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Abstract

Environmental DNA (eDNA) data make it possible to measure and monitor biodiversity
at unprecedented resolution and scale. As use-cases multiply and scientific consensus
grows regarding the value of eDNA analysis, public agencies have an opportunity to
decide how and where eDNA data fit into their mandates. Within the United States,
many federal and state agencies are individually using eDNA data in various appli-
cations and developing relevant scientific expertise. A national strategy for eDNA
implementation would capitalize on recent scientific developments, providing a com-
mon set of next-generation tools for natural resource management and public health
protection. Such a strategy would avoid patchwork and possibly inconsistent guide-
lines in different agencies, smoothing the way for efficient uptake of eDNA data in
management. Because eDNA analysis is already in widespread use in both ocean and
freshwater settings, we focus here on applications in these environments. However,
we foresee the broad adoption of eDNA analysis to meet many resource management

issues across the nation because the same tools have immediate terrestrial and aerial

applications.

KEYWORDS

1 | INTRODUCTION

The United States federal government manages living resources for
the benefit of its citizens at a vast scale. Sustainable use of these
resources requires federal agencies to detect and monitor many
species of commercial interest (e.g., fisheries, timber) and potential
threats (e.g., invasive species, pathogens), and to assess shifts in bio-
diversity in a changing climate all while balancing the environmental
impacts of their decisions. Responsible management accordingly
requires understanding species distributions, how their abundances
change over space and time, and how they adapt to pollution, har-
vesting, and large-scale stressors such as climate change.

The mismatch between the scale of such tasks and the resources
available to address them is increasingly apparent. For example, at
present, maintaining a single research vessel to monitor our coasts
and Great Lakes costs between US$2.2 and $40million per year; the
United States has more such research vessels than any other nation
(Luis Valdes & Intergovernmental Oceanographic Commission, 2017)
and another critical environmental-monitoring infrastructure is sim-
ilarly expensive. Such high costs limit our ability to provide the data
needed to improve Earth system modeling and prediction in the face
of rapidly changing environmental conditions. Accordingly, there is a
substantial opportunity for more economically efficient approaches

to large-scale biological observation.

environmental DNA, federal, genetic, implementation, management, natural resources, policy

Biologists have made tremendous strides over the past decade,
learning to collect and analyze the genetic material constantly
generated and shed by living organisms. This ambient genetic
information—encoded in environmental DNA, or eDNA—reflects
the species present in a given place and time and greatly enhances
our ability to assess biology in much the same way that remote sens-
ing has revolutionized our perspective on agriculture, oceanography,
hydrology, chemistry, and landscape ecology, with applications from
weather forecasting to GIS. Importantly, genetic information allows
direct measurement of biology and biological responses, as opposed
to using chemical and physical oceanographic proxies.

eDNA data have become increasingly applicable to management
as technology has matured, throughput has grown, and costs have
declined—sequencing one megabase of DNA cost nearly $5300
in 2001 and was less than $0.006 in 2021 (Wetterstrand, 2021).
Large numbers of samples can now be analyzed quickly and cheaply.
Widespread methods of analyzing eDNA currently include single-
species assays using quantitative PCR (qPCR) or digital PCR (dPCR),
and multi-species amplicon sequencing (metabarcoding); gPCR
studies have become common over the past decade to track the
movement, abundance, and interactions of species over increasingly
broad geographic scales (Beng & Corlett, 2020; Miya, 2022), and
eDNA metabarcoding work has begun to generate multispecies and

community-level views of the same phenomena.
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The scientific and technological gains of the past decade make
eDNA analysis ready for use as a practical management tool at
scale (Lodge, 2022), and federal agencies have individually devel-
oped eDNA applications to meet their own mandates (see examples
below). In some applications, the use of eDNA is now a powerful
complement to traditional biological monitoring techniques, and in
other applications is replacing more expensive and slower traditional
techniques (Evans et al., 2017; Qu & Stewart, 2019). As a result, the
European Union and nations elsewhere are moving quickly toward
standardized eDNA implementation for ecosystem management—as
reflected in multiyear efforts funded by European Cooperation in
Science and Technology (DNAqua-NET; Leese et al., 2018), and by
the European Biodiversity Partnership (e.g., eWhale; https://ewhale.
eu/). Canada has implemented a cross-sector national standard
through the Canadian Standards Association (CSA Group) accred-
ited by the Standards Council of Canada for eDNA reporting re-
quirements and terminology (Gagné et al., 2021). Other high-profile
national- and international-scale documents and applications in-
clude examples from Finland (Norros et al., 2022), Australia and New
Zealand (De Brauwer et al., 2022; Trujillo-Gonzalez et al., 2021),
UNESCO (2023), and elsewhere.

An eDNA strategy for the United States would capitalize on
the last 15years of eDNA research and development. Such a strat-
egy would harmonize the application of eDNA techniques across
agencies, encouraging consistent standards and guidelines as the
relevant techniques mature, and thus would avoid a patchwork of in-
consistent policies in different agencies. This unified strategy would
smooth the path for efficient tools that would lead natural resource
management into the future. Moreover, it could ensure that agency
practice keeps pace with the dynamism of scientific, technological,
and industry advances, creating mechanisms to improve the accu-
racy, reliability, and sensitivity of eDNA, broadening species and
habitat coverage while reducing costs. Indeed, many federal statutes
require agencies to use the best available technology to meet mis-
sion needs, keeping pace with the best available science and most
effective methods as they continue to evolve.

1.1 | Management-ready applications

Analysis of eDNA offers a means of improved decision support for
environmental management. A national strategy could foster the in-
stitutional conditions to ensure that comprehensive and sustained
use of eDNA analysis remains salient (answering questions impor-
tant to decision makers), scientifically credible, and legitimate (stand-
ing up to legal scrutiny) (Clark et al., 2016). Increased deployment of
consensus eDNA applications could, for example, accelerate U.S. na-
tional priority programs including NOAA's large-scale effort to char-
acterize the nation's offshore exclusive economic zone (National
Strategy for Ocean Mapping, Exploration, and Characterization
(NOMEQ)), the goal to conserve 30% of national lands and wa-
ters by 2030 (Exec. Order No. 14008, 2021), the National Nature
Assessment (Exec. Order No. 14072, 2022), the USGS Biothreats
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Program, the Department of Interior National Early Detection and
Rapid Response (EDRR) Framework, and many others.

Applications of eDNA around which scientific consensus exists
fall generally into three categories.

First, using gPCR or digital PCR to detect individual target spe-
cies at low population density has repeatedly been shown to be more
sensitive, faster, and cheaper than traditional biological surveillance
and monitoring tools. Applications include the early detection of in-
vasive species, imperiled species, and indicator species.

Within the U.S. Government, the Environmental Protection
Agency (EPA) led the way with molecular methods to provide
rapid water quality assessments, partnering with academic labs
and other agencies to develop qPCR assays for assessing fecal in-
dicator bacteria and markers for sources of fecal contamination
(e.g., USEPA, 2015, 2019); identical methods have subsequently
been used for COVID detection in wastewater streams (Boehm
et al., 2022; Soller et al., 2022). The U.S. Geological Survey (USGS)
and EPA—among more than a dozen federal agencies represented
on the interagency National Invasive Species Council—leveraged
gPCR assays into powerful methods for detecting invasive species
(Darling, 2019; NISC, 2022). USGS, U.S. Fish & Wildlife Service
(FWS), and several state agencies have led the effort to monitor in-
vasive carp species. This effort is perhaps the most well-developed
eDNA monitoring program, and it has vastly improved our ability to
detect harmful species at scale (FWS, 2022). Insights from eDNA
data have similarly proved invaluable in assessing the success of res-
toration projects—as USGS researchers showed in tracking native
salmon reoccupying upstream habitat following the removals of two
dams on the Elwha River in Washington State (Duda et al., 2021).

