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Abstract

Metabarcoding is increasingly used for monitoring, but its usefulness for assessing benthic
diatom diversity in mountain lakes is poorly understood, especially for Italy. We assessed
benthic diatom diversity in Upper Lake Balma (2204 m asl; North-Western Alps; Italy)
using microscopy and metabarcoding (amplicon sequence variants—ASVs—of the rbcL
gene) during July and October 2021. We found a higher diversity with metabarcoding than
with microscopy but metabarcoding missed taxa detected with microscopy and vice versa.
The application of a correction factor based on biovolume to the metabarcoding dataset did
not markedly improve the similarity between the methods. With metabarcoding, only 53%
of ASVs were identified to the species level. Metabarcoding indicated good water quality,
whereas microscopy indicated high quality. Among ecological guilds, diatoms of the
guild high-profile dominated in July and October with both methods. Similarly, monthly
differences linked to similar environmental variables (pH, temperature, conductivity)
were indicated by multivariate ordination based on the abundance of ASVs and taxa-
MICROSCOPY, respectively. The vast occurrence of diatom taxa classified as worthy of
protection emphasized the ecological value of the lake. Unless reference databases reflect
diversity of the mountain lakes, we suggest the complementary use of both methods to

comprehensively assess benthic diatom diversity.
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diatom communities in these environments. Mountain lakes are sensitive indicators of
environmental degradation and global climate change and deserve special attention [4,5].
Furthermore, these environments are characterized by harsh environmental conditions
linked to an almost year-round ice-cover, low nutrient levels, high radiation, and low water
temperatures [6]. Nevertheless, in mountain lakes a diverse benthic diatom community
develops that is dominated by alpine and acidophilous taxa mainly belonging to the genera
Psammothidium and Eunotia [7]. Despite studies acknowledging the high benthic diatom
diversity, the diversity of diatoms in mountain lakes is under-investigated [8-10]. Not
unexpectedly, recent studies describe new species in mountain lakes (e.g., [11-15]).

Generally, diatoms are identified by light microscopy, which is laborious and requires
expert knowledge. Even experts face challenges in taxonomic classification [16] because of
a wide range of morphologies within a group and the limited availability of distinguishing
characteristics between species (e.g., [17]) and/or the occurrence of cryptic species [18].
Recently, metabarcoding of environmental DNA (eDNA) has been used as a fast and rela-
tively cheap alternative to microscopy for monitoring purposes [19]. Both microscopy and
metabarcoding have biases such as (i) the upper limit of frustule detection is much lower
(500 frustules) with microscopy than with metabarcoding (>10,000 reads), (ii) dead diatoms
are assessed by both methods, (iii) incomplete coverage of species in reference barcode
libraries, semi-quantitative abundance assessment, and primer bias by metabarcoding [19],
and (iv) the observation of yet undescribed species by both methods.

To circumvent the issue of incomplete reference libraries in metabarcoding, alternative
approaches have been proposed, such as using a taxonomy-free approach that allows the
computing of a molecular index directly from eDNA data [20] or direct trait assignment
of 23S sequences [21] without any reference to morphotaxonomy. Additionally, applying
a correction factor based on diatom biovolume was specifically introduced to reduce
quantification bias in metabarcoding [21]. Although this method has proven effective in
some contexts [22,23], its adoption across studies remains variable [24].

Metabarcoding of eDNA can be a valuable approach but nevertheless needs care-
ful consideration. Summer littoral benthic diatoms from 56 alpine lakes (1300-2500 m
above sea level) of the French Alps show higher values of alpha- and gamma-diversity
indices and lower values of beta-diversity indices with metabarcoding of the rbcL gene
than with microscopy linked to the higher detection capacity of rare taxa with metabar-
coding [25]. Similarly for marine benthic diatoms and benthic diatoms of Hungarian Soda
pans and rivers, metabarcoding of the rbcL gene reveals genera that remain undetected
by microscopy, and authors suggest the complementary use of both approaches [22,26].
For river [23] and coastal [24] benthic diatoms, metabarcoding of the rbcL gene shows the
same biodiversity at the genus but not at the species level compared to microscopy. Studies
covering various aquatic environments such as Northern European lakes [27], Hungarian
soda pans and rivers [23], and Eastern European rivers [28] show that the ecological status
scores for the Specific Pollution Sensitivity Index (SP1/IPS) are lower with metabarcoding
of the rbcL gene than with traditional microscopy.

To date, no study has compared benthic diatom diversity derived from microscopy
and metabarcoding in an Italian Alpine lake. To fill this knowledge gap, we evaluated July
and October benthic diatom communities using both methods from seven sampling sites
in Upper Lake Balma (Northern Italy), a key site for studying environmental change in the
region [29-31]. Given the ongoing, silent loss of taxonomic expertise [32], our study assesses
the taxonomic gap between microscopy-based taxonomy and eDNA-based metabarcoding
in this lake. We specifically compared biodiversity assessments derived from microscopy
to both a biomass-corrected dataset (sensu [33]) and an uncorrected metabarcoding dataset
to evaluate the importance of this correction step for diatom biodiversity evaluation in
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mountain lakes. We used the rbcL gene as it is linked to the dedicated barcode reference
library for diatoms (Diat.barcode [34]) and is widely used in metabarcoding studies on
diatoms, allowing comparisons with other studies. We hypothesized differences between
microscopy and metabarcoding especially at the species level because of a supposed low
coverage for species from mountain lakes. Additionally, we investigated seasonal variations
in diatom communities and their environmental drivers, analyzed differences in diatom
ecological guilds, assessed seasonal indicator species, and evaluated the Red-List status of
diatom taxa as a metric for freshwater ecological integrity [35].

2. Materials and Methods
2.1. Study Site

Upper Balma Lake (altitude: 2214 m above sea level; area: 1.82 ha; maximum depth:
2.77 m; longitude: 45°02'15.055" N; latitude: 07°10'27.724" E; Figure S1) is a small and
shallow lake in the Cottian Alps (North-Western Alps, Italy, Piedmont). Upper Lake Balma
has been studied for topics such as macrobenthic invertebrate assemblages [29], paleoeco-
logical investigations of testate amoeba and chironomid assemblages [30], and microplastic
pollution [36]. The lake catchment is mainly composed of ophiolite metamorphic bedrocks.
Details on the study area and physicochemical water variables can be found in [29]. An-
thropogenic alterations of the lake include fish introduction (Salvelinus fontinalis Mitchill,
1814), grazing livestock, and microplastics [36-38].

2.2. Environmental Variables

Water samples (1 L) for nutrient analysis and physicochemical parameters were col-
lected from seven littoral sites (Figure S1) in July and October 2021, representing snap-shots
of summer and autumn, respectively. Sampling sites were chosen to fully cover the vari-
ability of littoral sites. Nitrate (ug L~1), ammonium (ug L), and phosphate (ug L) were
determined as described in [29]. Water temperature (°C), % oxygen saturation, pH (unit),
and conductivity (1S cm~!) were recorded using field meters (HI 9033 conductivity meter,
HI 9125 pH/ORP meter, HI 9147 oximeter; Hanna Instruments Inc., Woonsocket, RI, USA).

2.3. Diatom Sampling and Microscopy

Diatoms were collected at the same seven littoral sites as for environmental variables
and were taken from hard substrates (boulders, cobbles) by scraping the periphyton with a
toothbrush. We acknowledge that using seven sites per month might seem limited, but it
was reasonable considering the small size of the lake, and a sample size <20 is common
in studies comparing metabarcoding to microscopy [22,24,39]. Samples were preserved
in 70% ethanol, stored at 4 °C, and then processed in the laboratory to obtain permanent
slides by cold and hot oxidation with 37% H;O, and K,Cr,O7 and addition of 1IN HCL
Cleaned frustules were mounted in Naphrax to obtain permanent slides. For morphological
analysis, 500 valves per sample were counted and identified to species level (microscope:
Olympus BX51; magnification: 1000x DIC; imaging system: Leica DMC4500 (Heerbrugg,
Switzerland) and LAS Version 4.12.0) using several guides (details in [8]). Nomenclature
was identified according to Algaebase [40]. We refer to taxapc from here onwards to
indicate taxa that were identified morphologically by microscopy.

