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ARTICLE INFO ABSTRACT

Diatom taxonomy has evolved in recent years, with many new species described and new approaches such as
molecular genetics showing the existence of cryptic diversity within currently accepted species. This cryptic
diversity is not well understood even for common freshwater genera such as Fragilaria and Ulnaria. The purpose
of our study was to define taxon-specific ecological profiles and geographical distributions for unique molecular
identifiers (amplicon sequence variants, ASVs) linked to curated taxonomy for these genera. Our goal is to
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away too early.

f;ﬁ?crzi sequence variant contribute to the development of ecological assessment methods, and to the understanding why we often observe
Freshwater so many diatom species co-occurring in a single sample. We filtered a large (770 samples) metabarcoding dataset
Ecological niche with linked environmental data covering several countries in Europe for genetic variants (ASVs) assigned to
Environmental assessment currently accepted species of our target genera. We studied the geographical distribution of the ASVs, and tested
Cburated diatom taxonomy for ASV-pair co-occurrence. We modelled ASV-specific preferences for pH, alkalinity, total nitrogen, total
rbcL

phosphorus and conductivity, and analysed their preference for lakes or streams as habitat. Our study confirmed
that there seems to be no general geographical barrier for the distribution of freshwater benthic diatom ASVs in
Europe, but that dispersal is not rapid enough to hide historical events. The Fragilaria and Ulnaria ASVs in our
study showed considerable overlap in geographical distribution, habitat and ecological preferences. We found
evidence that only large differences in preferences for the analysed water chemistry variables prevented the co-
occurrence of ASVs at the same sites. Instead, Fragilaria and Ulnaria ASVs co-occurred frequently in samples. We
found subtle differences in ecological preferences for some ASV pairs, which might in part explain the co-
occurrence by the avoidance of direct competition. However, the great overlap in distribution and ecological
preferences suggests that other factors not studied here were also responsible for the observed co-occurrences
and high richness of ASVs found at many sites. To our knowledge, we are the first to use ASVs in combina-
tion with a curated taxonomy to understand co-occurrence, specific ecological profiles and large-scale
geographical distribution for unique identifiers not biased by the quality of reference databases, clustering
methods, or non-harmonized morphological identification. Thus, our results can now be used in subsequent
projects to interpret ASV occurrences, e.g. for development of ecological assessment methods.

* Corresponding author.
E-mail addresses: maria.kahlert@slu.se (M. Kahlert), Satu.Maaria.Karjalainen@syke.fi (S. Maaria Karjalainen), MGKelly@bowburn-consultancy.co.uk (M. Kelly),
Mathieu.Ramon@fera.co.uk (M. Ramon), frederic.rimet@inrae.fr (F. Rimet), susi.schneider@niva.no (S. Schneider), tapolczai.kalman@blki.hu (K. Tapolczai), J.
Zimmermann@bo.berlin (J. Zimmermann).

https://doi.org/10.1016/j.ecolind.2022.109114

Received 25 February 2022; Received in revised form 20 June 2022; Accepted 25 June 2022

Available online 1 July 2022

1470-160X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:maria.kahlert@slu.se
mailto:Satu.Maaria.Karjalainen@syke.fi
mailto:MGKelly@bowburn-consultancy.co.uk
mailto:Mathieu.Ramon@fera.co.uk
mailto:frederic.rimet@inrae.fr
mailto:susi.schneider@niva.no
mailto:tapolczai.kalman@blki.hu
mailto:J.Zimmermann@bo.berlin
mailto:J.Zimmermann@bo.berlin
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2022.109114
https://doi.org/10.1016/j.ecolind.2022.109114
https://doi.org/10.1016/j.ecolind.2022.109114
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2022.109114&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Kahlert et al.
1. Introduction

