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Abstract

Molecular techniques using DNA retrieved from community or environmental sam-
ples, in particular environmental DNA (eDNA), are becoming increasingly popular for
detecting individual species, assessing biodiversity, and quantifying ecological indices.
More recently, eDNA has also been proposed as a template for population genetics,
and several studies have already tested the feasibility of this approach, mostly look-
ing at vertebrate species. Their results along with general opportunities offered by
these types of “community-based” samples, such as the possibility to target multiple
species at the same time, have generated great enthusiasm and expectations for using
eDNA in population genetics. However, not every aspect of population genetics can
be addressed by eDNA-based data and some inherent limitations may challenge its
conclusions. Here, we firstly review the state of current knowledge of DNA retrieved
from environmental and community samples for population genetics. Then, focusing
on eDNA, we summarize the opportunities but also detail four main limitations of its
use for population-level inferences, namely, (1) the difficulty to retrieve a species-
specific dataset, (2) the potential lack of correlation between observed and true al-
lelic frequencies, (3) the loss of individual information in multi-locus genotyping and
linkage between loci, and (4) the uncertainty about the individuals contributing to
the sampled DNA pool (e.g., number, life-stage, or sex). Some of these limitations
might be overcome with the development of new technologies or models that ac-
count for the specificities of eDNA. Others, however, are inherent, and their effect on
the inferences must be thoroughly evaluated. The possibility of gaining insights into
genetic diversity and population structure from DNA retrieved from community and
environmental samples is appealing for scientists, conservation managers, and other
practitioners. Yet, to avoid false expectations and incorrect inferences, it is impera-
tive that these limitations are known and considered alongside the opportunities and

advantages.
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1 | INTRODUCTION

The field of population genetics examines the distribution of the ge-
netic diversity within species or species complexes, to investigate
major eco-evolutionary processes such as migration (i.e., population
connectivity), adaptation and speciation. Before the 1970s, pop-
ulation genetics was largely theoretical and mostly restricted to a
few model organisms. Only few observations on phenotypes could
provide data to validate the existing models (e.g., Charlesworth &
Charlesworth, 2017). With the development of the study of allo-
zymes in the 1970s, followed by DNA-based methods in the 1980s,
the amount of data available to study genetic variation increased
dramatically (Allendorf, 2017), and empirical studies rose at an
unprecedented pace. The field of population genetics grew from
oligo-marker approaches (e.g., a dozen of microsatellites) to multi-
marker approaches (e.g., thousands of SNPs from Rad-sequencing
and whole-genome sequencing), allowing to refine analyses and
address new questions (Gagnaire, 2020). This set the scene to an
emerging field named “population genomics” that appeared in the
late 1990s for humans and early 2000s for non-model organisms
(Allendorf, 2017; Luikart et al., 2003).

Building on the above-mentioned developments, molecular tools
were also applied in the field of ecology, such as DNA barcoding
for species identification (Hebert, Cywinska, et al., 2003), gPCR for
species detection (Jerde et al., 2011), or DNA metabarcoding for
describing communities (Cristescu, 2014). These new approaches
have been increasingly applied to DNA retrieved from community
sampling (i.e., collection of unknown specimens collected in the en-
vironment, for example bulkDNA; see Box 1) and, more particularly,
to environmental DNA (eDNA) contained in environmental samples
(e.g., from water or soil). eDNA includes free DNA in the medium,
DNA encapsulated in organelles (e.g., mitochondria or chloroplasts)
or in whole cells, either detached from an organism, or as micro-
organisms (Pawlowski et al., 2020; Taberlet, Coissac, Hajibabaei, &
Rieseberg, 2012). Sampling directly from the environment is usually
easier than catching organisms and is non-invasive. This renders
eDNA very attractive for environments or organisms otherwise dif-
ficult to sample, such as many species in freshwater or marine hab-
itats, or for threatened taxa of conservational concern. Moreover,
eDNA is often less costly than traditional methods, especially
when in need of examining a high number of samples or sites (Qu &
Stewart, 2019; Smart et al., 2016). As part of a targeted approach to
detect one or a few species, DNA retrieved from community sam-
ples or from the environment can be processed with quantitative or
digital PCR methods, using specific probes or primers (e.g., Valsecchi
et al., 2022). It can also serve as a matrix for analyzing a broader set
of taxa, using metabarcoding of mitochondrial and/or nuclear genes
(e.g., Couton et al., 2019; Olds et al., 2016).

DNA retrieved from environmental or community samples is al-
ready extensively used for a wide range of ecological applications
(Deiner et al., 2017; Leray & Knowlton, 2016; Taberlet, Coissac,
Hajibabaei, & Rieseberg, 2012; Taberlet, Coissac, Pompanon,
et al.,, 2012). These new DNA templates (Lacoursiére-Roussel &

Deiner, 2021) have been broadly applied in community ecology
and functional ecology to answer questions regarding biodiver-
sity patterns (e.g., Blackman et al., 2021; Lacoursiére-Roussel
et al., 2018; Zenker et al., 2020; Zinger et al., 2019), species' range
dynamics (e.g., Hobbs et al., 2019; Valsecchi et al., 2022), spatio-
temporal turn-over in species composition (e.g., Balint et al., 2018;
Bista et al., 2017; Chain et al., 2016), or trophic networks (e.g.,
Banerjee et al., 2022; Blackman et al., 2022; Carroll et al., 2019).
Additionally, eDNA has been used in conservation biology, for
instance for the monitoring of rare or endangered species (e.g.,
Burgoa et al., 2020; Niemiller et al., 2018), or for the detection
of invasive species (e.g., Couton et al., 2022; Zaiko et al., 2018),
as well as for the calculation of biotic indices (e.g., Brantschen
et al., 2021; Pawlowski et al., 2018). The opportunity offered by
the analyses of DNA retrieved from environmental or community
samples to get insights on molecular diversity for a wide range of
taxa also prompted the interest of researchers to explore its use at
the intraspecific level (Adams et al., 2019; Barnes & Turner, 2016;
Sigsgaard et al., 2020).

