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Introduction: Rewilding, the facilitation of self-sustaining and resilient ecosystems

by restoring natural processes, is an increasingly popular conservation approach

and potential solution to the biodiversity and climate crises. Outcomes of rewilding

can be unpredictable, and monitoring is essential to determine whether

ecosystems are recovering. Metabarcoding, particularly of environmental DNA

(eDNA), is revolutionizing biodiversity monitoring and could play an important role

in understanding the impacts of rewilding but has mostly been applied within

aquatic systems.

Methods: This systematic review focuses on the applications of eDNA

metabarcoding in terrestrial monitoring, with additional insights from

metabarcoding of bulk and ingested DNA. We examine publication trends, choice

of sampling substrate and focal taxa, and investigate how well metabarcoding

performs compared to other monitoring methods (e.g. camera trapping).

Results: Terrestrial ecosystems represented a small proportion of total papers,

with forests the most studied system, soil and water the most popular substrates,

and vertebrates the most targeted taxa. Most studies focused on measuring

species richness, and few included analyzes of functional diversity. Greater

species richness was found when using multiple substrates, but few studies

took this approach. Metabarcoding did not consistently outperform other

methods in terms of the number of vertebrate taxa detected, and this was

likely influenced by choice of marker, sampling substrate and habitat.

Discussion: Our findings indicate that metabarcoding, particularly of eDNA, has

the potential to play a key role in the monitoring of terrestrial rewilding, but that

further ground- truthing is needed to establish the most appropriate sampling

and experimental pipelines for the target taxa and terrestrial system of interest.

Systematic Review Registration: https://osf.io/38w9q/?view_only=

47fdab224a7a43d298eccbe578f1fcf0, identifier 38w9q.
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Introduction

Rewilding has become an increasingly popular approach to the

large-scale recovery of nature, with an aim to restore ecosystems to

the point that they are self-sustaining and resilient, with increased

trophic and functional complexity (Fernández et al., 2017; Carver

et al., 2021; Pettorelli and Bullock, 2023). Rewilding can include

species translocations, land abandonment ( ‘spontaneous

rewilding’), and actions which actively kick-start ecological

processes, followed by minimal intervention (Perino et al., 2019;

Carver et al., 2021). These approaches can be applied across a range

of ecological, spatial, temporal, and societal contexts, though are

applied mainly to terrestrial ecosystems (Prior and Brady, 2017;

Carver et al., 2021).

Literature surrounding rewilding is often disjointed, sometimes

contradictory, frequently dominated by opinion pieces, and there is

a lack of empirical, quantitative data and research (Pettorelli et al.,

2018). A key goal of rewilding is to restore ecosystem processes and

functioning, therefore monitoring strategies need to focus on the

ecological integrity of whole ecosystems, in particular measuring

trophic complexity, disturbance regimes and landscape connectivity

(Torres et al., 2018). In comparison to more established restoration

approaches, rewilding impacts can be unpredictable, forming

potentially novel ecosystems over unknown timescales (Pettorelli

and Bullock, 2023). For the purposes of this paper, we view

rewilding and restoration as related but distinct conservation

approaches. As both Mutillod et al. (2024) and Nelson (2022)

note, whilst they may share the same ultimate goal, the ways to

get there and the visions of what recovery looks like are different.

While both seek to restore damaged ecosystems, rewilding generally

focuses more on letting nature take its course once initial

interventions are made. Rewilding also tends to lack historical

benchmarks with which to measure a project’s success, unlike

restoration (du Toit and Pettorelli, 2019). This inherent

indeterminacy necessitates continuous monitoring strategies to

understand impacts over long timescales, ideally with an adaptive

management approach to help determine the level of any ongoing

interventions or management decisions (Perino et al., 2019; Carver

et al., 2021). Comprehensive and cost-effective monitoring

methods, which maximize taxonomic coverage across different

groups of organisms and can be applied at multiple spatial and

temporal scales, are essential to understand whether rewilding

practices are effective. Monitoring can also minimize any

associated risks such as uncertainty around reintroductions,

particularly for taxonomic substitutions of extinct native species,

and uncertain timeframes, helping to enable the wider

implementation of rewilding into legislation and policy (Pettorelli

et al., 2018). However, questions remain regarding the best

monitoring approach to cover a breadth of taxonomic diversity

across temporal and spatial scales, and whether a holistic approach,

integrating multiple methods may be most suitable in the context

of rewilding.

In the last decade, biodiversity monitoring has experienced a

molecular revolution, largely as a result of advances in high-

throughput sequencing of PCR amplified gene regions
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(‘barcodes’) of interest across multiple taxa; a method known as

‘metabarcoding’ (Lawson Handley, 2015; Creer et al., 2016; Deiner

et al., 2017; Takahashi et al., 2023). Metabarcoding has been applied

to a number of mixed sample types, including bulk samples of

invertebrates (often referred to as invertebrate “soup” e.g. Yu et al.,

2012), ingested DNA from feces of predators or herbivores

(sometimes described as ‘biodiversity capsules’ (Boyer et al., 2015;

Nørgaard et al., 2021) or invertebrate-derived DNA (‘iDNA’, i.e.

samples of blood meals of leeches or biting insects (Schnell et al.,

2012, 2015; Abrams et al., 2019; Siegenthaler et al., 2019;

Drinkwater et al., 2021a, 2021b). However, arguably the greatest

sea change in metabarcoding of biodiversity over the last decade has

been the analysis of environmental DNA or ‘eDNA’ (Taberlet et al.,

2012; Creer et al., 2016; Deiner et al., 2017; Pawlowski et al., 2021;

