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Abstract

Hybrid zones are important windows into ecological and evolutionary processes. Our
understanding of the significance and prevalence of hybridization in nature has ex-
panded with the generation and analysis of genome-spanning data sets. That said,
most hybridization research still has restricted temporal and spatial resolution, which
limits our ability to draw broad conclusions about evolutionary and conservation re-
lated outcomes. Here, we argue that rapidly advancing environmental DNA (eDNA)
methodology could be adopted for studies of hybrid zones to increase temporal
sampling (contemporary and historical), refine and geographically expand sampling
density, and collect data for taxa that are difficult to directly sample. Genomic data
in the environment offer the potential for near real-time biological tracking of hybrid
zones, and eDNA provides broad, but as yet untapped, potential to address eco-

evolutionary questions.
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1 | INTRODUCTION

Hybridization occurs when evolutionarily independent taxa (groups
that differ in one or more heritable characters) interbreed and pro-
duce offspring with admixed genomes. Hybridization has long been
considered an important window into the ecological and evolution-
ary processes that determine species dynamics (Harrison, 1990;
Harrison & Larson, 2014). The study of hybrid zones—regions in
nature where hybridization occurs—has further provided insights
into the nature of species boundaries, the role that hybridization
may play in adaptive introgression and speciation, and the influences
that climate and environmental disturbance have on the distribu-
tions and interactions between species (Harrison, 1990; Stewart,
Austin, Zamudio, & Lougheed, 2016; Taylor & Larson, 2019; Taylor,
Larson, & Harrison, 2015). As the data used to study hybrid zones
have shifted towards higher resolution genome-spanning sets of loci

environmental DNA, genetic admixture, hybridization, speciation

(Gompert, Mandeville, & Buerkle, 2017), we have expanded our un-
derstanding of the importance and prevalence of hybridization in na-
ture (reviewed in Taylor & Larson, 2019). Still, our ability to broaden
spatiotemporal sampling of hybrid zones and document hybrid zone
movement through time has not advanced as rapidly, which limits
our ability to fully comprehend the magnitude and consequences of
hybridization in nature, especially in the face of rapid anthropogenic
influences altering species contact (e.g., climate change, invasive
species).

Hybridization is a widespread phenomenon documented across
the tree of life (Mallet, Besansky, & Hahn, 2016) and is probably
more common than we currently recognize (Levin, 2006). Yet, as
rates of hybridization increase globally because of species intro-
ductions, range shifts, and anthropogenic disturbances, the accu-
rate quantification of hybridization, the examination of temporal
trends in the extent and location of hybrid zones, and the tracking of
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changes in species interactions at the level of the genome through
time, become increasingly important (Buggs, 2007; Grabenstein &
Taylor, 2018; Taylor et al., 2015). Although outcomes of hybridiza-
tion are variable—both positive and negative from an evolutionary
or species conservation perspective (Grabenstein & Taylor, 2018)—
without accurate documentation, we cannot determine the con-
sequences of hybridization, or mitigate hybridization in instances
where it threatens species survival. Thus, despite renewed calls for
temporally repeated and high-resolution studies of hybrid zones, our
ability to thoroughly investigate the dynamics within hybrid zones
has been limited by various factors.

Despite its widespread nature (Mallet et al., 2016) and ecosystem
altering consequences (Taylor & Larson, 2019), our current under-
standing of hybridization in nature is often restricted to morphologi-
cally distinct, or ecologically disparate, abundant taxa predominantly
in temperate regions (McEntee, Burleigh, & Singhal, 2018). Most
hybrid zone studies are also conducted in a single season, across a
single geographic replicate. Given our growing awareness that hy-
bridization between the same taxa can have variable outcomes that
depend on geography, ecology/ life history, local demographics, and
habitat, (e.g., Mandeville et al., 2017; Schumer et al., 2017; Stewart,
Hudson, & Lougheed, 2017; Stewart, Ma, Zheng, & Zhao, 2017),
such studies limit our ability to draw broad conclusions about evo-
lutionary and conservation related outcomes of hybridization. While
many would prefer to incorporate repeated geographic and tempo-
ral sampling into studies of hybridization, the reality of short funding
cycles, logistical challenges of geographically replicated field work,
and sequencing costs for thousands of samples, has limited the num-
ber of temporal or geographically replicated investigations of hybrid
zones (see Buggs, 2007).