For a population geneticist, the prospect of using only one
community or one environmental sample to get genetic informa-
tion on many individuals is very appealing. The enthusiasm is even
bigger if this one sample can provide data on many species, across
several markers, and is non-destructive as with eDNA. The use of
eDNA for population genetics in animals was first suggested by
Barnes and Turner (2016), building on what was already done using
non-invasive samples, such as feces and fur (Taberlet et al., 1999),
and studies on human genetic variants from river water (Kapoor
et al., 2014), or swabs from artificial surfaces across the New York
subway (Afshinnekoo et al., 2015). The first attempts to study
population genetics using community-based samples were per-
formed in 2017, either using eDNA on whale sharks (Sigsgaard
et al., 2017) or on the common carp (Uchii et al., 2017), or using
bulk samples of arthropods (Pedro et al., 2017). The former study
recovered successfully known mitochondrial haplotypes of whale
sharks from seawater samples in similar frequencies as observed
with tissue samples, the second was able to identify different
seasonal patterns between a native and a non-native population
of common carp using the detection of SNPs by probe capture,
and the latter identified genetic structure between two popula-
tions of beetles living in coffee farms with different management
practices. These pioneering works inspired other studies testing
various approaches (e.g., SNP detection, microsatellite amplifica-
tion, High-Throughput Sequencing (HTS) of amplicons) with dif-
ferent markers, either nuclear or mitochondrial, and on various
taxa from macroinvertebrates to marine mammals (e.g., Andres
et al.,, 2021; Elbrecht et al.,, 2018; Marshall & Stepien, 2019).
Concomitantly, several papers discussed eDNA's opportunities
and limitations for population level inferences (Adams et al., 2019;
Goldberg & Parsley, 2021; Sigsgaard et al., 2020). It was sug-
gested that future progress, notably technical, would overcome
some of the current limitations. While we understand and share
the legitimate optimism related to novel opportunities, we also
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BOX 1 The different types of samples that can be used in population genetics.

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

Besides tissue samples directly collected from the target organisms, a wide range of samples exists, from which molecular data for

population genetics can be collected (cf Table below).

List of the different types of DNA samples that can be used in population genetics studies with their definition and examples of

publications where they are used.

Name

Tissue

Non-invasive

bulkDNA

Diet DNA

iDNA

ebDNA

eDNA

Description

DNA extracted from tissue samples of one individual

DNA collected from cells left in the environment by a specific individual
(e.g., feces, fur, saliva, skin cells)

DNA extracted from a bulk of targeted organisms; targets can be either a
given taxonomic group (e.g., insects with Malaise traps), life stage (e.g.,
planktonic larvae from plankton net), functional groups (e.g., benthic
organisms sampled on passive sampling devices)

DNA extract from the gut content of an organism

DNA from vertebrates extracted from the gut content of an invertebrate
parasite

Ethanol-based DNA: DNA extracted directly from the preservative
ethanol in which the organism(s) were stored

DNA extracted from an environmental sample, including free DNA
encapsulated in an organelle, in a whole cell or even as a full organism
(e.g., protist, fertilized eggs)

Publications
NA?

Monge et al. (2020);
Parsons et al. (2018)

Couton et al. (2019);
Elbrecht et al. (2018);
Turon et al. (2020)

Bohmann et al. (2018);
Sethi et al. (2019)

Meekan et al. (2017);
Nguyen et al. (2021)

Couton et al. (2021); Linard
et al. (2016)

Tsuji et al. (2020);
Weitemier et al. (2021)

*No examples are cited here since tissue is the conventional type of sample used in population genetics and thousands of studies
could be cited as relevant examples. These samples have distinct particularities, that make them suited to answer different questions,
and their inherent limitations can challenge their use in some cases. Choosing the right type of sample for a particular study will thus
depend on one's needs (e.g., in relation to sampling constraints or to the type of subsequent molecular analysis), and on the sample's
limitations (cf. Figure 5). We also believe that the confusion between these different types of samples often referred to as eDNA
(except for “Tissue”) increases the complexity to define clear opportunities but also limitations for the use of eDNA in population
genetics, and might create false expectations. For example, the lack of a link between an haplotype and a specific individual, one clear

limitation of eDNA, is actually not an issue when sampling in the wake of whales as in Dugal et al., 2022 (Figure 6). We propose here

to refer to this latter approach as non-invasive sampling, despite it being labeled eDNA in the original publication.

believe that some limitations of eDNA may not be overcome, and
thus impact the spectrum of applications that can be achieved for
population studies.

Here, we evaluate the possibilities offered by the analysis of
DNA retrieved from environmental or community samples (i.e., sam-
ples containing multiple species and for which the composition is
unknown), focusing on eDNA (here strictly defined as DNA obtained
from environmental samples such as water, soil, or sediments; Box 1)
for population genetics. Starting from the existing literature, we list
current opportunities, but also highlight limitations to the use of
such samples. Our perspective focuses on population inferences for
multi-cellular eukaryotes, typical targets of conventional population
genetics studies, but also discusses some aspects pertinent for other
types of samples or taxa. We are convinced that, when developing
new approaches, both the possibilities and fundamental limits must
be part of the discussion for a forward-thinking implementation
and a credible coverage of the research field. We propose here, for
the first time, a fair assessment and a detailed discussion of both

opportunities but also limitations of eDNA in the context of popula-
tion genetics illustrated with case studies. We hope our evaluation
will build a solid and transparent basis for all future work on eDNA

and population genetics.

