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Abstract 
Invasive species surveillance programs can utilize environmental DNA sampling 
and analysis to provide information on the presence of invasive species. Wider 
utilization of eDNA techniques for invasive species surveillance may be warranted. 
This paper covers topics directed towards invasive species managers and eDNA 
practitioners working at the intersection of eDNA techniques and invasive species 
surveillance. It provides background information on the utility of eDNA for invasive 
species management and points to various examples of its use across federal and 
international programs. It provides information on 1) why an invasive species 
manager should consider using eDNA, 2) deciding if eDNA can help with the 
manager’s surveillance needs, 3) important components to operational implementation, 
and 4) a high-level overview of the technical steps necessary for eDNA analysis. 
The goal of this paper is to assist invasive species managers in deciding if, when, 
and how to use eDNA for surveillance. If eDNA use is elected, the paper provides 
guidance on steps to ensure a clear understanding of the strengths and limitation of 
the methods and how results can be best utilized in the context of invasive species 
surveillance. 
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I. Introduction 

Over the past decade, the application and development of molecular 
techniques in the ecological community have rapidly expanded (Real 
2017). Environmental DNA (eDNA) is broadly defined as any organismal 
DNA (e.g. microbial, macrobial, meiofaunal) present within a given 
environment (i.e., water, soil, sediment) (Pawlowski et al. 2020). In the 
domain of invasive species management, eDNA sampling and analysis 
(hereafter referred to as eDNA techniques) provides a highly sensitive 
approach to infer the presence of one or more targeted invasive species or 
the composition of multiple species in the community. 

Every year in the United States (US), invasive species cause billions of 
dollars in economic losses and other damages (Executive Office of the 
President 2016). The federal government allocated nearly US $3 Billion to 
invasive species prevention and control efforts in fiscal year 2020, with 
similar investments in previous years (NISC 2020). A significant portion of 
that effort is dedicated to assessing the presence of invasive species, 
whether it is initial detection of an alien species of concern, tracking their 
spread, or monitoring for survivors of eradication efforts. Advances in 
molecular technologies provide significant power to detect evidence of a 
species’ presence in a given environment via its eDNA, even when its 
numbers are relatively low or the species is cryptic or otherwise difficult to 
differentiate morphologically from close relatives (Marshall and Stepien 
2019; Martinez et al. 2020). In comparison with traditional collection and 
identification methods, eDNA techniques can be more sensitive, cost-
effective, and targeted to the identification of species of interest; safer for 
wildlife and field staff; and less harmful to the ecosystem (Darling 2019). 
Consideration of wider utilization of eDNA techniques for invasive species 
surveillance is warranted. Yet, interpretation and use of eDNA results 
differ from the use and interpretation of traditional sampling. Also, since 
the field is rapidly evolving, its application may require considerable 
technical capacity. 

In the US, the National Invasive Species Council (NISC) provides 
national leadership to coordinate, sustain, and expand federal invasive 
species management efforts. As part of its annual planning process, NISC 
identifies priority thematic areas that would benefit from inter-agency or 
intergovernmental collaboration. In the 2020 Work Plan, NISC selected 
eDNA techniques as one of six priority areas to highlight as an emerging 
tool for invasive species management across a range of federal agencies and 
actions (NISC 2019). The resulting article comes from the task team of 
nearly 30 federal scientists and invasive species specialists working at the 
nexus of eDNA techniques and invasive species management convened 
through the NISC eDNA techniques initiative. 

https://doi.org/10.3391/mbi.2021.12.3.15
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Figure 1. Critical question for the use of Environmental DNA for invasive species management. 

While eDNA techniques are already in widespread use and hold promise 
as tools for invasive species detection and surveillance, there are several key 
questions to consider: 

1. Why should an invasive species manager (referred to as managers 
herein) consider using eDNA? 

2. Can eDNA help with your invasive species surveillance needs? 
3. What are the important components to operational implementation? 
4. How do you go about utilizing eDNA tools for surveillance?  

We address these questions in this paper. We cover topics directed 
toward managers as well as practitioners working with eDNA techniques. 
Section II provides background on the utility of eDNA in invasive species 
management and points to various examples of its use across federal and 
international programs (question 1). Section III provides information on 
deciding whether eDNA is useful for a given application (questions 2). The 
implementation section (IV) describes practical considerations when using 
eDNA as a tool in invasive species management surveillance (question 3). 
The technical section (V) gives a high-level overview of the steps necessary 
for eDNA analysis (question 4). Figure 1 provides a graphic overview of 
the content and guidance covered in this paper. The conclusion section 
provides a summary of the paper and presents a flow diagram to capture 
the decision making and technical considerations highlighted in this paper. 

II. Background: Proven effectiveness and current programs related 
to the use of eDNA for invasive species surveillance 

Considering there is extensive research on eDNA and its operational use, 
our focus in this section is an overview of research and resources that 
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provide examples that are most relevant to invasive species management. 
Targets for detection of invasive species in aquatic environments using 
eDNA include groups as varied as vertebrates (e.g. North American 
bullfrog: Lithobates catesbeianus [Shaw, 1802], northern pike Esox lucius 
Linnaeus, 1758, silver carp Hypophthalmichthys nobilis [Richardson, 1845], 
black carp Mylopharyngodon piceus [Richardson, 1846]) (Ficetola et al. 
2008; Jerde et al. 2013; Dunker et al. 2016; Jerde 2019; Stepien et al. 2019), 
aquatic mollusks and arthropods (e.g. quagga and zebra mussels Dreissena 
bugensis [Andrusov, 1897] and D. polymorpha [Pallas, 1771], rusty crayfish 
Faxonius rusticus [Girard, 1852]) (Dougherty et al. 2016; Amberg et al. 
2019; Marshall and Stepien 2019; Sepulveda et al. 2019) and various plants 
(Newton et al. 2016). In marine systems, eDNA techniques are used to 
detect fouling communities (Westfall et al. 2020) and invasive species in 
ships’ ballast water (Gerhard and Gunsch 2019). Environmental DNA also 
has been used to detect terrestrial and semi-aquatic invasive species 
including the Burmese python (Python bivittatus [Kuhl, 1820]) (Piaggio et 
al. 2014), feral swine (Sus scrofa Linnaeus, 1758) (Williams et al. 2017), 
brown marmorated stink bug (Halyomorpha halys [Stål, 1855]) (Valentin 
et al. 2018), and spotted lanternfly (Lycorma delicatula [White, 1845]) 
(Valentin et al. 2020). As part of their Regional Aquatic Invasive Species 
Monitoring Strategy (USFS 2020a), the Pacific Northwest Region of the 
USDA Forest Service is employing eDNA to detect aquatic invasive species 
in environments that they do not regularly access with trained observers. 
These broad examples demonstrate the feasibility of using eDNA sampling 
to identify and detect invasive species within complex environments. 

Environmental DNA sampling is non- or minimally-intrusive and often 
non-destructive. This, together with its specificity and broad contextual 
application makes the approach attractive as an invasive species detection 
tool (Kamenova et al. 2017; Hinlo et al. 2018; Martinez et al. 2020; 
Sepulveda et al. 2020a). Because most eDNA methods utilize polymerase 
chain reaction (PCR) of relatively short DNA fragments (generally < 200 
nucleotides), they are sensitive enough to detect DNA at extremely low 
concentrations. Use of eDNA makes it possible to detect and identify invasive 
species effectively and to a rigorous standard (Frewin et al. 2015; Sepulveda 
et al. 2020a) and allows detection even when only a few specimens are 
present in the environment sampled and none have been captured or seen 
(Lyal and Miller 2020). Furthermore, specific taxonomic identification is 
facilitated through molecular techniques applied to eDNA. The field is 
rapidly evolving with continuous improvement in accuracy and at lower 
costs (Wilcox et al. 2016; Sepulveda et al. 2018; Pochardt et al. 2020; 
Thomas et al. 2020). As a further benefit, eDNA samples may be archived 
to be available for retrospective analysis for eDNA from other taxa. For 
example, samples from single-species surveys have been later used to 
screen for native mussels (Dysthe et al. 2018), amphibians (Franklin et al. 
2019), and invasive fishes (Wilcox et al. 2018b, 2020). 

https://doi.org/10.3391/mbi.2021.12.3.15
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Table 1. US Environmental DNA programs with relevance to Invasive Species Management. 

US Federal Programs Agency Relevance to invasive species Citation 
Aquatic Nuisance Species Task 
Force 

Multiple plus non-federal 
partners 

ANSTF focuses on invasive species; the 
Early Detection Rapid Response 
subcommittee as well as several regional 
panel working groups are working 
collaboratively on eDNA issues 

Aquatic Nuisance 
Species Task 
Force 2020 

eDNA Atlas: National 
Genomics Center for Wildlife 
and Fish Conservation 

US Department of Agriculture 
Forest Service 

Open-access database that provides spatial 
information on eDNA sampling 
detection/non-detection results for 
freshwater species in the United States 

Young et al. 
2020; USFS 
2020b 

eDNA Resources Non-Federal but funded 
through the Department of 
Defense 

A collection of information on using 
eDNA methods for the conservation and 
management of aquatic ecosystems; 
including the document “Guidelines for 
Selecting a Lab for Processing” 

Washington State 
University 2020 

Government Environmental 
eDNA Working Group 

Multiple Many members of the GeDWG are 
working on the application of eDNA to 
invasive species surveillance 

Ferrante et al. 
2020  

Great Lakes Restoration 
Initiative eDNA monitoring 

Multiple The longest standing application of eDNA 
used for invasive species coordination and 
regional operational surveillance in the 
United States; providing an example of 
how eDNA can be implemented on a broad 
scale, across multiple jurisdictions to aid 
and inform invasive species detection and 
monitoring 

Great Lakes 
Interagency 
Taskforce 2020 

Intelligence Advanced 
Research Projects Activity: 
Detection approaches related to 
marine and coastal biosecurity 

Department of Defense, Office 
of the Director of National 
Intelligence 

Indication of IARPA’s interest in advanced 
methods including the use of eDNA; some 
of which could be directed toward invasive 
species surveillance 

Office of the 
Director of 
National 
Intelligence 2006 

Marine Biodiversity 
Observation Network (MBON) 
eDNA and ‘Omics 
coordination 

Multiple US agencies plus 
international partners 

Marine invasive species are one of the 
main threats being considered by this 
initiative 

US MBON 2020 

National Oceanic and 
Atmospheric Administration 
‘Omics strategy and 
implementation 

US Department of Commerce, 
National Oceanic and 
Atmospheric Administration 

Indication of NOAA’s commitment to 
'omics which includes eDNA; with 
applications to invasive species explicitly 
mentioned under goal 2 

NOAA 2019 

US Fish and Wildlife training 
on eDNA  

US Fish and Wildlife Service 
via the National Conservation 
Training Center 

Focused on the use of eDNA’s in the 
management of plants and animals in 
general 

Patterson 2020 

US Geological Survey 
Nonindigenous Aquatic 
Species Database 

US Geological Survey The system is focused on nonindigenous 
species and expanding to include 
environmental DNA data 

USGS 2020 

While not necessarily explicitly directed toward invasive species 
management, multiple federal programs within the US have been 
instrumental in supporting research and technological advances in the use 
of eDNA. Table 1 provides a list of eDNA programs relevant to invasive 
species management in the US. These programs are motivated by the 
objectives inherent to the mission of each agency. Outside of the US, 
several nations and international efforts have been dedicated to pursuing 
the development and implementation of eDNA methods for various 
biomonitoring initiatives. Some of these are listed in Table 2. The tables are 
not an exhaustive list of federal and international eDNA programs. Rather, 
they are meant to show that there are numerous ongoing US federal 
agency, interagency, and international activities involving eDNA, with at 
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Table 2. Environmental DNA programs with relevance to Invasive Species Management, international or outside the US. 

Relevant programs outside the US Country Relevance to invasive species Citation 
DNAqua Net European Union Convenes a group of researchers across 

disciplines with the task to identify gold-
standard genomic tools and novel eco-
genomic indices and metrics for routine 
application for biodiversity assessments and 
biomonitoring of European water bodies. 

