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Abstract

Over the past quarter century, environmental DNA (eDNA) has been ascendant as a tool
to detect, measure, and monitor biodiversity (species and communities), as a means of
elucidating biological interaction networks, and as a window into understanding past
patterns of biodiversity. However, only recently has the potential of eDNA been realized in
the botanical world. Here we synthesize the state of eDNA applications in botanical systems
with emphases on aquatic, ancient, contemporary sediment, and airborne systems, and
focusing on both single-species approaches and multispecies community metabarcoding.
Further, we describe how abiotic and biotic factors, taxonomic resolution, primer choice,
spatiotemporal scales, and relative abundance influence the utilization and interpretation of
airborne eDNA results. Lastly, we explore several areas and opportunities for further
development of eDNA tools for plants, advancing our knowledge and understanding of
the efficacy, utility, and cost-effectiveness, and ultimately facilitating increased adoption of
eDNA analyses in botanical systems.
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Extinction rates across the globe are increasing, large swaths
of natural habitat are being altered by humans, and habitat

While conventional biodiversity monitoring methods can
provide detailed species information, they are also often-

degradation continues apace (Brondizio, 2019). Sala et al.
(2000) identified land use and climate change as major
drivers of biodiversity loss over the next century. These
reports, and many others like them, highlight the urgent
need for researchers to gather information on the ecology
and biodiversity of natural habitats to conserve as many
species as possible. The foundation upon which these
ecological insights are built is biodiversity monitoring.

times destructive to the environment, require high levels of
expertise, are geographically biased, require extensive time
commitments, and the quality of results depends on the
resources used throughout the process (Herrick et al., 2005;
Garrard et al,, 2008). Further, these challenges are often
exacerbated by the so-called “taxonomic impediment,” with
increasingly fewer taxonomic professionals available to
render accurate delimitation (Wheeler and Wilson, 2004;
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BOX 1 Definitions of terms commonly used
within the field of eDNA study

o Environmental DNA (eDNA) DNA from an
organism and present in the environment and
bulk environmental samples.

Botanical eDNA eDNA from plants (e.g., pollen,
leaf fragments, flower fragments) and collectible
from bulk samples such as air, water, soil, feces,
and from pollinators.

Aquatic botanical eDNA Plant eDNA in fresh-
water (lotic and lentic) and saltwater.

Ancient eDNA Degraded eDNA from ancient
plant and animal communities.

Contemporary soil/sediment eDNA eDNA
from soils.

Airborne botanical eDNA Plant eDNA in air
and dust.

Agnarson and Kunter, 2007; Raposo et al., 2021). To help
address these limitations and the need for rapid, cost-
effective biodiversity information, researchers are increas-
ingly looking to molecular genetic tools.

One ascendent molecular method is the collection and
analysis of environmental DNA (eDNA). Historically, the
definition of eDNA has taken either a sensu stricto (DNA of
macrobial organisms in a bulk sample) or sensu lato (total
pool of DNA in a bulk sample) approach (Pawlowski
et al., 2020). In this context, we refer to eDNA as the DNA
shed from a host organism into its environment (Ficetola
et al., 2008; Thomsen and Willerslev, 2015; Barnes and
Turner, 2016; Box 1). Species presence can be determined
without a targeted organismal sample, thereby reducing
environmental disturbance, sample bias, and sampling time
(Taberlet et al., 2018). Furthermore, eDNA is collected via
bulk environmental samples across an array of ecological
contexts, including marine (Thomsen et al., 2012), fresh-
water (Jerde et al,, 2011; Deiner et al., 2015), sediment/soil
(Yoccoz et al., 2012; Parducci et al., 2017; Lin et al., 2021),
and air (Johnson et al., 2019a). It can also be collected from
various media including artifacts (Foley et al., 2012), animal
legs (Arstingstall et al., 2021), feces (Wang et al., 2022),
honey and resins (Chui et al., 2021), pitcher plant liquid
(Littlefair et al., 2018) and flowers (Harper et al., 2022).

Early eDNA studies were largely reliant on single-species
approaches via polymerase chain reaction (PCR) to assess
presence/absence in a sample (Ficetola et al., 2008). However,
eDNA technology has rapidly evolved, allowing researchers
to track multiple species or even multiple population
haplotypes (Adams et al,, 2019) by means of multiplexed
quantitative PCR, multiplexed metabarcoding, target capture
(Foster et al., 2021) or metagenomics (Taberlet et al., 2018;
Box 2). On the whole, these advances have ignited an
explosion of research leveraging this genetic tool.

BOX 2 Common methods and terms used to
describe the analysis of eDNA and interpret the
results

o Polymerase chain reaction (PCR) A method to
amplify a target DNA region and detect a species
within an eDNA sample.

Quantitative PCR (qPCR) PCR method that
uses fluorescence to quantify target DNA in real-
time for a species.

Multiplex qPCR A qPCR method to simulta-
neously amplify two or more target DNA
regions.

Digital droplet PCR (ddPCR) The sample is
partitioned into thousands of droplets, and
amplification occurs in each individual droplet.
Target capture DNA or RNA molecules are
attached to a chip/bead designed to bind to
target DNA regions and are then separated from
nontarget sequences using a magnet.
Metagenomics The study of total DNA or eDNA
from all organisms in a bulk sample instead of on
a specific DNA region.

