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Introduction: Diatoms are among the most widely used indicators for assessing
ecological conditions in aquatic habitats, yet traditional microscopy remains
time-consuming and taxonomically demanding. This study explores the
potential of rbclL-based DNA metabarcoding as an alternative or complement
to morphological analysis for monitoring both freshwater and saline lakes.
Methods: We investigated diatom assemblages in two artificial freshwater lakes
and two inland saline lakes in Serbia by comparing species composition, diversity,
and ecological index performance across both methods.

Results and discussion: A total of 227 taxa were detected by metabarcoding and
212 by microscopy, with both approaches consistently showing higher richness
and Shannon diversity in freshwater than in saline lakes. Redundancy analysis
revealed conductivity and salinity as the main drivers of community structure,
clearly separating freshwater from saline systems, while co-inertia analysis
demonstrated strong agreement between the two methods. In freshwater
lakes, diatom index values derived from microscopy and metabarcoding
showed partial to good agreement, with IPS and IBD emerging as the most
consistent and reliable indices across methods. The DISP and TBI indices, initially
developed for soda lakes, were applied here for the first time using
metabarcoding data. However, their application was limited by incomplete
reference databases, missing trait assignments, and lower taxonomic coverage,
reducing the reliability of index-based evaluations in these habitats. Overall, while
metabarcoding demonstrated strong potential —particularly in freshwater
systems —a combined morphological and molecular approach offers a more
comprehensive and reliable assessment across complex environments like inland
saline lakes. This study contributes new sequence data to open-access
diat.barcode databases, supporting the wider adoption of DNA-based tools in
aquatic biomonitoring.
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1 Introduction

Diatoms (Bacillariophyta) are silica-shelled algae and a highly
diverse group of microalgae (Falkowski et al, 2004). They are
responsible for nearly 45% of global primary production and play
a significant role in global biomass production and biogeochemical
processes (Benoiston et al., 2017), and ecosystem dynamics (e.g., by
influencing trophic interactions (Armbrust, 2009). Owing to their
ecological importance, they play a key role in freshwater ecosystems
and are among the most widely used bioindicators in lake
monitoring and ecological assessment (Smol and Stoermer, 2010).
Due to their well-defined tolerances and preferences for a wide
range of ecological conditions (pH, conductivity, nutrients, oxygen,
and trophic state), their rapid response to environmental changes
and sensitivity to anthropogenic pressures (Battarbee et al., 2001;
Lobo et al,, 2016; Kelly et al., 2008), diatoms are recognized as a key
biological compartment under the Water Framework Directive
(European Commission, 2000).

As part of routine biomonitoring under legislations such as the
EU Water Framework Directive (WFD), diatom-based indices are
used to determine ecological quality classes, which are then used to
assess the ecological status of freshwater bodies (Kelly et al., 2014).
These indices rely on the relative abundances of indicator species in
the community along with their ecological preferences (sensitivities
or tolerances), offering a robust approach to water quality
monitoring (Blanco, 2024). Routine biomonitoring faces two
major challenges: the time required for implementation and the
insufficient taxonomic expertise to accurately identify species within
this diverse group (Vidakovic et al, 2024). In recent years,
molecular techniques, including DNA metabarcoding, have
emerged as powerful tools to overcome these challenges,
complement or potentially replace traditional microscopy-based
analyses (Keck et al., 2017). By amplifying and sequencing
standardized regions of environmental DNA (eDNA),
metabarcoding enables the rapid and high-throughput
identification of diatom communities, often increasing taxonomic
resolution and reducing operator bias (Zimmermann et al., 2015).
Also, DNA metabarcoding enables the detection of numerous taxa
that have traditionally remained overlooked due to their fragility,
rarity, or the difficulty of identifying them using classical methods,
such as microscopy. In this way, it serves as a valuable complement
to conventional approaches, while also encouraging more
in-depth taxonomic research aimed at achieving a more
accurate understanding of diatom diversity and distribution in
natural environments (Piredda et al., 2018). However, DNA
metabarcoding is facing challenges such as the need for
methodology harmonization to achieve consistency and define
best practices (Leese et al., 2016) and the need for curated
reference libraries of barcodes (Keck et al., 2023). In spite of some
challenges, integrating metabarcoding into routine biomonitoring
holds promise for improving the accuracy, efficiency, and scalability
of ecological assessments in freshwater systems.

Metabarcoding of diatoms has increasingly been applied in lake
ecosystems to enhance ecological assessments and gain greater
insight into diatom diversity. For example, Rivera et al. (2018)
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compared microscopy and DNA metabarcoding in the ecological
assessment of Lake Bourget and reported notable discrepancies
between methods. These differences were mainly driven by
inconsistencies in species-level floristic inventories, primarily
resulting from the incompleteness of the DNA reference library.
Kutty et al. (2022) tested the same methods in tropical lakes and
reservoirs, while Duleba et al. (2021) tested on Hungarian lotic and
soda pan habitats. Both studies showed that the correspondence
between the two approaches was relatively weak at the species level,
but it improved significantly in the case of morphologically
dominant taxa and at the genus level. On the other hand, Rimet
et al. (2018) compared different diversity indices using microscopy
and molecular approaches in alpine lakes. The molecular approach
revealed higher alpha diversity than microscopy, likely due to its
ability to detect cryptic and rare taxa. In contrast, beta diversity was
lower with the molecular approach, possibly reflecting the detection
of very rare species and extracellular DNA. Despite these
differences, diversity indices from both methods were well
correlated, supporting the use of the new approach as a reliable
alternative for diatom diversity assessment.

Serbia hosts a variety of natural (freshwater and saline) and
artificial (reservoirs) lakes that play an important role in regional
biodiversity, water supply, and recreation (Blagojevic et al., 2020).
Freshwater natural lakes are scarce, such as Lake Palic and Lake
Ludas. However, saline lakes are more numerous and also restricted
in the Pannonian Plain region in the north of the country. These
shallow, temporary, or semi-permanent water bodies are of
significant ecological interest due to their unique physicochemical
conditions and specialized halophilic biota (Gavrilovic et al., 2018).
Diatoms, in particular, have been shown to form specialized
communities in these environments, with the presence of
halotolerant and halophilic species that serve as valuable
indicators of salinity gradients and hydrological regimes (e.g.,
Vidakovic et al., 2019, 2022, 2023; Ciri¢ et al,, 2021). In addition
to natural lakes, artificial reservoirs play a crucial role in Serbia’s
freshwater network. To date, more than 150 have been established,
particularly in central and western parts of the country (Markovic
et al, 2023). These lakes are created primarily for water supply,
hydropower production, irrigation, and flood control. Some studies
have begun to address the importance of using diatom-based
indices for assessing trophic status and water quality in artificial
lakes, such as Sava Lake (Trbojevic et al., 2021) and Vrutci
Reservoir (Trbojevic et al., 2019a). These water bodies are subject
to various anthropogenic pressures, including eutrophication,
hydromorphological alterations, and pollution from agriculture
and urbanization (Karadzic et al, 2010; Vidovic et al., 2015;
Jakovljevic et al., 2025).