2.4. eDNA Extraction, Amplicon Library Preparation, and Sequencing

For metabarcoding, eDNA was extracted from the same biofilm samples collected for
microscopy using the NucleoSpin® Soil kit (Macherey-Nagel, Diiren, Germany) according
to [41]. Amplification of the rbcL gene was carried out with primers DIAT rbcL 708F mix
and DIAT rbcL R3 mix (Table S1), combining an equimolar mix at 10 uM final concentration
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each [42]. For each amplification, 2 pL of diluted DNA from 5 to 20 ng uL~! in a final
volume of 25 uL. was used. Each PCR mix was composed of 0.25 puL. Q5 high-fidelity DNA
polymerase, 5 uL 5x Q5 reaction buffer, 1.25 uL 10 uM forward primer, 1.25 puL 10 uM
reverse primer, 0.5 uL 10 mM dNTPs and Nuclease-Free Water to 25 pL. The thermocycling
conditions were initiated by a denaturation step at 98 °C for 3 min, followed by a total of
33 cycles of 98 °C denaturation for 10 s, 55 °C annealing for 30 s, 72 °C extension for 30 s,
followed by a final extension at 72 °C for 10 min.

The amplification products were checked on 1.5% agarose gel and purified using the
CleanNGS beads (CleanNa, Waddinxveen, The Netherlands) following the manufacturer’s
instructions. Subsequently, a second PCR round was used to apply dual indices and Illu-
mina sequencing adapters Nextera XT Index Primer (Illumina, San Diego, CA, USA) by 8
PCR cycles (165 Metagenomic Sequencing Library Preparation, Illumina). The amplicon
libraries were purified using the CleanNGS beads (CleanNa, Waddinxveen, The Nether-
lands), and the quality control was performed on a Typestation 4150 platform (Agilent
Technologies, Santa Clara, CA, USA). Finally, all barcoded libraries were pooled in an
equimolar way and sequenced using the V.3 kit PE300 on an Illumina®MiSeq platform
(MiSeq Control Software 2.5.0.5 and Real-Time Analysis software 1.18.54.0).

2.5. Bioinformatics Pipeline

Cutadapt [43] was used to trim primers from the demultiplexed paired-end reads. We
applied a custom pipeline to infer amplicon sequence variants (ASVs) from the diatom
metabarcoding sequence data (available on https:/ /github.com/fkeck/DADA2_diatoms_
pipeline (accessed on 15 May 2025) [44]) using DADAZ2 version 1.18.0 [45]. Taxonomic
assignment of ASVs was carried out with the open-access Diat.barcode reference library
(Diat.barcode_rbcL._263bp_DADAZ2 based on Diat.barcode v12 from 10 June 2024 [34]) and
a minimum bootstrap confidence of 80 for taxonomic assignment. All ASVs not assigned
to diatoms and only sequences with 263 bp were retained. Sequences were translated
to amino acids using MEGA10 [46] to check for stop codons (none were found). Lastly,
ASVs which presented less than 8 reads in the entire database were removed to eliminate
erratic ASVs.

We applied a cell biovolume correction factor (CF) to the metabarcoding dataset to
consider quantification bias [33] and to investigate the importance of this approach for the
assessment of benthic diatom diversity in a mountain lake. For ASVs assigned to the species
level, we obtained the CF from the diat.barcode database [47] and using the biovolume-
based equation [33] to obtain the CE. For ASVs with missing taxonomic assignment, we
attributed the mean CF over all found taxa starting from genus level and moving to higher
taxonomic levels. For example, 54 ASVs did not have a genus name but were assigned to
a family, and thus we used the mean CF over all ASVs that belonged to the same family
within Lake Balma. Finally, the read number was divided by this CF to obtain read counts
corrected for the quantification bias in metabarcoding [33]. Therefore, the abundance of
reads was lower for the CF-corrected compared to the not CF-corrected database. From
here onwards, we refer to the metabarcoding dataset that was CF-corrected as rbcL-CF and
that was not corrected as rbcL. When results of both rbcL-CF and rbcL showed no differences,
we referred to them as results of metabarcoding in general without method discrimination.
Nomenclature of the metabarcoding dataset was according to Algaebase [40]. We consider
the sequences found as a fingerprint of total biodiversity, present and past because eDNA
originates both from intact, viable cells (i.e., active and dormant cells), dead and broken
cells, or from DNA bound to inorganic and organic particles [48].
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2.6. Diatom Red List

A diatom-Red-List based approach has a high potential in describing ecological in-
tegrity of freshwater ecosystems [32]. We adopted the conservation status of diatoms ac-
cording to [49] presented at the German red list centre (https:/ /www.rote-liste-zentrum.de
queried accessed on 30 June 2025).

2.7. Biological Quality Assessment

Among the many autecological metrics, the SPI [50] is one of the most frequently
used diatom-based indices. Although specific diatom indices have been developed for
lake monitoring (e.g., [51]), indices originally dedicated to rivers have also been used for
lakes [52,53]. SPI utilizes the relative abundance of species in assemblages, along with their
ecological preferences, sensitivities, or tolerances, and it is a powerful tool for inferring
environmental conditions in ecosystems [54-56]. Ranges of SPI scores indicate water
quality: bad (1-5), poor (5-9), moderate (9-13), good (13-17), or high quality (17-20). We
used library diathor [57] to calculate SPI for microscopy and metabarcoding.

2.8. Ecological Guilds

Ecological guilds are defined by a species’ capacity to utilize nutrient resources and
withstand physical disturbances. Four guilds are distinguished (high-profile, low-profile,
motile, planktic) and are useful to investigate the ecology of diatoms [58]. We attributed
ecological guilds based on [3] and expert knowledge (Aulacoseira granulata was set as
planktic while all other species of Aulacoseira were set as high-profile). The guild approach
is used for a better understanding of diatoms ecology as functional aspects can provide
generality and predictability of ecological patterns [59].

2.9. Data Analysis

In all analyses except for the multivariate analysis, we used the seven sampling
sites within Upper Lake Balma to capture spatial variation when assessing monthly dif-
ferences in benthic diatom diversity. We acknowledge that diatoms often show a high
spatial variability, but we assume that seasonal differences are larger than site differences
within seasons, especially considering the small size of the lake (<2 ha). For analyses on
alpha-diversity, the ASV table was rarefied to an even depth specific for each primer [60].
Rarefaction of the rbcL-CF and rbcL metabarcoding datasets led to different numbers of
ASVs because the read number of ASVs varied with the application of the CE. We evaluated
taxonomic overlap between methods at the order, family, genus, and species levels using
set analysis functions provided in libraries ggvenn [61] and VennDiagram [62]. Relative
abundances were determined by calculating the percentage of reads (metabarcoding) and
valves (microscopy) relative to the total count per sample.

We used the non-parametric Wilcoxon signed-rank sum test to investigate seasonal
differences in environmental variables, the % mean values of ecological guilds, and the
mean numbers of taxayc and ASVs. To investigate differences in the mean relative
abundance of reads and SPI dependent on month (July versus October) and method (rbcL
versus microscopy; rbcL-CF versus microscopy), we used non-parametric two-way ANOVA
by using the aligned rank transform procedure (library ARTool [63]), which is especially
useful with percent data. To assess seasonal differences regardless of method effects,
non-parametric Wilcoxon signed-rank tests were conducted separately for the rbcL and
microscopy-based taxonomic data.

