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Sedimentary DNA signal from aquatic macrophytes allows reconstruction of aquatic vegetation and its drivers across millions of years, but methodological approaches have contrasting 
results, which depend on the study aims.  
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Abstract
1. Environmental DNA is increasingly being used to reconstruct past and present 

biodiversity including from freshwater ecosystems. Macrophytes are especially 
good environmental indicators, thus their environmental DNA palaeorecord 
might shed light on past postglacial environments.

2. Here, we first review and compare studies that use metagenomics, targeted cap-
ture, and various barcoding and metabarcoding markers, in order to explore how 
each of these methods can be used to capture aquatic vegetation diversity and 
change. We then investigate the extent to which such a record can be leveraged 
for reconstructing local environmental conditions, using a case study based on 
macrophyte ecological niches.

3. We find that, with state- of- the- art DNA barcode reference libraries, using me-
tabarcoding to target the P6 loop region of the chloroplast trnL (UAA) intron is 
optimal to maximise taxonomic resolution and the diversity of past macrophyte 
communities. Shotgun sequencing also retrieves a high proportion of aquatic 
macrophyte diversity, but has the lowest taxonomic resolution, and targeted cap-
ture needs to be more widely applied before comparisons can be made.

4. From our case study, we infer past aquatic habitats from sedimentary an-
cient DNA records of macrophyte taxa. We reconstructed Holocene thermal 
range, continentality, water pH, trophic status, and light conditions in northern 
Fennoscandia. We show an overall stability since 9,000 years ago, even though in-
dividual lakes display different trends and variation in local climatic and physico- 
chemical conditions.

5. Combined with the availability of near- exhaustive barcode and traits databases, 
metabarcoding data can support wider ecological reconstructions that are not 
limited to aquatic plant taxonomic inventories but can also be used to infer past 
changes in water conditions and their environmental drivers. Sedimentary DNA 
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1  |  INTRODUC TION

Aquatic macrophytes are vascular plants that grow in lakes, ponds, 
streams, and wetlands. They are useful ecological indicators as 
their distributions are mainly determined by environmental factors 
at a local scale (Alahuhta et al., 2020; Johnson & Toprak, 2021; 
Poikane et al., 2018). Aquatic macrophytes play a major role in bio-
geochemical cycles in aquatic ecosystems and are therefore es-
pecially relevant for assessing the eutrophication of waterbodies 
(Penning et al., 2008) and waterways (O'Hare et al., 2018). Indeed, 
macrophyte communities effect the cycling of carbon (Reitsema 
et al., 2018), nitrogen (Dan et al., 2021; Zhang et al., 2021), and 
phosphorus (Wang et al., 2022) in both water bodies and their 
sediments.

Environmental DNA (eDNA) is a rapidly growing approach 
for addressing ecological and genetic questions about present 
and past organisms, from communities to populations. There is a 
need for more comprehensive monitoring of freshwater biodiver-
sity (Harper et al., 2019), and a better understanding of the eco-
logical responses of aquatic communities to climate shifts (Maasri 
et al., 2022). Compared to traditional methods of aquatic commu-
nity monitoring and reconstruction (e.g. field survey, macrofossils, 
pollen), eDNA techniques require less taxonomic expertise and 
sampling effort (Ji et al., 2021), and can provide higher temporal 
resolution (Buxton et al., 2018). For aquatic vegetation, eDNA may 
be comparable to, or even superior to, in- lake vegetation surveys 
(Alsos et al., 2018).

As a consequence of their biotope, aquatic macrophytes are 
readily incorporated into sediment, and are therefore especially well 
represented in sedimentary ancient DNA (sedaDNA) records (Alsos 
et al., 2022; Capo et al., 2021). Thus, combining a molecular palae-
orecord of macrophytes with their known functional traits could 
allow for the reconstruction of past environmental conditions (Alsos 
et al., 2022; Dalla Vecchia et al., 2020; Dar et al., 2014). This has 
been implemented for a variety of animal and plant taxa using tra-
ditional methods, especially using macrofossil records. For instance, 
maximum summer temperatures in Fennoscandia throughout the 
Holocene have been reconstructed from chironomids (Brooks & 
Birks, 2000) or aquatic plant macrofossils (Väliranta et al., 2015). The 
latter can also help to reconstruct water level fluctuations (Väliranta 
et al., 2005). SedaDNA has been shown to enhance such reconstruc-
tions, as it can provide higher consistency in detection of species 
than plant macrofossils (Alsos et al., 2016) and higher taxonomic 
resolution than pollen (Clarke et al., 2020; Courtin et al., 2021; 
Garcés- Pastor et al., 2022; Niemeyer et al., 2017), and can also be 

used as the sole proxy for the reconstruction of past terrestrial envi-
ronments (Alsos et al., 2022). Therefore, it holds great potential for 
studies of past and present aquatic ecosystems (Stoof- Leichsenring 
et al., 2022), which would in turn expand the applicability of se-
daDNA for abiotic reconstructions.

In addition to single- species barcoding assays, three major mo-
lecular approaches can be used to generate eDNA data, but they 
differ in taxonomic resolution and recovered richness estimates 
(Murchie et al., 2020). Shotgun sequencing is an untargeted tech-
nique (metagenomics), while (meta)barcoding and targeted cap-
ture enrich a part or parts of the genome of the taxa of interest 
(Box 1). Targeted capture is also called hybridisation capture, cap-
ture probes, or target enrichment in the literature. Markers used in 
plant barcoding and metabarcoding can be standard barcode re-
gions such as rbcL (654 bp) and matK (862– 910 bp); shorter ones 
developed to study degraded eDNA such as the P6 loop (51– 135 
base pairs [bp]) of the trnL UAA intron; or taxonomically broader 
loci not restricted to plants such as ITS and 18S (Hollingsworth 
et al., 2011). The presence of vascular plants detected in sedaDNA 
is often supported by other proxies such as present- day vegetation 
(Alsos et al., 2018), historical vegetation maps (Sjögren et al., 2017), 
macrofossils (Alsos et al., 2016), or pollen (e.g. Bjune et al., 2021; 
Liu et al., 2021; Parducci et al., 2019), thus confirming its reliability. 
However, an accurate detection of communities by eDNA heavily 
depends on the quality of the reference library (Wang et al., 2021; 
Weigand et al., 2019), which should ideally be taxonomically ex-
haustive within the given geographic area. Other groups are likely 
to yield valuable information where the aquatic macrophyte signal 
is unavailable, thus increasing the value of palaeo- approaches for 
understanding both the past and the present (Brown, 2002). For 
example, Tyler and Olsson (2016) have also compiled the pH niches 
of Swedish bryophytes, which are a bycatch of the P6 loop. Using 
this marker in combination with both vascular plant and bryophyte 
traits databases could therefore give a very accurate depiction of 
historical pH trends in lake palaeo- records.

Here we review studies that identified aquatic macrophytes in 
ancient and contemporary lake sediments, soil, and water. To assess 
the potential of reconstructing past vegetation changes based on 
aquatic macrophyte community eDNA signals, we evaluate the tax-
onomic resolution and richness reported between the three major 
molecular approaches with a focus on ancient samples. We also 
show the potential for such reconstructions with an aquatic mac-
rophyte case study, where we combined a sedaDNA metabarcoding 
dataset from 10 lakes (Alsos et al., 2022) with ecological traits values 
from Tyler et al. (2021).

is also a powerful tool to measure present diversity, as well as to reconstruct past 
lacustrine and fluvial communities of aquatic macrophytes.