Genomic sequencing techniques and their decreasing costs have
partially alleviated this problem, even for non-model organisms,
bringing such studies within the realm of possibility for most labs.
However, replicated sampling at the scale needed to adequately ad-
dress questions about the consistency of interspecific interactions
in hybrid zones remains challenging, especially for organisms that
are logistically difficult to directly sample. A potentially powerful
approach is to apply innovative tools to uncover this hidden infor-
mation, and thus increase the efficiency, accuracy, repeatability, and
comprehensive nature of sampling hybrid zones, especially during
early gene exchange. Environmental DNA (eDNA), combined with
existing genomic resources for hybridizing species, in certain sys-
tems, has the potential to expand our understanding of hybridization

in nature.

2 | USING AN INNOVATIVE SAMPLING
APPROACH TO STUDY HYBRID ZONES

An exciting new molecular avenue to study hybrid zones could be
the collection of environmental DNA, or “eDNA”. eDNA is DNA

that resides in, and is subsequently collected and extracted from
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environmental samples. It affords a means of collecting informa-
tion without visual observation or direct handling of organisms, the
latter of which can have negative impacts on the organisms or the
habitats in which they live and requires expertise and spatiotem-
poral sampling effort (Jerde, Mahon, Chadderton, & Lodge, 2011).
Sometimes referring to samples obtained from direct remains (e.g.,
hair, saliva, scat), much work utilizing eDNA uses indirect genomic
remnants found within the environment (e.g., air, water, or soil)
which allows for sampling areas of suspected site occupancy and
increased access to habitats that are difficult to sample. Whether
subcategorized into intracellular (e.g., DNA enclosed within cell
membranes) or extracellular (e.g., free-floating nucleic acids after
cell lysis), eDNA represents a biological archive of genes, species,
and communities that historically or currently reside within spe-
cific habitats. Although challenges remain, a number of studies
have successfully (and repeatedly) used eDNA in both aquatic (e.g.,
Deiner, Fronhofer, Machler, Walser, & Altermatt, 2016; Kelly, Port,
Yamahara, & Crowder, 2014; Ma et al.,, 2016; Pilliod, Goldberg,
Arkle, & Waits, 2014; Stewart, Hudson, et al., 2017; Stewart, Ma,
et al., 2017; Thomsen et al., 2012) and terrestrial (e.g., Andersen
et al., 2012; Franklin et al., 2019; Ushio et al., 2017) habitats for
occurrence (presence/absence) and relative abundance meas-
ures (number of sequenced eDNA reads) (reviewed in Barnes &
Turner, 2016; Goldberg et al., 2016; Stewart, 2019). Rapid advances
in the use of eDNA have also seen noninvasive sampling markers
evolve from mtDNA barcodes of various sizes (Egan et al., 2013;
Foote et al., 2012; Ma et al., 2016), to diagnostic SNPs (Uchii, Doi, &
Minamoto, 2016; Uchii, Doi, Yamanaka, & Minamoto, 2017), and nu-
clear DNA (nDNA; Aylward, Sullivan, Perry, Johnson, & Louis, 2018;
Bylemans et al., 2017; Carpenter et al., 2013; Dysthe, Franklin,
McKelvey, Young, & Schwartz, 2018; Minamoto et al., 2017;
Sigsgaard et al., 2020), as well as the employment of CRISPR-Cas
technology for species identification (Williams et al., 2019), making
the detection of even closely related species, and their potential
admixture, possible.

Building from recent advances in the use and study of eDNA
that expand beyond mitochondrial barcodes, we believe that the
analysis of eDNA is a potentially powerful tool that could aug-
ment studies of hybridization and hybrid zones in nature. Studies
of hybridization and hybrid zones could use the collection eDNA
to increase temporal sampling (contemporary and historical), to
refine and geographically expand sample collection for well-char-
acterized systems, and to collect data for taxa that are otherwise
difficult to directly sample (e.g., rare, cryptic, or otherwise elu-
sive). Three recent reviews have highlighted new potential uses
of eDNA, encouraging a transition from strictly taxonomic mon-
itoring and conservation management, to more ecological (Balint
et al., 2018) and population oriented avenues of research (Adams
et al., 2019; Sigsgaard et al., 2020). We add to this discussion by
suggesting that the analysis of eDNA is a promising tool for evo-
lutionary investigations, particularly for studying hybrid zones.