Metabarcoding The process of using DNA
markers with high-throughput sequencing to
identify numerous taxa within a sample and
analyze and assess the total biodiversity. Species-
specific genes or gene fragments (barcodes) are
used to detect a target taxon.

Bioinformatics Acquisition, storage, computa-
tion and analysis of biological data such as
metabarcoding and metagenomic sequences to
interpret and filter the results and assign taxa.
Primer A short nucleic acid sequence that is
complementary to a target DNA fragment from a
target organism(s) and needed for amplification
and sequencing.

Reference library Known genetic sequence
information that is used to match and identify
unknown sequences, e.g., those generated from
high-throughput sequencing of eDNA.

Environmental DNA has been deployed extensively and in
multiple environments, but the focus has largely been on
metazoans. However, botanical eDNA has emerged as the next
frontier in eDNA research. Here we define botanical eDNA
as DNA shed from plants (for this review, our scope is
Streptophyta) into their environment and collected via
nontargeted bulk sampling (Box 1). Such samples consist of
pollen, leaf and flower fragments, and other plant tissues (e.g.,
roots) vielding freely available DNA, constituting trace DNA
from plants in air, water, and sediment samples, directly on
pollinators and other plant-visiting animals, or even present in
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FIGURE 1 Sources of botanical eDNA and where samples can be
collected in the environment. (1) Air. Airborne eDNA analysis can be used to
assess plant biodiversity. (2) Organisms and their products (e.g., insects,
honey, herbivores, feces). Samples can provide information on plant-animal
interactions. (3) Water. (4) Ancient and contemporary soil. Samples may also
be used for targeted rhizosphere analyses. (5) Flower fragments and pollen. (6)
Fruit and seeds, released or carried into the environment. (7) Leaf fragments.
(8) Root systems. Fragments can shed light on root-microbe interactions.

feces (Figure 1). While genetic detection and identification of
pollen has been studied for years (Parducci et al, 2005;
Kraaijeveld et al., 2015), eDNA approaches allow researchers to
track plant species through pollen and other associated plant
materials (seed, leaf, flower, free floating DNA, etc.) indepen-
dent of pollination (Johnson et al., 2019b).

Characterizing botanical eDNA from aquatic, ancient,
contemporary sediment, air, and biotic surface samples could
revolutionize the ways researchers monitor invasive species,
rare, threatened and/or endangered species, plant communities
and even plant-animal interactions (Evans and Kitson, 2020;
Johnson et al., 2023). Despite the vast potential for botanical
eDNA, this method has been sparsely used across several
botanical subdisciplines with little cohesion. And while Banerjee
et al. (2022a) conducted a review introducing the concept of
eDNA, and the methodology, and comparisons with conven-
tional surveying in botanical systems, no comprehensive review
has yet explored the current state of eDNA in botanical systems,
methodological issues specific to botanical eDNA, and areas of
need for future inquiry. Here, we review botanical eDNA
applications with goals (1) to describe the current state of eDNA
in botanical systems and (2) to delineate the challenges and
opportunities for botanical eDNA into the future. Ultimately,
our goal is to facilitate and increase the adoption of eDNA in
botanical research using the best available information and
methods.

AQUATIC eDNA IN BOTANICAL
SYSTEMS

Early eDNA research focused primarily on aquatic systems,
but studies investigating eDNA signatures of plant taxa are
scant compared to metazoan aquatic eDNA studies (Beng

and Corlett, 2020). The first botanical eDNA proof-of-
concept study found that botanical eDNA could be isolated
and characterized from water samples to detect invasive
plants (Scriver et al., 2015). Since then, multiple studies have
effectively isolated botanical eDNA from water samples in
both laboratory and mesocosm settings (Fujiwara et al., 2016;
Matsuhashi et al, 2016; Gantz et al, 2018; Coghlan
et al., 2020; Kuehne et al., 2020). This foundational research
paved the way for detecting plant species in lotic and lentic
systems via species-specific assays (i.e., qQPCR; Fujiwara
et al.,, 2016; Gantz et al.,, 2018; Anglés d'Auriac et al., 2019;
Chase et al., 2020; Kuehne et al., 2020; Miyazono et al., 2020;
Doi et al, 2021) and community metabarcoding methods
(Shackleton et al., 2019; Coghlan et al., 2020; Palacios Mejia
et al,, 2021; Tsukamoto et al,, 2021). A particular area of
emphasis is assessing the efficacy of eDNA approaches to
detect invasive plants in aquatic systems. Fujiwara et al.
(2016) developed primers for Egeria densa, a plant native to
Brazil that has invaded areas of North America, Europe, and
Asia. These markers have since been used to survey natural
water bodies in Japan, revealing this approach to be more
effective than conventional surveys (Miyazono et al., 2020).
In another example, Gantz et al. (2018) used several assays
to detect experimental and natural populations of invasive
Hydrilla verticillata in the United States, recovering a
correlation between plant observation and eDNA detection.
However, Kuehne et al. (2020) used aquatic eDNA to screen
invasive Egeria densa and Mpyriophyllum spicatum with
species-specific ITS1 primers, revealing low detection rates,
even where plants were highly visible, with weak relation-
ships between eDNA concentration and plant abundance.
Similarly, while species-specific primers detected invasive
Stratiotes aloides eDNA from experimental systems, target
eDNA from natural water bodies was detected infreq-
uently, even when the invasive population was abundant
(Marinich, 2017).