We applied an indicator species analysis to find taxa specific for the months. For
microscopy, we retained all taxa that occurred in at least two samples and used the library
indicspecies [64] providing an indicator value for taxa. In detail, the indicator value is the
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product of value A (i.e., the probability that the site belongs to the target group given the
fact that the species has been found) and B (i.e., the probability of finding the species in
sites belonging to the site group). For metabarcoding, we used differential gene expression
analysis based on the negative binomial distribution with the library DESeq2 [65] which
shows good performance with a small number of replicates [66]. We only report ASVs with
a p-value < 0.01 adjusted for multiple testing and a mean abundance across all samples
>100 reads for rbcL and >10 reads for rbcL-CF.

We applied non-metric multidimensional scaling (NMDS; library vegan [67]) to in-
vestigate monthly differences at the ASV and species level, respectively, using all sites.
For NMDS, the ASV table was transformed by the modified centred-log ratio transform
(m-clr; package metaMint [68]), which is appropriate for compositional data [69]). We used
environmental fitting to link environmental variables to ordinations and used Procrustes
analysis to compare NMDS ordinations of metabarcoding- and microscopy-based data.

In figures, we used colourblind-friendly colours (library RcolorBrewer [70]).

3. Results
3.1. Seasonal Differences in Environmental Variables

Among environmental variables, temperature, % dissolved oxygen saturation, and
pH showed higher values (p < 0.01) during July than October while conductivity showed

lower values during summer than autumn (Table 1). Especially nitrogen and phosphorus
showed a large site variability, dampening any monthly difference (Table S2).

Table 1. Mean =+ one standard deviation of environmental variables for seasons across sites; different
letters indicate statistically significant differences (p < 0.01 **; p < 0.001 ***).

Variable July October

water temperature (°C) 115+ 0262 5.7 4 0.14 br+
% DO saturation 771 +4.18%2 69.3 + 3.49 b+
NO3 (ug L71) 2902 + 1437 2589 + 1650
NHy (pg L1 49 +23.7 37 £25.9

total phosphorus (ug L) 46.7 +£1.31 54.8 + 1.69
conductivity (uS cm 1) 11.7+0.512 14.0 + 0.76 b*+*
pH 7.6 £0.072 7.3 £0.17 b

3.2. Alpha Diversity of Benthic Diatoms

We observed a higher diversity with metabarcoding than with microscopy. Specifically,
1,785,235 high-quality reads were obtained across all 14 samples, resulting in 548 ASVs. In
the metabarcoding dataset, unassigned ASVs accounted for 7% at the class level, 11% at the
order level, 13% at the family level, 22% at the genus level, and 47% at the species level
(Table S3). Consequently, correction factors (CFs) were assigned using mean values across
corresponding taxonomic ranks to generate the rbcL-CF dataset (Table S3).

After rarefying to an even sequencing depth, 68,432 reads per sample and a total of
548 ASVs remained for rbcL, whereas 20,916 reads per sample and 543 ASVs remained for
rbcL-CFE. No differences in taxonomic presence were detected at the order, family, genus,
or species levels between rbcL and rbcL-CF (Table S3); therefore, only a single comparison
between microscopy and metabarcoding was presented for alpha diversity.

With microscopy, 116 taxa (with 24% not identified at the species level; five forms
of Achnanthidium were included in the Achnanthidium minutissimum s.l. group; Figure S2)
were found, belonging to 9 orders, 24 families, and 37 genera. With metabarcoding, over
500 ASVs were found that were assigned to 10 orders, 20 families, and 28 genera.
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With microscopy, 29.2% of taxa occurred only once in all samples while with metabar-
coding over 70% of ASVs (rbcL: 71.5%; rbcL-CF: 80.2) occurred only once in all samples.
Less than 1% of ASVs and less than 5% of taxapc occurred in all samples (Table S4). By
month, many taxapc (July: 39%, October: 41%) occurred only in one sample in July and/or
October. Similarly, most ASVs (July and October: rbcL and rbcL-CF: 77%) occurred only in
one sample during July and/or October. However, a slightly higher percentage of ASVs
and taxapc occurred in all seven October samples (rbcL and rbcL-CF: 2%; taxapmc: 11%)
than in all seven July ones (rbcL and rbcL-CF: 1%; taxapc: 8%; Table S5).

3.3. Comparison of Alpha Diversity of Microscopy and Metabarcoding Irrespective of Month

At the order level, 9 orders were found with both microscopy and metabarcod-
ing, while one order was only found with metabarcoding (Table 2). At the family level,
19 families were found both with both microscopy and metabarcoding, while one family
was only found with metabarcoding and four families only with microscopy (Table 2). In to-
tal, 42 genera were found; 23 of them were found with both microscopy and metabarcoding
while 5 genera were only found with metabarcoding, and 14 genera only with microscopy
(Table 2). At the species level, 15 species were found with both methods, 74 species were
unique to microscopy, and 39 species were unique to metabarcoding (Table S6).

Table 2. Overview of orders, families, and genera that were (i) detected by both metabarcoding and
microscopy (white background), (ii) unique to metabarcoding (bold and dark grey background), and
(iif) unique to microscopy (grey background); family names were abbreviated at the ceae character
string (c.); the superscript s indicates taxa occurring only during July, and the superscript a indicates
taxa occurring only during October.

Order (n =10)

Family (n = 24)

Genus (n =42)

- - Psammo Rossi Plano
Achnanthales Achnanthidiac. Achnanthidium thidium thidium thidium
Aulacoseirales Aulacoseirac. Aulacoseira
Bacillariales Bacillariac. Nitzschia Hantzschia Denticula
Amphipleurac. Frustulia
Brachysirac. Brachysira
Naviculac. Navicula Caloneis Genkalia Micro
costatus
Nav1culales' Mayamaea Kobayasiella Mzcro a
) incertae sedis fissurata
Naviculales Sellaphorac. Sellaphora Chamaepinnularia
Pinnulariac. Pinnularia
Neidiac. Neidium
Diadesmidac. Luticola Humidophila
Cavinulac. ® Cavinula ®
Stauroneidac. ® Stauroneis °
Cymbellac. Cymbopleura Encyonopsis
Encyonematac. Encyonema
Cymbellales Gomphonematac.  Gomphonema
Witkowskiac. Geissleria
Anomoeoneidac. ®  Adlafia ®
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Table 2. Cont.
Order (n =10) Family (n = 24) Genus (n = 42)
Eunotiales Eunotiac. Eunotia
Fragilariac. Fragilaria Odontidium
Fragilariales Stauro
Staurosirac. Staurosira Stauroforma sirella Pseudostaurosira
Rhabdonematales Tabellariac. Tabellaria Meridion
Surirellales Surirellac. Surirella
Thalassiophysales‘ Catenulac. ° Amphora 3

When comparing microscopy and metabarcoding, 23% of taxa were identified at the
genus level using microscopy compared to 22% using metabarcoding. Combining the
taxa detection results of both methods (Table 2), the proportion of shared taxa decreased
progressively from the order to the species level (order: 90%; family: 79%; genus: 55%;
species: 12%).

Of the 42 genera, several genera (n = 22) such as Achnanthidium, Fragilaria, or Nitzschia
(Table S7) showed more ASVs per genus with metabarcoding than taxapc per genus with
microscopy. For these genera, the correction factor (CF)—which reflects the gene copy
number—fell into the lower quartile of CF values (Table S3), indicating that the higher ASV
diversity was not a methodological sequencing artefact. Only genera unique to microscopy
(n = 14) and Caloneis (Table S5), which was found with both methods, showed more taxayc
per genus than ASVs per genus. An equal number (n = 14, 1, 1, respectively) of ASVs
per genus as taxayyc per genus was found for Psammothidium, Mayamaea, and Meridion,
respectively (Table S5). Considering the genera with the highest diversity found with
microscopy (Table S6), many species found with microscopy (n = 74) were not found with
metabarcoding, mostly because of missing reference sequences in Diat.barcode (Table 3).