Leese et al. 2016 

Defra Centre of Excellence for 
DNA Methods 

United Kingdom Seeks progress on implementation of eDNA 
approaches including non-native species 
detections; aligned with Scottish DNA hub 
and the UK DNA network  

Nelson et al. 2018 

Guidance on the Use of Targeted 
Environmental DNA (eDNA) 
Analysis for the Management of 
Aquatic Invasive Species and 
Species at Risk 

Fisheries and Oceans 
Canada 

Guidance on eDNA to support decision 
making on aquatic species and ecosystems, 
considers both aquatic invasive species and 
species at risk 

Abbott et al. 2021; 
Baillie et al. 2019 

EcoDNA: a research group 
focusing on the application of 
environmental DNA technology 
for biodiversity conservation in 
Australia and the Asia-Pacific 
region 

Led by University of 
Canberra, Australia 

The mission, to provide advanced methods 
for species monitoring, includes work on 
invasive species 

University of 
Canberra 2020 

North Pacific Marine Science 
Organization 

Canada, Japan, China, the 
Republic of Korea, 
Russia and US 

Advisory Panel on Marine Non-Indigenous 
Species (AP-NIS) considering, in part, the 
application of eDNA for identifying invasive 
species in marine environments 

PICES 2020 

Arctic Invasive Alien Species 
(ARIAS) Strategy 

Arctic countries 
(countries include 
Canada, Finland, Iceland, 
Norway, Sweden, Russia 
and US) 

Action plan implementation is now 
leveraging eDNA tools to monitor invasive 
species 

Arctic Council 
2020 

Pathway to Increase Standards 
and Competency of eDNA 
Surveys (PISCeS)  

Canada Advancing collaboration and standardization 
efforts in the field of eDNA 

Loeza‐Quintana et 
al. 2020 

The Atlas of Living Australia Australia The Atlas of Living Australia includes 
invasive species records 

CSIRO 2020 

The eDNA Society Japan Standardized protocols applicable to all taxa, 
including invasive species 

The Environmental 
DNA Society 2020 

least some components of that work relevant to the use of eDNA for 
invasive species management.  The initiatives listed in Tables 1 and 2 represent 
investment and insight that can help inform further use of eDNA for 
invasive species management. 

Details for each element of Tables 1 and 2 are provided in the 
Supplementary material Appendix 1. 

While novel and exciting possibilities are offered through eDNA, with 
considerable investments in the related programs listed in Tables 1 and 2, 
there are still important caveats to consider. The following section 
describes some preliminary considerations for deciding on the use of 
eDNA for invasive species surveillance. 

III. Initial considerations: Deciding if eDNA is a useful tool in the 
context of specific invasive species management objectives 

In considering the use of eDNA for invasive species surveillance, a critical 
first step is to carefully outline surveillance objectives. The context of the 
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invasive species management objectives should articulate: the species of 
concern, the habitat of interest and the spatial extent of inference for the 
surveillance, the risks presented by the targeted species in that spatial 
extent, and the range of feasible management options. With respect to 
invasive species management, eDNA can be employed in a number of 
ways, including early and first detections of novel introduced species 
(Larson et al. 2020), tracking the spread of an introduced species (Dunker 
et al. 2016), or monitoring for survivors of eradication efforts (Carim et al. 
2019). Criteria for useful tools may vary depending on these goals. For 
instance, challenges posed by detection uncertainty may be heightened 
when attempting early detection of a novel incursion and may be of less 
concern when seeking to establish range limits of a known invasion. In 
addition, it is important to establish how eDNA tools can be incorporated 
into the existing surveillance toolkit and used together with already 
employed methods. For example, is eDNA meant to provide the primary 
means of detection, leading directly to management action? Or is eDNA 
envisioned as an early screening approach, with positive detections triggering 
subsequent, more intensive monitoring using additional survey tools? 
Considerations of these objectives help to direct the eDNA methods to meet 
the manager’s requirements for surveillance sensitivity and specificity. 
Some of these questions are addressed, in part, in the following sections. 
However, to address unique needs inherent to invasive species management, 
these and similar deliberations are often best addressed through context-
specific dialog between managers and eDNA practitioners. 

An important early decision is if the eDNA surveillance objectives focus 
on 1) a targeted approach aimed at detecting a single species or genus or 
2) a broader community assessment where multiple taxa of interest are 
characterized, known as eDNA metabarcoding. Here we provide an 
overview of community assessment methods, but specific considerations 
for its use in invasive species surveillance are beyond the scope of this 
paper. Although both approaches represent robust detection options, often 
outcompeting traditional survey methods, selecting a suitable method 
requires understanding trade-offs in sensitivity and specificity. A targeted 
eDNA approach uses taxon-specific primers and can be effective for 
identifying or monitoring elusive or rare species and is fitting for mapping 
the distribution for a particular invader of interest (Bylemans et al. 2019). 
Targeted (that is, species-, or genus- specific) approaches are highly sensitive 
in detecting targeted species (Hunter et al. 2017; Klymus et al. 2015; 
Marshall and Stepien 2019). However, a targeted eDNA approach is by 
definition limited to a specific “target” and is not suitable for the detection 
of unanticipated, or yet to be discovered, invasive species. eDNA 
metabarcoding provides an alternative option that can characterize 
multiple taxa, provide information about community diversity, and is 
appropriate to detect new or unanticipated invaders (Simmons et al. 2015; 
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Snyder et al. 2020). One established flaw, however, is primer bias that may 
preferentially amplify (“select”) eDNA from particular taxa within a mixed 
community. As such, the eDNA metabarcoding approach may be less 
reliable in detecting any one specific species or taxon when a general 
marker is employed. For less common species or for broadly distributed 
species with substantial interpopulation genetic differences, there may be 
relatively low representation or diversity of DNA sequences in publicly 
available databases, such that important sequence variants are not accounted 
for in primer design, and detection rates of these invasive species or 
particular invasive species populations could be unexpectedly weak. This 
can be rectified by carefully considering community constituencies, 
phylogenetics, and species’ population genetics, to the extent possible, and 
obtaining representative samples and generating in-house sequence 
libraries as needed. Further, preservation and archival of extracted eDNA, 
samples, or filters may allow valuable back-tracing of the presence and 
tracking of invasive species that were present in a sample but unknown. 
With either approach, prior knowledge of a species’ phylogeography and 
invasion history is extremely useful (Parsons et al. 2018; Marshall and 
Stepien 2019). Community surveillance, using metabarcoding (Deiner et 
al. 2017) or multiplexed qPCR (Guan et al. 2019), can provide more 
information about the mix of species in the ecosystem but may be less 
specific or reliable at detecting any one specific species if a general marker 
is employed. Currently, metabarcoding is less applicable for regular 
invasive species monitoring, although this approach may be useful for 
detection of unanticipated incursions (Simmons et al. 2015; Snyder et al. 
2020). What follows is guidance specific to the objective of using eDNA for 
surveillance of targeted species. 

When pursuing targeted eDNA surveillance, it is useful to determine if 
known capabilities exist for the species of interest, or for related species. 
Existing studies may provide valuable information on ranges of DNA marker 
sensitivity and specificity (do certain markers/assays outperform others in 
side-by-side comparisons?; e.g. Sepulveda et al. 2020d), and may offer 
important insights in how and when to best sample the environment for 
that particular taxa. In the absence of such studies, general knowledge may 
be useful in evaluating the likely utility of eDNA for the target of interest. 
Knowledge pertaining to the ecology of the species (or genus) is particularly 
useful. This is because behavior and environmental condition may influence 
the rate at which DNA is shed into the environment (Pilliod et al. 2013) and 
may influence the fate and transport of eDNA in the system being monitored. 
A great deal of work has been done to understand how environmental 
variables (temperature, water quality, hydrology, etc.) influence the persistence 
and distribution of eDNA in the environment (Shogren et al. 2017). 

For any given species and habitat, it is useful to understand the nuances 
related to both the risk of it remaining undetected (Meyers et al. 2020) and 
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the careful interpretation of eDNA analyses in light of those risks. Both 
false negative and false positive errors are usual in any monitoring program 
(although technical solutions exist to minimize both, details are given 
below), and planning for allocation of limited resources should anticipate 
the costs associated with such errors. These considerations may also help 
to shape managers’ tolerance for different types of monitoring error, which 
in turn will help establish criteria for sensitivity and specificity of 
monitoring tools. 

Recognizing the nuances of biology and environmental context when 
using eDNA for surveillance is important. While eDNA is extremely 
sensitive, the method can still result in false negatives, where results fail to 
detect target DNA when the target is present (e.g. when the species is in 
low abundance, Xia et al. 2018). Conversely, the methods can also result in 
false positives due to contamination or lack of specificity (Sepulveda et al. 
2020b; Ficetola et al. 2016). Finally, and perhaps most uniquely challenging 
to eDNA methods, there is the possibility of detecting target DNA when 
the organism is not actually present (e.g. DNA coming from upstream) or 
there is not a living or viable population (e.g. DNA from a single carcass or 
from waste products of birds) (Merkes et al. 2014; Dunker et al. 2016). 
Although these can pose challenges for inferring distributions of underlying 
populations, it is important to consider the potential value of these types of 
detections as early warning signals. Knowing that there is target DNA 
entering a system—even if currently not associated with live organisms—
may be the smoke indicating a potentially avoidable fire. These nuances are 
addressed in sections IV and V. 

How eDNA surveillance will fit within the larger context of the invasive 
species and resource management plans, decisions, and actions is also 
important. The risk of invasive species going undetected can be used to 
inform a cost/benefit analysis of the surveillance efforts and inform the 
value of those efforts. Within any analysis of resource allocation, it is useful 
to establish the management options available for the species and habitat. 
There is higher value in detections that can trigger quick and effective 
actions. Detections that do not have associated meaningful actions are of 
little practical value. Investments in eDNA techniques should be done in a 
way that are proportional to the risk the species presents to the ecosystem 
and the availability and feasibility of effective actions. 

Whether it is derived from a quantitative cost/benefit analysis or simply 
constrained by practical considerations, it is important to establish the 
resources (financial, personnel, and facilities) available for the surveillance. 
Using eDNA techniques will require allocation of time, budget, and access 
to the appropriate technology. Any dedication of resources to eDNA 
analysis should be done in light of the relative availability and efficacy of 
traditional or current monitoring tools and the trade-off for balancing 
limited resources between those tools and eDNA techniques. It is also 
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useful to estimate the relative costs associated with doing nothing, as well 
as the costs associated with actions taken in response to error. All of the 
complexities listed in this section suggest that application of structured 
decision making (Keeney 2020; Smith 2020) could help with deciding on 
whether or not to employ eDNA techniques. 

IV. Implementation and practical considerations  

Although eDNA has shown power to outperform some other invasive 
species monitoring tools (Valentini et al. 2016; Deiner et al. 2017; Boussarie 
et al. 2018), given the caveats listed above there are some important 
practical considerations when implementing eDNA methods. Establishing 
the surveillance objectives and risk tolerance up front can inform the 
decisions of which specific eDNA approach(es) to be employed (explained 
below), the minimum/required level of qualifications for the eDNA 
laboratory (referred to as “lab” throughout), validation of techniques to be 
used, and how results will be interpreted to inform actions. Due to the 
highly technical (and continually advancing) nature of eDNA methods and 
accompanying bioinformatic processing, the entire process, from initial 
planning to use of results, should include guidance from experienced 
eDNA practitioners or close adherence to robust guidance documentation 
(Darling 2019). 

Engagement and communication with stakeholders 

As described above, important caveats, uncertainties, and unknowns are 
associated with eDNA results, and missteps in early adoption of eDNA 
tools combined with imperfect communication can lead to distrust of 
eDNA by managers (Amberg et al. 2015; Jerde 2019) and stakeholders. 
Herein “stakeholders” refers to the broader community beyond the 
managers and eDNA practitioners to include those impacted by the 
invasive species and related management actions. However, eDNA has 
been determined to be a viable, stand-alone method for rigorous decision 
making under the law using the Daubert standard, which evaluates 
reliability of scientific evidence in US Federal Courts (Sepulveda et al. 
2020a). Nevertheless, eDNA results require careful use by managers since it 
can be difficult to determine whether or not eDNA detections are 
indicative of species presence, much less a viable population. 

Project and communication plans jointly developed by managers and 
eDNA practitioners are an effective tool for averting missteps and 
misunderstandings. Such plans can build trust among managers, eDNA 
practitioners, and stakeholders. They can also ensure transparent decision 
making. These plans can build on the surveillance objectives, risk, and 
context articulated in the previous section. Furthermore, these plans can 
clearly identify the relevant decision makers, the eDNA sampling and 
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analytical methods, limitations of these methods, criteria for scoring 
samples and sites as positive detections, and actions that will be taken if 
positive detection thresholds have been met. Importantly, plans must 
establish clear roles, responsibilities, and expectations among all parties 
and explicitly state how and when information will flow among the parties 
to ensure that there are no surprises. Project and communication plans 
should be developed before a study commences, but they should also be 
considered as living documents since eDNA sampling and analysis can be 
an iterative process. A useful example of a project and communication plan 
is the US Fish and Wildlife Service (USFWS) Quality Assurance Project 
Plan (QAPP) for eDNA Monitoring of Bighead and Silver Carps within the 
Great Lake Restoration Initiative eDNA monitoring (Table 1 and Appendix 1) 
(Woldt et al. 2019). This plan not only lays out specifics for the eDNA 
monitoring and communications, but it is also updated (approximately) 
annually and then approved by all parties. Detailed documentation is 
provided to describe why updates have occurred. 

