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Environmental DNA (eDNA) applications are transforming the standard of
characterizing aquatic biodiversity via the presence, location and abundance
of DNA collected from environmental samples. As eDNA studies use DNA
fragments as a proxy for the presence of organisms, the ecological properties
of the complex and dynamic environments from which eDNA is sampled
need to be considered for accurate biological interpretation. In this review,
we discuss the role that differing environments play on the major processes
that eDNA undergoes between organism and collection, including shed-
ding, decay and transport. We focus on a mechanistic understanding of
these processes and highlight how decay and transport models are being
developed towards more accurate and robust predictions of the fate of
eDNA. We conclude with five recommendations for eDNA researchers
and practitioners, to advance current best practices, as well as to support a
future model of eDNA spatio-temporal persistence.
1. Introduction
The application of environmental DNA (eDNA) has experienced immense
growth in recent years and is now used widely in community ecology, palaeo-
environmental research, biomonitoring, conservation biology and invasion
ecology [1–3]. Owing to their non-invasiveness, ease of field sampling and ability
to detect cryptic species, eDNA-based tools are an attractive alternative to exten-
sive direct sampling of ecosystems [2,3]. Despite this increasingly wide interest,
uncertainties persist surrounding the physical processes that influence eDNA
persistence and its fate within the environment. Because these techniques use
fragments of DNA recovered from environmental samples to infer species pres-
ence, uncertainties in the relationship between the source organism(s) and the
physical DNA molecules in the environment can significantly limit inferences
made from eDNA-based tools and preclude their widespread application [3].
While eDNA refers to DNA recovered from any environmental sample (e.g.
water [2], sediments [4] or air [5]), this review focuses on shed macro-organismal
DNA collected from aquatic environments. We discuss other environments only
where they are likely to impact collection from aquatic environments (e.g. within
the benthic substrate).

One critical step towards overcoming these uncertainties is a better under-
standing of the mechanisms that influence eDNA presence and concentration
through time and space. Conceptually, eDNA is shed from the host organism,
then decreases in concentration as it is both transported from the origin location
and undergoes decay until it can no longer be detected [3,6–8]. While eDNA
studies are diverse in their objectives and scales of inquiry, most eDNA studies
seek information on where andwhen a source organismwas present (and perhaps
even how many). For presence–absence surveys, these mechanisms influence how
long eDNA can be detected, and how far away the source location may be. For
quantitative eDNA surveys, the concentration of collected eDNA is further related
to abundance of the target organisms [1].
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Figure 1. Mechanisms influencing the concentration and fate of eDNA in aquatic systems and environmental factors known or suspected to alter their rate and
extent of action.
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The relationship between the source organism and the
concentration of eDNA at the point when it is measured
(termed the ‘ecology of eDNA’ [3]) is complex, with multiple
competing environmental processes influencing the relation-
ship (figure 1). A growing body of literature shows that these
processes are environment-specific (e.g. [3–6]), increasing the
uncertainties when relating eDNA to the spatial and temporal
distribution of source organisms [3]. The origin, transport and
decay of eDNA influence the physical state of eDNA, and the
physical state determines the mechanisms and consequences
of the interactions between eDNA and the natural environ-
ment. As the use of eDNA continues to become a more
widespread tool for research, conservation and industrial
challenges [1,9], considering these mechanisms is critical for
executing well-designed surveys and for robust interpretation
of eDNA patterns.