Table 3. Coverage of species for the top six most diverse genera by microscopy (MIC) and metabar-
coding (BAR); genera are ordered by decreasing species richness according to microscopy.

o 2 ¢
= g < = ;g B e
%) orl

5 £ =0 T £03

g 3 Q9 T £ TS

¢ < g e ge £ 223

[9] — ® U D o =1

8 Ay 2 o= n g o

2 g = $£°2

@) 3} 3} "5‘

[~ & 8
Eunotia 13 13 2 11
Psammothiudium 12 7 1 9
Encynonema 10 13 3 7
Pinnularia 7 48 2 5
Nitzschia 6 70 1 3
Sellaphora 3 17 0 2

3.4. Diatom Red List

Of the 128 taxa identified at the species level by microscopy and metabarcoding,
53 were included in different categories of the diatom Red List. In particular, six species
unique to microscopy (Brachysira calcicola Lange-Bertalot; Eunotia praerupta Ehrenberg
1843; Neidium alpinum Hustedt 1943; Psammothidium levanderi (Hustedt) Bukhtiyarova
& Round 1996; Psammothidium rechtense (Leclercq) Lange-Bertalot 1999; Psammothidium
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scoticum (R.].Flower & V.J.Jones) Bukhtiyarova & Round 1996) and two species unique to
metabarcoding (Brachysira vitrea (Grunow) R.Ross 1986; Navicula angusta Grunow 1860)
were classified as “endangered”. Moreover, 11 species were classified as “vulnerable” (one
common to microscopy and metabarcoding, nine unique to microscopy and one unique
to metabarcoding), 22 species were classified as “threatened to an unknown extent” (one
common to microscopy and metabarcoding, 15 unique to microscopy and six unique to
metabarcoding) and 12 species were classified as “close to threatened” (four common to mi-
croscopy and metabarcoding, six unique to microscopy and two unique to metabarcoding)
(Tables 4 and S6).

Table 4. Number of Red List diatom species [53] detected by microscopy (MIC), metabarcoding
(BAR), or both.

Status Common to MIC and BAR Unique to MIC Unique to BAR
endangered 0 6 2
vulnerable 1 9 1
threatened to an unknown extent 1 15 6
close to threatened 4 6 2
data deficiency 1 10 5
least concerned 7 13 18

3.5. Biological Quality Assessment

Based on the SPI, good water quality was indicated with metabarcoding and high
quality with microscopy for all samples during both months (p > 0.001; Table S8). The
SPI was not significantly different between July and October for either metabarcoding or
microscopy (non-parametric Wilcoxon signed-rank test, p > 0.05; Table S8).

3.6. Monthly Differences in Alpha Diversity Assessed with Microscopy and Metabarcoding

The total number of taxaygc and ASVs was higher in July (ASVs = 417; taxapc = 102)
than October (ASVs = 252; taxapc = 72). Similarly, the mean number of taxapc (p < 0.01)
and ASVs (p < 0.05) was higher in July (taxanmc: 27 £ 3; ASVs: 93 £ 37) than in October
(taxamc: 37 £ 7; ASVs: 54 £ 21).

Of the ten orders, Thalassiophysales and its corresponding family and genus were
exclusively found in July metabarcoding samples and showed a mean relative abundance
<0.1% (Figure 1; Table 2).

The order Surirellales showed a similar low mean relative abundance (<0.25%) with mi-
croscopy and metabarcoding and was not found in October microscopy samples (Figure 1).
As assessed by two-way ANOVA, Bacillariales and Cymbellales did not show any monthly
or methodological differences. Achnanthales, Aulacoseirales, Eunotiales, and Rhabdone-
matales showed higher mean relative abundance in July than in October, while Fragilariales
showed higher values in October than in July with microscopy and metabarcoding; all
these orders did not show differences in mean relative abundance between microscopy and
metabarcoding (Figure 1; Table 5). For Naviculales, a higher mean relative abundance was
found with microscopy than with metabarcoding and a higher mean relative abundance
during July than October was only found when comparing rbcL to microscopy. For Aula-
coseirales, a higher mean relative abundance was found during July than October with
microscopy and metabarcoding and a higher mean relative abundance was found with
rbcL than with microscopy for both months but not with rbcL-CF compared to microscopy.
Thus, the application of the CF adjusted the mean % values of metabarcoding to values
of microscopy only for a low abundance order (% mean abundance < 1%; Aulacoseirales)
while for other orders no differences were found.
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Figure 1. Mean relative abundance of diatom orders detected by microscopy (mic) and metabarcoding
across samples, grouped by month and method. Please note that relative abundances below 1%
are subject to different detection limits, as microscopy resolution is bound by the total valve count
(500 cells per sample), whereas metabarcoding detects low-frequency ASVs at much deeper coverage);
circles are for microscopy, triangles for rbcL, and diamonds for rbcL-CF.

We acknowledge that because of high spatial variability across sampling sites, the rela-
tive abundance exhibited considerable variance (Tables 5-8); detailed site-by-site data
for each rbcL dataset are provided in Table S9 to allow a direct comparison of local
diatom variation.

Of the 24 families found, 14 showed a mean relative abundance <1% in both months
with microscopy and metabarcoding. Of these rare families with a mean relative abundance
<1%, Cavinulaceae and Stauroneidaceae were exclusively found in July microscopy samples
and Anomoeoneidaceae was exclusively found in October microscopy samples (Table 2;
Figure 2). Similarly, the family Catenulaceae was exclusively found in July metabarcoding
samples and Naviculales incertae sedis was exclusively found in October metabarcoding
samples, both with a mean relative abundance <1%. Among low-abundance families,
Amphipleuraceae, Catenulaceae, Naviculales incertae sedis, Neidiaceae, and Surirellaceae
displayed a mean relative abundance of <0.1% across both microscopic and metabarcod-
ing assessments (Figure 2). While Diadesmidiaceae showed a mean abundance <0.1%
with metabarcoding, it had a ten times higher mean relative abundance with microscopy
(Figure 2). As assessed by two-way ANOVA, Achnanthidiaceae, Aulacoseiraceae, Eunoti-
aceae, Gomphonemataceae, and Tabellariaceae showed a higher mean relative abundance
in July than in October while Fragilariaceae showed a higher mean relative abundance
in October than in July with metabarcoding and microscopy (Figure 2; Table 6). Cym-
bellaceae showed a higher October mean relative abundance than July values only with
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rbcL (interaction between month and method; p < 0.05) compared to microscopy while mi-
croscopy and rbcL-CF did not show a seasonal difference. Similarly, Pinnulariaceae showed
higher July than October values only with microscopy compared to rbcL-CF (interaction
between month and method; p < 0.05) while microscopy and rbcL did not show a month
effect. Brachysiraceae, Diadesmidaceae, and Naviculaceae showed a lower mean relative
abundance with metabarcoding than microscopy while Cymbellaceae showed a higher
mean relative abundance with metabarcoding than with microscopy. Pinnulariaceae and
Sellaphoraceae showed a lower mean relative abundance with rbcL-CF than microscopy
but not between rbcL and microscopy, while Aulacoseiraceae and Staurosiraceae showed
a higher mean relative abundance with rbcL than with microscopy but not between rbcL-
CF and microscopy (Table 6). Thus, for the high-abundance families (Fragilariaceae to
Tabellariaceae; Table 6) the application of the CF had an influence on monthly differences
only once (Staurosiraceae) while for low-abundance families (mean abundance around 1%)
more differences were found. The mean relative abundance of unassigned orders was not
different (p > 0.05) between July and October (Table 6).

