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Agnès Bouchez f, Frédéric Rimet f, Judit Padisák b 

a Premium Postdoctoral Research Program, Hungarian Academy of Sciences, Budapest, Hungary 
b Research Group of Limnology, Center for Natural Science, University of Pannonia, Egyetem u. 10, H-8200 Veszprém, Hungary 
c Centre for Ecological Research, Balaton Limnological Institute, Klebelsberg Kuno u. 3, H-8237 Tihany, Hungary 
d Centre for Ecological Research, Danube Research Institute, Department of Tisza Research, 18/c. Bem square, H-4026 Debrecen, Hungary 
e MTA Centre for Ecological Research, GINOP Sustainable Ecosystems Group, 3. Klebelsberg Kuno str., H-8237 Tihany, Hungary 
f CARRTEL USMB INRAE, 75 bis Avenue de Corzent 74200 Thonon-les-Bains France   

A R T I C L E  I N F O   

Keywords: 
Diatom 
Environmental DNA 
ESV 
Land-use 
Metabarcoding 
Stream 

A B S T R A C T   

Land-use imposes an important potential threat on the aquatic ecosystems of riverine habitats. In this study, DNA 
metabarcoding was used to assess the effect of land-use on diatom assemblages, with a special focus on cropland 
area as an integrative proxy for several direct-acting pressures. The so-called taxonomy-free approach was tested 
using exact sequence variants (ESVs) without pre-clustering and without assigning them to traditional taxonomy. 
Our hypothesis is that the taxonomy-free approach gives better interpretation of the effect of agricultural land- 
use and it provides a more efficient index to indicate agricultural stress than the classical method with tax
onomical clustering. Classical ordination techniques (PCA, NMDS) were performed to study the effects of 
cropland area proportion on diatom assemblages and a modified version of the Zelinka-Marvan equation for the 
index development. Results showed that (i) although ESVs provided better results when studying land-use effects 
on diatoms, taxonomic assignment after analysis was necessary to give ecological interpretations and that (ii) a 
better performing index could be developed by using the taxonomy-free approach. By using ESVs without 
taxonomic assignment, information on the ecology of sequences belonging to the same species and of unassigned 
sequences could be kept. New types of clustering methods are welcome in the future of biomonitoring where the 
delimitation of taxonomic units should be refined based on a higher emphasis on their ecology rather than on 
morphological or genetical criteria.   

1. Introduction 

Land-use contributes substantially to the threats altering riverine 
ecosystems worldwide (Vörösmarty et al., 2010). As intensive agricul
tural activity on the catchments has been permanently expanding, it has 
become a major source of quality degradation of watercourses (Moss, 
2008). It, among others, affects aquatic ecosystems through several 
direct-acting factors, e.g. nitrogen fertilizers (He et al., 2011), pesticides 
(DeLorenzo et al., 2001), river morphology alteration (Pedersen, 2009), 
salinization (Blinn and Bailey, 2001), reduced riparian vegetation 
(Broetto et al., 2017), and sedimentation (Naden et al., 2016). Thus, the 
assessment of such an integrative environmental pressure as agricultural 

land-use is of great importance. 
Diatoms are well studied indicator organisms and the effect of agri

cultural land-use on both lotic and lentic communities is reported (Blinn 
and Bailey, 2001; Bradshaw et al., 2006; Miettinen et al., 2005; Pan 
et al., 2004; Stenger-Kovács et al., 2020) or indicated by traditional 
diatom indices (Walsh and Wepener, 2009). Diatom indices are 
routinely used for biomonitoring purposes and are implemented in 
water management legislation frameworks (European Commission, 
2000; U.S. Congress, 1972). These indices are traditionally computed 
based on the (in some cases poorly known) autecological properties of 
the taxa identified via microscopic examination. This method however 
encompasses some uncertainties that have been discussed in a number of 
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studies (e.g. Kelly et al., 2009; Schneider et al., 2017; Tapolczai et al., 
2016). Microscopical identification of diatoms is time consuming, re
quires high-level expertise and up to date identification literature to 
cope with the fast-changing and relatively unstable taxonomy. The 
resulting taxa lists thus often suffer a subjective bias that makes the 
intercomparison of studies rather challenging (Kahlert et al., 2009). 

Recent developments in DNA metabarcoding and high-throughput 
sequencing (HTS) offers a cost-effective way requiring less human 
effort for the simultaneous identification of a large quantity of DNA 
barcodes in hundreds of samples. Thus, taxa lists are obtained in a rather 
automatized and potentially standardised way. The advantage of the 
method for biomonitoring is evident and many papers, largely focusing 
on indicator organisms such as macroinvertebrates or diatoms, have 
addressed the implementation of metabarcoding in quality assessment 
(Bailet et al., 2019; Blackman et al., 2019; Cordier et al., 2020; Elbrecht 
et al., 2017; Keck et al., 2017; Serrana et al., 2019; Vasselon et al., 
2017b). However, implementing this method as a standardized bio
monitoring tool has its own challenges (Leese et al., 2016; Rivera et al., 
2020) regarding the selection of the proper DNA extraction method 
(Vasselon et al., 2017a) and molecular barcode (Guo et al., 2015; Ker
marrec et al., 2014), that needs to be supported by a curated and large 
reference database (Rimet et al., 2019). The different HTS techniques 
introduce further potential biases. 