Although phytobenthos holds a formal role in ecological
assessment, according to data provided by Poikane et al. (2016), it
is currently applied as an independent metric in lake monitoring by
only 10 out of 28 EU Member States. Phytobenthos play a crucial
role in the functioning of shallow lakes and the littoral zones of
deeper lakes—an aspect that may be overlooked without suitable
assessment frameworks (Cantonati and Lowe, 2014). In many
instances, benthic algal production can match or even exceed that
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of phytoplankton, and it is also proven that compared to other
biological groups, benthic diatoms often exhibit greater sensitivity
to environmental changes and provide more precise (low-error)
responses (Poikane et al., 2016). However, the application of DNA-
based tools enables us to characterize biological communities
further and enhance bioassessment efforts, ultimately improving
our understanding of long-term changes. To advance and validate
the effectiveness of diatom DNA metabarcoding for lake
bioassessment, it is essential to apply and test existing indices—
commonly used in routine biomonitoring—across a wide range of
lake types.

By applying morphological and rbcL-based DNA
metabarcoding methods, this study aimed 1) to show comparable
patterns in the response of diatom communities to environmental
variables in both freshwater and saline lakes, 2) to investigate the
extent to which these two methods yield similar community
structure characteristics, including diversity and species richness,
3) to contribute new sequence data to open-access diat.barcode
databases, (4) to test indices developed for soda lakes (DISP and
TBI), for the first time using metabarcoding data, and 5) to
determine whether ecological status assessment based on diatom
indices provides consistent results across the two approaches. Based
on these aims, two hypotheses are set: (1) The metabarcoding
approach will detect higher diatom taxon richness and diversity
than traditional morphological identification, especially in extreme
environments such as saline lakes, and (2) Metabarcoding is more
reliable in assessing freshwater lakes’ water quality than saline.

Frontiers in Ecology and Evolution

2 Materials and methods
2.1 Study area and sampling

In this study, we examined four distinct aquatic ecosystems,
comprising two saline and two freshwater lakes (Figure 1). Both
saline lakes are located in the Vojvodina Province of northern
Serbia. Pecena Slatina (PS) is a shallow, semi-static saline lake that
functions as a closed hydrological system, receiving water primarily
through surface runoff, direct precipitation, and occasionally from
various groundwater sources, including deep-seated upwellings,
which is generally characteristic of saline lakes in the Pannonian
region (Vidakovic et al., 2019). The lake measures 1.4 km in length
and has an average width of 190 m. Its maximum depth, recorded
during field sampling, is 1.2 m, and the total surface area is
approximately 0.26 km®. The second saline lake, Plava Banja
(PB), originated as a clay extraction pit. Following the cessation
of mining activities, the site was transformed into a recreational
lake. Due to elevated concentrations of sulfates and chlorides,
swimming has been officially restricted for the past 15 years
(Trbojevic et al, 2019b). Plava Banja measures approximately
290 m x 290 m, with a maximum depth of 7 m and a surface
area of around 0.07 km?. The two freshwater lakes included in the
study are artificial reservoirs located in the central part of Serbia.
Sava Lake (SL) is an artificial urban reservoir formed approximately
five decades ago by damming a former arm of the Sava River. The
lake stretches 4.4 km in length, with an average width of 210 m. The
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maximum recorded depth is 12 m, with an average depth of 4.5 m.
Its total volume is approximately 4.1 million cubic meters, covering
a surface area of around 0.90 km?* Markovacko Lake (ML) was
created by damming a stream near the village of Markovac. The lake
is primarily used for irrigation and local recreation. The lake is
approximately 0.9 km in length, with an average width of 190 m,
and covers a total surface area of about 0.17 km? During sampling,
the recorded maximum depth was 8 m.

To cover the vegetation season sampling was conducted once in
each of the following periods in 2023: spring, summer, and autumn.
Samples for physical and chemical analysis of water and
morphological and metabarcoding analysis were taken from 3 sites
per lake (in total 36 samples for physical and chemical analysis).
Depending on the lake bed, diatom samples were collected from mud,
reed, artificial break, and/or stone. In Pecena Slatina, mud and reed
were available, while in Plava Banja, reed was available in all sites,
except in one site where an artificial break was also present. In Sava
Lake, the substrate was stone, and in Markovacko Lake, mud and/or
reed. More details about the substrate at each site were provided in
the Supplementary Table 2. In total, 54 diatom samples were
collected. Following homogenization, each sample was divided into
two subsamples (54 for morphological analysis and 54 for molecular
analysis). For morphological analysis, the subsample was preserved
with formaldehyde to achieve a final concentration of 4%. For DNA
analysis, 15 mL of the sample was transferred into a sterile 50 mL
plastic centrifuge tube and filled with absolute ethanol to a final
volume of 45 mL. DNA subsamples were stored at 4 °C until further
processing (Vidakovic et al., 2024).

2.2 Morphological analysis

The first step in obtaining permanent slides was to remove
impurities from the diatom valves using hot, concentrated HCl and
a supersaturated KMnO, solution, as outlined by Taylor et al. (2007).
The next step was mounting cleaned diatom valves using Naphrax
(Brunel Microscopes Ltd). Observations of the permanent slides
(1000x magnification) were performed using a Zeiss Axiolmager
M.1 light microscope fitted with differential interference contrast
(DIC) optics, and images were processed and analyzed using
AxioVision 4.9 software. Identification of taxa was carried out
using different literature sources (e.g. Lange-Bertalot, 2001; Lange-
Bertalot et al., 2017). A total of 400 diatom valves was counted on
each permanent slide to quantify the relative abundance of taxa.

2.3 Metabarcoding analysis (DNA
extraction, PCR amplification and NGS
sequencing)

DNA was extracted from diatom samples using the Nucleospin

Soil Kit (Macherey-Nagel) protocol and quantified using a
NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific).
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PCR amplification was performed on the rbcL plastid gene,
targeting a 312 bp barcode with the combination of three different
forward and two different reverse primer sequences (Vasselon et al.,
2017a). All primers were diluted to a 10 mM concentration and
combined to an equimolar mix. PCR amplification was done
according to the workflow described in Diatom DNA library
preparation for Illumina Miseq Sequencing using the rbcL marker
gene (https://www.protocols.io/view/diatom-dna-library-
preparation-for-illumina-miseq-kqdg3573zv25/v1.) According to
protocol, 2-step PCR was performed. The first one (PR1) was
specifically to amplify the rbcL fragment from the DNA sample,
and the second one (PCR2) was carried out by the sequencing
platform to amplicon library preparation for Illumina sequencing.
To do so, our primers contain half of Illumina adapters P5 and P7 at
the 5 end of the forward and reverse primers, respectively
(5’ CTTTCCCTACACGACGCTCTTCCGATCT and
5GGAGTTCAGACGTGTGCTCTTCCGATCT). These adapters
will serve as primers for fixation in the PCR2. For each sample,
the PCR1 amplification was performed in triplicate in a final
volume of 25uL. PCR1 mix was consisted to 0.75U KAPA HiFi
HotStart Ready Mix (Roche Molecular Systems, Inc), 2.5 pL
reaction buffer 10X, 2 uL ANTP 2.5 mM, 1.25 uL of 10 mg/ml
BSA, 1.25 UL of each primer, 0.15 UL TaKaRa LA Taq polymerase
and 25 ng of template DNA. The amplification process, with slight
modifications in cycle length, consisted of 33 cycles under the
following conditions: initial denaturation at 95°C for 6 minutes,
annealing at 54°C for 1 minute, and extension at 72°C for 6 minutes.
After verification of the quality of PCR triplicates with gel
electrophoresis on a 0.8% agarose gel, triplicates were pooled and
a 50 uL aliquot was sent to a sequencing platform (GetPlage
Toulouse, France, https://get.genotoul.fr) where amplicon library
preparation was performed with PCR2 prior to sequencing on an
Mumina MiSeq with the v3 reagent kit (2x250 bp).