Takahashi et al., 2023), catalyzed by publication of a seminal paper

describing how eDNA metabarcoding of seawater can effectively

recover information on marine fish communities (Thomsen et al.,

2012). Environmental DNA is DNA released by organisms into

their environments via shed cells, mucus, gametes, and waste or

decaying material, in addition to DNA from whole microbial and

meiofaunal taxa present in environmental samples (Taberlet et al.,

2012; Pawlowski et al., 2021). Although water and soil are the most

common substrate types for sampling eDNA, eDNAmetabarcoding

studies have also been successfully performed on diverse sample

substrates including snow (Kinoshita et al., 2019), air (Clare et al.,

2022; Lynggaard et al., 2022) saltlicks and drinking water vessels

(Ishige et al., 2017), spider webs (Gregorič et al., 2022), swabs and

tree-roller samples (Allen et al., 2023). eDNA metabarcoding is

particularly promising as a tool for non-invasive monitoring of

rewilding across ecosystems and different spatial scales, as it has

potential to generate whole-community datasets across the tree of

life, estimate standard community and functional diversity metrics

and perform trophic network analysis (Yan et al., 2018; Meyer et al.,

2020; Blackman et al., 2022; Condachou et al., 2023; Hassan et al.,

2023). To date though, there has been a much greater emphasis on

eDNA metabarcoding for monitoring of aquatic than terrestrial

ecosystems (van der Heyde et al., 2022).

Guidelines are needed for translating DNA metabarcoding into

practice, and improving its uses in biodiversity monitoring

(Blackman et al., 2024), particularly in terrestrial contexts (van

der Heyde et al., 2022), which are generally more diverse and

heterogeneous over smaller spatial scales than aquatic

environments (Grosberg et al., 2012). Firstly, choice of sampling

substrates can strongly influence the detection of different taxa (van

der Heyde et al., 2020), but little guidance exists on the best

substrate choice for different taxonomic groups, and it is unclear

whether sampling multiple substrates is necessary or worth the

increased effort and resources (van der Heyde et al., 2020, 2022).

Secondly, a meta-analysis has demonstrated that eDNA

metabarcoding often outperforms traditional methods in terms of

cost, sensitivity and number of species detected (Fediajevaite et al.,

2021), but this might reflect a bias towards aquatic systems and

substrates, as well as a publication bias (failures may be less likely to

be published; Beng and Corlett, 2020). The limited comparisons of

metabarcoding and traditional methods in terrestrial settings so far
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indicate performance is mixed, both in terms of sensitivity and

species detected (Fediajevaite et al., 2021), and questions therefore

remain about the most suitable approach.

Here, we systematically review applications of metabarcoding to

monitoring biodiversity in terrestrial ecosystems, focusing on

eDNA, but also including relevant studies that have used bulk

invertebrate or ingested DNA samples (i.e. fecal samples or iDNA).

Our aim is to help inform how metabarcoding, in particular of

eDNA, can be integrated into monitoring of terrestrial rewilding as

well as other terrestrial conservation practices. We address the

following research questions: 1) what are the trends in publications

of terrestrial metabarcoding in relation to geographic location,

target organisms, sample substrates used, and types of analyses

performed to understand community or functional diversity?;

2) which sample substrate(s) are the most appropriate for the

different target organisms and how does the sampling of multiple

substrates affect the number of species detected and taxonomic

coverage?; 3) how does metabarcoding perform when compared to

traditional monitoring methods for terrestrial target taxa, and is this

comparison dependent on choice of sampling substrate, the choice

of target region and primer pairs for metabarcoding, and/or

taxonomic focus?; and 4) what are the research gaps we need to

fill for eDNA metabarcoding to be routinely used for effective

monitoring of rewilding?
Materials and methods

Literature search

We performed a systematic review, using the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines (https://www.prisma-statement.org/, Supplementary

Figure S1). A literature search was conducted in Scopus and Web

of Science to ensure the greatest coverage of journals relating to

Natural Sciences (Mongeon and Paul-Hus, 2016) on 3rd January

2024. Initially, a search of the terms ‘eDNAOR Environmental DNA

OR metabarcoding’ AND ‘rewild*’ was performed. This only

returned 12 relevant studies, the majority of which focused on

herbivore diet composition, indicating the so far limited application

of DNA metabarcoding to monitor rewilding. To supplement these

papers we performed a second, broader search to identify published

scientific studies which used metabarcoding of environmental DNA

to monitor terrestrial communities, with the aim that this would

better show the potential applications for rewilding monitoring.

This second search consisted of the following terms: ‘eDNA OR

Environmental DNA OR metabarcoding’ AND ‘trophic OR

function* OR network’ OR ‘monitor* OR survey*’. Results were

then refined to include terrestrial studies only, using the addition

‘AND (terrestrial)’ term. The trophic OR function OR network

search term was included to capture studies that have performed

additional functional analyses beyond species richness or

community comparisons.

Studies that sampled bulk DNA from invertebrates, were also

included, as well as DNA from feces of predators or herbivores or

iDNA. Fecal and iDNA samples were combined in the present study
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in the category ‘ingested’ DNA. Substrates that appeared less than

three times in the database (e.g. spider webs, saltlicks, snow) were

categorized as ‘Other’. Definitions of all substrates included are

provided in Supplementary Table S1.

The automated refinement tools within Scopus and Web of

Science were used to remove irrelevant studies (e.g. those from

other disciplines such as Psychology, Physics etc.) and reviews or

perspectives. After removing duplicates, this output was manually

screened so that it included studies focusing on contemporary

terrestrial ecosystems, at least in part (i.e. not wholly aquatic-

focused, ancient DNA, or lab/desk-based studies where samples

were not collected directly from the field). Of the remaining studies,

further refinement removed papers which only used a single-species

approach (quantitative PCR, droplet digital PCR etc.), leaving 164

papers analyzed in this review. This final refinement process

enabled us to focus on papers with a community or ecosystem

approach, which is important in the context of monitoring impacts

of rewilding.