Most bioinformatic pipelines (Caporaso et al., 2010; Chen et al., 
2013; Mahé et al., 2015; Schloss et al., 2009; Westcott and Schloss, 
2015) cluster DNA sequences into operational taxonomic units (OTUs) 
based on sequence similarity in order to handle erroneous sequences or 
to reach a hypothetical species-level delimitation. Recently, it is 
becoming more adequate to use non-clustered taxonomic units, like 
amplicon sequence variants (ASVs) or exact sequence variants (ESVs) 
that went through a thorough denoising algorithm (Callahan et al., 
2017; Nearing et al., 2018). Traditionally, these molecular taxonomic 
units are then assigned to taxonomy based on reference databases, 
which are however incomplete to varying degrees (Elbrecht et al., 2017; 
McGee et al., 2019; Rimet et al., 2018; Weigand et al., 2019) and are not 
completely independent from the traditional approach because the 
species in the database are also partly identified based on morphology. 
The so-called taxonomy-free method proposes an alternative approach 
so that molecular taxonomic units (OTU, ESV, ISU, etc.) are not assigned 
to taxa and thus, information carried by “unassigned” sequences are not 
lost. The approach has emerged only in the last years to study periphytic 
communities in streams but it already presented interesting insights into 
intraspecific variability and potential use in biomonitoring and bio
assessment (Apothéloz-Perret-Gentil et al., 2017; Feio et al., 2020; 
Tapolczai et al., 2019). It permits the implementation of sequences into 
quality indices without taxonomic assignment and additionally makes it 
possible to study subspecies diversity or to enlighten hidden ecological 
diversity of the different genetic varieties within taxa. The further 
investigation of the method thus is very promising for both fundamental 
and applied scientific purposes in stream ecology. 

Our study is the first investigating the influence of agricultural land- 
use (cropland area proportion) on the diatom assemblages through 
diatom ESVs, revealed by metabarcoding. We furthermore used the 
taxonomy-free approach for the first time to build a de novo model for 
assessing agricultural stress, based on the diatom assemblages. Hence, 
the study addresses the hypothesis that ESVs without taxonomic 
assignment are more efficient to study the effect of agricultural land-use 
on the diatom assemblages than ESVs clustered to taxonomy. We further 
hypothesise that the taxonomy-free approach performs better when 
developing an index predicting agricultural stress, by revealing hidden 
ecological differences of the ESVs belonging to the same taxa and by 
keeping the ecological information of unassigned sequences. 

2. Materials and methods 

2.1. Sampling network and study sites 

In total, 130 samples from 67 sampling sites in watercourses were 
taken during two field sampling campaigns covering two catchment area 
subunits defined by the river basin management planning of Hungary 
(RBMP, 2015), in the Central and Western Transdanubian region in 
Hungary (Fig. 1). These are the catchments of the river Marcal with an 
area of 3,084 km2 and river Rába covering an area of 5,600 km2, 
including the catchment area of the Marcal as it is a part of the latter. 
The field sampling was carried out twice. The first period was in August 
and September 2018 (67 samples) and the second was in May and June 
2019 (63 samples). The sampling periods were chosen so that they were 
preceded by a three- four week long period without strong disturbance 
events, e.g. heavy rains or floods (CEN, 2003). Special attention was 
taken so that the sampling network includes variability in terms of 
stream order and typology. 

2.2. Environmental variables 

Samples were assigned to typology and stream order based on the 
Hungarian RBMP classification (RBMP, 2015). Coordinates and altitude 
were noted on site together with the following parameters: width and 
composition (proportion of grass, shrubs and trees) of riparian vegeta
tion, dominant substrate, coverage of the water surface by macrophytes, 
proportion of shaded surface area, morphology of the river. Composition 
and width of the riparian vegetation were used to derive a “riparian 
vegetation index” (Ripveg_index) so that higher values indicate wide 
vegetation dominated by trees and narrow or grass dominated riparian 
vegetation is indicated by low values. These parameters were estimated 
by naked eyes in the surrounding area of the sampling site. Additional 
site parameters were measured in situ: river width, water flow velocity, 
temperature, conductivity, dissolved oxygen concentration, oxygen 
saturation, and pH, using a Valeport Model 801 electromagnetic open 
channel flow meter and HQ40d Hach Lange multimeter and probes. At 
each sampling site, a water sample was taken for further laboratory 
analyses, during which nitrite (NO2

− ), nitrate (NO3
− ), ammonium (NH4

+), 
soluble reactive phosphorus (SRP), total phosphorus (TP), chloride 
(Cl− ), soluble reactive silica (SRSi), carbonate (CO3

2− ), bicarbonate 
(HCO3

− ) and chemical oxygen demand (COD) were measured using 
titrimetric and spectrophotometric methods, following international 
standards (APHA, 2012; Wetzel and Likens, 2000). Nitrate concentra
tion was measured using a Hach Lange ISENO3181 nitrate probe. 