This review synthesizes recent research about the decay of
biological material, from tissue to molecule, highlighting the
nature of eDNA interactions with the environment, depen-
dence on specific biological and environmental factors, and
resulting implications for the interpretation of eDNA patterns.
We focus on a mechanistic understanding of processes that
affect eDNA within lentic, lotic and marine environments
and discuss how those mechanisms are or are not captured
in different transport and decay models currently used to
predict the behaviour of eDNA. Where eDNA-specific infor-
mation is underdeveloped, we have synthesized information
from multiple disciplines to make predictions on how eDNA
is likely to behave in the environment. Our review highlights
the critical need for increased research towards an understand-
ing of eDNA as physical particles within an environmental
context, in order to understand and describe the relationship
between the biological organism and its eDNA. To this effect,
we provide five recommendations for future research that
can fill these gaps in knowledge.
2. Origin of eDNA
ForeDNA to accurately quantify species abundance, the amount
of eDNA shedmust exhibit causal correlationswith the biomass
or number of organisms present in the environment, ideally
with estimates surrounding the uncertainties contributing to
reductions in such correlations [10]. Understanding the origins
of eDNA, i.e. the mechanisms behind and variability in the
shedding of biological material from source organisms, is
integral to developing such estimates.

Most eDNA probably originates from released urine and
faecal matter [11,12], shed epithelial cells from external
mucous layers [13] and tissue from decomposing organisms
[14]. Shedding rates can be variable within species even
when accounting for biomass [13,15–18], obscuring the
relationship between collected eDNA and organism abun-
dance. Stress has been linked to up to 100-fold increases in
tissue shedding rates [13,16,19]. Age [19], diet [20], water temp-
erature [16] and community structure [13] are among the
numerous biotic and abiotic variables that cause significant
variation in volume and rate of tissue shedding (see review
in [21]). Consequently, this source of uncertainty needs to be
considered in downstream analysis and ecological inference.
For example, a change in abundance of eDNA for a given
species may represent either changes in shedding rates (e.g.
owing to stress) or changes in organism biomass or abundance.
3. Degradation and decay
The accurate and biologically relevant use of eDNA as a proxy
for the presence, abundance and location of target organisms
requires an understanding of the rates of eDNA decay (the
reduction in detectable quantity of eDNA) and degradation
(physical changes within the molecule/particle) in different
environments. Although processes such as retention within
substrate may contribute to eDNA removal from aquatic
systems, a primary route of eDNA decay is the physical degra-
dation of the tissue and particles comprising eDNA. Shed
biological tissue will generally begin to degrade immediately
from multicellular tissue fragments, to whole cells, separate
organelles (e.g. mitochondria) and eventually to free (extra-
cellular) DNA, which are then further degraded either by
exogenous enzymes or by spontaneous chemical reactions.
The extent of this degradation affects how eDNA can be cap-
tured [22] and what types of analyses can be performed [23].

Although eDNA decay involves multiple processes, they
are often combined into a single decay rate estimate. First-
order estimates of eDNA decay rates vary considerably, from
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Figure 2. Theoretical eDNA persistence over 45 days from an initial starting quantity of 105 copies, using decay constants derived from experimental studies, thereby
illustrating the importance of considering ecosystem and model choice when predicting decay. Biphasic decay constants from both lentic and lotic ecosystems were
combined, but bisphasic decay is likely to occur in marine and laboratory conditions as well. Solid lines indicate median decay constants (ordered by either T1/2
(monophasic models) or T99.99 (biphasic models)), dashed lines indicate quartile decay constants and dotted lines indicate extremes. Data from [26–28].
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a half-life 0.7 h in a multi-species assay [24] to 71.1 h in Antarc-
tic icefish [25] (figure 2, see [27]). Complex models of DNA
decay where decay rates decrease over time have been shown
to better explain aquatic eDNA decay than monophasic
models [26,28,29]. Conceptually, this may correspond to the
multiphasic mechanisms involved in tissue and eDNA decay
[29], as different cellular compartments may have different
liabilities, and individual degradation mechanisms may
impact eDNA decay rates. If eDNA decay follows a multipha-
sic decay pattern, a monophasic model may underestimate the
residency time of low concentration eDNA (if parametrized
using data from the initial rapid decay phase) or significantly
overestimate the initial eDNA concentration [29].