To understand the publication trends of these results in the

context of the wider field of eDNA and DNA metabarcoding, we

collected a list of papers from a search using only ‘eDNA OR

Environmental DNA OR metabarcoding’ and a second search

adding ‘AND soil’ from both Web of Science and Scopus. We

were then able to look at the proportion of papers and overlap of

those included in the current study compared to those with

potentially more aquatic or below-ground focuses.
Data extraction and analysis

The following details were recorded from each publication: the

study’s target taxa; primers used; substrates sampled; the ecosystem

from which samples were taken; and analyses performed (see

Supplementary Tables S1–S3 for definitions). Data analysis and

visualization were undertaken using R version 4.3.1 (R Core Team,

2023) in RStudio version 2024.04.0 (Posit team, 2024), with the

packages dplyr (Wickham et al., 2023a), tidyr (Wickham et al.,

2023b) and tidyverse (Wickham et al., 2019) for data handling and

ggplot2 (Wickham, 2016); hrbrthemes (Rudis, 2020) and viridis

(Garnier et al., 2023) for visualization. To investigate publication

trends (research question 1), a Sankey diagram was created using

ggsankey (Sjoberg, 2023), and geographical trends plotted using

ggplot2 (Wickham, 2016) and sf (Pebesma and Bivand,

2023) packages.

To investigate which substrate(s) are appropriate for chosen taxa

and whether sampling multiple substrates improves taxonomic

coverage (research question 2), information on taxonomic richness

detected for each substrate was collected from articles which used

multiple substrates for sampling. UpSet plots were created using

UpSetR (Gehlenborg, 2019) to visualize the preference for multiple

substrate and taxa combinations across studies. Pairwise comparisons

for different substrate combinations were then analyzed to determine

relative performance. The proportion of unique taxa detected only

with one substrate, and the proportion of taxa shared between both

substrates was calculated to allow comparisons across studies and

visualized using stacked barcharts. Where a study sampled different
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sites that were treated separately in their own analyses, these were

treated as independent comparisons. Similarly, where a study used

more than two substrates, each pairwise comparison between

substrates was treated independently. For each study, data was

collected for the lowest taxonomic rank available across both

methods so that data remained comparable.

A comparison of metabarcoding and traditional methods

(research question 3) was carried out for vertebrates only, since just

two studies compared metabarcoding with traditional methods from

non-vertebrate taxa. Fifteen studies compared metabarcoding and

traditional monitoring for detection of vertebrates. Our analysis

focused on the influence of three variables: substrate choice,

amplification/primer region, vertebrate focus. The data from these

studies were expanded by treating discrete sites within each study

separately, resulting in a dataset of 32 comparisons. We also treated

individual substrates, primer regions or vertebrate focuses separately,

providing a total of 33, 36 and 46 pairwise comparisons for analysis.

Here ‘traditional’monitoring methods, included camera traps or field

surveys [e.g. line transects (Coutant et al., 2021), trapping (Mena

et al., 2021) or vegetation surveys (Edwards et al., 2018)]. The

proportion of unique taxa compared to total taxonomic richness

was plotted for each comparison of metabarcoding vs traditional

methods. Wilcoxon signed-rank tests were used to compare the

median proportion of taxonomic richness between metabarcoding

and traditional methods for the comparisons of different substrate,

primer region and taxa in addition to overall comparisons of

metabarcoding with cameras, and metabarcoding with field surveys.
Results

Database and publication trends

After refinement, 164 of the 299 studies identified were retained

for analysis. The number of metabarcoding studies increased

markedly between 2013 and 2023, from 54 to 962 (Figure 1A).

The number of terrestrial metabarcoding studies has increased over

time (Figure 1B) but they made up a small proportion (<20%) of the

total, and this proportion has not increased over time (Figure 1A).

Soil-focused studies ranged from 10-16% of all metabarcoding

studies over the last 10 years (Figures 1A, B), while other

terrestrial metabarcoding studies remained between 2-4% of the

total. Of the studies included in our further analyses, 69% were

based on eDNA metabarcoding, with the remaining 31% sampling

ingested DNA or bulk invertebrates.

Terrestrial metabarcoding studies have been conducted on all

continents, but with a bias towards Europe (n= 58 studies) and

North America (n=34 studies) (Figure 1C). By country, most

studies have been conducted in the USA (n=19), Denmark

(n=13), China (n=9 and Germany (n=8) while no studies have

been conducted in most African countries or in the Middle East

(Supplementary Figure S2). Studies spanned diverse ecosystems,

including urban, riparian, polar, peatland, grassland, coastal, alpine

and agricultural habitats, but the most targeted ecosystem was
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forests, with over one third of papers (66 studies) sampling only

in forests or woodlands. Only 21 studies (13%) sampled multiple

ecosystems, and all these included forest ecosystems.

Soil, water and ingested material were the most common

substrate choices for metabarcoding analysis in terrestrial

ecosystems, with 34% of studies sampling soil (n=39 only soil,

plus 16 using soil alongside other substrates), 24% sampling

ingested material (n=39 only ingested material, plus one with

other substrates, and 21% sampling water (n=27 only water, plus

seven using water alongside other substrates), Figure 1B;

Supplementary Figure S3A). Sampling of all substrates has

increased over time, with the notable addition of air and surface

swabs since 2022 (Supplementary Figure S3A). Only 10% of studies

sampled multiple substrates (n=17, Figure 2A), and 5 of these

studies were in 2023. Of these studies, six (35%) sampled both water

and soil, four (24%) sampled soil and plant material, and two (12%)

sampled soil and surface swabs (Figure 2A). The maximum number

of substrates was four (soil, ingested material, plant material and

bulk invertebrates), sampled in a single study (Figure 2A).

