abundance of redfin perch and 
oriental weatherloach (+)

Hinlo et al. (2017a)

JapanC, S Japanese jack 
mackerelSp

Difference between the decay rates of long 
and short eDNA fragments. Difference 
between eDNA concentration and acoustic 
surveys for estimating biomass

1.0 L filtered through 0.7- µm pore glass filters, with 
DNA extracted using a Qiagen DNeasy Blood and 
Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

eDNA decay rate, fragment 
length (+) and biomass (long 
fragment +)

Jo et al. (2017)

USAL Arctic charSp Difference between eDNA concentrations 
and mark– recapture for estimations of 
abundance/biomass. Difference between 
seasons and sampling depth

5.0 L through 10- µm polyamide filters, with DNA 
extracted using Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+), biomass (+), 
depth (±) and season

Klobucar et al. (2017)

USAL Largemouth bass and 
gizzard chadSp

Difference between eDNA concentrations 
and electrofishing/gill netting for 
estimating species presence, relative 
abundance and biomass

0.015 L centrifuged into pellet, with DNA extracted 
using the IBI gMAX Mini Genomic DNA Kit

qPCR TaqMan assay of the 
COI, ND4, ND3 and ND5 
genes

Standard curves based on serial dilutions 
of DNA

Season, relative abundance (no 
effect) and biomass (no effect)

Perez et al. (2017)

(Continues)
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Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

USAE Estuarine fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and traditional surveys for estimating 
abundance

1.0 L through a 0.45- μm polyamide filter, with DNA 
extracted using MoBio Powersoil Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

eDNA sequence read abundance used as a 
proxy for relative abundance estimates

Seasonal abundance (+), eDNA 
read abundance versus relative 
abundance (+), and habitat 
preference

Stoeckle et al. (2017)

USAC, R Common carpSp Difference in statistical models accounting 
for factors influencing biomass estimates 
from eDNA concentration data

0.015 L centrifuged into pellet, with DNA extracted 
from pellet using the Qiagen DNeasy Blood and 
Tissue Kit

ddPCR TaqMan assay of the 
CytB gene

Bio- Rad QuantaSoft software used to 
quantify DNA

Statistical model choice and 
biomass (+)

Chambert et al. (2018)

AustraliaR Oriental 
weatherloachSp

Difference between eDNA concentrations 
and fyke netting/electrofishing for 
estimating abundance

2.0 L through 1.2- µm glass fiber filter, with DNA 
extracted using a modified Qiagen DNeasy Kit

qPCR TaqMan assay for the 
12S rRNA gene

Standard curves based on serial dilutions 
of DNA

Abundance (no effect) Hinlo et al. (2018)

USAL Brook troutSp Difference in eDNA concentrations between 
where fish had been eradicated versus 
where fish remained, using gillnets for 
estimating abundance/biomass

0.25 L through 1.2- µm polycarbonate filter membrane, 
with DNA extracted using aQIAshredder and Qiagen 
DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+) and biomass (+) Kamoroff and Goldberg 
(2018)

UKC Freshwater fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and known species presence and 
abundance/biomass

0.3 L through one of six filtration types, with DNA 
extracted using the MoBio PowerWater DNA 
Isolation Kit

Metabarcoding of the 12S 
rRNA, Illumina MiSeq 
platform

Species detection rates based on the 
relative read counts as a proxy for 
abundance estimates

eDNA capture method, species 
detection rates, relative 
abundance (+) and relative 
biomass (+)

Li et al. (2018)

JapanR Three- lipsSp Difference between eDNA concentrations 
and visual sampling for estimating 
abundance

0.5 L through a 0.7- µm glass filter membrane, with 
DNA extracted using a Qiagen DNeasy Blood and 
Tissue DNA Kit

qPCR TaqMan assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Abundance (+), eDNA transport 
distance (no effect) and 
seasonal changes (+)

Maruyama et al. (2018)

JapanC Sakhalin taimenSp Difference between eDNA concentration 
and known biomass

1.0 L through 0.7- μm glass- membrane filters, with DNA 
extracted using a slightly modified Qiagen DNeasy 
Blood and Tissue Kit.

qPCR TaqMan assay for the 
ND2 gene

Standard curves based on serial dilutions 
of DNA

Aquarium size, fish age, body 
size and biomass (+)

Mizumoto et al. (2018)

USAC, L Round gobySp Difference between eDNA concentrations 
and seining/traps/mark– recapture for 
estimating abundance. Difference in rates 
of eDNA shedding and decay

0.05– 1 L through either 1.5-  or 0.22- μm nitrocellulose 
filters, with DNA extracted using a slightly modified 
MoBio PowerWater Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
abundance (+) and DNA 
shedding and decay rate

Nevers et al. (2018)

USAR Alewife and blueback 
herringSp

Difference between eDNA concentration 
and visual surveys/ichthyoplankton 
sampling for presence and estimating 
abundance

~0.8 L through a 1.0- μm cellulose nitrate filter, with 
DNA extracted using a slightly modified Omega 
Biotek EZNA Water Kit

qPCR TaqMan assay for the 
COI gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+) and 
abundance (+)

Plough et al. (2018)

France/
SwitzerlandR

Freshwater fish 
assemblageMet

Difference between eDNA concentrations 
and electrofishing for estimating relative 
abundances

30.0 L through a 0.45- µm cross- flow filtration capsule, 
with DNA extracted using a combination of the 
Qiagen DNeasy Blood and Tissue Extraction Kit and 
the NucleoSpin Soil Kit

Metabarcoding of the 12S 
rRNA gene, Illumina HiSeq 
platform

Species detection rates based on the 
relative read counts as a proxy for 
abundance estimates

Species detection rate and 
relative abundance (+)

Pont et al. (2018)

USAC Sea lampreySp Relationship between eDNA (concentration 
and detection probability) and known 
abundances/biomass

1.0 L through a 1.5- µm glass microfiber filter, with DNA 
extracted using the gMax Mini Genomic Extraction 
Kit

qPCR TaqMan assay of the 
COI, CytB, ND1 and ND4 
genes

Standard curves based on serial dilutions 
of DNA

Fish life stage, abundance (+) 
and biomass (+)

Schloesser et al. (2018)

USAR Sockeye salmonSp Difference between eDNA concentrations 
and visual counts for estimating 
abundances

1.0 L through a 0.45-  µm cellulose nitrate filter, with 
DNA extracted using Qiagen DNeasy Blood and 
Tissue Kit

qPCR TaqMan assay of the 
COX3 gene

Standard curves based on serial dilutions 
of DNA

eDNA transport distance (+), 
water temperature (minor +) 
and abundance (+)

Tillotson et al. (2018)

IrelandR Sea lampreySp Difference between eDNA concentrations 
and visual surveys of individuals/nests for 
estimating abundance

2.0 L through a 0.45-  µm cellulose nitrate filter, with 
DNA extracted using a Chelex Chelating resin

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Seasonal movement, spawning 
and abundance (+)

Bracken et al. (2019)

SwedenL Brown trout and Arctic 
charSp

Difference between eDNA concentrations 
and standardized gillnet surveys and 
relationships with environmental 
parameters

0.75– 1 L through 1.2 μm glass fiber and 0.45 μm mixed 
cellulose ester filters, with DNA extracted using the 
DNeasy Blood and Tissue Kit

ddPCR assay of the CytB gene Divided the mean number of positive 
droplets by the volume used in ddPCR and 
multiplied by the total volume of the DNA 
extract

Biomass, abundance, 
dissolve organic carbon and 
temperature (no effect)

Capo et al. (2019)

USAR Silver carpSp Difference between eDNA concentrations 
and hydroacoustic and electrofishing/
gillnet surveys for estimating abundance/
biomass

2.0 L through a 1.5- mm glass microfiber filter, with 
DNA extracted using a FastDNA Spin Kit

qPCR TaqMan assay of 
mitochondrial genes

Standard curves based on serial dilutions 
of DNA

Abundance (+) and biomass (+) Coulter et al. (2019)

(Continues)
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Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

USAE Estuarine fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and traditional surveys for estimating 
abundance

1.0 L through a 0.45- μm polyamide filter, with DNA 
extracted using MoBio Powersoil Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

eDNA sequence read abundance used as a 
proxy for relative abundance estimates

Seasonal abundance (+), eDNA 
read abundance versus relative 
abundance (+), and habitat 
preference

Stoeckle et al. (2017)

USAC, R Common carpSp Difference in statistical models accounting 
for factors influencing biomass estimates 
from eDNA concentration data

0.015 L centrifuged into pellet, with DNA extracted 
from pellet using the Qiagen DNeasy Blood and 
Tissue Kit

ddPCR TaqMan assay of the 
CytB gene

Bio- Rad QuantaSoft software used to 
quantify DNA

Statistical model choice and 
biomass (+)

Chambert et al. (2018)

AustraliaR Oriental 
weatherloachSp

Difference between eDNA concentrations 
and fyke netting/electrofishing for 
estimating abundance

2.0 L through 1.2- µm glass fiber filter, with DNA 
extracted using a modified Qiagen DNeasy Kit

qPCR TaqMan assay for the 
12S rRNA gene

Standard curves based on serial dilutions 
of DNA

Abundance (no effect) Hinlo et al. (2018)

USAL Brook troutSp Difference in eDNA concentrations between 
where fish had been eradicated versus 
where fish remained, using gillnets for 
estimating abundance/biomass

0.25 L through 1.2- µm polycarbonate filter membrane, 
with DNA extracted using aQIAshredder and Qiagen 
DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+) and biomass (+) Kamoroff and Goldberg 
(2018)

UKC Freshwater fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and known species presence and 
abundance/biomass

0.3 L through one of six filtration types, with DNA 
extracted using the MoBio PowerWater DNA 
Isolation Kit

Metabarcoding of the 12S 
rRNA, Illumina MiSeq 
platform

Species detection rates based on the 
relative read counts as a proxy for 
abundance estimates

eDNA capture method, species 
detection rates, relative 
abundance (+) and relative 
biomass (+)

Li et al. (2018)

JapanR Three- lipsSp Difference between eDNA concentrations 
and visual sampling for estimating 
abundance

0.5 L through a 0.7- µm glass filter membrane, with 
DNA extracted using a Qiagen DNeasy Blood and 
Tissue DNA Kit

qPCR TaqMan assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Abundance (+), eDNA transport 
distance (no effect) and 
seasonal changes (+)

Maruyama et al. (2018)

JapanC Sakhalin taimenSp Difference between eDNA concentration 
and known biomass

1.0 L through 0.7- μm glass- membrane filters, with DNA 
extracted using a slightly modified Qiagen DNeasy 
Blood and Tissue Kit.

qPCR TaqMan assay for the 
ND2 gene

Standard curves based on serial dilutions 
of DNA

Aquarium size, fish age, body 
size and biomass (+)

Mizumoto et al. (2018)

USAC, L Round gobySp Difference between eDNA concentrations 
and seining/traps/mark– recapture for 
estimating abundance. Difference in rates 
of eDNA shedding and decay

0.05– 1 L through either 1.5-  or 0.22- μm nitrocellulose 
filters, with DNA extracted using a slightly modified 
MoBio PowerWater Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
abundance (+) and DNA 
shedding and decay rate

Nevers et al. (2018)

USAR Alewife and blueback 
herringSp

Difference between eDNA concentration 
and visual surveys/ichthyoplankton 
sampling for presence and estimating 
abundance

~0.8 L through a 1.0- μm cellulose nitrate filter, with 
DNA extracted using a slightly modified Omega 
Biotek EZNA Water Kit

qPCR TaqMan assay for the 
COI gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+) and 
abundance (+)

Plough et al. (2018)

France/
SwitzerlandR

Freshwater fish 
assemblageMet

Difference between eDNA concentrations 
and electrofishing for estimating relative 
abundances

30.0 L through a 0.45- µm cross- flow filtration capsule, 
with DNA extracted using a combination of the 
Qiagen DNeasy Blood and Tissue Extraction Kit and 
the NucleoSpin Soil Kit

Metabarcoding of the 12S 
rRNA gene, Illumina HiSeq 
platform

Species detection rates based on the 
relative read counts as a proxy for 
abundance estimates

Species detection rate and 
relative abundance (+)

Pont et al. (2018)

USAC Sea lampreySp Relationship between eDNA (concentration 
and detection probability) and known 
abundances/biomass

1.0 L through a 1.5- µm glass microfiber filter, with DNA 
extracted using the gMax Mini Genomic Extraction 
Kit

qPCR TaqMan assay of the 
COI, CytB, ND1 and ND4 
genes

Standard curves based on serial dilutions 
of DNA

Fish life stage, abundance (+) 
and biomass (+)

Schloesser et al. (2018)

USAR Sockeye salmonSp Difference between eDNA concentrations 
and visual counts for estimating 
abundances

1.0 L through a 0.45-  µm cellulose nitrate filter, with 
DNA extracted using Qiagen DNeasy Blood and 
Tissue Kit

qPCR TaqMan assay of the 
COX3 gene

Standard curves based on serial dilutions 
of DNA

eDNA transport distance (+), 
water temperature (minor +) 
and abundance (+)

Tillotson et al. (2018)

IrelandR Sea lampreySp Difference between eDNA concentrations 
and visual surveys of individuals/nests for 
estimating abundance

2.0 L through a 0.45-  µm cellulose nitrate filter, with 
DNA extracted using a Chelex Chelating resin

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Seasonal movement, spawning 
and abundance (+)

Bracken et al. (2019)

SwedenL Brown trout and Arctic 
charSp

Difference between eDNA concentrations 
and standardized gillnet surveys and 
relationships with environmental 
parameters

0.75– 1 L through 1.2 μm glass fiber and 0.45 μm mixed 
cellulose ester filters, with DNA extracted using the 
DNeasy Blood and Tissue Kit

ddPCR assay of the CytB gene Divided the mean number of positive 
droplets by the volume used in ddPCR and 
multiplied by the total volume of the DNA 
extract

Biomass, abundance, 
dissolve organic carbon and 
temperature (no effect)

Capo et al. (2019)

USAR Silver carpSp Difference between eDNA concentrations 
and hydroacoustic and electrofishing/
gillnet surveys for estimating abundance/
biomass

2.0 L through a 1.5- mm glass microfiber filter, with 
DNA extracted using a FastDNA Spin Kit

qPCR TaqMan assay of 
mitochondrial genes

Standard curves based on serial dilutions 
of DNA

Abundance (+) and biomass (+) Coulter et al. (2019)

(Continues)
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Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

GermanyC, R Brown troutSp Difference between eDNA concentrations 
and known biomass. Difference between 
eDNA concentrations and distance

1.0 L through 0.45- μm nitrocellulose filters, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

eDNA transport distance and 
biomass (no effect)

Deutschmann et al. (2019)

JapanC Japanese jack 
mackerelSp

Difference between eDNA concentration 
and known biomass

1.0 L through a 0.7-  μm glass filter, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Biomass (+) Horiuchi et al. (2019)

JapanR Japanese eelSp Difference between eDNA concentrations 
and electrofishing for estimating species 
presence and abundance/biomass

1 L through a 0.7- µM glass filter, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
16S rRNA gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
biomass (+) and abundance (+)

Itakura et al. (2019)

DenmarkS Atlantic herring, 
Atlantic cod, European 
flounder, European 
plaice and Atlantic 
mackerelSp