Minimum qualifications for eDNA methods and lab 

Multiple guidance documents now exist to inform minimum quality 
control standards in the field and lab, including Goldberg et al. (2016) 
“Critical considerations for the application of environmental DNA 
methods to detect aquatic species”, Thalinger et al.’s (2020) “A validation 
scale to determine the readiness of environmental DNA assays for routine 
species monitoring”, the USFWS QAPP (Woldt et al. 2019), the US 
Geological Survey (USGS) eDNA Nonindigenous Aquatic Species database 
submission criteria (USGS 2020), and the US Forest Service eDNA Atlas 
database submission criteria (Young et al. 2020). Quality control and 
assurance specifics will vary by project. More detailed information on 
quality control is given in section V. The quality control standards that are 
ultimately selected for the project should be jointly decided by all parties, 
especially the relevant managers and eDNA practitioners. Standards 
should align with the managers’ objectives and risk tolerance and should 
be thoroughly documented in the project and communication plans. 

Labs that are accredited by recognized entities, such as the International 
Organization for Standardization (OECD 1997), are becoming more 
common in other countries. In the US, few academic, agency, or private 
labs have pursued accreditation. Consequently, the US lacks a nationally 
recognized and consistent approach to identify capable labs with successful 
quality assurance and quality control track records. However, the US-based 
web site “eDNA Resources” provides a list of commercial labs advertising 
eDNA sample processing services as well as US governmental labs processing 
eDNA samples (Washington State University 2020). The site also contains 
a document with “Considerations for selecting a lab partner”. 
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Plan for how results will inform actions 

Positive eDNA results should be interpreted as strong evidence (Sepulveda 
et al. 2020a) but do not conclusively establish the presence of a live 
occurrence of the species, much less a viable population of that species. 
Building on the decision to utilize eDNA and the inherent nuances of the 
biological interpretation of eDNA results, it can be helpful to explicitly 
agree to and document what managers will do with the information once 
available. Prior to the initiation of sampling, decision makers working with 
biologists (subject matter experts) and eDNA practitioners can identify 
specifically which eDNA results (e.g. from what locations, at what time, 
with what amount of replication or independent reproducibility) will 
trigger actions, how much certainty is required before these actions are 
triggered, and what course of actions will follow non-detection(s). For 
example, in the invasive carp eDNA monitoring program, the USFWS 
QAPP outlines that positive eDNA samples should undergo additional 
investigation, including subsequent, more intensive molecular and non-
molecular monitoring to locate fish populations. These decisions should 
link manager objectives to alternative action choices, provide the information 
available to evaluate each alternative choice, and reflect management’s 
core-values. Here too, structured decision-making approaches (Smith 2020) 
could be used to work though these decisions. 

Each practical consideration has associated costs. Once the engagement 
and communication strategies are established, the required technical 
capacity is known, and a plan outlined for how results will be used to 
inform actions, it is worth revisiting the resources available. It is important 
to understand what resources are available for the effort and establish the 
feasibility of the preceding implementation plans relative to the available 
resources. If the anticipated costs exceed the available resources, one or 
more of these practical considerations can be revisited and revised. 

V. Technical considerations 

It may seem difficult to implement an eDNA monitoring or surveillance 
effort, given the myriad of critical considerations that occur at each step. 
However, several publications have provided detailed reviews of critical 
considerations that facilitate effective implementation of an eDNA 
program or effort (Goldberg et al. 2016; Stoeckle et al. 2018; Jeunen et al. 
2019; Harper et al. 2019; Baillie et al. 2019). The following fairly high-level 
overview draws from the published literature and specifically aims to 
provide a general understanding of the process in the context of invasive 
species surveillance. This overview provides foundational information 
related to technical steps in conducting eDNA analysis for invasive species 
detection and/or surveillance. 
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Assays 

In most cases, an eDNA genetic assay is based on polymerase chain 
reaction (PCR) in which primers are used to amplify a locus (i.e., region of 
the genome) of interest possessing a unique sequence that is diagnostic of 
the focal taxa/taxon. Often, quantitative PCR (qPCR) assays incorporate a 
hydrolysis probe (e.g. TaqMan™) which produces a fluorescent signal when 
the target sequence is amplified. Loop-mediated isothermal amplification 
(LAMP) assays include four primers that bind to six portions of a locus. 
Colloquially, both the eDNA assay and the target locus may sometimes be 
referred to as an “eDNA marker.” Designing and testing (or validating) an 
assay is one of the most critical steps for eDNA approaches. It requires a 
great deal of care and often can be the most costly and time consuming 
step in starting an eDNA surveillance program. A list of some currently 
available assays can be found on the eDNA Resources website (Washington 
State University 2020). 

The development of assays for novel invasive species requires three basic 
steps including: design and comparison to known DNA sequences 
representing nontarget organisms (in silico validation), laboratory tests with 
DNA extracted from related and/or sympatric species of the same type (in 
vitro validation), and testing of the assays in field habitats (in situ) where 
the target taxon is known to occur as well as in others where it is known to 
be absent. Standardized approaches and metrics exist for characterizing the 
performance of eDNA assays, such as limits of detection (LOD) and limits 
of quantitation (LOQ), which reflect the sensitivity of assays to low levels 
of target eDNA (Klymus et al. 2020). In the case of qPCR, there are well 
established standards for assay performance and reporting (Minimum 
Information for publication of Quantitative real-time PCR Experiments, 
MIQE) (Huggett 2020). Targeted assays may be designed that are specific 
to populations, species, or taxa of organisms. 

If there is an eDNA assay available for the species of concern, managers 
can either work with the original laboratory that developed the eDNA 
assay or identify another laboratory that can implement the established 
assay. However, for an assay to be considered, it should be tested in the 
geographic region of interest against related species that the managers will 
likely encounter at their field sites. The manager can work with the lab to 
conduct additional tests to validate the assay for the field sites of interest. If 
there is no eDNA assay for the target species, a lab will need to develop an 
assay, which requires additional cost and effort to collect organismal 
samples and lab work to establish the assay. 

Develop a sampling strategy 

The specific objectives of the surveillance will influence the creation of an 
effective sampling design for the target species and its associated environmental 
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system (Goldberg et al. 2016; Wilcox et al. 2018a; Zinger et al. 2019). 
Because temporal, spatial, and seasonal variability in species distribution, 
behavior, and abundance will impact eDNA detection probability (Jerde et 
al. 2019; Harrison et al. 2019; Baillie et al. 2019), there are some important 
questions related to sampling design across time and space: 

• What is the spatial and temporal distribution of the sampling 
locations? 

• How should seasonality be considered to inform frequency and/or 
timing of samples? 

• Will replicates be used to increase accuracy in light of weak signals?  
• What is the cost per sample? 
• Will there need to be trade-offs between sampling costs and accuracy 

requirements? 

These questions should be considered against the surveillance goals and 
management objectives, with technical input from those familiar with the 
eDNA methods to be used, the species being considered, and the habitat 
where the surveillance will occur. There are further sampling considerations 
specific to eDNA techniques that should be assessed by the lab conducting 
the analysis. The lab should be able to specify the number of samples it can 
process in the time needed to meet the surveillance objectives. In addition, the 
lab’s quality assurance protocol (see the “Minimum qualifications for eDNA 
methods and lab” subsection above) will influence the sampling strategy. 

Use of a pilot study can often inform the sampling strategy, even when 
an eDNA assay has been employed elsewhere for the same target species. A 
novel field site will introduce unique biotic challenges and DNA sequence 
diversity that may affect detection efficacy (Barnes and Turner 2016). A 
statistical analysis of pilot data and biotic characteristics of the field site can 
inform occupancy modeling which can be used to estimate occurrence and 
detection probabilities and thereby account for imperfect detection 
(Hunter et al. 2015). Pilot data analysis can also guide sample sizes and 
laboratory technical replicates required to obtain a desired probability of 
detection (Erickson et al. 2017; Hunter et al. 2017; Davis et al. 2018; Doi et 
al. 2019). A pilot study can also inform practical considerations related to 
the DNA capture methods (e.g. how fast does a filter clog?) and logistical 
constraints (e.g. getting to the collection sites). Finally, a pilot study can 
help confirm the feasibility of the proposed controls, degradation rates, 
and quality assurance measures (see following subsections). 

Conducting the eDNA analysis 

Experimental and physical controls and validation levels  

Positive and negative control samples are essential to improve interpretation 
of results and limit ambiguous findings. Both negative and positive 
experimental controls are needed in the field, during DNA concentration 
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(filtration, centrifugation, etc.), and isolation and in the PCR plate (Snyder 
and Stepien 2020). Guidelines exist for the best practices of eDNA capture 
and isolation (Goldberg et al. 2016; Deiner et al. 2017; Taberlet et al. 2018; 
Stoeckle et al. 2018; Jeunen et al. 2019; Klymus et al. 2020; Minamoto et al. 
2020; Shu et al. 2020). The lab utilized for the eDNA surveillance should be 
familiar with the most recent guidelines. 

Positive field control samples from waterbodies or terrestrial field sites 
with independently established positive sightings of the target species can 
also be used to ensure that the assay and experimental protocols function 
efficiently in the field setting. Pilot studies under field conditions are 
necessary to assess the performance (sensitivity and specificity) of the assay 
that was developed and optimized under laboratory conditions. For 
example, the level of environmental compounds that inhibit the PCR (e.g. 
humic, tannic acid) may interfere with the ability of the assay to 
successfully detect the presence of eDNA and limit detection (Hunter et al. 
2019; McKee et al. 2015). Internal positive controls (IPCs) should be 
applied to test that the reagents and PCR protocol are working effectively, 
even in the absence of target eDNA. Further, an assay may detect related 
species in field samples (i.e., false positives) that were not available for 
testing in the lab. To ensure the protocol and assay are not producing false 
positive results, negative field control samples should be collected from 
sites where the target species has never been recorded and is believed to 
not occur. In addition to classical positive and negative controls (as 
described above), a transportation control is also useful to assess whether 
contamination might occur while samples are transported from the field 
(e.g. in coolers) to the lab. 

To reduce the likelihood of cross-contamination, minimum physical 
distances and specific controls are necessary in both field and lab spaces. 
These include the use of standardized and routine decontamination of all 
field and lab equipment using strong bleach solutions for extended periods. 
Note: This bleach must be thoroughly washed and completely removed 
from equipment before re-use as it can inhibit PCR and degrade DNA in 
newly acquired samples. It is additionally recommended that different 
stages of eDNA processing (i.e. concentrating, isolation, PCR) be completed 
in physically separate spaces with controlled airflow circulation, using 
equipment dedicated to the specific task/eDNA step. As pipettors can 
readily become contaminated, filter tips are critical to reduce the likelihood 
of eDNA or PCR cross-contamination throughout lab procedures. 

Quality assurance and control measures during the acquisition of eDNA 
data and metadata should be completed as critical steps in the workflow 
protocol (Woldt et al. 2019). Standardization of within laboratory protocols 
(with quality control measures) and protocols to routinely assess the 
accuracy of the recorded data and metadata must be put in place to limit 
compounding errors within a dataset. Within the eDNA community, there 
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is convergence (e.g. Baillie et al. 2019) on a 5-level validation scale developed 
by Thalinger et al. (2020) to assess the general quality of the study. It was 
developed as a user-friendly tool to evaluate previously published assays for 
future research and routine monitoring, while also enabling appropriate 
interpretation of results. It also provides guidance on validation and reporting 
standards. Environmental DNA practitioners can use this basic validation 
scale to determine if published assays are appropriate for application to 
their specific monitoring objectives. 

eDNA capture and concentration 

Most of eDNA capture and concentration work has been focused on 
aquatic systems and those are our focus here. However, soil, air and 
biological materials also are widely used for eDNA capture. eDNA 
collection methods vary but can include sampling from shorelines using 
buckets (Minamoto et al. 2020), at depth using Niskin bottles, or from 
aboard ships using various pumping devices (Hansen et al. 2008; Costello 
et al. 2017; Westfall et al. 2017; Minamoto et al. 2020). More recently, 
autonomous vehicles and systems have been deployed for sampling marine 
and aquatic systems at extreme depths or in river systems at stream gages 
(Yamahara et al. 2019; Sepulveda et al. 2020c). 