Vertebrates, invertebrates and fungi were frequently studied,

with vertebrates studied in 37% of studies (n=47 vertebrate only,

plus 13 with a multi-taxa focus), invertebrates in 33% (n=35 single

plus 16 multi-taxa) and fungi in 28% (n=23 single, plus 23 multi-

taxa, Figures 1C, 2B). Only ten studies focused just on plants,

though a further 11 included plants as part of broader taxonomic

surveys. Overall, 21% of studies (n=35) had a multi-taxa focus, with

eight of those studies carried out between 2022-2023. Across these

35 studies there were 19 different taxonomic combinations,

(Figure 2B), with no clear consensus over choice of combination.

The majority (57%) of studies investigated species richness and

community composition only (n=93, Figure 1C). Twenty-four

percent of studies carried out network analyses (n=32 one

analysis type, plus n=8 multiple analyses), and a further 21%

assigned functional groups (n=26 one analysis type, plus n=8

multiple) (Figure 1C). Three studies estimated functional diversity

metrics, and just a single study on invertebrates investigated genetic

diversity (Figure 1C; Supplementary Figure S3E). Network analyses

were carried out on all taxa, though functional group assignment

was mainly carried out for fungi, invertebrates, bacteria and

archaea, rarely for vertebrates and protists, and not for plants

(Supplementary Figure S3E). Three studies performed network

analyses across multiple taxonomic groups, though just one

included vertebrates, invertebrates and plants in this analysis.
Which substrate(s) are appropriate for
chosen taxa and does sampling multiple
different substrates improve
taxonomic coverage?

Soil samples were used for analyzing all taxonomic groups while

water samples targeted all taxa apart from protists, and plant

material and air DNA targeted all taxa apart from archaea

(Figure 1C; Supplementary Figure S3D). Surface swabs and
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ingested DNA were used to target invertebrates and vertebrates

only. Invertebrates were targeted with all sample types. Vertebrates

were targeted with all sample types apart from bulk samples

(though iDNA from invertebrates was used, categorized under

‘ingested’), with water, ingested DNA, soil, and airDNA being

popular (Figure 1C; Supplementary Figure S3D). Fungi and

bacteria were sampled mainly via soil, but also commonly

through plant material and water. There are few clear trends in

terms of which substrates are targeted for certain taxa, apart from a

slight trend for vertebrate studies to sample water and fungi studies

to target soil (Figure 1C; Supplementary Figure S3D).

Seventeen studies (10%) sampled more than one type of

substrate, with the most common substrates used together being
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soil and water (7 studies), and soil and plant material (4 studies;

Figure 2A). Most studies that utilized more than one substrate for

sampling found a greater species richness overall. All but five of

the 29 comparisons found additional unique taxa with the

addition of a second substrate (Figure 3). Soil performed poorly

compared to bulk invertebrates, scats, water, plant material and

roller swabs in terms of the number of unique taxa identified

(Figure 3). For vertebrates, scat sampling performed best overall,

with water and roller swabbing also outperforming soil (Figure 3).

For invertebrates, scats, plant material and bulk invertebrates all

outperformed soil, whereas bulk invertebrates also outperformed

plant material and scats, and spray aggregations detected more

unique taxa than roller swabs (Figure 3). For bacteria and fungi,
FIGURE 1

Publication trends: (A) the number of studies published each year and proportion for terrestrial-focused studies (those included in this review), soil-
focused studies and all other eDNA focused-studies (aquatic) according to the Scopus and Web of Science outputs. (B) The number of studies by
Continent – where samples were taken rather than research institutions. (C) Sankey diagram showing publication year, ecosystem sampled,
substrate sampled, taxonomic focus and type of downstream analysis for each study. Where a study used multiple substrates or taxonomic groups,
each substrate/taxa was counted independently. Substrates with < 3 occurrences were assigned ‘Other’. Where a study had multiple focuses per
category (e.g. 2 different substrates), these were treated independently to show all interactions.
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there were more shared and fewer unique taxa overall, but slightly

more unique taxa were detected with water compared to soil, and

with soil compared to plant matter (Figure 3).
How does metabarcoding perform when
used alongside traditional methods for
terrestrial vertebrate taxa?

Of the 33 comparisons of DNA-based and traditional

monitoring, 13 found a greater proportion of vertebrate

taxonomic richness (i.e. more unique taxa) with metabarcoding

compared to the traditional method, 15 studies found higher

taxonomic richness with the traditional method, and five studies
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found no clear difference (a difference in proportions of < 10%,

Figure 4A). Three quarters of these comparisons were made

between metabarcoding and cameras. Eight of these found a

higher proportion of unique taxa with metabarcoding, 12 found a

higher proportion with cameras, and four found similar

proportions between the two. Of the eight comparisons between

eDNA and field surveys, four found more unique taxa with eDNA,

two found more unique taxa with field surveys, and one study found

all the targeted taxa with both methods. No significant differences

were found between the proportion of taxa uniquely detected with

metabarcoding and either camera trapping or field surveys

(Supplementary Table S4).

Half of the comparisons between water-derived eDNA and

traditional methods detected more unique taxa with eDNA, while
FIGURE 2

Upset plots showing the combinations of (A) multiple substrates and (B) multiple taxonomic focuses across studies. Intersection size represents the
number of studies which focused on the combination represented below each bar. Set size indicates the total number of studies which included a
focus on the corresponding substrate or taxonomic group to the right of each bar.
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five detected more unique taxa with traditional methods, though no

statistical difference was found (Figure 4A; Supplementary Table

S4). With iDNA and soil, two of nine studies and one of three

studies detected more unique taxa with metabarcoding respectively

(Figure 4A), though again, no statistical difference was detected

(Supplementary Table S4).