K E Y W O R D S
aquatic communities, freshwater environments, palaeoecology, sedaDNA, vascular plants
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2  |  METHODS

2.1  |  Compilation of aquatic macrophyte eDNA 
studies

We have compiled literature, including supplementary materials, 
which explicitly mentioned the detection of aquatic macrophytes 
using any eDNA method. We performed a literature search using 
the following phrases: “sedimentary DNA aquatic vascular”, “sedi-
mentary DNA macrophytes”, “freshwater environmental DNA plant di-
versity”, “sedimentary ancient DNA vascular”, “metabarcoding aquatic 
plants sediment”, “ancient sedimentary DNA vegetation”, “environmen-
tal DNA aquatic plant”, “environmental DNA macrophyte”, and “ancient 
DNA aquatic plant”. For each search phrase, we scanned through the 
first 500 results for articles with pertinent features in the title or ab-
stract (e.g. relevant method, field experiment, possibility of aquatic 
species, etc.), until we could compile 10 papers that met our crite-
ria. We replicated this search on three search engines: first Google 
Scholar, then the bioRxiv preprint repository, and lastly the Web of 
Science Core Collection; we disregarded articles already recovered 

by previous search runs in our counts. In total, more than twelve 
thousand papers were scanned. We supplemented our search re-
sults with relevant studies from AncientMetagenomeDir (Fellows 
Yates et al., 2021), which collates metagenomics datasets, plus 
three studies mentioned in the bibliography of our review (Adame 
& Reef, 2020; Cannon et al., 2016; Schabacker et al., 2020), and rel-
evant studies from the most recent sedaDNA review (Li et al., 2023).

When several studies investigated the same sites or an overlap-
ping subset, we only considered the most recent study, unless an 
earlier study provided more data for aquatic macrophytes. We re-
stricted our compilation to experiments carried out on field- derived 
samples that were recovered in natural conditions. We excluded ma-
rine studies of seaweeds and mangrove plants (Foster et al., 2021; 
Ortega et al., 2020), and in vitro and in silico studies (Du et al., 2011; 
Scriver et al., 2015). We also excluded non- vascular plant taxa, even 
when regarded as macrophytes by the authors (e.g. Characeae in 
Y. Wang et al., 2021). We decided to disregard three diet studies 
where macrophytes were detected, as our focus is on water, soil, 
and sediment samples (canid faeces in Wood et al., 2016; human 
teeth in Ottoni et al., 2021, and in Sawafuji et al., 2020). Likewise, 

B O X  1  Methodological workflow of environmental DNA sample analysis for aquatic plants.
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we disregarded Garcés- Pastor et al. (2019), where Utricularia sp. was 
detected but from modern biological samples (bryophyte tissues) 
and not in the sediment.

Using the resulting literature dataset, we compiled, where avail-
able: the number, type, and oldest age of eDNA samples, number 
of sites where aquatic macrophytes were detected through eDNA, 
methodological approach and loci targeted, DNA extraction method, 
number of polymerase chain reaction (PCR) replicates, total and fil-
tered count of DNA reads, counts of both raw and assumed true 
positive operational taxonomic units (OTUs) of all vascular plants, 
percentages of the latter assigned to the lowest taxonomic level 
(family/genus/species), number of OTUs assigned to aquatic macro-
phyte taxa, total number of aquatic macrophyte taxa retrieved from 
eDNA, counts from the latter assigned to the lowest taxonomic 
level, number, names, and versions of the reference libraries used 
for taxonomic assignment, identity cut- off for such assignment, 
and whether the study mentioned other proxies (i.e. pollen, mac-
rofossils, and visual survey; Table S1). As OTU terminology contains 
synonyms, we collated figures reported as “sequences”, “OTUs”, 
“Molecular OTUs”, “Amplicon Sequence Variants”, and “taxa”. Note 
that several sequences may match the same taxon and therefore the 
latter measure is the most conservative in terms of diversity. We also 
compiled the geographical location of all sites with detected aquatic 
macrophytes through eDNA (Table S2).

To consistently classify all reported vascular plant taxa as aquatic 
or not (Table S3), we followed the functional groups given by the 
authors whenever possible. When references were conflicting (usu-
ally between one study identifying at the genus level and another 
identifying at the species level), we followed the original classifica-
tions for the respective studies, but these taxa were then ignored 
in other studies. All taxa found in the Swedish flora were classified 
according to our cut- off from Tyler et al. (2021), as described in the 
following section, and this classification always took precedence 
over categories given in the literature. The remaining taxa encoun-
tered were classified using the following floras: Flora of Colorado 
(Ackerfield, 2015); Calflora (Powell et al., 2022); Flora of Australia 
(ABRS, 2015); Flora of Tropical East Africa (Clayton et al., 1974); Flora 
Novae Angliae (Haines et al., 2011); Info Flora (Info Flora, 2022); Field 
Manual of Michigan Flora (Voss & Reznicek, 2012); Online Virtual 
Flora of Wisconsin (Wisconsin State Herbarium, 2022); PlantZAfrica 
(SANBI, 2022); eFlore (Tela Botanica, 2022); SvalbardFlora (Elven 
et al., 2020); Flora of Victoria (Walsh & Entwisle, 1994); World Flora 
Online (WFO, 2022); Harrington et al. (2012); and the following 
online databases: Global Biodiversity Information Facility (GBIF.
org, 2022); The Tree of Life Web Project (Maddison & Schulz, 2007); 
USDA Plants Database (USDA, 2022), all accessed in May 2022. 
Note that some ecologically broad genera, which include both ter-
restrial and aquatic species, such as Carex, Equisetum, Juncus, or 
Ranunculus, were included as aquatics only if originally defined as 
such by the study authors.

We assessed taxonomic resolution by method and marker used, 
in all vascular plants and in aquatic macrophytes, by computing the 
percentage of taxa identified to the lowest taxonomic level among 

family, genus, and species. Because these are compositional data, 
we applied a centred log ratio transformation ahead of further anal-
yses. Barcoding assays were disregarded because they are species- 
specific: their taxonomic resolution would, by definition, be 100% 
at the species level, with a single taxon detected (sometimes two 
were targeted). We also explored how total macrophyte richness 
correlates with macrophyte taxonomic resolution at each computed 
level, and how richness and species- level resolution each correlate 
with publication year and age of the oldest sample; using generalised 
linear models and excluding outliers (Figure S1). We assumed the 
distribution of errors to be respectively Gaussian and quasi- Poisson 
for continuous and discrete responses.

2.2  |  Northern Fennoscandia traits case study

Our case study focuses on northern Fennoscandia, as this region 
has the largest standardised lake sedaDNA dataset published to 
date, comprising eight PCR replicates each of 355 samples (Alsos 
et al., 2022; Rijal et al., 2021). In addition, an exhaustive DNA ref-
erence library (PhyloNorway) covers Norwegian vascular plants 
(Alsos, Lavergne, et al., 2020; Alsos et al., 2022), which maximises 
the chances of correct species identification and enhances the ac-
curacy of subsequent analyses. A 100% match criterion was used 
for PhyloNorway, along with three additional reference libraries 
(ArcBorBryo, PhyloAlps, and EMBL- 143; Alsos et al., 2022). A traits- 
value database for the Swedish vascular flora (Tyler et al., 2021) 
lists 30 parameters that can be used as ecological indicators. These 
traits represent both the abiotic and biotic components of niches 
(Ellenberg et al., 1992). We hereafter regarded aquatics as species 
that have a moisture requirement above level 9 (wet— temporarily in-
undated, e.g. Caltha palustris); on a scale from 1 (very dry) to 12 (deep 
permanent water). Thus, all our selected species are temporarily in-
undated (10, e.g. Hippuris spp.); live in shallow (<0.5 m) permanent 
water (11, e.g. Myriophyllum alterniflorum), or deep permanent water 
(12, e.g. Potamogeton praelongus). As our taxonomic listing follows 
sedaDNA methodological constraints (i.e. some species are aggre-
gated as they remain molecularly unresolved), taxa were attributed 
an averaged moisture value (e.g. 9.5 when one species is 9 and the 
other is 10; Alsos et al., 2022). Note that this scale emphasises water 
depth rather than plant growth form (free- floating, submerged, 
floating- leaved, emergent, or marginal), as used in some studies (e.g. 
a variant in Tyrrell et al., 2022) (Table S4). Depths of the lakes studied 
ranged from 1.2 to 34.8 m, most of them being between 4 and 15 m 
(see supplementary material in Rijal et al., 2021).