Pumping water through a filter is the most common approach for eDNA 
capture in aquatic systems (Laramie et al. 2015). Vacuum or peristaltic 
pumps are commonly used for direct eDNA collection and concentration 
(Laramie et al. 2015; Goldberg et al. 2016) with both useful in either the 
field or lab. Alternatively, water samples can be centrifuged to concentrate 
cellular material. This method may be especially useful in turbid systems 
that clog filters (Snyder et al. 2020). Recent developments in eDNA capture 
method includes the use of filter housings (compatible with any suction 
pump) which are comprised of a biodegradable, hydrophilic material that 
functions to automatically preserve captured eDNA via desiccation 
(Thomas et al. 2019). Finally, filtered samples can be maintained on ice or 
stored at ambient temperature using a buffer, with evidence to suggest that 
buffers can maintain sample integrity for up to 56 days (Williams et al. 
2016). The lab should have personnel with the technical expertise to work 
with the managers to recommend the best collection, filtering/concentration, 
and transport methods. However, since the actual work happens outside of 
the lab, collaboration between managers and eDNA practitioners can help 
establish the most efficient arrangements of personnel and resources to 
carry out the work. Here proper procedures, protocol, and oversight 
should be established among all personnel involved. 

eDNA extraction 

There are multiple methods of eDNA extraction (i.e., isolation and 
purification) from water samples and there is no single approach that is 
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best for all study ecosystems or target species (Deiner et al. 2015; Jeunen et 
al. 2019). There are many commercially available kits (e.g. Qiagen DNeasy 
Kit™) and chemical methods (e.g. phenol/chloroform extractions) designed 
to isolate and purify DNA. Testing of various isolation methods, perhaps as 
part of initial pilot studies, is often an important step in determining the 
optimal method for a given study system (Deiner et al. 2015; Goldberg et 
al. 2016; Williams et al. 2017; Kumar et al. 2020; Shu et al. 2020). 

eDNA amplification and quantification 

The presence of target eDNA is assessed using polymerase chain reaction 
(PCR) and associated instrumentation/platforms. Some platforms, specifically, 
quantitative PCR (qPCR), and/or droplet digital PCR (ddPCR) (Doi et al. 
2015; Goldberg et al. 2016; Klymus et al. 2020), can also provide the 
capacity to quantify amplified target DNA, which can provide estimates of 
relative abundance between sites. Also, hydrolysis probe-based qPCR and 
ddPCR (e.g. TaqMan™) provide added confidence that the detected eDNA 
indeed corresponds to the target locus within the target taxon (Wilcox et 
al. 2013). Quantitative conventional probe-based qPCR is currently the 
most commonly utilized eDNA amplification platform (Goldberg et al. 
2016; Klymus et al. 2020) for single-species detection (for technical details 
see Taberlet et al. 2018). Although a newer technology, ddPCR, holds promise 
for increased eDNA utilization as it is less affected by environmental 
inhibitors (Doi et al. 2015; Hunter et al. 2017, 2018; Baker et al. 2018) and 
has been shown, in some cases, to outperform qPCR (Doi et al. 2015; 
Hunter et al. 2017). 

Single-species targeted eDNA assays primarily reveal presence/absence 
of the species in the environment (Goldberg et al. 2016). However, 
sensitive and accurate assays and quantification platforms (i.e. qPCR) can 
allow for robust estimates of species density or biomass in a given habitat 
based on previously-determined correlations between calculated eDNA 
concentrations and taxon numbers or biomass per volume of aquatic 
habitat (Takahara et al. 2012; Chambert et al. 2018). The quantitation of 
eDNA amplification through qPCR or estimation of eDNA molecules per 
microliter from ddPCR has been used to estimate relative abundance of a 
species, although further research is needed to establish the accuracy of 
abundance or biomass estimates (Doi et al. 2015). 

Accurate external standards are critical for quantification of qPCR 
assays. Quantification in ddPCR is considered absolute and does not rely 
on external standards. DNA analysis is performed in multiple wells using 
the same DNA extract template material and PCR reagents, with each 
replicate being referred to as a technical replicate or PCR replicate. Multiple 
replicates are run per sample because, when the concentration of target 
eDNA in the sample is low, there is a chance that replicates may lack target 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 764 

DNA even if the DNA is present in the sample (Sepulveda et al. 2020a). 
The more replicates that are analyzed per sample, the higher the 
probability that target DNA is present in at least one replicate. Running 
multiple replicates per sample not only improves the estimate of detection 
probabilities, but also helps estimate precision and strength of evidence. 
Some labs recommend 5 or 8 replicates (Klymus et al. 2020). The best 
number to use will depend on the assay, environmental covariates, and 
detection probabilities. Detection models can be applied to pilot data to 
help determine the number of PCR replicates and samples in order to 
achieve an identified detection threshold. 

Amplification and quantification of eDNA and the number of sample 
replicates within the field and lab fall within the purview of the eDNA 
professional. However, these data will ultimately fall within the context of 
the plan for how results will inform action, described above. Therefore, 
clear communication and a plan a priori for how an actionable positive will 
be determined, based on the number of replicates (e.g. 1 positive out of 24 
replicates is considered enough or not enough to implement management 
action), is critical between the eDNA experts and the managers. 

Metadata and data management life cycles 

There is a growing convergence among those using scientific data to adhere 
to a concise and measurable set of principles known as FAIR: Findable, 
Accessible, Interoperable, Reusable (Wilkinson et al. 2016). These principles 
act as guidelines to enhance the application of data for other researchers 
and management activities, enhance the ability of machines to automatically 
find and use the data, and support its reuse by individuals for temporal, 
spatial or synthetic scientific analysis. Building on FAIR, there has been a 
more recent call for additional purpose-oriented principles known as 
CARE: Collective Benefit, Authority to Control, Responsibility, and Ethics. 
The CARE principles originated within the context of indigenous data 
governance (Carroll et al. 2020; GIDA 2019). The CARE principles 
complement the FAIR principles; encouraging open data movements to 
consider both people and purpose in their advocacy and pursuits. Both sets 
of principles are important for knowledge sharing on eDNA collection, 
analysis, management agencies that will enable the wider stakeholder 
community to improve the uptake of eDNA techniques. 

The creation, validation, storage, and sharing of eDNA data under FAIR 
principles ensures the data are reliable, accessible, and in a format that 
allows for optimal impact and use by larger audiences, including managers, 
eDNA practitioners, and stakeholders. The creation and validation of 
eDNA data may occur in numerous labs but long-term storage and sharing 
often falls to a few agencies and databases. Carefully incorporating eDNA 
surveys into invasive species management requires access to reports 
documenting the analysis described in this section (V) as well as access to 
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bioinformatic analysis and resulting data (Coble et al. 2018). Storing eDNA 
data on publicly accessible databases improves data access and engagement 
with managers or other practitioners, and ultimately supports data-driven 
decisions. Because various sources create eDNA data, it is essential to 
record metadata and track the history of long-term data sets. Metadata 
(including descriptors of collection methods) should be documented to 
enable analysis of combined data sets accumulated from discrete but 
related experiments. Metadata should accompany eDNA data as they are 
stored and shared to inform future surveillance work or application of 
similar surveillance in similar habitats and/or species. 

It is important to integrate eDNA data across local, regional and 
national levels. This ensures that information sharing and/or efforts to 
control invasive species are not limited by geographic or agency boundaries. 
Invasive species surveillance in one area can support the use of eDNA and 
information transfer to other applications by sharing expertise, data, 
technologies and techniques and by working with labs in the development 
of standardized field, laboratory, and analysis protocols. A federally 
sponsored clearinghouse, curated and maintained to provide a single 
resource for up to date information, including peer-reviewed publications, 
agency reports and grey literature (e.g. relevant websites) could help in this 
regard. 

Federal agencies should follow the federal metadata standard, FGDC 
(FGDC-STD-001-1998). However, no established standards currently exist 
that are specific to eDNA metadata. The USGS is actively working to 
remedy this and establish such standards. This work suggests that all 
metadata should provide: creator’s contact information; geographic locations; 
abbreviations, units, or codes used in the dataset; instrument and protocol 
information; experimental design; and version information. Data and 
metadata should follow the FAIR guiding principles (Wilkinson et al. 2016). 
(See the eDNA community standards created by Ferrante et al. in prep.). 

An effort is underway to integrate eDNA data into the USGS Nonnative 
Aquatic Species (NAS) database (Table 1 and Appendix 1), providing a 
vehicle for efficient and rapid eDNA data sharing among local, state and 
federal agencies. Visual detections of invasive species are currently shared 
among groups using this database, and alerts are sent to subscribed managers 
and stakeholders. These data will be FAIR to allow for knowledge sharing 
across various audiences to improve uptake of scientific information. One 
example of collaboration across federal and state agencies is the Burmese 
python (P. bivittatus) eDNA tracking program. This program assesses the 
distribution of Burmese pythons across many jurisdictions throughout 
peninsular Florida. In this example, active coordination is ongoing among 
the US National Park Service, USFWS, and state agencies to ensure a 
common understanding of its distribution and productive and efficient 
management actions. 
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Proper metadata and sample archiving can extend the use of the sample 
into the future, to potentially include analyses involving additional taxa. 
Archived eDNA samples could provide a powerful tool for assessing species 
distribution through time, including tracking rates and extents of invasion 
spread. Archived eDNA samples could also be useful for evaluating 
advancements in eDNA technology, to compare and contrast results using 
new vs. old molecular tools. This sort of repurposing of eDNA samples has 
already become an integral part of the eDNAtlas database (Young et al. 
2020) where samples from single-species surveys have been later used to 
screen for native mussels (Dysthe et al. 2018), amphibians (Franklin et al. 
2019), and invasive fishes (Wilcox et al. 2018b, 2020). Effective repurposing 
relies on easy access to a long-term archival system while protecting 
samples from degradation and contamination. It is also important that 
managers and eDNA practitioners clearly communicate their expectations 
for long-term sample archival and potential re-analysis to ensure objectives 
are successfully met. Factors to consider before samples could be repurposed 
include garnering usage permission from the original collector/group, and 
understanding original eDNA sampling (specific habitat, season), collection 
method (filter material, pore size, volume filtered, etc.), extraction method, 
and storage method. 

VI. Summary and conclusions 

This paper has described key considerations for the use of eDNA within 
the context of invasive species management. Figure 1 provides an overview 
of these considerations. Figure 2 provides additional details on the processes 
involved with the three main phases: initial, implementation, and technical. 
The flow diagrams in Figure 2 visualize the general framework for utilizing 
eDNA for invasive species surveillance and the inter-relationships among 
the various components involved in using eDNA for invasive species 
surveillance. Context-specific issues will arise in each unique eDNA 
application, and in real-world situations emphasis may need to be placed 
on certain components, with less attention to others, resulting in slightly 
different flow or connections than outlined. However, in general, the 
framework should help managers in their deliberations regarding the use 
of eDNA for invasive species management by presenting a more holistic 
picture of what is involved. 

Visualizing the workflow of eDNA for monitoring invasive species into 
different steps also allows for identification of where more specific plans, 
guidance, and/or protocols can be applied to help standardize and streamline 
its usage. Initial considerations can establish how the technology is suitable 
for management needs, surveillance goals, targets, risk tolerance, and other 
possible surveillance approaches. It could also detail management options 
available if/when the species is detected, as well as the implications of taking 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 767 

 
Figure 2. Workflow for the use of use of Environmental DNA for invasive species management, A: Initial considerations, 
B: Implementation considerations, and C: Technical considerations. 
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no action. Implementation considerations would cover the necessary 
arrangements with labs, partnerships and communications with other 
stakeholders, documentation of the planned surveillance process, and what 
actions will be triggered by eDNA results. Finally, technical considerations 
would include development or securing the required assays, pilot study(ies) 
to validate techniques, collection/sampling protocols, eDNA analysis and 
lab standards, and data management. It is also important to note the 
connections and feedback across the different steps as, for example, getting 
the final eDNA results is not the last step but rather leads back to the plans 
articulated in the implementation phase. 

Recent work in translational ecology is motivated to drive outcomes that 
directly serve the needs of managers. This approach deliberately extends 
research beyond theory or opportunistic applications to address complex 
issues through interdisciplinary team approaches and integrated scientist-
practitioner partnerships. Continued sharing of information and data from 
assays to protocols to lessons learned is a critical component of advancing 
and strengthening these linkages. Overall, this team approach is meant to 
both help shape use-driven, actionable science and foster higher levels of 
trust and commitment that are critical for long-term, sustained engagement 
among partners (Enquist et al. 2017). 

Figure 2 attempts to distinguish which group plays the primary role in 
each step of the deliberations, implementation, and technical aspects of 
using eDNA for invasive species surveillance. As indicated in the legend, 
each element in the workflow is coded to indicate if that element is 
informed primarily by managers, eDNA practitioners, or jointly between 
the two communities. Articulating these roles helps emphasize the 
importance of using interdisciplinary scientist-manager partnerships. 

This paper describes how eDNA can be used for invasive species surveillance. 
But just knowing it can be an effective tool is “the tip of the iceberg” (as 
indicated in Figure 1). There are important, substantial factors and challenges 
to consider, with valuable discussion needed among parties involved to 
develop an effective, readily usable, and interpretable eDNA survey/plan. 
The ultimate goal of this paper is to further assist managers in deciding if, 
when, and how to use eDNA for surveillance and, if it is used, how to follow 
an approach where results will be accepted by managers and by stakeholders 
with a clear understanding of the strengths and limitations of the method. 