Of the 20 comparisons that used only the 12S rRNA region for

vertebrate metabarcoding, 10 detected more unique taxa with

metabarcoding, six detected more unique taxa with traditional

methods and four studies reported similar taxonomic richness

(Figure 4B). By contrast, only two of the 11 comparisons using

only 16S reported higher taxonomic richness with metabarcoding

(Figure 4B), with this being the only statistically significant

difference we detected across all comparisons (n=11, v=7,

p=0.019). Five studies included both 12S and 16S, and of these

only two comparisons reported higher taxonomic richness with

metabarcoding (Figure 4B).
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Thirty of 45 pairwise comparisons targeted mammals, and of

these, 13 found a higher number of unique taxa with

metabarcoding, 11 detected more taxa with traditional methods,

and six found no difference (Figure 4C). Two of the 10 studies that

detected birds found more unique taxa with metabarcoding, while

seven detected more taxa with traditional methods. The two reptile

studies both found higher taxonomic richness for traditional

methods. Of the three amphibian studies, one found higher

richness with eDNA and the others found all detected taxa with

both methods (Figure 4C). Statistical tests showed no significant

differences between these comparisons (Supplementary Table S4).
Discussion

Our systematic review demonstrated how terrestrial systems

have been relatively neglected in relation to eDNA metabarcoding
FIGURE 3

Pairwise comparisons of different eDNA substrates, showing the percentage of unique taxa found in each substrate (lighter shades) and the
percentage of taxa shared by both substrates (darker shades). Percentages are of the total taxonomic richness when both substrates were combined
within each study. Bars are colored according to the taxa detected.
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research overall. Sixty-nine percent of the 164 studies in our review

were based on eDNA metabarcoding, reflecting research emphasis

on eDNA as opposed to bulk samples or iDNA. We show that there

are current biases towards research effort in the global north, forest

habitats and single taxonomic groups (particularly vertebrates), soil

as a substrate choice, and descriptive rather than functional

analyses. Choice of sampling substrate is highly context-

dependent for terrestrial ecosystems, something which has

previously been suggested in more specific terrestrial habitats

(Kestel et al., 2022; van der Heyde et al., 2022). We found that

using multiple substrates in combination improves taxonomic

coverage, though substrate choice should be informed by the

target taxa. The recent review by van der Heyde et al. (2022)

concluded that there is no ‘one size fits all’ approach to ecological

monitoring with eDNA, and we draw similar conclusions,

suggesting that multi-method ‘toolkit’ approaches, which

integrate eDNA with established methods, could be most

appropriate approach for future monitoring of terrestrial rewilding.
Publication trends

Although terrestrial metabarcoding studies have increased in

number over time, they make up less than 20% of all eDNA

metabarcoding studies, and this proportion has remained stable

over the last decade, suggesting terrestrial research is lagging behind

the field in terms of research effort. In contrast, aquatic eDNA

research is maturing from a developmental-focus to more
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application-focused for ecological monitoring (Schenekar, 2023;

Takahashi et al., 2023).

There is also a geographic bias in research coverage, with over

70% of terrestrial eDNA metabarcoding studies conducted in

Europe, North America and Asia; a slightly higher proportion

than the 61% reported in van der Heyde et al. (2022) which

included both targeted and metabarcoding terrestrial studies. A

northern hemisphere bias has also been reported for aquatic eDNA

studies (DiBattista et al., 2022; Rishan et al., 2023; Takahashi et al.,

2023), and highlights the need to promote and support eDNA

research in the global south.

Terrestrial metabarcoding studies have been carried out in

diverse ecosystems, but by far the greatest emphasis has been on

forests and woodlands, with one third of all studies included here

sampling these habitats; a similar trend to that noted previously

(van der Heyde et al., 2022). This emphasis may be due to the global

importance of forest habitats for biodiversity and ecosystem services

such as carbon sequestration, as well as their economic importance

(Brockerhoff et al., 2017; Coble et al., 2019).

Soil was by far the most sampled terrestrial substrate in our

review, featuring in one third of included studies, similar to

previous reviews (van der Heyde et al., 2022). Water and ingested

material were also popular choices, while more novel methods such

as airDNA metabarcoding and surface swabs are increasing in

popularity. So far, the use of multiple substrates in terrestrial

eDNA studies is limited, with only 11% of the papers combining

two substrates and a single study combining four. Combining

substrates obviously incurs additional time and resources, so a
FIGURE 4

The proportion of unique taxa detected with either eDNA or traditional methods, compared to the total taxonomic richness recorded by both
methods. Data are only from vertebrate-focused studies. Lines connecting the points indicate the comparable method for each study. Where the
traditional method was camera traps, points are circles and lines are solid, other field surveys (e.g. field signs, line transects) have triangular points
and dashed connecting lines. The remaining proportion of taxonomic richness which is not plotted is taxa shared across both methods. Where a
study sampled multiple different sites, these were treated independently. (A) Studies and sites within studies, colored by eDNA sampling substrate
(n=32). (B) Studies and sites within studies, colored by primer region, with additional data expansion for different amplification regions (n=35). (C)
Studies and sites within studies colored by the vertebrate taxa detected, with additional expansion of data to separate different taxa (n=45).
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key question is whether this is worth the effort, which we address in

the following section.

Vertebrates, invertebrates and fungi were the most frequently

studied taxa in terrestrial systems. Only 20% of studies sequenced

multiple taxonomic groups, despite the great potential of

metabarcoding to survey across the tree of life (Smart et al., 2016;

Stat et al., 2017). This could partly relate to the absence of a ‘one size

fits all’ universal primer combination and the expense of carrying

out multiple metabarcoding assays. Functional analyses (beyond

species richness and community composition) were often

overlooked, as previously documented (van der Heyde et al.,

2022), with only ~40% of studies in our review carrying out any

network or functional group/diversity analyses. A multi-marker

approach, to cover different taxonomic groups, is becoming more

feasible and gaining traction, and will create more opportunities for

analyses of ecological networks and ecosystem function (Donald

et al., 2021; Keck et al., 2022). Nonetheless, only 32% of studies that

included multiple taxonomic groups undertook any functional

analyses, and only 22% performed network analyzes.
Which substrate(s) are appropriate for
chosen taxa and does sampling multiple
substrates improve taxonomic coverage?

