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Abstract

Freshwater biomonitoring under the EU Water Framework Directive (WFD) relies on
multiple biological quality elements, with macrozoobenthos being one of the most
widely used, although still constrained by time-consuming morphological identification
and the continued decline in taxonomic expertise. These constraints, together with
ongoing rapid biodiversity loss, create an urgent need for high-resolution, scalable
assessment methods such as DNA metabarcoding. Here, we evaluated this molecular
approach as a WFD-compatible method and compared the performance of bulk and
environmental DNA (eDNA) sampling for ecological quality classification in Slovakia.
During spring 2022-2023, we sampled 34 WFD long-term monitoring sites using
(i) bulk macroinvertebrate kick-samples, and (ii) water and (iii) sediment eDNA. A
~420 bp fragment of the mitochondrial COI gene was amplified using the BF3/BR2
primers, and sequenced. Filtered reads were clustered into OTUs based on 97% identity
and taxonomically assigned using the BOLD database. Raw read counts were used
as abundance proxies to calculate 12 ASTERICS metrics and multimetric Ecological
Quality Ratios (EQRs). Sequencing yielded > 32.1 million reads and 1,205 target
OTUs, of which 702 corresponded to 558 Linnaean species. Bulk samples captured
the highest richness, followed by water and then sediment eDNA. Bulk samples
classified 22 sites as very good Ecological Quality Class (EQC), whereas water and
sediment samples frequently reduced EQC by two to three classes. EQC differences
were driven mainly by presence/absence metrics (EPT taxa and BMWP), while several
abundance-dependent metrics remained stable. Bulk metabarcoding provides a
comprehensive signal but still inflates presence/absence metrics, highlighting the
need for recalibration and optimised eDNA sampling, including primer selection, to
enable comparable non-invasive assessments.
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Introduction

Freshwater ecosystems are increasingly impacted by anthropogenic activities
and climate change, with biodiversity declining more rapidly in these ecosys-
tems than in marine or terrestrial environments (Dudgeon 2019; Reid et al. 2019;
Albert et al. 2021). This has driven the development of large-scale biomonitor-
ing frameworks, such as the European Union Water Framework Directive (WFD
2000/60/EC), which aims to prevent further ecological degradation and achieve
good ecological status of surface waters (EC 2000). Despite extensive moni-
toring across Europe, only a minority of water bodies currently meet WFD eco-
logical objectives (EEA 2024). Ecological classification is based on biological
quality elements (BQEs), including phytoplankton, phytobenthos, macrophytes,
macrozoobenthos, and fish, complemented by physico-chemical and hydro-
morphological parameters (Birk et al. 2012). The assessment follows the “one
out, all out” principle, whereby the overall ecological status is determined by
the lowest-scoring element. In practice, this means that improvements in indi-
vidual components, such as macrophytes, have rarely translated into achieving
an overall good ecological status, even when other indicators show favourable
values (EEA 2024).

Among the BQEs, macrozoobenthos play a key role in aquatic ecosystem
functioning and are widely used as sensitive indicators of environmental
change (Rosenberg and Resh 1993; Hodkinson and Jackson 2005; Chang et
al. 2014; Allan et al. 2021). However, their morphological identification is chal-
lenging and increasingly constrained by the declining availability of taxonomic
expertise (Wheeler et al. 2004; Lobl et al. 2023). Immature life stages often lack
diagnostic characters, leading to frequent identification at higher taxonomic
levels, all while the process itself is time-consuming, costly, and prone to ob-
server-dependent error (Haase et al. 2006, 2010; Marshall et al. 2006; Blackman
et al. 2019; Chua et al. 2023). These limitations can reduce the reliability and
consistency of ecological status assessments, as demonstrated by audits of
WFD biomonitoring programmes (Haase et al. 2010; Gleason et al. 2023).

In response to the limitations of morphological identification, recent advanc-
es in molecular techniques can offer a promising alternative for biodiversity
assessment (Baird and Hajibabaei 2012; Blackman et al. 2019; Liu et al. 2019).
DNA metabarcoding enables the simultaneous analysis of multiple taxa and
provides a more comprehensive insight into aquatic biodiversity, detecting a
broader range of taxa, including hidden diversity (Vivien et al. 2015; Beermann
et al. 2018) and facilitating the early detection of rare, protected, or alien inva-
sive species (Comtet et al. 2015; Klymus et al. 2017). This makes it particularly
valuable for large-scale biomonitoring programs (Elbrecht et al. 2017; Ficetola
and Taberlet 2023). The main advantages of the method are its ability to reduce
the time and cost of identification (Hajibabaei et al. 2019; Duarte et al. 2021)
and to detect non-native, invasive, or endangered taxa with no additional ef-
fort or expense (Fueyo et al. 2024). However, successful identification depends
on the completeness of reference databases (Samulkova et al. 2025a), which
is steadily improving thanks to numerous national initiatives (GBOL, ABOL,
FinBOL, SK-BOL, AquaBOL.SK) aimed at building comprehensive DNA barcode
libraries, especially for key groups of bioindicators (Szucsich 2015; Moriniéere et
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al. 2017; Roslin et al. 2022; Macko et al. 2024). Although many studies highlight
the potential of DNA metabarcoding, it has not yet been routinely implemented
in biomonitoring under the WFD, partly because of the absence of explicit abun-
dance data, along with other technical and standardisation-related limitations,
such as primer bias, unequal amplification efficiencies across taxa, incomplete
reference databases, and variability in laboratory protocols (Elbrecht and Leese
2015). In addition to these technical and methodological challenges, legislative
and regulatory constraints play a significant role in limiting the adoption of DNA-
based approaches within WFD-compliant biomonitoring (Hering et al. 2010).
Abundance data are particularly important in countries such as Germany and
Slovakia, where ecological status is evaluated using multimetric indices that
rely on abundance-dependent metrics (e.g., Saprobic Index, Rheoindex). One
proposed solution is to transform DNA data into a presence/absence format
(i.e., replacing abundance values with binary data: 1/0; Buchner et al. 2019), or
alternatively, to use read counts per taxon as potential proxies for abundance
(Deagle et al. 2019; Di Muri et al. 2020; Salis et al. 2024). However, the use of
read counts as a proxy for abundance has several limitations, as read numbers
can be influenced by biases introduced during PCR amplification and primer
specificity (Doi et al. 2017; Krehenwinkel et al. 2017; Shelton et al. 2023), as well
as by differences in organism biomass, which may lead to unequal representa-
tion of taxa and reduced detection of small or rare species (for synopsis, see
Elbrecht et al. 2021). Nevertheless, the aforementioned studies (e.g., Salis et al.
2024) suggest that read counts may still provide ecologically relevant informa-
tion when interpreted with appropriate caution. Samulkova et al. (2025b) also
used read counts to calculate a multimetric index and their results showed that
most variation occurred in metrics based on presence/absence (e.g., BMWP
Score, Number of Families, EPT Taxa), while abundance-dependent metrics
(e.g., Saprobic Index, Index of Biocoenotic Region, Rhithron Type Index) re-
mained relatively stable. These findings suggest that, if appropriately interpret-
ed, read data may support the broader application of DNA-based approaches
in ecological status assessments. Despite these promising applications, DNA
metabarcoding is still subject to technical limitations, including false positives,
incomplete or inconsistent reference databases, and sequencing or amplifica-
tion biases (Schultz and Hebert 2022; Baena-Bejarano et al. 2023; Fueyo 2024,
Samulkova et al. 2025a, 2025b).