ANCIENT eDNA FOR BOTANICAL
SYSTEMS

Ancient eDNA is perhaps the best-established source of
botanical eDNA, taking advantage of DNA that has been
preserved for impressively long periods of time (up to 2
million years in sediments and up to 800,000 years in basal
ice; Kjaer et al., 2022; Willerslev et al., 2007) to examine past
plant communities, compositional shifts over time, and
potential impacts of climate change (Estrada et al., 2018).
Oftentimes, studies on ancient eDNA have substantially
different goals and foci because the material and temporal
scale vary greatly from those of contemporary samples. Like
in aquatic eDNA studies, the study of ancient botanical
eDNA has lagged behind comparable investigations in
vertebrate systems (Estrada et al., 2018). Nevertheless,
groundbreaking work by Willerslev et al. (2003) found
both plant and animal genetic information could be
obtained from permafrost cores ranging from 10,000 to
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400,000 years old, introducing a new method for accessing
genetic records of past environments. Following these
results, ancient plant DNA from a variety of media
including basal ice (Willerslev et al., 2007; Gould et al., 2010),
sediment (Kjaer et al., 2022), permafrost (Jorgensen
et al., 2011; Pawlowska et al., 2014; Willerslev et al., 2014),
lake cores (Matisoo-Smith et al., 2008; Anderson-Carpenter
et al., 2011; Parducci et al., 2012; Parducci et al.,, 2013),
herbivore middens (Murray et al., 2012), fecal material
(Poinar et al., 2001; Hofreiter et al., 2003), dental calculus
(Weyrich et al., 2015) and even caves (Haile et al., 2007;
Haouchar et al., 2014; Pedersen et al., 2015; Slon et al., 2017;
Stahlschmidt et al., 2019) have been assessed. Advances in
ancient eDNA approaches have paved the way for assessing
whole plant communities from sediment samples, facilitat-
ing novel comparisons of community change and bio-
diversity monitoring. For example, studies of lake sediments
or mires have found temporal shifts in Holocene plant
communities and their interactions (Gugerli et al., 2013;
Pedersen et al., 2013; Parducci et al., 2019; Rijal et al., 2021),
revealing how plant communities respond to a changing
global climate.

Ancient eDNA studies continue to effectively leverage
emergent technologies to understand how this genetic
information can be harnessed to shape our understanding
of history and inform our predictions for the future.
Pedersen et al. (2015) highlighted the shift from metabar-
coding to fully realized shotgun metagenomics. While
metabarcoding uses specific barcoding genes to determine
taxonomic composition of mixed samples, for shotgun
metagenomics, the total eDNA from all the organisms in a
sample is directly sequenced (Cowart et al., 2018). Ancient
eDNA can be leveraged in this approach to detect species
and estimate, in some cases, plant abundances (Pedersen
et al., 2016; Parducci et al., 2019). Capo et al. (2021) noted
that metagenomics would also allow for identification of the
ultrashort DNA sequences that are common in ancient
eDNA studies while removing taxonomic biases and blind
spots linked to PCR-based approaches. To fully utilize this
method in ancient eDNA, target capture approaches and
more comprehensive genomic reference databases are
essential (see below; Capo et al, 2021). Additionally, as
the application of botanical ancient eDNA progresses,
research could be used to shape climate change policy,
track invasive species emergence, and inform conservation
interventions (Ruppert et al, 2019). Plants have been
present on the earth since the Paleozoic era, meaning they
are valuable markers for large-scale, long-term climate
change. Knowledge of past drivers, mechanisms, and
responses could help predict future conditions (Estrada
et al., 2018) because the study of ancient eDNA can help us
elucidate how ancient plants responded to climate change,
facilitating extrapolation to current communities and
ultimately informing native species conservation. Wood
et al. (2018) studied pack rat middens ranging from 200 to
49,600 years old to examine how plant pathogens changed
over time and gain insights into how they may shift in the

future. Additionally, Allaby et al. (2015) used ancient eDNA
detections to model human and plant community
coevolution, finding that oftentimes this evolution resulted
in rapid adaptation of humans and/or plants at specific
points in time.