Interestingly, to our knowledge, although a limited number of
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recent studies have used eDNA approaches to examine potential
areas of hybridization in nature (see below), no study has yet used
eDNA to estimate admixture. Unquestionably, research avenues
regarding hybrid zones and admixture have remained restricted in
scope in the emerging field of eDNA.

The use of eDNA for the detection of macroorganisms is es-
pecially significant in monitoring invasive genotypes (Ficetola,
Miaud, Pompanon, & Taberlet, 2008), which is comparable to
documenting parental species genotypes in contact zones. Due
to the incredible sensitivity and rapid accumulation of eDNA for
occupancy patterns, in near real-time, it should provide an excel-
lent tool for the quantification of low-density, transient, or cryp-
tic species, factors that have traditionally made studying hybrid
zones challenging. ldeal hybrid zone sampling frameworks are
often difficult to accomplish because many clades along the spe-
ciation continuum are poorly understood, including their ecology,

phenology, breeding behaviour, and how these might differ during

divergence; here, we argue eDNA sampling may alleviate some of
these difficulties.

3 | EXPANDING THE GEOGRAPHIC
EXTENT AND TEMPORAL RESOLUTION OF
HYBRID ZONE STUDIES

The majority of hybrid zone studies are geographically restricted
and present a single year of data. Given that outcomes of hybridiza-
tion vary geographically and temporally, this remains a problematic
approach. We suggest that one of the biggest contributions eDNA
could make to the study of hybrid zones is vastly expanding both the
geographic and temporal scopes of hybrid zone studies (Figure 1).
This would only be possible for organisms with certain life history
characteristics (e.g., standing water aquatic habitats, low dispersal

terrestrial organisms, among others).
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FIGURE 1 Examples of how spatial and temporal eDNA sampling could facilitate hybrid zone research, including expanded geographic
replicates, population-level cline analysis (mitochondrial DNA, mtDNA; nuclear DNA, nDNA), and comparisons of contemporary and
historical samples for the detection of unknown species distributions. Diagram key is located in the top left corner
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Collecting DNA from the environment, rather than directly
from organisms, can provide high-resolution temporal data across
a large taxonomic breadth and geographic context compared to
traditional methods which rely on the direct sampling of organ-
isms (Balint et al., 2018). At present, most hybridization studies
focus on temperate species with obvious morphological or eco-
logical differences (McEntee et al., 2018). With eDNA, previously
difficult to study hybridizing taxa, and locations that are difficult
to sample for a variety of reasons (e.g., cost, terrain), will provide
additional insights into hybridization patterns and processes. For
rare individuals or cryptic populations (e.g., juvenile forms), low
probabilities of detection increase systematic errors and hinder
accurate occurrence estimations, but eDNA sampling efforts in-
crease detection rates, reducing false negatives and confirm true
absence records (Wilcox et al., 2018). Further, eDNA collection
is both labour, time, and cost-efficient (Qu & Stewart, 2019), and
the collection of eDNA has frequently been included in citizen
science projects (e.g., Biggs et al., 2015; Buxton, Groombridge,
& Griffiths, 2018), or accomplished via extensive collaborative
networks (Wilcox et al., 2018). These aspects alone would vastly
improve both the geographical extent and temporal resolution of
sampling across hybrid zones, particularly for complex mosaic hy-
brid zones (e.g., Larson, Andres, Bogdanowicz, & Harrison, 2013)
or hybrid zones that extend across national borders (e.g., Ryan
et al., 2018; Stewart et al., 2016) and/or have broad geographic
distributions (e.g., Scriber, 2011). The ease of collecting envi-
ronmental samples (e.g., water or soil) further means that dense
geographic and repeated temporal sampling could refine known
hybrid zone boundaries and identify new regions of contact, while
simultaneously allowing for broader sampling coverage without
being prohibitively expensive or labour-intensive.