To enable DNA metabarcoding to become part of routine monitoring under
the WFD, it is also crucial to select the appropriate sampling methods. Given
the focus of monitoring on the aquatic environment, different types of sam-
ples can be analysed. These include bulk samples and environmental DNA
(eDNA) from water or sediment. Bulk samples are collected using traditional
“kicking techniques” (e.g., according to Frost et al. 1971) and contain benthic
invertebrates along with organic and inorganic material. However, the sam-
pling process is significantly influenced by the chosen methodology and can
be problematic, especially at high flow rates in larger rivers (Bonada et al.
2006; Buss et al. 2015; Doretto et al. 2020). Bulk samples also require a con-
siderable amount of fixative (usually more than 0.5 L of 96% ethanol) and are
bulky for storage. Their most notable disadvantage, however, is the invasive-
ness of the method (Kirse et al. 2022), which can be particularly problematic
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in smaller streams. On the other hand, the advantage of bulk samples is the
exact localization of the sampling site, which allows for reliable determination
of the species composition present at the time of sampling. Bulk samples
also provide DNA predominantly from target and commonly used invertebrate
bioindicator taxa, thereby ensuring high relevance for ecological assessment
(Macher et al. 2018). Environmental DNA samples are obtained by filtering
water through special filters (Ficetola et al. 2008) or by collecting benthic
sediment (Pawlowski et al. 2022). They are non-invasive, require less fixa-
tive, and take up less space for storage, with relatively fast processing times
(V. den Bulcke et al. 2024). A methodological limitation includes the collec-
tion of water containing upstream DNA, which may lead to the detection of
species that were not actually present at the monitoring site (Fonseca et al.
2023). Others include difficulties in sediment selection and collection due to
substrate composition and water levels (Pawlowski et al. 2022). A newly pro-
posed method, capture-incubate-release (CIR) metabarcoding (Sander et al.
2025a), could potentially be used as an intermediate approach between the
bulk sampling and eDNA-based methods from water or sediment. Their study
demonstrated that most locally occurring species can be reliably detected via
eDNA after short-term incubation in water, allowing organisms to be subse-
quently released back into their natural environment. This method enhances
taxon detectability while maintaining a non-invasive character and may thus
represent a practical and ecologically sound compromise between invasive
bulk sampling and conventional eDNA-based approaches.

Despite the undeniable potential of DNA-based approaches, further empir-
ical testing is required before their widespread adoption in routine ecological
monitoring. In this study, we evaluate the efficiency and applicability of DNA
metabarcoding for the assessment of the ecological status of surface waters
in accordance with the WFD, using bulk and eDNA water and sediment sam-
ples collected from long-term monitoring sites in the Western Carpathians in
Slovakia. The dataset complements previous work (Samulkové et al. 2025b),
which, although based on the same sample types (bulk, water eDNA, and sed-
iment eDNA), focused on the comparison between conventional (morpholo-
gy-based) and DNA-based approaches using a smaller number of sampling
sites. In contrast, the present study is based on an expanded dataset, there-
by allowing a broader assessment of DNA metabarcoding across different
sample types. Our main objectives were to compare the taxonomic compo-
sition among these sample types and to assess their impact on the resulting
Ecological Quality Ratio (EQR) values and individual ecological metrics within
the multimetric index applied in both the EU and Slovak assessment schemes.
To the best of our knowledge, this study represents one of the first applica-
tions using two types of eDNA samples to calculate such a broad range of
ecological metrics and the overall multimetric index. Given that bulk samples
typically capture higher taxonomic richness, we hypothesized that this would
influence ecological status classification. Furthermore, we hypothesized that
bulk samples would yield more consistent and ecologically comparable re-
sults to water samples, whereas sediment samples would produce more vari-
able or potentially biased assessments due to lower taxonomic resolution
and the accumulation of eDNA.
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Materials and methods
Data collection

The material was collected from 34 WFD monitoring sites, representing 10
stream types, according to Sporka et al. (2009), ranging from 130 to 905 m a.s.|.
across Slovakia in 2022 or 2023 during the spring season (Fig. 1, Suppl. materi-
al 1). At each site, three types of samples were collected: (1) macrozoobenthos
bulk samples obtained following Frost et al’s (1971) kick-sampling technique,
with a ~15 min duration, covering all major microhabitat types proportionally to
their occurrence at each site; (2) two replicate water samples collected along a
transverse transect across the stream by filtering 1 litre through cellulose filters
(0.45 pm pore size), targeting the water column while avoiding sediment dis-
turbance; and (3) two 25 mL replicate sediment samples collected from differ-
ent microhabitats (riffle and pool sections). All samples were preserved in 96%
ethanol and stored at -25 °C. For more detailed information on the collection of
individual sample types, see Samulkové et al. (2025b).

Laboratory processing

Sample processing followed the methodology described by Samulkova et al.
(2025b). For all sample types, DNA was isolated and purified using the ReliaPrep
gDNA Tissue Miniprep System (Promega) or DNeasy Blood and Tissue Kit
(Qiagen), following the manufacturer’s protocol. Briefly, DNA from water sam-
ples was extracted from dried and torn cellulose filters using the isolation Kkit.
DNA from sediment samples was isolated using a combination of phosphate
buffer and the isolation kit following Taberlet et al. (2012). Briefly, sediment
samples preserved in ethanol were first dried at 55 °C for 3 hours to remove
the fixative and then mixed with phosphate buffer in a 1:1 ratio. Samples were
homogenised using a rotator and subsequently centrifuged at 4,000 rpm for 30
minutes. The resulting supernatant was filtered through cellulose syringe filters
(0.45 pm pore size), which were then dried, torn into pieces, and subjected to
DNA purification using the same kit. For bulk samples, non-target material and
inorganic matter were removed during a 90-minute pre-sorting step. The entire
sample, including the fixative, was then homogenised for three minutes using
a kitchen blender, and DNA was extracted in three replicates of 1 mL using the
kit. Purified genomic DNA was stored at -25 °C.