Table 5. Relative abundance of orders grouped by month and method (mean + one standard
deviation across all samples). The orders are ordered from highest to lowest relative abundance.
Orders Thalassiophysales and Surellales are excluded (mean relative abundance < 0.1%) and the
former occurred only in October. A non-parametric two-way ANOVA (month and method effect)
was used to test for differences between rbcL and microscopy (mic) and between rbcL-CF and
microscopy; thus, the column “month” indicates a month effect between rbcL and microscopy (MIC)
(monthy,p vs. Mic) and between rbcL-CF and microscopy (monthy,q -crvs. mic), respectively. The
column effect (eff.) indicates if a monthly difference (S) and/or a methodological difference (M) was
found, and ° indicates that the difference was not found in both comparisons. Different uppercase
letters (A, B) as superscripts indicate a statistically significant monthly difference for both methods.
Different lowercase letters (a, b) as superscripts in the columns rbcL and rbcL-CF, respectively, indicate
a statistically significant method effect. Significance levels are p < 0.001 (***), p < 0.01 (**), and
p < 0.05 (*), where no letters indicate no effect (p > 0.05). NA indicates no taxonomic assignment at
the order level. Oct is October.

Eff. Order Month,p 1. vs. MIC rbcL MIC rbcL-CF Month g1 -CF vs. MIC
o July A 57 + 13.8 47 +17.8 61 +17.8 July Ax*
S Fragilariales Oct B 79 4+ 9.5 8149 81+ 10.2 Oct B
July A+ 16 + 13.8 28 +16.7 2+17.7 July Axe*
S Achnanthales Oct B 4461 7+49 6+ 8.4 Oct B
July 9411 10 + 10 8496 July
Cymbellales Oct 64 5.2 4+53 5+54 Oct
Bacillarial July 5+5 4+32 5+46 July
acillariales Oct 4+33 3+1.6 5+43 Oct
July A+ 3+43 1+1.9 1412 July A%
S Rhabdonematales Oct B 0+02 0+ 04 0+0.1 Oct B
_ July A** 24138 2414 1+£07 July A**
S Eunotiales Oct B 1408 0+04 0+02 Oct B
. , July A* 2+ 1.6 8+64° 14 0.9 ax* July
S°M Naviculales Oct B 1 4 0.5 am 4+23b 1 4 0.3 axsx Oct
. _ July A% 0.9 + 1.4 05+0.7° 0.6 +0.83 July A%
SM®  Aulacoseirales Oct B 0.05+0.136%* 0.02+0.076>  0.04 +0.11 Oct®
NA July 4+4 2+16 July
Oct 4+4 2+19 Oct
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Table 6. Mean relative abundance of families grouped by month and method (mean =+ one standard
deviation across all samples). The families Amphipleuraceae, Catenulaceae, Naviculales incertae
sedis, Neidiaceae, and Surirellaceae are excluded because they show a mean relative abundance
<0.1%. Families are ordered from highest to lowest relative abundance. A non-parametric two-way
ANOVA (month and method effect) was used to test for differences between rbcL and microscopy
(MIC) (monthyr vs. Mic) and between rbcL-CF and MIC (month,,q1 -crvs. Mic)- The column effect
(eff) indicates if a monthly difference (S) and/or a methodological difference (M) was found, and
° indicates that the difference was not found in both comparisons. Uppercase letters A and B as
superscripts indicate a statistically significant monthly difference for both methods, while letters C
and D indicate a statistically significant monthly difference only for one method (i.e., an interaction
effect). Different lowercase letters (a, b) as superscripts in the columns rbcL and rbcL-CF, respectively,
indicate a statistically significant method effect. Significance levels are p < 0.001 (***), p < 0.01 (**),
and p < 0.05 (*), where no letters indicate no effect (p > 0.05). NA indicates no taxonomic assignment
at the order level. Oct is October.

Eff. Family Month,p1 vs. MIC rbcL MIC rbcL-CF Month,c1-cF vs. MIC
B
o wmm WY R e e
S Achnanthidic. ]uloyc f:* 12 i 2318 2;; i:ié; 22 i 513746 ]ugcf‘ :*
Bacillariac. July 5+5 4+32 >+46 July
Oct 4£33 3£16 5+£43 Oct
Encyonematac. ](1)1?; 54114072 74115022 Z i ZZ ](1)1(1:}’:
S  Gomphonematac. J ulo};::* 411 i 3; 03 :::0?3 02 ::: 0?5 ngztAB*
- L R TR A U
- S e S it VA 4
SM ° Aulacoseirac. ]lg}étA};* (1) i (1);1 :: (1) i 8?}; (1) i 8213 ]Ié)IZtAB*
o Cmbaa MY 0R02moeatoioa g
T S
Mo Naieke G Glgpee  1ioat oot oo
R T e e
T R
Mo Didemidec G 00 iogee  2i3at minmee oo
" July 5+ 3.8 2416 July
Oct 4+39 2+19 Oct
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Table 7. Relative abundance of the top seven most abundant genera found with microscopy (MIC)
and metabarcoding across samples, grouped by month and method (mean + one standard deviation
over all samples). Genera are ordered from highest to lowest mean relative abundance. A non-
parametric two-way ANOVA (month and method effect) was used to test for differences between rbcL
and mic and between rbcL-CF and mic; thus, the column month indicates monthly difference between
rbcL and microscopy (monthypr vs. mic) and between rbcL-CF and microscopy (month,pcr -CE vs. mic)s
respectively. Column effect (eff) indicates if a monthly difference (S) and/or a methodological
difference (M) was found, and ° indicates that the difference was not found in both comparisons.
Uppercase letters A and B as superscripts on months indicate a statistically significant monthly
difference for both compared methods, while letters C and D as superscripts on the column mic
indicate a statistically significant monthly difference only for microscopy (i.e., interaction effect). For
the method effect, different lowercase letters (a, b) in the columns rbcL and rbcL-CF, respectively,
indicate a statistically significant methodological difference. Significance levels are p < 0.001 (***),
p <0.01 (**), and p < 0.05 (*), where no letters indicate no effect (p > 0.05). NA indicates no taxonomic
assignment at the order level. Oct is October.

Eff. Genera Month,p1. vs. MIC rbcL MIC rbcL-CF Month4,1.-CF vs. MIC
o July A* 40 + 105 37+17.8 50 + 14.7 July A%
5 Fragilaria Oct B 50 + 12.4 69 + 7.6 62+ 115 Oct B
, July 16 o 7 axx Cax 34+1.7° 11 & 5.6 3% July A*
SM Staurosira Oct 26 + 11 2%+ D 4433Pb 18 4 7.9 %+ Oct B
Encronema July 6 +10.1 7 4+10.2 5+94 July
Y Oct 5+5 4452 5+51 Oct
, , July 5+5 4+32 5+46 July
Nitzschia Oct 4433 3416 5443 Oct
July A% 4442 345 243 July A**
5 Gomphonema Oct B 1+09 0403 0405 Oct B
. . July 2415 6+ 57bPCx 3423 July A**
SM®  Achnanthidium Oct 1411 14080 1414 Oct B
- July 24 1.6 22 +18.6PC* 24 23a% July A%
SM  Psammothidium Oct 04 05a% 64+49bD 1408 Oct B
NA July 17 +13.5 18 +15.4 July
Oct 8+ 6.5 6+7 Oct

Table 8. Relative abundance (mean =+ one standard deviation over all samples) of the top seven
species assessed with microscopy and metabarcoding grouped by month. Species are ordered
from highest to lowest mean relative abundance. Month testing was done with the non-parametric
Wilcoxon signed-rank test; significance levels are p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and no stars
indicate no effect (p > 0.05).

Method Species July October  Month Diff.