While numerous environmental characteristics influencing
eDNAdecay rates have been identified (e.g. water temperature
[30–36], water turbidity [1,37], acidity [24,34,35] and salinity
[38]), these characteristics have been applied to eDNA decay
as a whole and are not linked to specific mechanisms of
decay. An explicit focus on the taphonomy (post-mortem
degradation processes) of eDNA is therefore critical to deter-
mining the relationship between eDNA detection and the
current spatio-temporal state of the organisms being studied.
The following sections review some of the major mechanisms
by which tissue and DNA degrade and the implications for
eDNA detectability.
(a) Cellular degradation
Many cells (e.g. intestinal or mucosal epithelial tissues) will
begin to degrade via apoptosis before being shed [39]. Nuclear
DNA is tightly packed in early-stage apoptosis before being
hydrolysed into 180 bp fragments [40]. Changes in the mito-
chondrial membrane cause increased permeability allowing
somemitochondrial nucleoids to be released into the cytoplasm
of the cell [41], and most mitochondrial DNA is randomly
fragmented during late-stage apoptosis [41,42]. Apoptosis gen-
erally concludeswithin 3 h tomore than a day [43,44], but some
cell enzymes may become inactive before apoptosis completes,
triggering a switch to necrosis and potentially allowing longer
fragments of DNA to survive [45].

Necrosis describes any uncontrolled cell death process, typi-
cally characterized by the swelling and bursting of cells as they
lose osmotic control and release cell contents into the environ-
ment [39]. The outer mitochondrial membrane probably
remains intact longer than other cellular structures [46], which
may provide a protective effect to mtDNA. In both cadaver
studies and eDNA studies, mtDNA has significantly lower
decay rates than nuclear DNA, evenwith similar copy numbers
[29,47,48]. Within the environment, free DNA (either nuclear or
mitochondrial) is typically degraded by bacteria and extracellu-
lar nucleases [49–51] into smaller, unpredictable DNA
fragments [26,29,52]. eDNApersistence can therefore bedirectly
linked to microbial activity, trophic state [26,28,53] and the con-
centration of extracellular nucleases [54]. eDNA decay rates are
also highly associated with temperature [33], which may be
partially owing to increased concentrations of bacteria as well
as increased rates of enzymatic and metabolic processes.

(b) Spontaneous degradation
DNAwill undergo spontaneous (non-enzymatically catalysed)
decomposition, leading to the fragmented and chemically
modified DNA strands characteristic of ancient DNA (aDNA).
The molecular mechanisms of spontaneous DNA decay have
been reviewed extensively [55,56], as have their effect on genetic
analysis [57]. Given a neutral buffer andmoderate temperature,
DNA is a highly stable molecule. At 25°C, cleavage of the phos-
phodiester bond (which links nucleotides together into a DNA
chain) has an estimated half-life of 31 000 000 years; depurina-
tion of deoxyguanosine and deoxyadenosine have estimated
half-lives of 70 years and 180 years, respectively; and deoxy-
cytidine deamination has an estimated half-life of 120 years
[58]. Environmental conditions further impact rates of
molecular DNA modifications.

Temperature influences the rate of spontaneous decompo-
sition, to the extent that thermal history is more important
than age of material when successfully amplifying aDNA
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[59]. For example, deoxycytidine deamination (where cytosine
bases are converted to uracil bases) has an estimated half-life
(t1/2) of 120 years at 25°C and pH 7.5, but only 24 years at 37°
C and more than 2600 years at 5°C [58]. The presence of deoxy-
cytidine deamination in aDNA is used to discriminate
between true aDNA and contemporary (contaminating) DNA
(e.g. [60,61]). Thus, similar methods could be employed in
eDNA to discriminate against DNA older than the temporal
scope of the research [62]. However, using deoxycytidine dea-
mination as a marker of ‘old’ DNA may only be a useful
technique in warmer waters or for projects with long temporal
scopes [58].