Difference between eDNA concentrations 
and benthic trawls for estimating 
abundance/biomass

1.5 L through a 0.22- µm Sterivex filter, with DNA 
extracted using a Qiagen DNeasy Blood andTissue Kit

qPCR TaqMan assay of the 
CytB and Nd4 genes

Standard curves based on serial dilutions 
of DNA

Species distribution (+) and 
biomass (no effect)

Knudsen et al. (2019)

USAR Sockeye salmon and 
coho salmonSp

Difference between eDNA concentrations 
and daily human count data for estimating 
abundances

1.0 L through a 0.45- µm cellulose nitrate filter, with 
DNA extracted using a Qiagen DNeasy Blood and 
Tissue Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Flow, water temperature, fish 
life stage and abundance (+)

Levi et al. (2019)

UKL Freshwater 
assemblages in 14 
lakesMet

Difference between eDNA metabarcoding 
reads and historical information for 
estimating relative abundances

2.0 L through a 0.45- µm mixed cellulose acetate and 
nitrate filter, with DNA extracted using a Qiagen 
DNeasy PowerWater Kit

Metabarcoding of the 12S 
rRNA and CytB gene, 
Illumina MiSeq platform

Site occupancy based on the relative 
read counts as a proxy for abundance 
estimates

Species distribution (+) and 
relative abundance (+)

Li et al. (2019)

USAE EulachonSp Difference between eDNA concentrations 
and mark– recapture for estimating 
abundance

1.0 L through a 0.45- μm cellulose nitrate filter, with 
DNA extracted using the Qiagen DNeasy Blood and 
Tissue Kit

ddPCR assay of the COI gene Bio- Rad QuantaSoft software used to 
quantify DNA

Flow and biomass (+) Pochardt et al. (2019)

USAR Loach minnowSp Difference between eDNA concentrations 
and electrofishing/seining for estimating 
species presence and biomass

5.0 L through a 1.5- µm pore- size glass fiber filter, 
with DNA extracted using a slightly modified Qiagen 
DNeasy Blood and GTissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
eDNA persistence rate and 
biomass (+)

Robinson et al. (2019)

Faroe IslandsS Atlantic codSp Difference between eDNA concentrations 
and benthic trawls for estimating biomass

1.5 L through a 0.2- μm Sterivex filter, with DNA 
extracted using a modified protocol of the Qiagen 
DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Abundance (+) and biomass (+) Salter et al. (2019)

USAL Freshwater 
assemblages in eight 
lakesMet

Difference between eDNA metabarcoding 
reads and traditional methods for 
estimating species presence and relative 
abundances

1.0 L through a 0.45 µm nitrocellulose filter, DNA was 
extracted using a Qiagen QIAshredder and the Qiagen 
DNeasy Blood and Tissue Kit

Metabarcoding of the 12S 
rRNA and 16S rRNA genes, 
Illumina MiSeq platform

Species detection rates based on the 
relative read counts as a proxy for 
abundance estimates

Sampling effort, species 
detection rate (+) and relative 
abundance (+)

Sard et al. (2019)

USAE Chinook salmonSp Difference between eDNA concentrations 
and beach seining for estimating 
abundance/biomass

1.0 L through a 0.45- µm cellulose acetate membrane, 
with DNA extracted using a chloroform:isoamyl 
alcohol method

qPCR TaqMan assay of the 
CO3/ND3 gene

Standard curves based on serial dilutions 
of DNA

Spatial scale (+), biomass (+) and 
abundance (+)

Shelton et al. (2019)

JapanR Ryukyu ayuSp Difference between eDNA concentration 
and snorkeling surveys for estimating 
abundance

1.0 L through a 0.7- μm glass fiber filter, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
ND4 gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+) and 
biomass (+)

Akamatsu et al. (2020)

UKC Freshwater fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and known species presence and 
abundance/biomass and differences 
between filter types

1.0 L through 0.45- μm mixed cellulose ester filters 
or 0.35 L through 0.45- μm Sterivex filter, with DNA 
extracted using the Mu- DNA protocol for water 
samples

Metabarcoding of the 12S 
rRNA and 16S rRNA genes, 
Illumina MiSeq platform

Spearman's rank correlation coefficient to 
calculate correlation between biomass/
abundance and average read counts and 
site occupancy

Biomass (+), abundance (+) 
and filter types and biomass/
abundance (no effect)

Di Muri et al. (2020)

SpainS Marine fish assemblage 
Met

Difference between eDNA metabarcoding 
reads and biomass estimated from trawling

5 L through Sterivex 0.45- μm enclosed filters, DNA 
extracted using the DNeasy Blood and Tissue Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

Pearson correlation coefficient to calculate 
correlation between the number of reads 
and biomass

Biomass (no effect) Fraija- Fernandez et al. (2020)

JapanS Japanese jack 
mackerelSp

Difference between eDNA concentration 
and echo- sounder abundance

1.0 L through 0.7- μm glass microfiber filter, with DNA 
extracted using the DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+) Fukaya et al. (2020)

FranceR Freshwater fish 
assemblageMet

Difference between eDNA metabarcoding 
read count and electrofishing relative 
abundance

30 L through 0.45- μm VigiDNA cross- flow filtration 
capsule, with DNA extracted using the DNeasy Blood 
and Tissue Kit

Metabarcoding of the 12S 
rRNA gene, Illumina HiSeq 
platform

Spearman's rank order correlation 
to calculate correlation between 
electrofishing relative abundance and 
relative number of reads per species

Relative abundance (+) Goutte et al. (2020)

USAC Fantail darterSp Difference between eDNA concentration 
and known biomass and difference 
between single versus. multiple (3) filters

1.2 L through 0.7- μm glass fiber filter, with DNA 
extracted using the DNeasy Blood and Tissue kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Biomass (+) and number of 
filters (+)

Guivas and Brammell (2020)

(Continues)
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Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

GermanyC, R Brown troutSp Difference between eDNA concentrations 
and known biomass. Difference between 
eDNA concentrations and distance

1.0 L through 0.45- μm nitrocellulose filters, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

eDNA transport distance and 
biomass (no effect)

Deutschmann et al. (2019)

JapanC Japanese jack 
mackerelSp

Difference between eDNA concentration 
and known biomass

1.0 L through a 0.7-  μm glass filter, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Biomass (+) Horiuchi et al. (2019)

JapanR Japanese eelSp Difference between eDNA concentrations 
and electrofishing for estimating species 
presence and abundance/biomass

1 L through a 0.7- µM glass filter, with DNA extracted 
using a Qiagen DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
16S rRNA gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
biomass (+) and abundance (+)

Itakura et al. (2019)

DenmarkS Atlantic herring, 
Atlantic cod, European 
flounder, European 
plaice and Atlantic 
mackerelSp

Difference between eDNA concentrations 
and benthic trawls for estimating 
abundance/biomass

1.5 L through a 0.22- µm Sterivex filter, with DNA 
extracted using a Qiagen DNeasy Blood andTissue Kit

qPCR TaqMan assay of the 
CytB and Nd4 genes

Standard curves based on serial dilutions 
of DNA

Species distribution (+) and 
biomass (no effect)

Knudsen et al. (2019)

USAR Sockeye salmon and 
coho salmonSp

Difference between eDNA concentrations 
and daily human count data for estimating 
abundances

1.0 L through a 0.45- µm cellulose nitrate filter, with 
DNA extracted using a Qiagen DNeasy Blood and 
Tissue Kit

qPCR TaqMan assay of the 
COI gene

Standard curves based on serial dilutions 
of DNA

Flow, water temperature, fish 
life stage and abundance (+)

Levi et al. (2019)

UKL Freshwater 
assemblages in 14 
lakesMet

Difference between eDNA metabarcoding 
reads and historical information for 
estimating relative abundances

2.0 L through a 0.45- µm mixed cellulose acetate and 
nitrate filter, with DNA extracted using a Qiagen 
DNeasy PowerWater Kit

Metabarcoding of the 12S 
rRNA and CytB gene, 
Illumina MiSeq platform

Site occupancy based on the relative 
read counts as a proxy for abundance 
estimates

Species distribution (+) and 
relative abundance (+)

Li et al. (2019)

USAE EulachonSp Difference between eDNA concentrations 
and mark– recapture for estimating 
abundance

1.0 L through a 0.45- μm cellulose nitrate filter, with 
DNA extracted using the Qiagen DNeasy Blood and 
Tissue Kit

ddPCR assay of the COI gene Bio- Rad QuantaSoft software used to 
quantify DNA

Flow and biomass (+) Pochardt et al. (2019)

USAR Loach minnowSp Difference between eDNA concentrations 
and electrofishing/seining for estimating 
species presence and biomass

5.0 L through a 1.5- µm pore- size glass fiber filter, 
with DNA extracted using a slightly modified Qiagen 
DNeasy Blood and GTissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+), 
eDNA persistence rate and 
biomass (+)

Robinson et al. (2019)

Faroe IslandsS Atlantic codSp Difference between eDNA concentrations 
and benthic trawls for estimating biomass

1.5 L through a 0.2- μm Sterivex filter, with DNA 
extracted using a modified protocol of the Qiagen 
DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
mtD- loop region

Standard curves based on serial dilutions 
of DNA

Abundance (+) and biomass (+) Salter et al. (2019)

USAL Freshwater 
assemblages in eight 
lakesMet

Difference between eDNA metabarcoding 
reads and traditional methods for 
estimating species presence and relative 
abundances

1.0 L through a 0.45 µm nitrocellulose filter, DNA was 
extracted using a Qiagen QIAshredder and the Qiagen 
DNeasy Blood and Tissue Kit

Metabarcoding of the 12S 
rRNA and 16S rRNA genes, 
Illumina MiSeq platform

Species detection rates based on the 
relative read counts as a proxy for 
abundance estimates

Sampling effort, species 
detection rate (+) and relative 
abundance (+)

Sard et al. (2019)

USAE Chinook salmonSp Difference between eDNA concentrations 
and beach seining for estimating 
abundance/biomass

1.0 L through a 0.45- µm cellulose acetate membrane, 
with DNA extracted using a chloroform:isoamyl 
alcohol method

qPCR TaqMan assay of the 
CO3/ND3 gene

Standard curves based on serial dilutions 
of DNA

Spatial scale (+), biomass (+) and 
abundance (+)

Shelton et al. (2019)

JapanR Ryukyu ayuSp Difference between eDNA concentration 
and snorkeling surveys for estimating 
abundance

1.0 L through a 0.7- μm glass fiber filter, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
ND4 gene

Standard curves based on serial dilutions 
of DNA

Species detection rate (+) and 
biomass (+)

Akamatsu et al. (2020)

UKC Freshwater fish 
assemblageMet

Difference between eDNA metabarcoding 
reads and known species presence and 
abundance/biomass and differences 
between filter types

1.0 L through 0.45- μm mixed cellulose ester filters 
or 0.35 L through 0.45- μm Sterivex filter, with DNA 
extracted using the Mu- DNA protocol for water 
samples

Metabarcoding of the 12S 
rRNA and 16S rRNA genes, 
Illumina MiSeq platform

Spearman's rank correlation coefficient to 
calculate correlation between biomass/
abundance and average read counts and 
site occupancy

Biomass (+), abundance (+) 
and filter types and biomass/
abundance (no effect)

Di Muri et al. (2020)

SpainS Marine fish assemblage 
Met

Difference between eDNA metabarcoding 
reads and biomass estimated from trawling

5 L through Sterivex 0.45- μm enclosed filters, DNA 
extracted using the DNeasy Blood and Tissue Kit

Metabarcoding of the 12S 
rRNA gene, Illumina MiSeq 
platform

Pearson correlation coefficient to calculate 
correlation between the number of reads 
and biomass

Biomass (no effect) Fraija- Fernandez et al. (2020)

JapanS Japanese jack 
mackerelSp

Difference between eDNA concentration 
and echo- sounder abundance

1.0 L through 0.7- μm glass microfiber filter, with DNA 
extracted using the DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Abundance (+) Fukaya et al. (2020)

FranceR Freshwater fish 
assemblageMet

Difference between eDNA metabarcoding 
read count and electrofishing relative 
abundance

30 L through 0.45- μm VigiDNA cross- flow filtration 
capsule, with DNA extracted using the DNeasy Blood 
and Tissue Kit

Metabarcoding of the 12S 
rRNA gene, Illumina HiSeq 
platform

Spearman's rank order correlation 
to calculate correlation between 
electrofishing relative abundance and 
relative number of reads per species

Relative abundance (+) Goutte et al. (2020)

USAC Fantail darterSp Difference between eDNA concentration 
and known biomass and difference 
between single versus. multiple (3) filters

1.2 L through 0.7- μm glass fiber filter, with DNA 
extracted using the DNeasy Blood and Tissue kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Biomass (+) and number of 
filters (+)

Guivas and Brammell (2020)

(Continues)
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those containing three fish, although fish sexes were not deter-
mined and could have affected shedding rates (Nevers et al., 2018). 
Additional considerations here are possible confounding effects of 
animal stress, size and/or basal metabolism.

3.1.2 | Stress

Stress may account for considerable intraspecific variation in DNA 
shedding, especially in aquaria. In some studies, eDNA concentrations 
have been greatest immediately after fish were first introduced into 
tanks. The elevated eDNA resulted from increased activity of indi-
viduals is presumably associated with physiological stress during the 
acclimation period, with a subsequent decline in concentrations re-
corded as individuals became accustomed to confinement (Maruyama 
et al., 2014; Nevers et al., 2018; Sassoubre et al., 2016; Takahara 
et al., 2012). To minimize the confounding effects of fish stress on the 
outcomes of future aquaria experiments, pilot work should always be 
undertaken to determine when eDNA concentrations plateau follow-
ing fish introduction into experimental tanks.

3.1.3 | Metabolism and size

The metabolic rate describes the energy expenditure of an 
organism while it is at rest and varies with body size and tem-
perature (Gillooly et al., 2001). Given that temperature variably 
affects many physiological, ecological, and biological processes 
via complex interactions among fish (discussed below), meta-
bolic rate likely affects eDNA shedding by species or individu-
als, potentially influencing subsequent interpretations of eDNA 
quantification. For example, Lacoursière- Roussel et al. (2016b) 
hypothesized that increased eDNA concentrations at higher 
temperatures were due to an increased metabolic rate leading 
to shedding of more epidermal cells and other secretions (feces 

and urine). Thus, to avoid overestimating fish abundance and/
or biomass from eDNA concentrations, temperature must be 
considered.

In many teleost fishes, their metabolic rate varies with life stage 
and is therefore directly linked to body size (Post & Lee, 1996). 
Consequently, different- sized individuals of the same species can ex-
hibit different DNA shedding rates (Klymus et al., 2015; Maruyama 
et al., 2014; Wilcox et al., 2016), potentially influencing the interpre-
tation of eDNA quantification for some species. Small individuals have 
a relatively greater metabolic rate per unit bodyweight versus larger 
individuals (Chabot et al., 2016), and therefore may shed relatively 
more DNA compared to a single large fish. For example, during tank 
trials, Maruyama et al. (2014) observed that the DNA release rates 
by individual bluegill sunfish (Lepomis macrochirus) were three or four 
times greater in adults than juveniles, but when scaled to body size, ju-
venile release rates were four times greater owing to the ontogenetic 
decrease in metabolic activity. Consequently, attempting to estimate a 
population's abundance or biomass from eDNA concentrations, with-
out knowing size distributions, could potentially give misleading esti-
mates if size- based variation in DNA shedding rates was substantial. 
In such situations, concomitant knowledge of the size and age struc-
tures of the focal species within a sampling area, derived via ancillary 
fishery- dependent or fishery- independent techniques, is therefore 
essential (Hansen et al., 2018). An implicit requirement here is also to 
determine the magnitude of differences (if any) in DNA shedding rates 
according to the size or age of the fish species.