CONTEMPORARY SOILS AND
SEDIMENT eDNA FOR BOTANICAL
SYSTEMS

While studies exploring ancient eDNA rely on sediment and
core samples to determine the ancient record of plant
species, some studies use soil to examine modern day
botanical eDNA (Meyer et al., 2021). Buee et al. (2009)
developed one of the first terrestrial soil metabarcoding
studies examining fungal biodiversity in forest systems.
Yoccoz et al. (2012) produced among the first metabarcod-
ing surveys of plant biodiversity via soil samples, revealing
that biodiversity detected via botanical eDNA from the soil
matched aboveground biodiversity in boreal communities,
tropical systems, and recovered decades-old crops. These
groundbreaking studies have paved the way for studies
documenting plant community biodiversity (Fahner
et al,, 2016; Edwards et al., 2018; Carvalho-Silva et al., 2021;
Osathanunkul et al., 2021; Barnes et al., 2022; Ariza
et al., 2022), rare plant conservation (Hartvig et al., 2021),
sampling sand for meiofaunal communities (Castro
et al., 2021), assessing community structure, including root
associations (Blaalid et al., 2012; Martinez-Garcia et al., 2014;
Ruppert et al., 2019), eDNA ecology in the soil (Foscari
et al, 2022), and tracking human land use (Foucher
et al., 2020). Lastly, contemporary soil eDNA is beginning
to be utilized for forensic ecology, by connecting soil
ecological habitats and eDNA to the origin of soil and
sediments (Flojgaard et al., 2019; Frankl et al., 2022).

AIRBORNE eDNA IN BOTANICAL
SYSTEMS

Still in its infancy, the study of airborne eDNA represents an
innovative frontier in assessing terrestrial plant biodiversity.
Airborne eDNA was recently highlighted as a global
conservation issue (Sutherland et al., 2022). Early airborne
botanical genetic sampling focused specifically on pollen
detection and its human health impacts (Folloni et al., 2012;
Kraaijeveld et al., 2015; Korpelainen and Pietilainen 2017;
Mohanty et al, 2017). Johnson et al. (2019a, 2019b)
expanded on these early studies to explore airborne eDNA
as a bulk environmental sample instead of focusing
explicitly on pollen and human health. Johnson et al.
(2019b) detected the presence of nonflowering insect-
pollinated species via airborne eDNA, illustrating that this
material expands past pollen and could be used to detect
whole plant communities. Banchi et al. (2020) expanded on
this research, assessing airborne plant and fungal diversity
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over a 9-month period and tying it to human health
impacts. Furthermore, Johnson et al. (2021a) revealed
spatiotemporal variation in species composition, reflective
of differences in phenology and of acute disturbances at a
landscape scale. Both Banchi et al. (2020) and Johnson et al.
(2021a) found airborne eDNA to be ideal for tracking
changes in phenology over time. Expanding into applied
uses of airborne eDNA, researchers have explored the
impact airborne eDNA can have on determining the
geographic origin of dust or examining eukaryotic commu-
nities within the global dust belt (Aalismail et al., 2021;
Lennartz et al., 2021). Most recently, Johnson et al. (2021b)
found that airborne eDNA metabarcoding was more
sensitive and efficient than conventional transect-based
plant community surveys, while also detecting more
invasive plant species, thereby offering a potential large-
scale, multifaceted biodiversity monitoring paradigm. Fur-
thermore, Johnson et al. (2021b) explored the detection of
species throughout the year. While they found that wind-
pollinated species'’ eDNA was more abundant during the
pollination season, they also found that they could detect
species that were not flowering, considered dormant, or
were insect-pollinated, further highlighting the lack of
reliance on pollen for detecting plant species with air-
borne eDNA.

As the field advances, we need to understand more about
how botanical airborne eDNA can be used for specific
applications in ecology and conservation. Johnson et al
(2021a) found that airborne eDNA can be used to track acute,
landscape-scale disturbance, indicating this method may be
useful for monitoring long-term climate change and/or
restoration. Lennartz et al. (2021) revealed that airborne eDNA
can be used in forensic applications by tracking the source of
dust depositions. This research has only scratched the surface of
what may be possible. Studying invasive species detection, long-
distance dispersal, and metapopulation dynamics are all viable
applications to be addressed.

ORGANISM-DERIVED SAMPLES FOR
BOTANICAL eDNA

There are myriad possible organism-derived sources of
botanical eDNA, including honey, animal shedding on
plants, gut contents, and frass and fecal samples. Botanical
eDNA from a variety of sources has been leveraged to
understand plant-animal interactions. Banerjee et al. (2022)
assessed the applications of eDNA for elucidating
plant-animal interactions, highlighting studies of mutual-
ism (Rasmussen et al., 2021), pollination (Thomsen and
Sigsgaard 2019; Evans and Kitson 2020), frugivory (Monge
et al, 2020), parasitism (Thomsen and Sigsgaard, 2019;
Miller et al., 2021), dispersal (Harrer and Levi 2018), and
herbivory (de Sousa et al., 2019) for plant species through
mammals, birds, and insects. Two of the most-studied
aspects include pollinators and feces. Wilson et al. (2010)
were among the first to study pollinator interactions by

examining pollen on Hawaiian bees to document what
flower species were regularly visited and preferred. Later,
Keller et al. (2015) examined mixed-pollen samples via
metabarcoding and conventional microscopy. Presently,
multiple studies have examined pollinator preference via
plant eDNA (Richardson et al., 2015; Sickel et al., 2015;
Evans and Kitson 2020). Furthermore, eDNA has also been
used to create network analyses based on the DNA collected
from insects (Evans and Kitson 2016; Pornon et al., 2016;
Galliot et al., 2017). Recently, Thomsen et al. (2019), Harper
et al. (2022), and Gomez et al. (2022) detected residual
insect eDNA on flower heads, highlighting a novel avenue
for elucidating plant-insect interactions. Honey is another
source of botanical eDNA representing plant-insect inter-
actions, containing a wide array of DNA sources such as
pollen, plant fragments, pathogens, and parasites (Ribani
et al., 2020). Laube et al. (2010) designed primers and
detected plant species linked to various commercial brands
of honey. Valentini et al. (2010) then used honey and
metabarcoding to distinguish and determine plant species
origin for two commercial honey brands. Since then,
additional studies have explored botanical eDNA in honey
to elucidate the mutualistic roles of plants and bees and to
produce accurate labels for specific commercial honey
brands (Jain et al, 2013; Hawkins et al., 2015; de Vere
et al., 2017).