Elements within the environment may also interact to
influence spontaneous DNA decay. For example, ultraviolet
(UV) light can directly degrade DNA [55] but can also react
with natural organic matter to form reactive oxygen species
that cause oxidative damage and additional stress to eDNA
[63]. Evidence for the impact of UV light on eDNA decay is
currently mixed [34,64–66], and the effects of UV in corre-
lation with natural organic matter uncertain. In another
example, certain antibiotics (e.g. aminoglycosides) found in
wastewater [67] can readily form metallo-complexes that
increase the rate of phosphodiester bond hydrolysis by up
to 5.2 × 107 times, rapidly degrading DNA [68,69].

While research on aDNA has a relatively deep legacy of
research on the signature of spontaneous DNA degradation,
there has also been a significant focus in a narrow range of
environments that are favourable to DNA preservation [57].
Studies ofDNAdegradation in forensic taphonomyare perhaps
more related to eDNA research, as these encompass a much
wider range of environments [45]. Overall, environment-
specific studies of eDNA decay mechanisms are critically
needed to build informative models of eDNA persistence.
4. Transport of eDNA
Aquatic eDNA is collected in complex and variable hydro-
logical systems, and therefore eDNA transport is a key
consideration for inferring species presence and spatial distri-
bution. This includes horizontal and vertical transport (in the
suspended aquatic realm), retention in the benthic substrate
and probability of resuspension into the water column [8,70]
(electronic supplementary material, figure S1); the rates of
which may be confounded with the residency of eDNA
within its environment prior to decay. While the transport
of eDNA is a new area of research [26,71], hydrological
models that integrate physiochemical properties of organic
matter with hydrological parameters of the system may give
informative estimates of eDNA transport.

(a) Transport factors: eDNA as a particle
eDNAhas been found in particleswith diameters ranging from
less than 0.2 µm to greater than 180 µm. Most eDNA is found
in fragment sizes reflective of intact tissue or free mitochondria
[13,16,22], although smaller particles begin to dominate within
hours of the source organism being removed [16]. As colloidal
particles, eDNA transport is non-conservative, meaning that
it is impacted by factors other than advection (flow) and
diffusion [72,73]. Because of the relatively large variation
in particle size, eDNA is unlikely to be fully described by
single parameter estimates of transport or diffusion [72]. How-
ever, some developed transport model characteristics may
help predict factors influencing eDNA transport in aquatic
environments [71].

Most eDNA studies use filtration methods that will prefer-
entially capture eDNA particles that are categorized as fine
particulate organic matter (i.e. with diameters between 1 mm
and 0.5 µm) [13,74,75]. While eDNA has some fundamental
differences from fine particulate organic matter as it is tra-
ditionally measured (in particular that eDNA tends to be
over-dispersed or ‘clumpy’ as tissue contain multiple copies
of DNA [22,76]), eDNA transport seems to follow similar
transport dynamics as fine particulate organic matter [71,77].

(b) Transport factors: geochemical adsorption
Both DNA and cell surfaces reversibly adsorb to minerals
such as those found in the streambeds [78,79]. Adsorption
to sediments can protect DNA from degradation by nucleases
as well as chemical damage [80,81] and can likewise protect
cells and tissue fragment from shearing forces and microbial
degradation [79]. This protective factor may explain increased
persistence in sediments or stream bed substrates compared
to water columns [51,82,83], as it is suspected that adsorbed
DNA can be resuspended into the water column after aquatic
eDNA has degraded [26].

Biological molecules bind to sediments via weak charge-
based bonds such as electrostatic interactions [81]. As such,
the binding capacity of eDNA in soil is heavily dependent on
both the sediment type, proteins and other molecules exposed
on cell surfaces, and configuration of the DNA molecule
[79,81]. Inorganic clays adsorb more DNA than organic sedi-
ments [78,84], and large, supercoiled DNA strands (such as
nuclear DNApackaged in apoptosis) have a lower binding affi-
nity than smaller, less tightly packed fragments of DNA [85],
potentially contributing to more rapid degradation of nuclear
DNA or length-dependent eDNA degradation [86]. This bind-
ing affinity is further influenced by environmental properties,
such as pH, dissolved salts, moisture, temperature and the
presence of cell fragments [49,84,87–90]. Bacterial biofilms
also increase adhesion and may promote the persistence of
eDNA by using exogenous DNA as structural elements [91].
Resuspension is therefore a largely stochastic process [26]
and decay times in sediment can vary from days and weeks
to thousands of years [4,92,93].