3.1.4 | Distribution and density

The generally patchy distributions of fish will result in eDNA con-
centrations that vary across space and time (Eichmiller et al., 2014; 
Itakura et al., 2019; Takahara et al., 2012). Such variation may affect 
the accuracy of subsequent abundance or biomass estimates, par-
ticularly if sampling is not done across appropriate spatio- temporal 

Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

Japan and 
TaiwanR

Giant mottled eel and 
Japanese eelSp

Difference between eDNA concentration 
and electrofishing biomass and abundance

1.0 L through 0.7- μm glass fiber filters, with DNA 
extracted using the DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
16S rRNA gene

Standard curves based on serial dilutions 
of DNA

Abundance (+), biomass (+), 
spatial distribution of eDNA 
concentration (Japanese eel 
only) (−)

Itakura et al. (2020)

JapanS Blackhead seabream, 
Japanese anchovy, 
wrasse, stiped 
knifejaw and Japanese 
jack mackerelSp

Difference between eDNA concentrations 
and visual (SCUBA) biomass estimates and 
differences between filter types

1.0 L through 0.45 - μm Sterivex filter and 1 L through 
0.7- μm glass fiber filters, with DNA extracted using 
the DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Biomass (+) and filter types (no 
effect)

Takahashi et al. (2020)

USAR Atlantic salmonSp Difference between eDNA concentrations/
detection rates and downstream distance

1.0 L through a 1.5- μm glass fiber filter, with DNA 
extracted using the Qiagen DNeasy Spin Column Kit

qPCR TaqMan assay of the 
ND5 and COI genes

Standard curves based on serial dilutions 
of DNA

eDNA transport distance, 
optimal sampling distance, 
assay type and biomass (+)

Wood et al., 2020(Wood 
et al., 2020)

CanadaC, R Lake sturgeonSp Difference between eDNA concentration 
and relative abundance/species presence

1.0.0– 2 L through 1.5- μm glass fiber filter, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
COI and CytB gene

Ct values used as a proxy DNA 
concentration

Biomass (+) (Yusishen et al., 2020)

TA B L E  2   (Continued)
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scales and/or insufficient water is collected to enable replication 
(Furlan et al., 2016; Moyer et al., 2014). For example, when common 
carp (Cyprinus carpio) were heterogeneously distributed across lakes 
in the upper Mississippi River basin, their eDNA was occasionally de-
tectable and only loosely associated with moderately dense groups 
of fish (Ghosal et al., 2018). However, when fish were attracted to a 
single site (using bait), a doubling of fish density resulted in a 500- 
fold increase in eDNA concentrations.

In another study in a temperate freshwater lake in the north-
ern USA, Eichmiller et al. (2014) noted that common carp eDNA 
concentrations were over seven times greater in areas with a high 
frequency of carp habitation than areas with a low habitation fre-
quency. Specifically, eDNA was detected in 100% of water samples 
from areas of high use by common carp compared with only 63% of 
samples from the low- use areas (Eichmiller et al., 2014). Given the 
strength of this latter relationship and the known patchy distribution 
of eDNA in the environment, the authors concluded that any sam-
pling methods and data interpretation should be primarily informed 
by existing fish distributions because the probability of detecting a 
target organism may drastically decline within tens of meters.

There was not always a consistent linear relationship between 
fish density and eDNA concentration (Coulter et al., 2019; Doi 
et al., 2017; Ghosal et al., 2018). As one example, both the numeri-
cal and biomass densities of silver carp (Hypophthalmichthys molitrix) 
in a river system were positively correlated with eDNA concentra-
tions and detection rates at low densities, but plateaued at greater 
densities (Coulter et al., 2019). Consequently, reliable population 
estimates from eDNA concentrations for this species are currently 
restricted to areas with low densities of fish.

3.1.5 | Feeding and diet

Feeding and diet can significantly affect DNA shedding rates. Ghosal 
et al. (2018) demonstrated that actively feeding common carp in a 

lake produced substantially more eDNA than less actively feed-
ing conspecifics. Similarly, among aquaria- housed bighead carp 
(Hypophthalmichthys nobilis) the amount of DNA shed was up to 
tenfold greater in fed than nonfed individuals (Klymus et al., 2015). 
Klymus et al. (2015) also hypothesized that a diet of textured crus-
tacean food would slough more epithelial cells from the gut and 
thus increase DNA shedding rates versus a diet consisting of soft 
textured algae; however, fish fed algal diets had greater shedding 
rates, which the authors attributed to a higher feeding rate. This lat-
ter study implies that both diet composition and the frequency of 
feeding may influence DNA shedding and thus eDNA concentrations 
in the water.

3.1.6 | Reproduction and migration

The reviewed studies also show that eDNA concentrations in 
aquatic systems depend on the life stages of the fish inhabiting 
that body of water and any spawning activity and/or movements/
migration (Table 2). Spawning and associated migrations, which are 
typically seasonal, evoke fluctuations in eDNA concentrations due 
to the communal release of gametes, increased activity and congre-
gation of often large numbers of adults and the presence of juve-
nile fish (Bracken et al., 2019; Bylemans et al., 2017; Kamoroff & 
Goldberg, 2018; Maruyama et al., 2018; Nevers et al., 2018; Plough 
et al., 2018; Schloesser et al., 2018; Spear et al., 2015). For exam-
ple, Bracken et al. (2019) observed the concentration of eDNA in 
river water increased during the spawning season of sea lamprey 
(Petromyzon marinus), simply attributed to more adult fish (includ-
ing the carcasses of those that died after spawning) and gametes. 
Another study demonstrated the ratio of nuclear- to- mitochondrial 
eDNA from Macquarie perch (Macquaria australasica) was greatest 
during their spawning season (Bylemans et al., 2017). One simple 
way of limiting the impact that spawning can have on baseline levels 
of eDNA is to sample outside spawning seasons.

Country Species Key null hypothesis (Ho)*
Water volume collected/filtered and DNA extraction 
method Assay and target region eDNA quantification method Biotic/abiotic factors assessed Reference

Japan and 
TaiwanR

Giant mottled eel and 
Japanese eelSp

Difference between eDNA concentration 
and electrofishing biomass and abundance

1.0 L through 0.7- μm glass fiber filters, with DNA 
extracted using the DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
16S rRNA gene

Standard curves based on serial dilutions 
of DNA

Abundance (+), biomass (+), 
spatial distribution of eDNA 
concentration (Japanese eel 
only) (−)

Itakura et al. (2020)

JapanS Blackhead seabream, 
Japanese anchovy, 
wrasse, stiped 
knifejaw and Japanese 
jack mackerelSp

Difference between eDNA concentrations 
and visual (SCUBA) biomass estimates and 
differences between filter types

1.0 L through 0.45 - μm Sterivex filter and 1 L through 
0.7- μm glass fiber filters, with DNA extracted using 
the DNeasy Blood and Tissue Kit

qPCR TaqMan assay of the 
CytB gene

Standard curves based on serial dilutions 
of DNA

Biomass (+) and filter types (no 
effect)

Takahashi et al. (2020)

USAR Atlantic salmonSp Difference between eDNA concentrations/
detection rates and downstream distance

1.0 L through a 1.5- μm glass fiber filter, with DNA 
extracted using the Qiagen DNeasy Spin Column Kit

qPCR TaqMan assay of the 
ND5 and COI genes

Standard curves based on serial dilutions 
of DNA

eDNA transport distance, 
optimal sampling distance, 
assay type and biomass (+)

Wood et al., 2020(Wood 
et al., 2020)

CanadaC, R Lake sturgeonSp Difference between eDNA concentration 
and relative abundance/species presence

1.0.0– 2 L through 1.5- μm glass fiber filter, with DNA 
extracted using the Qiagen DNeasy Blood and Tissue 
Kit

qPCR TaqMan assay of the 
COI and CytB gene

Ct values used as a proxy DNA 
concentration

Biomass (+) (Yusishen et al., 2020)
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3.2 | Abiotic factors affecting eDNA concentrations

Six key abiotic factors were commonly identified as affecting esti-
mates of abundance or biomass from eDNA concentrations (Table 2). 
Further, nearly all abiotic factors have complex interactive or con-
founding effects that encapsulate influences on the general ecology 
and biology of species, which then affect DNA shedding rates and/
or volume (as discussed above). Here, we limit our discussion to the 
direct effects of abiotic factors on eDNA concentrations.

3.2.1 | Water flow

One of the most important abiotic factors affecting eDNA concen-
trations is regional water flow (Harrison et al., 2019). By dispersing 
eDNA away from its source, water flow influences the spatial scale 
over which abundance and/or biomass can be meaningfully esti-
mated, and affects numerous other factors that influence eDNA pro-
duction, degradation, dilution, and deposition (Fukaya et al., 2020; 
Hansen et al., 2018; Itakura et al., 2020; Pont et al., 2018; Thomsen 
et al., 2016). Due to the challenges involved, few studies have directly 
examined the effects of water flow on eDNA concentrations, but those 
that have support complex system- specific responses that require fur-
ther investigation (Hinlo et al., 2018; Laporte et al., 2020; Robinson 
et al., 2019; Wilcox et al., 2016). For example, using cage introductions 
of brook trout (Salvelinus fontinalis) in lotic systems, Jane et al. (2015) 
noted the relationship between water flow and eDNA copy number 
varied depending on system flow rates. Specifically, the eDNA copy 
number was highest immediately downstream of the caged trout in 
low flow scenarios, but relatively constant at the most upstream and 
downstream locations during high flow scenarios (Jane et al., 2015).

The potential for nonlinear relationships between flow and 
eDNA concentrations with distance from a point source is also ap-
parent, with a peak in concentration observed 70 m downstream 
of caged Atlantic salmon (Salmo salar) (Wood et al., 2020) and 50 to 
70 m downstream of Japanese eel (Anguilla japonica) capture sites 
(Itakura et al., 2020). The recognized influence of flow on eDNA 
concentrations led to the recent development of an “eDNA rate” 
for Pacific salmon (Oncorhynchus spp.) in lotic systems— a correc-
tion metric that combines eDNA concentrations with flow veloc-
ities to improve abundance estimates (Levi et al., 2019). Systems 
influenced by tidal flow or influxes from tide- dominated estuaries 
also pose challenges to estimate abundance or biomass. As one 
solution, Pochardt et al. (2020) used a flow- corrected eDNA rate 
to predict the abundance of eulachon (Thaleichthys pacificus) at 
the mouth of a river adjacent to an estuary as determined through 
mark– recapture population estimates. The eDNA concentration, 
combined with sampling at low tide to minimize the effects of di-
lution or intrusion of eDNA from the tidal flow, resulted in the 
authors successfully predicting eulachon abundance (Pochardt 
et al., 2020).

Despite the potential for broad and complex dispersal patterns 
of eDNA, the reviewed studies imply effective spatial scales of 
abundance and/or biomass estimation for fish may be considerably 
smaller than previously considered (Table 2). In lotic systems, studies 
either identified a relatively rapid decline of eDNA concentrations 
beyond their source (Deutschmann et al., 2019; Shogren et al., 2017; 
Wood et al., 2020), or found no evidence of downstream eDNA ac-
cumulation (Maruyama et al., 2018; Tillotson et al., 2018). The latter 
might be expected if production and transport exceeded degrada-
tion and deposition (Tillotson et al., 2018).

In coastal marine systems, slower and multi- directional flows 
may further narrow the effective spatial scale of abundance and/ or 
biomass estimation. For example, the best- fit model between acous-
tic signal intensity and eDNA concentrations of Japanese jack mack-
erel (Trachurus japonicus) in the Sea of Japan was within 10 to 150 m 
of the eDNA collection point, implying eDNA concentrations likely 
reflected biomass within 150 m (Yamamoto et al., 2016) (Table 2). 
Similarly, most detections of striped jack (Pseudocaranx dentex) were 
within 30 m of holding cages at the same study location, with no 
effect of flow direction on eDNA detections, although eDNA con-
centrations did decrease with distance from the cages (Murakami 
et al., 2019) (Table 2).

3.2.2 | Water temperature

Water temperature affects many aspects of the ecology and biology 
of aquatic species (Person- Le Ruyet et al., 2004; Takahara et al., 2011), 
and consequently has interactive and/or divergent effects on eDNA 
concentrations (mostly through shedding, but also decay), which makes 
drawing conclusions beyond broad trends difficult in the absence of an-
cillary data on species- specific physiological requirements (Lacoursière- 
Roussel et al., 2016b). As one example, Takahara et al. (2012) found no 

F I G U R E  1   Cumulative number of articles published in the 
primary literature from 2012 to October 2020 assessing the 
utility of environmental DNA for estimating the abundance and/or 
biomass of fish across all environments (i.e., controlled and wild)
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effect of three different temperatures (7, 15 and 25°C) on common carp 
eDNA concentrations in aquaria. In contrast, another aquaria- based 
study using five densities of brook charr (Salvelinus fontinalis) exposed 
to two temperatures (7 and 14°C) reported a significant effect of tem-
perature on eDNA concentration, with more DNA being released at 
higher temperatures and a better relationship between abundance and 
biomass at the higher temperature (Lacoursière- Roussel et al., 2016b). 
Such divergent effects at least partially reflect species- specific toler-
ance ranges and metabolic rates affecting shedding, and also any sub-
sequent eDNA decay once shed from the fish.

Field studies similarly report contrasting effects of temperature 
on eDNA concentrations. In one relevant study, water sampling from 
a freshwater lagoon in winter revealed a strong correlation between 
water temperature and the concentration of common carp eDNA 
(Takahara et al., 2012). Warmer areas of the lagoon had greater con-
centrations of eDNA potentially because the fish were seeking op-
timal water temperatures to maintain their metabolism. In contrast, 
another study of 12 Canadian freshwater lakes found that lake trout 
(Salvelinus namaycush) eDNA concentrations did not vary with tem-
perature; however, the temperatures were all low (<15°C), and it was 
hypothesized conditions were conducive to fish being variably dis-
tributed throughout the water column and thus randomly shedding 
DNA (Lacoursière- Roussel et al., 2016a).

Further, it is important to note that any effects of water tem-
perature likely reflect broader seasonal influences, which can af-
fect both the detection probability and the concentration of eDNA 

present in the environment due to the activity levels of the fish 
(Furlan et al., 2016). For example, Doi et al. (2017) collected water 
samples from Japanese rivers in spring, summer, and autumn and 
measured the eDNA concentration of ayu (Plecoglossus altivelis). The 
relationships between eDNA concentrations and estimated biomass 
of ayu were similar across seasons, likely because the fish did not 
migrate and were highly active. These studies serve to illustrate po-
tential issues with extrapolating the effects of temperature between 
species (even those occupying similar habitats) and underscore the 
need to adequately understand the biology of the focal species and 
the factors affecting their likely distributions.