Botanical eDNA has also been isolated from fecal
samples to assess diets. Hoss et al. (1992) was the first to
examine the genetic component of feces, exploring the diet
of European brown bears in Italy. Bradley et al. (2007)
revealed that both gorilla and monkey feces yielded eDNA
from several local plants. Since then, fecal eDNA has been
used to examine plants in mammal, bird, and fish diets
(Harrer and Levi, 2018; de Sousa et al, 2019; Ruppert
etal, 2019). As applications for botanical eDNA continue to
expand, new sources of eDNA are constantly being
discovered. For example, plant species themselves have
come into focus as a viable source of eDNA, either through
washing plant material and collecting the runoff (Valentin
et al., 2020) or directly swabbing plants to detect mammals
or insects (Kudoh et al., 2020; Lyman et al., 2022).

Whether collected from the water, sediment, soil, air,
feces, or other source, botanical eDNA is an emerging and
powerful tool to assess a diverse suite of factors (biodiversity,
networks, interactions) and answer unique research questions
within plant communities. However, despite this incredible
and rapidly expanding area of inquiry, there remain
foundational challenges to be addressed and unique oppor-
tunities to explore.

CHALLENGES WITH CENSUSING
PLANT DIVERSITY FROM eDNA

As botanical eDNA is in its infancy, there remain several
caveats and challenges to address to expand this method as a
sensitive and reliable conservation and monitoring tool. To
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advance eDNA research in botanical systems, lessons
gleaned from the development of eDNA analysis in
nonbotanical systems may be instructive. Here we identify
several challenges to botanical systems that may influence
the efficacy of eDNA methodologies. While many of these
questions have been and continue to be addressed, our
understanding of how they influence botanical eDNA
efficacy and efficiency remains limited.

Influence of abiotic factors

How abiotic factors influence the transport, persistence,
and fate of eDNA in botanical systems remains the most
substantial challenge. In aquatic systems, numerous
abiotic factors, including stream flow (Curtis et al., 2021),
substrate type (Buxton et al., 2017), temperature (Jo
et al., 2019), UV light (Kessler et al., 2020), and pH
(Strickler et al., 2015; reviewed by Harrison et al., 2019)
impact the availability and longevity of eDNA. In the
recent exploration of airborne systems, the focus has
been on understanding the basic ecology of eDNA
(origin, state, transport, and fate; Barnes and
Turner, 2016), including what influences the detection
distance for airborne eDNA, the impact of height on
collection, and methods of collection. Abiotic factors
undoubtedly influence botanical eDNA across all sam-
pling media. For example, rainfall has been found to
limit the detection of airborne eDNA particles (Johnson
et al., 2019b), while ancient botanical eDNA collection is
subject to climatic and temporal limitations, often being
most successful in frozen and arid environments
(Rawlence et al., 2014; Ruppert et al., 2019). Further-
more, microbial activity can play a significant role in the
degradation of eDNA, ostensibly impacting botanical
eDNA from all media (Zulkefli et al., 2019). In short,
while some studies have examined the abiotic impacts
on the availability, longevity, and transport of botanical
eDNA (Zhu, 2006; Pote et al., 2009; Yoccoz et al., 2012;
Johnson et al., 2021a), considerable research is required
on a per system basis to understand the full intricacies
and interplay of abiotic factors. Furthermore, under-
standing how abiotic factors impact degradation may be
of particular importance in botanical systems, as
botanical eDNA includes a variety of material that may
differentially degrade. For example, pollen has evolved
strategies for long-term persistence, sometimes remain-
ing viable for years (Yuan et al., 2018), ostensibly
yielding contemporary botanical samples biased toward
pollen detection because other materials degrade much
faster. These intricacies are laid bare by ancient eDNA
studies, which do not focus primarily on pollen but
instead on DNA conservation since most samples come
not from pollen, but from nonviable material such as
macrofossils (seeds, leaves fruits, roots, etc.; Parducci
et al., 2019).