Second, eDNA metabarcoding makes it possible to assess many
species and trophic levels at once, an approach that provides more
comprehensive species richness assessments vastly more quickly
and cheaply than traditional biological monitoring tools (Andres
et al., 2023). These kinds of data are often necessary for environ-
mental impact assessment under the National Environmental Policy
Act (NEPA), state equivalents, and environmental assessments re-
quired by other statutes. For example, multispecies eDNA data
are being used for environmental assessments in offshore-energy
projects permitted by the Bureau of Ocean Energy Management
(BOEM, 2022).

Third, in many circumstances, eDNA data can provide a useful
index of population size—where greater biomass of a species is pres-
ent, more of its DNA is inevitably present—although estimating or-
ganismal abundance in an absolute sense remains an area of active
research (Shelton et al., 2022; Yates et al., 2021). NOAA, in collab-
oration with academic partners, has demonstrated the quantitative
value of eDNA for commercial fisheries at continental scales along
both the Atlantic (Metabarcoding; Stoeckle et al., 2021) and Pacific
(gPCR; Shelton et al., 2022) coasts—in both cases, eDNA data closely
reflected species' abundance trends estimated by traditional net or
acoustic methods. Similarly, an NOAA study quantified a threatened
salmon population using gPCR data, where the molecular data cap-
tured the same trends with less uncertainty than the traditional (and
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more labor-intensive) seine nets (Shelton et al., 2019). Moreover, this
observation that greater species abundance is closely associated
with more of that species' DNA is repeatable and robust across DNA
isolation methods and markers (Jo & Yamanaka, 2022).

In sum, it is clear that across federal agencies, eDNA is facili-
tating more efficient and comprehensive data collection, and add-
ing new information to critical resource monitoring, management,
and conservation. A unified national strategy would consolidate the
fields technological gains, harmonize the nascent efforts already in
process in different agencies, and facilitate the standardization of
methods for widespread management applications.

1.2 | From research to management

A national eDNA strategy could accelerate agency uptake of con-
sensus applications (see examples in Figure 1) and, by supporting on-
going research, guide further development of eDNA-based methods
for natural resource management. In particular, government agen-
cies (as opposed to academic researchers, NGOs, or private sector
actors) are uniquely situated to minimize externalities arising from
the incentives of individual actors and to generate public benefits
efficiently. Accordingly, we highlight these roles below, setting out
categories of actions in which a national eDNA strategy would likely

require support.

1.2.1 | Coordination

Although some federal agencies have developed plans to accelerate
the routine use of eDNA and other molecular techniques in aquatic
systems (Goodwin, 2020a, 2020b; Morisette et al., 2021; United
States. National Oceanic and Atmospheric Administration, 2021)—
and although eDNA data have survived judicial scrutiny and have

Example of near-term applications for national eDNA strategy

Tidewater( gos

Gobies

Salmon

supported federal rulemakings under the Endangered Species Act
(ESA; see below)—on the whole, there appears to be a spectrum of
acceptability of eDNA data across different agencies. Several key
steps would facilitate the high-level harmonization in eDNA pol-
icy across federal agencies, with subsidiary benefits to a range of
nonfederal entities, avoiding confusion, and making uptake more
efficient.

e (Clear Statement of Acceptability. eDNA data have featured sig-
nificantly in several federal court cases and regulatory decisions
(Endangered and Threatened Wildlife and Plants; Endangered
Species Status for Black Warrior Waterdog and Designation
of Critical Habitat, 2018; Michigan v. U.S. Army Corps of
Engineers, 2011), signaling legal acceptability in the contexts of
invasive- and endangered-species management. Insofar as eDNA
data reflect the species present in or near the sampled environ-
ments, for legal purposes, eDNA data are merely another form
of biological information and give results analogous to existing
survey methods (Laschever et al., 2023). A formal interagency
position statement would clarify the legal status of eDNA data in
the federal context and could usefully characterize the minimum
attributes of acceptable data (Bustin et al., 2009) and would open
the door to broader-scale eDNA applications in the private sector
by reducing regulatory uncertainty.

e Mechanisms for Coordination. High-level coordination is a key func-
tion of federal governance and would channel existing momen-
tum and provide helpful guidance for state and local governments
as well as the judiciary, with core goals being rapid dissemination
of the best practices and avoiding inconsistent, ad hoc policies.
Specific activities might include interagency working groups—
perhaps facilitated by the White House Office of Science &
Technology Policy (OSTP), the Council on Environmental Quality
(CEQ), or a similar administrative entity—to develop guidance and,

if necessary, rules for the use of eDNA data under statutes such

Estuary Ecosystem Status Oysters

* [dentifying sentinel species
* Monitoring species type/

Abalone Mussels @

Aquatic Systems: Freshwater to Marine Continuum

FIGURE 1 Examples of near-term applications that could be widely implemented under a national eDNA strategy. HAB, harmful algal

bloom. Figure courtesy of Alan Joyner and Rachel Noble.

85UBD| 7 SUOWILLIOD 3AIIER.D 3(dedl|dde au Aq pausenob are o e YO ‘8sN JO S8InJ 10} Aeiq 1T 8UIIUO A1 UO (SUORIPUOD-PUe-SWLB D" A | 1M ARe.d 1 [pul{UO//SARU) SUORIPUOD PUe SWS 1 84} 83S *[7202/20/ET] U0 AreiqIT8uIIUO AB]IM ‘ZEY EUPB/ZO0T OT/I0P/ W00 A8 1M AeIq el juo//Sdny Wwoly papeoiumod ‘T *¥202 ‘Er6.€92



KELLY ET AL.

Environmental DNA

as the ESA, Marine Mammal Protection Act (MMPA), and National
Environmental Policy Act (NEPA), among others. Similar guidance
would apply to federal duties under treaties such as CITES and
overarching goals such as improving invasive species biosecurity.

e Common Sets of Best Practices. Developing and distributing best
practices for every phase of eDNA analysis, from sampling design,
equipment, and collection through interpretation and metadata
standards, would consolidate recent advances and identify hori-
zons of opportunity for eDNA-based monitoring. Such an effort
would capture evolving science from existing agency practice and
from emerging efforts in Canada, the EU (Bruce et al., 2021), and
other international entities. As arecent nonpartisan Congressional
Research Service Report (Kuiken et al., 2022) notes, such shared
resources “could aid in research collaboration, interoperability of
reference databases, and quality control, as well as affect how
data is analyzed, shared, and used.” Quantifying repeatability and
reliability of assays—for example, via intercalibration experiments
using standard reference materials and proficiency testing (as is
common, for example, in public health and forensic sciences; for
example, NIST, 2021)—would be an important element of the pro-
cess of developing best practices.

e Mechanisms for Continuous Improvement. Even the best technolo-
gies of a given era are eventually superseded, particularly, in areas
of rapid development such as eDNA analysis. Consequently, there
is a danger of developing overly prescriptive sets of best practices
and protocols. Dynamic science can quickly render such static re-
quirements outmoded, saddling agency scientists with substantial
opportunity costs, unable to benefit from ever-advancing tech-
niques (Blancher et al., 2022). This mismatch between the pace of
science and the pace of implementation rules is a general problem
in administrative law, which federal statutes often solve by in-
cluding ratcheting mechanisms requiring the use of the best avail-
able technologies—whatever those technologies are at the time of
implementation. A national eDNA strategy could include similar
best-available technology mechanisms or other ways of ensuring
agency practices keep pace with evolving science, in part by sup-
porting lab intercalibration studies (Sepulveda et al., 2020) and
certification processes, and by developing clear ways of assessing
methodological improvement over current best practices (Bland
& Altman, 1986). Certification is a function of government in
fields ranging from consumer-product safety to pharmaceuticals,
encompassing both products and processes. Wildlife forensics
certification, for example, is an existing analog for eDNA process
certification, and at least one private eDNA services company has
received international certification for its quality management

system (Ocean News, 2022).