A sedaDNA plant metabarcoding dataset spanning across 10 
lakes in northern Fennoscandia (Rijal et al., 2021) with taxonomic 
assignments updated by Alsos et al. (2022), was further subset-
ted to retain only aquatic macrophyte taxa, by comparing the re-
corded species list with their respective moisture requirement (Tyler 
et al., 2021), following the standardisation of taxonomic nomen-
clature in Alsos et al. (2022). The majority of the data were initially 
published in Rijal et al. (2021), with a focus on how climate and soil 
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    |  1933REVÉRET et al.

nutrients affected overall taxonomic richness over the last 12 mil-
lennia. Alsos et al. (2022) expanded the dataset and revised the se-
quence identification using the new PhyloNorway DNA reference 
library to reconstruct post- glacial establishment across 16 millennia, 
and then investigated traits related to colonisation, such as disper-
sal mode and pollinator dependence. The scope of the present case 
study is to carry out a detailed examination of aquatic plant taxa, to 
support the proper reconstruction of major abiotic variables import-
ant for aquatic macrophytes distribution.

The final reconstructed six traits were heat and cold require-
ments, continentality, pH, nitrogen availability, and light optimum. 
Most of these factors are known to be drivers of aquatic macrophyte 
distribution patterns (Dar et al., 2014). Out of the 30 total traits from 
Tyler et al. (2021), we firstly discarded 10 traits with less than a 
minimum of seven distinct trait values across all aquatic taxa; thus 
eliminating nitrogen fixation (one level), assumed immigration time 
to Sweden (one), parasitism (one), carnivory (two), mycorrhiza (two), 
seed dispersal (three), pollinator dependence (four), seed longevity 
(five), nectar production (five), and tolerance to grazing (six). We ad-
ditionally discarded three traits that had missing values for seven 
or more aquatic taxa (soil disturbance, phenology, seed dormancy); 
and six that were irrelevant or marginal for our environmental re-
construction (occurrence in Sweden, red- listing, photosynthetic 
pathway, invasiveness, longevity, vegetation type). Thus, the 11 
remaining ecological traits to be tested for environmental recon-
struction were: biodiversity relevance (log of trophic associations), 
cold-  and heat requirements, temperature optimum (computed from 
cold and heat requirements), continentality, light optimum, mois-
ture, pH, nitrogen and phosphorus availabilities, and salinity. We 
performed a Spearman's rank correlation analysis of these variables 
to exclude collinear explanatory variables: one of two traits was dis-
carded whenever their paired correlation coefficient value (r) was 
>0.7 (Figure S2). Such high correlations were found between cold 
requirement and temperature optimum (r = 0.937), pH and salinity 
(r = 0.770), and nitrogen and phosphorus requirements (r = 0.746); 
and therefore we retained the formers. Moisture and biodiversity 
relevance were dropped to simplify graphical representation, as 
they were less informative than other retained traits.

We investigated the possibility of reconstructing past environ-
mental changes by looking for major shifts among traits values; both 
at the regional scale, combining data from all 10 lakes, and the local 
single- lake scale. For the regional dataset, we aggregated samples 
by 500- year time slices and plotted the distribution of trait values 
through time, using their respective proportions across all eight PCR 
replicates. For individual site reconstructions, we did not merge 
samples into time slices before plotting the distribution of traits val-
ues as their respective proportions across replicates through time.

Additionally, we checked for potential correlations between spe-
cies traits and their first recorded and estimated arrival dates in the 
region (Alsos et al., 2022), to see if some traits could explain the 
arrival of aquatic macrophytes. We further evaluated how the com-
position of aquatic taxa was affected by our six selected traits, using 
multivariate analysis. First, we ran a detrended correspondence 

analysis as a preliminary analysis to select an appropriate multivar-
iate analysis. As the gradient length was short (0.76), we applied a 
linear ordination method, namely a redundancy analysis (RDA), with 
presence/absence data as the response variable. All analyses were 
run in R v4.1.1 (R Core Team, 2022).

3  |  RESULTS

3.1  |  Published data compilation

We found 62 studies that explicitly mentioned the detection of 
aquatic macrophytes using eDNA, encompassing 450 sampling sites 
(Tables S1 and S2). The majority of sampling sites originate from bo-
real, arctic, or high- altitude bioclimatic zones, especially for studies 
of ancient DNA (aDNA; Figure 1). Our review covers 4,163 samples 
in total, 1,124 of which are modern samples only (water, lake or river 
surface sediment, or undated but assumed to be recent material). 
The majority of studies (55%) target lacustrine or fluvial sediment, in-
cluding thermokarst lakes (thus the permafrost active layer). Several 
studies reviewed here also used water samples (26%) from lakes and 
rivers, soil samples (19%) encompassing permafrost sedimentary 
complexes and subfossil stream deposits from river bluffs, and peat 
samples (8%). Four studies used samples of different types. Lastly, 
despite our selection criterion, two studies also included marine 
sediment (Figure 1): these sites are a tidal basin which later turned 
into a freshwater lake due to isostatic rebound (lake Nordvivatnet, 
see Brown et al., 2022), and a pre- transgression terrestrial area near 
the past coastline (Gaffney et al., 2020).

Our review is dominated by aDNA studies (n = 41) compared to 
modern eDNA studies (n = 21), although the former often include 
modern samples through analysis of surface layers in sediment core 
records. There are three main approaches to eDNA analyses for 
biodiversity detection (Box 1) and most of the 62 studies reviewed 
used only one of them, while seven combined several methods, at 
least on a subset of their samples. Metabarcoding is used in most 
studies (n = 49), followed by shotgun sequencing (n = 10), barcoding 
assays (n = 9), and targeted capture (n = 2). Among barcoding and 
metabarcoding studies, seven targeted multiple loci. Sample age is 
found to be strongly related to the choice of methods and markers: 
all shotgun sequencing studies were performed on ancient samples, 
whereas all barcoding assays focused on modern material (Table 1).

In total, 319 aquatic plant taxa were reported (Table S3). 
However, 50 of these taxa were excluded because they: (1) are not 
vascular plants (n = 22); (2) were erroneously classified (n = 3); (3) had 
an invalid taxonomic name (n = 1); (4) were assumed false positives as 
they were outside of their continental biogeographical range (n = 6); 
or (5) were only detected by methods other than eDNA (n = 18). 
Thus, 269 aquatic taxa belonging to 45 families, 118 genera, and 196 
species were used in this review (Table S3).