2 | LITERATURE REVIEW

We performed a literature search on the use of eDNA and other
community samples for population genetics analyses using the on-
line database Web of Science (Clarivate Analytics) on April 24th
2023. We retrieved all studies with the following words in their title
or keywords: (“environmental DNA” OR “eDNA” OR “environmental
samples” OR “bulk” OR “ethanol” OR “preservative” OR “IDNA” OR
“gut content” OR “non-invasive sampl*” OR “metabarcoding”) AND
(“population” OR “haplotype” OR “haplotypic” OR “intraspecific”
OR “infraspecific” OR “intra-specific” OR “infra-specific” OR “vari-
ants” OR “genotype” OR “genetic diversity” OR “genotyping” OR
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“introgression” OR “admixture” OR “population variation” OR “ge-
netic structure” OR “phylogeography”). The same query was addi-
tionally implemented in the search tool of the journals Environmental
DNA and Metabarcoding and Metagenomics, since their publications
are not yet indexed in Web of Science. All retrieved publications
were screened manually to evaluate their relevancy to our topic (i.e.,
publications targeting community or environmental samples for the
study of multi-cellular organisms and using a molecular tool poten-
tially retrieving information on several individuals at the same time).

The query returned 544 publications (Table S1). All studies re-
trieved were published between 1961 and 2023, and there was
no publication with the required keywords prior to 1961. Among
these publications, 47 publications considered the use of commu-
nity samples for population genetics with a particular focus on
multi-cellular eukaryotes (Figure 1a). They were all published since
2017 (Table S2). We restricted our synthesis to research articles
and thus excluded six reviews, one methodological publication,
and one news report. We also excluded from further analyses
three research articles because they were based on computational
modeling only. The remaining 36 publications use either environ-
mental samples (29 publications), or other types of community
samples (bulk samples (4), iDNA (1), gut content (1) or ethanol
samples (1)). Twenty-six of the 36 publications considered (72%)

were published after the last review from Sigsgaard et al. (2020),
illustrating the rapid development of the field.

From the 36 retained research articles, most target aquatic
environments using water samples, either freshwater or marine
(Figure 1b). Fish (Actinopteri and Elasmobranchi) are the main tar-
get group so far, with more than half of the publications focusing
on 16 different species (Figure 1c). This is in line with the results
of the review performed by Tsuji et al. (2019) on eDNA methods,
in which 45% of publications target fish taxa. The second most tar-
geted group are macroinvertebrates (Arthropoda, Ascidiacea, and
Mollusca), mostly using bulk samples. Indeed, these organisms are
often the focal point of eDNA metabarcoding (e.g., Keck et al., 2022).
Additionally, four studies focus on a mammalian species, one on a
reptile, and one on an amphibian.

Across all studies, several approaches and markers are used
(Figure 1d). However, the majority of publications focuses solely on
mitochondrial DNA (mtDNA). Since a high number of studies tar-
get fish, the mitochondrial control region (D-loop), known to have
a high intraspecific resolution for these taxa (Ardura et al., 2013),
is the preferred marker of our listed articles, followed by COI. The
latter has been suggested as the marker of choice for (meta)bar-
coding studies (Hebert, Ratnasingham, & de Waard, 2003; Leray
etal., 2013), but is also commonly used for intraspecific studies (e.g.,

a
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FIGURE 1 (a) Distribution of the

47 publications considering the use

of community samples for population
genetics according to their article type
(inner circle) and the type of sample
analyzed (outer circle). The number of
related publications is given inside each
section. The studies included in the
literature review are then represented
according to (b) the types of environments
examined (the studies can be either

field studies, experimental studies, or
both), (c) the classes of taxa, (d) the
markers and technical approaches (COl,
cytochrome oxidase | (mitochondrial);
Cyt. b, cytochrome b (mitochondrial);
GBS, Genotyping By Sequencing; nuDNA,
nuclear DNA; SNPs, Single Nucleotide
Polymorphisms; psat, microsatellites); and
(e) the type of metrics computed.
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phylogeography: Jenkins et al., 2018). Only five publications inves-
tigate nuclear markers, including microsatellites and sequencing
the complementary sex determiner (csd) gene or single nucleotide
polymorphisms (SNPs). Regarding the methods applied, the favored
approach is the amplification of a DNA fragment followed by High
Throughput Sequencing (HTS), as is done for metabarcoding. Eight
studies, however, test other techniques such as shotgun sequencing
or probe capture (Figure 1d).

Since the use of community or environmental samples for pop-
ulation level inferences is a recent endeavor, most studies (21; 58%)
aim at evaluating the possibility to retrieve intraspecific data from
various sample types, for different groups of organisms, and in vari-
ous contexts. They mostly evaluate the adequacy of the results ob-
tained, either by comparing them directly with data from individual
tissue samples, or by confronting them with previous knowledge on
the target taxa. All listed articles describe the genetic diversity of
the studied populations, most of them only using haplotypic or al-
lelic richness indices (Figure 1e). Only 15 studies (42%) provide other
metrics to describe genetic divergence between populations, using
for example a fixation index (F¢;), and/or to identify the number of
individuals either contributing to the sampled genetic pool, or repro-
ducing in the total population.

Across the 36 publications encompassing different types of
environmental and community samples, most (81%) are examining
eDNA. In the following sections, we will focus on eDNA strictly
speaking (i.e., DNA retrieved from environmental samples), unless

otherwise specified.

3 | THE VALUE OF eDNA FOR
POPULATION GENETICS

The results obtained from the 36 publications reviewed (as de-
scribed above) are promising, with values of metrics computed from
DNA retrieved from community or environmental samples mostly
corresponding to those obtained from tissue samples, when avail-
able. For example, Marshall and Stepien (2019) revealed a strong
correlation between the number of unique sequences (i.e., amplicon
sequence variants or ASVs) obtained with HTS from water samples
and the number of expected haplotypes for Quagga and Zebra mus-
sels in tank communities (0.77 <R%<0.97). They were also able to
retrieve all expected haplotypes. Similarly, Andres et al. (2021) found
a strong correlation between eDNA and tissue samples derived al-
lelic frequencies from 26 microsatellite loci, both from a mesocosm
experiment (r=0.95) and from field samples (r=0.84). Some con-
cerns were raised, however, about both the overestimation of haplo-
types/alleles richness due to technical errors (especially sequencing
errors when using HTS-based approaches, for example, Couton
et al., 2021; Tsuji et al., 2020), and underestimation due to detec-
tion failure of rare haplotypes/alleles (e.g., Adams et al., 2022). Both
limitations were also observed in studies targeting other types of
samples such as preservative ethanol (Couton et al., 2021) or bulk
samples (Elbrecht et al., 2018).