Influence of biotic factors

Phenologies critically impact detections in nonbotanical
systems (de Souza et al., 2016; Curtis et al., 2021) and in
botanical systems as well. Some plants deposit substan-
tial amounts DNA, while others do not, often depending
on environmental conditions, developmental stage, and
plant anatomy and physiology. Johnson et al. (2021b)
revealed that while species could be detected throughout
the year, detections and reads increased during a species'
flowering season. In aquatic systems, species phenology
heavily impacts the amount of botanical eDNA released
into the environment. Matsuhashi et al. (2019) found
aquatic botanical eDNA samples had higher concentra-
tions of Hydrilla verticillata in the growing season
versus the dormant season. This trend was reinforced in
a variety of studies, collectively suggesting that aquatic
botanical eDNA concentrations may increase later in the
season when plant biomass has peaked and seasonal
decay has begun, at least in temperate zones, although
investigations across taxa and ecological contexts are
required (Anglés d'Auriac et al, 2019; Kuehne
et al., 2020; Kodama et al., 2022). Additionally, phyto-
chemistry may influence DNA yield from plant tissue
fragments. As plant cells lyse in senescence, vacuolar
nucleases and other enzymes that degrade DNA are
released. Furthermore, many plants are well known to
yield little DNA when dry or to possess difficult tannins
that are coextracted and are PCR inhibitors (Pyle and
Adams, 1989). Overall, the abundance and detectability
of botanical eDNA is heavily influenced by biotic
factors including growth form, flower morphology,
pollination syndrome, and flowering phenology. These
relationships need to be examined on a case-by-case
basis to ensure that detection is optimized, especially in
cases of rare, threatened, endangered, and invasive
species detection.

It is vital to ensure that biotic contamination is both
understood and proper control procedures are in place.
Across eDNA studies, the utilization of field, extraction,
and amplification blanks, sterilized equipment, and
bleach solutions to control for contamination control
have been established as best practices to account for
contamination at all stages of sampling and sample
processing (Goldberg et al., 2016; Sepulveda et al., 2020;
Hutchins et al., 2021). Most recently, airborne eDNA has
been shown to have the potential to be a significant
source of contamination. Klepke et al. (2022) found that
both plant and animal airborne eDNA can accumulate
over time in water samples. More research into the
potential impact of airborne contamination needs to
be explored, since within every eDNA project, samples
are exposed to the air (Klepke et al., 2022). These results
also highlight the need for rigorous field controls and
replication across an experiment to control for potential
contaminants.
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Taxonomic resolution and primer choice

While reference library availability and use has been
discussed extensively for eDNA (Ruppert et al., 2019;
Stoeckle et al., 2020; Jerde et al., 2021), the availability of
botanical reference library information has lagged behind
vertebrate data (Prieto et al., 2021). This lack of botanical
reference library information indicates that the continued
bolstering of curated, online sequence repositories is
essential to maximize the potential of eDNA approaches
to document plant communities. Additionally, reference
libraries have shown geographic inequality toward the
global north and first-world countries (Schenekar, 2022), so
improved equity in global coverage is imperative for
successful eDNA metabarcoding. There are also challenges
related to choosing botanical eDNA markers. The Consor-
tium for the Barcode of Life (CBOL) Plant Working group
has recommended the rbcL and matK chloroplast genes as
standard DNA plant barcodes (CBOL Plant Working
Group, 2009). Additionally, Chen et al. (2010) found that
the ITS2 marker was effective for detecting plant species and
focused on nuclear DNA instead of chloroplast DNA.
Environmental DNA is often degraded, low quality, and low
quantity, which may unsuitable for longer reads (e.g.,
matK). As a result, a smaller trnL chloroplast marker has
been developed to identify plants via eDNA (Taberlet et al.,
2007; Bell et al., 2017). For samples with degraded DNA,
mini-barcodes (Little, 2013) are more likely to be amplified,
but shorter barcodes contain fewer diagnostic sites.
Although multiple plant markers are available, no consen-
sus exists within botanical eDNA due to various primer
biases (based on interactions with both target organism
DNA and reference library information available), which
can have substantial impacts on downstream results.
Johnson et al. (2019a, 2021b) found that the ¢ and h trnL
primers detected more plant eDNA than ITS2 did, but also
had more unassigned reads than ITS2, indicating trnL may
be ideal for bulk eDNA studies and species-specific
approaches, while ITS2 could detect more species in a
metabarcoding analysis with the current state of genetic
reference information. By contrast, rbcL and ITS2 had
higher taxonomic resolution and reference data than matK
and trnL did for terrestrial plant communities (Fahner
et al,, 2016), whereas for aquatic plants one study found that
matK had higher species resolution than either rbcL or trnL-
psbA (Scriver et al., 2015). Yet still another study revealed
rbcL was more informative than either matK or ITS2 for
identifying taxa (Coghlan et al., 2020). In terms of ancient
eDNA, oftentimes choice is limited to trnL-based ap-
proaches because the fragment is short with high resolution
and occasionally to the longer ITS fragment (Parducci
et al,, 2017). These conflicting results highlight the challenge
associated with choosing the appropriate marker for
botanical research and the need for better understanding
of both primer and pipeline biases and their interactions.
Study-by-study, region-by-region assessments of ideal
markers and reference libraries are critical to ensure

maximization of information gleaned from botanical eDNA
research. Primer choice may also falsely lead to negative
detections if the DNA is too fragmented compared to
the marker size or if there are mismatches. Assays should be
vetted with positive (e.g., mock communities) and negative
controls, and models such as site occupancy modeling can
help estimate absence. We still have much to learn, so we
encourage researchers and editors to publish not only
aquatic plant eDNA investigations that have generated
positive results, but also those that have generated results
that are largely and unexpectedly negative or are too erratic
to allow for easy explanation.