Moreover, although eDNA molecules often degrade rapidly in
nature (on the scales of days to weeks) making eDNA approaches
an ideal tool to monitor the contemporary distribution of organisms
(Goldberg et al., 2016), eDNA can be successfully amplified up to 1
million years after it is shed into the environment (Kirkpatrick, Walsh,
& D'Hondt, 2016; Willerslev et al., 2007). When combined with dat-
ing methods (e.g., isotopic analysis, rare historical events that leave
paleoecological traces, or annual lamina in sediments; reviewed in
Balint et al., 2018), eDNA may illuminate the historical spatial legacy
from species movements. For example, a recent study successfully
used eDNA to identify a historical invasion front, contrasting the
ecological impact of the invasive species to recent climate change
events (Ficetola et al., 2018). Importantly, even the contemporary
collection of eDNA can allow for a retroactive look at spatial pat-
terns of occurrence and relative abundance in genes and species
through time, which has obvious application to the study of hybrid
zones. Aspects of hybridization history and hybrid zone movement,
which are often difficult to deduce (e.g., source and speed of ad-
mixture, the frequency of reticulated contact, or establishment of
tension zones), could all be addressed using spatially and temporally

explicit eDNA collections.
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Making predictions about hybrid zone movement is also possible
when using eDNA tools for hybrid zone investigations. Species distri-
bution models (SDMs) can link biological observations, geospatial habi-
tat, and climactic covariates to forecast future distribution probabilities
based on eDNA data (Muha, Rodriguez-Rey, Rolla, & Tricarico, 2017,
Wilcox et al., 2018). By using similar techniques, one could geographi-
cally sample hybrid zones, along with the abiotic and biotic parameters
that they are correlated with at high-resolution, and then predict eco-
logically realistic patterns of introgression and movement trajectories
through time. This is an especially useful opportunity for analysing dis-
persal pathways (Muha et al., 2017) as introgression from introduced
species (e.g., Hohenlohe et al., 2013) and climate change (see Taylor
et al., 2015) alter species interactions and distributions.

3.1 | Providing insight into cryptic aspects of
hybridization and ecology

We further envision that eDNA can serve as a springboard for
the collection of otherwise difficult to sample data. Although our
current understanding is that eDNA derives from both dead (e.g.,
Dell'Anno & Danovaro, 2005; Pietramellara et al., 2009) and living
(e.g., Pochon, Zaiko, Fletcher, Laroche, & Wood, 2017) biomass,
quantifying viability and fecundity dynamics within hybrid zones
might also be tractable with eDNA. Sources of genetic material
within environments are varied (Stewart, 2019) and intracellular or
eRNA sources are assumed to originate from metabolically-active
living organisms before being rapidly removed from the environ-
ment. Examination of proportions of eDNA/eRNA (e.g., Steven,
Hesse, Soghigian, Gallegos-Graves, & Dunbar, 2017), or intra- to
extracellular eDNA (correcting for degradation), could allow for
inferences related to general patterns of mortality either due to
hybridization itself (combined with species-diagnostic sequenc-
ing), or via species interaction and competition. If sampling is di-
rected at discrete life-stages (e.g., egg, larval, and adult forms) that
occupy distinct temporal (e.g., seasonal) or geographical (e.g., ter-
restrial vs. aquatic, or species-specific aquatic vertical distribution
of gametes or eggs; Stewart, 2019) realms, eDNA collections may
also open windows into differential mortality throughout develop-
ment, a central tenet of hybridization research.

The detection of eDNA is also known to spike in aquatic en-
vironments during reproductive seasons (e.g., Laramie, Pilliod, &
Goldberg, 2015; Spear, Groves, Williams, & Waits, 2015), with
breeding events characterized by higher nDNA relative to mtDNA,
facilitating quantification of reproductive bouts within hybrid
zones and phenological breeding patterns in the parental species
coming into contact. As X- and Y- linked markers (e.g., Brinkman
& Hundertmark, 2009; Taberlet, Mattock, Dubois-Paganon, &
Bouvet, 1993), and sex-associative mtDNA heteroplasmy markers
(Mioduchowska, Kaczmarczyk, Zajac, Zajac, & Sell, 2016) have also
been developed for noninvasive sampling, researchers may also be

able to determine sex ratios within populations that have genetically
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determined sex. This is especially important for species that do not
display sexual dimorphism. Sex-linked markers could further provide
insight on postzygotic reproductive isolation, such as hybrid dys-
function (Haldane's rule). Likewise, eDNA would allow the quick re-
trieval of diagnostic genes that differ between the parental species
within hybrid zones when accompanied with high-quality reference

genomes and initial exploratory work.