Environmental DNA from soil and water and ingested DNA

(iDNA) were the most common substrates, as mentioned above,

and ‘soil + water’ was the most common substrate combination

(n=6). However, the popularity of a substrate does not necessarily

reflect its suitability for detecting different taxa. We first reviewed

which substrates have been used to target particular taxa, then,

based on the small sample of studies (n=17) that have directly

compared substrates in terrestrial systems (n=29 comparisons), we

asked if certain substrates perform better for particular taxa and

whether combining substrates improves taxonomic coverage. As

expected, there is no clear ‘one size fits all’ substrate. Greater species

richness was found in the majority (83%) of cases when two

substrates were used, compared to the respective substrates in

isolation, but whether this is worth the additional cost and effort

will depend on the study question, feasibility and taxa of interest.

Soil samples were used for surveying all taxonomic groups, with

approximately half of these studies targeting fungi and bacteria,

nine (25.7%) targeting vertebrates and three (8.6%) targeting plants.

Despite its popularity, soil performed poorly compared to other

substrates (water, bulk invertebrates, scats, plant material and roller

swabs) in multiple-substrate comparisons, in terms of the number

of unique taxa identified, particularly for vertebrates and

invertebrates. Performance was however more comparable to

other substrates (water, plant material and microbial mats) for

microbial taxa. Distribution of eDNA is known to be highly

heterogeneous in soil (Hermans et al., 2022), with vertebrate

eDNA particularly patchy (Seeber and Epp, 2022; Li et al., 2023).

Detection of species of interest can therefore require more extensive

sampling and replication, in addition to more costly and/or

laborious methods to process sufficient material and overcome

inhibitors (such as humic acid) and locate the ‘needle in the
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haystack’ (Valentin et al., 2020; Hermans et al., 2022). In

addition, eDNA is generally considered to have greater

persistence time in soil compared to water and therefore a less

contemporary signal, although this is strongly governed by soil

properties and where the sample is taken from (Sirois and Buckley,

2019); sampling at the soil surface provides a more contemporary

signal of above-ground diversity compared to sampling 20 cm

underground (Yasashimoto et al., 2021). Sampling soil is of

particular interest for monitoring changes in the communities of

below-ground taxa, for example during reforestation. Sampling the

upper 10 cm of soil proved effective for detecting changes in soil

fungi and bacterial composition over a 30-year chronosequence of

reforestation in New Caledonia, for example (Fernandez Nuñez

et al., 2021). Soil is arguably less suitable for vertebrates, particularly

at landscape scales. For example, soil eDNA (and eDNA more

generally) has limited application to terrestrial reptiles (reviewed in

Nordstrom et al., 2022), although their detection can be improved

by targeted sampling (e.g. under cover objects) and increasing soil

volume (Kyle et al., 2022). However, it should be noted that soil

eDNA metabarcoding can outperform camera-trapping for

mammal detection over relatively local scales (Leempoel et al.,

2020), highlighting the importance of considering both scale and

taxa of interest.

Water samples were used for all taxonomic groups apart from

protists, and over half of the studies that sampled water targeted

vertebrates. eDNA detected within a waterbody reflects not only the

aquatic and semi-aquatic species living within it, but also the

terrestrial species that interact directly with it (through drinking,

urinating etc (Harper et al., 2019), or inhabit the surrounding

environment. DNA is transported via groundwater run-off and

other running water, making it possible to detect species several

hundred meters or even kilometers from their location, particularly

in lotic environments (Deiner et al., 2016). eDNAmetabarcoding of

samples from a waterbody is therefore a convenient and effective

way to describe the terrestrial biodiversity in a given area (Sales

et al., 2020; Broadhurst et al., 2021; Lyet et al., 2021; Mena et al.,

2021) and can provide catchment-scale biodiversity measures (Lyet

et al., 2021). Sampling water during rainy seasons, when there is

increased run-off from soil, can gather data that would otherwise

require sampling two substrates (Yang et al., 2021). Water

outperformed soil for detection of vertebrates and (to a lesser

extent) microbes in our multi-substrate comparisons. Water has

also been recommended for terrestrial invertebrate detections

(Deiner et al., 2016; Sacco et al., 2022), and better targeted

detection of ants was found by sampling water compared to soil

with quantitative PCR (Villacorta-Rath et al., 2022) though no

studies have yet compared eDNA metabarcoding of water with

other substrates for terrestrial invertebrates. Choice of water as a

substrate for sampling terrestrial environments of course depends

on its accessibility. If permanent water bodies are not present in the

site of interest, ponds, puddles, tree rot-holes (Newton et al., 2022),

bromeliads (Torresdal et al., 2017) or other ephemeral sources may

be appropriate for sampling water.

It is difficult to draw conclusions on the efficacy of other

substrates because the number of comparisons is very small.

However, roller swabs and feces were effective for sampling
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vertebrates compared to soil, plant material and bulk invertebrates

in pairwise comparisons, while plant material, feces, bulk

invertebrates, spray aggregation and (to a lesser extent) roller

swabs worked well for invertebrates. Swabbing or rolling tree bark

(‘tree rolling’), is particularly well-suited to forested habitats for

detecting arboreal species, when avian data is a priority (Newton

et al., 2022) and/or if water is not readily available for sampling.