Diatoms, an ecologically important group of microalgae, are
frequently used worldwide for environmental assessment (Charles et al.,
2021; Smol and Stoermer, 2010), and as model organisms to understand
and predict biodiversity in a globally changing world (Finlay, 2002;
Keck et al., 2018; Soininen et al., 2016; Vyverman et al., 2007). The
basis of these analyses is knowledge of species-specific ecological pro-
files, which have been established studying morphospecies identified by
traditional light microscopy. Diatom taxonomy has, however, evolved
rapidly in recent years, with many new species described and new ap-
proaches such as molecular genetics showing the existence of cryptic
diversity within currently accepted species (Evans et al., 2009; Mann
et al., 2004; Sefbom et al., 2018; Sorhannus et al., 2010; Vanelslander
et al., 2009). This means that ecological profiles derived from traditional
light microscopy may be blurred through the inclusion of morphologi-
cally similar but genetically distinct entities within a single binomial.
This problem could be resolved by deriving ecological profiles and
geographical ranges directly from molecular barcodes. This novel
approach could then enable us to improve ecological assessment
methods, by contributing specific profiles for a range of molecular
taxonomic entities, which cannot be differentiated microscopically.

Revised knowledge on diatom ecology might also help to solve open
research questions in biogeographical research. Models studying the
causes for modern species richness and distribution have shown that
both environmental filtering and dispersal play an important role in
shaping diatom assemblages, with the relative importance of these fac-
tors depending on scale (Finlay, 2002; Keck et al., 2018, and references
therein; Soininen et al., 2016; Vyverman et al., 2007). These models use
well-established hypotheses of community ecology, stating that species
competing for the same resources cannot coexist in the long term,
leading to the conclusion that co-occurring species must have different
ecological niches (Verberk, 2011). However, it is still a riddle why we
observe the frequent co-occurrence of diatom species with seemingly
similar ecological niches (Kelly et al., 2015; Mann, 1999; Poulickova
et al., 2008). In other words, we still are “baffled by the benthos” (blog
post Kelly (2015), a term adapted from Hutchinson’s “Paradox of the
Plankton” (Hutchinson, 1961)).

Another open question is the stability of species-specific ecological
niches. Recently, Soininen et al. (2019) stated that environmental and
climate models may not be transferable but seem to differ among
geographical regions. Indeed, we should expect diatom species niches to
change over time, through ongoing genetic fine-tuning (“microevolu-
tion”, Filipchenko, 1927) of physiological mechanisms in response to
changing conditions (Evans et al., 2009; Mann et al., 2004; Sefbom et al.,
2018; Sorhannus et al., 2010; Vanelslander et al., 2009). Stable and
unbiased ecological and geographical profiles derived from molecular
units offer an opportunity to test such hypotheses.

It is important to use reproducible and clearly identified (molecular
and morphological) taxonomic units for basing further research, because
recent studies have shown that the morphological species concept only
partly agrees with the molecular one (Kahlert et al., 2019; Pérez-Burillo
et al.,, 2021; Tapolczai et al., 2021). The use of amplicon sequence
variants (ASVs), short and unique DNA sequences, filtered from meta-
barcoding datasets via bioinformatics, now offers this possibility. This
novel approach provides reproducible and comprehensive results of
very highly resolved diversity where even one nucleotide difference
between barcodes can be detected (Callahan et al., 2017). ASVs can be
treated as discrete and distinct indicators of biological diversity. There
is, however, also the possibility of linking ASVs to Linnean taxonomy.
Using ASVs connected to the morphological species concept allows us to
compare ecological profiles of species identified in two different ways (i.
e. molecular or by microscope). Using ASVs also allow us to pool data
from different sources and analyse patterns on large scales on a very
finely resolved taxonomic level. Today, it is extremely challenging to
generate taxonomically consistent datasets on large scales from
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morphologically identified taxa, not least because it has to take place
against a backdrop of ongoing taxonomic research constantly reshuffling
diatom names (Charles et al., 2021).

In the present paper, we combined data on species and ASV co-
occurrence with ecological profiles of the diatom genus Fragilaria as
well as the closely related genus Ulnaria to analyse whether there were
as many species at our sites as suggested by morphological studies.
Furthermore, it was our aim to detect differences in ecological profiles to
see if these could help to explain whether coexisting Fragilaria/Ulnaria
species can avoid direct competition by having different niches. We
focused on those genera because preparatory work to connect the mo-
lecular with the morphological taxonomy has been performed already
(Kahlert et al., 2019, using the rbcL marker gene). Using Kahlert et al.
(2019)’s results as a starting point, our strategy was to detect species and
subspecies diversity (Rimet et al., 2018) in a compiled metabarcoding
dataset with accompanying data on water chemistry spanning a wide
geographical range in Europe. Fragilaria/Ulnaria are abundant and
ecologically important diatom genera in freshwater (as summarized in
Kahlert et al. 2019), with species-specific ecological preferences (based
on the morphological species concept) spanning the key regulatory
boundary of good and moderate status as defined by the Water Frame-
work Directive (WFD, The European Parliament and The Council of the
European Union, 2000). However, there is also general agreement that
the separation of species within these genera is difficult, potentially
leading to confusion about the identification of species, with the
consequence that our knowledge about the ecological preferences of
certain species might be uncertain (Kahlert et al., 2019).