Acknowledgements 
All authors are members of the NISC eDNA task team. Several members of that team were not 
authors but should be acknowledged for their contributions to the team: Phillip Andreozzi, Kealoha 
Kinney, US Dept. of Agriculture; Doug Burkett, US Dept. of Defense; Jacque Keele, Scott Maclean, 
Stephanie Miller, Chris Merkes, Susan Pasko, Dolores Savignano, Hilary Smith, Cindy Kolar Tam, 
Matt Varner, US Dept. of the Interior; Erik Pilgrim, US Environmental Protection Agency. JTM 
thanks Gabrielle Canonico for insight on MBON. The authors also thank Sheena Feist, Denise 
Lindsay, and Michael Greer, US Army Engineer Research and Developmentand two anonymous 
reviewers for providing helpful suggestion that improved the paper. Any use of trade, product, 
or firm names is for descriptive purposes only and does not imply endorsement by the US 
Government. The findings and conclusions in this publication are those of the author(s) and should 
not be construed to represent any official USDA or US Government determination or policy. 
This   article  has  been  peer   reviewed  and  approved  for  publication  consistent  with   USGS 
Fundamental Science Practices (https://pubs.usgs.gov/circ/1367/).

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org


eDNA for invasive species management

Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 769 

Funding Declaration 
This work was supported in part by the US Department of Agriculture, Animal Plant Health 
Inspection Service, Wildlife Services, National Wildlife Research Center. 

Author contributions 
JM – supervision, conceptualization, writing all other authors listed alphabetically; SB – project 
administration; KB – conceptualization, writing; WMD – writing, review, editing; JD – 
conceptualization, writing, review, editing; JD – development of ideas, writing, editing; TF – 
writing review, editing; KG – development of ideas, preparation of document, writing, editing; 
MH – conceptualization, development of ideas, preparation of document, writing, editing; RL – 
conceptualization, writing, review, editing; TL – development of ideas, editing; YP – 
conceptualization; AP – conceptualization, writing, review, editing; BR – writing, review, 
editing; AS – conceptualization; writing, review, editing; MS – writing, review, editing; CAS – 
development of ideas, writing, editing, references; TW – writing, review, editing. 

References 
Abbott C, Coulson M, Gagné N, Lacoursière‐Roussel A, Parent GJ, Bajno R, Dietrich C, May-

McNally S (2021) Guidance on the Use of Targeted Environmental DNA (eDNA) Analysis 
for the Management of Aquatic Invasive Species and Species at Risk. DFO Can. Sci. Advis. 
Sec. Res. Doc. 2021/019. iv + 42 pp. https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-
DocRech/2021/2021_019-eng.pdf (accessed 7 April 2021) 

Amberg JJ, Grace McCalla S, Monroe E, Lance R, Baerwaldt K, Gaikowski MP (2015) 
Improving efficiency and reliability of environmental DNA analysis for silver carp. Journal 
of Great Lakes Research 41: 367–373, https://doi.org/10.1016/j.jglr.2015.02.009 

Amberg JJ, Merkes CM, Stott W, Rees CB, Erickson RA (2019) Environmental DNA as a tool 
to help inform zebra mussel, Dreissena polymorpha, management in inland lakes. 
Management of Biological Invasions 10: 96–110, https://doi.org/10.3391/mbi.2019.10.1.06 

Aquatic Nuisance Species Task Force (2020) Aquatic Nuisance Species Taskforce. https://www. 
anstaskforce.gov/default.php (accessed 1 November 2020) 

Arctic Council (2020) Arctic Invasive Alien Species. https://caff.is/invasive-species (accessed 1 
November 2020) 

Baillie SM, McGowan C, May-McNally S, Leggatt R, Sutherland BJG, Robinson S (2019) 
Environmental DNA and its applications to Fisheries and Oceans Canada: National needs 
and priorities. https://waves-vagues.dfo-mpo.gc.ca/Library/40803764.pdf (accessed 10 October 2020) 

Baker CS, Steel D, Nieukirk S, Klinck H (2018) Environmental DNA (eDNA) From the Wake 
of the Whales: Droplet Digital PCR for Detection and Species Identification. Frontiers in 
Marine Science 5: 1–11, https://doi.org/10.3389/fmars.2018.00133 

Barnes MA, Turner CR (2016) The ecology of environmental DNA and implications for 
conservation genetics. Conservation Genetics 17: 1–17, https://doi.org/10.1007/s10592-015-
0775-4 

Boussarie G, Bakker J, Wangensteen OS, Mariani S, Bonnin L, Juhel J-B, Kiszka JJ, Kulbicki 
M, Manel S, Robbins WD, Vigliola L, Mouillot D (2018) Environmental DNA illuminates 
the dark diversity of sharks. Science Advances 4: eaap9661, https://doi.org/10.1126/sciadv. 
aap9661 

Bylemans J, Gleeson DM, Duncan RP, Hardy CM, Furlan EM (2019) A performance 
evaluation of targeted eDNA and eDNA metabarcoding analyses for freshwater fishes. 
Environmental DNA 1: 402–414, https://doi.org/10.1002/edn3.41 

Carim KJ, Dysthe JC, McLellan H, Young MK, McKelvey KS, Schwartz MK (2019) Using 
environmental DNA sampling to monitor the invasion of nonnative Esox lucius (northern 
pike) in the Columbia River basin, USA. Environmental DNA 1: 215–226, https://doi.org/ 
10.1002/edn3.22 

Carroll SR, Garba I, Figueroa-Rodríguez OL, Holbrook J, Lovett R, Materechera S, Parsons M, 
Raseroka K, Rodriguez-Lonebear D, Rowe R, Sara R, Walker JD, Anderson J, Hudson M 
(2020) The CARE Principles for Indigenous Data Governance. Data Science Journal 19: 1–
12, https://doi.org/10.5334/dsj-2020-043 

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

Coble AA, Flinders CA, Homyack, JA, Penaluna BE, Cronn, RC, Weitemier K (2019) eDNA 
as a tool for identifying freshwater species in sustainable forestry: A critical review and 
potential future applications. Science of the Total Environment 649: 1157–1170, 
https://doi.org/10.1016/j.scitotenv.2018.08.370 

Costello MJ, Basher Z, McLeod L, Asaad I, Claus S, Vandepitte L, Yasuhara M, Gislason H, 
Edwards M, Appeltans W, Enevoldsen H, Edgar GJ, Miloslavich P, De Monte S, Pinto IS, 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2021/2021_019-eng.pdf
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2021/2021_019-eng.pdf
https://doi.org/10.1016/j.jglr.2015.02.009
https://doi.org/10.3391/mbi.2019.10.1.06
https://www.anstaskforce.gov/default.php
https://www.anstaskforce.gov/default.php
https://caff.is/invasive-species
https://waves-vagues.dfo-mpo.gc.ca/Library/40803764.pdf
https://doi.org/10.3389/fmars.2018.00133
https://doi.org/10.1007/s10592-015-0775-4
https://doi.org/10.1007/s10592-015-0775-4
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1002/edn3.41
https://doi.org/10.1002/edn3.22
https://doi.org/10.1002/edn3.22
https://doi.org/10.5334/dsj-2020-043
https://doi.org/10.1002/ece3.3764


eDNA for invasive species management

Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 770 

Obura D, Bates AE (2017) Methods for the Study of Marine Biodiversity. In: Walters M, 
Scholes RJ (eds), The GEO Handbook on Biodiversity Observation Networks. Springer 
International Publishing, Cham, pp 129–163, https://doi.org/10.1007/978-3-319-27288-7_6 

CSIRO (2020) CSIRO National Research Infrastructure for Australia. Atlas of Living Australia. 
https://www.ala.org.au/ (accessed 1 November 2020) 

Darling JA (2019) How to learn to stop worrying and love environmental DNA monitoring. 
Aquatic Ecosystem Health & Management 22: 440–451, https://doi.org/10.1080/14634988. 
2019.1682912 

Davis AJ, Williams KE, Snow NP, Pepin KM, Piaggio AJ (2018) Accounting for observation 
processes across multiple levels of uncertainty improves inference of species distributions 
and guides adaptive sampling of environmental DNA. Ecology and Evolution 8: 10879–
10892, https://doi.org/10.1002/ece3.4552 

Deiner K, Walser J-C, Mächler E, Altermatt F (2015) Choice of capture and extraction methods 
affect detection of freshwater biodiversity from environmental DNA. Biological Conservation 
183: 53–63, https://doi.org/10.1016/j.biocon.2014.11.018 

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

Doi H, Takahara T, Minamoto T, Matsuhashi S, Uchii K, Yamanaka H (2015) Droplet Digital 
Polymerase Chain Reaction (PCR) Outperforms Real-Time PCR in the Detection of 
Environmental DNA from an Invasive Fish Species. Environmental Science & Technology 
49: 5601–5608, https://doi.org/10.1021/acs.est.5b00253 

Doi H, Fukaya K, Oka S, Sato K, Kondoh M, Miya M, Fukaya K, Oka S, Sato K, Kondoh M, 
Miya M (2019) Evaluation of detection probabilities at the water-filtering and initial PCR 
steps in environmental DNA metabarcoding using a multispecies site occupancy model. 
Scientific Reports 9: 3581, https://doi.org/10.1038/s41598-019-40233-1 

Dougherty MM, Larson ER, Renshaw MA, Gantz CA, Egan SP, Erickson DM, Lodge DM 
(2016) Environmental DNA (eDNA) detects the invasive rusty crayfish Orconectes rusticus 
at low abundances. Journal of Applied Ecology 53: 722–732, https://doi.org/10.1111/1365-
2664.12621 

Dunker KJ, Sepulveda AJ, Massengill RL, Olsen JB, Russ OL, Wenburg JK, Antonovich A 
(2016) Potential of Environmental DNA to Evaluate Northern Pike (Esox lucius) Eradication 
Efforts: An Experimental Test and Case Study. PLoS ONE 11: e0162277, https://doi.org/ 
10.1371/journal.pone.0162277 

Dysthe JC, Rodgers T, Franklin TW, Carim KJ, Young MK, McKelvey KS, Mock KE, 
Schwartz MK (2018) Repurposing environmental DNA samples: Detecting the western 
pearlshell (Margaritifera falcata) as a proof of concept. Ecology and Evolution 8: 2659–
2670, https://doi.org/10.1002/ece3.3898 

Enquist CA, Jackson ST, Garfin GM, Davis FW, Gerber LR, Littell JA, Tank JL, Terando AJ, 
Wall TU, Halpern B, Hiers JK, Morelli TL, McNie E, Stephenson NL, Williamson MA, 
Woodhouse CA, Yung L, Brunson MW, Hall KR, Hallett LM, Lawson DM, Moritz MA, 
Nydick K, Pairis A, Ray AJ, Regan C, Safford HD, Schwartz MW, Shaw MR (2017) 
Foundations of translational ecology. Frontiers in Ecology and the Environment 15: 541–550, 
https://doi.org/10.1002/fee.1733 

Erickson DL, Reed E, Ramachandran P, Bourg NA, McShea WJ, Ottesen A (2017) Reconstructing a 
herbivore’s diet using a novel rbcL DNA mini-barcode for plants. AoB PLANTS 9: 1–17, 
https://doi.org/10.1093/aobpla/plx015 

Executive Office of the President (2016) Safeguarding the Nation from the Impacts of Invasive 
Species. E.O. 13751 of Dec 5, 2016. https://www.govinfo.gov/content/pkg/FR-2016-12-08/pdf/2016-
29519.pdf (accessed 10 October 2020) 

Ferrante J, Menning D, Merkes C (2020) U.S. Department of Interior USGS Earth-Science 
Themes Working Group eDNA Community of Practice. https://my.usgs.gov/confluence/ 
display/cdi/ETWG+eDNA+Community+of+Practice (accessed 1 November 2020)  

Ficetola GF, Miaud C, Pompanon F, Taberlet P (2008) Species detection using environmental 
DNA from water samples. Biology Letters 4: 423–425, https://doi.org/10.1098/rsbl.2008.0118 

Ficetola GF, Taberlet P, Coissac E (2016) How to limit false positives in environmental DNA 
and metabarcoding? Molecular Ecology Resources 16: 604–607, https://doi.org/10.1111/1755-
0998.12508 

Franklin TW, Wilcox TM, McKelvey KS, Greaves SE, Dysthe JC, Young MK, Schwartz MK 
(2019) Repurposing environmental DNA samples to verify the distribution of Rocky 
Mountain tailed frogs in the Warm Springs Creek Basin, Montana. Northwest Science 93: 
85–92, https://doi.org/10.3955/046.093.0108 

Frewin A, Scott-Dupree C, Hanner RH (2015) Plant Pest Barcoding Campaign update. Genome 
58: 217, https://doi.org/10.1139/gen-2015-0087 