3.2.3 | Water depth

Although not assessed at the same level of detail as horizontal flow or 
temperature, the eDNA sampling depth can clearly bias estimates of 
fish abundance or biomass, reflecting not only species- specific verti-
cal distributions and habitat preferences, but also the absolute depth 
of the system (Diaz- Ferguson et al., 2014; Eichmiller et al., 2014; 
Hinlo et al., 2017a; Klobucar et al., 2017; Moyer et al., 2014). For 
example, Hinlo et al. (2017a) compared eDNA concentrations from 
Oriental weatherloach (Misgurnus anguillicaudatus) between the sur-
face and subsurface of an Australian river and found few differences, 
although they attributed the homogeneity to the shallow depths of 
the surveyed river and the strong effects of vertical mixing. In con-
trast, findings from lakes have been more variable, with eDNA con-
centrations throughout the water column correlated to stratification 
and/or preferred depth distributions for each species (Eichmiller 
et al., 2014; Klobucar et al., 2017; Moyer et al., 2014). Such effects 
were illustrated by Hänfling et al. (2016) who observed that eDNA 
detection of multiple fish species in UK freshwater lakes reflected 
species- specific depth preferences, with deep- dwelling species like 
Arctic charr (Salvelinus alpinus) only recorded at the deepest sam-
pling points (Hänfling et al., 2016).

A few investigations within the marine environment have also 
identified depth- specific variations in fish eDNA concentrations 
(Murakami et al., 2019; Yamamoto et al., 2016). In particular, despite 
a strong relationship between surface eDNA concentrations and 
acoustic intensity for Japanese jack mackerel, Yamamoto et al. (2016) 
noted surface and bottom water eDNA concentrations were not cor-
related, and bottom samples were frequently at the lower bound of 
eDNA concentration detectability. Considering the observed varia-
tion with horizontal flow, greater focus should be directed toward 
assessing the contributing effects of depth on eDNA concentration.

3.2.4 | Environmental DNA decay

Among the reviewed papers, it was clear that the decay of eDNA 
variably impacts estimates of abundance and biomass (Coulter 
et al., 2019; Jo et al., 2017; Nevers et al., 2018; Sassoubre 
et al., 2016). Decay may be beneficial to some extent by restricting 

F I G U R E  2   The percentage of environmental DNA studies 
completed between 2012 and October 2020 assessing the 
abundance and/or biomass of fish in each study environment
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eDNA concentrations over ecologically relevant scales (Nevers 
et al., 2018; Sassoubre et al., 2016), or detrimental, in cases where 
low production and/or rapid decay could potentially prevent estab-
lishing a relationship with abundance or biomass (Perez et al., 2017).

Decay rate depends on whether the eDNA is intra-  or extracellu-
lar and is potentially influenced by several biotic and abiotic factors, 
including salinity, water temperature, sunlight, pH, microbial activ-
ity, and enzymatic digestion (Andruszkiewicz et al., 2017; Barnes 
& Turner, 2016; Collins et al., 2018; Dejean et al., 2012; Hansen 
et al., 2018; Sassoubre et al., 2016; Schmelzle & Kinziger, 2016). The 
rate of eDNA decay may be faster in marine than freshwater envi-
ronments (Sassoubre et al., 2016). Indeed, Schmelzle and Kinziger 
(2016) reported that for every unit increase in salinity within the ma-
rine environment, eDNA concentrations reduced by 0.07 standard 
deviations from the mean, thus affecting abundance estimates of 
tidewater goby (Eucyclogobius newberryi).

As stated above, water temperature variably affects eDNA 
decay, which appears to depend on the species and the environment. 
At a broader level, there are likely to be seasonal effects, simply be-
cause ultraviolet radiation directly degrades DNA (Lindahl, 1993). 
Nevertheless, studies in aquatic systems suggest that sunlight has a 
limited influence, probably because other confounding effects such 
as depth or pH play much larger roles (Andruszkiewicz et al., 2017; 
Merkes et al., 2014; Strickler et al., 2015). More research under con-
trolled conditions is warranted to assess the influence of sunlight on 
eDNA decay.

3.2.5 | Methods of capturing, extracting, and 
amplifying eDNA

Irrespective of the various factors affecting the concentration 
of eDNA in an aquatic system, subsequently estimating a popula-
tion's abundance or biomass is contingent on the repeatability of 
the eDNA concentration estimate. This estimate is the product of 
the compounding effects of many processes including the substrate 
used (water/sediment) and method of eDNA capture, extraction, 
storage, eDNA primer design and validation, and PCR amplifica-
tion (Baldigo et al., 2017; Eichmiller et al., 2016; Furlan et al., 2016; 
Hinlo et al., 2017b; Jane et al., 2015; Knudsen et al., 2019; Kumar 
et al., 2020; Nathan et al., 2014; Thalinger et al., 2020; Thomsen 
et al., 2016; Yusishen et al., 2020). In the reviewed papers, most stud-
ies used a filtration method (e.g., glass fiber filters, mixed cellulose 
ester filters) to capture eDNA. Only a few studies (predominantly 
in controlled environments) used alternative methods such as cen-
trifugation and precipitation, most likely because the latter methods 
utilize substantially smaller volumes of water and thus may be more 
suited to controlled environments where eDNA concentrations 
can be relatively high (Eichmiller et al., 2016; Erickson et al., 2016; 
Klymus et al., 2015; Maruyama et al., 2014; Piggott, 2016).

Only a few studies have directly compared different eDNA cap-
ture and extraction methods and their effects on abundance or bio-
mass estimates. Lacoursière- Roussel et al. (2016b) found that five 

different filters combined with water temperature could affect the 
strength of the relationship between eDNA concentration and abun-
dance or biomass estimates of brook charr in aquaria. In another 
aquaria experiment, Eichmiller et al. (2016) evaluated the ability of 
three eDNA capture methods and six commercial DNA extraction 
kits to detect and quantify common carp biomass. Their results indi-
cated the choice of capture and extraction methods could affect re-
sults. In contrast, in a study of Macquarie perch in an artificial pond, 
Piggott (2016) tested the effect of three eDNA capture -  (filtration 
and precipitation) -  and extraction methods -  (Qiagen DNeasy Kit 
and phenol– chloroform– isoamyl) -  on simulated biomass estimates 
(dam water spiked into the bore water that supplied the dam). All 
methods produced a strong positive correlation between eDNA con-
centration and biomass. Similarly, Takahashi et al. (2020) observed 
a strong correlation between eDNA concentration quantified from 
open filtration (glass filter) to enclosed filtration (Sterivex) and both 
of these concentrations were correlated with visually estimated bio-
masses of five marine fish— although different extraction methods 
were not assessed. While several studies have assessed the effects 
of filter type on eDNA concentrations, only one study has investi-
gated the impact of dividing a sample among multiple filters (Guivas 
& Brammell, 2020). In that study, using either a single versus three 
filters produced positive correlations with biomass, although multi-
ple filters resulted in a stronger relationship.

For species- specific studies, the vast majority have used qPCR 
to estimate eDNA concentrations with only three studies utilizing 
ddPCR (Capo et al., 2019; Doi et al., 2015; Nathan et al., 2014), pos-
sibly due to the higher relative cost of the latter instrument. Nathan 
et al. (2014) conducted mesocosm experiments to compare the per-
formance of three PCR platforms (PCR, qPCR, and ddPCR) for esti-
mating the concentration of round goby eDNA in the water. There 
was no statistical difference in the estimates of eDNA concentration 
between qPCR and ddPCR. In contrast, mesocosm experiments with 
common carp revealed eDNA concentrations determined by ddPCR 
better estimated absolute abundance and biomass than those deter-
mined by qPCR (Doi et al., 2015). While there are few studies eval-
uating fish eDNA concentrations using different PCR platforms, the 
available data suggest ddPCR has an advantage over qPCR. Three 
reasons for this preference are that it (a) does not require a standard 
curve (which can be compromised by pipetting error); (b) is more ac-
curate for quantifying DNA at low concentrations; and (c) is becom-
ing more cost- effective and thus may be more routinely used in the 
future (Doi et al., 2015; Nathan et al., 2014).

The success of PCR can be affected by the presence of PCR 
inhibitors in the sample that persist through the eDNA extraction 
stage (Akamatsu et al., 2020; Sassoubre et al., 2016). As one relevant 
example, in an experiment quantifying eDNA concentrations down-
stream of caged brook trout in a flowing stream in Massachusetts, 
USA, from midsummer to late autumn, eDNA was consistently de-
tected (Jane et al., 2015). However, the eDNA signal became negli-
gible to absent during autumn (which coincided with an increase in 
leaf litter) unless an inhibitor- reducing extraction method was used 
(Jane et al., 2015). This result implies inhibition can potentially mask 
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high eDNA concentrations, and profoundly affect the detectability 
and interpretation of abundance and/or biomass estimates (Jane 
et al., 2015).

Of the 63 reviewed papers, only 12 used metabarcoding to 
estimate relative abundance and/or biomass. Among these, four 
were carried out in controlled environments (Di Muri et al., 2020; 
Evans et al., 2016; Kelly et al., 2014; Li et al., 2018) and the remain-
der in natural environments (Fraija- Fernandez et al., 2020; Goutte 
et al., 2020; Hanfling et al., 2016; Li et al., 2019; Pont et al., 2018; 
Sard et al., 2019; Stoeckle et al., 2017; Thomsen et al., 2016). Nearly 
all metabarcoding studies (except Fraija- Fernandez et al., 2020) have 
reported positive correlations between eDNA read counts and rel-
ative abundance and/or biomass, supporting its potential utility as a 
cost- effective and accurate relative quantification method beyond 
simply identifying species presence.

The few assessed metabarcoding approaches also appear less 
affected by the filter types or extraction methods. In one study of 
artificial ponds, Li et al. (2018) reported comparable correlations be-
tween eDNA read counts and biomass across six different combi-
nations of filter types (mixed cellulose ester and Sterivex- HV PVDF 
units), pore sizes and extraction methods (DNeasy Blood & Tissue 
Kit, PowerWater Kit and PowerWater Sterivex Kit). A more recent 
metabarcoding study of artificial ponds with known data on abun-
dance and biomass also had consistent read counts from samples 
filtered using mixed cellulose ester and Sterivex filters (Di Muri 
et al., 2020). Nevertheless, an important consideration with me-
tabarcoding is the additional primer- specificity biases that it intro-
duces (Kelly et al., 2014).

3.2.6 | Spatial and temporal scales represented by 
eDNA sampling

It is clear from this review that eDNA concentrations in an aquatic 
environment vary considerably in space and time, which needs to 
be considered when designing a sampling regime to ensure accurate 
estimates of abundance or biomass (Hanfling et al., 2016; Klobucar 
et al., 2017; Salter et al., 2019; Shelton et al., 2019). This caveat was 
illustrated by Takahara et al. (2012) during aquaria trials with com-
mon carp which demonstrated eDNA concentrations peaked on the 
third day after fish were added to the tank before reaching equi-
librium on the sixth day. Ideally, aquaria trials seeking to compare 
eDNA concentrations to abundance or biomass should first deter-
mine the most appropriate time for sampling after fish have been 
introduced into a tank. In natural populations, eDNA distributions 
can be heterogeneous and abiotic mechanisms that remove eDNA, 
such as decay, sedimentation or water flow, can be rapid (Eichmiller 
et al., 2014; Jane et al., 2015; Wilcox et al., 2016).

While there is considerable spatio- temporal variability in the 
movement or dispersal of eDNA (and therefore concentrations) 
within experiments, an important point here is that fishing gear- 
based methods of estimating fish abundance or biomass are con-
strained by single points in space and time (i.e., where and when 

the gear is deployed). The detectability of eDNA across space 
and time might therefore provide relatively more information. In 
support of this statement, Shelton et al. (2019) showed that while 
eDNA and seine nets provided the same quantitative information 
for chinook salmon (Oncorhynchus tshawytscha) in terms of abun-
dance indices reflecting seasonal migrations, the methods were 
less correlated when compared across sites, suggesting each ap-
proach provides different information about a heterogeneously 
distributed species. Indeed, seine nets only catch fish if they are 
present at the target site, whereas DNA is shed into the surround-
ing water where it is mixed and can persist for some time after the 
fish have moved on, but in some cases, may not be correlated with 
abundance. This effect can result in a smoother distribution (in time 
and space) of eDNA versus the presence of the fish themselves 
(Shelton et al., 2019).

4  | CONCLUSIONS AND FUTURE 
DIREC TIONS

It is well established that eDNA can provide valuable information on 
the spatio- temporal distributions of marine and freshwater fish and 
can be used to detect the presence of ETP or invasive species, but 
its utility to quantify the abundance and/or biomass of animals in the 
field has remained equivocal. Clarifying the efficacy of a quantita-
tive eDNA approach and understanding its utility as an ancillary tool 
within conventional stock assessments (incorporating data on biol-
ogy, mortality, recruitment, etc. Quetglas et al., 2017) would be an 
important step toward developing a cost- effective means for moni-
toring regional fisheries of both sessile and migratory species.

In this review, we have critically evaluated whether eDNA con-
centrations (i.e., number of DNA sequences) or read counts as quan-
tified by qPCR, ddPCR or metabarcoding were correlated with the 
absolute or relative abundance or biomass of fish. We accomplished 
this evaluation by sourcing studies from the available literature that 
met select criteria and identified points of congruence. We acknowl-
edge the potential for publication bias, whereby some null results are 
less likely to be presented. Nevertheless, we note the overwhelm-
ingly positive evidence in support of the development of this quan-
titative approach, with 90% of the sourced studies demonstrating 
positive correlations between detectable DNA in the environment 
and abundance/biomass of the focal species. Variation around this 
positive correlation was attributed to key biotic (taxon, life history, 
diet, metabolism, and behavior) and abiotic (water flow, temperature, 
and capture method) factors. Species- specific assays were more fre-
quently used than metabarcoding assays for quantifying eDNA, and 
recent research suggests that the former may be more effective in 
this regard for fish (Bylemans et al., 2019).

Considering the reviewed information, in addition to initial lab-
oratory considerations that include in silico primer development 
and validation using source- voucher tissues, we suggest focus-
ing on understanding the influences of the biotic and abiotic fac-
tors listed above on eDNA concentrations within and among key 
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species to guide the refinement of future efforts. Indeed, to con-
trol for the heterogeneous dispersal of eDNA in the environment, 
we suggest study designs that include sampling replicates across 
multiple spatio- temporal scales. It is especially imperative that fu-
ture studies investigate any potential relationships between eDNA 
concentrations and abundance or biomass in the field to verify the 
technique is appropriate for species of interest.

To account for differences in life history and metabolism, com-
plimentary knowledge of the size and age structures of the focal 
species within a sampling area is important, unless the goal is to ex-
plicitly detect variation in eDNA concentrations through time as a 
proxy for spawning activity or seasonal migrations. However, studies 
should not be initiated without a priori ecological information, un-
less there is a strong incentive to do so (e.g., EPT species). The diet 
and behavior of the focal species may also bias eDNA concentra-
tions in the field, but temporally standardized sampling could help 
to mitigate this problem. Moreover, the effects of abiotic factors 
such as water flow, depth, and temperature can be partially con-
trolled for by collecting detailed knowledge of the hydrodynamics 
of the sampling site, vertical stratification of the focal species and 
historical temperature ranges, in addition to standardizing the time 
of sampling to account for tides and seasonal changes. Hierarchical 
sampling designs will be essential for identifying and partitioning 
spatio- temporal variation in eDNA concentrations, and ensuring 
such variability is accounted for when estimating abundance or 
biomass (Hanfling et al., 2016). Newer modeling- based approaches 
developed in aquatic settings may also compliment such initiatives 
(Chambert et al., 2018).