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

To quantify this general observation, we retrieved the number
of haplotypes identified with either community or environmental
samples (i.e., named “community-based” in the following text and
figures) or tissue methods from all publications reporting a direct
comparison between these approaches (Table S3). For sake of com-
parison, we also included three studies comparing DNA extracted
from tissue samples with DNA retrieved from samples collected in
the environment but targeting a given individual (i.e., non-invasive
DNA, see Box 1), such as DNA extracted from feces. One may in-
deed expect a better correlation with this type of individual-based
sampling as compared to community-based sampling. In total, 17
studies reported 26 comparisons between environmental and tis-
sue samples, all using an amplification of a mitochondrial marker
followed by HTS, and all targeting aquatic organisms. In analogy to
the main review, the vast majorities of comparisons are performed
on fish DNA and target the D-loop marker. Across studies, the num-
ber of haplotypes retrieved with both methods is highly correlated
(Pearson correlation on log transformed data: r=0.723, p<0.001),
and this relationship holds for both laboratory-based experiments
(r=0.784, p=0.007) and field experiments (r=0.749, p=0.003;
Figure 2a). The slopes between the two linear regression for the two
types of experiments are not significantly different (ANOVA com-
paring two linear models with fixed and random slopes; F, =0.909,
p=0.351; see Table S4 for more details), which is probably due to the
low number of points included. However, the correlation between
tissue and other types of samples seems stronger for lab experi-
ments since most points are very close to the 1:1 line. The number of
detected haplotypes shared by both methods is highly variable de-
pending on the study, with only 4% for the least congruent compar-
ison to up to 100% for some others (mean=57%; Figure 2b). Almost
half of the comparisons (11; 42%) failed to detect haplotypes with
community-based methods, whereas 16 of them detected haplo-
types exclusively found with community-based samples, sometimes
representing up to 95% of the total number of haplotypes identified.
Although the number of comparison is too scarce for statistical anal-
yses with individual-based samples (N=3), it seems that the overall
pattern is similar. These promising results are encouraging but also
advocate for more extensive testing on other organisms, markers
and environments, and the need for fine-tuning of techniques and
tools. Potential mechanisms explaining the differences between the
two types of approaches are discussed in the next sections.

One advantage of eDNA, as well as from DNA retrieved from
community samples, is the potential to provide intraspecific genetic
insights across many species from the same sample. Comparative
genetic diversity assessments across multiple taxa are particularly
difficult with traditional sampling methods, because the time and
cost required to process the necessary amount of individuals is
proportional to the number of targeted species. The use of HTS-
based eDNA analyses could thus allow testing existing theories,
notably those linking community and population levels, for instance
by examining species-genetic diversity correlation (SGDC; Vellend
et al., 2014). At present, with traditional sampling methods, these
questions can only be addressed through a limited number of
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number of haplotypes detected with eDNA and other types of samples. Both variables are log-transformed. Dots represent comparisons
performed in the field whereas triangles are for comparisons in controlled laboratory settings. The dotted and dashed lines represents the
linear regression for field (y=1.247x-0.125) and lab (y=0.776x+0.836) studies respectively. The gray line indicates a 1:1 correlation. (b)
Proportion of haplotypes identified in tissue samples only, in other types of samples only, or common across both samples types used in the

target study.

species sampled at the exact same time, or using meta-analyses (e.g.,
Corbett-Detig et al., 2015; Marchesini et al., 2018). Environmental
DNA can also be of great value when studying habitats containing
undescribed species. Indeed, it is not uncommon in metabarcoding
studies to identify DNA fragments of unique Operational Taxonomic
Units (OTUs), but from unknown taxa, or taxa not contained in ge-
netic databases, (e.g., Li et al., 2022; Wangensteen et al., 2018;
Weigand et al., 2019). In this case, genetic diversity of these un-
known taxa could still be investigated through the analysis of the
different unique sequences (amplicon sequence variants or ASVs)
clustering into the same OTU, which would be interpreted as hap-
lotypes belonging to the same species. The value of this approach
for multi-taxa comparison has been recently documented by Antich
etal. (2022). By analyzing the genetic dissimilarity between localities
for 437 marine eukaryotes MOTUs, among which only 127 could
be assigned to a species name, these authors could examine, with a
high resolution, the congruence between biogeographic and phylo-
geographic patterns at the Atlantic-Mediterranean transition zone.

Driven by all these promising first results, the studies overall
suggest that it may soon be possible to move from a proof of con-
cept to actual use of eDNA for addressing evolutionary questions at
an intraspecific level (e.g., Andres et al., 2021; Jensen et al., 2021;
Macé et al., 2022). While we share some optimism, it is in our opin-
ion crucial to also understand and respect possible—even inherent—
limitations and their implications for using DNA retrieved from
environmental and community samples in population genetics. In
the next sections, we discuss four major limitations (Figure 3), some
of them, but not all, having potential solutions (Table 1).

4 | ISSUE #1: THE CHALLENGES OF
RETRIEVING A SPECIES-SPECIFIC DATASET

The prerequisite to use information from DNA retrieved from envi-
ronmental and community samples to answer population genetics
questions is the collection of an appropriate dataset, for which data
can be inarguably attributed to the target species. When using tissue
samples, this crucial step can be challenged by morphological identi-
fication or by the presence of hybrids. The issue is of a different na-
ture with environmental and community samples, as the extracted
DNA is composed of a mixture from many different taxa across all
major organismal groups. Ensuring that the processing protocol used
retrieves all alleles from the target species, without accidentally
picking up alleles from off-target species is therefore a crucial, yet
non-trivial task (Figure 3, issue #1).