Additionally, land-use was analysed in a 1 km radius around the 
sampling points using the national, high-resolution ecosystem basemap 
of Hungary (Ministry of Agriculture, 2019; Tanács et al., 2019) and 
calculating the proportion of six land-use categories for each site: forest, 
cropland, grassland, urban, water, wetland. All parameters measured 
are presented in Table S.1, with their mean and standard deviation, or 
class proportion along the sampling network. 

2.3. Diatom sampling and laboratory procedure 

Periphyton samples were collected from the most representative 
substrate (stones, macrophytes or sediment, Table S.1) at each sampling 
site following European standards (CEN, 2018a). The upper surface of 
the substrates were scrubbed using a clean toothbrush and washed into a 
tray. In the case of sediment, the samples were collected by pipetting the 
superficial layer of the substrate. The samples were then homogenized 
by manual shaking and transferred into 20 mL tubes containing 96% 
ethanol for a final concentration of >70%. The samples were stored in 
4 ◦C, in the dark until DNA extraction that was executed within one year 
following the first sampling period. 

For the DNA extraction, samples were first manually homogenized, 
and 2 mL of each sample was used. The 2 mL samples were first 
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centrifuged at 13,000 rpm during 30 min at 4 ◦C in order to remove the 
preservative (ethanol) with the supernatant. The remaining pellet was 
used for total genomic DNA extraction using the Macherey-Nagel 
NucleoSpin® Soil kit extraction protocol with a final elution volume 
of 30 µL. 

A short, 312 bp fragment of the Ribulose Bisphosphate Carboxylase 
Large subunit (rbcL) chloroplastic gene was used as the marker gene for 
PCR amplification. Primers used for amplification were the equimolar 
mix of three forward primers (Diat_rbcL_708F_1, Diat_rbcL_708F_2, 
Diat_rbcL_708F_3) and two reverse primers (R3_1, R3_2), after Vasselon 
et al. (2017b). Forward and reverse primers were tagged with the 5′- 
CTTTCCCTACACGACGCTCTTCCGATCT-3′ and the 5′-GGAGTTCA
GACGTGTGCTCTTCCGATCT-3′ Illumina adapters in order to prepare 
Illumina libraries in a dual-step PCR approach. During the first PCR step 
(PCR1), DNA samples were amplified in triplicates in a final volume of 
25 µL using the tailed primers and the Takara LA Taq® polymerase and 
the reaction mix detailed in Table S.2. The PCR replicates of each DNA 
sample were then pooled together and transferred to the GenoToul 
Genomics and Transciptomics platform (GeT-PlaGe, Auzeville, France). 
They performed a second PCR (PCR2) amplification using the purified 
PCR1 amplicons as template and the Illumina-tailed primers to add dual- 
index specific to the samples. They furthermore prepared the final pool 
that corresponds to an equimolar mix of the 130 PCR2 dual-indexed 
amplicons and carried out the sequencing of the pool using Illumina 
MiSeq sequencing platform with V3 paired-end sequencing kit 
(2×250bp). 

2.4. Bioinformatics pipeline 

The DADA2 pipeline (Callahan et al., 2016) was used for the bio
informatic treatment of the demultiplexed MiSeq reads. A pipeline 
adapted to diatom metabarcoding sequence data (available on https 
://github.com/fkeck/DADA2_diatoms_pipeline and in Data S.1) was 
applied with the following steps. The removal of primer sequences from 
R1 and R2 reads was done using cutadapt 2.9 (Martin, 2011). The 
quality profile of R1 and R2 reads were checked and the pattern showed 
good read quality and only the last 20–30 bps decreased in quality score 
(Fig. S.1). R1 and R2 reads were truncated to 200 and 170 nucleotides, 

respectively, in order to remove the last, poor quality nucleotides. 
Truncated sequences were filtered using criteria of 0 ambiguities (“N”) 
and a maximum of expected errors (maxEE) of 2. An error model was 
executed showing that estimated error rates fit well to the observed rates 
and the error rates decrease with increased quality (Fig. S.2). R1 and R2 
reads were then dereplicated into ISUs. ESVs were selected based on the 
error rate models determined by the DADA2 denoising algorithm and 
paired reads were merged into one sequence. Chimeras were then 
removed. Singletons in the dataset were also removed and sample size 
normalization was performed to read number 32,542, based on the 
rarefaction curves (Fig. S.3). Read numbers in each sample were tracked 
after each step of the bioinformatic pipeline and summarized in 
Table S.3. Treated data with the sequences and associated read numbers 
per samples are shown in Table S.4. Taxonomic assignment of ESVs was 
carried out with an adapted version (version 7) of the diat.barcode 
reference database following European standards for reference barcod
ing library management (CEN, 2018b; Keck et al., 2019; Rimet et al., 
2019), with the R package “diat.barcode” (Keck, 2020), using a mini
mum bootstrap confidence of 75 for assigning a taxonomic level 
(Table S.5). 