There was a clear difference in approach between ancient and 
modern samples (Tables 1 and 2). Shotgun sequencing has only been 
applied to ancient samples, whereas barcoding assays have only 
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been used to detect single species in modern water samples, for the 
monitoring of invasive or threatened species. Only two studies used 
targeted capture (Table 2); and this was to investigate plant and an-
imal diversity in permafrost between 10,000 and 30,000 years old 
(Murchie et al., 2020), and in Late Pleistocene sediment from an arid 
palaeolake basin (Krueger et al., 2021). Metabarcoding has been ap-
plied to both modern and ancient samples, using multiple markers. 
The trnL P6 loop is by far the most used marker for ancient sam-
ples, having been used in 92% of all aDNA metabarcoding studies 
reviewed (Tables 1 and 2). For modern samples, a much wider array 
of markers is used including the standard barcodes rbcL and matK 
(Table 1).

The earliest study to report aquatic macrophytes detected in 
eDNA was published in Jørgensen et al. (2012), which found Caltha 
sp. and Pleuropogon sabinei in Weichselian sediments from Lake 
Taimyr, Siberia. Indeed, the occurrences of macrophyte eDNA were 
exclusively from metabarcoding of ancient material, until 2016 
(Figure 2). The first studies to use multiple eDNA detection methods 

simultaneously were published in 2016, introducing metagenomics 
as a new tool to study macrophyte palaeodiversity and inaugurat-
ing a more active period in this field (Figure 2). Between 2016 and 
2022, barcoding assays have been implemented to monitor the inva-
sive species Egeria densa, Hydrilla verticillata, Myriophyllum spicatum, 
Elodea canadensis, and Myriophyllum sibiricum. A second increase in 
publications is observed from 2020 onwards. Recent publications in-
clude the detection of ancient macrophyte DNA in 2- million- year- old 
samples (Figure 2).

Sedimentary DNA has been successfully used to unravel past 
changes in macrophyte communities at various timescales. For in-
stance, Bremond et al. (2017) reconstructed plant palaeocommuni-
ties in a tropical lake over the last 5,000 years and found aquatic 
taxa that ecologically corresponded to the seasonal flooding of the 
shores. They also detected the common water- hyacinth Pontederia 
crassipes, a recently introduced plant now dominating the vegetation 
of the shallows. On a longer time scale, Alsos et al. (2022) recon-
structed the postglacial arrival of aquatic macrophytes in northern 

F I G U R E  1  World map showing the location and age for environmental DNA studies reporting aquatic macrophytes. Sites in blue account 
for modern samples, i.e. water, surface sediment, and other undated material. All studies sampled freshwater or terrestrial material, except 
for two that retrieved marine sediment.

TA B L E  1  Number of reviewed publications by method used and locus targeted, depending on their sample age.

Barcoding and metabarcoding

Shotgun 
metagenomics

Targeted capture

P6 
loop trnL– trnF rbcL atpB– rbcL matK ITS 18S 26S trnL rbcL matK

Modern 7 4 3 1 3 7 1 1 0 0 0 0

Ancient 36 0 1 0 0 1 1 0 10 1 2 1

Total 43 4 4 1 3 8 2 1 10 1 2 1

Note: Studies using several methods or targeting several markers are counted multiple times.
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    |  1935REVÉRET et al.

TA B L E  2  Summary of publications which reported detection of aquatic macrophytes in environmental DNA, their molecular 
methodologies, aimed taxonomic breadth (within Viridiplantae), and stadial/interstadial corresponding to the oldest sample.

Approach Marker Submarker Publication Targeted taxon Sample age

Shotgun 
metagenomics

(untargeted approach) Pedersen et al. (2016) (untargeted approach) Younger Dryas

Seersholm et al. (2016) Late Holocene

Parducci et al. (2019) Bølling– Allerød

Gaffney et al. (2020) Early Holocene

Murchie et al. (2020) Weichselian

Crump et al. (2021) Last Interglacial

Krueger et al. (2021) Last Interglacial

Wang et al. (2021) Weichselian

Courtin et al. (2022) Günz Complex

Kjær et al. (2022) Biber Complex

Targeted capture trnL Murchie et al. (2020) 2,090 plant taxa Weichselian

rbcL Murchie et al. (2020) 1,016 plant taxa Weichselian

Krueger et al. (2021) 20 plant species Last Interglacial

matK Murchie et al. (2020) 921 plant taxa Weichselian

Barcoding trnL trnL– trnF (spacer) Fujiwara et al. (2016) Egeria densa modern

Anglès d'Auriac et al. (2019) Elodea canadensis modern

Doi et al. (2021) Egeria densa modern

Kodama et al. (2022) Egeria densa modern

matK Matsuhashi et al. (2016) Hydrilla verticillata modern

Gantz et al. (2018) Hydrilla verticillata modern

ITS Newton et al. (2016) Myriophyllum spicatum modern

ITS 1 Kuehne et al. (2020) Egeria densa, 
Myriophyllum 
spicatum

modern

Gantz et al. (2018) Hydrilla verticillata modern

26 S Schabacker et al. (2020) Myriophyllum sibiricum modern

Metabarcoding trnL P6 loop Jørgensen et al. (2012) vascular plants Weichselian

Parducci et al. (2013) vascular plants Early Holocene

Pedersen et al. (2013) vascular plants Early Holocene

Boessenkool et al. (2014) vascular plants Middle Holocene

Willerslev et al. (2014) vascular plants Weichselian

Pansu et al. (2015) vascular plants modern

Parducci et al. (2015) vascular plants Weichselian

Cannon et al. (2016) vascular plants modern

Pedersen et al. (2016) vascular plants Younger Dryas

Seersholm et al. (2016) vascular plants Late Holocene

Bremond et al. (2017) vascular plants Middle Holocene

Heinecke et al. (2017) aquatic macrophytes LGM

Niemeyer et al. (2017) vascular plants modern

Sjögren et al. (2017) vascular plants Late Holocene

Zimmermann et al. (2017) vascular plants Weichselian

Alsos et al. (2018) vascular plants modern

Epp et al. (2018) vascular plants Early Holocene

Clarke et al. (2019) vascular plants Early Holocene

Crump et al. (2019) vascular plants Middle Holocene

(Continues)

 13652427, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14158 by N
orw

egian Institute O
f Public H

ealt Invoice R
eceipt D

FO
, W

iley O
nline L

ibrary on [29/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1936  |    REVÉRET et al.

Fennoscandia and, although it was the last growth form to appear 
last (c. 12,900 calibrated years before the present [cal BP]), nearly all 
taxa appeared at once, highlighting their capacity to immigrate rap-
idly once suitable environmental conditions are established. Ibrahim 
et al. (2022) detected the presence of the alien Canadian waterweed 

Elodea canadensis in sedaDNA over the last centuries, and Anglès 
d'Auriac et al. (2019) tracked it from water samples over a narrow 
spatial scale. To date, no study has addressed evolutionary questions 
for macrophytes with sedaDNA, but examples on other plant taxa 
have showcased this potential.