(c) Transport in freshwater lakes and ponds
Horizontal dispersion of eDNA is typically limited in lentic
ecosystems [35,94], with several studies finding a decrease in
eDNA concentrations beyond approximately 100 m of the
organisms [20,94–96]. Vertical transport in lentic ecosystems
is primarily influenced by gravitational settling, as thermal
stratification limits transport from water flow [97], and both
faecal particles and associated eDNA are more concentrated
in the lower layers of the water column [12,14,82]. Sampling
from upper water layers has therefore been suggested to deter-
mine viable populations from eDNA [14]. The settling rate
is determined by the size and density of the particle [98],
although water turbulence or biotic breakdown may slow the
sinking rate by breaking up particles [12]. As eDNA exists in
non-uniform particle sizes and types [72], settling rates are dif-
ficult to estimate. In thermally stratified lakes, each layer may
have its own microenvironment that may uniquely affect
eDNA recovery and degradation. Tests with plasmid DNA
have shown that degradation occurred in the upper stratified
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layer (the epilimnion) within 170 h, whereas no degradation
occurred in the same time period in the lowest, coolest layer
of water (the hypolimnion) [54].

Notably, large vertical and horizontal transports may be
expected during lake overturns,when temperature-driven stra-
tification is lost and whole lake mixing occurs [99]. In areas
with significant seasonal temperature variation, lake overturns
usually occur in the spring and autumn [97,99,100]. In other
systems (e.g. areas with little seasonal variation, warm waters
or in shallow lakes compared to their width), lake overturn
can occur on a daily to weekly basis [97]. These events are
expected to have significant but unpredictable impacts on
eDNA transport. Consequently, collecting eDNA samples
during lake overturns is discouraged [14].
roc.R.Soc.B
286:20191409
(d) Transport in freshwater rivers and streams
While eDNA may be more homogenized in flowing water
owing to the increased turbulence [71], downstream transport
in lotic ecosystems is a concern and not yet well described.
Repeated cycles of adsorption and resuspension to the benthic
substrate result in eDNA being transported at a delayed rate
compared to water velocity [8,72]. When taking repeated
samples from the same site, site-specific factors have an
impact on the explanatory potential of eDNA studies [101],
but identifying and generalizing these factors is still difficult.

Most commonly, the decline in eDNA concentrations
following downstream transport is described as a first-order
exponential decline [8,26,71,77] using a model developed for
fine particulate organic matter transport [102]. Under this
model, the average transport distance of eDNA (Sp, defined
as the distance in which 63.2% of particles will have been
deposited [102]) has beenmeasured or estimated to be between
hundreds of metres to greater than 100 km [7,71,77,103,104].
As Sp is inherently non-generalizable between streams, the
depositional velocity (vdep) is more informative. vdep is a
particle property that describes the relationship between the
transport distance (Sp) and the average flow velocity (u) and
stream depth (h), captured by vdep ¼ uh=Sp [8,71,102]. Initial
measurements of the vdep of eDNA range from 0.146 to
0.535 mm s−1, similar to those of fine particulate organic
matter [8,71]. This implies that the transport distance of the
same particle would be eight times farther in a river twice as
fast and four times as wide as a smaller headwater stream,
stressing the importance of including hydrological factors in
eDNA analysis [26,71]. Additional geomorphological factors
may improve the accuracy or precision of such models (e.g.
stream slope, average stream-scale form and longitudinal
roughness as explanatory variables [73]).