Gerhard WA, Gunsch CK (2019) Metabarcoding and machine learning analysis of environmental 
DNA in ballast water arriving to hub ports. Environment International 124: 312–319, 
https://doi.org/10.1016/j.envint.2018.12.038 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
https://doi.org/10.1007/978-3-319-27288-7_6
https://www.ala.org.au/
https://doi.org/10.1080/14634988.2019.1682912
https://doi.org/10.1080/14634988.2019.1682912
https://doi.org/10.1002/ece3.4552
https://doi.org/10.1016/j.biocon.2014.11.018
https://doi.org/10.1111/mec.14350
https://doi.org/10.1021/acs.est.5b00253
https://doi.org/10.1038/s41598-019-40233-1
https://doi.org/10.1111/1365-2664.12621
https://doi.org/10.1111/1365-2664.12621
https://doi.org/10.1371/journal.pone.0162277
https://doi.org/10.1371/journal.pone.0162277
https://doi.org/10.1002/ece3.3898
https://doi.org/10.1002/fee.1733
https://doi.org/10.1093/aobpla/plx015
https://www.govinfo.gov/content/pkg/FR-2016-12-08/pdf/2016-29519.pdf
https://www.govinfo.gov/content/pkg/FR-2016-12-08/pdf/2016-29519.pdf
https://my.usgs.gov/confluence/display/cdi/ETWG+eDNA+Community+of+Practice
https://my.usgs.gov/confluence/display/cdi/ETWG+eDNA+Community+of+Practice
https://doi.org/10.1098/rsbl.2008.0118
https://doi.org/10.1111/1755-0998.12508
https://doi.org/10.1111/1755-0998.12508
https://doi.org/10.3955/046.093.0108
https://doi.org/10.1139/gen-2015-0087
https://doi.org/10.1016/j.envint.2018.12.038


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 771 

GIDA (2019) Global Indigenous Data Alliance. CARE principles for Indigenous data 
governance. https://www.gida-global.org/care (accessed 1 November 2020) 

Goldberg CS, Turner CR, Deiner K, Klymus KE, Thomsen PF, Murphy MA, Spear SF, McKee 
A, Oyler‐McCance SJ, Cornman RS, Laramie MB, Mahon AR, Lance RF, Pilliod DS, 
Strickler KM, Waits LP, Fremier AK, Takahara T, Herder JE, Taberlet P (2016) Critical 
considerations for the application of environmental DNA methods to detect aquatic species. 
Methods in Ecology and Evolution 7: 1299–1307, https://doi.org/10.1111/2041-210X.12595 

Great Lakes Interagency Taskforce (2020) Great Lakes Restoration Initiative. https://www.glri.us/ 
(accessed 1 November 2020) 

Guan X, Monroe EM, Bockrath KD, Mize EL, Rees CB, Lindsay DL, Baerwaldt KL, Nico LG, 
Lance RF (2019) Environmental DNA (eDNA) Assays for Invasive Populations of Black 
Carp in North America. Transactions of the American Fisheries Society 148: 1043–1055, 
https://doi.org/10.1002/tafs.10195 

Hansen H, Hess SC, Cole D, Banko PC (2008) Using population genetic tools to develop a 
control strategy for feral cats (Felis catus) in Hawai’i. Wildlife Research 34: 587–596, 
https://doi.org/10.1071/WR07043 

Harper LR, Buxton AS, Rees HC, Bruce K, Brys R, Halfmaerten D, Read DS, Watson HV, 
Sayer CD, Jones EP, Priestley V, Mächler E, Múrria C, Garcés-Pastor S, Medupin C, 
Burgess K, Benson G, Boonham N, Griffiths RA, Lawson Handley L, Hänfling B (2019) 
Prospects and challenges of environmental DNA (eDNA) monitoring in freshwater ponds. 
Hydrobiologia 826: 25–41, https://doi.org/10.1007/s10750-018-3750-5 

Harrison JB, Sunday JM, Rogers SM (2019) Predicting the fate of eDNA in the environment 
and implications for studying biodiversity. Proceedings of the Royal Society B: Biological 
Sciences 286: 20191409, https://doi.org/10.1098/rspb.2019.1409 

Hinlo R, Lintermans M, Gleeson D, Broadhurst B, Furlan E (2018) Performance of eDNA 
assays to detect and quantify an elusive benthic fish in upland streams. Biological Invasions 
20: 3079–3093, https://doi.org/10.1007/s10530-018-1760-x 

Huggett JF (2020) The digital MIQE guidelines update: minimum information for publication 
of quantitative digital PCR experiments for 2020. Clinical Chemistry 66: 1012–1029, 
https://doi.org/10.1093/clinchem/hvaa125 

Hunter ME, Oyler-McCance SJ, Dorazio RM, Fike JA, Smith BJ, Hunter CT, Reed RN, Hart 
KM (2015) Environmental DNA (eDNA) Sampling Improves Occurrence and Detection 
Estimates of Invasive Burmese Pythons. PLoS ONE 10: e0121655, https://doi.org/10.1371/ 
journal.pone.0121655 

Hunter ME, Dorazio RM, Butterfield JSS, Meigs‐Friend G, Nico LG, Ferrante JA (2017) Detection 
limits of quantitative and digital PCR assays and their influence in presence-absence 
surveys of environmental DNA. Molecular Ecology Resources 17: 221–229, https://doi.org/ 
10.1111/1755-0998.12619 

Hunter ME, Meigs-Friend G, Ferrante JA, Kamla AT, Dorazio RM, Diagne LK, Luna F, 
Lanyon JM, Reid JP (2018) Surveys of environmental DNA (eDNA): a new approach to 
estimate occurrence in vulnerable manatee populations. Endangered Species Research 35: 
101–111, https://doi.org/10.3354/esr00880 

Hunter ME, Ferrante JA, Meigs-Friend G, Ulmer A (2019) Improving eDNA yield and 
inhibitor reduction through increased water volumes and multi-filter isolation techniques. 
Scientific Reports 9: 1–9, https://doi.org/10.1038/s41598-019-40977-w 

Jerde CL (2019) Can we manage fisheries with the inherent uncertainty from eDNA? Journal of 
Fish Biology 98: 341–353, https://doi.org/10.1111/jfb.14218 

Jerde CL, Chadderton LW, Mahon AR, Renshaw MA, Corush J, Budny ML, Mysorekar S, 
Lodge DM (2013) Detection of Asian carp DNA as part of a Great Lakes basin-wide 
surveillance program. Canadian Journal of Fisheries and Aquatic Sciences 70: 522–526, 
https://doi.org/10.1139/cjfas-2012-0478 

Jerde CL, Welsh A, Wilson C, Docker M, Locke B (2019) Guidance for environmental DNA 
sampling design and effort. http://www.glfc.org/pubs/pdfs/research/eDNA%20STP/eDNA_agency_ 
sampling_recommendations-FINAL_15Oct2019.pdf (accessed 20 October 2020) 

Jeunen G-J, Knapp M, Spencer HG, Taylor HR, Lamare MD, Stat M, Bunce M, Gemmell NJ 
(2019) Species-level biodiversity assessment using marine environmental DNA 
metabarcoding requires protocol optimization and standardization. Ecology and Evolution 
9: 1323–1335, https://doi.org/10.1002/ece3.4843 

Kamenova S, Bartley TJ, Bohan DA, Boutain JR, Colautti RI, Domaizon I, Fontaine C, 
Lemainque A, Le Viol I, Mollot G, Perga M-E, Ravigné V, Massol F (2017) Chapter Three 
- Invasions Toolkit: Current Methods for Tracking the Spread and Impact of Invasive 
Species. In: Bohan DA, Dumbrell AJ, Massol F (eds), Advances in Ecological Research. 
Academic Press, Cambridge, MA, pp 85–182, https://doi.org/10.1016/bs.aecr.2016.10.009 

Keeney RL (2020) Give Yourself a Nudge: Helping Smart People Make Smarter Personal and 
Business Decisions. Cambridge University Press, Cambridge, UK, 272 pp, https://doi.org/10. 
1017/9781108776707 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
https://www.gida-global.org/care
https://doi.org/10.1111/2041-210X.12595
https://www.glri.us/
https://doi.org/10.1002/tafs.10195
https://doi.org/10.1071/WR07043
https://doi.org/10.1007/s10750-018-3750-5
https://doi.org/10.1098/rspb.2019.1409
https://doi.org/10.1007/s10530-018-1760-x
https://doi.org/10.1093/clinchem/hvaa125
https://doi.org/10.1371/journal.pone.0121655
https://doi.org/10.1371/journal.pone.0121655
https://doi.org/10.1111/1755-0998.12619
https://doi.org/10.1111/1755-0998.12619
https://doi.org/10.3354/esr00880
https://doi.org/10.1038/s41598-019-40977-w
https://doi.org/10.1111/jfb.14218
https://doi.org/10.1139/cjfas-2012-0478
http://www.glfc.org/pubs/pdfs/research/eDNA%20STP/eDNA_agency_sampling_recommendations-FINAL_15Oct2019.pdf
http://www.glfc.org/pubs/pdfs/research/eDNA%20STP/eDNA_agency_sampling_recommendations-FINAL_15Oct2019.pdf
https://doi.org/10.1002/ece3.4843
https://doi.org/10.1016/bs.aecr.2016.10.009
https://doi.org/10.1017/9781108776707
https://doi.org/10.1017/9781108776707


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 772 

Klymus KE, Richter CA, Chapman DC, Paukert C (2015) Quantification of eDNA shedding rates 
from invasive bighead carp Hypophthalmichthys nobilis and silver carp Hypophthalmichthys 
molitrix. Biological Conservation 183: 77–84, https://doi.org/10.1016/j.biocon.2014.11.020 

Klymus KE, Merkes CM, Allison MJ, Goldberg CS, Helbing CC, Hunter ME, Jackson CA, 
Lance RF, Mangan AM, Monroe EM, Piaggio AJ, Stokdyk JP, Wilson CC, Richter CA 
(2020) Reporting the limits of detection and quantification for environmental DNA assays. 
Environmental DNA 2: 271–282, https://doi.org/10.1002/edn3.29 

Kumar G, Eble JE, Gaither MR (2020) A practical guide to sample preservation and pre-PCR 
processing of aquatic environmental DNA. Molecular Ecology Resources 20: 29–39, 
https://doi.org/10.1111/1755-0998.13107 

Laramie MB, Pilliod DS, Goldberg CS, Strickler KM (2015) Environmental DNA Sampling 
Protocol - Filtering Water to Capture DNA from Aquatic Organisms. U.S. Geological 
Survey Techniques and Methods, Book 2, Chap. A13. U.S. Department of the Interior, U.S. 
Geological Survey, 15 pp, https://doi.org/10.3133/tm2A13 

Larson ER, Graham BM, Achury R, Coon JJ, Daniels MK, Gambrell DK, Jonasen KL, King 
GD, LaRacuente N, Perrin‐Stowe TI, Reed EM, (2020). From eDNA to citizen science: 
emerging tools for the early detection of invasive species. Frontiers in Ecology and the 
Environment 18: 194–202, https://doi.org/10.1002/fee.2162 

Leese F, Altermatt F, Bouchez A, Ekrem T, Hering D, Meissner K, Mergen P, Pawlowski J, 
Piggott J, Rimet F, Steinke D, Taberlet P, Weigand AM, Abarenkov K, Beja P, Bervoets L, 
Björnsdóttir S, Boets P, Boggero A, Bones AM, Borja Á, Bruce K, Bursić V, Carlsson J, 
Čiampor F, Čiamporová-Zatovičová Z, Coissac E, Costa F, Costache M, Creer S, Csabai Z, 
Deiner K, DelValls Á, Drakare S, Duarte S, Eleršek T, Fazi S, Fišer C, Flot J-F, Fonseca V, 
Fontaneto D, Grabowski M, Graf W, Guðbrandsson J, Hellström M, Hershkovitz Y,  
Hollingsworth P, Japoshvili B, Jones JI, Kahlert M, Stroil BC, Kasapidis P, Kelly MG, 
Kelly-Quinn M, Keskin E, Kõljalg U, Ljubešić Z, Maček I, Mächler E, Mahon A, 
Marečková M, Mejdandzic M, Mircheva G, Montagna M, Moritz C, Mulk V, Naumoski A, 
Navodaru I, Padisák J, Pálsson S, Panksep K, Penev L, Petrusek A, Pfannkuchen MA, 
Primmer CR, Rinkevich B, Rotter A, Schmidt-Kloiber A, Segurado P, Speksnijder A, Stoev 
P, Strand M, Šulčius S, Sundberg P, Traugott M, Tsigenopoulos C, Turon X, Valentini A,  
van der Hoorn B, Várbíró G, Ines M, Hadjilyra V, Viguri J, Vitonytė I, Vogler A, Vrålstad 
T, Wägele W, Wenne R, Winding A, Woodward G, Zegura B, Zimmermann J (2016) 
DNAqua-Net: Developing new genetic tools for bioassessment and monitoring of aquatic 
ecosystems in Europe. Research Ideas and Outcomes 2: e11321, https://doi.org/10.3897/ 
rio.2.e11321 

