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1  |  INTRODUC TION

Assessing plant diversity by sequencing environmental DNA (eDNA) 
from various substrates is becoming increasingly popular (Cristescu 
& Hebert, 2018). While shotgun sequencing allows for all plant DNA 

within a soil sample to be utilized in constructing community pro-
files (Pedersen et al., 2016), metabarcoding allows for many more 
samples to be processed as it maximizes sequencing efficiency by 
only sequencing selected informative genetic regions of target or-
ganisms (Hollingsworth et al., 2016). In hyper- diverse areas such 
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Abstract
While metabarcoding of plant DNA from their environment is an exciting method that 
can supplement inventorying of live plant species, the accuracy and specificity has yet 
to be fully assessed over complex continuous landscapes. In this work, we evaluate 
plant community profiles produced via metabarcoding of soil by comparing them to a 
morphological survey. We assessed plant communities by metabarcoding of soil DNA 
in 130 sites along ecological gradients (nutrients, succession, moisture) in Denmark 
using chloroplast trnL region (10– 143 bp) primer set and compared the resulting com-
munities to communities produced with a longer nuclear ITS2 region (~216 bp) and a 
morphological survey. We found that the community variation observed within the 
morphological survey was well represented by molecular surveys, with significant 
correlation with both community composition and richness using both primer sets. 
While the majority of the ITS2 sequences could be assigned to species (over 80%), 
we had less success with the trnL sequences (70%), which was only possible after 
restricting the reference database to local species. We conclude that the community 
profiles produced by metabarcoding can be highly effective in performing large- scale 
macroecological studies. However, the discovery rates and taxonomic assignments 
produced via metabarcoding remained inferior to morphological surveys, but manual 
curation of databases improves the specificity of assignments made by the trnL prim-
ers, and improves the accuracy of the assignments made with the ITS2 primers. Finally, 
we suggest that a greater percentage of named diversity would be recovered by in-
creasing soil sampling with the use of additional universal primer sets.
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as the tropics, indexing diversity by eye takes years of training and 
results are often difficult to standardize (Dengler, 2009). Given the 
rapid habitat degradation of the majority of these areas (Pereira 
et al., 2010), molecular tools such as DNA metabarcoding have many 
useful applications within conservation, such as the ability to rap-
idly identify diversity hotspots for conservation prioritization and 
further investigation by taxonomists (Fahner et al., 2016). Plant 
communities can even be profiled molecularly in situations in which 
morphological approaches are unlikely to succeed, such as determin-
ing the plant diet from insects (Wallinger et al., 2013), or from histor-
ical plant residues in sediment cores (Parducci et al., 2017).

In addition to the considerable utility of the approach, there are 
several major uncertainties that are associated with characterizing 
plant communities by metabarcoding of eDNA. Molecular data is 
most often represented as OTUs (operational taxonomic units), or 
ASVs (amplicon sequence variants) as proxies for species. However, 
it remains unclear exactly how accurately molecular richness mea-
sures represent morphologically inventoried species richness. 
Secondly, the accuracy of the taxonomy assigned to molecular units 
often remains uncertain. Originally, DNA metabarcoding was devel-
oped by microbiologists to survey microbial diversity (Lekberg et al., 
2007). However, as very few microbes can be cultured in laborato-
ries, and species generally are indistinguishable under a microscope 
(Torsvik et al., 1996), little can be done to validate molecular esti-
mates of microbial richness and their community profiles. As these 
approaches were later applied on larger Eukaryotic organisms, it 
became possible to validate molecular community characterizations 
against detailed inventoried surveys, and metabarcoding data has 
proven to yield comparable results to morphological- based surveys 
for fish (Thomsen et al., 2016), freshwater invertebrates (Macher 
et al., 2018), and fungi (Frøslev et al., 2019) when employing ade-
quate bioinformatic approaches. Yet to date, only a handful of stud-
ies have performed these types of experiments for plants (Frøslev 
et al., 2017; Kowalczyk et al., 2011; Willerslev et al., 2014; Yoccoz 
et al., 2012). They have yielded promising results, but have gener-
ally been limited to discrete, small sampling blocks and not across 
complex environmental gradients. For example, Yoccoz et al. (2012) 
sampled four meadow communities and four forest communities, 
finding a considerable overlap in the community compositions pro-
duced by the morphological study and a metabarcoding approach, 
and both the different biomes were clearly delineated by their 
plant community compositions using both methodologies. Others 
have compared the composition of the surrounding vegetation to 
the plant communities analyzed from fecal samples (Kowalczyk 
et al., 2011; Willerslev et al., 2014), demonstrating an overlap be-
tween herbivore diet and local food sources. While these results are 
promising, Murray et al. (2011) hypothesized that metabarcoding 
performance will considerably decrease with increasing community 
complexity, and metabarcoding of plant eDNA from soils has yet to 
be performed over complex continuous landscapes, and therefore it 
is unknown whether this drop off in performance occurs and limits 
findings.

The successful PCR amplification of a representative propor-
tion of the plant community is dependent on primer choice. The ITS 

region of plants has long been a target for phylogeneticists due to its 
high variability, and primers have been developed to be compatible 
with high- throughput sequencing technologies and simultaneously 
profile whole plant communities from eDNA (Chen et al., 2010; 
White et al., 1990). Alternatively, primers that amplify extremely 
short fragments have been developed so that highly degraded DNA 
can be profiled, as amplicons need to be shorter than template DNA, 
which is often less than 100 base pairs in length (Epp et al., 2012). 
This approach allowed for the diet of herbivorous animals to be de-
termined (Kartzinel et al., 2015), or for historical plant communities 
to be characterized from ancient DNA (aDNA) (Parducci et al., 2017). 
While shorter fragments are more likely to amplify samples contain-
ing degraded DNA, longer amplicons have a larger number of bases 
that can be compared to reference databases to delineate species 
(i.e., have a great percentage of identifying informative genetic varia-
tion). Despite this limitation, primers targeting the trnL region of the 
plant chloroplast have emerged as one of the most popular primers 
to study plant communities where target DNA is highly degraded 
(Epp et al., 2012; Jørgensen et al., 2012; Kowalczyk et al., 2011; 
Mallott et al., 2018; Parducci et al., 2017; Pedersen et al., 2016).

In addition to generating amplicons (the products of the PCR) 
that accurately reflect morphological richness, the accuracy and 
specificity of the taxonomy assigned to molecular units will vary 
based on primer choice. An in silico assessment of the most com-
monly used barcoding regions (rbcL, trnL, ITS2, and matK) suggested 
that longer amplicons (ITS2 primers) were best for taxonomic resolu-
tion (Fahner et al., 2016), while shorter amplicons (trnL) returned the 
highest number of taxonomically annotated reads. In practical appli-
cations, they are however dependent on samples with high- quality 
DNA (i.e., presence of long fragments). Taxonomic assignments 
will also be limited by the quality and completeness of databases 
(Nilsson et al., 2006), with many plant species entirely missing from 
databases (Dick & Kress, 2009). In situ, the optimal target amplicon 
has been shown to vary between habitats. For example, the rbcL was 
shown to have good discriminatory power in harsh desert environ-
ments (Maloukh et al., 2017), but was outperformed by trnL in diet 
analyses of capuchins (Mallott et al., 2018), suggesting that optimal 
primer choice is likely to be study- specific. However, the limit of the 
taxonomy assigned to molecular units and the rates of named rich-
ness recovered are particularly underexplored in situ.