Although DNA decay rates could easily be incorporated
into transport models, retention appears to be more important
than degradation for limiting transport in lotic systems
[26,77,105]. As eDNA is transported downstream, both turbu-
lence and gravitational settling result in eDNA particles being
deposited into the sediment in the channel bed. These particles
may persist in the substrate, be transported through the
underflow or be resuspended into the water column owing
to hyporheic (streambed) effects [8,72,82]. As sediment-
bound DNA decays at a different rate than suspended DNA
(discussed below), resuspension of eDNA has been suggested
as a possible explanation for the unexpected persistence
of eDNA [101]. The retention and resuspension dynamics of
eDNA is a stochastic process [8] but can be influenced by
channel bed characteristics, sediment type and the presence
of biofilms that can capture or degrade eDNA [8,26,77].
Currently, the extent of these influences is not well described
but probably increases uncertainty in factors contributing to
eDNA concentration.

(e) Transport in marine ecosystems
In marine ecosystems, ocean currents driven by the Earth’s
rotation, water density, wind and tides combine to build a com-
plex fabric of interacting currents, each influencing particle
transport. One common method for investigating dispersal of
passive particles in ocean systems is to use an oceanographic
circulationmodel to track virtual particles inmodelled velocity
fields; these can include upwelling, along-shore currents,
meso-scale eddies, wind-driven surface currents and tidal for-
cing (e.g. [106,107]). In a model of surface currents on the west
coast of British Columbia, Canada, particle transport was pre-
dicted to have a median of 1 km and upper estimate of 4 km
per day, depending on the source location [106]. When com-
bined with reported decay rates, the distance of suspended
eDNA transport before 50% decay can be as high as 1 km
(median) or 12 km (upper estimate), although these estimates
do not capture concentration changes owing to particle
dilution and sinking.

Although these initial distance estimates suggest that
eDNA should be highly mixed at the approximately 5 km
scale, empirical studies of marine communities indicate
remarkably high spatial turnover and site fidelity to the
source communities. For example, Port et al. [108] found that
eDNA was able to distinguish community assemblages from
habitats separated by less than 60 m. Furthermore, within an
intertidal zone where resident water is replaced twice per
day, Kelly et al. [38] found that eDNA communities were not
determined by the influx of tidal waters from elsewhere, but
determined by local source organisms within ca 6 h. These
findings suggest that local production and persistence of
eDNA are more important than transport of eDNA from else-
where [9]. This may be explained in part by dilution and
sinking of eDNA,which can each contribute to diluted concen-
trations below detection limits [9,109], but experiments of
distance decay from fixed sources considering different DNA
sources and water flow regimes (calm versus mixed versus
directional) would help to elucidate mechanisms, as well as
important sources of variability of eDNA spatial fidelity.

( f ) The effect of rare events
While rare or episodic events (e.g. storms and floods) are
atypical, extreme weather is increasing in frequency [110]
and can have a substantial effect on the transport and fate
of organic materials [98]. Sediment resuspension is pro-
portional to wind speed by a power of six, such that a 50%
increase in wind speed leads to nearly 12 times more sedi-
ment resuspended [98]. Flooding, overland flooding and
rain events can impact the discharge, dilution and source of
eDNA in a system. For example, following a significant rain
event, Staley et al. [111] observed a decrease in the relative
abundance of human and freshwater fish eDNA sequences
in creek and beach samples. Increases in the diversity and
number of non-human mammal and bird eDNA sequences
were also documented, but a reversal of this trend persisted
in stormwater outfall samples. Given the potential influence
of rare events, consideration should be given to the
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samples. r
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hydrological history of a site when designing or interpreting
eDNA studies.
priority variable reference

recommended date (season) [112]

water temperature [30–36]

flow velocity and/or discharge [7,71]

water body width and depth [7,35,71]

salinity [38]

suggested pH [24,34,35]

turbidity [1,37]

microbial growth (as chlorophyll a

or organic matter)

[18,26]

substrate type [8,105]

nutrient levels [105]

geomorphological features (stream

slope, average stream-scale form,

longitudinal roughness, etc.)