Staurosira venter 125 £821 21.6 +£11.29
Encyonema minutum 5.049.46 4.3 & 4.67

. Nitzschia acidoclinata 324348 3.4 +2.99

S Gomphonema minutum 2.8 £441 0.1+0.27 **
Psammothidium chlidanos 1.6 = 1.57 0.5+ 0.52
Achnanthidium minutissimum s.l. 1.4 +0.94 0.5+ 1.04
Odontidium mesodon 0.2 +£0.27 3.6 =9.49
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Table 8. Cont.
Method Species July October ~ Month Diff.
Fragilaria cf. nanana 369 +£17.55 68.7+7.80 i
> Psammothidium subatomoides 102 £11.61 28+3.18
é’“ Achnanthidium minutissimum 62+573 1.1+£0.83 *
g P. microscopicum 41+420 0.7£0.66
8 Encyonema brevicapitatum 3.7+ 6.28 1.6 +-2.48
& Humidophila schmassmannii 32+571 1.9 £2.30
Nitzschia perminuta 324+268 22+1.16
July October
75.00
50.001 o A o |® A A o family
20.00+ AA : ® @ @ Achnanthidiaceae
10.00 g Y @ Bacillariaceae
g 2007 @) (’AAE e p AA * O @ Brachysiraceae
c & 0 ) .
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o 0:25 Ce @ Euno.tlaf:eae
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A O @ Tabellariaceae
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Figure 2. Mean relative abundance of diatom families detected via microscopy (mic) and metabar-
coding across samples, grouped by month and method. Upper panel: top 10 most abundant families;
lower panel: families with mean relative abundance <1%. Please note that relative abundances below
1% are subject to different detection limits, as microscopy resolution is bound by the total valve count
(500 cells per sample), whereas metabarcoding detects low-frequency ASVs at much deeper coverage;
circles are for microscopy, triangles for rbcL, and diamonds for rbcL-CF.

Out of the 42 genera, 23 were detected in both July and October using both microscopy
and metabarcoding. Three genera (Cavinula, Stauroneis, Chamaepinnularia) were exclusively
found in July and two genera (Adlafia and Microfissurata) in October by microscopy while
one genus (Amphora) was only found in July by metabarcoding (Table 2). In total, 29 genera
showed a mean relative abundance <1% in both months (Figure 3). However, while
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Brachysira generally showed a mean relative abundance <1%, it exceeded 1% in July when
using microscopy (Figure 3).

July October
75.0001 o
50.000 o A & A <
20.0001 @ A genus
. A < @ Achnanthidium Encyonopsis
10.000+ o ‘ @ Brachysira Frustulia
O "
| ~. 2O @ Encyonema Genkalia
5:000 @) A 4 @9) A <><> Eunotia Geissleria
08 ’ > O Fragilaria Hantzschia
o Gomphonema Kobayasiella
% ) @ Humidophila Luticola
1.0001Q¥ A T
o @) A % A A“ Nitzschia Mayamaea
2 0500{0 © “p 0 /a @ Odontidium Meridion
© O - .
'g O @ O @ Psammothidium Microcostatus
5 0.250-O§ éA Aﬁ§ < | @ Pseudostaurosira Microfissurata
IS ° y ANVAN @ OO0 PANZ O Staurosira Navicula
* 0.1001 o8 A o P Tabellaria Neidium
O ﬁ @ % o g Adlafia Pinnularia
A 8 <> % Amphora Planothidium
Q@0 A oD P4 Aulacoseira Rossithidium
A : o A Caloneis Sellaphora
0.0101 A AAO * Cavmula. . Staurofc?rma
@ Chamaepinnularia Staurosirella
> Cymbopleura Stauroneis
O Denticula Surirella
OO
A O
0.001+ A
mic  rbcl rbcL-CF mic  rbcl rbcL-CF
method

Figure 3. Mean relative abundance of diatom genera detected by microscopy (mic) and metabarcoding
across samples, grouped by month and method. Grey colour indicates genera with a mean relative
abundance <1% in all samples and coloured symbols indicate genera with a mean relative abundance
>1% in either July or October samples. Please note that relative abundances below 1% are subject to
differential detection limits, as microscopy resolution is bound by the total valve count (500 cells per
sample), whereas metabarcoding detects low-frequency ASVs at much deeper coverage); circles are
for microscopy, triangles for rbcL, and diamonds for rbcL-CF.

Among the seven genera with the highest mean relative abundance found by mi-
croscopy and metabarcoding, Encyonema and Nitzschia did not show any monthly or
methodological differences (two-way ANOVA, p > 0.05), and Gomphonema showed higher
values during July than in October with both methods (Figure 3; Table 7). The mean relative
abundance of unassigned genera by metabarcoding was not different (p > 0.05) between
July and October (Table 7).

When comparing rbcL to microscopy, Staurosira showed higher mean relative abun-
dance with rbcL than with microscopy, both in July and October; however, October showed
a higher mean relative abundance than July only with rbcL (interaction effect, p < 0.05).
When comparing rbcL-CF to microscopy, Staurosira showed higher mean relative abundance
with rbcL than microscopy and October showed higher mean relative abundance than July.
The larger variability of rbcL-CF was responsible for the significant month effect (Table 7).
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Psammothidium showed a lower mean relative abundance with rbcL than with mi-
croscopy, in both months, when comparing rbcL to microscopy; however, July showed a
higher mean relative abundance than October only with microscopy (interaction effect,
p < 0.05) when comparing rbcL to microscopy and rbcL-CF to microscopy, respectively.

When comparing rbcL to microscopy, Achnanthidium showed a higher mean relative
abundance with microscopy than with rbcL, and July showed a higher mean relative
abundance than October only with microscopy. When comparing rbcL-CF to microscopy,
Achnanthidium showed a higher mean relative abundance in July than in October but no
differences between methods.

Thus, focusing on the top 7 genera, the application of the CF did not change method-
ological differences in four case; in two cases values remained smaller, and in one case
values became larger than with microscopy.

A comparison between species abundance assessed with microscopy and metabar-
coding was difficult because of the high percentage (47%) of unassigned ASVs at the
species level. Among the taxonomically assigned species, most taxapyc had a mean rela-
tive abundance smaller than 1% and the top seveb taxa from microscopy showed a mean
abundance between 0.6 £ 0.79% (Psammothidium microscopicum (Cholnoky) S.Blanco 2016
during October) and 69 + 7.8% (Fragilaria cf. nanana Lange-Bertalot 1993 during October;
Table 8). Similarly, most ASVs with species assignment had a low relative abundance, and
also the top seven species both with rbcL and rbcL-CF showed a mean relative abundance
between 0.2 £ 0.27% (rbcL-CF: Odontidium mesodon (Ehrenberg) Kiitzing 1849 during July)
and 22 + 11.2% (rbcL: Staurosira venter (Ehrenberg) Cleve & J.D.Moller 1879 during October;
Table 8).

The mean relative abundance of the top seven species did not differ significantly
between rbcL and rbcL-CF (Table S9). Among the speciesmetabarcoding, Only Gomphonema
minutum (C.Agardh) C.Agardh 1831 showed a higher mean relative abundance during July
than October (Table 7). Among the speciesyc, only A. minutissimum s.l. showed higher
mean relative abundance during July, and F. cf. nanana showed a higher mean relative
abundance during October (Table 8).

The mean relative abundance of Encyonema minutum D.G.Mann 1990 (metabarcod-
ing) showed a similar relative abundance as Encyonema brevicapitatum Krammer 1997
(microscopy), while A. minutissimum s.1. had a lower relative abundance with metabarcod-
ing than with microscopy, especially during July (Figure 3; Table 8). The mean relative
abundance of Fragilaria from metabarcoding (Table 7) comprising 68 ASVs was similar to
the mean relative abundance of F. cf. nanana from microscopy (Tables 7 and 8) because
other speciesypc of Fragilaria (F. radians, F. campyla, Fragilaria sp.) had a mean July and/or
October relative abundance <0.25%.