Finally, it is little known how plants with differing ecology will 
impact the community profiles produced by metabarcoding of soil 
eDNA. For eDNA studies of plants, trees species may dominate bio-
mass within a sampling location, but may be less likely to be detected 
compared to common herbaceous species, while rare herbaceous 
species may also be almost entirely omitted in bulk soil samples. 
Furthermore, plants differ in functional growth form, most nota-
bly parasitic plants that can live entirely without contact with soil, 
and therefore may not be detected by extracting eDNA from soil. 
Interestingly, eDNA from non- anemophilous plants was detected 
from air, which suggests that residues of DNA from plants can be 
dispersed within sites, and not just pollen (Johnson et al., 2019).

Given the increasing frequency that plant communities are 
being assessed molecularly, both from modern and historic material 
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(Cristescu & Hebert, 2018), there is a clear need for extensive vali-
dation studies. In what represents one of the most comprehensive 
molecular plant community assessments to date, Frøslev et al. (2017) 
profiled the vascular plant communities across 130 sites in Denmark, 
performing a morphological survey as well as a metabarcoding anal-
ysis of soil eDNA with ITS2 primers (Chen et al., 2010; White et al., 
1990). They found a direct correlation with richness and consider-
able overlap in composition across sampling locations. However, this 
study was almost entirely focused on bioinformatic considerations 
with the aim of developing an algorithm for the removal of artefac-
tual sequences. The study relied entirely on ITS2 sequence data, and 
the effects of primer choice were left unexplored. The specificity of 
taxonomic assignments and the correspondence with the morpho-
logical survey were likewise underexplored in this work, and the 
optimization of accuracy and specificity of taxonomic assignments 
through database curation was not investigated. Finally, the study did 
not investigate the correlations of the metabarcoded plant commu-
nity composition with environmental factors across ecological gradi-
ents. Here, we metabarcoded the same soil samples using the widely 
used trnL primers that produce short amplicons (10– 143 bp (Taberlet 
et al., 2007)) and compared the results to existing data produced with 
the ITS2 primers (using the same DNA extracts), and to an existing 
morphological survey. The morphological survey was performed by 
indexing all plants within entire 40 m × 40 m plots (Frøslev et al., 
2017), while the metabarcoding datasets were produced from a bulk 
soil sample of 81 mixed single cores per site (Figure S1).

This study investigated the performance of the more versatile 
trnL marker to that of the ITS2 for assessing plant communities, 
as well as the impact of using different levels of database curation 
(global, regional, local). Assuming that the majority of the plant com-
munity in each study site will have been observed by the morpho-
logical survey, we compared both the ITS2 and trnL metabarcoding 
datasets to the morphological survey, determining whether (a) plant 
records produced by metabarcoding soil with the trnL region can 
be reliably used to compare differences in richness and community 
composition. We further analyzed whether the (b) specificity and 
(c) accuracy of the taxonomic assignments was produced via each 
primer set, and the impact of database curation on these. Finally, we 
quantified the effects of (d) primer choice (ITS2 or trnL) and growth 
form (as either structural or functional growth forms) in skewing mo-
lecular plant richness estimates.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

Sampling was performed across 130 sites (40 m × 40 m) that were 
specifically selected to include geographic and environmental vari-
ation in terrestrial habitats in Denmark as outlined in Frøslev et al. 
(2017) and Brunbjerg et al. (2019) (Figure S1). These included 30 
cultivated sites, which were stratified based on land- use, and 100 
natural or semi- natural sites that were stratified according to soil 

fertility, soil moisture, and standing biomass as proxy for succession 
(Full details listed in Table S1).

Each of the 130 sites was divided into four 20 m × 20 m quad-
rants. In each of the four quadrants, vascular plants were indexed by 
eye within a central 5 m radius circle (78.5 m2). The initial inventory 
was carried out in early to late summer 2014, and further sampling 
occurred in Autumn 2015 and Spring 2016 in different seasons to 
achieve a complete list of species for each site including vernal spe-
cies. Plants identified from all quadrants and visits were combined 
into comprehensive site inventories (Brunbjerg et al., 2019). Species 
identification varies between surveyor (Dengler, 2009), and there-
fore all sites and visits were performed by the same botanical ex-
perts throughout. In total, 719 plant taxa were identified across the 
130 sites, of which 663 constituted unambiguous species- level taxa, 
which were used for the analyses of taxonomic annotation.

For this study we generated new sequence data for trnL from ex-
isting DNA extracts, and used already published sequence data for 
ITS2 (from the same DNA extracts) from Frøslev et al. (2017). The 
sampling was carried out in the autumn (October/November) in the 
same year (2014) as the initial plant survey. Briefly, within each site, 
81 soil cores were taken, pooled for a large bulk sample in a clean 
container (barrel) and stored cold (ambient temperature, max 10 °C) 
for a maximum of 24 h until further processing. Bulk samples were 
homogenized using a drill (HILTI Cordless Combihammer) that was 
adapted to move a clean mixing paddle, and a subsample was taken 
and frozen (−20°C) until further processing. From each bulk sample, a 
4 g subsample was taken and mixed with 4 ml of 1 M suspension of 
CaCO3, before DNA extraction was performed using a PowerMax Soil 
DNA Isolation kit (MOBIO) as per the manufacturer's guidelines. DNA 
extracts were subjected to cleaning via a PowerClean DNA Clean Up 
Kit (MOBIO). Extracts were normalized to 1 ng µl−1 before PCR.

For this study we amplified the region trnL in reactions con-
sisting of 1 µM of DNA extract, 1 U µl−1 of AmpliTaq Gold (Life 
Technologies), 0.60 µM of each primer, 0.80 mg ml−1 BSA, 1x 
Gold Buffer, 2.5 mM of MgCl2, and 0.2 mM of each dNTP. 
The P6 loop of the chloroplast trnL (UAA) intron was ampli-
fied using primers trnL- g (GGGCAATCCTGAGCCAA) and trnL- h 
(CCATTGAGTCTCTGCACCTATC) (Taberlet et al., 2007). Cycling con-
ditions consisted of an initial denaturation step of 95°C for 10 min, 
followed by 40 cycles of 30s at 95°C, 30 s at 50°C, 30 s at 72°C, 
before a final elongation step of 72°C for 7 min. All samples were 
run in triplicates using different tag combinations. Both forward and 
reverse primers contained 6 bp tags, and PCR products were com-
bined into six pools so that no pool had the same tag used twice, and 
no combination of the forward and reverse tags were the same in 
any of the pools. Consequently, pools underwent library preparation 
by splitting samples into 6 libraries using a DNA PCR- Free Library 
Preparation Kit (Illumina). Libraries underwent a final purification 
step using AMPure XP beads (Beckman Coulter Inc), using a ratio of 
1 library volume to 1.5 volumes of beads, which removed unbound 
adapters. Finally, libraries were pooled in equimolar quantities and 
sequenced as a whole run on the Illumina MiSeq 2500 (Illumina) plat-
form at the Danish National High- Throughput Sequencing Centre. 



    |  735BARNES Et Al.