As listed in the above literature review, several approaches are
applied to eDNA or other community-based DNAs to get intraspe-
cific genetic data. When targeting short fragment polymorphisms,
such as microsatellites or SNPs, similar alleles can be found in differ-
ent species (e.g., Alther et al., 2021). For ensuring the sole amplifica-
tion/capture of the target DNA, extra care and extensive testing are
thus required when designing primers/probes. These primers must
be comprehensive for all possible alleles of the target taxon, yet
completely exclusive for alleles of any other species. In the partic-
ular case of microsatellites, for example, many studies report cases
of cross-amplifications (e.g., Tardy et al., 2020; Wang et al., 2018),
sometimes from different families or even different orders (Barbara
et al., 2007). The design of primers thus requires testing against the
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FIGURE 3 Representation of the
differences between the genetic
information retrieved with either
traditional individual-based or eDNA
sampling in two fish populations of the
same river. The main issues discussed/
occurring are referred to as numbers, and
explained in the bottom panels of the
figure.
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largest possible number of species from the same class as the target
taxon, potentially living in the environment. This is a difficult or even
impossible approach when the species composition of the study
area is unknown. In addition, excessively increasing the specificity
of probes or primers could lead to false negatives, with the non-
amplification or capture of certain alleles. The use of microsatellites
or SNPs with DNA retrieved from environmental or community sam-
ples should thus be restricted to focal species with no close relatives
in the same habitat and for environments where the precise taxa
composition is well documented. Only four publications in our re-
view (Andres et al., 2021; Bovo et al., 2022; Jensen et al., 2021; Sethi
et al., 2019) tested the detection of microsatellites or SNPs in eDNA
samples, and although mentioning this shortcoming, none of them
formally assessed its impact on the results. More research is thus
needed to evaluate the feasibility of this approach on a broad scale.

Another approach in analyses of DNA retrieved from envi-
ronmental or community samples, and the more commonly used
so far, is amplicon sequencing (as for metabarcoding purposes).
Data obtained are linked to the target species through taxonomic
assignment by comparison with sequences deposited in refer-
ence database. Linking data to a particular taxon is thus highly
dependent on the availability of reliable reference sequences,
encompassing the whole range of genetic variability. The com-
pleteness and accuracy of reference databases is a well-known
challenge for barcoding and metabarcoding studies, as described
in Keck et al. (2023). Although some methods exist to curate ref-
erence databases and remove erroneous sequences, the extant of
problematic or missing references is usually difficult to evaluate.
Unlike the absence of references for a particular species, the ab-
sence of particularly divergent genetic variants of a target species
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TABLE 1 Limitations of eDNA when used for population genetics. The causes, consequences and potential solutions for the four
categories of issues are detailed. The drawbacks associated to every solution are mentioned in parentheses.

Issue category Cause

#1: Species- Amplification/capture of
specific alleles from different
dataset species

Assignment of an allele to the
wrong species

#2: Correlation eDNA variations in time and

between space (shedding rates,
observed and degradation, transport, ...)
true allelic

Technical issues (amplification

frequencies biases, sequencing

errors, ...)
#3: Loss of No link between alleles of
individual an individual for diploid
information markers

No link between loci of an
individual

#4: Uncertainty No phenotypic information
about (life-stage, age, sex,

Consequences

Artificial inflation of genetic diversity
The dataset becomes irrelevant

Over or under-representation of
particular alleles

Presence of false positives and false
negatives

No possibility to investigate
heterozygosity and associated
metrics

No possibility to investigate linkage
disequilibrium or multi-marker
approaches

Could violate assumption of including
only individuals from the same

Could violate assumption of equal
sampling effort between

Potential solution (and its drawbacks)

Design of specific primers/probes (potential loss
of alleles)

Extensive testing on co-occurring species
(requires good knowledge on taxonomic
composition)

Curation of reference databases
Ensure completeness of reference databases

Increase number of replicates in time and space
(increase time and cost)

Continuous sampling

Modeling (introduces uncertainty)

Use presence-absence data (decrease power)

Use frequency-based indices (decrease power)

Modeling as in pool-seq (introduces uncertainty)

Use haploid markers (Not fit to address all
questions)

Single-cell sequencing (only using the fraction of
eDNA still encapsulated in a cell)

Adapt sampling to get only the desired
phenotypes (requires good knowledge on the
species life history)

None

individuals morphotype, ...) generation
contributing Unknown number of

to the DNA contributors

pool

populations

is impossible to assess and might result in incomplete datasets.
For instance, the well-studied invasive colonial ascidian Botryllus
schlosseri (Pallas, 1766) is composed of five very distinct clades,
characterized by COIl sequence divergence ranging from 10.8%
to 16.5%, (Bock et al., 2012). If references were lacking for one
particular clade, and if using a standard threshold of 97% similar-
ity clustering for COIl sequences, no haplotypes belonging to this
clade would be associated to the target species, thus creating false
negatives.

Contrastingly, it is imperative to choose a marker suited to distin-
guish between the target and congeneric species, to avoid chimeric
datasets and grouping haplotypes of two separate taxa. For exam-
ple, if two species had a complete introgression of their mitochon-
drial genome, such as the marine mussel species Mytilus trossulus
A. Gould, 1850 in the Baltic Sea, which has been introgressed by
M. edulis Linnaeus, 1758 (Kijewski et al., 2006; Zbawicka et al., 2010),
an HTS approach using only mitochondrial markers would not distin-
guish these two species, and may produce false positives (Couton
et al., 2022). An additional source of false positives comes from the
existence of erroneous sequences in public databases (Meiklejohn
et al., 2019; Viard et al., 2019), which artificially inflate the genetic
diversity of the target species. Retrieving intraspecific datasets from
DNA collected from environmental or community samples must
thus be thoroughly pondered knowing that its accuracy will largely
depend on the amount and reliability of genetic information already

available for the species of interest. For example, using eDNA might
be possible for studies restricted in spatial scale or in low-diversity
environments, where it is achievable to collect an exhaustive base-
line of the existing intraspecific diversity for the target species and
closely related species beforehand. It is however important to note
that it is impossible to maximize coverage of target alleles with min-
imizing inclusion of off-target alleles at the same time, and that the
data will most often be the result of a trade-off between these two

types of error.