Loeza‐Quintana T, Abbott CL, Heath DD, Bernatchez L, Hanner RH (2020) Pathway to 
Increase Standards and Competency of eDNA Surveys (PISCeS)-Advancing collaboration 
and standardization efforts in the field of eDNA. Environmental DNA 2: 255–260, 
https://doi.org/10.1002/edn3.112 

Lyal CH, Miller SE (2020) Capacity of United States federal government and its partners to 
rapidly and accurately report the identity (taxonomy) of non-native organisms intercepted in 
early detection programs. Biological Invasions 22: 101–127, https://doi.org/10.1007/s10530-
019-02147-x 

Marshall NT, Stepien CA (2019) Invasion genetics from eDNA and thousands of larvae: A 
targeted metabarcoding assay that distinguishes species and population variation of zebra 
and quagga mussels. Ecology and Evolution 9: 3515–3538, https://doi.org/10.1002/ece3.4985 

Martinez B, Reaser JK, Dehgan A, Zamft B, Baisch D, McCormick C, Giordano AJ, Aicher R, 
Selbe S (2020) Technology innovation: advancing capacities for the early detection of and 
rapid response to invasive species. Biological Invasions 22: 75–100, https://doi.org/10.1007/ 
s10530-019-02146-y 

McKee AM, Spear SF, Pierson TW (2015) The effect of dilution and the use of a post-
extraction nucleic acid purification column on the accuracy, precision, and inhibition of 
environmental DNA samples. Biological Conservation 183: 70–76, https://doi.org/10.1016/ 
j.biocon.2014.11.031 

Merkes CM, McCalla SG, Jensen NR, Gaikowski MP, Amberg JJ (2014) Persistence of DNA 
in Carcasses, Slime and Avian Feces May Affect Interpretation of Environmental DNA 
Data. PLoS ONE 9: e113346, https://doi.org/10.1371/journal.pone.0113346 

Meyers NM, Reaser JK, Hoff MH (2020) Instituting a national early detection and rapid 
response program: needs for building federal risk screening capacity. Biological Invasions 
22: 53–65, https://doi.org/10.1007/s10530-019-02144-0 

Minamoto T, Miya M, Sado T, Seino S, Doi H, Kondoh M, Nakamura K, Takahara T, 
Yamamoto S, Yamanaka H, Araki H, Iwasaki W, Kasai A, Masuda R, Uchii K (2020) An 
illustrated manual for environmental DNA research: Water sampling guidelines and 
experimental protocols. Environmental DNA 3: 8–13, https://doi.org/10.1002/edn3.121 

Nelson M, Woodcock P, Maggs C (2018) Using eDNA and metabarcoding for nature 
conservation. https://data.jncc.gov.uk/data/99e1f69f-c438-439f-8401-dd8a6ce17320/JNCC18-25-Using-
eDNA-and-Metabarcoding-for-Nature-Conservation.pdf (accessed 1 November 2020) 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
https://doi.org/10.1016/j.biocon.2014.11.020
https://doi.org/10.1002/edn3.29
https://doi.org/10.3133/tm2A13
https://doi.org/10.1002/fee.2162
https://doi.org/10.3897/rio.2.e11321
https://doi.org/10.3897/rio.2.e11321
https://doi.org/10.1002/edn3.112
https://doi.org/10.1007/s10530-019-02147-x
https://doi.org/10.1007/s10530-019-02147-x
https://doi.org/10.1002/ece3.4985
https://doi.org/10.1007/s10530-019-02146-y
https://doi.org/10.1007/s10530-019-02146-y
https://doi.org/10.1016/j.biocon.2014.11.031
https://doi.org/10.1016/j.biocon.2014.11.031
https://doi.org/10.1371/journal.pone.0113346
https://doi.org/10.1007/s10530-019-02144-0
https://doi.org/10.1002/edn3.121
https://data.jncc.gov.uk/data/99e1f69f-c438-439f-8401-dd8a6ce17320/JNCC18-25-Using-eDNA-and-Metabarcoding-for-Nature-Conservation.pdf
https://data.jncc.gov.uk/data/99e1f69f-c438-439f-8401-dd8a6ce17320/JNCC18-25-Using-eDNA-and-Metabarcoding-for-Nature-Conservation.pdf


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 773 

Newton J, Sepulveda A, Sylvester K, Thum RA (2016) Potential utility of environmental DNA 
for early detection of Eurasian watermilfoil (Myriophyllum spicatum). Journal of Aquatic 
Plant Management 54: 46–49, http://www.apms.org/wp/wp-content/uploads/2015/02/japm-54-01-
046.pdf 

NISC (2019) National Invasive Species Council Annual Work Plan FY2020. U.S. Department of 
the Interior. https://www.doi.gov/sites/doi.gov/files/uploads/nisc-fy2020-annual-work-plan-2019.10.pdf 
(accessed 14 October 2020) 

NISC (2020) National Invasive Species Council (NISC) Crosscut Budget. U.S. Department of the 
Interior. https://www.doi.gov/sites/doi.gov/files/uploads/nisc-2020-crosscut-budget-summary-final-7-
7-2020.pdf (accessed 14 October 2020) 

NOAA (2019) NOAA ‘Omics Strategy. https://nrc.noaa.gov/LinkClick.aspx?fileticket=RReWVFNjr 
5I%3D&tabid=92&portalid=0 (accessed 1 November 2020) 

OECD (1997) Organisation for Economic Co-operation and Development. OECD Principles of 
Good Laboratory Practices. Organisation for Economic Cooperation and Development, 
Paris, France, 12 pp 

Office of the Director of National Intelligence (2006) Intelligence Advanced Research Projects 
Activity (IARPA). https://www.iarpa.gov/ (accessed 1 November 2020) 

Parsons KM, Everett M, Dahlheim M, Park L (2018) Water, water everywhere: environmental 
DNA can unlock population structure in elusive marine species. Royal Society Open 
Science 5: 180537, https://doi.org/10.1098/rsos.180537 

Patterson M (2020) Emerging Topics in Conservation Science Workshop - eDNA. 
https://training.fws.gov/courses/descriptions/CSP2000A-Emerging-Topics-in-Conservation-Science-
Workshop-eDNA.pdf (accessed 1 November 2020) 

Pawlowski J, Apothéloz‐Perret‐Gentil L, Altermatt F (2020) Environmental DNA: What’s 
behind the term? Clarifying the terminology and recommendations for its future use in 
biomonitoring. Molecular Ecology 29: 4258–4264, https://doi.org/10.1111/mec.15643 

Piaggio AJ, Engeman RM, Hopken MW, Humphrey JS, Keacher KL, Bruce WE, Avery ML 
(2014) Detecting an elusive invasive species: a diagnostic PCR to detect Burmese python in 
Florida waters and an assessment of persistence of environmental DNA. Molecular Ecology 
Resources 14: 374–380, https://doi.org/10.1111/1755-0998.12180 

PICES (2020) North Pacific Marine Science Organization. https://meetings.pices.int/ (accessed 1 
November 2020) 

Pilliod DS, Goldberg CS, Arkle RS, Waits LP (2013) Estimating occupancy and abundance of 
stream amphibians using environmental DNA from filtered water samples. Canadian 
Journal of Fisheries and Aquatic Sciences 70: 11231130, https://doi.org/10.1139/cjfas-2013-0047 

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

Real L (2017) Ecological Genetics. Princeton University Press, Princeton, NJ, 255 pp 
Sepulveda AJ, Hutchins PR, Massengill RL, Dunker KJ (2018) Tradeoffs of a portable, field-

based environmental DNA platform for detecting invasive northern pike (Esox lucius) in 
Alaska. Management of Biological Invasions 9: 253–258, https://doi.org/10.3391/mbi. 
2018.9.3.07 

Sepulveda AJ, Amberg JJ, Hanson E (2019) Using environmental DNA to extend the window 
of early detection for dreissenid mussels. Management of Biological Invasions 10: 342–358, 
https://doi.org/10.3391/mbi.2019.10.2.09 

Sepulveda AJ, Nelson NM, Jerde CL, Luikart G (2020a) Are Environmental DNA Methods 
Ready for Aquatic Invasive Species Management? Trends in Ecology & Evolution 35: 668–
678, https://doi.org/10.1016/j.tree.2020.03.011 

Sepulveda AJ, Hutchins PR, Forstchen M, McKeefry MN, Swigris AM (2020b) The elephant in 
the lab (and field): Contamination in aquatic environmental DNA studies. Frontiers in 
Ecology & Evolution 8: 609973, https://doi.org/10.3389/fevo.2020.609973 

Sepulveda AJ, Birch JM, Barnhart EP, Merkes CM, Yamahara KM, Marin R, Kinsey SM, 
Wright PR, Schmidt C (2020c) Robotic environmental DNA bio-surveillance of freshwater 
health. Scientific Reports 10: 14389, https://doi.org/10.1038/s41598-020-71304-3 

Sepulveda AJ, Hutchins PR, Jackson C, Ostberg C, Laramie MB, Amberg J, Counihan T, 
Hoegh A, Pilliod DS (2020d) A round-robin evaluation of the repeatability and 
reproducibility of environmental DNA assays for dreissenid mussels. Environmental DNA 
2: 446–459, https://doi.org/10.1002/edn3.68 

Shogren AJ, Tank JL, Andruszkiewicz E, Olds B, Mahon AR, Jerde CL, Bolster D (2017) 
Controls on eDNA movement in streams: Transport, Retention, and Resuspension. Scientific 
Reports 7: 5065, https://doi.org/10.1038/s41598-017-05223-1 

Shu L, Ludwig A, Peng Z (2020) Standards for Methods Utilizing Environmental DNA for 
Detection of Fish Species. Genes 11: 296, https://doi.org/10.3390/genes11030296 

Simmons M, Tucker A, Chadderton WL, Jerde CL, Mahon AR (2015) Active and passive 
environmental DNA surveillance of aquatic invasive species. Canadian Journal of 
Fisheries and Aquatic Sciences 73: 76–83, https://doi.org/10.1139/cjfas-2015-0262 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
http://www.apms.org/wp/wp-content/uploads/2015/02/japm-54-01-046.pdf
http://www.apms.org/wp/wp-content/uploads/2015/02/japm-54-01-046.pdf
https://www.doi.gov/sites/doi.gov/files/uploads/nisc-fy2020-annual-work-plan-2019.10.pdf
https://www.doi.gov/sites/doi.gov/files/uploads/nisc-2020-crosscut-budget-summary-final-7-7-2020.pdf
https://www.doi.gov/sites/doi.gov/files/uploads/nisc-2020-crosscut-budget-summary-final-7-7-2020.pdf
https://nrc.noaa.gov/LinkClick.aspx?fileticket=RReWVFNjr5I%3D&tabid=92&portalid=0
https://nrc.noaa.gov/LinkClick.aspx?fileticket=RReWVFNjr5I%3D&tabid=92&portalid=0
https://www.iarpa.gov/
https://doi.org/10.1098/rsos.180537
https://training.fws.gov/courses/descriptions/CSP2000A-Emerging-Topics-in-Conservation-Science-Workshop-eDNA.pdf
https://training.fws.gov/courses/descriptions/CSP2000A-Emerging-Topics-in-Conservation-Science-Workshop-eDNA.pdf
https://doi.org/10.1111/mec.15643
https://doi.org/10.1111/1755-0998.12180
https://meetings.pices.int/
https://doi.org/10.1139/cjfas-2013-0047
https://doi.org/10.1111/1755-0998.13123
https://doi.org/10.1111/1755-0998.13123
https://doi.org/10.3391/mbi.2018.9.3.07
https://doi.org/10.3391/mbi.2018.9.3.07
https://doi.org/10.3391/mbi.2019.10.2.09
https://doi.org/10.1016/j.tree.2020.03.011
https://doi.org/10.3389/fevo.2020.609973
https://doi.org/10.1038/s41598-020-71304-3
https://doi.org/10.1002/edn3.68
https://doi.org/10.1038/s41598-017-05223-1
https://doi.org/10.3390/genes11030296
https://doi.org/10.1139/cjfas-2015-0262


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 774 

Smith DR (2020) Structured Decision Making: Case Studies in Natural Resource Management 
(Wildlife Management and Conservation). Johns Hopkins University Press, Baltimore, MD, 
288 pp 

Snyder MR, Stepien CA (2020) Increasing confidence for discerning species and population 
compositions from metabarcoding assays of environmental samples: case studies of fishes 
in the Laurentian Great Lakes and Wabash River. Metabarcoding and Metagenomics 4: 
e53455, https://doi.org/10.3897/mbmg.4.53455 