The already published data for ITS2 (Frøslev et al., 2017) was using 
a similar setup, but with primers S2F (ATGCGATACTTGGTGTGAAT) 
(Chen et al., 2010) and ITS4 (TCCTCCGCTTATTGATATGC) (White 
et al., 1990), and PCR reactions containing 1 U/μl AmpliTaq Gold 
(LifeTechnologies), 0.625 μM of each primer, 0.83 mg ml−1 bovine 
serum albumin (BSA), 1X Gold Buffer, 2.5 mM of MgCl2, 0.08 mM 
each of dNTPs and 1 μl DNA extract in a 25 μl total reaction volume. 
Thermocycling conditions used an initial denaturation step of 5 min 
at 95°C, followed by 32 cycles of denaturation of 30 s at 95°C, 30 s 
at 55°C, 60 s at 72°C, and a final elongation at 72°C for 7 min.

2.2  |  Sequencing and bioinformatics

OTU tables for the ITS2 data were constructed in Frøslev et al. (2017) 
to derive OTUs (operational taxonomic units) that approximate 
species- level delimitation. Briefly, this consisted of an initial process-
ing with DADA2 (v 1.8) (Callahan et al., 2016) to identify exact ampli-
con sequence variants (ASVs) including removal of chimeras, followed 
by ITS extraction –  to focus the ITS2 region by removing flanking parts 
of the 5.8S and 28S regions– using ITSx (v1.0.11) (Bengtsson- Palme 
et al., 2013) and clustering with VSEARCH (v2.3.2) (Rognes et al., 
2016) at 97%, and subsequent post- clustering curation using LULU 
(Frøslev et al., 2017) to eliminate remaining redundant sequences. In 
this work, a similar approach was used for the trnL data, but excluding 
clustering due to the much lower variability of the marker, generally 
assumed to show no intraspecific variation. Thus, for the trnL dataset 
ASVs correspond to the ASVs from DADA2, whereas the OTUs in the 
ITS2 dataset correspond to 97% clustered ASVs. In both datasets, 
PCR triplicates for each sample were combined.

To assign taxonomy to molecular units we used three levels of ref-
erence databases– a global, a regional, and a local. As a global database 
we used NCBI (GenBank). For the regional database, the selection of 
species was based on a list of 3939 indigenous and wild/naturalized 
non- native plant taxa for Denmark (Buchwald et al., 2013), which 
was supplemented with the 663 non- redundant species- level names 
from the survey. This list was parsed with the function TPL (package 
Taxonstand (Cayuela et al., 2012)) to standardize names and remove 
orthographic variants/errors in using ‘The Plant List’ website (www.
thepl antli st.org), subsequently removing subspecific taxa (subspecies 
and varieties) for a list of 3249 species. Sequences (ITS2 and trnL) of 
these species (or synonyms thereof) were retrieved from GenBank, 
with a maximum of 20 entries per species using a custom script based 
on the functions entrez_search and entrez_fetch (package Rentrez 
(Winter, 2017)). For the local database, we restricted the regional 
database to taxa actually registered in the survey. Taxonomic assign-
ment using any of the databases was achieved by blastN retrieving 
a maximum of 100 hits per molecular units, discarding hits with less 
than 90% coverage. For each molecular units, only hits with the same 
match percentage as the best hit were retained. The majority consen-
sus (>=50%) name at each taxonomic level was retained or coded as 
“ambiguous”. Species- level names were accepted for matches of 97% 
or more or otherwise coded as “ambiguous”. Higher level taxonomic 

information was added to the species following the taxonomic ranks 
in NCBI.

A total of 2552 (79%) sequences from these regional species 
were retrieved from GenBank for the ITS2 region, which included 
628 (87%) of the 663 survey taxa for the local database. A total of 
37,566 sequences were added to the regional ITS2 database. The 
trnL sequence data was available for 2314 (71%) regional plants, in-
cluding 591 (82%) of the 663 survey taxa for the local database. A 
total of 25,650 sequences were added to the regional trnL database.

Outgroup taxa were removed (i.e., all reads not assigned 
to the Steptophyta), while reads assigned to the Chlorophyta, 
Sphagnopsida, Jungermanniopsida, Bryopsida, and Polytrichopsida 
were also removed to leave ingroup taxa consisting of only higher 
plant orders, corresponding to the survey data. The ITS2 data in-
cluded 5,639,110 reads (5,272,906 after excluding OTUs not as-
signed to ingroup, etc.) with 40,561 (mean) ±20,810 (sd) reads per 
sample. The trnL data included 10,258,744 reads (6,962,189 after 
exclusion) with a mean of 53,555 ± 25,295 reads per sample. Five 
PCR controls and 4 extraction blanks were included to detect po-
tential contaminants, by checking if any OTU was detected in higher 
read abundance in these controls than in any sample. Rarefaction 
curves indicated adequate sequencing depth had been achieved in 
all samples (Figure S2), and therefore read data was transformed 
into presence/absence form for all downstream analyses. Raw and 
processed sequencing files for the trnL analyses are available at the 
Dryad repository (http://doi.org/10.5061/dryad.xgxd2 54j2).

Plants from the morphological dataset, and from the regional 
ITS2 and trnL datasets were manually assigned to structural growth 
forms, as either trees, shrubs, dwarf shrubs, herbaceous plants, 
grasses, or sporulating plants (Polypodiopsida– ferns and horsetails), 
while functional growth form was assigned from a database of vas-
cular plants (Taseski et al., 2019), with plants assigned to aquatic, 
climbing, epiphytic, freestanding, mycoheterotrophic, or parasitic 
functional growth forms (Full OTU/ASV tables and growth form as-
signments are listed in Table S1).

2.3  |  Statistical analyses

All statistical analyses were performed within the R computing en-
vironment (v1.2.1335) and visualized using the ggplot2 package 
(Wickham, 2016). All community- level analyses were performed 
using the global reference database to assign taxonomy, as there 
were only minor differences in the richness and community compo-
sitions in the datasets that were assigned with different reference 
databases. An overall correlation between the richness values pro-
duced between methodologies (morphological, ITS2, and trnL) was 
analyzed using Spearman's rank correlation, while richness among 
sites was also compared using paired Student's t- tests. Sørensen's 
dissimilarity matrix was calculated for each dataset independently. 
Subsequently, the community compositions between different 
methodologies were analyzed by correlating dissimilarity matri-
ces using both Mantel statistics and Procrustes ordinations (after 

http://www.theplantlist.org
http://www.theplantlist.org
http://doi.org/10.5061/dryad.xgxd254j2
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performing non- metric multidimensional scaling, 999 permutations) 
using the Vegan package (Oksanen et al., 2018).