[73]
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5. Synthesis and future directions
eDNA-based tools have been promising the potential for fast,
sensitive and non-invasive detection of biodiversity, but as
our review demonstrates, there are still several associated
sources of error that generate uncertainty. As the spatial and
temporal signal of eDNA is dependent heavily on the environ-
ment, a better understanding of the environmental processes
that impact eDNA fate in aquatic systems are needed to
better connect the eDNA collected to their organismal origins.
To this end, we have developed five recommendations for
future eDNA research.

(i) Recommendation 1: integration of hydrological models to
eDNA transport. The need for better transport estimates
is becoming increasingly apparent, particularly in lotic
ecosystems (e.g. streams), where variation in stream
size and flow have a profound effect on eDNA trans-
port, and in marine systems, where transport currents
are now being modelled with increasingly greater pre-
cision [26,73]. Given this well-developed toolbox, we
recommend the integration of hydrological modelling
in eDNA sampling regimes (e.g. estimating average
transport distances) become standard.

(ii) Recommendation 2: controlled experiments in naturalized
systems. While mesocosm experiments have provided
notable insights into the behaviour and fate of eDNA,
there are many important biotic and abiotic factors
that are not captured in these systems, potentially contri-
buting to inapplicable results (as illustrated in figure 2).
Observational field studies of eDNA, while valuable,
may not be well suited to describe the specific mechan-
istic impacts these factors have. We recommend an
emphasis on an increased use of replicated, controlled
experiments in naturalized systems (i.e. controlled,
experimental systems that include numerous features
of a natural ecosystem) when studying processes that
affect eDNA and estimates of uncertainty, designed
with an understanding of the potential mechanisms
that impact these processes.

(iii) Recommendation 3: ecosystem-specific parametrization of
eDNA. Given the significant differences in transport
and attenuation mechanisms between lentic, lotic and
marine ecosystems, we recommend that eDNAparame-
trization and conclusions drawn from eDNA studies
should be considered as ecosystem-specific. While this
may have significant implications for eDNA appli-
cations in new systems and the need for increased
basic research, we believe the marked difference in
eDNA dynamics between environments necessitates
this division.

(iv) Recommendation 4: standardized collection and publication of
environmental variables. We encourage eDNA prac-
titioners to collect and include environmental data
when collecting eDNA samples so that environmentally
drivenvariation can eventually be assessed in acompara-
tive approach (table 1).
(v) Recommendation 5: focused development of process-based
models. eDNA exists as a chemically active particle in
highly variable and complex environments, and a
mechanistic understanding of these interactions is cru-
cial towards developing a full model predicting the
relationships between eDNA and the organisms being
studied. We recommend a focus towards elucidating
the relative contribution of individual decay and trans-
port processes in environment-specific contexts, and on
describing and parametrizing eDNA decay within the
context of specific mechanisms that contribute to pat-
terns of bias and noise in varying environments. To
achieve this goal, we encourage eDNA researchers to
embrace cross-disciplinary collaborations, especially
incorporating methodologies from disciplines such as
forensic taphonomy and geochemistry to understand
the mechanisms responsible for the decay and attenu-
ation of eDNA.

Despite the complexity in both situation and process that
eDNA is exposed to, eDNA studies often show high fidelity
to capture and visuals surveys [71,113]. While the understand-
ing of the physical processes within these data is still relatively
new, there is awide foundation of observations, techniques and
models from disciplines including hydrogeology, cell biology,
chemistry, palaeontology, forensic taphonomy and ecology
on which eDNA research can be built. As the adoption of
eDNA techniques continues to grow, incorporation of the pro-
cesses that impact eDNA can allow for a better prediction of the
fate of eDNA and a more-finely honed tool for understanding
global aquatic biodiversity.
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