2.4 Sequence data processing

To describe the diatom diversity, the demultiplexed and
trimmed reads were analyzed using the DADA2 pipeline
(Callahan et al, 2016) to generate amplicon sequence variants
(ASVs). Taxonomic assignment of the resulting rbcL sequences
was performed using the diat.barcode v12.4 reference database
(Rimet et al, 2019), applying a minimum bootstrap confidence
threshold of 60. Non-diatom ASVs were excluded from
further analysis. For quality control, only ASVs represented by
more than 10 reads were retained. Furthermore, ASVs with
uncertain or unresolved taxonomy were manually annotated
using BLAST searches against the NCBI nucleotide database,
applying a minimum identity threshold of 95%, to finalize the
diatom taxonomic assignments. Sequences not assigned to the
genus level were removed from the final diatom list. The number
of reads per sample was used to quantify the relative abundance
of taxa.
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2.5 Diatom indices

To assess the ecological status of the freshwater lakes (Sava Lake
and Markovacko Lake), five established diatom-based indices were
selected and calculated using the OMNIDIA software, version 6.1.4
(Lecointe et al., 1993; Lecointe and Coste, 2015). These indices were:
IPS-Specific Pollution Sensitivity Index (Cemagref, 1982), IBD-
Biological Diatom Index (Lenoir and Coste, 1996; Coste et al,
2009), TDIL-Trophic Diatom Index for lakes (Stenger-Kovacs et al.,
2007), Rott TI-Austrian trophic index (Rott et al., 1999), and Rott
SI- Austrian saprobic index (Rott et al., 1997). These indices were
selected because they can indicate global pollution by highlighting
communities under stress (IPS and IBD), assess water saprobity
(Rott SI), and evaluate eutrophication levels (TDIL and Rott TI).
IPS is the index officially applied for assessing the ecological status
of surface waters in Serbia (Official Gazette of the Republic of
Serbia, 2011) and is broadly applied throughout Europe as its
database encompasses the ecological characteristics of over 2,000
taxa (Kelly, 2013). Water quality class thresholds were determined
according to the criteria established by Prygiel and Coste (2000). To
evaluate the ecological status/potential of saline lakes (Pecena
Slatina and Plava Banja), the Diatom Index for Soda Pans (DISP)
and Trait-Based Index (TBI) were applied and calculated using the
formula given by Stenger-Kovacs et al. (2018). To evaluate the
robustness of the diatom indices, we calculated the percentage of
total abundance represented by taxa included in each index, for
both microscopy and metabarcoding datasets.

2.6 Physical and chemical analysis

Water temperature (T) was measured in situ using a classic
water thermometer. Water samples intended for chemical analysis
were collected with a plastic hose along the vertical profile covering
the photic zone (e.g., two times the Secchi depth - integrated
sample) and poured into a 1 L plastic bottle and stored at 4 °C
until further processing in the laboratory. Conductivity was
determined using the U.S. EPA (1982) method (Conductance),
following the U.S. EPA (1999) manual, with a conductometer LF
191 (WTW). Dissolved oxygen was measured using the Winkler
method with aside modification (4500-O C), following the
recommendations of APHA et al. (2015). The pH was measured
potentiometrically according to the SRPS JUS H.Z1.111, 1987
standard, using an INOLAB pH 730 meter (WTW). Total
nitrogen (TN) was analyzed according to SRPS EN12260, 2008
standard, while for the determination of orthophosphate and total
phosphorus, the SRPS EN ISO 6878, 2008 method was applied, with
measurements performed on a UV-Vis spectrophotometer Lambda
(models 25/35/45, Perkin Elmer) at a wavelength of 880 nm.
Carbonate (CO5?") and bicarbonate (HCO;') concentrations were
calculated using the titration method (APHA et al., 1995a), based
on the relationship between p- and m-alkalinity. Cation
concentrations (K, Na*, Ca*", Mg>") were measured using ICP-
OES (inductively coupled plasma-optical emission spectroscopy)
on an iCAP 6500 Duo ICP instrument (Thermo Fisher Scientific,
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UK). For measuring ammonia concentration (NH,*, SRPS EN 1SO
14911, 2009), nitrite (NO5"), nitrate (NO5"), chloride (CI', APHA
et al, 1995b), and sulfate (SO4*, APHA et al, 1995c) ion
chromatography was used.

2.7 Statistical analysis

All statistical analyses were performed using R v4.4.0 (R Core
Team, 2024).

To visualize the overlap in taxa identified by metabarcoding and
morphological approaches, the “Venn diagram” package (Chen,
2022) was used. Alpha diversity indices, including species richness
and Shannon-Wiener diversity index, were calculated using
respectively the diversity() function and specnumber() function
from the vegan R-package (Oksanen et al, 2024). For alpha
diversity analyses, all 54 samples processed with rbcL were
included. For beta diversity, only samples present in both
microscopy and metabarcoding datasets were used, as five
samples from Pecena Slatina Lake showed no diatoms in
microscopy. These were excluded to ensure the dataset alignment
required for multivariate comparisons. The relative abundance of
dominant taxa (5% or more) was illustrated using stacked bar plots
constructed with the ‘tidyverse’ packages (Wickham et al., 2019).

Prior to conducting multivariate statistical analyses, diatom
abundance data were CLR-transformed using the decostand()
function of the vegan R-package. Additionally, environmental
variables exhibiting skewed distributions (COND, CI', Na*, SO,*,
TP, TN, NH,", NO,’, PPO,*, CO5*, Mg*") were log-transformed
using a base-10 logarithm with an offset of +1 (logjo(x + 1)) to
improve normality. Subsequently, the environmental dataset was
then standardized using the scale() function in R to ensure equal
weighting. To explore the variation in environmental parameters
across lakes, a Principal Component Analysis (PCA) was performed
using the rda() function from the vegan R-package. The first two
principal components were visualized using “ggplot2”
(Wickham, 2016).

To examine the relationship between environmental variables
and the diatom community composition, based on either
morphological or metabarcoding data, Redundancy Analysis
(RDA) was performed using the rda() function in the ‘vegan’
package (Oksanen et al, 2024). Forward selection was applied
using forward.sel() from the adespatial R-package to identify
significant explanatory variables, with a stopping criterion based
on the adjusted R? of the full model. A parsimonious RDA model
was then built using the selected variables. The significance of the
RDA model, axes, and environmental variables was tested using
anova.cca() function from the vegan R-package with 999
permutations. Taxa contributing most strongly to the ordination
were identified using ordiselect() from the goeveg R-package (Von
Lampe and Schellenberg, 2024) with thresholds for abundance and
fit set to 0.2 (ablim = 0.2, fitlim = 0.2).

To evaluate the concordance between diatom community
composition obtained from morphological and metabarcoding
approaches, a co-inertia analysis (ColA) was performed using the
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coinertia() function from the ade4 R-package (Dray and Dufour,
2007). Co-inertia analysis was based on two PCAs, performed on
each table, using the dudi.pca() function from the ade4 R-package.
Here, for both PCAs, we have selected the first two principal
components. The shared structure between the datasets was
quantified using the RV coefficient. The significance of the co-
structure was assessed using a Monte Carlo permutation test with
999 replicates using the randtest() function from the ade4
R-package.

To assess differences in diatom index values between
microscopy and metabarcoding, Welch’s ANOVA was applied to
each lake. The test provided adjusted p-values and Hedges’ g effect
sizes with confidence intervals to evaluate the significance and
magnitude of differences between the two methods. In addition,
we calculated the percentage of abundance represented by taxa with
assigned index values in each method to evaluate index coverage.