1.2.2 | Capacity building

Adopting eDNA as an information source for routine management
will require developing capacity within agencies and across sectors.
Federal agencies do a significant amount of capacity building in the

‘Open Access,
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form of primary research (e.g., NOAA and USGS science centers,
USDA research-driven subagencies), collaboration with academic
and other researchers, and outright funding (National Science
Foundation, National Institutes of Health, and Office of Naval
Research). We therefore focus the itemized needs below on mecha-
nisms for deepening and leveraging existing federal commitments as

agencies work to transition eDNA techniques into routine practice.

e Research & Development. Increasing and coordinating research
and development across federal eDNA efforts would help expand
genetic monitoring from the scale of individual projects into rou-
tine, systemic use. Substantial support is necessary to promote
and fund collaborative projects, particularly those at first that
follow standardization guidelines and produce freely accessible
protocols. Specific activities might include (1) integrating eDNA
monitoring into existing surveys—perhaps in combination with
existing survey techniques, as is beginning to happen at NOAA
and other agencies (e.g., Shelton et al., 2022)—and generalizable
validation exercises via comparison with “gold-standard” metrics
(e.g., field samples from populations of known size), (2) investing
in the development of scalable, automated sample collection and
analysis platforms, including data processing, visualization, and
data management, and (3) building capacity in the federal work-
force to carry out these efforts and to build up long-term, routine
use within agencies.

e Public-Private Partnerships. Federal efforts to advance technol-
ogy development often reduce risk to private sector firms while
generating public benefit. Explicitly endorsing the use of eDNA
in decision-making would create demand for eDNA equipment,
supplies, and services, incentivizing private sector investment and
helping to expand a market sector with considerable potential for
job creation and economic growth. Promoting eDNA training and
workforce development could be a key area of public-private part-
nership, and entering into fixed price contracts for reagents and
equipment from preferred vendors—for example, via the General
Services Administration's GSA Advantage service—would create
price certainty and scaling incentives for manufacturers. Further,
clear guidance on outsourcing requirements would help emerg-
ing private sector eDNA-service firms develop efficient analysis
chains. Private firms can facilitate interoperable standards for
handling and tracking samples within and between agencies, too,
as Smith-Root, Inc. is doing in collaboration with USGS and other
government entities.

e Infrastructure. Much of the infrastructure for a genomic revolu-
tion in biological monitoring is already in place at federal labora-
tories and universities nationwide as well as in a budding private
sector. Here again, however, a national strategy could create far
more value than currently exists by helping overcome the individ-
ualized incentives of the relevant actors. For example: (1) devel-
oping standard reference materials for common eDNA assays, as
is common in the public health sphere and many other fields; (2)
providing state, local, and tribal training—perhaps including dura-
ble Centers of Excellence in regions of strategic interest—and (3)

85U801 SUOWILLIOD A0 3|dedl|dde aus Ag pausenob a8 S3ple YO ‘88N JO S3|NJ 10} AIq 1T 8UIUO AB]I/M UO (SUORIPLOD-PUE-SWLBH W0 A3 | IMAeiq 1 foul U0/ SARY) SUORIPUOD Pue SWS | 8U3 89S *[7202/20/ET] UO AReid1TauliuO AB1IM ‘ZEY"EUPS/Z00T OT/I0p/W0d A8 ImARIq U1 UO//SARY WOy popeojumMod ‘T ‘¥202 ‘Ev6r.E9Z



KELLY ET AL.

6 of 10 ;
Environmental DNA
—l—Wl LE Y | smmmmmmmmmrm—"

building out interoperable databases (below, “Technical Needs”)
are important for spurring widespread adoption of eDNA-based
monitoring techniques, but these measures are often beyond the
scope of any one institution's normal activities.

e Communications. Clear communication between researchers, stake-
holders, environmental managers, and the broader community is
critical to the success of eDNA method adoption. Early experiences
with eDNA surveys for invasive carp species revealed significant
concern around—and misinterpretation of—the monitoring results.
Developing communication plans will help to inspire and involve
the broader community in eDNA work, increasing comprehension
of the methods and maximizing acceptance. These communication
guidelines can include details on sampling and analytical methods,
probabilistic survey design, interpretation of false positives/nega-
tives (Darling et al., 2021), and decision-making in the face of un-
certainty (Sepulveda et al., 2022). Additionally, a key motivation in
generating communication guidance is ensuring perfect is not the
enemy of the good—an overabundance of caution can sometimes
limit the uptake of powerful molecular tools because all unknowns
are not yet answered. Understanding limitations and benefits, the
performance of eDNA compared with traditional approaches, and
how the resulting eDNA data can be used, allows for risk-based
assessments of how and where eDNA approaches can be applied
now. Improved communication will lead to better comfort with and
therefore accessibility of these tools.

e Ethics. New sources of information bring with them concerns
about the scope of its appropriate and ethical uses. A national
strategy could work toward transparent, public assessments of
concerns surrounding privacy, the ownership of information, po-
tential misuse (and safeguards against it), and filtering of data for

sensitive species.

1.2.3 | Technical needs

Although eDNA analysis is already used for management and re-
search applications (see examples above), existing uses only hint at
the potential for eDNA as a source of environmental information.
Developing this potential more fully will require advances—and
investments—in both conceptual models and tools fit for purpose.
Below we include descriptions of some of the most pressing techni-
cal needs as eDNA transitions from research into implementation at
a national scale. These needs are not specific to the government, and
indeed many nongovernmental research groups around the world
are already engaged in developing relevant information. A review
of these efforts is beyond the present scope, however, to the ex-
tent that a national eDNA strategy would include priority areas for
research and development, the below areas stand out as among the

most important.

Conceptual models
e Fate and Transport. Better information on the ways in which an
eDNA signal changes over space and time will enable us to better

link observations to management needs. Because DNA molecules
degrade in the environment over time, and because DNA can be
transported away from its source organisms, management appli-
cations that require precision in space and time will require that
we understand the likely combined effects of degradation and
transport (Harrison et al., 2019). For example, fate and transport
models can show how far upstream a species is likely to be given
the detection of its eDNA at a particular point. Such information
is also required for identifying sources and pathways of invasive
species and biological contaminants (Andruszkiewicz et al., 2019;
Ellis et al., 2022).

e Abundance. Organismal abundance is often necessary information
for management—for example, to determine the allowable level
of take of a commercially important species or to populate data
layers that agencies use for risk assessment under NEPA, ESA,
MMPA, and other federal environmental statutes. Translating
eDNA concentrations into known abundances of organisms is an
important area of eDNA research because each eDNA template
molecule does not typically exist in a one-to-one relationship
with an organism. Developing models of the ways in which eDNA
is generated, collected, and detected will substantially improve
our ability to link molecules to organisms in a quantitative way
(Rourke et al., 2022).