We analysed a) the geographical distribution, b) co-occurrence and
c) ecological profiles of the ASVs, d) discussed the results in the light of
the species concepts, and e) discussed possible underlying causes of the
co-occurrence of taxa. We tested the following hypotheses:

(1) the distribution of diatom taxa, here studied as ASVs, is
geographically restricted

(2) co-occurring diatom taxa, here studied as ASVs, have different
ecological preferences

Hypothesis (2) is potentially wide-ranging, and our tests are limited
to different preferences with respect to key water quality variables.
These, however, are important gradients from the point of view of
ecological assessment, and this paper offers an indication of the likely
scale of practical improvements if the Fragilaria/Ulnaria taxonomy is
resolved in an unbiased way using ASVs.

To our knowledge, we are the first to use ASV units in combination
with a curated taxonomy to retrieve co-occurrence, specific ecological
profiles and large-scale geographical distribution for unique identifiers
not biased by the quality of reference databases, clustering methods, or
non-harmonized morphological identification.

2. Methods
2.1. Study sites

The metabarcoding dataset with accompanying metadata used in the
present study was compiled with data from different European coun-
tries: France, Sweden, Finland, Norway, Iceland, Germany and the
United Kingdom (UK) (Fig. 1). This allowed us to take advantage of
existing metabarcoding datasets collected as part of different environ-
mental assessment projects that included linked environmental data
(Table 1). The final dataset included 770 samples from streams and lakes
where at least one of the target taxa of Fragilaria or Ulnaria was found
(Table 1).

The French samples were collected in 2016-2017 from sites included
in the French river monitoring, see Rivera et al. (2020) for details. 422 of
the originally 447 sampling sites contained at least one of our target taxa
and were thus included in the present study. The samples from the
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Nordic countries (Sweden, Finland, Norway and Iceland) were collected
from streams and lakes in these countries for different projects between
2006 and 2017, and were studied for a doctoral project (Bailet, 2021).
The Nordic dataset includes temporal replicates of all Swedish and some
of the Finnish and Norwegian stream sites, and spatial replicates of the
Finnish lake sites. Of the original 181 samples, 160 samples included at
least one of the target taxa and were used in our study. The German
dataset was collected in 2016-2018 for a research project (German
Barcode of Life 2 Project funded by Bundesministerium fiir Bildung und
Forschung Germany [01LI1501E]). Eight lakes and one connecting
channel were sampled on multiple occasions, resulting in 43 samples, of
which 36 contained our target taxa and were included in the analysis.
‘Fishing’ for target taxa (Scherz et al., 2020) was done in 171 sampling
sites from the UK river monitoring program, resulting in 152 samples for
the present study.

Environmental data were available for all lake samples and most of
the stream samples. We compiled and harmonized to the same mea-
surement unit available data for pH, alkalinity, total nitrogen (TotN),
total phosphorus (TotP), conductivity, and total organic carbon (TOC).
In some cases, alkalinity was derived from measured calcium data
(France, UK, Norway, one German site). For the UK, we derived
approximate values for TotP and TotN from the available data on
orthophosphate (assessed as Total reactive phosphorus) and Total
oxidized nitrogen. The TotP value was derived using the relationship
between TotP and orthophosphate from a Swedish dataset with > 1000
available pairs of TotP and orthophosphate. The results obtained in this
way were validated by testing whether the TN:TP ratios of the UK data
were about the same as for other countries included in this study, and
also by comparing with the equivalent equation derived from the French
data. Most data were available for nutrients (TotN 663, TotP 665 mea-
surements), less for the other variables (527 for TOC, 486 for pH and
alkalinity each, 485 for conductivity). Not all environmental data were
available for all samples, depending on the sampling program. The