3 Results

3.1 Physical and chemical characterization
of lakes

In general, the freshwater lakes, Sava Lake and Markovacko
Lake, exhibited stable chemical conditions with low nutrient levels,
indicative of oligotrophic (Sava Lake) to mesotrophic (Markovacko
Lake) status and minimal anthropogenic influence. Sava Lake
maintained consistently stable parameters throughout the seasons,
while Markovacko Lake showed moderate seasonal variability,
particularly in pH and conductivity. In contrast, the saline lakes,
Pecena Slatina and Plava Banja, were characterized by extreme
seasonal variability, very high salinity and alkalinity, dominated by
Na® and Cl” or SO,* ions. High nutrient levels were detected in
Pecena Slatina, indicating hypereutrophic status. In contrast,
nutrient levels in Plava Banja were lower, indicating mesotrophic
status in spring and oligotrophic status in summer and autumn.
Generally, conditions in saline lakes were primarily driven by
evaporation and mineral-rich inflows. Values of all measured
physical and chemical parameters in the four investigated lakes
are provided in the Supplementary Table 1.

These gradients were further illustrated by a Principal
Component Analysis (PCA), where samples clustered in
accordance with salinity-driven separation (Supplementary Figure
S1). PCA of the 19 standardized environmental variables revealed
that the first two principal components explained a total of 80.2% of
the variance among samples (PC1 = 57.8%, PC2 = 22.4%). Salinity
emerged as the main gradient structuring the samples along the first
principal axis. Samples from freshwater lakes (Sava Lake and
Markovacko Lake) consistently exhibited negative scores, whereas
those from saline lakes (Pecena Slatina and Plava Banja) showed
positive scores across all seasons. This gradient primarily reflects
high calcium (Ca*™) concentrations and lower pH and alkalinity in
freshwater lakes, versus lower calcium (Ca™) and elevated pH and
alkalinity in saline lakes. Separation along the second axis was
mainly driven by differences between the two saline lakes,
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suggesting distinct environmental profiles. In contrast, the two
freshwater lakes clustered more closely together, indicating
greater similarity in their physicochemical characteristics. Overall,
the PCA captured two main patterns: (1) consistent differentiation
between freshwater and saline lakes, and (2) stronger divergence
between saline lakes than between freshwater ones.

3.2 Taxonomic composition and
comparative alpha diversity

Based on morphological identification, a total of 212 taxa were
distributed across 58 genera (Supplementary Table 2). After
bioinformatic processing of molecular data, 2,758,126 raw reads
across 54 samples were processed through the DADA2 pipeline,
2,249,522 reads belonging to 1,367 ASV remained. A total of 480
ASVs that did not match the expected 263 bp rbcL amplicon length
were removed, and 144 ASVs with 10 or fewer reads were deleted.
After blasting unassigned ASV sequences against GenBank with a
percentage of identity >95% as a threshold, the number of
taxonomically annotated ASVs was 502. A total of 227 taxa
across 61 genera remained (Supplementary Table 2).

Species-level Venn diagrams were constructed for each lake to
evaluate the overlap in taxa detection between microscopy and
metabarcoding (Figure 2). The comparison revealed varying
degrees of overlap in diatom taxa detection across the four lakes.
Markovacko Lake showed the highest agreement between the two
methods (Figure 2A), followed by slightly lower concordance in
Sava Lake (Figure 2B). In contrast, Plava Banja (Figure 2C) and
Pecena Slatina (Figure 2D) showed lower overlap, indicating
significant divergence in taxa recovered by each approach.
Notably, both saline lakes also exhibited a lower total number of
taxa detected by microscopy and metabarcoding.

Species richness and Shannon diversity index were consistently
higher in freshwater lakes (Markovacko and Sava) compared to
saline lakes (Plava Banja and Pecena Slatina), across both
identification methods (Figure 3). Species richness values were
significantly higher in metabarcoding than in microscopy in all
lakes, as confirmed by Welch’s t-tests (p < 0.001 in each case).
Shannon diversity showed a similar trend, with higher values in
metabarcoding in all lakes, but the difference reached statistical
significance only in Plava Banja (t = 2.98, p = 0.007). Importantly,
both approaches revealed the same diversity gradient among lakes,
with higher richness and diversity in freshwater than in saline
systems, indicating consistency between methods in capturing the
main ecological signal.

3.2.1 Taxonomic composition in the Markovacko
Lake

Morphological analysis - A total of 143 taxa across 42 genera
were recorded in the Markovacko Lake. The genera with the highest
species richness were Nitzschia (23) and Navicula (20). During the
spring, the most dominant taxon was Discostella pseudostelligera,
while during the summer Aulacoseira muzzanensis dominated. In
autumn, a few different taxa dominated the community, such as
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Venn diagram showing the overlap of diatom taxa detected by microscopy and metabarcoding across the four studied lakes. (A) Markovacko Lake,
(B) Sava Lake, (C) Plava Banja, (D) Pecena Slatina. The diagrams were generated using the VennDiagram R package (Chen, 2022) to visualize shared

and unique taxa between the two approaches.

Pantocsekiella ocellata, Encyonema caespitosum, and Navicula
veneta. (Figure 4E).

rbcL - The metabarcoding approach detected 151 taxa, with the
highest species richness observed in the genera Nitzschia (26 taxa)
and Navicula (15 taxa). In spring, Nitzschia draveillensis, Nitzschia
cf. paleacea, Encyonema ventricosum, and Hantzschia amphioxys
var. major were the most dominant. Aulacoseira granulata was
dominant in summer and autumn in the mud samples. In contrast,
the reed samples were dominated by Encyonema minutum var.
pseudogracilis and Cymbella tumida in the summer, and by diverse
dominant species in autumn (Figure 4A).

3.2.2 Taxonomic composition in the Sava Lake

Morphological analysis — A total of 107 taxa across 39 genera
were recorded. The genera with the highest species richness were
Nitzschia (17) and Navicula (14). Achnanthidium eutrophilum was
the most dominant in almost all samples. In spring, dominance is
shared with Pantocsekiella ocellata, while during the autumn it is
dominated by several different species. During the summers, a shift
is observed with Achnanthidium pyrenaicum at the locality
SL1 (Figure 4F).
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rbcL — Metabarcoding analysis of Sava Lake detected 114 taxa
across 50 genera. The genera with the highest species richness were
Nitzschia (17) and Navicula (10). Achnanthidium minutissimum
was the most dominant taxon in every sample, except two
autumn samples where it was dominant together with A.
eutrophilum (Figure 4B).

3.2.3 Taxonomic composition in the Plava Banja

Morphological analysis - A total of 47 taxa across 17 genera were
recorded in the Plava Banja. The genera with the highest species
richness were Navicula (17) and Nitzschia (14). Nitzschia frustulum
and Nitzschia reskoi were the most dominant during the spring.
Depending on the sampling site, during the summer, Nitzschia
inconspicua, Craticula taxa, N. reskoi, and Rhopalodia operculata
dominated. Craticula taxa prevailed in autumn (Figure 4G).

rbcL - Through the metabarcoding approach, 48 taxa across 24
genera were recorded in the Plava Banja. The genera with the
highest species richness were Nitzschia (9) and Navicula (5).
Nitzschia and Craticula taxa were the most dominant in spring,
while during the summer Craticula, Nitzschia, and an unknown
Halamphora species prevailed. During autumn, the dominance of
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Comparison of species richness and Shannon—-Wiener diversity index across the four lakes, based on metabarcoding and microscopy.

an unknown species of the genus Craticula is observed together
with Chaetoceros muelleri (Figure 4C).