2.5. Data analysis and model development 

2.5.1. Exploring the abiotic environment 
In order to address our proposed hypotheses, preliminary analyses 

were done to study the relationships among abiotic variables. All data 
handling and analyses were carried out in R 3.6.2 (R Core Team, 2019) 
with the adequate packages. Principal component analysis (PCA) 
(Venables and Ripley, 2002) using the “prcomp” function was used to 
study the most important land-use categories responsible for the highest 
variation in the dataset. The relationship between land-use and 
continuous environmental variables was investigated via Pearson’s 
correlations on the log-transformed data. In addition to simple correla
tions, multiple linear regression (MLR) was conducted based on the 
combination of environmental variables. Parameters included in the 
MLR were chosen after model selection based on Akaike’s Information 
Criterion (AIC; Sakamoto et al., 1986) with stepwise model comparison 
run in both directions (Venables and Ripley, 2002). Non-parametric 

Fig. 1. The location of the sampling sites (black dots) in the catchment areas (borders indicated by black line) of the rivers Rába and Marcal (red lines) in Hungary. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Kruskal–Wallis test (Hollander and Wolfe, 1973) with post-hoc Dunn’s 
test (Dunn, 1964) was used for the categorical variables. 

2.5.2. Effect of land-use on diatom community 
Based on the HTS data, two diatom datasets were created; an ESV 

and a species dataset. For the ESV data (Table S.6), the rarefied read 
numbers of the ESV dataset were transformed into relative abundances. 
For the species data (Table S.7), ESVs were clustered into species based 
on the taxonomic assignment detailed in Section 2.4. Unassigned ESVs 
were removed from this dataset. For both biological datasets, ESVs/ 
species with a minimum of five occurrences were kept to maintain stable 
ecological profiles and Hellinger transformation (Legendre and Gal
lagher, 2001) was applied with the “decostand” function in the “vegan” 
package (Oksanen et al., 2019). Two non-metric multidimensional 
scaling (NMDS; Faith et al., 1987) analyses were run with the “met
aMDS” function in “vegan” on both biological datasets, using 
Bray–Curtis dissimilarity index (Legendre and Legendre, 2012). Number 
of dimensions was set to 4 based on the inflexion point on a stress versus 
dimensionality plot (stress value < 0.2). 

In order to address our first hypothesis on the effect of agricultural 
pressure, land-use variables were fitted onto the NMDS ordinations 
using the “envfit” function in the “vegan” package. Relevant ESVs/ 
species were selected with the “ordiselect” function of the “goeveg” 
package (Goral and Schellenberg, 2018), and were displayed on the 
ordination diagram. This was based on two criteria; (i) best fit to the 
gradient of significant environmental parameters and (ii) abundance. 
We set the proportion of taxonomic units with highest abundances to be 
displayed to 0.3 in case of ESVs and 0.5 in case of species. The propor
tion of species/ESVs with best fit to environmental factors to be dis
played was set to 0.2 in both cases. Selection of these values was 
arbitrary but in accordance with other studies (Bohnenberger et al., 
2018; Minerovic et al., 2020). A stricter abundance limit was set for 
ESVs as their abundance distribution is more skewed with rarer and 
fewer high-abundance ESVs. Important to note that in order to interpret 
results on ESV data, they were also assigned to taxa after conducting the 
analyses. 

2.5.3. A taxonomy-free predictive model and intraspecific variability 
In order to address our second hypothesis, two indices for assessing 

cropland land-use as a proxy of agricultural pressure was constructed, 
based on the two biological datasets, so that higher values in a 0–5 scale 
indicates higher pressure. The index development followed a modified 
version of indices built in former studies by the authors (Tapolczai et al., 
2019a, 2018). Here, we used a leave-one-out cross validation (LOOCV, 
Molinaro et al., 2005), during which the model developed on the 
training dataset (n− 1 samples) is computed on the one left-out test 
sample. Thus, as many models are calculated as many samples (130) are 
present, always leaving another sample out. It results in one computed 
index value for each of the samples. At each model, optima and tolerance 
values for the ESVs/species in the training dataset were calculated. For 
this purpose, abundance values were identified along the cropland 
gradient for each ESV/species and their optima and tolerance were 
calculated by the abundance-weighted median and the 1-interquartile 
range (1-IQR), respectively (Cristóbal et al., 2014). These values were 
used so that higher values for optima indicate preference for higher 
cropland proportion and higher values for tolerance indicate narrower 
tolerance range along the cropland gradient. For each model, we got a 
database of ESVs/species with their optimum and tolerance values 
(Table S.8 and S.9). In order to compute the index value for agricultural 
pressure (IA) on the test samples, a weighted average equation (Zelinka 
and Marvan, 1961) was used (Eq. (1)). It is computed using the optima 
(o) and tolerance (t) values from the database of the ESVs/species (i) 
together with the abundance (a) values of these ESVs/species found in 
the test sample. The test values are then correlated with the cropland 
area proportion. 

IA =

∑n
i=1ai × oi × ti
∑n

i=1ai × ti
(1) 

Eq. (1) - The index for agricultural pressure assessment is a sum of 
weighted averages of ESV/species optima weighted by ESV/species 
abundance and tolerance 

In order to study how potential intraspecific variability influences 
the indices, species with more than one detected ESVs were identified 
and the ecological profile (abundance values) of each ESV within each 
species along the cropland land-use category was determined. For 
studying significance of difference in the ecological optima (calculated 
by weighted median) between ESVs of the same species, Kruskal–Wallis 
tests (Hollander and Wolfe, 1973) with post hoc Dunn’s test (Dunn, 
1964) were run and interpreted. The number of unassigned ESVs and 
their ecological profiles were also calculated for assessing the ecological 
importance they hold. Kruskal–Wallis test (Hollander and Wolfe, 1973) 
was performed to study if there are significant differences among the 
ecological profiles of unassigned ESVs. 