Extensive metadata for the sites was collected (soil pH, soil 
moisture, air temperature and ground temperature, soil carbon 
(C), soil nitrogen (N) ratio, soil phosphorus (P), and light variables) 
(Brunbjerg et al., 2017)(Table S1). Environmental variables un-
derwent z- transformation to standardize and center them (using 
the sjmisc package (Lüdecke, 2018)), before their effects on plant 
community composition were assessed. The effect of each envi-
ronmental variable was individually assessed against plant rich-
ness using Spearman's rank correlation coefficient. Meanwhile, 
the effects of environmental variation on plant community com-
position were analyzed using the envfit function to correlate each 
environmental variable to the communities produced by each 
method. Additionally, all environmental variables were correlated 
simultaneously against the community variation produced with 
each method. Initially, an optimized model of environmental vari-
ables (to community composition) was found by forward selection 
with the bioenv function (using Sørensen's dissimilarity matri-
ces), before canonical correspondence analysis was performed to 
quantify the amount of community variation explained by the se-
lected environmental variables (all of which using the Vegan pack-
age (Oksanen et al., 2018)). For testing for significant community 
variation associated with habitat type, sites were grouped into 
four types (agriculture, forest, grass, shrub) and correlated against 
community variation using the envfit function.

For all subsequent analyses using taxonomic information (such as 
the taxonomic breakdown of communities, primer biases, and growth 
forms), the regional reference databases were used for comparisons 
(as there was improved reliability and specificity of taxonomic as-
signments over the assignments made using the global reference da-
tabase). Kruskal- Wallis tests were performed to compare amplicon 
lengths to the most specific taxonomic assignment (i.e. genus if the 
species was unannotated) differed, which was performed in order to 
test whether shorter amplicon lengths produced less well annotated 
taxonomic assignments. The effect of amplicon length on taxonomic 
specificity was further investigated by comparing the relative over/
underrepresentation of molecular unit's relative to observed mor-
phological species within each order (((observed species– molecular 
units richness)/observed species)*100) against the mean amplicon 
length (for each order) using Spearman's rank correlation coefficient.

3  |  RESULTS

3.1  |  Comparing community profiles and 
environmental regulation

Across the entire morphological survey, 719 plant taxa were iden-
tified, of which 663 represented unambiguous, non- redundant spe-
cies. The ITS2 dataset contained a total of 7153 ASVs and the trnL 
data contained 9289 ASVs. After taxonomic filtering (and 97% clus-
tering of the ITS2 data) there was a total of 463 plant OTUs (97% 
clustered ASVs) and 337 plant ASVs recovered within the ITS2 and 

trnL molecular surveys respectively (using the global databases for 
taxonomic assignment). In the trnL data, we detected 9 ASVs with 
higher read abundance in one control than in any sample. Only one 
of these received a species- level taxonomic annotation. As the num-
ber (and relative read abundance) of these potential contaminants 
was generally low in all samples (max three in one sample) we chose 
not to remove them before further analyses. None of the controls in 
the ITS2 data contained any ingroup OTUs. The morphological sur-
vey also had the highest and most variable alpha- richness (mean of 
42.9 ± 25.0), followed by ITS2 (mean 16.3 ± 10.7) then trnL (mean 
15.0 ± 7.4). Significant differences in alpha richness between meth-
odologies were assessed by performing pairwise comparisons with 
Student's paired t- tests, and all three richness measures showed sig-
nificant differences to each other (morphological and ITS2 [t = 16.8, 
df = 129, p- value <0.001], morphological and trnL [t = 16.0, df = 129, 
p- value <0.001] and ITS2 and trnL [t = 2.8, df = 129, p- value <0.001]). 
However, there was a strong general correlation between the number 
of species observed in the morphological survey and molecular units 
richness produced with metabarcoding (ITS2: R = 0.775, p < 0.001; 
Figure 1a; trnL: R = 0.779, p < 0.001).

Sørensen dissimilarity matrices of the plant communities pro-
duced by each of the three techniques were compared in order to 
assess the amount of community variation, revealing that the trnL 
communities were the most similar on average, with a lowest mean 
community dissimilarity of 0.866, followed by the morphological 
data (0.857), while the ITS2 community data was the most dissimilar 
between sites (0.907; Figure 1b). These dissimilarity matrices were 
correlated against each other using Mantel statistics and Procrustes 
permutation tests on the nMDS. All three methods significantly cor-
related with each other (Table 1), but the ordinations for morphology 
and ITS2 had higher test statistics than when trnL was used (against 
either morphology or ITS2).

Environmental variables (soil pH, moisture, air temperature, 
ground temperature, soil C, soil N, soil P, and light) were correlated 
against the plant richness and the community composition produced 
via each methodology separately. Spearman's correlations revealed 
that plant richness correlated with soil pH, soil C, soil N, and soil P, and 
in all three datasets (Figure S3); however, richness further correlated 
with air temperature in the ITS2 dataset. Plant community variation 
correlated similarly with environmental variables for all three meth-
odologies, with soil P, moisture, and light significantly correlating 
with the community compositions produced by all three approaches 
(Table 2). However, ground temperature and soil pH also correlated 
with community variation in the morphological survey and the ITS2 
metabarcoding approach. The proportion of community variation ex-
plained by all significantly correlating factors was relatively low for all 
datasets (using the bioenv function and CCA), at 11.5% for the mor-
phology survey, 7.9% for the ITS2, and 5.5% for the trnL communities.

Habitat type was additionally correlated against the commu-
nity profiles produced with each methodology and visualized by 
performing nMDS. There were significant differences in commu-
nity compositions between habitat types for each method, but 
both the ITS2 (Figure 2b; R2 = 0.598, p- value <0.001) and trnL 
(Figure 2c; R2 = 0.533, p- value <0.001) datasets were aggregated 
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by habitat more distinctly than the morphological survey (Figure 2a; 
R2 = 0.404, p- value <0.001).

3.2  |  Specificity of the taxonomic assignments of 
ITS2 and trnL molecular units

The specificity of the taxonomic assignments produced was analyzed 
in each primer set using the global, regional, and local databases 
(Table 3). For the ITS2 dataset, the majority of reads were assigned 
to a species using all three reference databases, where 79.5% of 

reads were assigned to a species with the global database, 81.2% 
with the regional, and 75.8% with the local databases (Figure 3; 
Figure S4). The total number of species recovered within the ITS2 
dataset was similar from the global, regional, and local reference da-
tabases, representing 345, 343, and 331 species respectively. The 
effect of different reference databases had a more pronounced ef-
fect on the specificity of the taxonomic assignments of ASVs pro-
duced using the trnL primers. For the global database, 30.9% of ASV 
were most specifically assigned to a species, with a total of 83.4% of 
ASV assigned to genus or species level (Table 3). Within the regional 
dataset, this increased to 52.7% of ASV being assigned at the species 
level (89.2% to genus or species), and using the local database, this 
further increased to 69.5% of ASV assigned to species level (93.0% 
to a genus or species). Within the trnL data, 90, 142, and 155 spe-
cies were rediscovered using the global, regional, and local reference 
databases respectively.