Irrespective of the approach, the collection method (i.e., type 
and pore size of filter, volume of water processed, and preservation 
method) should be standardized to facilitate comparisons between 
sampling sites and time points, and where possible, between stud-
ies. Based on the accumulated evidence, we therefore recommend 
developing eDNA as a complimentary (nonlethal) tool for assessing 
population abundance and/or biomass across different species of 
fish in both freshwater and marine environments, provided key bi-
otic and abiotic factors are identified, considered, and, where possi-
ble, controlled for. With further development, eDNA may provide an 
effective fishery- independent method for assessing targeted stocks, 
while avoiding many of the potential biases associated with tradi-
tional fishery- dependent methods.

Data Archiving Statement: Data sharing is not applicable to this 
article because no data were created or analyzed outside of those 
summarized in the paper.

ACKNOWLEDG MENTS
This study was funded by the NSW Department of Primary Industries 
and the Fisheries Research and Development Corporation (project 
no. 2019- 016 on behalf of the Australian Government).

CONFLIC T OF INTERE S T
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS
MLR, AMF, JMH, MKB, JDB, and SF conceived and designed the re-
search. MLR, AMF, JMH, MKB, JDB, SF, and JWW performed the 
literature review. MKB produced the figures. MLR, AMF, JMH, MKB, 
JDB, SF, JWW, and EMF wrote and edited the review.

ORCID
Meaghan L. Rourke  https://orcid.org/0000-0003-3709-359X 
Ashley M. Fowler  https://orcid.org/0000-0003-3075-7066 
Julian M. Hughes  https://orcid.org/0000-0002-0884-8386 
Matt K. Broadhurst  https://orcid.org/0000-0003-0184-7249 
Joseph D. DiBattista  https://orcid.org/0000-0002-5696-7574 
Stewart Fielder  https://orcid.org/0000-0002-4519-2769 
Elise M Furlan  https://orcid.org/0000-0002-1642-9819 

R E FE R E N C E S
Akamatsu, Y., Kume, G., Gotou, M., Kono, T., Fujii, T., Inui, R., & Kurita, Y. 

(2020). Using environmental DNA analyses to assess the occurrence 
and abundance of the endangered amphidromous fish Plecoglossus 
altivelis ryukyuensis. Biodiveristy Data Journal, 8, e39679. https://doi.
org/10.3897/BDJ.8.e39679

Andruszkiewicz, E. A., Sassoubre, L. M., & Boehm, A. B. (2017). 
Persistence of marine fish environmental DNA and the influence of 
sunlight. PLoS One, 12(9), e0185043. https://doi.org/10.1371/journ 
al.pone.0185043

Baldigo, B. P., Sporn, L. A., George, S. D., & Ball, J. A. (2017). Efficacy 
of environmental DNA to detect and quantify brook trout popula-
tions in headwater streams of the Adirondack Mountains, New York. 
Transactions of the American Fisheries Society, 146(1), 99– 111. https://
doi.org/10.1080/00028 487.2016.1243578

Barnes, M. A., & Turner, C. R. (2016). The ecology of environmental DNA 
and implications for conservation genetics. Conservation Genetics, 
17(1), 1– 17. https://doi.org/10.1007/s1059 2- 015- 0775- 4

Berry, T. E., Saunders, B. J., Coghlan, M. L., Stat, M., Jarman, S., 
Richardson, A. J., Davies, C. H., Berry, O., Harvey, E. S., & Bunce, 
M. (2019). Marine environmental DNA biomonitoring reveals sea-
sonal patterns in biodiversity and identifies ecosystem responses to 
anomalous climatic events. PLOS Genetics, 15(2), e1007943. https://
doi.org/10.1371/journ al.pgen.1007943

Beverton, R. J., & Holt, S. J. (1957). On the dynamics of exploited fish popu-
lations. : UK Ministry of Agriculture, Fisheries, and Food.

Bracken, F. S. A., Rooney, S. M., Kelly- Quinn, M., King, J. J., & Carlsson, 
J. (2019). Identifying spawning sites and other critical habitat in lotic 
systems using eDNA "snapshots": A case study using the sea lamprey 
Petromyzon marinus L. Ecology and Evolution, 9(1), 553– 567. https://
doi.org/10.1002/ece3.4777

Branch, T. A., Jensen, O. P., Ricard, D., Ye, Y., & Hilborn, R. (2011). 
Contrasting global trends in marine fishery status obtained from 
catches and from stock assessments. Conservation Biology, 25(4), 
777– 786. https://doi.org/10.1111/j.1523- 1739.2011.01687.x

Bylemans, J., Furlan, E. M., Hardy, C. M., McGuffie, P., Lintermans, 
M., & Gleeson, D. M. (2017). An environmental DNA- based 
method for monitoring spawning activity: A case study, using 
the endangered Macquarie perch (Macquaria australasica). 
Methods in Ecology and Evolution, 8(5), 646– 655. https://doi.
org/10.1111/2041- 210X.12709

Bylemans, J., Gleeson, D. M., Duncan, R. P., Hardy, C. M., & Furlan, E. M. 
(2019). A performance evaluation of targeted eDNA and eDNA me-
tabarcoding analyses for freshwater fishes. Environmental DNA, 1(4), 
402– 414. https://doi.org/10.1002/edn3.41

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.185 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-3709-359X
https://orcid.org/0000-0003-3709-359X
https://orcid.org/0000-0003-3075-7066
https://orcid.org/0000-0003-3075-7066
https://orcid.org/0000-0002-0884-8386
https://orcid.org/0000-0002-0884-8386
https://orcid.org/0000-0003-0184-7249
https://orcid.org/0000-0003-0184-7249
https://orcid.org/0000-0002-5696-7574
https://orcid.org/0000-0002-5696-7574
https://orcid.org/0000-0002-4519-2769
https://orcid.org/0000-0002-4519-2769
https://orcid.org/0000-0002-1642-9819
https://orcid.org/0000-0002-1642-9819
https://doi.org/10.3897/BDJ.8.e39679
https://doi.org/10.3897/BDJ.8.e39679
https://doi.org/10.1371/journal.pone.0185043
https://doi.org/10.1371/journal.pone.0185043
https://doi.org/10.1080/00028487.2016.1243578
https://doi.org/10.1080/00028487.2016.1243578
https://doi.org/10.1007/s10592-015-0775-4
https://doi.org/10.1371/journal.pgen.1007943
https://doi.org/10.1371/journal.pgen.1007943
https://doi.org/10.1002/ece3.4777
https://doi.org/10.1002/ece3.4777
https://doi.org/10.1111/j.1523-1739.2011.01687.x
https://doi.org/10.1111/2041-210X.12709
https://doi.org/10.1111/2041-210X.12709
https://doi.org/10.1002/edn3.41


     |  29ROURKE Et al.

Capo, E., Spong, G., Königsson, H., & Byström, P. (2020). Effects of fil-
tration methods and water volume on the quantification of brown 
trout (Salmo trutta) and Arctic char (Salvelinus alpinus) eDNA concen-
trations via droplet digital PCR. Environmental DNA, 2(2), 152– 160. 
https://doi.org/10.1002/edn3.52

Capo, E., Spong, G., Norman, S., Konigsson, H., Bartels, P., & Bystrom, 
P. (2019). Droplet digital PCR assays for the quantification of brown 
trout (Salmo trutta) and Arctic char (Salvelinus alpinus) from environ-
mental DNA collected in the water of mountain lakes. PLoS One, 
14(12), e0226638. https://doi.org/10.1371/journ al.pone.0226638

Chabot, D., Steffensen, J. F., & Farrell, A. P. (2016). The determination of 
standard metabolic rate in fishes. Journal of Fish Biology, 88(1), 81– 
121. https://doi.org/10.1111/jfb.12845

Chambert, T., Pilliod, D. S., Goldberg, C. S., Doi, H., & Takahara, T. (2018). 
An analytical framework for estimating aquatic species density from 
environmental DNA. Ecology and Evolution, 8(6), 3468– 3477. https://
doi.org/10.1002/ece3.3764

Chittleborough, R., & Phillips, B. (1975). Fluctuations of year- class 
strength and recruitment in the western rock lobster Panulirus lon-
gipes (Milne- Edwards). Marine and Freshwater Research, 26(3), 317– 
328. https://doi.org/10.1071/MF975 0317

Collins, R. A., Wangensteen, O. S., O’Gorman, E. J., Mariani, S., Sims, 
D. W., & Genner, M. J. (2018). Persistence of environmental DNA 
in marine systems. Communications Biology, 1(1), 185. https://doi.
org/10.1038/s4200 3- 018- 0192- 6

Coulter, A. A., Keller, D., Amberg, J. J., Bailey, E. J., & Goforth, R. R. 
(2013). Phenotypic plasticity in the spawning traits of bigheaded 
carp (Hypophthalmichthys spp.) in novel ecosystems. Freshwater 
Biology, 58(5), 1029– 1037. https://doi.org/10.1111/fwb.12106

Coulter, D. P., Wang, P., Coulter, A. A., Van Susteren, G. E., Eichmiller, 
J. J., Garvey, J. E., & Sorensen, P. W. (2019). Nonlinear relationship 
between Silver Carp density and their eDNA concentration in a large 
river. PLoS One, 14(6), e0218823. https://doi.org/10.1371/journ 
al.pone.0218823

Cristescu, M. E., & Hebert, P. D. N. (2018). Uses and misuses of environ-
mental DNA in biodiversity science and conservation. Annual Review 
of Ecology, Evolution, and Systematics, 49(1), 209– 230. https://doi.
org/10.1146/annur ev- ecols ys- 11061 7- 062306

Deiner, K., Bik, H. M., Mächler, E., Seymour, M., Lacoursière- Roussel, A., 
Altermatt, F., Creer, S., Bista, I., Lodge, D. M., de Vere, N., Pfrender, 
M. E., & Bernatchez, L. (2017). Environmental DNA metabarcod-
ing: Transforming how we survey animal and plant communities. 
Molecular Ecology, 26(21), 5872– 5895. https://doi.org/10.1111/
mec.14350

Dejean, T., Valentini, A., Duparc, A., Pellier- Cuit, S., Pompanon, F., 
Taberlet, P., & Miaud, C. (2012). Persistence of environmental DNA 
in freshwater ecosystems. PLoS One, 6(8), e23398. https://doi.
org/10.1371/journ al.pone.0023398

Dennis, D., Plagányi, É., Van Putten, I., Hutton, T., & Pascoe, S. (2015). 
Cost benefit of fishery- independent surveys: Are they worth the 
money? Marine Policy, 58, 108– 115. https://doi.org/10.1016/j.
marpol.2015.04.016

Deutschmann, B., Mueller, A.- K., Hollert, H., & Brinkmann, M. (2019). 
Assessing the fate of brown trout (Salmo trutta) environmental 
DNA in a natural stream using a sensitive and specific dual- labelled 
probe. Science of the Total Environment, 655, 321– 327. https://doi.
org/10.1016/j.scito tenv.2018.11.247

Di Muri, C., Handley, L. L., Bean, C. W., Li, J., Peirson, G., Sellers, G. S., 
Walsh, K., Watson, H. V., Winfield, I. J., & Hänfling, B. (2020). Read 
counts from environmental DNA (eDNA) metabarcoding reflect 
fish abundance and biomass in drained ponds. bioRxiv. https://doi.
org/10.1101/2020.07.29.226845

Diaz- Ferguson, E., Herod, J., Galvez, J., & Moyer, G. (2014). Development 
of molecular markers for eDNA detection of the invasive African 
jewelfish (Hemichromis letourneuxi): A new tool for monitoring 

aquatic invasive species in National Wildlife Refuges. Management 
of Biological Invasions, 5(2), 121– 131. https://doi.org/10.3391/
mbi.2014.5.2.05

Doi, H., Inui, R., Akamatsu, Y., Kanno, K., Yamanaka, H., Takahara, T., & 
Minamoto, T. (2017). Environmental DNA analysis for estimating the 
abundance and biomass of stream fish. Freshwater Biology, 62(1), 30– 
39. https://doi.org/10.1111/fwb.12846

Doi, H., Uchii, K., Takahara, T., Matsuhashi, S., Yamanaka, H., & Minamoto, 
T. (2015). Use of droplet digital PCR for estimation of fish abun-
dance and biomass in environmental DNA surveys. PLoS One, 10(3), 
e0122763. https://doi.org/10.1371/journ al.pone.0122763

Doubleday, W. G., & Rivard, D. (1983). Sampling commercial catches 
of marine fish and invertebrates. Canadian Journal of Fisheries and 
Aquatic Sciences (Special Publication), 66, 209.

Dysthe, J. C., Carim, K. J., Paroz, Y. M., McKelvey, K. S., Young, M. K., 
& Schwartz, M. K. (2016). Quantitative PCR assays for detecting 
Loach Minnow (Rhinichthys cobitis) and Spikedace (Meda fulgida) in 
the Southwestern United States. PLoS One, 11(9), e0162200. https://
doi.org/10.1371/journ al.pone.0162200

Eichmiller, J. J., Bajer, P. G., & Sorensen, P. W. (2014). The Relationship be-
tween the distribution of common carp and their environmental DNA 
in a small lake. PLoS One, 9(11), e112611. https://doi.org/10.1371/
journ al.pone.0112611

Eichmiller, J. J., Miller, L. M., & Sorensen, P. W. (2016). Optimizing tech-
niques to capture and extract environmental DNA for detection and 
quantification of fish. Molecular Ecology Resources, 16(1), 56– 68. 
https://doi.org/10.1111/1755- 0998.12421

Erickson, R. A., Rees, C. B., Coulter, A. A., Merkes, C. M., McCalla, S. G., 
Touzinsky, K. F., Walleser, L., Goforth, R. R., & Amberg, J. J. (2016). 
Detecting the movement and spawning activity of bigheaded carps 
with environmental DNA. Molecular Ecology Resources, 16(4), 957– 
965. https://doi.org/10.1111/1755- 0998.12533

Evans, N. T., & Lamberti, G. A. (2018). Freshwater fisheries assessment 
using environmental DNA: A primer on the method, its potential, and 
shortcomings as a conservation tool. Fisheries Research, 197, 60– 66. 
https://doi.org/10.1016/j.fishr es.2017.09.013

Evans, N. T., Olds, B. P., Renshaw, M. A., Turner, C. R., Li, Y., Jerde, C. L., 
Mahon, A. R., Pfrender, M. E., Lamberti, G. A., & Lodge, D. M. (2016). 
Quantification of mesocosm fish and amphibian species diversity via 
environmental DNA metabarcoding. Molecular Ecology Resources, 
16(1), 29– 41. https://doi.org/10.1111/1755- 0998.12433

FAO. (2018). The state of world fisheries and aquaculture 2018.
Farrington, H. L., Edwards, C. E., Guan, X., Carr, M. R., Baerwaldt, K., 

& Lance, R. F. (2015). Mitochondrial genome sequencing and de-
velopment of genetic markers for the detection of DNA of invasive 
bighead and Silver Carp (Hypophthalmichthys nobilis and H. molitrix) 
in environmental water samples from the United States. PLoS One, 
10(2), e0117803. https://doi.org/10.1371/journ al.pone.0117803

Ficetola, G. F., Miaud, C., Pompanon, F., & Taberlet, P. (2008). Species 
detection using environmental DNA from water samples. Biology 
Letters, 4, 423– 425.