Snyder MR, Stepien CA, Marshall NT, Scheppler HB, Black CL, Czajkowski KP (2020) 
Detecting aquatic invasive species in bait and pond stores with targeted environmental 
(e)DNA high-throughput sequencing metabarcode assays: Angler, retailer, and manager 
implications. Biological Conservation 245: 108430, https://doi.org/10.1016/j.biocon.2020.108430 

Stepien CA, Snyder MR, Elz AE (2019) Invasion genetics of the silver carp Hypophthalmichthys 
molitrix across North America: Differentiation of fronts, introgression, and eDNA metabarcode 
detection. PLoS ONE 14: e0203012, https://doi.org/10.1371/journal.pone.0203012 

Stoeckle MY, Mishu MD, Charlop-Powers Z (2018) GoFish: A Streamlined Environmental DNA 
Presence/Absence Assay for Marine Vertebrates. bioRxiv 331322, https://doi.org/10.1101/ 
331322 

Taberlet P, Bonin A, Zinger L, Coissac E (2018) Environmental DNA: For Biodiversity 
Research and Monitoring. Oxford University Press, New York, New York, 268 pp, 
https://doi.org/10.1093/oso/9780198767220.001.0001 

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata Z (2012) Estimation of Fish Biomass 
Using Environmental DNA. PLoS ONE 7: e35868, https://doi.org/10.1371/journal.pone.0035868 

Thalinger B, Deiner K, Harper LR, Rees HC, Blackman RC, Sint D, Traugott M, Goldberg CS, 
Bruce K (2020) A validation scale to determine the readiness of environmental DNA assays 
for routine species monitoring. bioRxiv 2020.04.27.063990, https://doi.org/10.1101/2020.04.27. 
063990 

The Environmental DNA Society (2020) The eDNA Society. https://ednasociety.org/ (accessed 1 
November 2020) 

Thomas AC, Nguyen PL, Howard J, Goldberg CS (2019) A self-preserving, partially 
biodegradable eDNA filter. Methods in Ecology and Evolution 10: 1136–1141, 
https://doi.org/10.1111/2041-210X.13212 

Thomas AC, Tank S, Nguyen PL, Ponce J, Sinnesael M, Goldberg CS (2020) A system for 
rapid eDNA detection of aquatic invasive species. Environmental DNA 2: 261–270, 
https://doi.org/10.1002/edn3.25 

University of Canberra (2020) EcoDNA. https://www.ecodna.org.au/ (accessed 1 November 2020) 
USFS (2020a) Pacific Northwest Regional Aquatic Invasive Species Monitoring Strategy. 

https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5313602.pdf (accessed 23 November 2020) 
USFS (2020b) eDNAtlas. https://www.fs.usda.gov/rmrs/ngc/edna (accessed 1 November 2020) 
USGS (2020) Nonindigenous Aquatic Species Database. https://nas.er.usgs.gov/queries/default.aspx 

(accessed 20 October 2020) 
US MBON (2020) Marine Biodiversity Observation Network. https://marinebon.org/ (accessed 1 

November 2020) 
Valentin RE, Fonseca DM, Nielsen AL, Leskey TC, Lockwood JL (2018) Early detection of 

invasive exotic insect infestations using eDNA from crop surfaces. Frontiers in Ecology 
and the Environment 16: 265–270, https://doi.org/10.1002/fee.1811 

Valentin RE, Fonseca DM, Gable S, Kyle KE, Hamilton GC, Nielsen AL, Lockwood JL (2020) 
Moving eDNA surveys onto land: Strategies for active eDNA aggregation to detect invasive 
forest insects. Molecular Ecology Resources 20: 746–755, https://doi.org/10.1111/1755-0998. 
13151 

Valentini A, Taberlet P, Miaud C, Civade R, Herder J, Thomsen PF, Bellemain E, Besnard A, 
Coissac E, Boyer F, Gaboriaud C, Jean P, Poulet N, Roset N, Copp GH, Geniez P, Pont D, 
Argillier C, Baudoin J-M, Peroux T, Crivelli AJ, Olivier A, Acqueberge M, Brun ML, 
Møller PR, Willerslev E, Dejean T (2016) Next-generation monitoring of aquatic biodiversity 
using environmental DNA metabarcoding. Molecular Ecology 25: 929–942, https://doi.org/ 
10.1111/mec.13428 

Washington State University (2020) eDNAresources.science. https://eDNAresources.science (accessed 
20 October 2020) 

Westfall K, Therriault T, Cristescu M, Miller K, Abbott C (2017) A new biosurveillance tool 
for a global problem: metabarcoding of environmental DNA to identify marine invasive 
species. Genome 60: 1009–1011, https://doi.org/10.1139/gen-2017-0178 

Westfall KM, Therriault TW, Abbott CL (2020) A new approach to molecular biosurveillance 
of invasive species using DNA metabarcoding. Global Change Biology 26: 1012–1022, 
https://doi.org/10.1111/gcb.14886 

Wilcox TM, McKelvey KS, Young MK, Jane SF, Lowe WH, Whiteley AR, Schwartz MK 
(2013) Robust Detection of Rare Species Using Environmental DNA: The Importance of 
Primer Specificity. PLoS ONE 8: e59520, https://doi.org/10.1371/journal.pone.0059520 

Wilcox TM, McKelvey KS, Young MK, Sepulveda AJ, Shepard BB, Jane SF, Whiteley AR, 
Lowe WH, Schwartz MK (2016) Understanding environmental DNA detection 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
https://doi.org/10.3897/mbmg.4.53455
https://doi.org/10.1016/j.biocon.2020.108430
https://doi.org/10.1371/journal.pone.0203012
https://doi.org/10.1101/331322
https://doi.org/10.1101/331322
https://doi.org/10.1093/oso/9780198767220.001.0001
https://doi.org/10.1371/journal.pone.0035868
https://doi.org/10.1101/2020.04.27.063990
https://doi.org/10.1101/2020.04.27.063990
https://ednasociety.org/
https://doi.org/10.1111/2041-210X.13212
https://doi.org/10.1002/edn3.25
https://www.ecodna.org.au/
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5313602.pdf
https://www.fs.usda.gov/rmrs/ngc/edna
https://nas.er.usgs.gov/queries/default.aspx
https://marinebon.org/
https://doi.org/10.1002/fee.1811
https://doi.org/10.1111/1755-0998.13151
https://doi.org/10.1111/1755-0998.13151
https://doi.org/10.1111/mec.13428
https://doi.org/10.1111/mec.13428
https://ednaresources.science/
https://doi.org/10.1139/gen-2017-0178
https://doi.org/10.1111/gcb.14886
https://doi.org/10.1371/journal.pone.0059520


 eDNA for invasive species management 

 Morisette et al. (2021), Management of Biological Invasions 12(3): 747–775, https://doi.org/10.3391/mbi.2021.12.3.15 775 

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 

Wilcox TM, Carim KJ, Young MK, McKelvey KS, Franklin TW, Schwartz MK (2018a) 
Comment: The Importance of Sound Methodology in Environmental DNA Sampling. North 
American Journal of Fisheries Management 38: 592–596, https://doi.org/10.1002/nafm.10055 

Wilcox TM, Young MK, McKelvey KS, Isaak DJ, Horan DL, Schwartz MK (2018b) Fine-scale 
environmental DNA sampling reveals climate-mediated interactions between native and 
invasive trout species. Ecosphere 9: e02500, https://doi.org/10.1002/ecs2.2500 

Wilcox TM, McKelvey KS, Young MK, Engkjer C, Lance RF, Lahr A, Eby LA, Schwartz MK 
(2020) Parallel, targeted analysis of environmental samples via high-throughput quantitative 
PCR. Environmental DNA 2: 544–553, https://doi.org/10.1002/edn3.80 

Wilkinson MD, Dumontier M, Aalbersberg IJ, Appleton G, Axton M, Baak A, Blomberg N, 
Boiten J-W, da Silva Santos LB, Bourne PE, Bouwman J, Brookes AJ, Clark T, Crosas M, 
Dillo I, Dumon O, Edmunds S, Evelo CT, Finkers R, Gonzalez-Beltran A, Gray AJG, Groth 
P, Goble C, Grethe JS, Heringa J, ’t Hoen PAC, Hooft R, Kuhn T, Kok R, Kok J, Lusher 
SJ, Martone ME, Mons A, Packer AL, Persson B, Rocca-Serra P, Roos M, van Schaik R, 
Sansone S-A, Schultes E, Sengstag T, Slater T, Strawn G, Swertz MA, Thompson M, van 
der Lei J, van Mulligen E, Velterop J, Waagmeester A, Wittenburg P, Wolstencroft K, Zhao 
J, Mons B (2016) The FAIR Guiding Principles for scientific data management and 
stewardship. Scientific Data 3: 160018, https://doi.org/10.1038/sdata.2016.18 

Williams KE, Huyvaert KP, Piaggio AJ (2016) No filters, no fridges: a method for preservation 
of water samples for eDNA analysis. BMC Research Notes 9: 298, https://doi.org/10. 
1186/s13104-016-2104-5 

Williams KE, Huyvaert KP, Piaggio AJ (2017) Clearing muddied waters: Capture of 
environmental DNA from turbid waters. PLoS ONE 12: e0179282, https://doi.org/10.1371/ 
journal.pone.0179282 

Woldt A, Baerwaldt K, Monroe E, Tuttle‐Lau M, Grueneis N, Holey M, Brouder M, Yess S, 
Koproski S, Finney S (2019) Quality Assurance Project Plan: eDNA Monitoring of Bighead 
and Silver Carps. U.S. Department of the Interior, U.S. Fish and Wildlife Service. 
https://www.fws.gov/midwest/fisheries/eDNA/documents/QAPP.pdf 

Xia Z, Zhan A, Gao Y, Zhang L, Haffner GD, MacIsaac HJ (2018) Early detection of a highly 
invasive bivalve based on environmental DNA (eDNA). Biological Invasions 20: 437–447, 
https://doi.org/10.1007/s10530-017-1545-7 

Yamahara KM, Preston CM, Birch J, Walz K, Marin RI, Jensen S, Pargett D, Roman B, Ussler 
WI, Zhang Y, Ryan J, Hobson B, Kieft B, Raanan B, Goodwin KD, Chavez FP, Scholin C 
(2019) In situ Autonomous Acquisition and Preservation of Marine Environmental DNA 
Using an Autonomous Underwater Vehicle. Frontiers in Marine Science 6: 1–14, 
https://doi.org/10.3389/fmars.2019.00373 

Young MK, Isaak DJ, Schwartz MK, McKelvey KS, Nagel DE, Franklin TW, Greaves SE, 
Dysthe JC, Pilgrim KL, Chandler GL, Wollrab SP, Carim KJ, Wilcox TM, Parkes-Payne 
SL, Horan DL (2020) Species occurrence data from the aquatic eDNAtlas database. The 
Aquatic eDNAtlas Project. https://doi.org/10.2737/RDS-2018-0010 (accessed 20 October 2020) 

Zinger L, Bonin A, Alsos IG, Bálint M, Bik H, Boyer F, Chariton AA, Creer S, Coissac E, 
Deagle BE, Barba MD, Dickie IA, Dumbrell AJ, Ficetola GF, Fierer N, Fumagalli L, 
Gilbert MTP, Jarman S, Jumpponen A, Kauserud H, Orlando L, Pansu J, Pawlowski J, 
Tedersoo L, Thomsen PF, Willerslev E, Taberlet P (2019) DNA metabarcoding-Need for 
robust experimental designs to draw sound ecological conclusions. Molecular Ecology 28: 
1857–1862, https://doi.org/10.1111/mec.15060 

   
   

Supplementary material 

The following supplementary material is available for this article: 
Appendix 1. A summary of United States and international environmental DNA programs with relevance to invasive species 
management, as listed in Table 1 of the main paper. 
This material is available as part of online article from: 
http://www.reabic.net/journals/mbi/2021/Supplements/MBI_2021_Morisette_etal_Appendix_1.pdf 

https://doi.org/10.3391/mbi.2021.12.3.15
https://www.invasivesnet.org
https://doi.org/10.1016/j.biocon.2015.12.023
https://doi.org/10.1002/nafm.10055
https://doi.org/10.1002/ecs2.2500
https://doi.org/10.1002/edn3.80
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1186/s13104-016-2104-5
https://doi.org/10.1186/s13104-016-2104-5
https://doi.org/10.1371/journal.pone.0179282
https://doi.org/10.1371/journal.pone.0179282
https://www.fws.gov/midwest/fisheries/eDNA/documents/QAPP.pdf
https://doi.org/10.1007/s10530-017-1545-7
https://doi.org/10.3389/fmars.2019.00373
https://doi.org/10.2737/RDS-2018-0010
https://doi.org/10.1111/mec.15060
http://www.reabic.net/journals/mbi/2021/Supplements/MBI_2021_Morisette_etal_Appendix_1.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