3. Results 

3.1. Agricultural land-use and related parameters 

Principal component analysis performed on land-use data shows that 
the first two, most important principal axes explain the 65% of the total 
variation (Fig. 2). The results show the importance of cropland, pre
senting a strong and significant correlation with PC1 (p < 0.05, r =
-0.83). Correlation matrix performed for the continuous environmental 
parameters shows that cropland land-use correlates significantly (p <
0.05) with several environmental factors, presented in Table 1, among 
which the most important ones are the forest land-use, altitude, ripve
g_index, macrophyte coverage, HCO3− , SO4

3− , conductivity and Cl− . 
Based on the AIC criteria for model selection, the following continuous 
parameters were selected to include in the multiple linear regression: 
altitude, stream width, ripveg_index, DO, Cl− , COD and shaded area. The 

Fig. 2. Principal component analysis biplot based on land-use categories (red). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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multiple linear regression model (Table S.10) found altitude, Ripve
g_index, Cl− and COD as significant parameters (R2 = 0.46, p < 0.001). 
Regarding the categorical variables, Kruskal-Wallis and post-hoc Dunn’s 
test showed significant differences along the cropland gradient, except 
for stream order. Sediment and macrophytes as dominant substrates 
were found at a higher proportion of cropland (median = 0.55 and 0.42, 
respectively) than the stone substrate (median = 0.32). Straight stream 
morphology was also more common than meandering where the crop
land proportion was higher (median = 0.40 and 0.30). Regarding river 
typology, streams with higher cropland proportions showed higher di
versity, the only typological category was 2M that showed significantly 
lower values (median = 0.20) than the classes 3M, 3S, 6M and 6S 
(median = 0.36, 0.40, 0.53, 0.65, respectively). 

3.2. Community structure and land-use categories 

Average read number per sample in the raw database was 54,333.7 
that was reduced to 45,141.92 during the bioinformatic process. Total 
number of ESVs were 2445 but this number was reduced to 667 by 
applying the limit of five occurrences, as presented in Section 2.5.2. This 
drop of a 72.72% in ESV number represents a drop of only 2.87% in 
relative abundance. The 667 different ESVs distributed with an average 
ESV number of 20.3 per sample. The minimum and maximum ESV 
number were 5 and 118, respectively. 366 ESVs (54.9%), representing 
76.8% in relative abundance could be assigned to 140 species. An 
additional 100 ESVs were assigned to genus level with unknown species. 
The remaining 201 ESVs could be assigned to taxonomy levels above 
genus. The 466 ESVs assigned to at least genus level represent 51 
different genera and 86.7% relative abundance. 

The NMDS and environmental fitting analyses provided different 
results for the ESV and the species dataset. In the case of the ESV com
munity, environmental fitting of the land-use categories showed sig
nificant correlations for cropland, forest, urban, wetland and grassland 
categories with R2 values of 0.22, 0.24, 0.08, 0.11, 0.15, respectively 
(Fig. 3A). In case of species, only cropland, urban and wetland corre
lated significantly with the ordination with much lower, 0.08, 0.09 and 
0.16 R2 values, respectively. Most of the relevant ESVs correlated with 
the cropland and forest categories. In order to interpret the distribution 
of the most abundant and well correlating ESVs, their associated taxa 
names are also presented on Fig. 3B. Note that these are not the same as 
the taxa in the “species” dataset that was made by assigning and clus
tering ESVs into taxa before the analyses. Several unassigned ESVs were 
found correlating with both forest and cropland land-uses. Fewer ESVs 
correlated with the forest category than with the cropland category, 
including ESVs of species like Amphora pediculus Ehrenberg ex Kützing, 
Cocconeis placentula Ehrenberg, Gomphonema pumilum var. pumilum 
Ehrenberg, Reimeria sinuata (Gregory) Kociolek & Stoermer. More ESVs 
correlated with the cropland category including ESVs of the species 
Navicula veneta Kützing, Planothidium caputium Zimmermann & Jahn, 
Gomphonema saprophilum Ehrenberg, Encyonema ventricosum (Agardh) 
Grunow, Ulnaria ulna (Nitzsch) Compère, Cymbella neocistula Krammer, 
Conticribra weissflogii (Grunow) Stachura-Suchoples & Williams, Sell
aphora seminulum (Grunow) Mann, Cyclotella meneghiniana Kützing and 
several species of Nitzschia as N. palea (Kützing) Smith, N. paleacea 
Grunow in Van Heurck, N. fonticola (Grunow) Grunow, and N. linearis 
Smith. 