Fecal samples are also effective for detection of both vertebrate and

invertebrate predator and prey (e.g. Harper et al., 2020), but

sampling relies on being able to easily locate scats (van der Heyde

et al., 2020). Tree-rolling and aggregated water from sprayed leaves

(Allen et al., 2022) are promising, non-destructive alternatives to

bulk sampling for invertebrates (Roger et al., 2022), but more

research is needed to understand their efficacy as so few

comparisons have been made. Although airDNA has not yet been

included in multi-substrate comparisons, it has great potential to

address the ‘needle in a haystack’ limitation of soil, but conversely

may suffer from too great a dilution effect if applied in open spaces

(an ‘everything is everywhere’ problem (Clare et al., 2021, 2022;

Lynggaard et al., 2022). Further research is needed to understand

the spatial and temporal distribution and dispersion of airborne

DNA particles (Clare et al., 2021), but airDNA could be particularly

informative when combined with other substrates, to survey

different taxa, temporal and spatial scales. Ji et al. (2022) also note

the potential for iDNA to enable direct measurements of

biodiversity conservation outcomes across protected areas and

with broad taxonomic coverage. It is important to stress that

choice of substrate(s) depends on the research question,

ecosystem(s), and taxonomic group(s) of interest. In the context

of rewilding, it may be of interest to detect relatively short-term

temporal changes in biodiversity, which requires sampling

contemporary eDNA, and it is important to consider that eDNA

degrades faster in water (Barnes and Turner, 2016) and on tree bark

(depending on weather conditions; Allen et al., 2023).
How does metabarcoding perform when
used alongside traditional methods for
terrestrial target taxa?

There was large variation in the relative performance of

metabarcoding in comparison to traditional methods across

studies, which suggests it is highly context dependent, as has been

suggested for aquatic sampling (Keck et al., 2022). This is equally

apparent when looking closer at substrate choice, though the

outcome for eDNA metabarcoding was slightly better when

restricted to water versus traditional methods (53% found more

taxa with eDNA). Terrestrial vertebrate eDNA can be highly

localized in both water (Harper et al., 2019) and soil samples

(Andersen et al., 2012) and the detectability of species is

dependent on their level of interaction with the substrate and the

local environment (Andersen et al., 2012; Ryan et al., 2022). Water

samples are more likely to detect species with a high affinity to

water, compared to traditional methods that may be better suited to

detect fully terrestrial or arboreal species (Coutant et al., 2021; Mena

et al., 2021). This is particularly important for amphibian
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monitoring, as species may become less detectable with aquatic

eDNA after shifting to their terrestrial life-stage, highlighting the

importance of the timing of sampling (Moss et al., 2022).

We found that the 12S region performed better than the 16S

region in terms of unique taxa detected when compared to traditional

methods. Seventy percent of 20 studies employing 12S found similar

or higher taxonomic richness compared to traditional methods,

whereas only 18% of 11 studies found higher richness with 16S.

Targeting both these regions in combination has been widely

recommended to increase taxonomic coverage (Kumar et al., 2022;

Siziba and Willows-Munro, 2024). Despite this, only two of the five

comparisons that employed both markers found higher taxonomic

richness with eDNA. Our findings might therefore suggest that 12S is

a better choice for maximizing taxonomic coverage of vertebrates,

and that there is little to gain from also including 16S. However, this

result is likely influenced by the choice of different primers for the two

regions, amplicon length, reference database coverage, and other

features of the study design. In a recent direct comparison, newly

designed vertebrate primers for 16S outperformed 12S and COI

primers in terms of detection, amplifying 98% of vertebrate species

included in in silico tests (Wang et al., 2023). This study also found

improved species detection with multiple markers and highlighted

the complementary nature of the three regions (Wang et al., 2023),

therefore we caution against dismissing 16S based on the small

number of comparisons included here.

Finally, we found mixed results in the relative performance of

methods in terms of the vertebrate taxa they detected, though there

is some suggestion that traditional methods may remain a more

favorable choice for bird and reptile monitoring. Low DNA

shedding rates due to the keratinized exterior of reptiles may

reduce their detectability in environmental samples (Adams et al.,

2019; Andruszkiewicz Allan et al., 2021). Likewise, the diversity and

life-histories of taxa may influence detectability. Flying species, in

addition to solitary, large-ranging species such as carnivores, may

have limited interactions with terrestrial sampling substrates and

therefore tend to be better detected with camera traps or field

surveys (Leempoel et al., 2020; Sales et al., 2020; Mena et al., 2021;

Kim et al., 2022; Mas-Carrió et al., 2022). Comparatively, smaller,

more cryptic mammals are generally detected better with eDNA

(Harper et al., 2019; Mena et al., 2021; Ryan et al., 2022). However,

as previously discussed, sampling substrate can also influence

detectability, as ingested DNA derived from flies is well suited to

detecting arboreal species (Gogarten et al., 2020; Massey et al.,

2022), which are difficult to detect with standard camera trapping

methods (Moore et al., 2021).

Obtaining perfect congruence between metabarcoding-based

methods and traditional methods is impossible because the

character of the data is completely different, and this should not

impede the application of eDNA-based tools (Pawlowski et al.,

2021). Instead, eDNA metabarcoding should be considered an

important addition to the ecological monitoring ‘toolkit’ and

continue to be used to complement more established monitoring

techniques within terrestrial contexts. Within the context of

rewilding monitoring, if the aim is to consistently monitor a wide

scope across the tree of life, a multi-method ‘toolkit’ sampling

design would likely be the best approach. For its wider
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implementation, this ‘multi-tool’ approach will likely need to be

balanced with the relative costs of different methods. eDNA

metabarcoding in particular has been shown to be comparatively

lower cost to more traditional methods across different contexts

(Fediajevaite et al., 2021), though this can vary, particularly for sites

with lower taxonomic diversity (Bálint et al., 2018).
Limitations and research gaps

Our meta-analysis is based on studies that display a high degree

of heterogeneity in terms of study design, and approach to data

collection and analysis. To overcome this caveat requires large-scale

individual studies that compare methods in the same way across

diverse systems, and the adoption of method standards across

studies; something that the global eDNA research community is

starting to address (Hirsch et al., 2024).

Questions still remain regarding the best eDNA substrate choice

for terrestrial monitoring. Notably, airDNA has not yet been

ground-truthed against other survey methods, and there is much

to learn about how it compares to other eDNA approaches.