Fraija- Fernandez, N., Bouquieaux, M.- C., Rey, A., Mendibil, I., Cotano, 
U., Irigoien, X., Santos, M., & Rodriguez- Ezpeleta, N. (2020). Marine 
water environmental DNA metabarcoding provides a comprehen-
sive fish diversity assessment and reveals spatial patterns in a large 
oceanic area. Ecology and Evolution, 10(14), 7560– 7584. https://doi.
org/10.1002/ece3.6482

Fukaya, K., Murakami, H., Yoon, S., Minami, K., Osada, Y., Yamamoto, 
S., Masuda, R., Kasai, A., Miyashita, K., Minamoto, T., & Kondoh, M. 
(2020). Estimating fish population abundance by integrating quan-
titative data on environmental DNA and hydrodynamic modelling. 
Molecular Ecology, 00, 1– 11. https://doi.org/10.1111/mec.15530

Furlan, E. M., & Gleeson, D. (2016a). Environmental DNA detection of 
redfin perch, Perca fluviatilis. Conservation Genetics Resources, 8(2), 
115– 118. https://doi.org/10.1007/s1268 6- 016- 0523- 1

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.185 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/edn3.52
https://doi.org/10.1371/journal.pone.0226638
https://doi.org/10.1111/jfb.12845
https://doi.org/10.1002/ece3.3764
https://doi.org/10.1002/ece3.3764
https://doi.org/10.1071/MF9750317
https://doi.org/10.1038/s42003-018-0192-6
https://doi.org/10.1038/s42003-018-0192-6
https://doi.org/10.1111/fwb.12106
https://doi.org/10.1371/journal.pone.0218823
https://doi.org/10.1371/journal.pone.0218823
https://doi.org/10.1146/annurev-ecolsys-110617-062306
https://doi.org/10.1146/annurev-ecolsys-110617-062306
https://doi.org/10.1111/mec.14350
https://doi.org/10.1111/mec.14350
https://doi.org/10.1371/journal.pone.0023398
https://doi.org/10.1371/journal.pone.0023398
https://doi.org/10.1016/j.marpol.2015.04.016
https://doi.org/10.1016/j.marpol.2015.04.016
https://doi.org/10.1016/j.scitotenv.2018.11.247
https://doi.org/10.1016/j.scitotenv.2018.11.247
https://doi.org/10.1101/2020.07.29.226845
https://doi.org/10.1101/2020.07.29.226845
https://doi.org/10.3391/mbi.2014.5.2.05
https://doi.org/10.3391/mbi.2014.5.2.05
https://doi.org/10.1111/fwb.12846
https://doi.org/10.1371/journal.pone.0122763
https://doi.org/10.1371/journal.pone.0162200
https://doi.org/10.1371/journal.pone.0162200
https://doi.org/10.1371/journal.pone.0112611
https://doi.org/10.1371/journal.pone.0112611
https://doi.org/10.1111/1755-0998.12421
https://doi.org/10.1111/1755-0998.12533
https://doi.org/10.1016/j.fishres.2017.09.013
https://doi.org/10.1111/1755-0998.12433
https://doi.org/10.1371/journal.pone.0117803
https://doi.org/10.1002/ece3.6482
https://doi.org/10.1002/ece3.6482
https://doi.org/10.1111/mec.15530
https://doi.org/10.1007/s12686-016-0523-1


30  |     ROURKE Et al.

Furlan, E. M., & Gleeson, D. (2016b). Improving reliability in environmen-
tal DNA detection surveys through enhanced quality control. Marine 
and Freshwater Research, 68(2), 388– 395. https://doi.org/10.1071/
MF15349

Furlan, E. M., Gleeson, D., Hardy, C. M., & Duncan, R. P. (2016). A frame-
work for estimating the sensitivity of eDNA surveys. Molecular Ecology 
Resources, 16(3), 641– 654. https://doi.org/10.1111/1755- 0998.12483

Ghosal, R., Eichmiller, J. J., Witthuhn, B. A., & Sorensen, P. W. (2018). 
Attracting Common Carp to a bait site with food reveals strong 
positive relationships between fish density, feeding activity, envi-
ronmental DNA, and sex pheromone release that could be used in 
invasive fish management. Ecology and Evolution, 8(13), 6714– 6727. 
https://doi.org/10.1002/ece3.4169

Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M., & Charnov, E. L. 
(2001). Effects of size and temperature on metabolic rate. Science, 
293(5538), 2248– 2251. https://doi.org/10.1126/scien ce.1061967

Gingera, T. D., Steeves, T. B., Boguski, D. A., Whyard, S., Li, W., & Docker, 
M. F. (2016). Detection and identification of lampreys in Great Lakes 
streams using environmental DNA. Journal of Great Lakes Research, 
42(3), 649– 659. https://doi.org/10.1016/j.jglr.2016.02.017

Goldberg, C. S., Sepulveda, A., Ray, A., Baumgardt, J., & Waits, L. P. 
(2013). Environmental DNA as a new method for early detection 
of New Zealand mudsnails (Potamopyrgus antipodarum). Freshwater 
Science, 32(3), 792– 800. https://doi.org/10.1899/13- 046.1

Goutte, A., Molbert, N., Guerin, S., Richoux, R., & Rocher, V. (2020). 
Monitoring freshwater fish communities in large rivers using envi-
ronmental DNA metabarcoding and a long- term electrofishing sur-
vey. Journal of Fish Biology, 97(2), 444– 452. https://doi.org/10.1111/
jfb.14383

Gray, C. A., & Kennelly, S. J. (2017). Evaluation of observer-  and 
industry- based catch data in a recreational charter fishery. Fisheries 
Management and Ecology, 24(2), 126– 138. https://doi.org/10.1111/
fme.12210

Gray, C. A., & Kennelly, S. J. (2018). Bycatches of endangered, threat-
ened and protected species in marine fisheries. Reviews in Fish 
Biology and Fisheries, 28(3), 521– 541. https://doi.org/10.1007/s1116 
0- 018- 9520- 7

Guivas, R. A., & Brammell, B. F. (2020). Use of environmental DNA to de-
termine Fantail Darter (Etheostoma flabellare) density in a laboratory 
setting: Effects of biomass and filtration method. International Journal 
of Zoology, 2020, 4731686. https://doi.org/10.1155/2020/4731686

Gustavson, M. S., Collins, P. C., Finarelli, J. A., Egan, D., Conchúir, R. Ó., 
Wightman, G. D., King, J. J., Gauthier, D. T., Whelan, K., Carlsson, J. E. 
L., & Carlsson, J. (2015). An eDNA assay for Irish Petromyzon marinus 
and Salmo trutta and field validation in running water. Journal of Fish 
Biology, 87(5), 1254– 1262. https://doi.org/10.1111/jfb.12781

Hanfling, B., Handley, L. L., Read, D. S., Hahn, C., Li, J., Nichols, P., 
Blackman, R. C., Oliver, A., & Winfield, I. J. (2016). Environmental 
DNA metabarcoding of lake fish communities reflects long- term data 
from established survey methods. Molecular Ecology, 25(13), 3101– 
3119. https://doi.org/10.1111/mec.13660

Hänfling, B., Handley, L. L., Read, D. S., Hahn, C., Li, J., Nichols, P., 
Blackman, R. C., Oliver, A., & Winfield, I. J. (2016). Environmental 
DNA metabarcoding of lake fish communities reflects long- term data 
from established survey methods. Molecular Ecology, 25(13), 3101– 
3119. https://doi.org/10.1111/mec.13660

Hansen, B. K., Bekkevold, D., Clausen, L. W., & Nielsen, E. E. (2018). The 
sceptical optimist: Challenges and perspectives for the application 
of environmental DNA in marine fisheries. Fish and Fisheries, 19(5), 
751– 768. https://doi.org/10.1111/faf.12286

Harrison, J. B., Sunday, J. M., & Rogers, S. M. (2019). Predicting the fate 
of eDNA in the environment and implications for studying biodi-
versity. Proceedings of the Royal Society B. https://doi.org/10.1098/
rspb.2019.1409

Hilborn, R., & Walters, C. J. (1992). Quantitative fisheries stock assessment: 
Choice, dynamics and uncertainty. Chapman & Hall.

Hinlo, R., Furlan, E., Suitor, L., & Gleeson, D. (2017a). Environmental DNA 
monitoring and management of invasive fish: Comparison of eDNA 
and fyke netting. Management of Biological Invasions, 8(1), 89– 100. 
https://doi.org/10.3391/mbi.2017.8.1.09

Hinlo, R., Gleeson, D., Lintermans, M., & Furlan, E. (2017b). Methods 
to maximise recovery of environmental DNA from water sam-
ples. PLoS One, 12(6), e0179251. https://doi.org/10.1371/journ 
al.pone.0179251

Hinlo, R., Lintermans, M., Gleeson, D., Broadhurst, B., & Furlan, E. (2018). 
Performance of eDNA assays to detect and quantify an elusive ben-
thic fish in upland streams. Biological Invasions, 20(11), 3079– 3093. 
https://doi.org/10.1007/s1053 0- 018- 1760- x

Horiuchi, T., Masuda, R., Murakami, H., Yamamoto, S., & Minamoto, T. 
(2019). Biomass- dependent emission of environmental DNA in jack 
mackerel Trachurus japonicus juveniles. Journal of Fish Biology, 95(3), 
979– 981. https://doi.org/10.1111/jfb.14095

Itakura, H., Wakiya, R., Sakata, M. K., Hsu, H.- Y., Chen, S.- C., Yang, C.- 
C., Huang, Y.- C., Han, Y.- S., Yamamoto, S., & Minamoto, T. (2020). 
Estimations of riverine distribution, abundance, and biomass of 
Anguillid Eels in Japan and Taiwan using environmental DNA analysis. 
Zoological Studies, 59, e17. https://doi.org/10.6620/zs.2020.59- 17

Itakura, H., Wakiya, R., Yamamoto, S., Kaifu, K., Sato, T., & Minamoto, T. 
(2019). Environmental DNA analysis reveals the spatial distribution, 
abundance, and biomass of Japanese eels at the river- basin scale. 
Aquatic Conservation: Marine and Freshwater Ecosystems, 29(3), 361– 
373. https://doi.org/10.1002/aqc.3058

Jane, S. F., Wilcox, T. M., McKelvey, K. S., Young, M. K., Schwartz, M. 
K., Lowe, W. H., Letcher, B. H., & Whiteley, A. R. (2015). Distance, 
flow and PCR inhibition: eDNA dynamics in two headwater 
streams. Molecular Ecology Resources, 15(1), 216– 227. https://doi.
org/10.1111/1755- 0998.12285

Jerde, C. L. (2019). Can we manage fisheries with the inherent un-
certainty from eDNA? Journal of Fish Biology, 1– 13. https://doi.
org/10.1111/jfb.14218

Jo, T., Murakami, H., Masuda, R., Sakata, M. K., Yamamoto, S., & 
Minamoto, T. (2017). Rapid degradation of longer DNA fragments 
enables the improved estimation of distribution and biomass using 
environmental DNA. Molecular Ecology Resources, 17(6), e25– e33. 
https://doi.org/10.1111/1755- 0998.12685

Kamoroff, C., & Goldberg, C. S. (2018). Environmental DNA quantifica-
tion in a spatial and temporal context: A case study examining the 
removal of brook trout from a high alpine basin. Limnology, 19(3), 
335– 342. https://doi.org/10.1007/s1020 1- 018- 0551- 5

Kelly, R. P., Port, J. A., Yamahara, K. M., & Crowder, L. B. (2014). 
Using environmental DNA to census marine fishes in a large me-
socosm. PLoS One, 9(1), e86175. https://doi.org/10.1371/journ 
al.pone.0086175

Klobucar, S. L., Rodgers, T. W., & Budy, P. (2017). At the forefront: 
Evidence of the applicability of using environmental DNA to quan-
tify the abundance of fish populations in natural lentic waters with 
additional sampling considerations. Canadian Journal of Fisheries and 
Aquatic Sciences, 74(12), 2030– 2034. https://doi.org/10.1139/cjfas 
- 2017- 0114

Klymus, K. E., Richter, C. A., Chapman, D. C., & Paukert, C. (2015). 
Quantification of eDNA shedding rates from invasive bighead carp 
Hypophthalmichthys nobilis and silver carp Hypophthalmichthys mo-
litrix. Biological Conservation, 183, 77– 84. https://doi.org/10.1016/j.
biocon.2014.11.020

Knudsen, S. W., Ebert, R. B., Hesselsøe, M., Kuntke, F., Hassingboe, J., 
Mortensen, P. B., Thomsen, P. F., Sigsgaard, E. E., Hansen, B. K., 
Nielsen, E. E., & Møller, P. R. (2019). Species- specific detection and 
quantification of environmental DNA from marine fishes in the Baltic 

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.185 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1071/MF15349
https://doi.org/10.1071/MF15349
https://doi.org/10.1111/1755-0998.12483
https://doi.org/10.1002/ece3.4169
https://doi.org/10.1126/science.1061967
https://doi.org/10.1016/j.jglr.2016.02.017
https://doi.org/10.1899/13-046.1
https://doi.org/10.1111/jfb.14383
https://doi.org/10.1111/jfb.14383
https://doi.org/10.1111/fme.12210
https://doi.org/10.1111/fme.12210
https://doi.org/10.1007/s11160-018-9520-7
https://doi.org/10.1007/s11160-018-9520-7
https://doi.org/10.1155/2020/4731686
https://doi.org/10.1111/jfb.12781
https://doi.org/10.1111/mec.13660
https://doi.org/10.1111/mec.13660
https://doi.org/10.1111/faf.12286
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.3391/mbi.2017.8.1.09
https://doi.org/10.1371/journal.pone.0179251
https://doi.org/10.1371/journal.pone.0179251
https://doi.org/10.1007/s10530-018-1760-x
https://doi.org/10.1111/jfb.14095
https://doi.org/10.6620/zs.2020.59-17
https://doi.org/10.1002/aqc.3058
https://doi.org/10.1111/1755-0998.12285
https://doi.org/10.1111/1755-0998.12285
https://doi.org/10.1111/jfb.14218
https://doi.org/10.1111/jfb.14218
https://doi.org/10.1111/1755-0998.12685
https://doi.org/10.1007/s10201-018-0551-5
https://doi.org/10.1371/journal.pone.0086175
https://doi.org/10.1371/journal.pone.0086175
https://doi.org/10.1139/cjfas-2017-0114
https://doi.org/10.1139/cjfas-2017-0114
https://doi.org/10.1016/j.biocon.2014.11.020
https://doi.org/10.1016/j.biocon.2014.11.020


     |  31ROURKE Et al.