3.2.4 Taxonomic composition in the Pecena
Slatina

Morphological analysis - A total of 46 taxa across 21 genera were
recorded in the Pecena Slatina. The genera with the highest species
richness were Nitzschia (13) and Navicula (5) Nitzschia frustulum
was the most dominant taxon during all seasons, with a few
exceptions. Navicymbula pusilla was dominant in summer at PS1
and Nitzschia inconspicua in autumn at PS3 in the reed sample,
together with Nitzschia frustulum. Navicula veneta was the most
dominant in PS3_Sum at both substrates. However, in autumn in
reed samples, Craticula taxa were by far the most dominant taxa in
PS1, as well as Nitzschia inconspicua in PS3 (Figure 4H).
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rbcL — Metabarcoding approach identified 61 taxa across 29
genera in the PS. Nitzschia (13) and Navicula (5) were the most
species-rich genera. Anomoeoneis sculpta and Nitzschia frustulum
were the most dominant taxa in most of the samples. An increased
relative abundance of Halamphora veneta in spring, Craticula
halophila and Fistulifera saprophila in summer, Surirella sp.,
Craticula halophila, Chaetoceros muelleri, and Nitzschia
inconspicua in autumn were observed (Figure 4D).

3.3 Impact of the environmental conditions
on the community structure

3.3.1 Based on rbcL
The final model explained 69.2% of the total variance in
community composition (adjusted R* = 0692), with RDA1 and
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RDA2 accounting for 42.7% and 25.1% of the constrained variation,
respectively (Figure 5). Permutation tests confirmed that the overall
RDA model was highly significant (F = 13.99, p = 0.001), with the
first seven axes explaining statistically significant portions of the
variance (p < 0.05). Among the selected variables, conductivity,
dissolved oxygen (DO), calcium (Ca*™), and total phosphorus (TP)
emerged as the most influential variables shaping diatom
community composition. The first axis distinctively separated
saline and freshwater lakes, with saline lakes associated with
higher conductivity, Na*, CI’,
strong associations with the environmental gradients and lake
types. Craticula halophila was clustered with Plava Banja, and its

and COs;. Several taxa showed

occurrence is influenced by high values of Na*, CI" and COs.
Halamphora veneta, Nitzschia reskoi and Nitzschia frustulum
were clustered with Pecena Slatina, indicating their strong affinity
for high conductivity, ionic concentrations and ammonium level
(NH,"). In contrast, Achnanthidium minutissimum, Encyonopsis
subminuta, Encyonopsis sp., and Cymbella excisa were more closely
aligned with Sava Lake, particularly along gradients of higher DO.
Aulacoseira granulata, Encyonema minutum var. pseudogracilis,
and Gomphonema saprophilum clustered with Markovacko Lake
along the TP gradient, highlighting the influence of nutrient
enrichment on community composition.
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3.3.2 Based on morphology

The final model of RDA based on the microscopy dataset
revealed a statistically significant relationship between
environmental variables and the diatom community composition
observed via microscopy (F = 8.36, p = 0.001), with the constrained
axes explaining 52.6% (adjusted R* = 0.526) of the total variance.
The first two axes accounted for 36.3% and 24.7% variance,
respectively, separating saline from freshwater lakes (Figure 6).
Among the selected variables, conductivity, sulfate (SO,*),
calcium (Ca™™), and total phosphorus (TP) were the strongest
predictors of community structure. The positioning and
clustering of the lakes show a similar pattern to that observed
with the rbcL dataset. Samples from saline lakes were primarily
associated with elevated conductivity, sulfate (SO4>), chloride (CI'),
nitrite (NO,"), and carbonate (COs*’) concentrations. Taxa such as
Nitzschia frustulum, Nitzschia reskoi, and Navicymbula pusilla,
clustered with saline lakes. In contrast, Aulacoseira muzzanensis,
Nitzschia amphibia, and Discostella pseudostelligera were positioned
closer to Markovacko Lake along the total phosphorus and Ca*™"
gradient, while Achnanthidium minutissimum, Achnanthidium
eutrophilum, and Encyonopsis microcephala clustered near Sava
Lake, samples did not show a strong correlation with any of the
measured environmental variables.
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Redundancy analysis (RDA) triplot showing the relationship between environmental variables and diatom community composition based on
metabarcoding. Arrows represent significant environmental variables selected through forward selection; sample scores and taxa scores are
displayed in scaling 2. Results were visualized using “ggplot2” and “ggrepel” (Wickham, 2016).

3.4 Co-structure between microscopy and
metabarcoding approach

To complete the co-inertia analysis, each dataset was first
analyzed with a PCA. The first two axes in metabarcoding PCA
captured more variance than in the microscopy PCA (52.0% and
37.4%, respectively). Co-inertia analysis revealed a strong and
significant covariation between diatom community structures
derived from metabarcoding and microscopy datasets, with a high
RV coefficient of 0.92 (p = 0.001). The first two axes of the co-inertia
ordination explained 81.6% of the shared variance (Axis 1: 56.0%,
Axis 2: 25.6%). The ordination plot (Figure 7) displays sample
positions in the space defined by both datasets, connected by
arrows: each arrow originates from the rbcL-based position and
ends at the corresponding morphology-based position. Overall, the
arrows were relatively short, indicating good agreement between
methods for most samples. Samples from each lake formed distinct
and cohesive clusters. The consistent sample groupings and short
arrow lengths indicate strong agreement between molecular and
morphological methods in detecting differences in diatom
communities across lakes.

3.5 Diatom indices
3.5.1 Freshwater lakes

A comparison of diatom indices between metabarcoding and
microscopy for Markovacko Lake revealed partial agreement
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between the methods (Figure 8; Supplementary Table 3). Both
approaches generally assigned the lake from moderate to good
ecological potential, with Rott TI and TDIL showing lower scores
through the samples (moderate to bad ecological potential).
Microscopy tended to indicate slightly better ecological quality
based on IBD, IPS, and TDIL, while metabarcoding showed
higher values for Rott SI. The percentage of abundance
represented by taxa with assigned index values was highest for
the IPS and IBD indices in both approaches (=87-96% on average),
whereas Rott SI, Rott TI, and TDIL remained below 50% and
showed larger discrepancies, with TDIL differing by over 20%
between approaches.

In Sava Lake, the comparison of diatom indices derived from
metabarcoding and microscopy revealed generally consistent
ecological potential assessments (Figure 9; Supplementary
Table 3). Both methods placed the lake predominantly in the
good to very good ecological potential range. Metabarcoding
tended to produce slightly elevated scores, particularly for the
IPS, while for the IBD, both approaches mostly indicated good
ecological potential, with only minor divergence. In contrast, Rott
SIindicated a better ecological potential when based on microscopy
(very good), compared to metabarcoding where it was classified as
good. In Sava Lake, Rott TT and TDIL showed broad agreement
between methods, with Rott TI indicating moderate trophic
conditions and TDIL reflecting moderate to good ecological
potential. The percentage of abundance represented by taxa with
assigned index values was again highest for IPS and IBD (IPS ~97-
100%, IBD ~84-97%), with IPS displaying the smallest difference
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Redundancy analysis (RDA) triplot showing the relationship between environmental variables and diatom community composition based on
microscopy. Arrows represent significant environmental variables selected through forward selection; sample scores and taxa scores are displayed in
scaling 2. Results were visualized using “ggplot2” and “ggrepel” (Wickham, 2016).

between microscopy and metabarcoding (3.1%). In contrast, Rott SI
and TDIL showed the greatest inconsistencies (=20-23%
difference), while Rott TI showed slightly more stable
patterns(11.9%).