Tools

e Mechanical Sampling Tools. Many species of management concern
are rare (e.g., endangered species) or occupy difficult-to-sample
habitats (e.g., marine mammals in the open ocean or in deep
water). Adequately sampling for these species is a mechanical
challenge in terms of acquiring the eDNA samples. The existence
of robust mechanical and statistical (below) sampling tools will
be critical for reliably surveying many species and ecosystems
(Simmons et al., 2022).

e Statistical and Bioinformatics Tools. Some eDNA methods, in par-
ticular metabarcoding, produce large amounts of data that must
be filtered, sorted, and analyzed to provide useful biological in-
formation. Such processing—broadly referred to as bioinformat-
ics—is a necessary and specialized skill set that, at present, is
often in short supply (but see Hakimzadeh et al., 2023). Moreover,
appropriately interpreting the data obtained from eDNA analysis
requires a robust quantitative foundation, and available statistical
methods are often misapplied to eDNA data. Statistics for under-
standing rare events (e.g., qPCR detections of scarce molecules)
and compositional data analysis, for example, presently demand
specialized expertise; responsibly scaling eDNA analysis into rou-
tine monitoring will require user-friendly statistical tools.

e Targeted Assays. Developing a standard library of eDNA assays
specifically targeting species of management interest would
put mutually compatible, off-the-shelf tools into the hands of
a wide array of users (see Takahashi et al., 2023). This would
enable national-scale surveys of economically important spe-
cies, imperiled species, invasives, and so on, the results of which
would become the substance of interoperable data repositories
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(see below). Reliable assays have known specificity and sensi-
tivity, consistent with existing information standards (Bustin et
al., 2009).

e In Silico PCR Models. With potentially limited target DNA in
an environmental sample, much eDNA research relies on the
amplification of targeted gene regions of interest using PCR.
Predictive computer-based models of the PCR process would
exponentially accelerate the development of targeted assays
and broad-spectrum metabarcoding primer sets, enabling re-
searchers to rapidly screen for useful assays out of trillions of
theoretical possibilities. At present, in silico PCR only partially
predicts the real-world behavior of oligonucleotide primers (So
et al., 2020).

o Reference Databases. Accurately identifying the species de-
tected by eDNA metabarcoding requires a complete, curated
database of relevant taxonomic and sequence information.
Presently available nucleotide databases (such as the National
Center for Biotechnology Information [NCBI], hosted by the
National Institutes of Health; the Barcode of Life Database
[BOLD], Ratnasingham & Hebert, 2007; Silva, Quast et al., 2012;
Midori2, Leray et al.,, 2022; and emerging efforts such as the
Earth BioGenome Project, Lawniczak et al., 2022) would bene-
fit from systematic curation and development in their taxonomic
and geographic coverage. Priorities for improved databases might
include groups of special management concern (e.g., dozens of
ESA-listed coral species around the Indo-Pacific), for which mon-
itoring is currently difficult. Expanding collections of reference
specimens would facilitate the development of new assays and
the taxonomic interpretation of eDNA metabarcoding results.
Where populations within species differ genetically, population-
level databases may also be desirable (Juhel et al., 2020; Weigand
et al., 2019).

e Analysis and Visualization Tools. Policy-relevant science requires
raw data to be converted into interpretable answers to manage-
ment questions. At present, most tools for the analysis and inter-
pretation of eDNA data are project-specific, custom fragments of
code not intended for broader use. Thankfully, a wide range of
visualization tools already exist for clinical and water quality as-
sessments and these can be adapted for conveying management
progress with eDNA-based assessments.

e Interoperable Data and Sample Repositories. Current eDNA data
management requires individualized bioinformatics efforts to
synthesize data siloed across private and public repositories (e.g.,
NCBI). A means of acquiring eDNA data from many, widely dis-
tributed sources would enable continental scale analysis of bio-
logical data, akin to the tools with which meteorological data are
processed today. Archives for extracted eDNA samples would
enable future analyses, as analytical approaches and reference
databases improve over time or new questions arise, particularly,
in the context of climate change and the loss of biodiversity (Zizka
et al, 2022).

Dedicated to the study and use of environmental DNA for basic and appl

2 | CONCLUSION

Dozens of federal agencies require vast amounts of information
about the location and abundance of wildlife and other living natural
resources, and the same kinds of information are critically important
to a wide spectrum of stakeholders. Historically, generating such
data has been cumbersome, costly, and slow—and as a result, many
species and areas remain essentially unsurveyed. The advent of
eDNA analysis positions societies to transform the ways ecosystems
and changes to those ecosystems are monitored at a wholesale level.
Examples include the ways offshore oil and gas operators monitor
their operations, port operators dredge, fisheries open and close, re-
searchers explore and track ecological changes, coastal developers
assure the public that their works operate responsibly, and govern-
ments nominate areas for protection and restoration and evaluate
their success.

In short, the analysis of eDNA may significantly improve how
many federal agencies do business by permitting them to track,
report, and archive biological information at (sometimes unprec-
edented) spatial and temporal scales relevant to natural resource
management. The relevant technologies have matured to the point
at which many of these applications have already begun to come
online. A national eDNA strategy would consolidate and harmonize
these innovations for the public benefit, bringing natural resource

management into the 21st century.

AUTHOR CONTRIBUTIONS

RPK led writing in consultation with the other authors, the major-
ity of whom were speakers and participants in the Second National
Workshop on Marine eDNA, held at the Southern California Coastal
Water Research Project Authority in Costa Mesa, California, in
September 2022. RTN led the development of the figure, with con-
sultation from ST, EAA, and RPK.

ACKNOWLEDGMENTS

The authors thank Rachel Darling for help with references and
formatting during manuscript preparation, Alan Joyner for graphic
design help, internal reviewers at all relevant public agencies, and
Caren Helbing and Ole Shelton for contributing ideas and text to the
developing draft. We also thank the staff of the Southern California
Coastal Water Research Project Authority for assistance during the
Second National Marine eDNA Workshop.

FUNDING INFORMATION

This manuscript required no specific funding.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

No original data were created in preparing this manuscript.

85U801 SUOWILLIOD A0 3|dedl|dde aus Ag pausenob a8 S3ple YO ‘88N JO S3|NJ 10} AIq 1T 8UIUO AB]I/M UO (SUORIPLOD-PUE-SWLBH W0 A3 | IMAeiq 1 foul U0/ SARY) SUORIPUOD Pue SWS | 8U3 89S *[7202/20/ET] UO AReid1TauliuO AB1IM ‘ZEY"EUPS/Z00T OT/I0p/W0d A8 ImARIq U1 UO//SARY WOy popeojumMod ‘T ‘¥202 ‘Ev6r.E9Z



KELLY ET AL.

8 of 10 ;
Environmental DNA
—l—Wl LE Y | smmmmmmmmmrm—"

PERMISSION TO REPRODUCE MATERIAL FROM
OTHER SOURCES

All materials included are original to this manuscript.

DISCLAIMER

The scientific results and conclusions, as well as any views or
opinions expressed herein, are those of the authors and do not
necessarily reflect those of NOAA/OAR or the Department of
Commerce. Any use of trade, firm, or product names is for de-
scriptive purposes only and does not imply endorsement by the
U.S. Government.