5 | ISSUE #2: CORRELATION BETWEEN
OBSERVED AND TRUE ALLELIC
FREQUENCIES

The adequacy of data based on DNA retrieved from environmental
or community samples for population genetics often relies on the
major assumption that the observed (inferred) allele frequencies and
the true allele frequencies are highly correlated in the target popula-
tion. In traditional methods, most violations of this assumption are
due to sampling efforts (i.e., when the subset of sampled individuals
is not representative of the individuals present in the population).
Yet, many more factors influence this relationship for community-
based DNA analyses. First, the amount of DNA sampled from the
environment is not necessarily representative of the current state
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of the population (Cristescu & Hebert, 2018). It is notably impacted
by different shedding rates between individuals (e.g., between sexes
for organism with an important sexual dimorphism or between life
stages; see Andruszkiewicz et al., 2021; Crane et al., 2021) and by
DNA degradation and transport from one site to another (Figure 3,
issue #2). Moreover, due to DNA degradation in the environment,
the proportion of DNA fragments can favor individuals geographi-
cally close to the sampling point. These problems are difficult to
quantify and might have a great influence on the results. For ex-
ample, the transport of DNA between two marine populations liv-
ing in connected water masses could lead to an overestimation of
gene flow. To account for such limitations, it is important to have
sufficient sampling replication, both spatially and in time. As a high
number of replicates can be costly to process, however, spatial and
temporal variability could also be integrated by continuous sampling,
either using portable (Thomas et al., 2018) or autonomous passive
sampling devices (Verdier et al., 2022). The issue of transport and
degradation can also be addressed using mathematical models such
as the one described by Carraro et al. (2020). Additionally, it is crucial
to know the biology of the target species and tailor the sampling
design to their lifestyle. For example, Jensen et al. (2022) showed
that the amount of DNA retrieved from water samples varied greatly
throughout the day for different marine fish species. Thus, depend-
ing if the sampling was performed during the day or during the night,
different conclusions would be made on the genetic differentiation
of these populations.

Further discrepancies between observed and true allelic fre-
quencies are due to technical limitations. Different methods differ
in biases regarding their ability to adequately evaluate the amount
of DNA present in the target sample, and approaches based on
quantitative or digital PCR might be better suited for this purpose
than techniques based on HTS (Wood et al., 2019). With the lat-
ter, differences in read abundances and DNA amount can arise at all
steps of the library preparation. For example, primer mismatches can
favor the amplification of particular haplotypes, artificially inflat-
ing their abundance in the dataset, although this issue is less likely
when targeting one species than when targeting multiple species.
Even though Azarian et al. (2021) suggested to use only presence-
absence data for population structure inferences, abundance data
are better suited for computing most population genetics metrics
and one could thus favor more quantitative techniques, such as dig-
ital PCR, when the type of variants studied is adequate. Moreover,
amplification and sequencing can create a non-negligeable amount
of errors, which results in false positives (i.e., alleles or haplotypes
that are not real) if not properly removed during the bioinformatics
steps, as shown in our quantitative assessment of published studies
(Figure 2b). Removing as much false positives as possible while at
the same time retaining true alleles/haplotypes is a crucial step in
metabarcoding approaches, and it has been tested at several occa-
sions for intraspecific diversity studies (Couton et al., 2021; Macé
et al.,, 2022; Turon et al., 2020). All publications have the same
shared message, namely that it is not possible to remove all erro-
neous sequences while not removing some of the signal too. It is a

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

classical type | and type Il error trade-off, and its optimization will
affect downstream analyses. Since the false positives and false neg-
atives are usually in low abundances, however, they should only have
a minor effect on the calculation of frequency-based estimates, such
as F¢, which should be favored over metrics based on absolute num-
ber, such as allelic richness (Couton et al., 2021).

Despite all the potentialities for discrepancies between true and
observed allele frequencies when using DNA retrieved from envi-
ronmental or community samples, the experiments performed so far
in tanks or even in the field are showing a rather good correlation be-
tween results from tissue and water samples (Figure 2a). Moreover,
DNA retrieved from environmental or community samples could
represent a better alternative than traditional sampling in the case
of particularly abundant and diverse populations, for which getting a
representative sample of individuals would be very time consuming
and costly. It could also be particularly useful for particular fields
where only presence-absence data are required such as phyloge-
ography, as shown by Pedersen et al. (2021) or Tsuji et al. (2023). To
date, the effect of quantification biases on population genetics met-
rics is a rather speculative field with little empirical testing. We thus
strongly encourage future studies aiming at better understanding
this topic, as such evidence is required for a reliable interpretation
of the results.