3.3. Assessment of agricultural stress and the importance of hidden 
intraspecific diversity 

The model developed to assess agricultural stress performed differ
ently based on the two types of input data; ESVs and species. Although 
the linear models were both significant (p < 0.001), the model devel
oped on the ESVs had higher R2 (0.42) and lower residual standard error 
(RSE = 0.60) (Fig. 4A) than the model based on species by grouping 
ESVs into taxa (R2 = 0.15, RSE = 0.72) (Fig. 4B). We found five diatom 
species containing from 3 to 12 different ESVs within which significant 
differences (Kruskal-Wallis test and Dunn’s post-hoc, with Bonferroni 
correction, p < 0.05) were found among the ESVs’ optima along the 
cropland gradient. These species, together with the number of ESVs they 
possess, are Cocconeis placentula (9 ESVs), Amphora pediculus (12 ESVs), 
Gomphonema pumilum var. pumilum (3 ESVs), Mayamaea permitis 

Table 1 
Pearson’s correlation was computed between cropland land-use and continuous 
environmental variables. Only parameters with significant correlation are pre
sented with the associated r and p values.  

Cropland vs. r p Cropland vs. r p 

Forest − 0.77  <0.001 NO2
− 0.27  <0.01 

Altitude − 0.61  <0.001 NO3
− 0.34  <0.001 

Ripveg_index − 0.36  <0.001 Macrophyte coverage  0.39  <0.001 
O2 saturation − 0.19  <0.05 HCO3

− 0.42  <0.001 
water flow − 0.18  <0.05 SO4

3− 0.43  <0.001 
NH4

+ 0.19  <0.05 Conductivity  0.50  <0.001 
SRSi 0.25  <0.01 Cl− 0.58  <0.001 
SRP 0.25  <0.01     

Fig. 3. (A) NMDS biplot with the samples (grey circles), important ESVs (red triangles) and the fitted land-use categories (blue arrows). (B) NMDS biplot presenting 
only the most important ESVs and their species assignment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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(Hustedt) K.Bruder & Medlin (9 ESVs), Sellaphora minima (15 ESVs) 
(Table S.11). Fig. 5 shows the ecological profiles of the ESVs for each of 
these species along the agricultural stress gradient together with the 
optimum and tolerance values of the species itself, containing all its 
ESVs. We found 301 ESVs that could not be assigned to any species, and 
thus are not involved in the species-based assessment index. These ESVs 
possessed significantly different ecological profiles with a high variety of 
optima and tolerance along the cropland land-use proportion gradient 
(Fig. 6). 

4. Discussion 

4.1. Characterization of the altered stream habitats due to land-use 

Our results confirm previous studies that land-use represents an 
integrative proxy of the numerous environmental drivers directly or 
indirectly influencing aquatic communities (Allan, 2004). Out of the five 
land-use categories we tested, cropland area was the major anthropo
genic alteration on stream catchments and thus, our study focused on it. 
As our findings also indicate, agricultural areas expand at the expense of 
forested areas which represent natural conditions in the study area 
(Borics et al., 2016). Agricultural land-use alters the natural habitats via 

Fig. 4. Assessment index values correlated with the cropland category values based on ESVs (A) and species (B).  

Fig. 5. Ecological profiles of ESVs of species within which significant differences (Kruskal-Wallis and post-hoc Dunn’s test, p < 0.05) were found. Medians show the 
ecological optimum, boxplot IQRs indicate ecological tolerance. Red dashed and solid lines represent the ecological tolerance and optimum for the entire species, 
involving all ESVs within them, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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e.g. application of fertilizers that increase soluble salt concentrations in 
the water like Cl− , SO4

2− , or HCO3
− and thus, the conductivity. Moreover, 

they increase availability of plant nutrients, especially that of nitrogen 
and phosphorus forms (Bullard, 1966). The physical alteration of these 
streams and their catchments involves a change in the morphology from 
meandering to straight channel-like streams and/or the reduction of the 
riparian vegetation (Cooper et al., 2013; Stenger-Kovács et al., 2006). 
The lack of shade along with the elevated nutrient concentrations lead to 
the formation of macrophytes in these streams (Mebane et al., 2014). 
The dense macrophyte vegetation can eventually create a light-limited 
environment for microalgae similarly to experiences in other forested 
areas (Celewicz-Gołdyn et al., 2017). This can explain why we did not 
find correlation between the variable “shaded area” and the cropland 
area, however multiple linear regression showed the importance of this 
parameter combined with other ones. Agricultural activity influences 
the dominant substrates in streams that is also shown to have an 
important effect on benthic diatom assemblages. Elevated runoff and 
light exposure due to reduced forested area nearby the streams lead to 
sediment and macrophyte substrates instead of stones (Zeiger and 
Hubbart, 2019). According to the results on the typological classes, 
cropland area affects diverse typological classes regardless the type of 
bedrock, catchment size, and slope. The only class occurring at signifi
cantly lower cropland proportion values is 2M that is for mountainous 
small streams located at high altitude. 4L and 7L typologies showed 
transitional values in this regard. These are larger rivers, typically sites 
of the rivers Rába and Marcal where extended riparian vegetation is 
present. 