Approach Marker Submarker Publication Targeted taxon Sample age

Giguet- Covex et al. (2019) vascular plants Middle Holocene

Shackleton et al. (2019) vascular plants modern

Alsos, Sjögren, et al. (2020) vascular plants LGM

Clarke et al. (2020) vascular plants LGM

Liu et al. (2020) vascular plants Middle Holocene

Murchie et al. (2020) vascular plants Weichselian

Tabares et al. (2020) vascular plants Late Holocene

Alsos et al. (2021) vascular plants Younger Dryas

Brown et al. (2021) vascular plants Late Holocene

Coghlan et al. (2021) aquatic macrophytes modern

Courtin et al. (2021) vascular plants Weichselian

Crump et al. (2021) vascular plants Last Interglacial

Curtin et al. (2021) vascular plants Late Holocene

Huang et al. (2021) vascular plants LGM

Liu et al. (2021) vascular plants LGM

ter Schure et al. (2021) vascular plants Early Holocene

Tsukamoto et al. (2021) Podostemaceae modern

Wang et al. (2021) vascular plants Weichselian

Alsos et al. (2022) vascular plants LGM

Courtin et al. (2022) vascular plants Günz Complex

Garcés- Pastor et al. (2022) vascular plants Younger Dryas

Ibrahim et al. (2022) vascular plants Late Holocene

Stoof- Leichsenring 
et al. (2022)

aquatic macrophytes LGM

von Hippel et al. (2022) vascular plants Weichselian

rbcL atpB– rbcL 
(spacer)

Kuzmina et al. (2018) aquatic macrophytes modern

Crump et al. (2019) vascular plants Middle Holocene

Adame & Reef, 2020 vascular plants modern

Coghlan et al. (2021) aquatic macrophytes modern

Ji et al. (2021) aquatic macrophytes modern

matK Coghlan et al. (2021) aquatic macrophytes modern

ITS ITS 1 Willerslev et al. (2014) Asteraceae, Cyperaceae, 
Poaceae

Weichselian

Drummond et al. (2021) vascular plants & algae modern

ITS 2 Kuzmina et al. (2018) aquatic macrophytes modern

Coghlan et al. (2021) aquatic macrophytes modern

Palacios Mejia et al. (2021) vascular plants modern

18 S Shackleton et al. (2019) vascular plants modern

Kisand et al. (2018) eukaryotes Bølling– Allerød

Note: LGM is Last Glacial Maximum (c. 30– 14.7 ka), Bølling– Allerød (14.7– 12.9 ka), Younger Dryas (12.9– 11.7 ka), Early Holocene (11.7– 8.3 ka), Middle 
Holocene (8.3– 4.25 ka), and Late Holocene (4.25– 0.0 ka).

TA B L E  2  (Continued)
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    |  1937REVÉRET et al.

Many studies referred to one, or more, other proxies in order 
to confirm their DNA findings, but only few carried out an in- study 
comparison with their DNA samples while the rest referred to pre-
vious work from the site. Papers investigating modern communities 
often chose to carry out vegetation surveys. Such surveys often 
only target a specific taxon of interest in the vicinity (e.g. Tsukamoto 
et al., 2021), a list of species detected at the spring (Palacios Mejia 
et al., 2021), or in a given area (e.g. Drummond et al., 2021), or a more 
complete version providing abundance and biomass estimates (e.g. 
Ji et al., 2021). The latter showed that eDNA metabarcoding of a c. 
300- bp barcode was better than a visual survey for submerged veg-
etation, which is often hampered by factors such as waterbody area, 
flow speed, turbidity, and depth (Hughes et al., 2018). Moreover, 
Alsos et al. (2018) demonstrated that lake sediment eDNA from 
recent samples largely matches the extant vegetation with 88% of 
dominant and common taxa and 60% of rare taxa detected, and ad-
ditionally records taxa missing in the survey that are likely true pos-
itives such as plants growing in deep water. Detection is also highly 
related to environmental conditions, especially temperature and 
water conductivity (Stoof- Leichsenring et al., 2022). Macrophyte 
communities constitute a good indicator of environmental condi-
tions, especially in regions with high aquatic plant diversity, which 
allows sensitivity to the spatial heterogeneity of the ecosystem, and 
can distinguish land use in river sections (Ji et al., 2021). Focusing 
on this group in sedaDNA could support a temporal reconstruction 
of water quality and trophic status, for instance where human- 
induced eutrophication is a major stake. If multiple sedimentation 

basins are encountered, a spatial approach could even be added, as 
showcased by Ibrahim et al. (2022) with the overall vegetation in 
Lake Constance. Pollen remains a widely used proxy for comparison 
to plant sedaDNA, but no comparison has focused on aquatic taxa 
that, in general, have more locally dispersed pollen (by water or in-
sects) but poorer taxonomic resolution than the P6 loop (Sønstebø 
et al., 2010). Macrofossils only identify a small fraction of the 
plant community but are particularly suited for aquatics (Parducci 
et al., 2019).

We found taxonomic resolution to vary greatly between meth-
odological approaches (Figure 3). Metabarcoding has contrasting 
results that are dependent on the selected marker. The P6 loop iden-
tified on average 55% of all aquatic taxa detected to species- level 
(Figure 3, Table S1). ITS 1, ITS 2, and rbcL have higher discrimina-
tive power, and respectively assigned 74%, 79%, and 80% of aquat-
ics to species, although each of them was used in only two to four 
studies (Table S1). Shotgun sequencing identifies 12% and 45% of 
aquatic taxa respectively at family and genus level, but only 38% 
at the species level (Table S1). For metabarcoding, the taxonomic 
resolution was generally higher for aquatics than for other vascular 
plants (Table S5). Regarding targeted capture, Murchie et al. (2020) 
created a bait- set targeting the three chloroplast loci trnL, rbcL, and 
matK based on sequences from 921 to 2,090 arctic and subarctic 
taxa (Table 2), but the resulting sequences were not identified to the 
genus level (Figure 3). On the other hand, Krueger et al. (2021) tar-
geted rbcL only with a bait- set designed from just 20 vascular plant 
species including five aquatics (Table 2), and reported six aquatic 

F I G U R E  2  Number of reviewed studies 
per publication date and approach used. 
Publications featuring several methods 
are shown as multiple studies.
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1938  |    REVÉRET et al.

species and one genus (Figure 3, Table S1). For all vascular plants, 
average taxonomic resolution at species- level is 41% with metabar-
coding, 18% with targeted capture, and 18% with metagenomics. 
The P6 loop marker remains more accurate (35% of species- level 
identification) than metagenomics for all vascular plants; both are 
commonly used in palaeobotany.

The quality and exhaustiveness of the reference libraries affects 
the taxonomic resolution for all three methods (Box 1). The reviewed 
studies used a median of two reference libraries to assign their OTUs 
(Table S1): they usually used a global one, such as GenBank or EMBL, 
and a better curated one with focused regional coverage, which re-
duces the possibility of sequence sharing with geographically non- 
plausible species (e.g. PhyloNorway, ArcBorBryo).

Aquatic macrophyte richness is not correlated to their taxonomic 
resolution at the species level, implying that a method with higher 
taxonomic resolution does not result in a higher diversity captured 

(Table 3). However, macrophyte richness detected depends in turn 
on other parameters: it is higher in more recent publications and may 
also decrease with (oldest) sample age although it is less clear for P6 
loop and metagenomic studies (Table 3, Figure S1), but old (>60,000 
cal BP) samples are too scarce to be considered representative. 
Furthermore, total richness detected is also largely affected by DNA 
preservation, which is itself dependent on sample age as well as en-
vironmental factors (Jia et al., 2021).

3.2  |  Case study: Reconstruction of past aquatic 
conditions in 10 lakes from northern Fennoscandia

There were 28 aquatic macrophyte taxa in our northern 
Fennoscandia case study, 15 of which were unambiguously identi-
fied to the species level. In total, 19 taxa had trait values available 

F I G U R E  3  Taxonomic resolution in percent of taxa identified to the family, genus, or species level; by method and marker used, for 
aquatic macrophytes only (left) and all vascular plant taxa (right). Sums of taxa identified might not reach 100%, i.e. taxa were identified 
at a level higher than family. Number of studies is shown above each boxplot, it is inconsistent whenever a study gives partial results and 
mentions only a certain taxonomic level. We excluded datasets that used single- species approaches, because by definition their taxonomic 
resolution would be 100% at the species level.
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    |  1939REVÉRET et al.

across all six reconstructed traits, i.e. heat-  and cold requirements, 
continentality, pH, nitrogen availability, and light optimum. We 
found no significant correlation between the first recorded or es-
timated arrival dates of taxa and our selected traits, correlation 
coefficients being between −0.3 and 0.5 for the detected arrivals, 
and between −0.4 and 0.1 for the estimated arrivals. The first and 
second RDA axes respectively explained 17.7 and 6.4% of the vari-
ation in aquatic macrophyte community composition (Figure 4). Of 
the six traits included in the RDA, heat requirement had the high-
est correlation with axis 1 (ρ = −0.974), and continentality had the 
highest correlation with axis 2 (ρ = 0.804).