4 | PRACTICAL CONSIDERATIONS AND
POTENTIAL LIMITATIONS

4.1 | Current challenges and solutions with eDNA

Collections using eDNA molecules are not without their faults, in-
cluding false-negative detections even, although rarely, in the pres-
ence of focal specimens (e.g., Pinfield et al., 2019). However, false
negatives are not restricted to eDNA approaches. False negatives
are also a problem with traditional approaches to hybrid zone anal-
ysis for some species. For example: (a) behavioural exclusion from
breeding, or mortality prior to distinguishable breeding cycles, might
prevent individuals from being sampled and thus lead to a misrepre-
sentation of population dynamics within a hybrid zone; (b) the focus
on a single life-stage (usually adult breeders) may also underreport
the actual extent of hybridization or fail to document wasted repro-
ductive effort; and (c) biases in capturing methods for adults could
also misrepresent hybrid zone dynamics. Finally, cryptic admixed
individuals may be morphologically indistinguishable from parental
species and not targeted for sampling, but this could be captured,
even at very fine scale, using eDNA analyses with the caveats de-
scribed below.

Transportation and degradation of eDNA molecules are ad-
ditional concerns. In discrete populations (e.g., lakes, ephemeral
ponds), eDNA sampling should include multiple geographic repli-
cates to collect as much information as possible to adequately rep-
resent the sampled site, taking into account the ecology of eDNA
molecules for that specific taxon (e.g., signal radius, molecular trans-
portation or dispersal). Degradation of eDNA signals also occurs and
eDNA samples should be collected within a temporal framework that
maximizes contemporary acquisition (e.g., during a breeding season,
during migration). Across continuous land(aqua)scapes, population
sampling should be conducted on a scale informed by taxon-specific
dispersal ability, or other biologically relevant criteria.

When coupled with proper sampling strategy and marker design,
eDNA is robust with low error rates. However, most eDNA studies
to date have employed mtDNA as their marker of choice, allowing
for the delineation of maternal lineage or contact boundaries, but
failing to incorporate aspects of admixture. This is not a problem
for determining where overlap between two mitochondrial types
(i.e., the location of a potential contact zone) may occur. Indeed,
it is a necessary first-step in studies of hybrid zones to determine
where species ranges overlap and where introgression may transpire

(Figure 1). The relative proportions of genetically similar taxa can

be quantified using mtDNA SNP detection via eDNA sampling (e.g.,
Uchii et al., 2016, 2017), but key information regarding the dynam-
ics of species interactions, such as hybridization, would remain un-
available. However, eDNA collections quantifying nDNA have now
been used successfully in the field (Dysthe et al., 2018; Minamoto
et al., 2017), and could reveal important spatiotemporal patterns
in areas of contact. By combining different markers (see below for
details on potentially useful genetic markers), researchers could per-
form population level analysis (Figure 1). Because the pool of eDNA
data would represent an amalgamation of all individual sequences
within a population, analyses could draw from Pool-Seq pipelines
(e.g., Pfenninger et al., 2015; Taus, Futschik, & Schlétterer, 2017),
which has been previously suggested (Sigsgaard et al., 2020).

Pool-Seq has been used to successfully map allele-frequency
changes, as geographic clines, across hybrid zones (e.g., Rafati
et al., 2018) for both autosomal and sex-linked loci. Pool-Seq ap-
proaches are comparable to individually sampled and sequenced
approaches, with respect to estimating allele-frequencies within a
sampled population, which is an important component of the study
of hybrid zones (Rafati et al., 2018). Importantly, eDNA has been
found to be just as accurate for genotyping individuals compared
to traditional individual-based methods of sampling, and can even
be used for precise parentage analysis given the right environmen-
tal conditions (Holman, Hollenbeck, Ashton, & Johnston, 2019).
Having a priori knowledge about the frequency of SNP variants, and
knowing which SNPs are species or subspecies diagnostic, would be
critical for clinal analyses using eDNA. Arguments could be made
that compared to traditional sampling, Pool-Seq may have limited
resolution due to the number of aggregate samples (localities) and
the degree of allele-frequency changes across a land(aqua)scape, an
issue that could undoubtedly be resolved through extensive but eas-
ily attained eDNA collections.