Amplification of the target fragment (~420 bp within the standard COI bar-
code region) was performed using a two-step PCR approach (Elbrecht and
Steinke 2019). Each DNA extract was amplified into two PCR replicates. Ten
negative controls were randomly distributed across each 96-well plate to mon-
itor potential contamination. The first amplification used BF3 and BR2 prim-
ers (Elbrecht et al. 2019), followed by a second amplification with the same
primers with adapters and indices for lllumina MiSeq sequencing. PCR success
was verified via 1% agarose gel electrophoresis, and product concentrations
were assessed using the Carestream MI Application. Equimolar pooled librar-
ies were prepared, purified using the Wizard SV Gel and PCR Clean-Up System
(Promega), and sequenced on an lllumina MiSeq (Reagent Kit v3, 2 x 300 bp) at
the Institute of Chemistry, Slovak Academy of Sciences.
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Figure 1. Geographical distribution of the sampling sites across Slovakia, with stream types marked by coloured circles.
Ecoregions are classified as Pannonian (P) and Carpathian (K). Altitude categories are defined as: 1 (<200 m a.s.l.), 2
(200-500 m a.s.l.), 3 (500-800 m a.s.l.), and 4 (>800 m a.s.l.). Flow size categories include small (S), medium (M), and
large (V). The map was created using QGIS version 2.18.15.

Data processing and analyses

Bioinformatic processing of sequencing data followed the approach outlined
in Vargovcik et al. (2024), with modifications based on updated software ver-
sions. Briefly, raw sequencing reads were demultiplexed, trimmed to remove
primers (Cutadapt v5.0, Martin 2011), and merged (PEAR v0.9.11, Zhang et al.
2013). Subsequently, they were processed through dereplication, denoising,
and length filtering (Vsearch v2.15.1, Rognes et al. 2016). Translation-based
filtering was applied post-denoising (metaMATE v0.2b6, Anddjar et al. 2021).
Then, chimera removal and greedy OTU clustering at a 97% identity threshold
were performed (Vsearch v2.15.1, Rognes et al. 2016). This step was followed
by default post-clustering curation (LULU v0.1.0, Frgslev et al. 2017). Taxonomic
assignment was performed using BOLD (Ratnasingham and Hebert 2007) via
BOLDigger3 v1.4.0 (Buchner and Leese 2020), using similarity thresholds of
99% for species-level assignments and 97% for higher taxonomic levels. 0TUs
with > 85% similarity to the best database match were retained, focusing on tar-
get animal phyla (Annelida, Arthropoda, Bryozoa, Cnidaria, Chordata, Mollusca,
Nematoda, Nematomorpha, Platyhelminthes, Porifera, and Rotifera). To ac-
count for potential contamination, negative controls were evaluated separately
for each sequencing run. For OTUs detected in negative controls, the maximum
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read count was identified and subtracted from all samples within the respective
run. This approach reduced the influence of contamination without removing en-
tire OTUs from the dataset. Following this filtering, only taxonomic groups used
in routine biomonitoring (Insecta, Gastropoda, Bivalvia, Amphipoda, Isopoda,
Mysidacea, Polychaeta, Oligochaeta, Hirudinea, and Turbellaria) were included
in the calculation of ecological status (hereafter referred to solely as ES).

The dataset containing these groups was further formatted according to the
requirements of TaxonTableTools v1.5.1 (Macher et al. 2021), where samples
were merged by location for each sample type (bulk, water, and sediment).
Records with fewer than 10 reads per sample were removed to reduce potential
noise (Suppl. material 2). Sequencing depth was summarised as read counts
per locality for each sample type and visualised using log10-transformed val-
ues. The resulting filtered dataset was adapted to the input format required
by the ASTERICS v4.04 (Furse et al. 2006), where individual ecological met-
rics were calculated. Sequencing read counts were used as proxy variables
for abundance data, following the explicit implementation of this approach in
Samulkova et al. (2025b). In cases where a single species was represented by
multiple OTUs, read counts were counted and assigned to a single Linnaean
taxon. The selection of metrics for calculating EQRs and the resulting ES clas-
sification was guided by stream typology, with 10 stream types and 12 differ-
ent metrics used following the framework established by Sporka et al. (2009)
(Suppl. material 3). Using the metric values obtained from ASTERICS, partial
EQR values were calculated using reference values (Suppl. material 4). The fi-
nal multimetric EQR value for each site was calculated as the arithmetic mean
of the partial EQR values derived from individual metrics and was subsequently
used to assign the ecological quality class. Additionally, multimetric EQR val-
ues were recalculated with selected presence/absence metrics excluded, spe-
cifically those exhibiting significant differences between bulk and environmen-
tal samples, to assess their influence on the resulting ES classification.

Prior to all performed analyses, the distribution of all compared data was
tested for normality using the Shapiro—Wilk test at a significance level of 0.05
and homogeneity of variances was assessed using Bartlett’s test. If the data
were consistent with a normal distribution, differences in the values of the mul-
timetric EQR and individual metrics among the compared sample types were
tested using one-way ANOVA, followed by post-hoc comparisons with the Tukey
HSD method. If the data did not reflect a normal distribution, differences in
the values of individual metrics among the compared sample types were test-
ed using the Kruskal-Wallis test, followed by non-parametric post-hoc com-
parisons based on the Chi-squared statistic. Differences between two related
samples obtained from the compared sampling methods were analysed using
the paired t-test, which evaluates whether the mean difference is significant-
ly different from zero, assuming normal distribution of the differences. When
the assumption of normality was violated, the Wilcoxon signed-rank test was
applied as a non-parametric alternative to the paired t-test, assessing whether
the median of the differences significantly deviates from zero. All analyses and
plots were made in R 4.2.1 (R Core Development Team 2022) using the “stats”
(R Core Development Team 2022), “pgirmess” (Giraudoux 2023), and “bean-
plot” (Kampstra 2008) packages.
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Results
Sequencing output and taxonomic composition

Sequencing of all samples (bulk, water eDNA, and sediment eDNA) yielded over
32.1 million reads across 34 sampling sites. After quality filtering, more than
16 million reads were retained, of which over 7 million reads originated from
bulk samples, 3.6 million from water samples, and nearly 5 million from sedi-
ment samples. These reads were subsequently clustered into 24,529 OTUs, of
which more than 21,000 were removed due to low sequence similarity (<85%)
or detection in negative controls. Subsequent filtering of non-target taxa (e.g.,
algae, diatoms, chordates, terrestrial organisms, and benthic invertebrates
nonrelevant for biomonitoring) resulted in 1,205 OTUs. Identification to species
was possible for 702 OTUs, corresponding to 558 distinct Linnaean species.
This discrepancy indicates the presence of potential cryptic diversity (hereafter
PCD), where multiple OTUs were assigned to a single Linnaean species. The
majority of OTUs belonged to Insecta (544 OTUs = 463 spp.) and Clitellata (115
OTUs = 66 spp.). Among insects, the most species-rich orders were Diptera
(224 spp.), Trichoptera (86 spp.), Ephemeroptera (59 spp.), Coleoptera (38
spp.), and Plecoptera (37 spp.). PCD was observed in 94 species, represented
by a total of 235 distinct OTUs. The highest levels of PCD were found in the
families Chironomidae (24 species = 51 OTUs) and Naididae (13 species = 48
OTUs). The most OTU-rich species were Tubifex tubifex (Mdiller, 1774) with 11
OTUs, Limnodrilus hoffmeisteri Claparede, 1862 with 10 OTUs, and several taxa
represented by five OTUs each (e.g., Baetis rhodani (Pictet, 1843), Stylodrilus
heringianus Claparéde, 1862, Gammarus fossarum Koch, 1836).