Sea. Journal of Experimental Marine Biology and Ecology, 510, 31– 45. 
https://doi.org/10.1016/j.jembe.2018.09.004

Kumar, G., Eble, J. E., & Gaither, M. R. (2020). A practical guide to sam-
ple preservation and pre- PCR processing of aquatic environmen-
tal DNA. Molecular Ecology Resources, 20(1), 29– 39. https://doi.
org/10.1111/1755- 0998.13107

Lacoursière- Roussel, A., Côté, G., Leclerc, V., & Bernatchez, L. (2016a). 
Quantifying relative fish abundance with eDNA: A promising tool for 
fisheries management. Journal of Applied Ecology, 53(4), 1148– 1157. 
https://doi.org/10.1111/1365- 2664.12598

Lacoursière- Roussel, A., Rosabal, M., & Bernatchez, L. (2016b). 
Estimating fish abundance and biomass from eDNA concentra-
tions: Variability among capture methods and environmental con-
ditions. Molecular Ecology Resources, 16(6), 1401– 1414. https://doi.
org/10.1111/1755- 0998.12522

Laporte, M., Bougas, B., Côté, G., Champoux, O., Paradis, Y., Morin, J., 
& Bernatchez, L. (2020). Caged fish experiment and hydrodynamic 
bidimensional modeling highlight the importance to consider 2D dis-
persion in fluvial environmental DNA studies. Environmental DNA, 2, 
1– 11. https://doi.org/10.1002/edn3.88

Levi, T., Allen, J. M., Bell, D., Joyce, J., Russell, J. R., Tallmon, D. A., Vulstek, S. 
C., Yang, C., & Yu, D. W. (2019). Environmental DNA for the enumera-
tion and management of Pacific salmon. Molecular Ecology Resources, 
19(3), 597– 608. https://doi.org/10.1111/1755- 0998.12987

Lewison, R. L., Crowder, L. B., Read, A. J., & Freeman, S. A. (2004). 
Understanding impacts of fisheries bycatch on marine mega-
fauna. Trends in Ecology & Evolution, 19(11), 598– 604. https://doi.
org/10.1016/j.tree.2004.09.004

Li, J., Hatton- Ellis, T. W., Handley, L.- J.- L., Kimbell, H. S., Benucci, M., 
Peirson, G., & Hanfling, B. (2019). Ground- truthing of a fish- based 
environmental DNA metabarcoding method for assessing the qual-
ity of lakes. Journal of Applied Ecology, 56(5), 1232– 1244. https://doi.
org/10.1111/1365- 2664.13352

Li, J., Lawson Handley, L.- J., Read, D. S., & Hanfling, B. (2018). The effect 
of filtration method on the efficiency of environmental DNA capture 
and quantification via metabarcoding. Molecular Ecology Resources, 
18(5), 1102– 1114. https://doi.org/10.1111/1755- 0998.12899

Lindahl, T. (1993). Instability and decay of the primary structure of DNA. 
Nature, 362(6422), 709– 715. https://doi.org/10.1038/362709a0

Lugg, W. H., Griffiths, J., van Rooyen, A. R., Weeks, A. R., & Tingley, R. 
(2018). Optimal survey designs for environmental DNA sampling. 
Methods in Ecology and Evolution, 9(4), 1049– 1059. https://doi.
org/10.1111/2041- 210x.12951

Lyon, J. P., Bird, T., Nicol, S., Kearns, J., O’Mahony, J., Todd, C. R., Cowx, I. 
G., & Bradshaw, C. J. A. (2014). Efficiency of electrofishing in turbid 
lowland rivers: Implications for measuring temporal change in fish 
populations. Canadian Journal of Fisheries and Aquatic Sciences, 71(6), 
878– 886. https://doi.org/10.1139/cjfas - 2013- 0287

Mace, G. M., Balmford, A., Boitani, L., Cowlishaw, G., Dobson, A. P., Faith, 
D. P., Gaston, K. J., Humphries, C. J., Vane- Wright, R. I., Williams, 
P. H., Lawton, J. H., Margules, C. R., May, R. M., Nicholls, A. O., 
Possingham, H. P., Rahbek, C., & van Jaarsveld, A. S. (2000). It's 
time to work together and stop duplicating conservation efforts …. 
Nature, 405(6785), 393. https://doi.org/10.1038/35013247

Maruyama, A., Nakamura, K., Yamanaka, H., Kondoh, M., & Minamoto, 
T. (2014). The release rate of environmental DNA from juvenile and 
adult fish. PLoS One, 9(12), e114639. https://doi.org/10.1371/journ 
al.pone.0114639

Maruyama, A., Sugatani, K., Watanabe, K., Yamanaka, H., & Imamura, A. 
(2018). Environmental DNA analysis as a non- invasive quantitative 
tool for reproductive migration of a threatened endemic fish in rivers. 
Ecology and Evolution, 8(23), 11964– 11974. https://doi.org/10.1002/
ece3.4653

McInerney, P. J., & Rees, G. N. (2018). More (or less?) bounce for the 
ounce: A comparison of environmental DNA and classical approaches 

for bioassessment. Marine and Freshwater Research, 69(6), 992– 996. 
https://doi.org/10.1071/MF17250

Merkes, C. M., McCalla, S. G., Jensen, N. R., Gaikowski, M. P., & Amberg, 
J. J. (2014). Persistence of DNA in carcasses, slime and avian feces 
may affect interpretation of environmental DNA data. PLoS One, 
9(11), e113346. https://doi.org/10.1371/journ al.pone.0113346

Minamoto, T., Uchii, K., Takahara, T., Kitayoshi, T., Tsuji, S., Yamanaka, 
H., & Doi, H. (2017). Nuclear internal transcribed spacer- 1 as a sensi-
tive genetic marker for environmental DNA studies in common carp 
Cyprinus carpio. Molecular Ecology Resources, 17(2), 324– 333. https://
doi.org/10.1111/1755- 0998.12586

Mizumoto, H., Urabe, H., Kanbe, T., Fukushima, M., & Araki, H. (2018). 
Establishing an environmental DNA method to detect and estimate 
the biomass of Sakhalin taimen, a critically endangered Asian sal-
monid. Limnology, 19(2), 219– 227. https://doi.org/10.1007/s1020 
1- 017- 0535- x

Moyer, G. R., Díaz- Ferguson, E., Hill, J. E., & Shea, C. (2014). Assessing 
environmental DNA detection in controlled lentic systems. PLoS One, 
9(7), e103767. https://doi.org/10.1371/journ al.pone.0103767

Murakami, H., Yoon, S., Kasai, A., Minamoto, T., Yamamoto, S., Sakata, 
M. K., Horiuchi, T., Sawada, H., Kondoh, M., Yamashita, Y., & Masuda, 
R. (2019). Dispersion and degradation of environmental DNA from 
caged fish in a marine environment. Fisheries Science, 85(2), 327– 337. 
https://doi.org/10.1007/s1256 2- 018- 1282- 6

Nathan, L. M., Simmons, M., Wegleitner, B. J., Jerde, C. L., & Mahon, A. R. 
(2014). Quantifying environmental DNA signals for aquatic invasive 
species across multiple detection platforms. Environmental Science & 
Technology, 48(21), 12800– 12806. https://doi.org/10.1021/es503 
4052

Nathan, L. R., Jerde, C. L., Budny, M. L., & Mahon, A. R. (2015). The use 
of environmental DNA in invasive species surveillance of the Great 
Lakes commercial bait trade. Conservation Biology, 29(2), 430– 439. 
https://doi.org/10.1111/cobi.12381

Nevers, M. B., Byappanahalli, M. N., Morris, C. C., Shively, D., Przybyla- 
Kelly, K., Spoljaric, A. M., Dickey, J., & Roseman, E. F. (2018). 
Environmental DNA (eDNA): A tool for quantifying the abundant 
but elusive round goby (Neogobius melanostomus). PLoS One, 13(1), 
e0191720. https://doi.org/10.1371/journ al.pone.0191720

Ospina- Álvarez, A., Bernal, M., Catalán, I. A., Roos, D., Bigot, J.- L., & 
Palomera, I. (2013). Modeling fish egg production and spatial distri-
bution from acoustic data: A step forward into the analysis of re-
cruitment. PLoS One, 8(9), e73687. https://doi.org/10.1371/journ 
al.pone.0073687

Pauly, D., & Zeller, D. (2017). Comments on FAOs state of world fisheries 
and aquaculture (SOFIA 2016). Marine Policy, 77, 176– 181. https://
doi.org/10.1016/j.marpol.2017.01.006

Perez, C. R., Bonar, S. A., Amberg, J. J., Ladell, B., Rees, C., Stewart, 
W. T., Gill, C. J., Cantrell, C., & Robinson, A. T. (2017). Comparison 
of American Fisheries Society (AFS) standard fish sampling tech-
niques and environmental DNA for characterizing fish commu-
nities in a large reservoir. North American Journal of Fisheries 
Management, 37(5), 1010– 1027. https://doi.org/10.1080/02755 
947.2017.1342721

Person- Le Ruyet, J., Mahé, K., Le Bayon, N., & Le Delliou, H. 
(2004). Effects of temperature on growth and metabolism in a 
Mediterranean population of European sea bass, Dicentrarchus 
labrax. Aquaculture, 237(1), 269– 280. https://doi.org/10.1016/j.
aquac ulture.2004.04.021

Piggott, M. P. (2016). Evaluating the effects of laboratory protocols 
on eDNA detection probability for an endangered freshwater fish. 
Ecology and Evolution, 6, 2739– 2750. https://doi.org/10.1002/
ece3.2083

Pilliod, D. S., Goldberg, C. S., Arkle, R. S., & Waits, L. P. (2013). Estimating 
occupancy and abundance of stream amphibians using environmen-
tal DNA from filtered water samples. Canadian Journal of Fisheries 

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.185 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jembe.2018.09.004
https://doi.org/10.1111/1755-0998.13107
https://doi.org/10.1111/1755-0998.13107
https://doi.org/10.1111/1365-2664.12598
https://doi.org/10.1111/1755-0998.12522
https://doi.org/10.1111/1755-0998.12522
https://doi.org/10.1002/edn3.88
https://doi.org/10.1111/1755-0998.12987
https://doi.org/10.1016/j.tree.2004.09.004
https://doi.org/10.1016/j.tree.2004.09.004
https://doi.org/10.1111/1365-2664.13352
https://doi.org/10.1111/1365-2664.13352
https://doi.org/10.1111/1755-0998.12899
https://doi.org/10.1038/362709a0
https://doi.org/10.1111/2041-210x.12951
https://doi.org/10.1111/2041-210x.12951
https://doi.org/10.1139/cjfas-2013-0287
https://doi.org/10.1038/35013247
https://doi.org/10.1371/journal.pone.0114639
https://doi.org/10.1371/journal.pone.0114639
https://doi.org/10.1002/ece3.4653
https://doi.org/10.1002/ece3.4653
https://doi.org/10.1071/MF17250
https://doi.org/10.1371/journal.pone.0113346
https://doi.org/10.1111/1755-0998.12586
https://doi.org/10.1111/1755-0998.12586
https://doi.org/10.1007/s10201-017-0535-x
https://doi.org/10.1007/s10201-017-0535-x
https://doi.org/10.1371/journal.pone.0103767
https://doi.org/10.1007/s12562-018-1282-6
https://doi.org/10.1021/es5034052
https://doi.org/10.1021/es5034052
https://doi.org/10.1111/cobi.12381
https://doi.org/10.1371/journal.pone.0191720
https://doi.org/10.1371/journal.pone.0073687
https://doi.org/10.1371/journal.pone.0073687
https://doi.org/10.1016/j.marpol.2017.01.006
https://doi.org/10.1016/j.marpol.2017.01.006
https://doi.org/10.1080/02755947.2017.1342721
https://doi.org/10.1080/02755947.2017.1342721
https://doi.org/10.1016/j.aquaculture.2004.04.021
https://doi.org/10.1016/j.aquaculture.2004.04.021
https://doi.org/10.1002/ece3.2083
https://doi.org/10.1002/ece3.2083


32  |     ROURKE Et al.

and Aquatic Sciences, 70(8), 1123– 1130. https://doi.org/10.1139/
cjfas - 2013- 0047

Plough, L. V., Ogburn, M. B., Fitzgerald, C. L., Geranio, R., Marafino, G. A., 
& Richie, K. D. (2018). Environmental DNA analysis of river herring 
in Chesapeake Bay: A powerful tool for monitoring threatened key-
stone species. PLoS One, 13(11), e0205578. https://doi.org/10.1371/
journ al.pone.0205578

Pochardt, M., Allen, J. M., Hart, T., Miller, S. D. L., Yu, D. W., & Levi, T. 
(2019). Environmental DNA for indigenous- led monitoring of a cultur-
ally important fish. bioRxiv, 620500. https://doi.org/10.1101/620500

Pochardt, M., Allen, J. M., Hart, T., Miller, S. D. L., Yu, D. W., & Levi, 
T. (2020). Environmental DNA facilitates accurate, inexpensive, 
and multiyear population estimates of millions of anadromous 
fish. Molecular Ecology Resources, 20(2), 457– 467. https://doi.
org/10.1111/1755- 0998.13123

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P., Maire, A., Roset, N., 
Schabuss, M., Zornig, H., & Dejean, T. (2018). Environmental DNA 
reveals quantitative patterns of fish biodiversity in large rivers de-
spite its downstream transportation. Scientific Reports, 8(1), 10361. 
https://doi.org/10.1038/s4159 8- 018- 28424 - 8

Post, J. R., & Lee, J. A. (1996). Metabolic ontogeny of teleost fishes. 
Canadian Journal of Fisheries and Aquatic Sciences, 53(4), 910– 923.