6 | ISSUE #3: LOSS OF INDIVIDUAL
INFORMATION

For many questions in population genetics, the distribution of differ-
ent alleles for given markers within and between groups of individu-
als must be evaluated. For many metrics, however, this information
alone is often insufficient, and must be completed by data on the dis-
tribution of these alleles within individuals, for example to compute
key indices such as the observed heterozygosity, inbreeding coeffi-
cients, and linkage disequilibrium. The main limitation when working
with DNA retrieved from environmental or community samples is
thus the loss of physical linkage between loci of an individual and
the loss of association between the alleles at a given locus (Figure 3,
issues #3a and #3b). This is especially problematic when the differ-
ent markers used are in fact in linkage disequilibrium, which would
artificially inflate the differentiation between populations. This
limitation is fundamental, and cannot be resolved a posteriori with
bioinformatics tools. It is the main difference between community-
based and what we here refer to as non-invasive samples (see Box 1).
For this particular type of sampling, as used in Dugal et al. (2022),
Farrell et al. (2022) or Parsons et al. (2018), the collected samples
can be directly linked to an individual, even if this individual might
not have been observed at the time of sampling. To avoid creating
false expectations for the use of environmental samples and DNA,
it is thus important to differentiate these two types of studies (i.e.,
community-based vs. individual-based) that can both use the same
samples (e.g., water samples) but that display different opportunities
and limitations.
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Association of alleles at a given marker is not an issue with
haploid markers, and our literature review showed that mtDNA
markers are, to date, the favored approach for population genetics
based on DNA retrieved from environmental samples. Since many
biodiversity studies use metabarcoding of mitochondrial markers, it
has been suggested as a basis for intraspecific inferences (Elbrecht
et al., 2018). In most cases, mtDNA is uniparentally inherited and
homoplasmic. If only one marker is used, there is no need to link hap-
lotypes to individuals. Importantly, however, in some cases hetero-
plasmy of mtDNA exists as a result of paternal leakage (Mastrantonio
et al., 2019), hybridization (Patten et al., 2015) or from doubly uni-
parental inheritance (DUI; Ghiselli et al., 2019). Even if this limitation
also holds with tissue samples analyses, it is usually easier to detect
(e.g., double-peaks in Sanger sequencing; multi-allelic SNPs in HTS).
Current applications of mtDNA could be improved by using long-
range sequencing to get physically intact large fragments, and to re-
tain within-individual information. Some of mtDNA characteristics,
however, such as (mostly) maternal inheritance or absence of recom-
bination, regardless of the type of sample used, make it question-
able for population genetics (Bazin et al., 2006; Galtier et al., 2009).
Being haploid, some indices, such as F, and associated processes
(e.g., inbreeding), cannot be examined. In addition, mtDNA cannot
be used alone to detect or investigate cases of hybridization and
introgression (Ballard & Whitlock, 2004), and is prone to selective
sweeps (Bazin et al., 2006; Patten et al., 2015). It is also not suited
to investigate more complex questions, such as demographic history
or admixture (Gagnaire, 2020). Although mtDNA is so far favored
for eDNA-based studies, its use should be aligned with the focus of
the study.

When using data from DNA retrieved from community or envi-
ronmental samples, most metrics that can be calculated for popula-
tion genetics are group-based (e.g., expected heterozygosity, but not
observed heterozygosity; Figure 4), and thus much fewer questions
can be addressed. For example, any subject requiring unequivocal
data on a particular individual cannot be investigated, such as kin-
ship, assigning a given individual to a population of origin or admix-
ture as described by Pritchard et al. (2000). In fact, the latter is based
on a model-based approach to infer the genetic ancestry (i.e., the
proportion of ancestry) of a given individual to one or more of K
genetically distinct sources. Individual information is thus required
to compute these membership proportions. The question of how to
extend the use of group-based data in population genetics, however,
has already been successfully addressed for HTS techniques with
the development of pool-seq methods (Box 2). In the case of admix-
ture for example, Gautier et al. (2022) developed an approach using
f-statistics (and associated F parameters). Their models, however,
require the number of individuals contributing to the pool, which
is not known from eDNA samples. Even if it is not possible to di-
rectly apply models developed for pool-seq data to community data
because of differences in the sequencing techniques, and because
the number of individuals in a pool is usually known in a pool-seq
approach, similar kind of models could be developed for data based
on DNA retrieved from community or environmental samples. These

models could consider the transport of DNA, its degradation, but
also the different technical biases mentioned above. As with any
model, however, their estimates will always have a probabilistic na-
ture, and an inherent uncertainty, which leads to less precise infer-
ences. Nonetheless, these drawbacks could be counteracted by the
benefits of using community-based DNA in particular cases, such as
the comparative analysis of many taxa at the same time.

When individual information from data obtained from DNA re-
trieved from community or environmental samples is still needed,
single-cell sequencing could be used, as suggested by Sigsgaard
et al. (2020) or Adams et al. (2019), and as is already performed for
prokaryotes (Xu & Zhao, 2018). Thereby, cells are physically sepa-
rated and the full genome of a cell is amplified and sequenced. This
preserves the association between all alleles and loci/markers iden-
tified. Although well established for prokaryotes, this approach is
still a prospect for multi-cellular eukaryotes (Minamoto, 2022), and
its feasibility in the context of eDNA sampling needs to be thor-
oughly tested. For example, the correspondence between the num-
ber of cells in the environment and the number of individuals or an
individual's biomass is not necessarily known (contrastingly to pro-
karyotes or unicellular eukaryotes, where one cell generally equals
to one individual). Another potential limitation is the proportion of
multi-cellular eukaryotic DNA still encapsulated in cells in an envi-
ronmental sample. These aspects are not trivial and are still under
investigation (Jo et al., 2022; Mauvisseau et al., 2022).

7 | ISSUE #4: UNCERTAINTY ABOUT THE
INDIVIDUALS CONTRIBUTING TO THE
SAMPLED DNA

One of the main strengths of eDNA, namely its ability to give in-
formation on organisms without physically seeing/sampling them,
can also be one of its weaknesses. Indeed, if the sampling does not
include processing actual individuals, it precludes the collection of
phenotypic information, such as age, sex, morphotype, or other
characteristics that might be useful to interpret the genetic pat-
terns observed. Moreover, with environmental samples, it is im-
possible to know which life-stage is sampled, from gamete to adult
(Figure 3, issue #4), and in which proportion. Unintentionally in-
cluding DNA from juveniles or gametesinto an analysis can alter the
representativeness of the sample for the population (e.g., increase
in the nuclear/mitochondrial DNA ratio; see Minamoto, 2022 and
references therein). It can also severely affect the results as most
models in population genetics assume that all specimens are from
the same generation and can contribute to the next (i.e., the re-
productive pool). Even more so, if these are in high proportion in
the sample, which is expected for example for gametes in fishes,
or juvenile larvae for many marine invertebrates. As an example,
the genetic diversity of a population can be drastically underes-
timated if most of the sampled DNA comes from larvae from the
same brood. Again, the sampling strategy and good knowledge of
the target species' life-history are key. Samples should be taken,
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FIGURE 4 List of commonly used
population genetics computations. For
each computation, the applicability of
information for different types of samples
is evaluated. Green squares indicate that
it is computable with the targeted sample
type. The orange color for effective
population size (Ne) underlines that it

is only computable based on particular
estimates using nucleotide diversity
(Ne=n/2p with p being the mutation rate;
see Sigsgaard et al. (2017)).