Taxonomic richness across sample types

The spectrum of detected taxa varied among sample types and was also influ-
enced by data processing procedures (Suppl. material 5), as well as by differ-
ences in sequencing depth. These differences were reflected in read counts per
locality (Suppl. material 6), with bulk samples consistently yielding higher values
than sediment and water eDNA. When PCD was retained, bulk samples exhibited
the highest taxonomic richness, with 895 OTUs, of which 610 were identified to
species level. Water samples yielded 680 OTUs (414 spp.), sediment samples
showed the lowest richness (430 OTUs, 234 spp.). After removing PCD (multiple
OTUs assigned to a single Linnaean species), bulk samples still captured the
highest taxonomic richness (599 unique taxa, 486 spp.), water samples con-
tained 417 taxa (344 spp.), and sediment samples included 233 taxa (183 spp.).

The dataset adjusted for analysis in the ASTERICS, i.e. matching the taxon
spectrum accepted by the program, included 576 taxa (470 identified to spe-
cies) for bulk, 404 taxa (334 identified to species) for water, and 222 taxa (181
assigned to species) for sediment samples.

Ecological status and multimetric EQR across sample types

The ES assessment, based on macrozoobenthos and environmental DNA
metabarcoding, revealed pronounced variability among sample types (the
recalculated partial and multimetric EQR values for each site and sample
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type are provided in Suppl. material 7). Bulk samples classified 22 sites
as having a very good (1) ES, whereas water and sediment samples often
resulted in a worse ecological classification of these sites, by up to 2 or 3
classes (Suppl. material 7). In general, sediment samples tended to produce
poorer ecological assessments, with 24 sites assigned to class 3 (moder-
ate) or 4 (poor). Only three sites (1036, NO74, P038) showed consistent ES
across all sample types. When data from all three sample types were pooled
(“All samples”), most sites (82%) were classified into the highest ecological
quality class (EQC; very good status).

Values of the multimetric EQR differed significantly among sample types in
both comparisons (Table 1). Follow-up post-hoc tests identified significant dif-
ferences between eDNA (water and sediment) samples and the other two types
(all samples, bulk) in the all samples x bulk x eDNA comparison. In the com-
parison of bulk x water x sediment samples, post-hoc tests revealed significant
differences among all pairs (Fig. 2A). In paired tests, the mean or median of
the differences significantly differed from zero in all pairs of compared sample
types (Fig. 2B). In the paired comparison between all samples and bulk sam-
ples, the mean difference was approximately five times lower than the mean
difference in the comparison between all samples and eDNA samples. In the
paired comparison of bulk samples x water samples and bulk samples x sedi-
ment samples, the means and distribution of differences were very similar, al-
though slightly lower differences were observed for sediment samples. Most of
these differences were positive, indicating that bulk samples generally yielded
higher EQR values in both comparisons.

Table 1. Results of parametric (one-way ANOVA) and non-parametric (Kruskal-Wallis) tests comparing EQR values
among sample types for the multimetric index as well as for individual metrics. The ANOVA section includes degrees
of freedom (between-group and within-group values), F-statistic, and p-values. The Kruskal-Wallis section reports the
Chi-squared statistic, degreez of freedom, and p-value.

F-statistic Degrees of freedom p-value

Ecological quality ratio — EQR (Multimetric index)
All samples vs. Bulk samples vs. eDNA samples 16.41 2,99 < 0.0001
Bulk vs. Water vs. Sediment 36.39 2,99 < 0.0001
Ecological quality ratio — EQR (Bulk vs. Water vs. Sediment)
Saprobic index 4.96 2,99 <0.01
[%] Oligosaprobic taxa 1.56 2,99 0.215
[%] Type Aka+Lit+Psa (scored taxa = 100%) 2.55 3,99 0.083

Chi-squared statistic Degrees of freedom p-value
Individual ecological metrics
BMWP score 63.01 2 < 0.0001
Rhithron Type Index 8.21 2 <0.05
EPT taxa 60.962 2 < 0.0001
Index of Biocoenotic Region 16.75 2 < 0.001
Rheoindex 1.33 2 0.52
[%] metarhithral (scored taxa = 100%) 13.1 2 <0.01
Margalef index 15.41 2 < 0.001
[%] Gatherers/Collectors (scored taxa = 100%) 14.09 2 <0.001
Number of Families 17.59 2 < 0.001
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Figure 2. Comparison of multimetric EQR values among sample types. Boxplots showing differences in EQR values
between sample types, including results of Tukey HSD post-hoc tests. Box boundaries represent the 25 and 75" percen-
tiles, the central line indicates the median, and points represent individual EQR values for each site. Coloured background
bands indicate ecological quality classes (EQC): red - bad, orange — poor, yellow — moderate, green — good, and blue
- very good. Beanplots showing paired differences in EQR values between sample types, together with results of paired
statistical tests (paired t-test or Wilcoxon signed-rank test). Short horizontal lines represent individual paired differences,
while the long horizontal line indicates the mean or median difference. Significance levels: **** p < 0.0001, *** p < 0.001,
**p <0.01,* p <0.05; ns — not significant.
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Performance of individual ecological metrics

For individual metrics, EQR values did not differ significantly for three out of
twelve indicators (Percentage of oligosaprobic taxa, Akal+Lital+Psamal taxa,
Rheoindex — Fig. 3) across the three sampling methods. Post-hoc analyses
revealed significant differences in six metrics (Saprobic Index, Rhithron Type
Index, Index of Biocoenotic Region, Margalef Index, Percentage of metarhithral
taxa, Gatherer/collector taxa) between bulk and sediment samples. Significant
differences between water and sediment samples were found for only two of
these parameters (Index of Biocoenotic Region, Percentage of metarhithral
taxa). Significant differences between bulk and water samples were detected
in three metrics (Number of Families, EPT taxa, BMWP score). The Number
of Families metric differed significantly between bulk and eDNA samples, and
between water and sediment samples. EPT taxa and BMWP scores showed
significant differences across all sample-type comparisons. The EPT taxa
and BMWP index values differed substantially given the varying number of
taxa detected across sample types (Fig. 4). Overall, bulk samples yielded the
highest values in both metrics, detecting 62 unique EPT taxa (Ephemeroptera,
Plecoptera - 11 spp., Trichoptera - 40 spp.) and 18 BMWP families with scores
ranging from 1 to 10. Water and sediment samples yielded considerably lower
values, detecting only six unique EPT taxa in total, with three BMWP families in
water samples and two in sediment samples. Detailed lists of taxa (EPT taxa
and families contributing to the BMWP score and Number of Families metrics)
are provided in Suppl. material 8: 8a, 8b, allowing for a more comprehensive
overview of the taxonomic composition underlying these metrics.