3.5.2 Saline lakes

Results for the saline-specific indices and the percentage of
abundance represented by taxa with assigned index values are
provided in Supplementary Table 4. In Plava Banja, DISP values
were higher when calculated from metabarcoding data than from
microscopy. In contrast, TBI values were comparable across
methods, with no significant difference observed (Figure 10). The
relative value of both indices is closer to the upper limit of the index
value, indicating a good ecological potential of Plava Banja. Only
DISP showed a statistically significant difference between
approaches. The percentage of abundance represented by taxa
with assigned index values was notably higher in microscopy for
both indices. Microscopy showed notably higher coverage for both
DISP (avg. 79.6% vs. 51.5%) and TBI (80.1% vs. 57.2%), with large
differences between approaches (30.7% for DISP and 27.1% for
TBI), indicating reduced agreement in taxonomic coverage.

In Pecena Slatina, values of the saline-specific diatom indices
are comparable across methods, and the relative values are closer to
the upper limit of the index value, indicating the good ecological
status of the lake (Figure 11; Supplementary Table 4). The
percentage of abundance represented by taxa with assigned index
values was markedly higher in microscopy than in metabarcoding
for both indices. Microscopy showed higher coverage than
metabarcoding for DISP (avg. 96.8% vs. 65.0%) and TBI (91.5%
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vs. 65.5%), with average absolute differences of 20.4 and 18.5
percentage points, highlighting substantial divergence in
taxonomic coverage despite overall agreement in ecological status.

4 Discussion

4.1 Environmental context of diatom alpha
diversity patterns

The environmental distinction between freshwater and saline
lakes, already evident from their physical and chemical profiles,
provides an ecological basis for the observed differences in diatom
diversity. Freshwater systems were characterized by stable, oxygen-
rich conditions, low nutrient availability, and moderate
conductivity, consistent with an oligotrophic to mesotrophic
status. Their carbonate-buffered, calcium-magnesium ion
compositions likely created chemically stable habitats that support
high diatom diversity (Duleba et al., 2021). In contrast, the saline
lakes showed high mineralization and strong seasonal fluctuations
in pH and conductivity, driven by intense evaporation, ion
accumulation, and limited hydrological input. These extreme
conditions, particularly high alkalinity and the dominance of
sodium and sulfate or chloride ions, impose physiological
constraints on diatom survival and reproduction (Stenger-Kovacs
et al,, 2023), likely contributing to the significantly lower diversity
observed in saline systems. These environmental differences help
explain the lower diatom diversity observed in saline lakes, as
detected by both microscopy and metabarcoding.
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Co-inertia analysis showing the correspondence between diatom community compositions obtained from microscopy and metabarcoding. Arrows
link the same sample as represented in the two datasets, with arrow length indicating the degree of discrepancy between methods.

4.2 Comparison of taxonomic detection
between methods

Overall, metabarcoding and microscopy approaches yielded a
comparable number of taxa across all four lakes combined, with a
slight advantage for metabarcoding (227 vs. 212 taxa, respectively).
This suggests that both methods captured the main diatom
assemblage composition in the studied systems, although some
differences in taxon detection were evident between them. When
considering shared taxa, both freshwater lakes (Markovacko Lake
and Sava Lake) exhibited higher concordance between methods
compared to saline lakes (Plava Banja and Pecena Slatina), a trend
supported by earlier studies (Acs et al., 2019; Stenger-Kovacs et al.,
2016). This reduced overlap in saline lakes may reflect a
combination of factors. These include method-specific detection
biases, such as the preferential amplification of certain taxa in
metabarcoding (Kermarrec et al., 2013; Bailet et al., 2019).
Additional contributing factors are the generally lower taxonomic
richness in such habitats (Stenger-Kovacs et al., 2018, 2023;
Balycheva et al., 2023) and the lack of comprehensive molecular
reference coverage for continental halophilic diatom taxa in the
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reference library, as observed in other soda pans and saline wetlands
(Duleba et al., 2021).

4.3 Alpha diversity patterns and method
agreement

Species richness and Shannon-Wiener diversity were
significantly lower in saline lakes compared to freshwater lakes, as
some studies have also noted (Acs et al., 2019; Stenger-Kovacs et al.,
2007, 2016, 2020, Vidakovic et al., 2024). As reported in multiple
studies, metabarcoding generally yielded significantly higher species
richness (e.g., Fontaine and Rynearson, 2023; Gelis et al., 2024;
Rimet et al,, 2018). Shannon-Wiener diversity index across the four
lakes was slightly higher for the metabarcoding dataset than for
microscopy, which could be attributed to the ability of
metabarcoding to detect morphologically cryptic and rare species
(Amato et al., 2007; Stoof-Leichsenring et al., 2012; Lindeque et al.,
2013). Crucially, both methods captured the same ecological
gradient, with higher diatom diversity in freshwater lakes. This
indicates that the choice of identification method did not alter the
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Comparison of diatom index values derived from microscopy and metabarcoding in Markovacko Lake. IBD (A), IPS (B), Rott Tl (C), Rott SI (D), TDIL
(E). Differences in diatom index values between identification methods were visualized using the “ggstatsplot” package (Patil, 2021).

overall diversity ranking among lakes, supporting the robustness of
the observed pattern.

4.4 Differences in taxon detection between
methods

In Markovacko Lake, the dominant taxa detected differed
notably between the two methods. While Aulacoseira
muzzanensis was consistently dominant in microscopy, it was not
detected by metabarcoding. Conversely, A. granulata emerged as
the dominant taxon in the metabarcoding dataset, despite being
abundant in only a single sample microscopically. The reason for
this discrepancy could be varied, those species look similar in light
microscopy so it could mean misidentification in either method.
Similar detection issues for Aulacoseira have been observed in
other studies. For example, Stoof-Leichsenring et al. (2020)
found that genetic approaches revealed Aulacoseira diversity
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patterns not captured by morphological identification, suggesting
that the two methods may reflect different aspects of taxonomic
resolution within this genus. Regarding microscopy, Discostella
pseudostelligera was one of the most dominant taxa, while in the
metabarcoding dataset, only low-abundance Discostella sp. was
detected, despite having a representative sequence in the reference
2020),
discrepancies in Sava Lake were particularly evident among
Achnanthidium species, likely due to high sequence similarity in