Undefined spatiotemporal scales

Environmental DNA from plants does not necessarily
align with other environmental plant evidence, and
scientists are only beginning to describe the different
spatiotemporal scales that botanical eDNA represents.
Using pollen as an example, eDNA analysis may measure
different spatiotemporal scales from pollen in the same
sample. Nogueira et al. (2021) found that dust from across
Africa regularly reaches the Amazon Basin, while Johnson
et al. (2021b) found that species from several miles outside
the study site were detectable. Thus, eDNA surveys can
detect both large scale plant biodiversity patterns and
smaller-scale plant communities. Researchers have been
identifying plants through morphological study of pollen
grains in sediment (Parducci et al., 2005) or ambient air
(Kraaijeveld et al., 2015) for decades, but eDNA preserved
in sediment is thought to largely come from non-pollen
sources (Parducci et al., 2019). When pollen and eDNA
from the same lake sediment have been compared,
researchers observe that pollen signals are often more
regional in scale—like that of surrounding hills—than
eDNA, because sediment eDNA reveals local plant
communities (Parducci et al., 2017). Furthermore, in
aquatic and airborne systems, water flow and air streams
have been shown to act as conveyor belts for downstream
and downwind detection (Deiner et al.,, 2016; Johnson
et al., 2021b). Considerable knowledge gaps also exist for
all aquatic-based eDNA assays (i.e., not just plants)
regarding patterns and processes associated with degrada-
tion, diffusion, and dilution of eDNA in water bodies
(Harrison et al., 2019; Deiner, 2021; Lacoursiére-Roussel
and Deiner, 2021).

Relative abundance

Environmental DNA researchers often hope to estimate
relative abundance or density of organismal biomass from
environmental samples, but relative proportions of eDNA
are unlike clip strip data or forest surveys of diameter at
breast height. There has been no correlation established
between plant eDNA concentrations and relative biomass or
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abundance. Differences in pollen size and mass lead to
major gradients in travel distance of pollen granules
(Mohanty et al, 2017), and again, phytochemicals can
degrade eDNA and inhibit PCR. However, laboratory assays
introduce their own biases that distort observed relative
abundances from actual abundances. Polymerases in PCR
usually have some level of “GC bias” where some templates
with a certain GC content compared to AT content will not
amplify equivalently. Nichols et al. (2018) demonstrated this
bias can have an outsized effect on the number of plants
recovered in a metabarcoding assay with trnL primers from
soil. PCR is also innately stochastic, and in most environ-
mental substrates (e.g., water, soil), samples are dominated
by microbes and nontarget taxa (Leese et al., 2020).
Therefore, plant DNA is relatively rare, and thus, technical
PCR replicates may exhibit major differences in presence
and relative abundance of plants simply by random chance
(Shirazi et al., 2021).

THE FUTURE PROMISE OF
BOTANICAL eDNA

As research on botanical eDNA has evolved, several exciting
frontiers have emerged. Global conservation efforts rely on
our ability to monitor biodiversity, but also understand more
about genetic lineages within species that are often not
considered. While studies are already using botanical eDNA
to determine the presence of invasive and endangered species
(Johnson et al., 2021b; Tsukamoto et al., 2021), opportunities
are emerging to gain population-level insights and estimate
abundance from botanical eDNA. Sigsgaard et al. (2016)
found that eDNA analysis of water samples can be used to
detect long and abundant mtDNA, facilitating population
genetic analyses. Additionally, Andres et al. (2021) used
eDNA samples to detect intraspecific genetic diversity using
microsatellite frequencies for an aquatic invasive species. As
described by Sigsgaard et al. (2019), most studies examining
population level data from eDNA samples have focused on
vertebrates in aquatic environments, including marine
(Sigsgaard et al., 2016; Stat et al, 2017; Baker et al., 2018;
Parsons et al., 2018; Turon et al., 2019) and freshwater (Uchii
et al.,, 2016; Goricki et al., 2017; Marshall and Stepien, 2019;
Sigsgaard et al, 2019; Stepien et al., 2019) systems. In
botanical systems, pollen has been used for decades to study
plant population genetics (Ennos, 1994), and others such as
Monge et al. (2020) found that avian saliva on fruit provided
a source of eDNA from which several microsatellite markers
could be amplified. However, no research exploring the
potential of botanical eDNA for population level analyses has
been published to date. Such studies need to examine the
relationship between the preservation of varying botanical
eDNA sources and allelic frequency in a target system.
Exploring population genetics using botanical eDNA samples
would contribute information on how populations are
responding to changes in the environment and how genetic
diversity shifts in imperiled taxa.