Finally, recalculation of multimetric EQR values after omitting the three met-
rics that showed significant differences between bulk and environmental sam-
ples (EPT taxa, BMWP score, and Number of Families) resulted in reduced and
overall attenuated differences among sample types (Suppl. material 9). In the
comparison of bulk x water x sediment samples, differences between bulk and
water samples were no longer statistically significant, while differences involv-
ing sediment samples remained less pronounced. Similarly, in the comparison
of bulk/all samples x eDNA samples, differences were reduced.

Discussion

Our results suggest that ES classification under the WFD may be strongly influ-
enced by the choice of sample type. However, these differences likely reflect
not only underlying ecological patterns but also properties of the applied meth-
odological approaches. Bulk samples generally exhibited higher taxonomic
richness and tended to indicate better ES compared to water and sediment
eDNA, which more often resulted in lower EQC values. These differences were
primarily associated with presence/absence metrics, while abundance-depen-
dent metrics remained relatively stable, highlighting the sensitivity of current
assessment frameworks to taxon detection. After removing metrics based
on presence/absence data, namely EPT taxa, BMWP score, and Number of
Families, these differences were markedly reduced, with bulk and water sam-
ples often yielding comparable EQC values, suggesting their strong potential
for future implementation within the WFD framework.

Metabarcoding and Metagenomics 10: 399-430 (2026), DOI: 10.3897/mbmg.10.185694 409



Michaela Samulkové et al.: Bulk vs eDNA metabarcoding in WFD biomonitoring

16

14

12

% Oligosaprobic taxa

0.2

0.0

14

1.2

1.0

0.8

0.6

Saprobic index

0.4

0.2

0.0

16

14

12

1.0

0.8

0.6

04

(%) metarhithral taxa

02

0.0

0.8

0.6

0.4

Number of Families

0.2

0.0

1.0

0.8

0.6

0.4

16 16
14 14
12 12
2
I & 10 & 10
i g i 2
M C— e g H | = FE — o ——i— - —
i = + = 08 ] =
= <] = == 8 - == ‘E
1 - ! T 06 —— < 06
Ss=ra £ « !
=5 . 1
4 < o4 04
0.2 0.2
T T 00 T 0o T T T
B w B B W S
o * c 16 = o
ns ns 2.0 —ns ns > o *%
18 W 14
x L
@ o
k] 16 o 12
£ 14 ° . o
[ c 10 _
g 1.2 @ 1
Ll S os —] —4 -
c S i=] =
O o8 = 0 06 i =
= 1 S
= =s— Y . ~
= 06 o
'_E 3 04
= 04 o)
0.2 E 02
T T 0o T 00 T T T
B w B B w S
- *% L6 ok 16 *%
*k " ns ns — e ns
2 14 _—
5 14
b=
8 X 12 a
2 -] -
‘-\O{ 10 .E 1.0
b e
E 08 L oz ——
L - © |
= oo
= ~ | [ E == - °
E 2 06 |' — 5 o6 e
——— s 1 —
T s @ o4 E*—\‘ z .
— . e B =
— E N
X 02 e 0.2 s =
-
T T 00 T T T 0o T T T
B W B W S B W S
£k *%
*x
18 34 = EE]
&k ns :A KK E——— X%
16 30
14 26
o
12 .
* = = % 22
N S 10 =~ S =
@ SN = |
08 3””7{’7 I w14 —i —
t 0.6 R = 12 == B
e [ H i 1.0 — e
LTE | 0.4 | IR 08 1 N | :
- BN S 0.6 ) .
02 = 0.4 N i IS\ S
: 4 0.2 i =
! T 0.0 T T 0.0 T T T
B W B W S B W S

Figure 3. Comparison of EQR values for individual ecological metrics across sample types. Boxplots show differences in
metric-specific EQR values between bulk (B), water (W), and sediment (S) samples, together with results of Tukey HSD
post-hoc tests or non-parametric post-hoc comparisons. Box boundaries represent the 25" and 75" percentiles, the cen-
tral line indicates the median, and points represent individual site values. Coloured background bands indicate ecological
quality classes (EQC): red - bad, orange — poor, yellow — moderate, green — good, and blue — very good. Significance
levels: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns - not significant.

In this context and given that WFD objectives remain unmet across most EU
countries (EEA 2024), these findings further highlight the need for more reliable
and efficient monitoring approaches. DNA metabarcoding represents a high-
ly promising tool in this regard, offering increased taxonomic resolution and
scalability. At the same time, some of the differences observed among sample
types may reflect methodological aspects, such as primer performance, where
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Figure 4. Overlap of taxa detected across three sample types, bulk samples (red), water eDNA (green), and sediment
eDNA (purple), for two ecological metrics. (A) Venn diagram of EPT taxa, where letters denote Ephemeroptera (E), Ple-
coptera (P), and Trichoptera (T); numbers in parentheses indicate the total number of taxa detected per group. Values
within the diagram represent taxa unique to or shared among sample types. The complete list of EPT taxa is provided
in Suppl. material 8: 8a. (B) Venn diagram of BMWP families, with family names and corresponding BMWP scores dis-
played around the diagram and colour-coded by sample type. The complete list of families with BMWP scores is provided
in Suppl. material 8: 8b. Venn diagrams were generated using TaxonTableTools (TTT).

the use of more eDNA-optimised primer sets could improve comparability with
bulk samples (Leese et al. 2021; Brantschen et al. 2022). Recent WFD-oriented
studies further support both the strong potential and current challenges of me-
tabarcoding (Macher et al. 2025; Fueyo et al. 2025; Sander et al. 2025b; van der
Lee et al. 2026). For example, intercalibration within the German WFD frame-
work showed ~70% agreement between DNA-based and morphology-based
classifications, while also highlighting the need for methodological harmon-
isation (Macher et al. 2025). A recent review by Fueyo et al. (2025) further
emphasises key challenges, including detection uncertainties and incomplete
reference databases, as well as the need to adapt existing indices to molecu-
lar data. Together, these findings indicate that while DNA metabarcoding is al-
ready a powerful approach, its full integration into WFD monitoring will benefit
from continued methodological standardisation and optimisation.