Recent sequencing advances have further demonstrated that
accurate estimates of the number of individuals contributing to a
sample comprised of DNA from multiple individuals are possible
(Sethi, Larson, Turnquist, & Isermann, 2018), which will provide an
opportunity for eDNA to inform population ecology. Determining
the number of contributing individuals is achieved by examining the
relationship between allele counts (based on ploidy level) and the
number of genetic contributors within a sample. Statistical models
using probabilistic frameworks can then provide likelihood-based
inferences of number of contributing individuals, a method al-
ready extensively used in forensic DNA studies (e.g., Curran,
Triggs, Buckleton, & Weir, 1999; Haned, Péne, Lobry, Dufour, &
Pontier, 2011; Weir et al., 1997) but just entering the field of wildlife
ecology (Sethi et al., 2018). Similarly, linkage disequilibrium (LD, a
measure of allele association) is an important population genetic sta-
tistic that reflects rates of recombination between loci, thus forming
the basis for tests of selection, estimates of demography, and signa-
tures of introgression across hybrid zones. Examining LD in Pool-Seq
data has been informative for hybrid zone delineation (e.g., Feder,
Petrov, & Bergland, 2012), and similar analyses might help to build

a foundation for examining eDNA collections of entire populations
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to understand demographic processes, such as hybridization, rather
than merely the overlap of parental populations (Feder et al., 2012).

4.2 | eDNA solutions for studying hybrid zones

Importantly, the incorporation of eDNA into studies of hybrid zones
will require careful thought and will not be possible for every hy-
bridizing species pair. Of course, genotyping species-diagnostic mi-
tochondrial markers alone will not suffice, but may be an important
first step for determining where proportions of diagnostic mitochon-
drial markers suggest range overlap between species. In all cases, a
reference genome will be required, but the generation of reference
genomes for many non-model organisms is now common practice.
Typically (but not always), eDNA is degraded and in short fragments.
As such, it might be difficult to assign multiple SNP variants to a
single individual. To solve this issue, it would be prudent to sequence
a specific region of the nuclear genome previously identified as pos-
sessing a high proportion of species-diagnostic SNPs from whole ge-
nome or reduced representation sequence data. Given the genetic
architecture that has been described for many hybridizing species
(i.e., tight clusters of highly divergent diagnostic regions) this is fea-
sible for many systems.

The rapid development of long read sequencing data (e.g.,
nanopore technology) also has the potential to make eDNA an at-
tractive choice for the study of hybrid zones because long read data
from the nuclear genome would allow researchers to discriminate
between haplotypes. Methods of sequencing now standard in pop-
ulation genetics (e.g., reduced representation genome sequenc-
ing, shotgun genome sequencing) will not be applicable to eDNA
samples because, in most cases, DNA concentrations are too low.
However, target capture methods have the potential to solve this
problem (Sigsgaard et al., 2020). Target capture would be particu-
larly useful if diagnostic regions of the genome were first identified
using high-quality genomic data from tissue samples, and subse-
quently used to design probes that target small stretches of highly
divergent regions of the genome. Target capture combined with long
read sequencing could then allow eDNA to make significant contri-
butions to our understanding of hybridization dynamics in nature. To
ground-truth eDNA methods in hybrid zones, experimental meso-
cosms could be used for many aquatic and some terrestrial taxa (see
Sigsgaard et al., 2020).