3.7. Ecological Guilds

Using both microscopy and metabarcoding, diatoms of the high-profile guild dom-
inated in July and October (mean relative abundance > 50%). Based on microscopy, the
mean relative abundance of the high-profile guild was higher in October than in July,
whereas diatoms of the motile guild showed higher relative abundance in July than in
October (Table 9). In contrast, ecological guilds showed no monthly differences when using
metabarcoding (Table 9).
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Table 9. Mean relative abundance (mean =+ one standard deviation over all samples) of ecological
guilds (high profile—H; low profile—L; motile—M) grouped by month and method. Monthly testing
was done with the non-parametric Wilcoxon signed-rank sum test; significance levels are p < 0.01 (**),
p <0.05 (*), and no letters indicate no effect (p > 0.05); different letters indicated statistically significant
differences. With metabarcoding not all ASVs could be attributed to guilds (NA).

. . Microscopy rbcL rbcL-CF
Ecological Guild
July October July October July October
H 60 £ 1.5 85+ 720 72 £18.7 85 +10.2 70 £21.3 86 +10.6
L 28 +16.6 7+£48 4426 1+13 6£37 24+17
M 11.6 £6.7 % 7435 7+£43 5+£38 6+£42 5£45
NA 17 £135 8§£6.5 18 £15 6+69

3.8. Indicator Species for Months

Using microscopy, only a single indicator species for July (Aulacoseira alpigena (Grunow)
Krammer 1991; A = 1.0; B = 0.86; p < 0.01) was identified, which was present in all July
samples and absent in October. No taxonyc was an indicator for October samples.

With rbcL, five ASVs were found as indicators for July (unique to metabarcoding: ASV
20 = Aulacoseira distans (Ehrenberg) Simonsen 1979; ASV 36 = Nitzschia sp.; found with
microscopy and metabacoring: ASV 53 = A. alpigena; ASV 67 = Bacillariophyta; ASV 89
= Pinnularia microstauron (Ehrenberg) Clevel 1891; log,Fold change > 10; p < 0.01). While
all were absent in October, the first three occurred in four, five, and four July samples,
respectively, and the others in only three July samples. With rbcL-CF, seven ASVs were
found as indicators for July (logyFold change > 10; p < 0.001). The first three July indicators
were the same as for rbcL, and the others (found with microscopy and metabarcoding:
ASV 73—S. venter; ASV 77—S. venter; unique to metabarcoding: ASV 101—Rossithidium
anastasiae (Kaczmarska) Potapova 2012; ASV 109—Fragilaria sp.) occurred in only two
July samples.

Using rbcL, only one ASV (ASV 40 = Bacillariophyta; log,Fold change = —12; p < 0.001)
was found as an indicator for October. ASV 40 was present in all October samples and ab-
sent in July. Using rbcL-CF, only one ASV (ASV 169 = Fragilaria sp.; log,Fold change = —22;
p < 0.001) was found as an indicator for October, which occurred in only two October
samples and was absent in July.

3.9. NMDS

NMDS showed a clear separation of months both with metabarcoding and microscopy
(Figure 4). With environmental fitting, ordinations with metabarcoding and microscopy
were related to temperature (NMDSyyc: R? = 0.69; p < 0.01; NMDSy,.1 : R? = 0.69; p < 0.01;
NMDS o1 cr: R? = 0.59; p < 0.05), pH (NMDSpqic: R? = 0.69; p < 0.01; NMDSp,.1 : R? = 0.45;
p < 0.05), and conductivity (NMDSyyc: R? = 0.66; p < 0.01; NMDS . : R? = 0.42; p < 0.05).
High values of temperature and pH were linked to July and high values of conductivity to
October samples. In Procrustes analysis, NMDS ordinations of rbcL and rbcL-CF data were
correlated (r = 0.96; p < 0.001) while NMDS ordinations of microscopy and metabarcoding
were not correlated (r < 0.35; p > 0.05).

https:/ /doi.org/10.3390/ecologies7040111


https://doi.org/10.3390/ecologies7040111

Ecologies 2026, 7, 111

18 of 25

NMDS2

0.44

0.0

-0.4

-0.8

mic

cond

4
temp

pH

044

0.04

-0.4

rbcl

cond

temp
pH

-050 025

000 025
NMDS1

0.50

0.75

—65 dO
NMDS1

0.5

0.004

-0.5 0.0

NMDS1

temp
™

0.5

Figure 4. NMDS ordination with microscopy (mic; stress = 0.18) and metabarcoding (stress, ., = 0.13;
stress;pcr -cr = 0.12). Several environmental variables (water temperature—temp; conductivity—cond)
were related to the ordinations. Triangles are July samples and circles are October samples; numbers
indicate sampling site identity.

4. Discussion
4.1. Characterization of Upper Lake Balma

Little is known about the concordance between microscopy and metabarcoding for as-
sessing benthic diatom diversity in mountain lakes of the Italian Alps. Here, we compared
both methods in Upper Lake Balma in July, representative of summer, and October, repre-
sentative of autumn. This lake, despite being a remote lake, is affected by cattle grazing,
fish introduction [36-38], and microplastic pollution [37]. The observed high phosphorus
concentrations in Upper Lake Balma were typical of mesotrophic conditions and might
be linked to cattle and fish activity. As expected, water temperature dropped by nearly
50% and dissolved oxygen saturation by 11% whereas conductivity increased by 27% from
July to October. Increased conductivity in mountain lakes can be attributed to summer
evaporation [71], and decreased water temperature to water column cooling. The observed
oxygen decrease was negligible considering its small change, and values were in line with
those observed in other alpine lakes of the Western Alps [72]. By sampling 63 mountain
lakes from siliceous or calcareous geology in the French Alps, distinct lake categories were
established based on diatom composition [73]. Upper Lake Balma, characterized by its
siliceous metamorphic ophiolites geology and its close proximity to the French Alps [73],
fits into the category of shallow Alpine lakes (sensu [73]), but the reported dominant and
indicator diatoms do not fully align with our findings. In fact, genera such as Fragilaria
and Staurosira were less abundant in French lakes compared to Upper Lake Balma, further
corroborating the existing knowledge gap for benthic diatoms of mountain lakes in the
Italian Alps and a huge spatial variability.

4.2. Alpha Diversity of Diatoms

We observed a higher diversity with metabarcoding than with microscopy, although
metabarcoding missed certain taxa detected by microscopy, as highlighted in previous
studies (e.g., [25,27,74,75]). Nevertheless, a similar percentage of taxa were identified at the
genus level by microscopy and metabarcoding as found by [23,24] while metabarcoding
had almost twice as many unidentified taxa at species level as microscopy. Here, genera
found by microscopy but not by metabarcoding (e.g., Planothidium, Microcostatus) were
present in the dedicated diatom barcode reference library, while some genera found with
microscopy were missing (i.e., Genkalia, Kobayasiella, Cavinula) or were underrepresented in
the reference library (e.g., Psammothidium, typical of a circumneutral, oligotrophic, siliceous
substrate environment [76]; Eunotia, an indicator of ecological integrity and naturalistic
value [77]). The non-detection of genera present in the reference library likely stems from
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molecular biases, such as PCR primer mismatches, differential DNA extraction efficiency,
or low target template abundance relative to dominant taxa. Taxa of Diadesmidiaceae were
hardly detected by metabarcoding, attributable to their heavily silicified frustules resisting
standard DNA extraction lysis, alongside potential PCR primer mismatches or gaps in
reference databases for aerophilic and high-altitude species. Similarly, the taxonomic
identity of the most abundant diatom species in Upper Lake Balma differed between the
metabarcoding and microscopic assessments, as observed for Fennoscandinavian lakes and
rivers because traditional morphotaxa are split into several ASVs with distinct ecological
profiles [16]. One reason for this is the so-called concealed diversity (i.e., morphologically
identical taxa can show considerable genetic diversity). The discussion of whether this
genetic variation indicates real cryptic species or rather genetic diversity in populations
is ongoing [78]. We also observed that the number of ASVs per genus was substantially
higher than the number of morphotaxa (taxapmic) per genus, confirming that metabarcoding
detects greater biodiversity than microscopy. The genus Fragilaria dominated both with
metabarcoding and microscopy. However, with microscopy, the highest abundance was
found for F. cf. nanana, most ASVs (62 out of 68 ASVs) of Fragilaria were not assigned to the
species level and only a few sequences were assigned to F. nanoides Lange-Bertalot 1996
(n =2), E gracilis Ostrup 1910 (n = 2), and F. bidens Heiberg 1863 (n = 1). This suggests a
high level of undescribed Fragilaria diversity in mountain lakes like Upper Lake Balma. In
summary, our results point to several limitations in metabarcoding, such as primer bias,
sequence divergence between Alpine species and deposited reference sequences, and a
lack of reference data requiring further species culturing and sequencing, issues frequently
reported in metabarcoding studies (e.g., [27,28,74]). Similarly, the five morphological forms
of Achnanthidium included in the A. minutissimum s.1. group likely require formal taxonomic
description. Indeed, high genetic diversity within Achnanthidium is well documented [18].