Performance of different sample types in DNA-based biomonitoring

This study evaluated the use of three sample types - bulk and water and sedi-
ment eDNA samples in DNA metabarcoding for freshwater macrozoobenthos.
Across 34 WFD monitoring sites, we detected 1,205 OTUs belonging to tax-
onomic groups targeted by conventional monitoring methods. However, the
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results revealed clear differences in taxonomic resolution among the sample
types. Sediment samples recovered only 35.68% of the total OTUs, water sam-
ples 56.43%, and bulk samples showed the highest richness, detecting 74.27%
of all OTUs. The high efficiency of bulk samples is consistent with findings
from previous studies, such as Gleason et al. (2021), Mdrria et al. (2024), or
Derycke et al. (2021). Macher et al. (2018) also compared taxonomic compo-
sition between bulk and water samples, finding that although water samples
yielded a higher total number of taxa, the target bioindicator groups, such as
Ephemeroptera, Plecoptera, and Trichoptera (EPT), were more abundant in bulk
samples. One possible explanation for our results may be the use of the BF3/
BR2 primer pair with a relatively long amplicon length (~420 bp), which can hin-
der the amplification of degraded extracellular DNA typical of eDNA samples
(Vourka et al. 2023). This may have contributed to the lower number of taxa
detected in our eDNA samples, which also exhibited markedly lower sequenc-
ing depth compared to bulk samples. Although BF3/BR2 primers are often con-
sidered suboptimal for eDNA applications (e.g., Macher et al. 2018; Leese et al.
2021; Rivera et al. 2021), Majaneva et al. (2024) showed that they did not lead
to excessive amplification of non-target OTUs in water samples. This suggests
that primer performance may vary depending on sample type (i.e. abundance of
non-target taxa) and associated environmental or technical factors that are not
yet fully understood. In general, primers targeting shorter fragments are con-
sidered more suitable for eDNA, as they improve the amplification of degraded
DNA (for a comprehensive overview of primer sets, see Vamos et al. 2017). For
instance, the fwhF2/EPTDr2n primer pair (~142 bp; Leese et al. 2021) was spe-
cifically developed to enhance the detection of freshwater invertebrates and
has been shown to increase the recovery of indicator taxa, particularly within
EPT families (Brantschen et al. 2022).

Nevertheless, most comparative studies indicate that differences between
sample types are not solely driven by primer choice but also reflect inherent dif-
ferences in the nature of the samples themselves. Different sample types tend
to capture distinct taxonomic subsets, resulting in low species-level overlap
(Mdrria et al. 2024; van der Lee et al. 2026). This is consistent with the findings
of Sander et al. (2025b), who showed that differences between bulk and eDNA
samples often reflect differences in the type of ecological signal captured (lo-
cal vs. spatially integrated), rather than methodological bias alone. This is one
of the main reasons why a combination of bulk and water samples is often
recommended, with bulk samples primarily capturing benthic fauna and water
eDNA detecting organisms present in the water column (Mdrria et al. 2024).

Potential cryptic diversity and implications for ecological assessment

Beyond differences in taxonomic richness among sample types, our results also
highlight an important and often overlooked aspect of biodiversity assessment;
substantial genetic variation within morphologically defined taxa, commonly
referred to as cryptic diversity (Hending 2025). In this study, however, we use
the term potential cryptic diversity (PCD), as these patterns are inferred from
sequence divergence and clustering thresholds rather than independently val-
idated species boundaries. In freshwater macroinvertebrates, intraspecific COI
divergence can exceed commonly applied clustering thresholds due to various
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evolutionary and population processes (e.g., phylogeographic structure or his-
torical isolation), which may result in multiple OTUs being assigned to a single
Linnaean species (e.g., Moriniére et al. 2017; Raupach et al. 2022; Zhang and Bu
2022; Macko et al. 2024, 2025). In our dataset, PCD was particularly evident in
Chironomidae and Naididae, as well as in widespread species such as Tubifex
tubifex (11 OTUs) and Limnodrilus hoffmeisteri (10 OTUs), whose cryptic diver-
sity was already documented by several studies (e.g., Pfenninger et al. 2007;
Vivien et al. 2020; Mrozifiska and Obolewski 2024). In general, morphological
identification of oligochaetes is challenging or even impossible without mature
individuals and dissection. The T. tubifex complex is known to consist of mul-
tiple lineages with distinct biological and ecological traits, and together with
L. hoffmeisteri, urgently requires taxonomic revision (Erséus and Gustafsson
2009). Another group characterized by notable cryptic diversity are chironomids
(Beermann et al. 2018). They represent one of the most OTU-rich insect groups in
our dataset (277 OTUs), including 133 Linnaean species assigned to 160 OTUs.
The metabarcoding analysis of Andujar et al. (2017) even resolved a single chi-
ronomid morphotaxon into 55 OTUs, highlighting both the extent of hidden di-
versity and the resolving ability of DNA-based methods. Chironomid larvae often
comprise around 50% of macrozoobenthos abundance (Pinder 1986; Armitage
et al. 1995), yet their identification remains highly demanding. Due to their abun-
dance and the difficulty of accurate morphological determination, chironomids
are often used in ecological assessments only at the family or subfamily level
(Ferrington et al. 1991; Beermann et al. 2018). We argue that molecular tools of-
fer a promising solution for more precise identification, which may allow for the
development of autecological characteristics at lower taxonomic levels.

The composition of detected taxa also varied depending on how PCD was
processed. When multiple lineages were merged into a single morphological-
ly defined Linnaean species, the differences in taxa richness between sample
types decreased, but bulk samples still showed the highest richness. Despite
the high species-level coverage achieved through DNA metabarcoding, only a
portion of the detected taxa could be used for ES assessment. This is because
the ASTERICS program operates with a reference list of approximately 9,550
taxa at various taxonomic levels, but not all of them contain autecological char-
acteristics (Hering et al. 2004). This list does not account for cryptic diversity
and excludes many taxa that are difficult to identify morphologically or lack as-
signed autecological characteristics. Of the nearly 900 OTUs detected in bulk
samples, only 576 taxa (~ 65%) were included in ASTERICS. This proportion
was 59.4% for water samples and 52% for sediment samples. This discrepan-
cy highlights one of the main challenges in implementing DNA metabarcoding
in routine biomonitoring: the need to expand the database in ASTERICS with
autecological information corresponding to the taxonomic resolution provided
by molecular methods. In response to this issue, researchers in New Zealand
(Wilkinson et al. 2024) have already developed a Taxon-Independent Community
Index (TICI) based on ASV data, which translates complex metabarcoding out-
puts into interpretable ecological metrics and allows for ES assessments with-
out relying on traditional morphological taxonomies. These findings illustrate
that the current limitations of DNA-based ecological assessment are largely
methodological and conceptual, rather than technical, and are primarily linked
to the structure of existing assessment frameworks.
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Drivers of multimetric EQR and metric sensitivity