ORCID
Ryan P. Kelly
Susanna Theroux

https://orcid.org/0000-0001-5037-2441
https://orcid.org/0000-0002-9812-7856
Adam J. Sepulveda "= https://orcid.org/0000-0001-7621-7028
Christopher L. Jerde "= https://orcid.org/0000-0002-8074-3466
Jeffrey J. Duda "= https://orcid.org/0000-0001-7431-8634
Margaret E. Hunter " https://orcid.org/0000-0002-4760-9302
Mark Y. Stoeckle "= https://orcid.org/0000-0002-8280-4795
Holly M. Bik " https://orcid.org/0000-0002-4356-3837
Austen C. Thomas " https://orcid.org/0000-0002-6182-9440

REFERENCES

Andres, K. J., Lambert, T. D., Lodge, D. M., Andrés, J., & Jackson, J. R.
(2023). Combining sampling gear to optimally inventory species
highlights the efficiency of eDNA metabarcoding. Environmental
DNA, 5(1), 146-157. https://doi.org/10.1002/edn3.366

Andruszkiewicz, E. A., Koseff, J. R., Fringer, O. B., Ouellette, N. T.,
Lowe, A. B., Edwards, C. A., & Boehm, A. B. (2019). Modeling en-
vironmental DNA transport in the coastal ocean using Lagrangian
particle tracking. Frontiers in Marine Science, 6, 477. https://doi.
org/10.3389/fmars.2019.00477

Beng, K. C., & Corlett, R. T. (2020). Applications of environmental DNA
(eDNA) in ecology and conservation: Opportunities, challenges and
prospects. Biodiversity and Conservation, 29(7), 2089-2121. https://
doi.org/10.1007/s10531-020-01980-0

Blancher, P., Lefrancois, E., Rimet, F., Vasselon, V., Argillier, C., Arle,
J., Beja, P, Boets, P, Boughaba, J., Chauvin, C., Deacon, M,
Duncan, W., Ejdung, G., Erba, S., Ferrari, B., Fischer, H., Hanfling,
B., Haldin, M., Hering, D., ... Bouchez, A. (2022). A strategy for
successful integration of DNA-based methods in aquatic moni-
toring. Metabarcoding and Metagenomics, 6, e85652. https://doi.
org/10.3897/mbmg.6.85652

Bland, J. M., & Altman, D. G. (1986). Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet,
1(8476), 307-310.

Boehm, A. B., Hughes, B., Wolfe, M. K., White, B. J., Duong, D., & Chan-
Herur, V. (2022). Regional replacement of SARS-CoV-2 variant omi-
cron BA.1 with BA.2 as observed through wastewater surveillance.
Environmental Science & Technology Letters, 9(6), 575-580. https://
doi.org/10.1021/acs.estlett.2c00266

Bruce, K., Blackman, R. C., Bourlat, S. J., Hellstrom, M., Bakker, J., Bista,
l., Bohmann, K., Bouchez, A., Brys, R., Clark, K., Elbrecht, V., Fazi,
S., Fonseca, V., Hanfling, B., Leese, F., Machler, E., Mahon, A. R,
Meissner, K., Panksep, K., ... Deiner, K. (2021). A practical guide to
DNA-based methods for biodiversity assessment. Pensoft Advanced
Books. https://ab.pensoft.net/article/68634/

Bureau of Offshore Energy Management (BOEM). (2022). Empire off-
shore wind: Empire wind project biological assessment for National
Marine Fisheries Service (pp. 31-33).

Bustin, S. A, Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista,
M., Mueller,R., Nolan, T., Pfaffl, M. W.,, Shipley, G. L., Vandesompele,
J., & Wittwer, C. T. (2009). The MIQE guidelines: Minimum infor-
mation for publication of quantitative real-time PCR experiments.
Clinical Chemistry, 55(4), 611-622. https://doi.org/10.1373/clinc
hem.2008.112797

Clark, W. C., van Kerkhoff, L., Lebel, L., & Gallopin, G. C. (2016). Crafting
usable knowledge for sustainable development. Proceedings of the
National Academy of Sciences of the United States of America, 113(17),
4570-4578. https://doi.org/10.1073/pnas.1601266113

Darling, J. A. (2019). How to learn to stop worrying and love en-
vironmental DNA monitoring. Aquatic Ecosystem Health &
Management, 22(4), 440-451. https://doi.org/10.1080/14634
988.2019.1682912

Darling, J. A., Jerde, C. L., & Sepulveda, A. J. (2021). What do you mean
by false positive? Environmental DNA, 3(5), 879-883. https://doi.
org/10.1002/edn3.194

De Brauwer, M., Chariton, A., Clarke, L. J., Cooper, M. K., DiBattista, J.,
Furlan, E., Giblot-Ducray, D., Gleeson, D., Harford, A., Herbert, S.,
MacDonald, A. J., Miller, A., Montgomery, K., Mooney, T., Noble,
L. M., Rourke, M., Sherman, C. D. H., Stat, M., Suter, L., ... Trujillo-
Gonzalez, A. (2022). Environmental DNA protocol development guide
for biomonitoring. National eDNA Reference Centre.

Duda, J. J., Hoy, M. S., Chase, D. M., Pess, G. R., Brenkman, S. J,,
McHenry, M. M., & Ostberg, C. O. (2021). Environmental DNA is an
effective tool to track recolonizing migratory fish following large-
scale dam removal. Environmental DNA, 3(1), 121-141. https://doi.
org/10.1002/edn3.134

Ellis, M. R,, Clark, Z. S. R., Treml, E. A., Brown, M. S., Matthews, T. G.,
Pocklington, J. B., Stafford-Bell, R. E., Bott, N. J., Nai, Y. H., Miller, A.
D., & Sherman, C. D. H.(2022). Detecting marine pests using environ-
mental DNA and biophysical models. Science of the Total Environment,
816, 151666. https://doi.org/10.1016/j.scitotenv.2021.151666

Endangered and threatened wildlife and plants; endangered species sta-
tus for black warrior waterdog and designation of critical habitat,
2017-28386. (2018). Federal Register, 83, 257-284. https://www.
federalregister.gov/documents/2018/01/03/2017-28386/endan
gered-and-threatened-wildlife-and-plants-endangered-species-
status-for-black-warrior-waterdog

Evans, N. T., Shirey, P. D., Wieringa, J. G., Mahon, A. R., & Lamberti, G. A.
(2017). Comparative cost and effort of fish distribution detection
via environmental DNA analysis and electrofishing. Fisheries, 42(2),
90-99. https://doi.org/10.1080/03632415.2017.1276329

Executive order 14008: Tackling the climate crisis at home and abroad,
2021-02177.(2021). Federal Register, 86, 7619-7633. https://www.
federalregister.gov/documents/2021/02/01/2021-02177/tackl
ing-the-climate-crisis-at-home-and-abroad

Executive order 14072: Strengthening the nation's forests, communi-
ties, and local economies, 2022-09138. (2022). Federal Register, 87,
24851-24855. https://www.federalregister.gov/documents/2022/
04/27/2022-09138/strengthening-the-nations-forests-commu
nities-and-local-economies

Fish and Wildlife Service (FWS). (2022). Quality assurance project plan:
eDNA monitoring of bighead and silver carps. https://www.fws.gov/
sites/default/files/documents/eDNA-QAPP-2022-Whitney-Genet
ics-Lab.pdf

Gagné, N., Bernatchez, L., Bright, D., Coté, G., Coulson, M., Gurney,
K., Hanner, R., Helbing, C., Hobbs, J., Hocking, M., Khan, I.,
Naumann, C., Parent, G., Richter, C., Silverio, C., Skinner, M.,
Weir, A., Wilcox, T., Wilson, C., & Clogg-Wright, K. (2021).
Environmental DNA (eDNA) reporting requirements and terminology