3.3  |  Reliability of the taxonomic assignments of 
ITS2 and trnL molecular units

At the community level, the taxonomic composition of sites was 
similar, with the most common families consistent between the mor-
phological and molecular approaches (Figure S5), with the Poaceae 
(7.1, 3.9, 3.6; mean richness for the morphological survey, ITS2, and 

F I G U R E  1  (a) Plant molecular unit 
richness produced by metabarcoding 
soil with ITS2 and trnL primers plotted 
against observed plant richness from 
morphological surveys with lines of best 
fit added. The black line represents a 1:1 
ratio between morphologically identified 
species and OTU/ASV richness. (b) 
Density of Sørensen pairwise community 
similarities between the 130 sites for 
each of the methods (morphology, ITS2, 
and trnL). Vertical lines are the median 
similarity for each dataset

TA B L E  1  Mantel statistics and Procrustes permutation analyses 
were performed to compare the plant community compositions 
produced in the morphological and metabarcoding of soil with the 
ITS2 and trnL primers

Comparison

Mantel statistic
Procrustes 
permutation

r p- value R p- value

Morphology 
–  ITS2

0.774 <0.001 0.921 <0.001

Morphology 
–  trnL

0.710 <0.001 0.521 <0.001

ITS2 –  trnL 0.710 <0.001 0.504 <0.001

Note: *Bold font indicates significance.
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trnL datasets respectively), Asteraceae (3.4, 1.1, 0.8), Rosaceae (3.3, 
0.9, 1.0), Ranunculaceae (1.5, 0.9, 0.4), and Fabaceae (1.9, 0.7, 0.3) 
being the most taxa rich. There was also no evidence for habitat- 
specific skews in family richness (Figure S6).

The accuracy of the taxonomic assignments from different da-
tabases and different primer sets was assessed by identifying the 
number of taxa within the morphological survey rediscovered in 
total (i.e., across all sampling locations) and on average within each 
sampling location (Table 3). In nearly all comparisons, the total di-
versity rediscovered was much higher than the average per location. 
As with the level of assignments, the number of taxa rediscovered 
using the ITS2 primers did not differ greatly using different data-
bases, from 40.5% in the global database to 49.8% in the local data-
base, and with approximately a quarter (25%) of species recovered 

on mean average within sampling locations. The trnL performance 
was again more variable between different databases, being notably 
worse using the global database. For example, using the global data-
base, 15.8% of total species were recovered, and 6.6% of species re-
covered within sites. This increased to 15.8% and 23.3% recovered 
in total, and site means of 10.2% and 15.6% when using regional and 
local databases respectively.

Finally, the ITS2 and trnL datasets were also combined and re-
analyzed to investigate their cumulative effectiveness in recover-
ing named plant richness. In total, the number of species recovered 
across sampling locations increased to 42.0%, 50.5%, and 55.9% by 
using the combined global, regional, and local databases respec-
tively, which represented means of 27.3%, 28.8%, and 32.2% of 
species recovered within sampling locations (Figure 3; Figure S4). 

Parameter

Morphology ITS2 trnL

R2 p- value R2 p- value R2 p- value

Moisture 0.433 0.001 0.011 0.514 0.178 0.001

Soil C 0.031 0.077 0.015 0.392 0.051 0.033

Soil N 0.025 0.199 0.269 0.001 0.278 0.001

Soil P 0.126 0.001 0.392 0.001 0.488 0.001

Soil pH 0.058 0.029 0.348 0.001 0.349 0.001

Air temp 0.115 0.002 0.276 0.001 0.139 0.001

Ground temp 0.234 0.001 0.478 0.001 0.233 0.001

Light 0.199 0.001 0.520 0.001 0.345 0.001

Note: *Bold font indicates significance.

TA B L E  2  Regulation of plant 
community composition was investigated 
using envfit, which correlated community 
dissimilarity matrices produced via a 
morphological survey and metabarcoding 
surveys (performed with ITS2 and 
trnL primers) against environmental 
parameters

F I G U R E  2  Ordinations for the plant communities the a) morphological survey, b) ITS2 primers, and c) trnL primers, with colors 
representing the habitat type of the site and dashed lines representing the 95% confidence limits for each group
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There were considerable overlaps in the species identified with each 
primer set, with approximately half of all species identified with the 
trnL primers already found using the ITS2 primers.

3.4  |  Primer choice and plant ecological effects

The effects of primer choice and ecological effects (such as growth 
forms) were investigated using the taxonomic assignments produced 
using the regional reference databases only based on performance 
and simplicity. Initially, the systematic over-  or under- representation 
of specific taxonomic groups associated with each primer was investi-
gated. Most notably, the Poales (grasses) was by far the most diverse 
order in the morphological dataset (156 species), but only 96 OTUs 
and 100 ASVs were found in the ITS2 and trnL datasets respectively. 
Additionally, there was only a single Dryopteridaceae (ferns and horse-
tails) OTU/ASV that occurred twice within the entire ITS2 dataset 
(mean site richness of 0.01 in the ITS2, 0.7 and 0.6 in the morphologi-
cal survey and trnL datasets respectively). Similarly, there were only 
two occurrences of a Lamicaeae ASV occurring in the entire trnL data-
set (0.01), but a mean of 1.1 and 0.1 species per site was found within 
the morphological survey and ITS2 dataset respectively. Species were 
more likely to be detected molecularly when they occur in multiple 
sites (as they were generally more abundant within sites (experimental 
observation)); however, there were also highly abundant species that 
were entirely omitted using both primer sets (Figure S7).

Taxonomically redundant molecular units (i.e., multiple OTU/
ASVs assigned to the same species) were considered a failure of the 
method (primers and bioinformatic processing together) to delineate 
species effectively. Within the ITS2 dataset, there were 24 species 
with two OTUs assigned to them, a further 3 OTUs were assigned to 
Rumex acetosa and 6 OTUs were assigned to Quercus petrea. Within 
the trnL dataset, there were 19 species with one or more ASVs as-
signed to, including 3 ASVs assigned to Fagus sylvatica, Filipendula 
ulmaria, and Poa annua, and 4 ASVs assigned to Ranunculus reptans.