Building on the observed differences in taxonomic composition and metric in-
put data, we next consider how these patterns translate into ES assessment.
Results based on the metabarcoding data show that the choice of sample type
affects the final classification into EQCs. While the combined data from all
three sample types classified most of sites into the highest EQC (very good
ES), individual water and sediment samples often resulted in a lower classi-
fication - by up to 2 or 3 classes. This trend is consistent with the findings of
Mrria et al. (2024), who observed that bulk samples tend to produce more fa-
vourable ES assessments compared to eDNA from water, while also capturing
a broader taxonomic spectrum. However, our more detailed comparison of the
three sample types revealed that, although the overall distribution of multimet-
ric EQR values is more similar between bulk and water samples than between
bulk and sediment samples, paired comparisons of individual sites show slight-
ly greater similarity between bulk and sediment samples. This indicates that,
among the eDNA samples, sediment samples may, in some cases, provide a
more consistent approximation of bulk-sample-based assessments than water
eDNA, likely because they better reflect local benthic communities (Gleason et
al. 2021; Wang et al. 2021). Ji et al. (2022) further showed that sediment eDNA
metabarcoding can yield higher detected species richness compared to tradi-
tional morphological approaches. However, this pattern should be interpreted
with caution, as eDNA can accumulate and persist in sediments, potentially
reflecting not only the current community but also historical signals (Turner et
al. 2015). In contrast, the lower similarity between bulk and water samples may
be largely driven by downstream transport of eDNA from upstream parts of the
catchment (Fonseca et al. 2023), as well as by temporal and environmental
factors affecting eDNA persistence and detectability, such as flow conditions,
temperature, or UV exposure (Joseph et al. 2022). Previous studies comparing
conventional approaches with DNA metabarcoding using a multimetric index
have predominantly relied on bulk samples (e.g., Macher et al. 2025; Samulkové
et al. 2025b). The studies demonstrate that ES assessment from bulk samples
has led to an improvement in the EQC at 26% of sites in Germany (Macher et
al. 2025) and 60% of sites in Slovakia (Samulkové et al. 2025b). In a Spanish
study applying the IBMWP index, both bulk and water samples were compared
to the conventional method (Mdrria et al. 2024). Water samples resulted in an
improved ES at one out of five sites (20%), while bulk samples showed im-
provement at two sites (40%). Applying the same comparison framework to our
water eDNA data would result in a change in EQC at only 19% of sites, further
highlighting the reduced sensitivity of water-based eDNA for ES classification
under the current assessment scheme.

To better understand which components of the multimetric index drive
differences in ES among sample types, we examined the behaviour of indi-
vidual ecological metrics across stream types. The number of metrics used
varied by stream type: eight metrics for small streams, eleven for medium
streams, and seven or eight for large streams depending on subtype (Sporka
et al. 2009). Statistically non-significant differences between all sample types
were found for three metrics (Percentage of oligosaprobic taxa, Aka+Lit+Psa
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taxa, and Rheoindex), and an additional six metrics showed no significant dif-
ferences when comparing bulk and water samples (e.g., Saprobic Index and
Rhithron Type Index). Some of these statistically non-significant differences
(e.g.,in the case of the Rheoindex) may be explained by the fact that this index
was calculated only for certain stream types, resulting in a smaller dataset
and consequently lower statistical power to detect differences among sam-
ple types. In most cases, however, these non-significant metrics include only
those taxa that have appropriate autecological characteristics assigned in the
software. Therefore, if a detected taxon lacks a value for saproby, flow pref-
erence, feeding functional groups, or preference of microhabitat type in the
ASTERICS software, it is excluded from the calculation. For example, infor-
mation on saprobic valencies is available for only about one-fifth of all taxa
included in ASTERICS (Hering et al. 2004). Notably, despite the lower taxo-
nomic detection capacity of water and sediment samples compared to bulk,
these sample types may still yield comparable results for several metrics. In
contrast to these relatively stable metrics, two indicators consistently showed
strong sensitivity to sample type. The most pronounced differences, and the
metrics with the strongest influence on the resulting multimetric EQR, were
observed for the BMWP index and the number of EPT taxa. These two metrics
were applied across all stream types, and their calculation always included
the full detected taxonomic spectrum. Regarding EPT, up to 62 unique taxa
were revealed in the bulk samples, 40 of which were caddisflies (Trichoptera).
In contrast, water and sediment samples together revealed only 6 unique EPT
taxa. Macher et al. (2018) compared bulk and water samples and also demon-
strated a higher sensitivity of bulk samples in detecting key bioindicator taxa,
particularly EPT taxa. These insect groups are generally difficult to identify
morphologically, as diagnostic traits are often restricted to specific sexes or
life stages (Zhou et al. 2009, 2011). Molecular approaches, on the other hand,
provide a more reliable and consistent means of identification. Their integra-
tion into biomonitoring programs may reduce the risk of misidentification
and improve the consistency of ecological assessments (Haase et al. 2010;
Pfrender et al. 2010). Similarly, for the BMWP score, bulk samples detected 18
unique families, the majority of which (11) had relatively high scores (5-10),
contributing to a more favourable ecological classification. A similar trend was
reported by Fueyo et al. (2024), whose comparison of bulk and water samples
from northwestern Spain showed that bulk samples yielded higher IBMWP
scores (Iberian BMWP). Given the broader taxonomic coverage enabled by
molecular methods, Mdrria et al. (2024) recommend recalibrating this metric
for DNA-based assessments, as current values may lead to an overestimation
of ES. How this can be done was shown in Macher et al. (2025) using the EC
Guidance Document No 30 (EC 2015). Our results thus confirm that overall
differences between sample types and the resulting ecological quality clas-
sification are largely driven by just two metrics, which will clearly require re-
calibration for future use. This strong influence was further demonstrated by
the substantial reduction in EQC differences after excluding these metrics, to-
gether with the closely related presence/absence metric Number of Families.
As a result, ES classifications became more consistent across sample types,
particularly between bulk and water samples.
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Methodological limitations and future perspectives