85U801 SUOWILLIOD A0 3|dedl|dde aus Ag pausenob a8 S3ple YO ‘88N JO S3|NJ 10} AIq 1T 8UIUO AB]I/M UO (SUORIPLOD-PUE-SWLBH W0 A3 | IMAeiq 1 foul U0/ SARY) SUORIPUOD Pue SWS | 8U3 89S *[7202/20/ET] UO AReid1TauliuO AB1IM ‘ZEY"EUPS/Z00T OT/I0p/W0d A8 ImARIq U1 UO//SARY WOy popeojumMod ‘T ‘¥202 ‘Ev6r.E9Z


https://orcid.org/0000-0001-5037-2441
https://orcid.org/0000-0001-5037-2441
https://orcid.org/0000-0002-9812-7856
https://orcid.org/0000-0002-9812-7856
https://orcid.org/0000-0001-7621-7028
https://orcid.org/0000-0001-7621-7028
https://orcid.org/0000-0002-8074-3466
https://orcid.org/0000-0002-8074-3466
https://orcid.org/0000-0001-7431-8634
https://orcid.org/0000-0001-7431-8634
https://orcid.org/0000-0002-4760-9302
https://orcid.org/0000-0002-4760-9302
https://orcid.org/0000-0002-8280-4795
https://orcid.org/0000-0002-8280-4795
https://orcid.org/0000-0002-4356-3837
https://orcid.org/0000-0002-4356-3837
https://orcid.org/0000-0002-6182-9440
https://orcid.org/0000-0002-6182-9440
https://doi.org/10.1002/edn3.366
https://doi.org/10.3389/fmars.2019.00477
https://doi.org/10.3389/fmars.2019.00477
https://doi.org/10.1007/s10531-020-01980-0
https://doi.org/10.1007/s10531-020-01980-0
https://doi.org/10.3897/mbmg.6.85652
https://doi.org/10.3897/mbmg.6.85652
https://doi.org/10.1021/acs.estlett.2c00266
https://doi.org/10.1021/acs.estlett.2c00266
https://ab.pensoft.net/article/68634/
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1073/pnas.1601266113
https://doi.org/10.1080/14634988.2019.1682912
https://doi.org/10.1080/14634988.2019.1682912
https://doi.org/10.1002/edn3.194
https://doi.org/10.1002/edn3.194
https://doi.org/10.1002/edn3.134
https://doi.org/10.1002/edn3.134
https://doi.org/10.1016/j.scitotenv.2021.151666
https://www.federalregister.gov/documents/2018/01/03/2017-28386/endangered-and-threatened-wildlife-and-plants-endangered-species-status-for-black-warrior-waterdog
https://www.federalregister.gov/documents/2018/01/03/2017-28386/endangered-and-threatened-wildlife-and-plants-endangered-species-status-for-black-warrior-waterdog
https://www.federalregister.gov/documents/2018/01/03/2017-28386/endangered-and-threatened-wildlife-and-plants-endangered-species-status-for-black-warrior-waterdog
https://www.federalregister.gov/documents/2018/01/03/2017-28386/endangered-and-threatened-wildlife-and-plants-endangered-species-status-for-black-warrior-waterdog
https://doi.org/10.1080/03632415.2017.1276329
https://www.federalregister.gov/documents/2021/02/01/2021-02177/tackling-the-climate-crisis-at-home-and-abroad
https://www.federalregister.gov/documents/2021/02/01/2021-02177/tackling-the-climate-crisis-at-home-and-abroad
https://www.federalregister.gov/documents/2021/02/01/2021-02177/tackling-the-climate-crisis-at-home-and-abroad
https://www.federalregister.gov/documents/2022/04/27/2022-09138/strengthening-the-nations-forests-communities-and-local-economies
https://www.federalregister.gov/documents/2022/04/27/2022-09138/strengthening-the-nations-forests-communities-and-local-economies
https://www.federalregister.gov/documents/2022/04/27/2022-09138/strengthening-the-nations-forests-communities-and-local-economies
https://www.fws.gov/sites/default/files/documents/eDNA-QAPP-2022-Whitney-Genetics-Lab.pdf
https://www.fws.gov/sites/default/files/documents/eDNA-QAPP-2022-Whitney-Genetics-Lab.pdf
https://www.fws.gov/sites/default/files/documents/eDNA-QAPP-2022-Whitney-Genetics-Lab.pdf

KELLY ET AL.

Environmental DNA

(p. 31). National standard of Canada, CSA W214:21. Canadian
Standards Association.

Goodwin, K. (2020a). NOAA 'Omics strategy: Strategic application of trans-
formational tools. https://doi.org/10.25923/1SWN-RJ62

Goodwin, K. (2020b). NOAA 'Omics white paper: Informing the NOAA
'Omics strategy and implementation plan. https://doi.org/10.25923/
BD7Z-ZB37

Hakimzadeh, A., Asbun, A. A., Albanese, D., Bernard, M., Buchner, D.,
Callahan, B., Caporaso, G., Curd, E., Djemiel, C., Durling, M. B,
Elbrecht, V., Gold, Z., Gweon, H., Hajibabaei, M., Hildebrand, F.,
Mikryukov, V., Normandeau, E., Ozkurt, E., Palmer, J. M,, ... Anslan,
S. (2023). A pile of pipelines: An overview of the bioinformatics soft-
ware for metabarcoding data analyses. https://doi.org/10.22541/
au.167610608.87815963/v1

Harrison, J. B., Sunday, J. M., & Rogers Sean, M. (2019). Predicting the
fate of eDNA in the environment and implications for studying bio-
diversity. Proceedings of the Royal Society B: Biological Sciences, 286,
20191409. https://doi.org/10.1098/rspb.2019.1409

Jo, T., & Yamanaka, H. (2022). Fine-tuning the performance of abundance
estimation based on environmental DNA (eDNA) focusing on eDNA
particle size and marker length. Ecology and Evolution, 12(8), e9234.

Juhel, J.-B., Utama, R. S., Marques, V., Vimono, I. B., Sugeha, H. Y.,
Kadarusman, Pouyaud, L., Dejean, T., Mouillot, D., & Hocdé, R.
(2020). Accumulation curves of environmental DNA sequences
predict coastal fish diversity in the coral triangle. Proceedings of the
Royal Society B: Biological Sciences, 287(1930), 20200248. https://
doi.org/10.1098/rspb.2020.0248

Kuiken, T., Keating-Bitonti, C., Normand, A., Riddle, A., & Sargent,
J. (2022). eDNA/eRNA: Scientific value in what's left behind.
Congressional Research Service. https://crsreports.congress.gov/
product/pdf/IF/IF12285

Laschever, E., Kelly, R. P., Hoge, M., & Lee, K. N. (2023). The next gener-
ation of environmental monitoring: Environmental DNA in agency
practice. Columbia Journal of Environmental Law, 48(S), 51.

Lawniczak, M. K., Durbin, R., Flicek, P., Lindblad-Toh, K., Wei, X.,
Archibald, J. M., Baker, W. J., Belov, K., Blaxter, M. L., Marques
Bonet, T., & Childers, A. K. (2022). Standards recommendations for
the earth BioGenome project. Proceedings of the National Academy
of Sciences of the United States of America, 119(4), e2115639118.

Leese, F., Bouchez, A., Abarenkov, K., Altermatt, F., Borja, A., Bruce, K.,
Ekrem, T., Ciampor Jr, F, Ciamporové-Zat’oviéova’, Z., Costa, F. O,
& Duarte, S. (2018). Why we need sustainable networks bridging
countries, disciplines, cultures and generations for aquatic biomon-
itoring 2.0: a perspective derived from the DNAqua-Net COST
action. In Advances in ecological research. (Vol. 58, pp. 63-99).
Academic Press. https://doi.org/10.1016/bs.aecr.2018.01.001

Leray, M., Knowlton, N., & Machida, R. J. (2022). MIDORI2: A collection
of quality controlled, preformatted, and regularly updated refer-
ence databases for taxonomic assignment of eukaryotic mitochon-
drial sequences. Environmental DNA, 4(4), 894-907.