In addition to understanding more about specific
populations, botanical eDNA also presents an opportunity
for long-term monitoring of anthropogenic change and
disturbance regimes. Like population genetics, most of
the research into how eDNA can be used to monitor
disturbance comes from water and sediment. Cowart et al.
(2020) collected substratum samples to track the recolo-
nization of benthic invertebrate communities around deep-
sea vents after an induced disturbance. Other studies have
tracked anthropogenic disturbance in marine (Bakker
et al., 2017; Xie et al., 2018; Nichols and Marko, 2019;
DiBattista et al., 2020) and freshwater systems (Klymus
et al,, 2017; Sun et al., 2019; Hempel et al., 2020). We also
highlighted several studies that have examined how
botanical eDNA changes due to abiotic (e.g., UV, wind,
water conditions) and biotic factors (e.g., phenology,
growing season), while fewer studies have examined the
impact of anthropogenic change on botanical eDNA.
Yoccoz et al. (2012) used sediment botanical eDNA to
track which soils had been cultivated and with which crops.
Giguet-Covex et al. (2014) tracked plants and domestic
mammals using ancient DNA from lake sediments and
revealed the effects of anthropogenic factors on landscape-
scale changes since the Neolithic period. More recently,
Johnson et al. (2021a) analyzed airborne eDNA to track
differences in botanical eDNA concentration due to human
disturbance in the form of honey mesquite removal. These
preliminary results with modern botanical eDNA indicate
that it may be a useful tool in tracking long-term ecological
change (e.g., climate change, fire, weather events, invasive
species) or assist with adaptive restoration projects where
continued monitoring is vital to the process (Walters, 1986;
Johnson et al., 2021a). Exploring how botanical eDNA can
assist with monitoring anthropogenic disturbance will be
vital as disturbances across the world continue to increase.

As work with botanical eDNA advances, there will be
opportunities for increased use of metabarcoding, metage-
nomic, and targeted capture approaches as opposed to
targeted (e.g., single-species) detection (Box 2). We are
already seeing the impact of eDNA metabarcoding in
botanical systems (Yoccoz et al., 2012; Giguet-Covex
et al., 2014; Coghlan et al., 2020; Johnson et al., 2021b;
Tsukamoto et al., 2021), but there are many more questions
that can be addressed. By increasing the frequency and
regularity of metabarcoding analyses within the field of
botanical eDNA, subsequent results will be better suited for
longer-term surveys. Furthermore, these long-term surveys
with a multispecies focus will generate more information
related to community composition, response to invasive
plants, impact of abiotic change on species distribution and
abundance, and much more. In aquatic systems, these
applications are being thoroughly explored, providing a
script of possible questions, challenges, and opportunities
for using botanical eDNA more broadly (Ruppert
et al., 2019). Target capture approaches in particular are
showing promise in extending the inferential. Target
capture approaches use RNA or DNA molecules designed
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to bind to target DNA regions, which are then separated
magnetically from nontarget sequences (Foster et al., 2021).
Target capture approaches remove the need for global
primers and eliminates the risk of primer and PCR bias
(Foster et al., 2021). This method is increasingly used with
ancient eDNA botanical systems. Murchie et al. (2020) used
this method to detect Pleistocene-Holocene plants and
animals, while Foster et al. (2021) used a target capture
approach to detect botanical eDNA within a sediment core.
Furthermore, in aquatic systems, eDNA metabarcoding has
been shown to be a cost-effective alternative to large-scale,
conventional sampling (Balint et al, 2018). Botanical
eDNA metabarcoding, on the other hand, requires more
research to assess its cost effectiveness compared to that of
conventional surveying.

Lastly, as technology progresses, exploring aspects of
population ecology, species presence/absence, and long-
term monitoring based on environmental RNA (eRNA) will
be critical. Because eDNA can persist in an environment,
detections can raise questions of whether a species is
contemporarily present, whether its DNA was transported
from elsewhere, shed by a deceased individual, or stored
long ago in subsequently released from sediment (Marshall
et al., 2021). However, eRNA is a much less stable source of
genetic material (Tsuri et al, 2020; Farrell et al., 2021).
Nevertheless, it may be possible to determine the presence
of metabolically active populations, conduct population and
community diagnostics as eRNA signals change in response
to health and stress, and examine the age of eDNA samples
(Marshall et al., 2021; Yates et al., 2021). While promising,
the use of eRNA as a tool remains in its infancy, and very
few studies have examined botanical eRNA and its potential
benefits (Marshall et al., 2021; Yates et al., 2021). Studying
the applications of eRNA for detecting and assessing the
health of plant species in water, sediment, and air represents
a new frontier in environmental sampling.

CONCLUSIONS

As habitat degradation, invasive species introduction,
climate change, and anthropogenic disturbance fuel the
global biodiversity crisis, the primary way to combat these
losses includes biodiversity monitoring (Thomsen and
Willerslev, 2015). Tracking plant community change is
vital, because these communities often represent the
foundation of an ecosystem (Wilsey and Potvin, 2000).
Currently, botanical eDNA analyses have been useful for
detecting plant species in a variety of environments (i.e.,
aquatic, ancient, contemporary sediment, airborne) of
different ages, while also shedding light on environmental
conditions and plant-animal interactions (Banerjee et al.,
2022b). While several challenges remain for the promise of
botanical eDNA analysis to be fully realized, it has clearly
emerged as a viable and important tool for plant ecologists.
As we continue to solve the challenges of botanical eDNA
and look to the future, we suggest that botanical eDNA will

help to revolutionize the field of biological monitoring in
global botanical systems.
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