Beyond considerations of marker development and use, eDNA
may alleviate other challenges associated with studying hybrid
zones. Traditional approaches for quantifying hybridization in
nature often involve the initial identification of potential hybrid
zones using morphology or behaviour to categorise phenotypi-
cally intermediate individuals, or phylogeographic and population
genetic analyses to identify areas of contact. Subsequently, indi-
viduals within these regions are collected and measured across a
transect, either opportunistically or within discrete populations,

in an attempt to sample as many individuals as possible. These
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data points are analysed individually and then aggregated at the
population level using geographic and/or genomic analyses to
create averages within populations (or sliding geographic win-
dows) across diagnostic markers, ultimately front-loading sam-
pling pipelines (collecting and analysing individuals) before hybrid
zones are fully delineated. Thus, for traditional approaches, there
further exists both a monetary and computational trade-off be-
tween the number of individuals sampled and the number of loci
investigated (Payseur & Rieseberg, 2016). With eDNA collections
(e.g., via target capture, Carpenter et al., 2013), areas of suspected
hybridization can be sampled quickly and efficiently via popula-
tion averages directly, and with little sampling effort. In this way,
eDNA collections have the potential to reduce the amount of initial
work associated with traditional sampling practices. Areas of sus-
pected hybridization during analysis (e.g., regions with discordance
between nuclear and mitochondrial markers, increases to LD) can
then be more closely inspected for further evidence of hybridiza-
tion (sampling individuals for morphological and genetic evidence
of introgression). We propose that the incorporation of eDNA into
studies of hybridization will speed up and expand the geographic
breadth of hybrid zone detection. Although individual measures of
hybridization (F1, F2, and backcrosses) are, at present, not incor-
porated into eDNA frameworks, exploratory analyses using eDNA
would decrease guesswork in geographic sampling, greatly assist-
ing the ability to pinpoint populations of importance. For refining
and expanding sampling for well-studied hybrid zones with a priori
information about admixture, eDNA also represents a potentially
valuable addition to current sampling protocols. We emphasize
that the analysis of eDNA, like many other tools, should not be
used as a standalone method for the study of hybridization and hy-
brid zones in nature. eDNA methodologies have always been used
as a compliment to other traditional sampling practices, whether
for biodiversity monitoring to confirm presence/absence assays, or
in this case, to clarify levels of admixture.

To date, aside from well explored eDNA presence/absence or
abundance examples that provide invaluable information, prelimi-
nary studies have also successfully used eDNA approaches to de-
duce population dynamics (Sigsgaard et al., 2017) and hybridization
processes between subspecies (Dufresnes et al., 2019; Goricki et al.,
2017; Uchii et al., 2016). One recent example of eDNAs utility for hy-
bridization research includes a comparative study validating eDNA
metabarcoding technology to unravel cryptic invasions and possible
hybridization; suspected zones of hybridization were subsequently
confirmed via individual based multilocus population genetic pro-
tocols (Dufresnes et al., 2019). eDNA tools have also been used to
determine colonization history of non-native species, native spe-
cies diversity, and the biotic interactions therein (Nelson-Chorney
et al., 2019). This use of eDNA methods ultimately emphasized bio-
geographical processes, further highlighting how eDNA tools can
shed light on previously intractable questions about historical distri-
butions that, until now, have remained primarily qualitative (Nelson-
Chorney et al., 2019).
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4.3 | Environmental DNA analyses are currently
underutilized tools for studying hybrid zones

Genomic data from the environment offer the potential for near
real-time biological tracking. Since its inception for macro-organ-
ismal use (Ficetola et al., 2008), eDNA analysis has been widely
adopted and utilized in conservation biology, although it provides
broader yet untapped potential to address eco-evolutionary ques-
tions. eDNA tools are especially useful for detecting cryptic species
and unique genotypes. Thus, a promising application for eDNA in
an eco-evolutionary framework is to obtain quantitative measures
of species presence/absence and to link this to the chronology of
spatial occurrence and relative abundance. eDNA collections could
facilitate the reconstruction of historical presence and movement of
species boundaries (and hybrid zones) with future research avenues
including investigating species boundaries, delineating fine-scale hy-
brid zones, and tracking the spatiotemporal introgression of invasive
genotypes. Importantly, eDNA collections allows for the data and
original environmental sample to be stored within long-term reposi-
tories, archived so that new questions may be asked or other taxa
within the sample may be studied. The significance of this cannot
be understated given the rapid discovery of new markers or genes
under selection, rendering eDNA an invaluable tool for evolutionary
studies, now and in the future. However, although it is not yet clear
whether eDNA analytical methods are best suited for all studies of
hybrid zones, applying a combination of approaches will unquestion-
ably provide important insight into species' spatiotemporal popu-
lation structure and inform downstream analyses of, for example,

demography and selection.
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