Improved understanding of the ‘ecology of eDNA’ and its

persistence in terrestrial settings would also enable a more

informed choice of sampling substrate (Leandro et al., 2024).

Additionally, despite suggestions that sampling multiple

substrates can ensure more comprehensive ecological monitoring

(Hassan et al., 2022), only a small proportion of the terrestrial

eDNA studies reviewed here did this, and many studies failed to

justify their substrate choice or acknowledge alternatives.

Improving transparency and reproducibility in metabarcoding

workflows is a priority across all studies to facilitate better

sampling strategies and uptake of eDNA for terrestrial monitoring.

Questions also remain around the best combination of survey

methods to use for the rewilding monitoring toolkit. Our results

suggest a multi-method strategy, using a combination of

metabarcoding and established survey methods, increases the

number of taxa detected. However, comparisons between

metabarcoding and acoustic monitoring, which is emerging as a

highly effective survey tool in terrestrial settings, were a notable

omission from our reviewed papers. Acoustic monitoring has so far

only been compared to eDNA in aquatic (Easson et al., 2020; Sato

et al., 2021) or species-specific contexts (Takahara et al., 2020),

though results indicate similar, patterns to our general findings,

with detectability of taxa for either method depending on the

ecological characteristics of the respective target species. The level

of disturbance created by different methods and how this could

impact the nature-driven ethos of rewilding should also be

considered. For example, while eDNA sampling can offer a

detailed snapshot of a community, sampling may still cause

disturbances, and this level of data may only be necessary at key

milestones during a project’s trajectory. More continuous

monitoring methods, such as camera or acoustic tools, may

provide sufficient data between surveys, whilst providing

additional data regarding population sizes and behavior

(O’Connell et al., 2010; Marques et al., 2013). Understanding the

efficacy of metabarcoding at different stages during a project’s
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rewilding research and practice.

Rewilding aims to restore the functional ecology of ecosystems

(Torres et al., 2018) but our review highlights that few terrestrial

metabarcoding studies perform functional diversity and/or network

analyzes. The assignment of functional groups is possible from DNA

data, by using functional trait databases that exist for certain

taxonomic groups (e.g. fungi FunTraits, Põlme et al., 2020), though

reference database gaps can create uncertainty and bias in functional

diversity estimates (Condachou et al., 2023). Ancillary information is

often required to associate taxa with functional traits or trophic levels

and the availability and reliability of this information may limit the

uptake of functional analyzes with DNA metabarcoding data (Evans

et al., 2016; Pereira et al., 2023). Trophic networks can be readily

constructed, and network parameters estimated via DNA

metabarcoding of feces or iDNA, or, from swabs of plants and

pollinators (Evans and Kitson, 2020). Networks can also be

constructed just from community composition data, by assigning

functional feeding groups from literature or databases, but few eDNA

studies have yet adopted this approach (but see Blackman et al., 2022)

but our review highlights that few terrestrial metabarcoding studies

perform functional diversity and/or network analyzes. The

assignment of functional groups is possible from DNA data, by

using functional trait databases that exist for certain taxonomic

groups (e.g. fungi FunTraits, Põlme et al., 2020), though reference

database gaps can create uncertainty and bias in functional diversity

estimates (Condachou et al., 2023). Ancillary information is often

required to associate taxa with functional traits or trophic levels and

the availability and reliability of this information may limit the uptake

of functional analyzes with DNA metabarcoding data (Evans et al.,

2016; Pereira et al., 2023). Trophic networks can be readily

constructed, and network parameters estimated via DNA

metabarcoding of feces or iDNA, or, from swabs of plants and

pollinators (Evans and Kitson, 2020). Networks can also be

constructed just from community composition data, by assigning

functional feeding groups from literature or databases, but few eDNA

studies have yet adopted this approach (but see Blackman et al., 2022).

Metabarcoding of eRNA is gaining traction for biodiversity

monitoring because of its greater lability and potential for

distinguishing live from dead sources, compared to eDNA (e.g.

Cristescu, 2019; Littlefair et al., 2022). eRNA is also arguably more

suited than eDNA to studying ecosystem function, as it allows the

detection of changes in expression of single or multiple genes or whole

metatranscriptomes in response to environmental change (Yates et al.,

2021; Hechler et al., 2023). However, eRNA analysis is still in its

infancy relative to eDNA metabarcoding, so was not included in our

review. Studies that ground-truth eDNA and eRNA analyzes against

traditional monitoring in terrestrial contexts would be useful to

understand the relative pros and cons of the different approaches.

Finally, it should be noted that although metabarcoding is

currently the most widely used approach for community analyzes

of eDNA, bulk or iDNA samples, it is not the only molecular

approach to biodiversity monitoring, and it has its limitations,

particularly in relation to amplification bias during PCR (see e.g.

Nichols et al., 2018). Hybridization capture (or target enrichment

metabarcoding), which utilizes oligonucleotide baits complementary
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to barcodes or other regions of interest, for example, is an emerging

PCR-free alternative to traditional metabarcoding, but not without its

own biases and limitations (Giebner et al., 2020; Nota et al., 2024).

These emerging molecular technologies hold promise for the

monitoring of rewilding projects, but further research is required to

establish their uses and limitations.
Conclusion

Adaptive ecological monitoring plays a pivotal role in

understanding ecosystem dynamics and informing management

strategies for terrestrial rewilding projects. Although underutilized

in terrestrial contexts, eDNA metabarcoding offers promise in

striking the balance between minimizing disturbance and

maximizing data collection efficacy across different ecosystems

and taxa. However, it is imperative that sampling design,

substrate(s) and assay choice are carefully considered as these

choices are highly context dependent. Monitoring strategies for

rewilding need to be designed to encompass spatial and temporal

variability of ecosystems and distributions of taxa. A combination of

eDNA and other survey methods will maximize taxonomic

coverage, but eDNA has a clear role to play as a complementary

tool in rewilding and other terrestrial monitoring schemes.
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