While longer sequences are hypothesized to give more specific 
taxonomic assignments (Fahner et al., 2016), they are also predicted 
to be under- represented in metabarcoding datasets (Willerslev et al., 
2014) due to environmental DNA often being degraded. Amplicon 
lengths were variable for both sets, with a mean of 212.8 bp (±20.2) 
for the ITS2 amplicons, and a mean of 52.5 bp (±11.4) for the trnL 
amplicons, and showed considerable variability between plant or-
ders (Figure S8). Therefore, to determine whether sequence length 
influenced the specificity of taxonomic assignments, sequence 
length was correlated against the most specific taxonomic rank 
assigned of each molecular unit (Figure S9). Amplicon lengths var-
ied, even within single primer sets. We therefore explored whether 
amplicon length impacted the specificity of taxonomic assign-
ments. Amplicon length significantly varied with the ITS2 primers 
(H = 14.9, df = 2, p < 0.001), with longer amplicons assigned to a 
species (216.2 ± 15.3 bp) and genus (203.0 ± 28.2 bp) compared 
to those that were limited to phylum (177.3 ± 40.6 bp). For the trnL 
primers, amplicon lengths significantly differed between assignment 

levels (H = 14.9, df = 2, p < 0.001); however, amplicons were longest 
in ASVs assigned to a genus (54.1 ± 11.1 bp), compared to species 
(51.8 ± 12.5 bp) and family (50.7 ± 5.2 bp). To further determine 
whether amplicon size effected our ability to delineate species, the 
relative difference in richness within each order (((observed species 
–  OTU/ASV richness)/observed species)*100) was plotted against 
mean amplicon length (for each order), but there was no clear rela-
tionship (Figure S10).

Plant observations (from the morphological dataset) and molec-
ular units with genus or species- level taxonomic annotation were as-
signed to structural and functional growth forms. Herbaceous plants 
and grasses were the dominant structural growth forms (Figure 
S11) and there were no obvious biases within the molecular data-
sets, with the exception of the ITS2 primers recovering almost no 
fern or horsetail (Dryopteridaceae) species. There were also a large 
number of molecular units that were not assigned to a structural 
growth form due to their limited taxonomic assignment, with many 
molecular units unassigned in both molecular datasets. Plants were 
also assigned to functional growth forms, defined as either aquatic, 
climbing, epiphytic, freestanding, mycoheterotrophic, and parasitic 
plants (Figure S12). Freestanding plants were the overwhelming 
majority of the communities produced via all three methodologies, 
accounting for 94.9% of all reads assigned a functional growth form. 
Climbing plants were the second most abundant plants, accounting 
for between 3.3% of occurrences between methodologies, while all 
other functional growth forms were relatively rare.

4  |  DISCUSSION

In this work, we further demonstrate the utility of DNA metabar-
coding of soil in characterizing plant communities (Frøslev et al., 
2017; Yoccoz et al., 2012). We show that both the ITS2 and trnL 
regions can be targeted to produce community profiles and rich-
ness measures that correlate with morphological surveys from sites 
across wide ecological gradients in Denmark, which can in turn be 
used to determine the environmental factors that regulate them. 
However, there were fewer molecular units recovered than species 
present in the morphological survey, and there were clear limits to 
the level of taxonomic assignments made to molecular units. While 
we found that the performance of the molecular survey was re-
duced by the use of the trnL primers (Fahner et al., 2016; Taggart 
et al., 2011), this could be partially mitigated by careful curation 
and/or customization of the reference database, although this too 
needs to be considered carefully since it will limit discovery to spe-
cies selected a priori.

4.1  |  Comparing community profiles and 
environmental regulation

For community ecologists, both richness and composition are of 
interest (Levin et al., 2012). Here, we found that plant richness 
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correlated well between the morphological survey and both (ITS2 
and trnL) molecular approaches. Molecular richness was significantly 
lower than both morphological estimates, and there was a signifi-
cantly higher OTU richness in the ITS2 dataset than ASV richness in 
the trnL. Community dissimilarity occurred at similar rates between 
sites within all three methodologies, being approximately 90% dis-
similar on mean average (i.e., sites only shared approximately 10% 
of taxa on mean average across all sites and habitat types). Plant 
community composition varied between sites similarly, with both 
the ITS2 and trnL communities correlating with the morphological 
survey. However, the ITS2 primers once again outperformed the 
trnL in reproducing the community variation of the morphological 
survey. Nonetheless, the environmental factors that correlated with 
plant richness and community variation were almost identical for 
all methodologies. Richness correlated with soil pH, soil C, soil N, 
and soil P in all datasets, but richness additionally correlated with air 
temperature in the ITS2 dataset. The community composition also 
correlated similarly with environmental variables between all three 
datasets, with moisture, soil P, and light significantly correlating with 
community variation in all datasets, while soil pH and ground tem-
perature further correlated with community variation in the mor-
phological and ITS2 datasets. Variation of whole plant communities 

has not been studied over complex environmental gradients within 
Denmark, but results here share similarities to studies of semi- 
natural habitats (Ejrnæs et al., 2002) and dry grasslands (Ejrnæs & 
Bruun, 2000). Both metabarcoding approaches clearly differenti-
ated between habitat types, and it is clear both metabarcoding 
approaches represent a powerful tool to investigate the macroeco-
logical patterns of plants over complex landscapes. It is also clear 
that the trnL primers were slightly inferior to the ITS2 in describing 
both richness and community turnover within temperate soils.

Within the metabarcoding datasets, far fewer plant molecular 
units were detected in total than species observed in the morpho-
logical dataset. Interestingly for both markers many species were de-
tectable by the molecular approaches (as demonstrated by presence 
in other sites), but found in far fewer sites than in the morphological 
survey. Despite sizeable efforts to sample large quantities of soil and 
homogenize it before DNA extraction, we sampled soil from just 
0.01% of the 40 m × 40 m surface of plots (81 soil cores of approxi-
mately 5 cm diameter) (Frøslev et al., 2019). When aboveground and 
belowground sampling efforts are standardized (by volume), below-
ground richness has been shown to exceed aboveground by up to 
threefold (Hiiesalu et al., 2012; Oñatibia et al., 2017; Träger et al., 
2019). Therefore, many species likely remained undetected within 

TA B L E  3  Comparison of the taxonomic assignments of OTU/ASVs produced from the plant surveys performed with 
the ITS2 and trnL primers

Taxonomic 
classification

ITS survey

Global Regional Local

OTU assigned (%)
Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) OTU only OTU assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) OTU only OTU assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) OTU only

Kingdom 0.0 100.0 100.0 0 0.0 100.0 100.0 0 0.0 100.0 100.0 0

Phylum 0.2 100.0 100.0 0 0.0 100.0 100.0 0 0.6 100.0 100.0 0

Order 0.0 80.6 74.0 1 0.0 83.3 74.7 1 0.0 80.6 74.9 0

Family 0.2 73.6 62.5 1 0.2 73.6 63.0 1 0.0 72.5 62.0 0

Genus 20.1 64.6 40.3 9 18.5 67.4 41.1 10 23.6 64.6 40.6 0

Species 79.5 40.5 26.0 76 81.2 46.5 27.4 34 75.8 49.8 28.8 0

Taxonomic 
classification

trnL survey

Global Regional Local

ASV assigned (%)
Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) ASV only ASV assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) ASV only ASV assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) ASV only