Quetglas, A., Merino, G., González, J., Ordines, F., Garau, A., Grau, A. M., 
Guijarro, B., Oliver, P., & Massutí, E. (2017). Harvest strategies for an 
ecosystem approach to fisheries management in western mediterra-
nean demersal fisheries. Frontiers in Marine Science, 4, 1– 16. https://
doi.org/10.3389/fmars.2017.00106

Rasmussen Hellberg, R. S., Morrissey, M. T., & Hanner, R. H. (2010). A 
Multiplex PCR method for the identification of commercially import-
ant salmon and trout species (Oncorhynchus and Salmo) in North 
America. Journal of Food Science, 75(7), C595– C606. https://doi.
org/10.1111/j.1750- 3841.2010.01752.x

Rees, H. C., Maddison, B. C., Middleditch, D. J., Patmore, J. R. M., & 
Gough, K. C. (2014). REVIEW: The detection of aquatic animal spe-
cies using environmental DNA –  A review of eDNA as a survey tool 
in ecology. Journal of Applied Ecology, 51(5), 1450– 1459. https://doi.
org/10.1111/1365- 2664.12306

Robinson, A. T., Paroz, Y. M., Clement, M. J., Franklin, T. W., Dysthe, J. C., 
Young, M. K., McKelvey, K. S., & Carim, K. J. (2019). Environmental 
DNA sampling of small- bodied minnows: performance relative to lo-
cation, species, and traditional sampling. North American Journal of 
Fisheries Management, 39(5), 1073– 1085. https://doi.org/10.1002/
nafm.10344

Rodgers, T. W., Olson, J. R., Klobucar, S. L., & Mock, K. E. (2018). 
Quantitative PCR assays for detection of five Alaskan fish species: 
Lota lota, Salvelinus alpinus, Salvelinus malma, Thymallus arcticus, and 
Cottus cognatus from environmental DNA. BioRxiv. Conservation 
Genetics Resources, 10, 859– 865. https://doi.org/10.1101/116053

Salter, I., Joensen, M., Kristiansen, R., Steingrund, P., & Vestergaard, P. 
(2019). Environmental DNA concentrations are correlated with re-
gional biomass of Atlantic cod in oceanic waters. Communications 
Biology, 2(1), 461. https://doi.org/10.1038/s4200 3- 019- 0696- 8

Sard, N. M., Herbst, S. J., Nathan, L., Uhrig, G., Kanefsky, J., Robinson, J. 
D., & Scribner, K. T. (2019). Comparison of fish detections, commu-
nity diversity, and relative abundance using environmental DNA me-
tabarcoding and traditional gears. Environmental DNA, 1(4), 368– 384. 
https://doi.org/10.1002/edn3.38

Sassoubre, L. M., Yamahara, K. M., Gardner, L. D., Block, B. A., & Boehm, A. 
B. (2016). Quantification of environmental DNA (eDNA) shedding and 
decay rates for three marine fish. Environmental Science & Technology, 
50(19), 10456– 10464. https://doi.org/10.1021/acs.est.6b03114

Schloesser, N. A., Merkes, C. M., Rees, C. B., Amberg, J. J., Steeves, T. B., 
& Docker, M. F. (2018). Correlating sea lamprey density with environ-
mental DNA detections in the lab. Management of Biological Invasions, 
9(4), 483– 495. https://doi.org/10.3391/mbi.2018.9.4.11

Schmelzle, M. C., & Kinziger, A. P. (2016). Using occupancy model-
ling to compare environmental DNA to traditional field meth-
ods for regional- scale monitoring of an endangered aquatic spe-
cies. Molecular Ecology Resources, 16(4), 895– 908. https://doi.
org/10.1111/1755- 0998.12501

Shaw, J. L. A., Clarke, L. J., Wedderburn, S. D., Barnes, T. C., Weyrich, 
L. S., & Cooper, A. (2016). Comparison of environmental DNA me-
tabarcoding and conventional fish survey methods in a river system. 
Biological Conservation, 197, 131– 138. https://doi.org/10.1016/j.
biocon.2016.03.010

Shelton, A. O., Kelly, R. P., O'Donnell, J. L., Park, L., Schwenke, P., Greene, 
C., Henderson, R. A., & Beamer, E. M. (2019). Environmental DNA 
provides quantitative estimates of a threatened salmon species. 
Biological Conservation, 237, 383– 391. https://doi.org/10.1016/j.
biocon.2019.07.003

Shelton, A. O., O'Donnell, J. L., Samhouri, J. F., Lowell, N., Williams, G. 
D., & Kelly, R. P. (2016). A framework for inferring biological commu-
nities from environmental DNA. Ecological Applications, 26(6), 1645– 
1659. https://doi.org/10.1890/15- 1733.1

Shogren, A. J., Tank, J. L., Andruszkiewicz, E., Olds, B., Mahon, A. R., 
Jerde, C. L., & Bolster, D. (2017). Controls on eDNA movement in 
streams: Transport, retention, and resuspension. Scientific Reports, 
7(1), 5065. https://doi.org/10.1038/s4159 8- 017- 05223 - 1

Spear, S. F., Groves, J. D., Williams, L. A., & Waits, L. P. (2015). Using 
environmental DNA methods to improve detectability in a hell-
bender (Cryptobranchus alleganiensis) monitoring program. 
Biological Conservation, 183, 38– 45. https://doi.org/10.1016/j.
biocon.2014.11.016

Stein, E. D., Martinez, M. C., Stiles, S., Miller, P. E., & Zakharov, E. V. 
(2014). Is DNA barcoding actually cheaper and faster than tradi-
tional morphological methods: Results from a survey of freshwater 
bioassessment efforts in the United States? PLoS One, 9(4), e95525. 
https://doi.org/10.1371/journ al.pone.0095525

Stewart, K. A. (2019). Understanding the effects of biotic and abiotic 
factors on sources of aquatic environmental DNA. Biodiversity and 
Conservation, 28(5), 983– 1001. https://doi.org/10.1007/s1053 1- 
019- 01709 - 8

Stoeckle, M. Y., Soboleva, L., & Charlop- Powers, Z. (2017). Aquatic envi-
ronmental DNA detects seasonal fish abundance and habitat pref-
erence in an urban estuary. PLoS One, 12(4), e0175186. https://doi.
org/10.1371/journ al.pone.0175186

Strickler, K. M., Fremier, A. K., & Goldberg, C. S. (2015). Quantifying 
effects of UV- B, temperature, and pH on eDNA degradation in 
aquatic microcosms. Biological Conservation, 183, 85– 92. https://doi.
org/10.1016/j.biocon.2014.11.038

Takahara, T., Minamoto, T., Yamanaka, H., Doi, H., & Kawabata, 
Z. I. (2012). Estimation of fish biomass using environmental 
DNA. PLoS One, 7(4), e35868. https://doi.org/10.1371/journ 
al.pone.0035868

Takahara, T., Yamanaka, H., Suzuki, A. A., Honjo, M. N., Minamoto, T., 
Yonekura, R., Itayama, T., Kohmatsu, Y., Ito, T., & Kawabata, Z. I. 
(2011). Stress response to daily temperature fluctuations in com-
mon carp, Cyprinus carpio L. Hydrobiologia, 675(1), 65. https://doi.
org/10.1007/s1075 0- 011- 0796- z

Takahashi, S., Sakata, M. K., Minamoto, T., & Masuda, R. (2020). 
Comparing the efficiency of open and enclosed filtration systems in 
environmental DNA quantification for fish and jellyfish. PLoS One, 
15(4), e0231718. https://doi.org/10.1371/journ al.pone.0231718

Thalinger, B., Deiner, K., Harper, L. R., Rees, H. C., Blackman, R. 
C., Sint, D., Traugott, M., Goldberg, C. S., & Bruce, K. (2020). A 
validation scale to determine the readiness of environmental 
DNA assays for routine species monitoring. bioRxiv. https://doi.
org/10.1101/2020.04.27.063990

Thomsen, P. F., Kielgast, J., Iversen, L. L., Wiuf, C., Rasmussen, M., 
Gilbert, M. T. P., Orlando, L., & Willerslev, E. (2012). Monitoring 

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.185 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1139/cjfas-2013-0047
https://doi.org/10.1139/cjfas-2013-0047
https://doi.org/10.1371/journal.pone.0205578
https://doi.org/10.1371/journal.pone.0205578
https://doi.org/10.1101/620500
https://doi.org/10.1111/1755-0998.13123
https://doi.org/10.1111/1755-0998.13123
https://doi.org/10.1038/s41598-018-28424-8
https://doi.org/10.3389/fmars.2017.00106
https://doi.org/10.3389/fmars.2017.00106
https://doi.org/10.1111/j.1750-3841.2010.01752.x
https://doi.org/10.1111/j.1750-3841.2010.01752.x
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1002/nafm.10344
https://doi.org/10.1002/nafm.10344
https://doi.org/10.1101/116053
https://doi.org/10.1038/s42003-019-0696-8
https://doi.org/10.1002/edn3.38
https://doi.org/10.1021/acs.est.6b03114
https://doi.org/10.3391/mbi.2018.9.4.11
https://doi.org/10.1111/1755-0998.12501
https://doi.org/10.1111/1755-0998.12501
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1016/j.biocon.2019.07.003
https://doi.org/10.1016/j.biocon.2019.07.003
https://doi.org/10.1890/15-1733.1
https://doi.org/10.1038/s41598-017-05223-1
https://doi.org/10.1016/j.biocon.2014.11.016
https://doi.org/10.1016/j.biocon.2014.11.016
https://doi.org/10.1371/journal.pone.0095525
https://doi.org/10.1007/s10531-019-01709-8
https://doi.org/10.1007/s10531-019-01709-8
https://doi.org/10.1371/journal.pone.0175186
https://doi.org/10.1371/journal.pone.0175186
https://doi.org/10.1016/j.biocon.2014.11.038
https://doi.org/10.1016/j.biocon.2014.11.038
https://doi.org/10.1371/journal.pone.0035868
https://doi.org/10.1371/journal.pone.0035868
https://doi.org/10.1007/s10750-011-0796-z
https://doi.org/10.1007/s10750-011-0796-z
https://doi.org/10.1371/journal.pone.0231718
https://doi.org/10.1101/2020.04.27.063990
https://doi.org/10.1101/2020.04.27.063990


     |  33ROURKE Et al.

endangered freshwater biodiversity using environmen-
tal DNA. Molecular Ecology, 21(11), 2565– 2573. https://doi.
org/10.1111/j.1365- 294X.2011.05418.x

Thomsen, P. F., Møller, P. R., Sigsgaard, E. E., Knudsen, S. W., Jørgensen, O. 
A., & Willerslev, E. (2016). Environmental DNA from seawater samples 
correlate with trawl catches of subarctic, deepwater fishes. PLoS One, 
11(11), e0165252. https://doi.org/10.1371/journ al.pone.0165252

Thomsen, P. F., & Willerslev, E. (2015). Environmental DNA –  An emerg-
ing tool in conservation for monitoring past and present biodiver-
sity. Biological Conservation, 183, 4– 18. https://doi.org/10.1016/j.
biocon.2014.11.019

Tillotson, M. D., Kelly, R. P., Duda, J. J., Hoy, M., Kralj, J., & Quinn, T. 
P. (2018). Concentrations of environmental DNA (eDNA) reflect 
spawning salmon abundance at fine spatial and temporal scales. 
Biological Conservation, 220, 1– 11. https://doi.org/10.1016/j.
biocon.2018.01.030

Ushio, M., Murakami, H., Masuda, R., Sado, T., Miya, M., Sakurai, S., 
Yamanaka, H., Minamoto, T., & Kondoh, M. (2018). Quantitative 
monitoring of multispecies fish environmental DNA using high- 
throughput sequencing. Metabarcoding and Metagenomics, 2, 1– 17.

Watanabe, S., Minegishi, Y., Yoshinaga, T., Aoyama, J., & Tsukamoto, K. 
(2005). A quick method for species identification of Japanese eel 
(Anguilla japonica) using real- time PCR: An onboard application for 
use during sampling surveys. Marine Biotechnology, 6(6), 566– 574. 
https://doi.org/10.1007/s1012 6- 004- 1000- 5

Wilcox, T. M., McKelvey, K. S., Young, M. K., Jane, S. F., Lowe, W. H., 
Whiteley, A. R., & Schwartz, M. K. (2013). Robust detection of 
rare species using environmental DNA: The importance of primer 
specificity. PLoS One, 8(3), e59520. https://doi.org/10.1371/journ 
al.pone.0059520

Wilcox, T. M., McKelvey, K. S., Young, M. K., Sepulveda, A. J., Shepard, 
B. B., Jane, S. F., Whiteley, A. R., Lowe, W. H., & Schwartz, M. K. 
(2016). Understanding environmental DNA detection probabilities: 
A case study using a stream- dwelling char Salvelinus fontinalis. 
Biological Conservation, 194, 209– 216. https://doi.org/10.1016/j.
biocon.2015.12.023

Wood, Z. T., Erdman, B. F., York, G., Trial, J. G., & Kinnison, M. T. (2020). 
Experimental assessment of optimal lotic eDNA sampling and assay 
multiplexing for a critically endangered fish. Environmental DNA. 
https://doi.org/10.1002/edn3.64

Yamamoto, S., Masuda, R., Sato, Y., Sado, T., Araki, H., Kondoh, M., 
Minamoto, T., & Miya, M. (2017). Environmental DNA metabarcoding 
reveals local fish communities in a species- rich coastal sea. Scientific 
Reports, 7(1), 40368. https://doi.org/10.1038/srep4 0368

Yamamoto, S., Minami, K., Fukaya, K., Takahashi, K., Sawada, H., 
Murakami, H., Tsuji, S., Hashizume, H., Kubonaga, S., Horiuchi, 
T., Hongo, M., Nishida, J., Okugawa, Y., Fujiwara, A., Fukuda, M., 
Hidaka, S., Suzuki, K. W., Miya, M., Araki, H., … Kondoh, M. (2016). 
Environmental DNA as a ‘snapshot’ of fish distribution: A case study 
of Japanese Jack Mackerel in Maizuru Bay, Sea of Japan. PLoS One, 
11(3), e0149786. https://doi.org/10.1371/journ al.pone.0149786

Yamanaka, H., & Minamoto, T. (2016). The use of environmental DNA 
of fishes as an efficient method of determining habitat connectiv-
ity. Ecological Indicators, 62, 147– 153. https://doi.org/10.1016/j.ecoli 
nd.2015.11.022

Yamanaka, H., Takao, D., Maruyama, A., & Imamura, A. (2018). Species- 
specific detection of the endangered piscivorous cyprinid fish 
Opsariichthys uncirostris uncirostris, three- lips, using environmental 
DNA analysis. Ecological Research, 33(5), 1075– 1078. https://doi.
org/10.1007/s1128 4- 018- 1612- 2

Yates, M. C., Fraser, D. J., & Derry, A. M. (2019). Meta- analysis supports 
further refinement of eDNA for monitoring aquatic species- specific 
abundance in nature. Environmental DNA, 1(1), 5– 13. https://doi.
org/10.1002/edn3.7

Yusishen, M. E., Eichorn, F.- C., Anderson, W. G., & Docker, M. F. (2020). 
Development of quantitative PCR assays for the detection and 
quantification of lake sturgeon (Acipenser fulvescens) environmen-
tal DNA. Conservation Genetics Resources, 12(1), 17– 19. https://doi.
org/10.1007/s1268 6- 018- 1054- 8

How to cite this article: Rourke ML, Fowler AM, Hughes JM, 
et al. Environmental DNA (eDNA) as a tool for assessing fish 
biomass: A review of approaches and future considerations 
for resource surveys. Environmental DNA. 2022;4:9– 33. 
https://doi.org/10.1002/edn3.185

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.185 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1365-294X.2011.05418.x
https://doi.org/10.1111/j.1365-294X.2011.05418.x
https://doi.org/10.1371/journal.pone.0165252
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2018.01.030
https://doi.org/10.1016/j.biocon.2018.01.030
https://doi.org/10.1007/s10126-004-1000-5
https://doi.org/10.1371/journal.pone.0059520
https://doi.org/10.1371/journal.pone.0059520
https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.1002/edn3.64
https://doi.org/10.1038/srep40368
https://doi.org/10.1371/journal.pone.0149786
https://doi.org/10.1016/j.ecolind.2015.11.022
https://doi.org/10.1016/j.ecolind.2015.11.022
https://doi.org/10.1007/s11284-018-1612-2
https://doi.org/10.1007/s11284-018-1612-2
https://doi.org/10.1002/edn3.7
https://doi.org/10.1002/edn3.7
https://doi.org/10.1007/s12686-018-1054-8
https://doi.org/10.1007/s12686-018-1054-8
https://doi.org/10.1002/edn3.185