Our reconstruction of past environmental conditions across 
northern Fennoscandia shows the variability in the diversity of 
niches, and an overall stability since 9,000 cal BP (Figure 5). There is a 
weak, but steady acidification trend: the early record is largely domi-
nated by circumneutral (pH c. 6.5) taxa, but modern communities are 
characterised by moderately acidic (pH c. 5) taxa. Since the end of 
the Early Holocene, heat requirement, continentality, nitrogen avail-
ability, and light optimum are dominated by a single trait value repre-
senting over half of weighted PCR replicates. Indeed, since c. 8,000 
cal BP, the majority of niches realised by aquatic macrophyte com-
munities has been characterised by a low heat requirement (i.e. value 
3 = reaching as high as the low- alpine belt, sensu Tyler et al., 2021), 
with no effect of continentality on their geographical range (i.e. val-
ues 4.5– 5 = distributed indifferently across Scandinavia, sensu Tyler 
et al., 2021), moderately nitrogen- poor water, and half- shade condi-
tions. However, the pre- Holocene record is not a fully regional sig-
nal, as the Fennoscandian ice sheet still covered most of the region 
at 12,000 cal BP (Hughes et al., 2016). Only lakes Sandfjorddalen 
and Nordvivatnet have aquatic macrophyte records predating the 
Holocene (>11,000 cal BP). Although the Langfjordvannet core 
extends to 16,000 cal BP, no aquatics are detected before 10,000 
cal BP. It is worth noting that this lake is the deepest (34.8 m) thus TA
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F I G U R E  4  Redundancy analysis (RDA) of macrophyte 
community composition constrained by six selected environmental 
traits. Percentages of variance explained by each axis are given in 
brackets.
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1940  |    REVÉRET et al.

F I G U R E  5  Proportion of traits values (see methods) in polymerase chain reaction replicates across northern Fennoscandia (all 10 lakes) 
through the end of Late Pleistocene (12,500 to 11,700 cal BP) and the Holocene (11,700 cal BP to present), in 500- years bins. A high trait 
value indicates a strong expression of the trait.
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macrophytes cannot be found in its centre, as their maximum 
growth depth is about 12 m (Sheldon & Boylen, 1977). From 10,000 
cal BP onwards, there are more than five lake records with aquatic 
macrophytes (Figure S3). Species requiring the warmest conditions, 
such as Cicuta virosa and Stuckenia vaginata (Figure S4), disappear 
between 5,000 and 3,000 cal BP (Figure 5), which can be interpreted 
as lower summer temperatures. This pattern is consistent with the 
long- term cooling trend after the mid- Holocene thermal maximum; 
but the late reappearance of Stuckenia vaginata in lakes Gauptjern 
and Sandfjorddalen at c. 2,700 cal BP, then in lake Horntjernet at 100 
cal BP indicates a recent warming (Figure S6a– c). Pioneer aquatic 
communities developed under intermediate light conditions, with 
most taxa requiring sun but enduring some shading, and there was 
a progressive shift towards increased heterogeneity between 9,000 
and 4,000 cal BP. The modern presence of half- shade tolerant taxa 
as well as taxa requiring full sunlight exposure, reflects an increased 
habitat complexity and/or the development of closed- canopy ripar-
ian forest. The slow progress of light- dependent taxa could be linked 
to winter ice dynamics, and be indicative of winters becoming pro-
gressively shorter.

Individual lakes display different trends in environmental re-
constructions, depending on their community composition and 
turnover. We retained only those lakes that have an average rich-
ness over time of five or more aquatic taxa (Sandfjorddalen = 8.6, 
Nordvivatnet = 6.2, Sierravannet = 5.6, Horntjernet = 5.6, 
Kuutsjärvi = 5), so that the distribution of traits values is robust 
enough to support environmental inferences for a single site. For 
instance, lake Horntjernet sees a slow decrease of cold- tolerant 
taxa, followed by an absence around 4,000 cal BP then an increase 
(Figure S5a), with higher proportions of Ranunculus cf. reptans in 
PCR replicates (Figure S6c). Lake Sandfjorddalen, which has a re-
cord that spans the entire Holocene (except for a hiatus between 
5,500 and 3,000 cal BP, Figure S6b), shows long- term stability in 
environmental conditions (Figure S5b), partly due to a low compo-
sitional turnover (Figure S6b). Such consistency suggests that the 
lake depth has probably remained stable and shallow (presently 
1.23 m) throughout, because we would expect a complete drying or 
an increase in water level to cause significant changes in the mac-
rophyte community. Conversely, lakes Horntjernet and Kuutsjärvi 
display more temporal variability in reconstructed environmental 
conditions (Figure S5a,c). There is a steady decrease in continental 
taxa over the long term in Kuutsjärvi; whereas Hortjernet is dom-
inated by moderately continental taxa until c. 9,000 cal BP, and 
continentality increases again from 3,500 cal BP. Initial conditions 
in Horntjernet were circumneutral to slightly acidic until 8,500 cal 
BP, when pH drops below 6.5 concurrently with the arrival of Pinus 
forest (Rijal et al., 2021). The reappearance of Stuckenia vaginata 
in the most recent samples indicates another shift towards a more 
neutral pH, as this species has a pH tolerance of c. 7. Cicuta virosa 
appears in Kuutsjärvi as early as 9,000 cal BP and disappears 4 mil-
lennia later (Figure S6d); its presence indicates eutrophication and 
warmer temperatures.

4  |  DISCUSSION

The general hypothesis that the DNA methodology used will affect 
the reconstructed aquatic plant assemblage, including estimated di-
versity, composition, and richness, is supported and the degree of 
variation is showcased by this study. We further demonstrate that 
the reconstruction of past environmental conditions based on the 
aquatic macrophyte sedaDNA signal is possible at both local and re-
gional scales.

4.1  |  Global distribution of reviewed studies

Most sites concentrate on high- latitude or high- altitude regions. 
Polar regions are especially vulnerable to invasive species and so will 
be a priority for eDNA- based aquatic biodiversity monitoring, and 
there are also comprehensive DNA reference libraries available for 
this region for the P6 loop (Alsos et al., 2022; Sønstebø et al., 2010; 
Willerslev et al., 2014), standard barcodes (Alsos, Lavergne, 
et al., 2020; Kuzmina et al., 2017), and genome skims (Wang 
et al., 2021). However, genetic reference libraries are not evenly 
available across the globe, and their existence and implementation 
depend on the diversity and taxonomic specificities in each freshwa-
ter ecoregion. Aquatic macrophytes are less diverse and have larger 
ranges in northern Fennoscandia as compared to intertropical zones 
(Murphy et al., 2019), which contributes to the near- exhaustivity of 
the PhyloNorway reference library. In contrast, the large reference 
database used by Ji et al. (2021) to detect over 100 macrophyte 
species along the Chaobai river in China, was based on the global 
Nucleotide Sequence Database from NCBI's GenBank, which suf-
fers from limited curation and may not be fully representative of the 
local flora. Additionally, using such libraries with global coverage can 
match genuine local sequences to their exotic counterparts, but this 
source of error can be avoided with a stringent cross- checking of the 
resulting taxa list (Table S3, see taxa excluded from the datasets of 
Cannon et al., 2016; Shackleton et al., 2019). Under similar ecologi-
cal conditions, reference libraries could also be adapted to regional 
specificities, e.g. taxonomic differences between the Palearctic and 
Nearctic floras (Kuzmina et al., 2017).