Combining the diatom diversity assessed by metabarcoding and microscopy in Lake
Balma, 53 out of 128 species were identified as worthy of protection (sensu [49]), high-
lighting the lake’s high ecological value. When using the SPI to evaluate water quality,
microscopy yielded a ‘high” ecological status, whereas metabarcoding indicated a ‘good’
status. Such discrepancies have frequently been reported in previous studies [26-28] and
can be attributed to the lower species-level identification success of metabarcoding.

4.3. Ecological Guilds

The relatively low species-level assignment rate of ASVs also affected the ecological
guild assessment of diatoms. Specifically, microscopy revealed shifts in guild composi-
tion (i.e., motile guild diatoms increased in July, while the high-profile guild increased
in October despite remaining dominant from July to October), whereas metabarcoding
detected no monthly differences. Nevertheless, both methods consistently showed a dom-
inance of the high-profile guild in both July and October. In general, diatoms belonging
to the high-profile guild are adapted to turbulent environments and high nutrient con-
centrations [58], while motile diatoms are adapted to high nutrient concentrations and
low current velocities [3]. In alpine lakes, however, diatoms of the high-profile guild and
unattached and motile diatoms are predominantly found in lakes with low turbulence
and long water residence times [79]. We suggest that Upper Lake Balma was generally
a turbulent environment during July and October 2021, as its shallow depth might have
favoured repeated mixing by summer storms alongside convective mixing driven by water
cooling in autumn. Furthermore, the water column likely exhibited a relatively greater
stability in autumn than in summer. We acknowledge that without direct meteorological
and physical water-column data, this hypothesis remains speculative; nevertheless, the
observed shifts in guild composition strongly pointed to changes in stability. We ruled out
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nutrient availability as a driver of guild change, as no monthly differences in nutrient levels
were detected.

4.4. Monthly Differences in Diatom Diversity

Diatom taxon richness was higher in July than in Otober. Likewise, most families,
orders, and genera reached higher relative abundances in July, with Fragilaria and Staurosira
being the abundant genera dominating in October (two-way ANOVA). Thus, diatom
communities in Lake Balma exhibited monthly differences similar to those observed in other
mountain lakes, which are often linked to water temperature (e.g., [80,81]). Furthermore,
Fragilaria is common in sediments of Alpine lakes, F. gracilis and F. nanoides are linked
to low water temperature and mixing [82], and Fragilaria is a diatom of the high-profile
guild. Thus, the increase of the high-profile guild in October can be related to the increase
of Fragilaria.

In the indicator species analysis, which evaluates samples individually, unlike a
two-way ANOVA relying on sample variance, few morphotaxa (taxapyc) and ASVs were
identified as monthly indicators. Nonetheless, a higher number of ASVs than taxamic
served as monthly indicators, which we suggest was related to the higher overall diversity
detected by metabarcoding. The only indicator species identified by microscopy was
Aulacoseira alpigena, which was likewise detected as a July indicator via metabarcoding. This
species is traditionally considered characteristic of acidic, oligotrophic environments [83,84],
matching only marginally with the overall mesotrophic classification of Upper Lake Balma.
This apparent discrepancy may be explained by localized littoral microhabitats, or by a
broader ecological tolerance of A. alpigena in high-altitude lake ecosystems in response
to stressful conditions [84]. Several ASVs were July indicator taxa while only one was
identified for October, in accordance with a higher diversity during July than October.
Among July ASV indicators in Lake Balma, Staurosira venter is linked to high summer water
temperatures [82], supporting its role as an indicator for July conditions. The only October
ASV indicator identified by metabarcoding belonged to Fragilaria, further supporting the
genus’s preference for October.

4.5. Utility of Using the CF for Metabarcoding

We applied CFs to assess the usefulness of the method to balance primer bias for a
dataset with incomplete taxonomic resolution across various levels, as is often the case
in metabarcoding studies. We acknowledge that using a CF from another taxonomic
level than species can lead to misleading results because the CF for species of the same
genus, family, or higher level can vary a lot. Nevertheless, we applied this method to
assess its usefulness considering a dataset with an incomplete taxonomic assignment
at all taxonomic levels. At the order level, the mean relative abundance did not differ
significantly between microscopy and metabarcoding, with two exceptions: Naviculales,
for which both rbcL and rbcL-CF showed a lower relative abundance than microscopy, and
Aulacoseriales, where rbcL-CF was more similar to the estimates of microscopy. For most
families with high relative abundance, applying the CF made no significant difference,
except for Staurosiraceae, where rbcL-CF yielded results similar to microscopy. Similarly,
for rare families, applying the CF offered no clear advantage. For the most abundant genera,
no clear advantage of the CF method was found. For the water quality assessment, the
application of the CF did not influence the metabarcoding-based SPI, which was generally
lower than that based on microscopy. Therefore, applying the CF did not significantly
improve the agreement between metabarcoding and microscopy data in Upper Lake
Balma. Our findings contrasted with previous studies (e.g., [26] and references therein),
underscoring the distinct ecological characteristics of mountain lakes.
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4.6. Month and Site Differences in Multivariate Ordination

When using a taxonomy-independent approach such as NMDS, both metabarcoding
and microscopy revealed monthly differences linked to similar environmental variables
(pH, temperature, conductivity). Benthic diatoms in alpine lakes are known to be strongly
associated with pH [82,85], water temperature drives diatom succession [33], and pH
alongside conductivity determines diatom community composition [82,86]. Thus, the
influence of these variables on the diatoms of Lake Balma was not surprising. However,
the multivariate ordination of samples in NMDS differed between metabarcoding and
microscopy, indicating distinct biodiversity assessments at the individual sample level.

5. Conclusions

The combined use of microscopy and metabarcoding provided a higher diversity
than using a single method, emphasizing the unexplored high diversity of alpine lakes.
Furthermore, metabarcoding provided a higher diversity compared to microscopy, but
not all taxa found with microscopy were detected via metabarcoding and vice versa. For
metabarcoding, the application of the CF based on diatom biovolume did not provide
a clear advantage with respect to microscopy. Nevertheless, both methods consistently
reflected monthly patterns and environmental influences. Thus, an integrated approach
provides a more comprehensive assessment of diatom diversity as already pointed out [23],
although it requires greater financial and personnel resources. While many studies high-
light the limitations of metabarcoding reference databases [22,26,27,75,87], filling these
databases depends on taxonomists providing verified sequence data. We suggest that,
alongside advancing alternative metabarcoding methodologies [21], halting the ongoing
loss of taxonomic expertise [29] is crucial for effectively assessing diatom diversity in lake
ecosystems, particularly in mountain environments.
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location; lower panel: bathymetric map of Upper Lake Balma with the location of the sampling sites;
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