Lodge, D. M. (2022). Policy action needed to unlock eDNA potential.
Frontiers in Ecology and the Environment, 20(8), 448-449. https://
doi.org/10.1002/fee.2563

Luis Valdes & Intergovernmental Oceanographic Commission. (2017).
Global ocean science report: The current status of ocean science around
the world. UNESCO. https://unesdoc.unesco.org/ark:/48223/
pf0000250428

Michigan v. U.S. Army Corps of Eng'rs, 667 F.3d 765 (7th Cir. 2011) 73 E.R.C.
1353 (United States Court of Appeals, Seventh Circuit). (2011). https://
casetext.com/case/state-v-us-army-corps-of-engineers

Miya, M. (2022). Environmental DNA metabarcoding: A novel method
for biodiversity monitoring of marine fish communities. Annual
Review of Marine Science, 14(1), 161-185. https://doi.org/10.1146/
annurev-marine-041421-082251

Morisette, J., Burgiel, S., Brantley, K., Daniel, W., Darling, J., Davis,
J., Franklin, T., Gaddis, K., Hunter, M., Lance, R., Leskey, T.,

‘Open Access,
Dedicated to the study and use of environmental DNA for basic and applied sciences

Passamaneck, Y., Piaggio, A., Rector, B., Sepulveda, A., Smith, M.,
Stepien, C., & Wilcox, T. (2021). Strategic considerations for in-
vasive species managers in the utilization of environmental DNA
(eDNA): Steps for incorporating this powerful surveillance tool.
Management of Biological Invasions, 12(3), 747-775. https://doi.
org/10.3391/mbi.2021.12.3.15

National Institute of Standards and Technology (NIST). (2021). RM 8376
microbial pathogen DNA standards for detection and identification.
https://www.nist.gov/programs-projects/rm-8376-microbial-
pathogen-dna-standards-detection-and-identification

National Invasive Species Council (NISC). (2022). Environmental DNA as a
tool for invasive species detection and management. https://doi.gov/
sites/doi.gov/files/nisc-edna-white-paper-2022-final.pdf

Norros, V., Laamanen, T., Meissner, K., Iso-Touru, T., Kahilainen, A.,
Lehtinen, S., Lohtander-Buckbee, K., Nygard, H., Pennanen, T.,
Ruohonen-Lehto, M., Sirkia, P., Suikkanen, S., Tolkkinen, M., Vainio,
E., Velmala, S., Vuorio, K., & Vihervaara, P. (2022). Roadmap for
implementing environmental DNA (eDNA) and other molecular mon-
itoring methods in Finland - Vision and action plan for 2022-2025.
Reports of the Finnish Environment Institute 20.

Ocean News. (2022). eDNAtec advances environmental genomics stan-
dards with ISO certification. https://www.oceannews.com/news/
science-and-tech/ednatec-advances-environmental-genomics-
standards-with-iso-certification

Qu, C., & Stewart, K. A. (2019). Evaluating monitoring options for con-
servation: Comparing traditional and environmental DNA tools for
a critically endangered mammal. The Science of Nature, 106(3), 9.
https://doi.org/10.1007/s00114-019-1605-1

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P,
Peplies, J., & Glockner, F. O. (2012). The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools.
Nucleic Acids Research, 41(D1), D590-D596.

Ratnasingham, S., & Hebert, P. D. (2007). BOLD: The Barcode of Life
Data System (http://www. barcodinglife. org). Molecular Ecology
Notes, 7(3), 355-364.

Rourke, M. L., Fowler, A. M., Hughes, J. M., Broadhurst, M. K., DiBattista,
J. D., Fielder, S., Wilkes Walburn, J., & Furlan, E. M. (2022).
Environmental DNA (eDNA) as a tool for assessing fish biomass:
A review of approaches and future considerations for resource
surveys. Environmental DNA, 4(1), 9-33. https://doi.org/10.1002/
edn3.185

Sepulveda, A. J., Hutchins, P. R., Jackson, C., Ostberg, C., Laramie, M.
B., Amberg, J., Counihan, T., Hoegh, A., & Pilliod, D. S. (2020). A
round-robin evaluation of the repeatability and reproducibility of
environmental DNA assays for dreissenid mussels. Environmental
DNA, 2(4), 446-459.

Sepulveda, A., Smith, D., O'Donnell, K., Owens, N., White, B., Richter,
C., Merkes, C., Wolf, S. L., Rau, M., Neilson, M. E., Daniel, W. M.,
Dumoulin, C. E., & Hunter, M. E. (2022). Using structured deci-
sion making to evaluate potential management responses to de-
tection of dreissenid mussel (Dreissena spp.) environmental DNA.
Management of Biological Invasions, 13(2), 344-368. https://doi.
org/10.3391/mbi.2022.13.2.06

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/].
biocon.2019.07.003

Shelton, A. O., Ramoén-Laca, A., Wells, A., Clemons, J., Chu, D., Feist,
B. E,, Kelly, R. P., Parker-Stetter, S. L., Thomas, R., Nichols, K. M.,
& Park, L. (2022). Environmental DNA provides quantitative esti-
mates of Pacific hake abundance and distribution in the open ocean.
Proceedings of the Royal Society B: Biological Sciences, 289(1971),
20212613. https://doi.org/10.1098/rspb.2021.2613

Simmons, S. E., Benson, A., Biddle, M., Canonico, G., Chory, M., Desai,
K., Edmondson, M., Gedamke, J., Hardy, S. K., Hunter, M., Kumar,

85U801 SUOWILLIOD A0 3|dedl|dde aus Ag pausenob a8 S3ple YO ‘88N JO S3|NJ 10} AIq 1T 8UIUO AB]I/M UO (SUORIPLOD-PUE-SWLBH W0 A3 | IMAeiq 1 foul U0/ SARY) SUORIPUOD Pue SWS | 8U3 89S *[7202/20/ET] UO AReid1TauliuO AB1IM ‘ZEY"EUPS/Z00T OT/I0p/W0d A8 ImARIq U1 UO//SARY WOy popeojumMod ‘T ‘¥202 ‘Ev6r.E9Z


https://doi.org/10.25923/1SWN-RJ62
https://doi.org/10.25923/BD7Z-ZB37
https://doi.org/10.25923/BD7Z-ZB37
https://doi.org/10.22541/au.167610608.87815963/v1
https://doi.org/10.22541/au.167610608.87815963/v1
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1098/rspb.2020.0248
https://doi.org/10.1098/rspb.2020.0248
https://crsreports.congress.gov/product/pdf/IF/IF12285
https://crsreports.congress.gov/product/pdf/IF/IF12285
https://doi.org/10.1016/bs.aecr.2018.01.001
https://doi.org/10.1002/fee.2563
https://doi.org/10.1002/fee.2563
https://unesdoc.unesco.org/ark:/48223/pf0000250428
https://unesdoc.unesco.org/ark:/48223/pf0000250428
https://casetext.com/case/state-v-us-army-corps-of-engineers
https://casetext.com/case/state-v-us-army-corps-of-engineers
https://doi.org/10.1146/annurev-marine-041421-082251
https://doi.org/10.1146/annurev-marine-041421-082251
https://doi.org/10.3391/mbi.2021.12.3.15
https://doi.org/10.3391/mbi.2021.12.3.15
https://www.nist.gov/programs-projects/rm-8376-microbial-pathogen-dna-standards-detection-and-identification
https://www.nist.gov/programs-projects/rm-8376-microbial-pathogen-dna-standards-detection-and-identification
https://doi.gov/sites/doi.gov/files/nisc-edna-white-paper-2022-final.pdf
https://doi.gov/sites/doi.gov/files/nisc-edna-white-paper-2022-final.pdf
https://www.oceannews.com/news/science-and-tech/ednatec-advances-environmental-genomics-standards-with-iso-certification
https://www.oceannews.com/news/science-and-tech/ednatec-advances-environmental-genomics-standards-with-iso-certification
https://www.oceannews.com/news/science-and-tech/ednatec-advances-environmental-genomics-standards-with-iso-certification
https://doi.org/10.1007/s00114-019-1605-1
https://doi.org/10.1002/edn3.185
https://doi.org/10.1002/edn3.185
https://doi.org/10.3391/mbi.2022.13.2.06
https://doi.org/10.3391/mbi.2022.13.2.06
https://doi.org/10.1016/j.biocon.2019.07.003
https://doi.org/10.1016/j.biocon.2019.07.003
https://doi.org/10.1098/rspb.2021.2613

KELLY ET AL.