The site map highlights the nearly exclusive distribution of old 
(>11,700 cal BP, i.e. Pleistocene) records in the Arctic, especially 
Siberia (e.g. meta- analysis by Wang et al., 2021). Indeed, current re-
search suggests that a colder environment leads to a better preser-
vation of captive eDNA, i.e. trapped in soil and sediment (Parducci 
et al., 2017; Taberlet et al., 2018). North America already has a 
comprehensive long- term macrofossil record for aquatic plants at 
the regional scale (Sawada et al., 2003), which foreshadows further 
reconstructions of freshwater postglacial conditions for that conti-
nent. However, the few existing studies for warmer regions, includ-
ing one Eemian Ethiopian palaeolake, plus four Holocene records 
from Benin, Rwanda, and Namibia (Table S2), show the potential for 
tropical regions. Thus, the likely success of such studies depends 
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both on the completeness of a regional reference library adapted 
for the method, and the state of eDNA preservation, especially for 
ancient material.

Although we focused on freshwater ecosystems, Gaffney 
et al. (2020) also detected marine macrophytes (i.e. seagrasses), which 
represent entire families, e.g. Zosteraceae and Cymodoceaceae. 
Seagrasses play an important role in marine ecology, comparable in 
magnitude with coral reefs. Often growing in clonal colonies, they 
form large coastal habitats of paramount importance for the feeding 
and breeding of marine life, act as a carbon sink, and are a protec-
tion against coastal erosion (Arnaud- Haond et al., 2012; Christianen 
et al., 2013; Jiang et al., 2020; Lyimo, 2016; Zou et al., 2021). 
Seagrasses are well- detected in coastal sedimentary DNA (Foster 
et al., 2021; Ortega et al., 2020), and therefore their palaeorecord 
could also be used to reconstruct shallow marine environments in 
a similar way to our study. They may also be found in coastal lacus-
trine and fluvial environments, especially where there are large tidal 
ranges such as macrotidal estuaries.

4.2  |  Taxonomic resolution of the different 
methodological approaches

Our review covers three molecular approaches for biodiversity 
detection, the use of which depends on the aim of the study as 
these methodologies have different advantages and disadvantages. 
Metagenomics and targeted capture are underrepresented in our 
dataset, as they have only recently been applied to eDNA and se-
daDNA and therefore few studies have used these approaches 
for vascular plants, which is a limiting factor for the comparison 
of their respective taxonomic resolutions in aquatic macrophytes. 
To our knowledge, no direct comparison has yet been made be-
tween metabarcoding, metagenomics, and targeted capture to 
investigate yields with their respective optimal settings. Although 
Murchie et al. (2020) used all three methods, they used reference 
libraries whose respective taxonomic and biogeographic breadths 
differed by orders of magnitude: most of the Canadian flora is cov-
ered by at least one of three barcodes (rbcL, matK, ITS 2; Kuzmina 
et al., 2017) which is ideal for metabarcoding and targeted capture, 
but the more incomplete and uneven coverage for metagenomics 
hampered identification for the shotgun dataset. The best way to 
compare methods would be to analyse the same samples with the 
optimised pipeline of each, while using adequate and complete ref-
erence libraries.

Modern eDNA metabarcoding studies have used a range of 
markers, mainly long ones (usually >400 bp); whereas the P6 loop 
is preferred in ancient studies. Indeed, the P6 loop is a short (51– 
135 bp) marker for vascular plants, and is thus especially suitable 
for degraded DNA (Taberlet et al., 2007). However, standard, lon-
ger (several hundred bp) barcodes are available for many more re-
gions than P6 loop data, which provide opportunities for analyses 
of modern samples not limited by barcode length from more areas. 
Indeed, barcode taxonomic resolution usually increases with marker 

length. Most metabarcoding studies have used a single marker, but 
the method has potential for improvement by targeting multiple loci. 
Multi- marker studies often have used a combination of a nuclear and 
a chloroplast barcode: Kuzmina et al. (2018) used ITS 2 and atpB- 
rbcL; while Shackleton et al. (2019) combined 18S with the trnL P6 
loop. All these markers were chosen while targeting a broader group 
than aquatic macrophytes, but it may be possible to develop new 
markers specifically for aquatic macrophytes, which have improved 
taxonomic resolution (Scriver et al., 2015). Nevertheless, even when 
targeting aquatics only, some loci fail to distinguish closely related 
species (e.g. within the Potamogetonaceae) because intraspe-
cific and interspecific variability are of comparable magnitude (Du 
et al., 2011).

Shotgun sequencing is considered a less biased approach than 
metabarcoding for estimating abundance because it omits the 
PCR step, which commonly causes biases (Pedersen et al., 2016). 
Metabarcoding and shotgun sequencing have both been used 
for nearly two decades (e.g. Tringe & Rubin, 2005; Willerslev 
et al., 2003), but the latter has greater sequencing costs. Most im-
portantly, its efficiency relies on the availability of a considerably 
more complete reference library than a metabarcoding one, with en-
tries from more target organisms and a broader genome coverage. 
As of today, genome skims are quite recent, and only available for 
the Arctic, part of the Chinese flora, and Western Australia (Alsos, 
Lavergne, et al., 2020; H.- T. Li et al., 2019; Nevill et al., 2020). Even 
genome skims cause unequal representation of taxa, and random 
match to closely related species may limit taxonomic resolution to 
the genus level (Wang et al., 2021). While full genome assemblies 
are not available for any regional flora, the global count approaches 
1000 (Marks et al., 2021) and more will become available with time, 
enabling metagenomics to be used to its full potential. However, cur-
rently shotgun sequencing has a poor rate of raw sequence assign-
ment compared to other methods, as its sequences originate from 
across entire genomes and any taxa, and most of them do not reliably 
correspond to any known genomic reference (Peabody et al., 2015). 
For example, most of the remainder are assigned to higher taxo-
nomic ranks (e.g. kingdom, order), and only a minority gets identified 
to the genus or species level. Courtin et al. (2022) could only as-
sign 12% of their shotgun sequencing reads, and Viridiplantae only 
accounted for 0.4% of these. This method requires comprehensive 
reference libraries, ideally entire genomes, as an incomplete refer-
ence library will cause many false positive matches as well as false 
negative misses.

The targeted capture approach consists of building a broad li-
brary of probes based on several hundreds to thousands of species, 
in order to cover the expected taxonomic breadth of broad groups 
such as vascular plants. It greatly increases the targeted region, at 
the cost of a diminished taxonomic resolution: Murchie et al. (2020) 
were not able to go much beyond genus level; and Krueger 
et al. (2021) only reported six macrophyte species and one genus, 
but did not report assignments at higher taxonomic levels. While it 
is in theory possible to identify more detected taxa to the species 
level, in practice most captured sedaDNA fragments are too short to 
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be taxonomically informative at the species level, and DNA damage 
can lead to both false positives and negatives. However, detection of 
broad communities using targeted capture may have more promise 
for modern eDNA.