database. Supported by previous studies (Bailet et al,

rbcL and taxonomic uncertainty in the database, leading
to inconsistent species-level assignments between methods.
Generally, A. minutissimum is more dominant according
to metabarcoding, while A. eutrophilum dominates according to
microscopy. Microscopy offers better resolution for Achnanthidium
species when the valve ultrastructure is visible; however,
morphological identification remains prone to error due to subtle
differences. Encyonopsis microcephala was one of the dominant taxa
in microscopy, but not present in metabarcoding.
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In Plava Banja, some dominant taxa, such as Nitzschia reskoi
(first finding in the diatom flora of Serbia— Sabovljevic et al, 2024),
Nitzschia frustulum, and Craticula halophila showed good
concordance between metabarcoding and microscopy. However,
some discrepancies were observed. Craticula aff. simplex was the
dominant taxon in several samples based on microscopic analysis,
while BLAST verification of Craticula sequences suggests the
presence of a potentially new species from the highly alkaline
Lake Van (manuscript under review). Navicymbula pusilla was
not detected through metabarcoding despite its high relative
abundance in the microscopy dataset of both saline lakes, likely
due to the absence of reference sequences for this genus in the
reference library (Rimet et al, 2019). A notable discrepancy
between the two approaches in both saline lakes was the high
relative abundance of Chaetoceros muelleri detected through
metabarcoding, while the species was absent in microscopy
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observations. This mismatch can be attributed to the fragile,
weakly silicified frustules of C. muelleri, which are prone to
fragmentation or dissolution during oxidative cleaning and slide
preparation (Zgrundo et al, 2013; Pérez-Burillo et al., 2020).
Conversely, the formation of heavily silicified resting spores by
this taxon may explain why its DNA remains in the environment
and is detected by metabarcoding (Fukai et al., 2025). Anomoeneis
sculpta was one of the most dominant taxa in Pecena
Slatina regarding metabarcoding, while only A. sphaerophora
was observed under microscopy. The discrepancy may be due to
misidentification, as A. sculpta was historically considered a
form of A. sphaerophora and is now treated as a separate
species (Thrash et al, 2018). Nevertheless, Nitzschia frustulum,
Nitzschia inconspicua, and Halamphora veneta presented good
concordance between microscopy and metabarcoding in
Pecena Slatina.

frontiersin.org


https://doi.org/10.3389/fevo.2025.1677773
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Vlaovi¢ et al.

10.3389/fevo.2025.1677773

A
DIsSP
tyiaien{12.07) = 4.18, p = 1.266-03, Gpsges = 1.60, Claay, [0.60, 2.56), 1y, = 24

40= ~
=== 1 Bmesn = 3.98
38~
- -{ Tomean = 3.67
38~
34-
Metabarcoding Mecroscopy
(n=12) n=12)
Methods
100,(BF 1) = 4,18, Bmeranen = 0.27, G5, [0,12, 043, £ =071
FIGURE 10

TBI
ivgien{17.02) = -0.87, p = 0.40, Gipigus = -0.34, Clygy, [-1.11, 0.44], 11y = 24

g-

8- —@— {:.w-s-es
Hrogn = 5.62

'
Microscopy
{n =12}

'
Matabarcoding
n=12)

Methods

100u(BFg;) = D.71. Samemmne = -0.25. Gty [-0.97, 0.44], rie, = 0.71

Comparison of diatom index values derived from microscopy and metabarcoding in Plava Banja. DISP (A), TBI (B). Differences in diatom index values
between identification methods were visualized using the “ggstatsplot” package (Patil, 2021).

A
DISP
eien(22.73) = -0.38, p = 0.71, Gipigus = -0.14, Clogg, [0.84, 0.57), 1 = 31
4.00= R
375+
= ®- {um— ar
[
3.50+
3.25-
ABCDEFGHI J
3.00-
Matahal.'-:oding Mic,tolsmpy
(n=18) n=13)
Methods
16G{BF 1) = 1.01, Bymmmnne = -0.03. GIET, [-0.18, 013}, rine =071
FIGURE 11

TBI
Foraien(18.54) = -2.23, p = 0.08, Grgiges = -0.81, Cless, [-1.55, -0.04], 1, = 31

a-

@ Fcer - 659

s- ¥y

'
Metabarcoding
{n=18)

Microscopy
(n=13)

Methods

1086(BF 1) = -1.01, Simpanen =-0.83. Cligy [-1.67, 5.276-03] rienyy = 0.71

Comparison of diatom index values derived from microscopy and metabarcoding in Pecena Slatina. DISP (A), TBI (B). Differences in diatom index
values between identification methods were visualized using the "ggstatsplot” package (Patil, 2021).

4.5 Environmental structuring of diatom
communities

After assessing taxonomic overlap and alpha diversity between
microscopy and metabarcoding, we further examined how
environmental factors shape diatom community composition in
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both datasets. Redundancy analysis (RDA) based on each method
revealed a clear environmental structuring of the communities, with
salinity-related gradients emerging as the dominant drivers.

In both models, freshwater and saline lakes were distinctly
separated along the primary RDA axis, highlighting the pivotal role
of ionic composition in shaping diatom assemblages—consistent
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with findings by Duleba et al. (2021) and Potapova and Charles
(2003). Among all measured environmental variables, conductivity
consistently appeared as the strongest structuring factor,
underscoring its robust ecological influence.

Most key environmental variables identified as significant were
shared between the two methods, suggesting that microscopy and
metabarcoding capture broadly similar ecological gradients. However,
the metabarcoding-based RDA explained a larger proportion of
variance and reached stronger statistical significance. This indicates a
higher sensitivity in detecting environmental patterns, likely due to its
ability to reveal rare, cryptic, or morphologically indistinct taxa that are
often overlooked in microscopic analysis (Amato et al., 2007; Stoof-
Leichsenring et al., 2012).

While some divergence in detected environmental drivers was
observed, this suggests a complementary nature of the two approaches.
Differences in taxonomic resolution, detection thresholds, and trait-
based sensitivities likely contribute to their respective strengths. Still,
the overall consistency in lake grouping and shared environmental
gradients across both methods supports the reliability and robustness
of ecological interpretations derived from these analyses.

4.6 Methodological concordance in
community composition

We have shown that there is co-structure in diatom assemblages
characterized by microscopy and metabarcoding, indicating a
strong concordance between the two methods. The results of
coinertia indicated that despite methodological differences and
taxonomic mismatches, both approaches captured comparable
gradients in community composition. A similar conclusion was
drawn by Duleba et al. (2021), who found a significant correlation
between methods in terms of both community composition. These
results demonstrate that, while metabarcoding offers finer
taxonomic resolution, the overall ecological patterns across lakes
are reliably reflected by both approaches.

Altogether, the results of multivariate analyses and statistical
tests indicate that both microscopy and metabarcoding captured
clear ecological gradients and produced comparable community
patterns across freshwater and saline lakes, supporting their utility
in bioassessment. This ability to reflect environmental structure is
fundamental in molecular biomonitoring, where such ecological
responses are essential for the development of robust biotic indices
(Tapolczai et al., 2019).

4.7 Use of diatom indices

4.7.1 Freshwater lakes

In freshwater lakes, diatom index values derived from
microscopy and metabarcoding revealed partial to good
agreement overall. In both Markovacko Lake and Sava Lake, IPS
and IBD consistently stood out as the most robust and reliable
indices, with high taxonomic coverage and relatively small
differences between methods. Specifically, in Markovacko Lake,
IPS and IBD each covered over 85% of the diatom community
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abundance on average, with IPS exceeding 90% in both microscopy
and metabarcoding. Similarly, in Sava Lake, IPS and IBD covered
over 84% of community abundance on average, with IPS showing
the highest and most consistent coverage—exceeding 94%.
Although the index values differed between methods for IPS, the
coverage difference between methods was the smallest among all
indices. This high coverage suggests that their scores are based on a
substantial portion of the diatom community, increasing their
ecological reliability in both lakes.

In contrast, other indices such as Rott SI, Rott TI, and TDIL
showed lower taxonomic coverage and greater variability between
methods. In Markovacko Lake, these indices incorporated less than
50% of the total abundance on average, with TDIL showing the
highest discrepancy in taxa coverage. Similarly, in Sava Lake, Rott SI
and Rott TI showed strong contrasts between methods but also
exhibited low taxonomic coverage, representing less than 50% of
total diatom abundance, which reduces the reliability of their
ecological assessments. Notably, the TDIL index, developed
specifically for Hungarian lakes, includes a limited set of indicator
species, which likely explains its low coverage in our samples (Bolla
et al., 2010).