Despite the above findings, which largely favour bulk samples, we recognize
that eDNA samples also hold great potential for future applications in the
assessment of ES in water bodies. In this context, Murria et al. (2024) recom-
mend combining bulk and water samples. However, our findings only partially
support this recommendation, as we did not observe significant differences
when comparing bulk samples with the combined set of water and sediment
samples. Environmental samples offer notable advantages, including non-in-
vasiveness, lower labour requirements, and easier standardisation in the
field. To improve their future applicability, we suggest further testing of the
volume of filtered water. It is expected that filtering larger volumes increases
DNA yield. However, this also introduces logistical and mechanical difficulties
(Takahashi et al. 2023). About one-third of eDNA studies published between
2012 and 2021 used volumes between 0.5-1 litre, as these volumes are eas-
ier to handle in the field and have been shown to capture a representative
taxonomic spectrum in both freshwater (Janosik and Johnston 2015; Feng
et al. 2020) and marine environments (Andruszkiewicz et al. 2017; Gold et al.
2021). In our case, filtering 1 litre of water did not provide sufficient taxonom-
ic coverage, suggesting that larger volumes may be required, although this
warrants further evaluation. This is particularly relevant in situations where
low DNA concentrations are expected, such as under specific hydrological
or climatic conditions. For sediment samples, the number of replicates may
also influence taxon detection. In this study, we collected two sediment sam-
ples per site, each with two PCR replicates. However, Wilkinson et al. (2024)
recommend using up to six replicates based on species accumulation analy-
ses (Melchior and Baker 2023). Whether increasing the number of sediment
replicates to six would significantly affect ES assessment in our context re-
mains unclear and requires further investigation. In addition, the primer used
in this study is not optimal for eDNA applications, as BF3/BR2 primers have
been shown to perform suboptimally for eDNA due to amplification biases
and reduced efficiency for target taxa (Leese et al. 2021). This is particularly
relevant for WFD-based biomonitoring, where reliable detection of indicator
taxa is essential. Therefore, optimised protocols, including the use of more
suitable primers, are required to ensure comparability of results. In the fu-
ture, however, eDNA samples could potentially serve as a unified source for
biomonitoring, enabling the simultaneous assessment of multiple biological
quality elements using different primer sets, for example, targeting fish or
diatoms. DNA-based monitoring of diatoms has already been successfully
tested on a national scale in France (Vasselon et al. 2025).

Conclusions

This study provides a comprehensive assessment comparing three sample
types (bulk, water, and sediment) for macrozoobenthos biomonitoring under the
WEFD using DNA metabarcoding. By applying a broad set of twelve ecological
metrics commonly used in multimetric indices across several EU countries, we
demonstrate that differences in ES classification are primarily driven by pres-
ence/absence metrics, particularly the BMWP index and EPT taxa. In contrast,
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abundance-dependent metrics showed comparatively stable responses across
sample types, largely reflecting their reliance on a limited subset of taxa with
assigned autecological characteristics.

Our results highlight both the opportunities and challenges associated with
the implementation of DNA metabarcoding in routine biomonitoring. Bulk sam-
ples provided the highest taxonomic coverage and most comprehensive rep-
resentation of macrozoobenthos, but, similarly to the conventional approach,
their invasive nature may limit applicability in sensitive or protected environ-
ments. At the same time, the increased detection capacity of bulk samples
substantially affects presence/absence metrics, underscoring the need for
intercalibration with existing methods to ensure consistent ES assessment.
Environmental samples, particularly water and sediment eDNA, offer a non-in-
vasive alternative with clear practical and ethical advantages, especially for
long-term monitoring. Optimizing sampling strategies, such as increasing fil-
tered water volumes, the number of sediment replicates, adjusted primers than
the one chosen, or PCR replication, may further improve their performance. With
appropriate methodological refinements and metric-specific adjustments, DNA
metabarcoding has strong potential to support more efficient, standardised,
and ecologically sensitive ES assessments under the EU WFD.
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List of sampling sites and their detailed characteristics processed using
DNA metabarcoding in this study
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Supplementary material 2

List of species (DNA dataset) obtained in this study using the DNA
metabarcoding approach after merging replicates in TTT
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List of metrics used to calculate the Multimetric Index for ten different
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Supplementary material 4

Reference values for metrics used in partial EQR (Ecological Quality Ratio)
calculations by stream type
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Supplementary material 5

Graphical representation of the number of detected taxa across different
taxonomic levels (species, genus, family, order) for three datasets (OTUs,
Linnaean species, and ASTERICS) and sample types (bulk, water, sediment)
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Supplementary material 6

Sequencing depth across sample types (bulk, water, and sediment eDNA),
expressed as log-transformed read counts per locality
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Data type: tiff

Explanation note: Box boundaries represent the 25" and 75" percentiles, the central line
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Supplementary material 7

Values of individual metrics from ASTERICS and EQR calculations for
ecological status assessment

Authors: Michaela Samulkova, Pavel Beracko, Patrik Macko, Kornélia Tuhrinova, Zuzana
Ciamporové-Zatovigova, Fedor Ciampor Jr

Data type: xIsx

Explanation note: Values of individual metrics from ASTERICS and EQR calculations for
ecological status assessment: individual sheets for each stream type include metric
values (A.) and calculated partial EQRs (B.); additional sheets summarize all partial
EQRs, final multimetric EQRs, and classification into five ecological quality classes.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mbmg.10.185694.suppl7

Supplementary material 8

Additional information

Authors: Michaela Samulkova, Pavel Beracko, Patrik Macko, Kornélia Tuhrinovd, Zuzana
Ciamporové-Zatovi¢ova, Fedor Ciampor Jr

Data type: zip

Explanation note: 8a. List of all detected EPT taxa (Ephemeroptera, Plecoptera,
Trichoptera), including their occurrence across individual sample types (bulk, water,
and sediment) (Supplementary Material 8a.xlsx). 8b. List of all families contributing
to the BMWP score and Number of Families metrics, including their presence across
sample types (bulk, water, and sediment) and corresponding BMWP scores.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mbmg.10.185694.suppl8
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Supplementary material 9

Boxplots showing differences in EQR values between sample types,
including results of Tukey HSD post-hoc tests. EQR values were calculated
excluding metrics EPT taxa, BMWP score, and Number of Families

Authors: Michaela Samulkovd, Pavel Beracko, Patrik Macko, Kornélia Tuhrinovd, Zuzana
Ciamporové-Zatovicova, Fedor Ciampor Jr

Data type: tiff

Explanation note: Box boundaries represent the 25" and 75" percentiles, the central

line indicates the median, and points represent individual EQR values for each site.
Coloured background bands indicate ecological quality classes (EQC): red — bad, or-
ange — poor, yellow — moderate, green — good, and blue — very good. The figure also

includes a table summarising results of parametric (one-way ANOVA) and non-para-

metric (Kruskal-Wallis) tests comparing EQR values among sample types for the
multimetric index as well as for individual metrics. The ANOVA section includes de-
grees of freedom (between-group and within-group), F-statistic, and p-values.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/mbmg.10.185694.suppl9
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