4.2. Relationship between diatom assemblages and land-use 

The importance of land-use categories, mainly forest and cropland, 
in shaping the diatom assemblage were further confirmed by the NMDS 
analyses. Previous studies analysing the effect of land-use on diatoms 
(Blinn and Bailey, 2001; Stenger-Kovács et al., 2020; Walsh and Wep
ener, 2009) identified species with the traditional microscopical 
approach but the present study is the first where metabarcoding data 
with individual DNA sequences of diatoms was used in this aspect. 

We furthermore found that environmental fitting provided better R2 

values when ESVs were used without clustering them into taxa due to 
mainly two reasons. Firstly, it enlightens the important differences 
regarding the ecology of sequences within the same species and how 
relevant they are in the community structure. Secondly, unassigned 
sequences are of important ecological value and their removal from the 
dataset leads to a major loss of information. We showed that several 
unassigned ESVs correlated significantly both with forest and cropland 
land-use categories. However, in order to be able to give ecological 
interpretation to our results, taxonomic assignment of ESVs after anal
ysis was performed. It shows another advantage of ESVs over OTUs. 
Since OTUs are clusters of sequences that can change over studies, they 
are specific to a particular analysis and cannot be compared to the OTUs 
obtained in another study (Cordier et al., 2020; Tapolczai et al., 2018). 
Conversely, ESVs are single, denoised sequences, thus they can be the 
subject of intercomparison studies (Callahan et al., 2017). 

We found characteristic taxa correlated with the cropland-forest 
land-use gradient. The siltation of the riverbed and the sediment sub
strate favours the occurrence of those motile taxa (Passy, 2007) that 
have adaptive advantage under such circumstances (Nitzschia spp., 
Navicula veneta, Sellaphora seminulum) to actively move towards the 
required conditions (Bahls, 1993; Dalu et al., 2020). Several other spe
cies at higher cropland level were high profile (Passy, 2007), epiphytic 
(Round et al., 1990) species (Cymbella neocistula, Gomphonema capitatum 
Ehrenberg, G. saprophilum, Encyonema ventricosum) that could outcom
pete other species by emerging from the dense biofilm to gain access to 
better nutrient concentrations and light availability (Leira et al., 2015; 
Rimet et al., 2015). Cyclotella meneghiniana and the euryhaline Con
tricribra weissflogii (Grunow) Stachura-Suchoples & Williams are two 
planktic species but their presence in nutrient rich streams with elevated 
conductivity is already documented (B-Béres et al., 2017; Kiss et al., 
2012; Sabater, 1990). Although flow velocity correlated weakly with the 
cropland area, we can suggest that this, or the presence of still sections in 
the streams could lead to the development of these species whose DNA is 
detected in the samples. At the opposite end of the gradient with low 
cropland but higher forest area, we found species characteristic to 
nutrient- and light-limited environments where the development of a 
thick autotrophic biofilm is limited (Smith et al., 2009). Amphora ped
iculus, Cocconeis placentula and Reimeria sinuata that were found in this 
environment are low profile (Passy, 2007) species positioned on the 
bottom layer of the biofilm attached strongly to the dominant stone 
substrate with the entire valve surface. Under such conditions environ
mental stress is the major assemblage-shaping force instead of compe
tition that occurs in a dense biofilm (Tapolczai et al., 2016). 

4.3. Assessment of agricultural pressure 

Our hypothesis was further confirmed by the predictive models we 
developed. They showed that the ecological information obtained by 
ESVs provided an assessment index with a better prediction power than 
the index based on taxa after taxonomic assignment of the sequences. 
This recently developed strategy is often referred to as taxonomy-free 
approach (Apothéloz-Perret-Gentil et al., 2017; Feio et al., 2020; 
Tapolczai et al., 2018) because it neglects the classical delimitation of 
taxa, thus revealing ecological differences between molecular taxo
nomic units. In this way, the use of standardised denoising algorithms 
like DADA2 (Callahan et al., 2016) allows the creation of a large dataset 

Fig. 6. Ecological profiles of unassigned ESVs along the cropland land-use 
category proportion ordered by median value. Medians represent ecological 
optima and the boxplot IQRs represent ecological tolerance of ESVs. 
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including the ecological information of unique sequences explored by 
different studies. Taxonomy-free approach proposes a solution for the 
incompleteness of reference libraries that normally leads to the loss of 
information held by unassigned sequences. Although the completion of 
such databases is rapidly improving (Rimet et al., 2019), it has remained 
an issue to be solved (Weigand et al., 2019). It is important to note that 
although this approach can be effective in regular monitoring and 
quality assessment, it can poorly support ecological interpretations. We 
showed that “post-analysis” taxonomic assignment and the knowledge 
of species’ traits helped to interpret their presence and relationship with 
the habitat they inhabit. 

Further novelties of the developed indices compared to previous ones 
are the definition of the pressure gradient and the calculation of ESVs’ 
optima and tolerances. Former studies (Tapolczai et al., 2019, 2018) 
used ordination axes to define an integrative pressure gradient. How
ever, axis values by themselves have little sense and it is hard to inter
pret what kind of conditions they indicate. In contrast, cropland area 
around the sampling site is a meaningful parameter that combines the 
effects of the many, directly acting variables. 