Discrepancies between methods may reflect differences in taxon
detection, as some taxa contributing to index scores may have been
under- or overrepresented depending on the approach used
(Vasselon et al., 2017b). For example, differences in the
identification of dominant Aulacoseira taxa—A. muzzanensis,
typically associated with oligo- to eutrophic conditions (Bicudo
et al., 2016), versus A. granulata, characteristic of eutrophic
environments (Van Dam et al., 1994)—could have influenced
index scores, particularly those sensitive to trophic state. Overall,
these findings highlight the importance of taxonomic coverage and
indicator value completeness when applying molecular
bioassessment in different freshwater systems.

4.7.2 Saline lakes

DISP and TBI indices have been developed to evaluate
ecological status in soda lakes in Hungary (Stenger-Kovacs et al.,
2018), and until now, their use on metabarcoding data has not been
tested. When tested on two saline lakes in Serbia, both indices
yielded values that were close to the upper limit of the index scale.
In Plava Banja, results for saline-specific indices revealed a partial
agreement between microscopy and metabarcoding, while in
Pecena Slatina yielded comparable values across microscopy and
metabarcoding. However, in both lakes, microscopy consistently
captured a higher average of total abundance (over 79% in Plava
Banja and over 90% in Pecena Slatina) than metabarcoding (around
51-65%), highlighting limitations in the molecular approach.
Therefore, it is important to recognize the methodological
limitations of applying indices to saline lakes when using a
molecular approach. TBI relies on biovolume-weighted trait
metrics, which require the accurate estimation of each taxon’s cell
size (Stenger-Kovacs et al., 2018). Microscopy gives the ability to
directly measure cell dimensions in the sample, allowing biovolume
estimation even when taxonomic identification is incomplete. In
contrast, because metabarcoding does not provide morphological
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data, taxa that are not identified to the species level limit the
calculation of biovolume, making it impossible to assign a reliable
biovolume estimate. In our saline lakes, 19 taxa from the
metabarcoding dataset did not have data about biovolume
(mostly taxa lacking species-level identification or recently
described species), of which several are among the most
dominant taxa in one or both lakes, such as Nitzschia reskoi,
Navicula sp., Anomoeneis sculpta, Chaetoceros muelleri, and
others. In contrast to trait-based indices, DISP is based on
species-specific ecological optima (primarily conductivity
tolerance) and does not require biovolume estimates, making it
more robust across both identification methods. As noted by
Stenger-Kovacs et al. (2018), DISP includes a broader species pool
and shows a consistent response to conductivity compared to
previous indices. The calculation of the index relies on the
indicator and sensitivity values given by the authors. However,
not all taxa included in the datasets could be used in the index due
to missing ecological values. In the microscopy dataset, a total of 15
taxa lacked DISP indicator and sensitivity values, but only three of
these were dominant taxa—Halamphora coffeaeformis, Nitzschia
reskoi, and Navicula praeterita—while the remaining were of minor
abundance and unlikely to affect the index outcome significantly. In
the metabarcoding dataset, 24 taxa lacked DISP values, including 11
dominant taxa such as Chaetoceros muelleri, Anomoneis sculpta,
Nitzschia angusta, and N. reskoi, which may have had a greater
influence on the final index values.

These results highlight a key limitation in the application of
saline-specific indices to metabarcoding datasets. Although both
DISP and TBI generally indicated good ecological potential/status, a
substantial proportion of abundant and even dominant taxa
detected via metabarcoding lacked assigned indicator values. This
contrasts with the microscopy dataset, where most taxa without
DISP values were of minor abundance and unlikely to affect index
performance. The underrepresentation of ecologically relevant taxa
in the index calculations for metabarcoding points to an important
gap in current reference databases for saline environments. The
lower percentage of community abundance represented by taxa
included in index calculations—particularly in metabarcoding (9%
in some samples)—further undermines the robustness and
comparability of index outputs. While diatom indices show
promise for molecular bioassessment, particularly in freshwater
systems, their reliability in saline habitats remains limited. It
should be interpreted with caution until taxonomic coverage and
corresponding indicator values are improved.

While both indices provided broadly comparable ecological
status/potential across methods in our study, it is important to
recognize a methodological limitation in the application of trait-
based indices such as TBI to metabarcoding data. Our results show
that metabarcoding detects higher diatom richness and diversity
than morphological identification in both freshwater and saline
lakes, contrary to our initial assumption. In terms of bioassessment,
metabarcoding has some limitations in saline lakes, primarily due to
gaps and misidentifications in reference libraries and morphological
trait values. Overall, while metabarcoding showed strong potential,
especially in freshwater lakes, combining both methods provides a
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more complete and accurate assessment, particularly in complex
environments like inland saline lakes. This research contributed
new sequences to the updated version of the Diat.barcode database,
V13 (https://doi.org/10.15454/TOMBYZ), thereby supporting and
facilitating its broader use in future research.

4.8 Limitations of the study

Despite providing valuable insights, our study is subject to
certain limitations that may influence the interpretation and
generalization of the findings. Sampling was conducted in spring,
summer, and autumn; potential seasonal dynamics in winter were
not captured. Several discrepancies between microscopy and
metabarcoding can be attributed to limitations in the diat.barcode
reference database (Rimet et al., 2019). Aulacoseira muzzanensis
was not present in the reference database. The reference library
contains a better representation of A. minutissimum compared to A.
eutrophilum (169 to 9), which increases the likelihood of ambiguous
reads being classified under this name. Encyonopsis microcephala
was absent in metabarcoding, likely due to only a single sequence
entry in the database. Similarly, Navicymbula pusilla was not
detected by metabarcoding despite high abundance in
microscopy, reflecting the absence of reference sequences for this
genus. Such deficiencies increase the likelihood of misclassifications
and reduce the reliability of metabarcoding for certain taxa. In
addition, the application of diatom diversity indices was limited by
incomplete taxonomic coverage. The metabarcoding approach does
not provide morphological traits such as cell size or biovolume,
which restricts the applicability of trait-based indices like TBI.
Finally, the ecological indices applied in this study (e.g., TDIL,
DISP, TBI) were originally developed for different lake types and
showed limited taxonomic coverage in our systems, which may
reduce the robustness of ecological assessments.

Future research should focus on enhancing and expanding
curated reference libraries, as well as integrating morphological
trait data into molecular pipelines. For some taxa (e.g.,
Navicymbula), cultivation and barcoding are necessary to
complete the database. Such efforts will help close the gap
between microscopy and metabarcoding, thereby increasing the
reliability and comparability of ecological assessments.

5 Conclusion

This study highlights both the strengths and current limitations
of using rbcL-based metabarcoding in lake biomonitoring. While
the molecular approach offers promising advantages, such as higher
taxonomic resolution and the ability to detect rare or cryptic taxa, it
cannot yet replace traditional microscopy-based methods,
particularly in saline environments. The effectiveness of
metabarcoding is currently constrained by incomplete and
unevenly curated reference libraries, as well as taxonomic biases
that may lead to misidentification or underrepresentation of
ecologically essential taxa. To help improve this, we have
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contributed our ASV sequences to the Diat.barcode reference
library, and we encourage other users to do the same — collective
contributions are key to strengthening open-access taxonomic
resources for diatom biomonitoring. To fully integrate DNA-
based methods into routine bioassessment, especially in extreme
habitats like inland saline lakes, reference libraries should be refined
to include the taxa characteristic of these systems. Until then,
combining morphological and molecular approaches gives
complementary results as well as accurate and robust
ecological assessments.
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