Kingdom 0.0 100.0 100.0 0 0.0 100.0 100.0 0 0.0 100.0 100.0 0

Phylum 0.3 100.0 100.0 0 0.0 100.0 100.0 0 0.0 100.0 100.0 0

Order 0.0 83.3 71.9 5 0.0 86.1 71.5 1 0.0 83.3 71.0 0

Family 16.3 68.1 61.6 10 10.8 72.5 61.0 3 7.0 72.5 60.6 0

Genus 52.5 34.8 29.4 42 36.5 41.5 31.5 20 23.5 34.8 34.7 0

Species 30.9 15.8 6.6 46 52.7 15.8 10.2 37 69.5 23.3 15.6 0

Note: Most specific taxonomic rank assigned –  the number of OTU/ASV maximally assigned at each taxonomic rank. OTU/
ASV assigned (%) –  the percentage of OTU/ASV assigned at each taxonomic rank. Per. of diversity discovered (total) –  the 
total diversity (%) found within the morphological dataset that was recovered in the metabarcoding approach. Average 
diversity discovered per site –  the average percent (per site) of diversity found within morphological survey that was recovered 
by metabarcoding approach. OTU/ASV only –  the number of OTU/ASV assigned to taxonomic units not found within the 
morphological survey.
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sites and across whole datasets due to soil sampling limitations 
(Edwards et al., 2018), with the DNA from plants highly heteroge-
neously distributed within and across sites. Additionally, multiple 
DNA extractions from bulk samples (ground insects) were found to 
significantly increase the recovery of total insect diversity, further 
emphasizing that increasing sampling effort of the belowground 
communities through multiple DNA extractions would likely in-
crease the number of molecular units recovered (Dopheide et al., 
2019).

4.2  |  Specificity of the taxonomic assignments of 
ITS2 and trnL molecular units

Diversity is generally cataloged at the species level, and here we 
found that comparisons at more specific taxonomic ranks were 
partially limited due to the lack of species- level taxonomic assign-
ments within the molecular datasets. Using global databases, 79.5% 
of OTUs were assigned at the species level within the ITS2 dataset, 
but 30.9% of OTUs within the trnL dataset. Assignments were im-
proved by using customized regional or local reference databases. 

These allow for better assignment by the removal of confounding 
species that are homologous over the amplicon region, but are un-
likely to be present. A large improvement in taxonomic specificity 
was observed for the trnL data when using a regional database, but 
only modest effect for the ITS2 data. Thus, the construction of a 
dedicated trnL database seems like a possible choice when using trnL 
primers if species- level taxonomy is necessary. However, a missing 
barcode gap should generally not be circumvented with a minimized 
database, as this can lead to the wrong conclusions/detections. 
Thus, this approach is only advisable when working in habitats with 
a relatively well- known and restricted list of plants. Contrastingly, 
the higher variation of the ITS marker allows for a global database to 
be used without a reduction in the specificity of OTU assignments.

4.3  |  Reliability of the taxonomic assignments of 
ITS2 and trnL molecular units

In addition to profiling the community as a whole, a reliable taxo-
nomic breakdown of the community is essential in understanding an 
ecosystem. At higher taxonomic ranks, the community profiles were 

TA B L E  3  Comparison of the taxonomic assignments of OTU/ASVs produced from the plant surveys performed with 
the ITS2 and trnL primers

Taxonomic 
classification

ITS survey

Global Regional Local

OTU assigned (%)
Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) OTU only OTU assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) OTU only OTU assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) OTU only

Kingdom 0.0 100.0 100.0 0 0.0 100.0 100.0 0 0.0 100.0 100.0 0

Phylum 0.2 100.0 100.0 0 0.0 100.0 100.0 0 0.6 100.0 100.0 0

Order 0.0 80.6 74.0 1 0.0 83.3 74.7 1 0.0 80.6 74.9 0

Family 0.2 73.6 62.5 1 0.2 73.6 63.0 1 0.0 72.5 62.0 0

Genus 20.1 64.6 40.3 9 18.5 67.4 41.1 10 23.6 64.6 40.6 0

Species 79.5 40.5 26.0 76 81.2 46.5 27.4 34 75.8 49.8 28.8 0

Taxonomic 
classification

trnL survey

Global Regional Local

ASV assigned (%)
Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) ASV only ASV assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) ASV only ASV assigned (%)

Per. of diversity 
discovered (total)

Average. diversity 
discovered per site (%) ASV only

Kingdom 0.0 100.0 100.0 0 0.0 100.0 100.0 0 0.0 100.0 100.0 0

Phylum 0.3 100.0 100.0 0 0.0 100.0 100.0 0 0.0 100.0 100.0 0

Order 0.0 83.3 71.9 5 0.0 86.1 71.5 1 0.0 83.3 71.0 0

Family 16.3 68.1 61.6 10 10.8 72.5 61.0 3 7.0 72.5 60.6 0

Genus 52.5 34.8 29.4 42 36.5 41.5 31.5 20 23.5 34.8 34.7 0

Species 30.9 15.8 6.6 46 52.7 15.8 10.2 37 69.5 23.3 15.6 0

Note: Most specific taxonomic rank assigned –  the number of OTU/ASV maximally assigned at each taxonomic rank. OTU/
ASV assigned (%) –  the percentage of OTU/ASV assigned at each taxonomic rank. Per. of diversity discovered (total) –  the 
total diversity (%) found within the morphological dataset that was recovered in the metabarcoding approach. Average 
diversity discovered per site –  the average percent (per site) of diversity found within morphological survey that was recovered 
by metabarcoding approach. OTU/ASV only –  the number of OTU/ASV assigned to taxonomic units not found within the 
morphological survey.
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consistent between approaches, each dominated by the Poaceae, 
Asteraceae, Rosaceae, Ranunculaceae, and Fabaceae. Previous 
studies have metabarcoded plant aDNA with the trnL primers to 
study changes in vegetation types between time periods (Alsos 
et al., 2018) or the introduction of phylogenetically distinct species 
(Sjögren et al., 2017), and our results here suggest that both primer 
sets can be used to perform these types of studies. For other stud-
ies, the lack of species- level taxonomic assignments, particularly 
using the trnL primers will limit findings. For example, the diet com-
position of large herbivores in complex landscapes will be hampered, 
as the trnL cannot discriminate between genera within the Poaceae, 
and this level of specificity is needed to effectively discriminate be-
tween crops, fodder, and natural vegetation (Fløjgaard et al., 2017).