In order to determine the ecological values of diatom species, it is 
common to calculate the mean value weighted by the abundance along 
the pressure gradient for the optimum and the weighted standard de
viation for the tolerance (Ter Braak and Barendregt, 1986). This 
approach assumes a symmetric gaussian distribution of species’ abun
dance along the gradient. However species’ distribution often follows a 
right- or left skewed pattern where weighted mean under- or over
estimates optima (Potapova et al., 2004). In this study, we handled this 
bias by applying the robust optimum (RO) method which assesses op
timum and tolerance by the abundance-weighted median and the 
abundance-weighted interquartile range (IQR), respectively, giving a 
more realistic estimation (Cristóbal et al., 2014). 

One reason for the better performance of the ESV-based index is the 
above mentioned cryptic diversity when genetic variations of the same 
morphospecies could possess different ecological adaptations (Rivera 
et al., 2018). Regarding the cropland area gradient, we found that in 
case of five species, significant differences in the abundance within the 
same species could be observed. While the optima of the species are all 
around 0.3–0.4 cropland proportion value, some ESVs within the species 
have significantly higher or lower values that is also true for the toler
ances. We suggest that revealing this hidden ecological information 
helps in fine tuning the index. This is an issue that can be handled by the 
curation of the reference libraries. In this study, we used the version 7 of 
diat.barcode (Rimet et al., 2019) that reflects the taxonomy at that time. 
In version 8 of diat.barcode Cocconeis placentula and Sellaphora minima 
have been splitted to follow current taxonomy. 

We furthermore suggest that the quantity of unassigned sequences is 
crucial even though they are normally removed from the biological 
dataset, taking the risk of eliminating a relevant part of the obtainable 
ecological information. The degree of this loss firstly depends on the 
studied geographical area. As the development of the diat.barcode 
reference database is mainly a French collaboration, its content also 
largely focuses on taxa common in that region. We could assign 54.9% of 
the ESVs to species, which is reasonable compared to other studies. 
Rivera et al. (2018) could assign only the 10% of their OTUs to species 
level using the R-Syst::diatom database v4 (Rimet et al., 2016), the 
predecessor of diat.barcode. They analysed samples collected from 
green turtles (Chelonia mydas Linnaeus, 1758) from Mayotte Island in 
the Indian-Ocean where we can assume a rather different diatom com
munity than in Western-Europe, especially because they are from ma
rine habitat. Better assignment proportion (32%) could be reached e.g. 
from Portuguese rivers (Mortágua et al., 2019), from rivers in Catalonia, 
Spain (48.6%) (Pérez-Burillo et al., 2020) or from a French river (57%) 
(Chonova et al., 2019). The 54.9% in our study however represented 
76.8% regarding the abundance. The second factor influencing the 
importance of the unassigned ESV loss is the type of study. We chose to 
set a minimal occurrence of five (number of samples where a given ESV 

is found) at the price of losing the 72.72% of the ESVs but it represented 
only the 2.87% in abundance. The same strategy in a study exploring 
diversity (Groendahl et al., 2017; Piredda et al., 2018; Zimmermann 
et al., 2015) or looking for rare taxa (Smith et al., 2017) would be 
inappropriate. 

5. Conclusion 

A rapid development on the implementation of metabarcoding 
methods in biomonitoring could be observed in recent years, stimulated 
partly by efficient international collaborations (e.g. Leese et al., 2016). 
These attempts largely focus on the issue to implement metabarcoding 
to replace already existing traditional methods (e.g. microscopic anal
ysis) for a more standardised and efficient biomonitoring. In our study, 
we aimed to contribute in this development but also to give ecological 
interpretations. 

After testing our hypothesis, we can conclude that (i) the effect of 
agricultural land-use could be better detected with individual sequences 
of diatoms (ESVs) than with diatom taxa and (ii) the index assessing 
agricultural stress we developed also worked with higher efficiency on 
diatom ESVs than diatom taxa. 

Our findings explaining this higher efficiency with ESVs raise the 
often discussed question in the scientific literature of the appropriate 
taxonomic delimitation, as diatom morphology, on which their taxon
omy still strongly relies, do not perfectly reflect the ecological re
quirements of the organisms (De Queiroz, 2007; Leliaert et al., 2014; 
Mann, 1999). On the one hand, traditional taxonomy is redundant since 
several morphospecies occupy largely overlapping niches (Rimet and 
Bouchez, 2012), on the other hand, the problem is raised by cryptic 
diversity (Amato et al., 2019; Rovira et al., 2015). Several attempts have 
been made to handle this incoherence with e.g. the use of traits or 
functional approaches (B-Béres et al., 2016; Lange et al., 2016; Stenger- 
Kovács et al., 2018). Novel genetic technologies, such as HTS provide 
solutions by clarifying diatom phylogeny (Blanco et al., 2017; Nakov 
et al., 2018) or revealing cryptic diversity (Kermarrec et al., 2013). Yet, 
it also produces a high-level of redundancy by providing hundreds of 
thousands of sequences that are either clustered into OTUs based on 
genetic similarity or used individually. Finally, these units are assigned 
to the traditional taxonomy or used without assignment as in this study. 
A potential direction could be the clustering of sequences based on their 
ecology but few attempts have been made for this generally (Preheim 
et al., 2013) and none for diatoms. 
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