Our case study has a taxonomic resolution above average, with 
68% of taxa identified to species level. However, some sequences 
remained unresolved between several species, sometimes even 
genera (e.g. Nuphar spp./Nymphaea alba). Because taxonomically 
unresolved sequences cannot always be assigned finite traits val-
ues, it in turn restricts the realised accuracy of our reconstruction. 
Taxonomic resolution in some aquatic taxa may be hampered by 
their close phylogeny, for instance within Potamogetonaceae. In 
our case study dataset, there were eight sequences matching this 
family represented by 1,316,980 reads and 2,082 PCR replicates 
in total. The P6 loop sequence of Potamogetonaceae is longer 
than average (86 bp), and so the high count of reads shows that 
even longer sequences can be well amplified, which is proba-
bly due to the fact that aquatic macrophyte eDNA is better de-
tected because they grow and decay adjacent to the sediment. 
There are eight Potamogeton and three Stuckenia species native 
to northern Fennoscandia (Alsos et al., 2022; Elven et al., 2022). 
Potamogeton praelongus has intraspecific variability, and different 
haplotypes may explain why our metabarcoding data did not match 
to PhyloNorway even if it did match at 100% with the three other 
reference libraries. Hybridisation, which is common in the genus 
Potamogeton, proabably explains this sequence variability that may 
complicate taxonomic assignment both in reference libraries and 
consequently in metabarcoding data. Indeed, that metabarcoding 
dataset contains intraspecific variations as well as interspecific se-
quence sharing, but also one homopolymer consisting of six ad-
enine bases, which can cause problems during amplification and 
sequencing. For studies targeting these taxa alternative barcodes 
should be explored.

At the moment, metabarcoding stands out as the method with 
the highest taxonomic resolution, both for aquatic macrophytes and 
for the total flora. Recent advances have demonstrated that it is pos-
sible to assemble genome- scale reference libraries, including from 
herbarium collections (Alsos, Lavergne, et al., 2020). This can assist 
in unlocking the bottleneck to access the large potential of metag-
enomics for palaeoecology of aquatic macrophytes and other taxa 
(Kjær et al., 2022; Wang et al., 2021). We can expect to see a contin-
ued increase in eDNA publications (Capo et al., 2021), as methods are 
refined and reference libraries are supplemented. Metabarcoding is 
the least expensive of all three methods and requires smaller refer-
ence libraries. It is also analytically easier, as the genomic locus is 
constrained and full barcode sequences are generated, unlike either 
of the metagenomic- based methods; thus, it might remain popular 
for modern surveys of aquatic macrophyte diversity in the short- 
to- medium term. For palaeoecological studies, it is crucial to use a 
short marker in order to capture the diversity of taxa represented in 
ancient material, and in turn provide an overview of best estimate of 
past communities.

4.3  |  Potential for ecological and environmental 
reconstruction

Environmental traits have different temporal trends: nitrogen avail-
ability appears to remain stable throughout the Holocene, while light 
optimum changes gradually and temperature shifts are more abrupt. 
We have reconstructed the continuous postglacial ecological history 
of northern Fennoscandia. This gives a general overview of regional 
conditions and follows the Fennoscandian ice sheet retreat as lakes 
become ice- free (Alsos et al., 2022). Here, the ecological succession 
of aquatic communities retraces the establishment of modern envi-
ronmental conditions since the onset of the Holocene. Aquatic mac-
rophytes appear later in lake records than any other plant functional 
group, but contrary to the terrestrial vegetation, their diversity soars 
rapidly after arrival (Alsos et al., 2022).

Environmental trends are also visible among lakes, and these 
site- specific conditions emphasise the local scale precision achieved 
by our reconstruction, precisely because aquatic macrophytes have 
restricted niches related to water level. The remarkable environ-
mental stability in Sandfjorddalen throughout the Holocene demon-
strates that niche persistence over time existed even in the early 
record. Conversely, other lakes displayed fluctuating conditions, 
offering evolving niches for aquatic plant communities. This sug-
gests that even their early occurrences can be used confidently for 
environmental reconstruction. Indeed, the temporal compositional 
and richness changes could be observed across Siberia and Tibet 
for the Pleistocene and Holocene (Stoof- Leichsenring et al., 2022). 
Combining the modern dataset with the core metabarcoding data 
would allow use of the macrophyte community signal for the recon-
struction of past environments, such as water conductivity and sum-
mer air temperature.

Beyond ecological and environmental reconstructions, the se-
daDNA signal from macrophytes could in the future be leveraged 
to address evolutionary questions. High- resolution time series can 
be combined with other proxies in order to allow statistical analyses 
and inference of causal relationships among drivers of ecosystem 
changes, such as human land use and climate change (Garcés- Pastor 
et al., 2022). With the rapid ongoing methodological improvements, 
distinguishing closely related species and even haplotypes could 
support the fine- scale mapping of genetic diversity and its varia-
tion in time and space (Epp et al., 2018), and help retrace postgla-
cial colonisation routes to resolve our understanding of the origin 
of modern boreal and arctic vegetation. Lastly, the recent retrieval 
of geologically ancient eDNA (Kjær et al., 2022) could give a direct 
insight on evolutionary genetic processes at million- year timescales, 
especially for organisms such as macrophytes which rarely persist 
as macrofossils.

In summary, macrophyte- based P6 loop metabarcoding supports 
reconstructions for a wide array of important freshwater metrics. 
From sedaDNA- derived macrophyte turnover and community com-
position, we can infer lake level changes (Heinecke et al., 2017) 
and lake water conductivity and summer air temperature changes 
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(Stoof- Leichsenring et al., 2022) on millennial time scales. Our study 
extends environmental reconstructions for northern Fennoscandian 
lakes over the last 12, 000 years to thermal range, continentality, 
nutrient availability, light conditions, and water pH. We show the 
potential that aquatic plants aDNA offers to reconstruct past en-
vironments when using a comprehensive trait database of the local 
flora.

5  |  CONCLUSION

This review shows that aquatic macrophytes are often detected in 
both eDNA and sedaDNA studies, often being the most common and 
abundant taxa. Environmental DNA from aquatics is reported in a 
wide range of sample types, from stream water to permafrost, and 
in various bioregions although colder regions are overrepresented 
at present. SedaDNA of aquatic macrophytes can be detected from 
samples up to 2 million years old in favourable environments (Kjær 
et al., 2022), which indicates a considerable potential for long- term 
sedaDNA- based environmental reconstruction.

Shotgun sequencing appears to lack sufficient taxonomic res-
olution to identify environmentally indicative aquatic macrophyte 
taxa at present. Targeted capture has not been widely applied to 
plants, but aDNA results on mammals are encouraging for the de-
velopment of bait- sets that could screen both past and present plant 
biodiversity. Barcoding can track a single species through space, 
working under the assumption of presence of the targeted taxon; 
yet its potential when applied to aDNA is limited by the length of 
barcode used. Metabarcoding is a more versatile tool, and there is 
a wide range of markers one can choose from. However, when ap-
plying this approach to ancient samples, we recommend the use of 
a short (<ca. 100 bp) marker in order to maximise the yield, but still 
able to capture and identify sequences assuming the availability of 
a corresponding reference library. In this regard, the g– h primer set 
targeting the P6 loop fulfils these requirements to a large extent and 
it has proven successful in a variety of studies, due to the availability 
of highly curated sequence libraries.

Using sedaDNA to reconstruct ecological and environmental 
conditions of the past can be supplemented by cross- disciplinary 
expertise on local and regional diversity, postglacial migration, 
vegetation cover and land use changes (Alsos et al., 2022; Brown 
et al., 2022). The paramount role of reference libraries is highlighted 
by the differences in taxonomic resolution between methods as the 
requirements for targeted capture largely vary depending on the 
taxonomic diversity targeted; metabarcoding often goes to the spe-
cies level due to well- curated barcode databases; while metagenom-
ics could potentially achieve comparable results but that will require 
increased availability of reference genomes.
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