For the trnL data, the number of species- level annotations in-
creased when using regional and local reference databases. These 

ASVs were previously mainly unannotated ASVs, but also a few ASVs 
were re- assigned taxonomically. For the ITS2 dataset, the specificity 
of taxonomic assignments was relatively consistent between refer-
ence databases. Using the ITS2 primers with a global database as a 
reference produced 76 OTUs with a species- level annotation that 
were not found within the morphological survey. However, over 40 
of these OTUs were reassigned from species not detected in the 
morphological survey to species that were, when using the regional 
and local databases instead of the global. Therefore, restricting data-
bases appears to improve the specificity of species- level assignments 
made by the trnL primers, and improves the accuracy of the species- 
level assignments made with the ITS2 primers. Using the taxonomic 
assignments produced from the regional datasets, both datasets still 
detected a number of molecular units that were assigned to spe-
cies not detected in the morphological survey. A closer inspection of 

F I G U R E  3  Upset plot comparing the species- level taxonomic assignments produced with the ITS2 and trnL primers (using the regional 
database) to the morphological survey (analogous to a Venn diagram). Bottom left indicates the total number of species annotations, while 
points represent the groups within the intersection and the bar represents the number of species annotated to it
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these species revealed that the majority represented species were 
likely to be present but without a conspicuous aboveground pres-
ence (and therefore likely missed in the morphological survey; Table 
S2) (Hiiesalu et al., 2012). There were only a handful of molecularly 
detected species that were deemed to be unlikely for the studied 
site(s), and these most likely represent taxonomic misassignments 
due to misannotated reference sequences and or incomplete ref-
erence data for groups with very similar marker genes. There were 
also a number of molecular units assigned to commonly cultivated 
plants not present within field sites. It is not clear whether DNA from 
these species were present in the field but not visible residues dis-
seminated by animals or air (Johnson et al., 2019), or were common 
laboratory contaminants that are misannotated within reference da-
tabases (such as Allium cepa, Cucumbus sativus, and Brassica oleracea).

4.4  |  Primer choice and plant ecological effects

Both richness and composition significantly correlated be-
tween the ITS2 and trnL datasets and with the morphological 
survey, but there were also a number of differences associated 
with primer choice. For example, the almost complete absence 
of Dryopteridaceae (ferns and horsetails) in the ITS2 dataset 
and very few Lamicaeae species recovered in the trnL dataset. 
Conversely, both metabarcoding approaches also produced a 
number of taxonomically redundant OTU/ASVs, inflating the rich-
ness of specific taxa and further exemplifying how morphological 
species assignments and OTU/ASVs can be misaligned. It should 
be noted that these OTU/ASV may also reflect distinct varieties/
subspecies or cryptic species, and misannotated reference data. 
Meanwhile the Poaceae were the most species- rich family in all 
methods, but were considerably underrepresented in both mo-
lecular datasets. This was likely a consequence of an inability to 
distinguish between multiple closely related species from single 
universal amplicon regions (Yoccoz et al., 2012). The use of a com-
bination of broad target primers has been suggested to improve 
molecular richness assessments (Drummond et al., 2015). Here we 
found modest increases in the number of species recovered within 
sites by supplementing the ITS2 dataset with the trnL; approxi-
mately half of the species recovered by the trnL approach were 
not previously described by the ITS2 alone. Alternatively, target-
ing poorly resolved but species- rich families, such as the Poaceae, 
can supplement broad target primers to provide greater within 
family resolution (Ait Baamrane et al., 2012). The optimal primer 
set is study- specific, but the optimal strategy could tailor based on 
a priori knowledge of the local vegetation, using a combination of 
broad range primers (as in this study) that are supplemented with 
more specific primers targeting the most diverse taxa.

Variation in amplicon lengths within each primer set seemed to 
slightly affect the ability to assign taxonomy within individual primer 
sets, with a few rare and substantially shorter reads associated with 
the least specific taxonomic assignments. While it is known that 
primers targeting longer fragments generally outperform those 

targeting shorter fragments (Yeo et al., 2020), within- primer frag-
ment size variation was not systematically over-  or underrepresent-
ing specific taxa in relation to the morphological survey. Given the 
relatively similar rates of database completeness for both regions, 
it is likely that sequence homology was the primary limiting factor 
in making species- level taxonomic annotations of molecular units, 
which was worsened by the short amplicons produced using the trnL 
primers.

While primer choice clearly had a considerable effect on the 
community profile produced, structural growth form did not seem 
to have as large an effect. Forest and plantation sites had some of 
the highest richness in all methodologies, with many herbaceous 
species found within them despite trees being the overwhelmingly 
dominant plant biomass. There was no obvious bias for or against 
particular structural growth forms in the molecular datasets, with 
the notable exception of the Dryopteridaceae (ferns and horsetails), 
which were omitted almost entirely by the ITS2 primers. Given that 
the Dryopteridaceae were more frequently amplified within the trnL 
dataset, this was most likely driven by a primer mismatch rather than 
relating to the structural growth form.

Due to the freestanding plants being the overwhelmingly dom-
inant functional growth form of the plants found within this study, 
biases associated with the molecular surveys were hard to quantify. 
However, rarer functional growth forms were however still detected 
within the molecular surveys, with for example 42 occurrences of 
parasitic plants within the morphological dataset, and 6 and 8 occur-
rences within the ITS2 and trnL datasets respectively. Interestingly, 
epiphytic plants were very rare within the morphological survey, 
occurring on just 18 occasions, but were completely absent in both 
molecular datasets, perhaps driven by their limited interaction with 
soils. Further investigations are needed to see if epiphytic plants 
or other functional growth forms could be “blind spots” for eDNA- 
based richness surveys. Interestingly, the morphological survey de-
tected 17 species of orchids (family Orchidaceae), whereas ITS2 only 
detected one of these (Platanthera chlorantha) and trnL none. We 
speculate that this could be explained by the relatively sparse roots 
of orchids, and it seems that soil eDNA is not optimal for targeted 
inventorying of orchids.

4.5  |  Considerations for future plant community 
characterizations with metabarcoding

While we further demonstrate the utility of metabarcoding eDNA 
in characterizing plant communities, there are a number of key pro-
cesses that can be modified in order to optimize results in future 
studies. Initially, the level of degradation of plant DNA needs to be 
considered. With this, primers can be selected to best distinguish 
between plant species and to assign taxonomy. We further sug-
gest that the ITS2 primers are generally preferable to the trnL prim-
ers since they best reflected community variation and recovered a 
higher percentage of named richness, although the trnL primers are 
also effective, and likely more effective than ITS2 when the template 
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DNA is highly degraded, as with fecal samples (Kartzinel et al., 2015) 
or with aDNA (Sjögren et al., 2017). Sampling needs to be compre-
hensive to be representative, with many soil cores and multiple DNA 
extractions performed per sampling location likely to provide a more 
complete representation of total site richness than was found here. 
We would argue in our study; more soil sampling would characterize 
plant diversity more effectively than analysis with additional broad 
target primer sets. Sequencing also needs to produce enough reads 
to ensure the discovery of all molecular units within samples, with 
results here suggesting 20,000 reads per sample adequate in tem-
perate ecosystems. Finally, bioinformatics have arguably been most 
refined (Barba et al., 2014), but nonetheless should be optimized 
within each experiment, with considerations regarding OTU cluster-
ing threshold and the use of post- clustering algorithms such as LULU 
(Frøslev et al., 2017) to ensure representativeness and reliability of 
data.
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