FIGURE 5 Synthetic representation
of the needs fulfilled by the different
types of samples listed in the table in
Box 1 and their inherent limitations. This
should help for decision making, as both
of these aspects should be carefully
considered when choosing the type of

sample to use during experimental design.

The limitations mentioned in this figure
are associated to the different issues
discussed in this publication.
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if possible, when only adults are present in the environment,
and avoiding reproductive periods, in particular for aquatic spe-
cies releasing their gametes and/or larvae into the environment
(Couton et al., 2019; Lacoursiére-Roussel et al., 2018). Sufficient
replication can also reduce the effects of unwanted sampling of
juveniles. Regarding phenotypic characteristics, retrieving them

separately with other approaches, such as camera traps, would
not allow the association between genotypes and phenotypes.
Only for very specific sub-aspects, however, it might be possible
to infer phenotypic characteristics from eDNA (e.g., by employ-
ing dedicated markers such as sex-linked markers as suggested in
Sigsgaard et al., 2020). Those could then be linked to individual
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FIGURE 6 Representation of the differences between (a) non-invasive sampling (as performed in Dugal et al., 2022) and (b)
environmental DNA. In (a) the sampling is closely (in space and time) associated to a specific individual, for example released in the wake

of a whale. In this case, the physical linkage can be established with a high certainty, and the target DNA dominates the signal. In (b) the
physical linkage between DNA and any individual is lost, and possibly even between different marker regions. The DNA sampled at two
different points (S1 and S2) is depicted as well as the potential result obtained after Sanger sequencing. This figure illustrates the possibility
of collecting individual information with non-invasive sampling as opposed to environmental DNA.
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BOX 2 Developing models to use population-level
data: the example of Pool-seq.

With the development of next generation sequencing
techniques, the number of markers under investigation in
population genetics studies has increased drastically. These
new approaches, however, come with a higher processing
cost per sample, and the requirement of a higher quan-
tity and a better quality of DNA. Since these constraints
cannot always be met, and to decrease labour and ex-
perimental costs associated with sequencing, researchers
started pooling individuals and processing them in batches
(Futschik & Schlétterer, 2010; Schldtterer et al., 2014).
From the first attempt, this new approach was found to
be effective (Futschik & Schlotterer, 2010) although it
brought new challenges in a field previously oriented to-
wards individual-based data. New models were developed
to refine allelic frequencies estimates from pool-seq data,
taking into account the number of individuals in the pool,
the sequencing depth, the possibility of sequencing errors,
and the different contributions of individuals in the pool
(Anand et al., 2016; Gautier et al., 2013). The calculation
of existing metrics and the detection of genetic patterns
have also been modified to be more accurate with this type
of data (e.g., selective sweeps in Boitard et al., 2013; Ferin
Hivert et al., 2018), and now allow to make complex infer-
ences, such as demographic scenarios based on f-statistics
(Gautier et al., 2022). This evolution in the field of popula-
tion genetics could serve as an example for future develop-

ments in eDNA-based population studies.

genotypes/haplotypes providing the use of single-cell sequencing,
as mentioned in the previous section. Another possibility would
be to take advantage of eRNA in cases where specific transcripts
could be associated to particular life-history stages or phenotypes
of a given species (Yates et al., 2021). To our knowledge, such uses
of environmental samples to go beyond species detection had not
yet been implemented.

In classic population genetics derived from tissue samples, the
strongest source of confidence and robustness of the results comes
from the number of individuals sampled at each site. The information
on the number of individuals sampled/contributing to an eDNA or
a bulkDNA sample, however, is lacking, violating the assumption of
equal sampling depths across populations in probably most cases. As
an example, with tissue samples, low genetic diversity data coming
from a population of five reproductive individuals will be interpreted
very differently than the same diversity coming from a population of
500 reproductive individuals. Conversely, eDNA-based or bulkDNA-
based data do not allow such a distinction. Several studies have eval-
uated the number of contributors from eDNA data by looking at the
genetic diversity of their samples (e.g., Andres et al., 2021; Yoshitake
et al,, 2019). The numbers inferred, however, are dependent on the
dataset itself and can thus not be used for evaluating the confidence

of the results.

8 | CONCLUSION

The pros and cons of population genetics approaches based on tissue
sampling are well known, and their discussion is already well estab-
lished (e.g., Fumagalli, 2013; Meirmans, 2015). Genetic data retrieved
from community or environmental samples, such as eDNA, however,

have different biases and their interpretation cannot be done with
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the same priors as it is done for tissue samples. In this publication, we
listed four categories of major limitations inherent to the use of DNA
retrieved from community or environmental samples in population ge-
netics, namely (1) the difficulty to get reliable species-specific data, (2)
the potential lack of correlation between observed and true allelic fre-
quencies, (3) the loss of individual information, and (4) the impossibility
to know exactly what constitutes our sample. They are mutually non-
exclusive, and one can face several of them at the same time. Some of
these limitations might be solved with the development of future tech-
nologies or could be minimized by adapting the sampling strategy and
bioinformatics processes. Others, such as the missing information on
potential association between markers, actual population sizes/num-
bers of individuals sampled or DNA transport will probably never or
hardly be resolved. With the rapid development of the research field,
it is of the utmost importance that current studies carefully ponder
their inferences against these potential biases. Based on our assess-
ment, most publications to date on this topic are proof-of-concept
studies where authors evaluate the feasibility of using eDNA for
population genetics in relatively specific cases. From the small set of
studies comparing tissue samples against community-based samples,
it appears that the results from both approaches have a good correla-
tion. However, there are discrepancies between methods and we still
do not know how they can affect the indices computed in population
genetics studies. It thus appears that DNA retrieved from community
or environmental samples, and notably eDNA (which is becoming in-
creasingly used) is not yet ready for a routine use for population genet-
ics purposes, being now limited to a set of mostly group-based metrics.
It should also be employed preferably in environments and to study
organisms for which a good knowledge is already available. Thus, while
it can be a valuable complement to traditional methods based on indi-
vidual tissue samples for particular species or habitats, and for compar-
ative studies of multiple taxa, it is important to be aware of its current

limitations for an appropriate use of this promising type of data.
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