10 of 10 i
Environmental DNA
4|—Wl LEY | s

Dedicated to the study and use of environmental DNA for basic and applied sciences

A., Lorenzoni, L., Melzian, B. D., Mullin, K., Parsons, K. M., Price, J.,
Rankin, S., Rosel, P. E., Spence, H. R., ... Weise, M. J. (2022). Biology:
Integrating core to essential variables (Bio-ICE) task team report for
marine mammals. USGS: Wetland and Aquatic Research Center.
https://www.usgs.gov/publications/biology-integrating-core-
essential-variables-bio-ice-task-team-report-marine-mammals

So, K. Y. K., Fong, J. J., Lam, |. P. Y., & Dudgeon, D. (2020). Pitfalls during
in silico prediction of primer specificity for eDNA surveillance.
Ecosphere, 11(7), €03193. https://doi.org/10.1002/ecs2.3193

Soller, J., Jennings, W., Schoen, M., Boehm, A., Wigginton, K., Gonzalez,
R., Graham, K. E., McBride, G., Kirby, A., & Mattioli, M. (2022).
Modeling infection from SARS-CoV-2 wastewater concentrations:
Promise, limitations, and future directions. Journal of Water and
Health, 20(8), 1197-1211. https://doi.org/10.2166/wh.2022.094

Stoeckle, M., Adolf, J., Charlop-Powers, Z., Dunton, K. J., Hinks, G., &
VanMorter, S. M. (2021). Trawl and eDNA assessment of marine
fish diversity, seasonality, and relative abundance in coastal New
Jersey, USA. ICES Journal of Marine Science, 78(1), 293-304. https://
doi.org/10.1093/icesjms/fsaa225

Takahashi, M., Saccé, M., Kestel, J. H., Nester, G., Campbell, M. A, Van
Der Heyde, M., Heydenrych, M. J., Juszkiewicz, D. J., Nevill, P,
Dawkins, K. L., & Bessey, C. (2023). Aquatic environmental DNA: A
review of the macro-organismal biomonitoring revolution. Science
of the Total Environment, 873, 162322.

Trujillo-Gonzélez, A., Villacorta-Rath, C., White, N. E., Furlan, E. M., Sykes,
M., Grossel, G., Divi, U. K., & Gleeson, D. (2021). Considerations for
future environmental DNA accreditation and proficiency testing
schemes. Environmental DNA, 3(6), 1049-1058.

UNESCO. (2023). Environmental DNA expeditions in UNESCO World her-
itage marine sites. https://www.unesco.org/en/edna-expeditions

United States, National Oceanic and Atmospheric Administration. (2021).
NOAA 'Omics strategic plan. https://doi.org/10.25923/1C27-W345

USEPA. (2015). Method 1609.1: Enterococci in water by TagMan quanti-
tative polymerase chain reaction (qPCR) with internal amplification
control (IAC) assay. US Environmental Protection Agency, Office of
Water. EPA-820-R-15-009.

USEPA. (2019). Method 1696: Characterization of human fecal pollu-
tion in water by HF183/BacR287 TagMan quantitative polymerase

chain reaction (qPCR) assay. US Environmental Protection Agency.
EPA-821-R-19-002.

Weigand, H., Beermann, A. J., Ciampor, F., Costa, F. O., Csabai, Z., Duarte,
S., Geiger, M. F., Grabowski, M., Rimet, F., Rulik, B., Strand, M,
Szucsich, N., Weigand, A. M., Willassen, E., Wyler, S. A., Bouchez,
A., Borja, A., Ciamporova-Zatovicova, Z., Ferreira, S., ... Ekrem,
T. (2019). DNA barcode reference libraries for the monitoring of
aquatic biota in Europe: Gap-analysis and recommendations for fu-
ture work. Science of the Total Environment, 678, 499-524. https://
doi.org/10.1016/j.scitotenv.2019.04.247

Wetterstrand, K. (2021). DNA sequencing costs: Data from the NHGRI
Genome Sequencing Program (GSP). Genome.Gov. https://www.ge-
nome.gov/sequencingcostsdata

Yates, M. C., Glaser, D. M,, Post, J. R., Cristescu, M. E., Fraser, D. J., &
Derry, A. M. (2021). The relationship between eDNA particle con-
centration and organism abundance in nature is strengthened by
allometric scaling. Molecular Ecology, 30(13), 3068-3082.

Zizka, V. M. A., Koschorreck, J., Khan, C. C., & Astrin, J. J. (2022). Long-
term archival of environmental samples empowers biodiversity
monitoring and ecological research. Environmental Sciences Europe,
34(1), 40. https://doi.org/10.1186/s12302-022-00618-y

How to cite this article: Kelly, R. P, Lodge, D. M., Lee, K. N.,
Theroux, S., Sepulveda, A. J., Scholin, C. A,, Craine, J. M,,
Andruszkiewicz Allan, E., Nichols, K. M., Parsons, K. M.,
Goodwin, K. D., Gold, Z., Chavez, F. P, Noble, R. T., Abbott, C.
L., Baerwald, M. R., Naaum, A. M., Thielen, P. M., Simons, A. L.
... Weisberg, S. B. (2024). Toward a national eDNA strategy for
the United States. Environmental DNA, 6, e432. https://doi.
org/10.1002/edn3.432

85U801 SUOWILLIOD A0 3|dedl|dde aus Ag pausenob a8 S3ple YO ‘88N JO S3|NJ 10} AIq 1T 8UIUO AB]I/M UO (SUORIPLOD-PUE-SWLBH W0 A3 | IMAeiq 1 foul U0/ SARY) SUORIPUOD Pue SWS | 8U3 89S *[7202/20/ET] UO AReid1TauliuO AB1IM ‘ZEY"EUPS/Z00T OT/I0p/W0d A8 ImARIq U1 UO//SARY WOy popeojumMod ‘T ‘¥202 ‘Ev6r.E9Z


https://www.usgs.gov/publications/biology-integrating-core-essential-variables-bio-ice-task-team-report-marine-mammals
https://www.usgs.gov/publications/biology-integrating-core-essential-variables-bio-ice-task-team-report-marine-mammals
https://doi.org/10.1002/ecs2.3193
https://doi.org/10.2166/wh.2022.094
https://doi.org/10.1093/icesjms/fsaa225
https://doi.org/10.1093/icesjms/fsaa225
https://www.unesco.org/en/edna-expeditions
https://doi.org/10.25923/1C27-W345
https://doi.org/10.1016/j.scitotenv.2019.04.247
https://doi.org/10.1016/j.scitotenv.2019.04.247
https://www.genome.gov/sequencingcostsdata
https://www.genome.gov/sequencingcostsdata
https://doi.org/10.1186/s12302-022-00618-y
https://doi.org/10.1002/edn3.432
https://doi.org/10.1002/edn3.432

	Toward a national eDNA strategy for the United States
	Abstract
	1|INTRODUCTION
	1.1|Management-­ready applications
	1.2|From research to management
	1.2.1|Coordination
	1.2.2|Capacity building
	1.2.3|Technical needs
	Conceptual models
	Tools



	2|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	PERMISSION TO REPRODUCE MATERIAL FROM OTHER SOURCES
	DISCLAIMER
	REFERENCES