A
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Nordic dataset was most complete, mostly with an annual mean for each
variable for every sample, with a few exceptions. The UK dataset also
mostly had an annual mean for each variable and site, with the excep-
tion of TOC. The French dataset was more complete regarding variables
for some sites than others, with best coverage for nutrients. For the
German lakes, detailed environmental data were available from samples
collected from the centre of the lake, and annual mean values were
calculated for each lake. However, for spatial replicates, local environ-
mental measurements were only available for pH and conductivity, with
one spot value for each taken on each occasion that diatoms were
sampled. Geographic coordinates were available for all samples except
for the UK. In general, our final dataset was biased towards French and
UK sites, stream sites, and sites with relatively high pH and alkalinity
(Supplements Fig. S20).

Details with respect to the metabarcoding methods for the different
sub-datasets can be found in the original studies (Bailet, 2021; Kelly
etal., 2018; Rivera et al., 2020, German Barcode of Life 2 Project funded
by Bundesministerium fiir Bildung und Forschung Germany
[01LI1501E]). In short, the French, German and Nordic countries met-
abarcoding was performed with the diatom-targeted primers of Vasselon
et al. (2017), focusing on the short fragment of the rbcL plastid gene of
263 bp (312 bp with primers). The UK short barcode differs slightly from
the rbcL barcode designed by Vasselon et al. (2017). It covers a similar
region of the rbcL gene but is slightly longer (331 bp without primers,
Kelly et al., 2018, Supplements Fig. S21). The sequencing technique was
the same for the French, German and UK dataset (Illumina sequencing
(MiSeq)). The Nordic countries’ dataset was generated using PGM (Ion
Torrent) sequencing.

2.2. Description of the studied Fragilaria and Ulnaria taxa

The entire length of the rbcL chloroplast gene marker of 1440 base-
pairs (bp) generated with Sanger sequencing was used to establish a

N
o Lake
x Stream
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Fig. 1. Sampling sites. 643 streams, 45 lakes. (Sampling coordinates in UK not available). x stream, o lake.
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Table 1
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Dataset used for analysis of the geographical distribution and ecological preferences of unique molecular identifiers of the target taxa of Fragilaria or Ulnaria. The table
shows the number of sampled sites, the total number of samples, and how many of them had environmental variables available. The information is given for streams
and lakes separately. The number of samples is higher than of sites because of *temporal and **spatial replicates for some of the sites.

streams

lakes

sites  total number of

number of samples with environmental

sites  total number of number of samples with environmental

samples variables available samples variables available

France 422 422 357
Sweden 17 46* 46* 29 29 29
Finland 33 44* 44* 7 20%* 20%*
Norway 17 19* 19*
Iceland 2 2 2
Germany 9 36%* 36
United 152 152 140

Kingdom

phylogenetic tree for Fragilaria and Ulnaria, placing 194 cultured strains
into clades and comparing the results with the morphological species
concept. Some species defined based on morphological criteria could be
confirmed using the rbcL. marker, e.g. F. gracilis @strup, F. tenera (W.
Sm.) Lange-Bert., F. perminuta (Grunow) Lange-Bert. and F. tenustriata
@strup. Other well-defined molecular clades did not match any currently
described Fragilaria species. To clarify recognition of these taxa, three
new species were described: Fragilaria agnesiae Kahlert & Rimet, Fragi-
laria heatherae Kahlert & M.G.Kelly, and Fragilaria joachimii Kahlert.
Several other morphological taxa, mainly representing species with
unclear morphological identification and a high length to width ratio,
could not be resolved with the rbcL barcode. The genus Ulnaria was used
as outgroup in this study. Most of the clearly separated molecular clades
(= “species”) identified in Kahlert et al. (2019) included several genetic
variants of the long rbcL marker.

Metabarcoding datasets are compiled lists of reads of short genetic
markers, termed ‘barcodes’. For the present study, we matched this short
barcode in form of an ASV to the species name used in Kahlert et al.
(2019). We have avoided the term “morphospecies” in this context as
this term does not match all of their delimitated species. For this, we first
prepared a reference database for the studied group (Fragilaria and
Ulnaria) using the strains included in Kahlert et al. (2019). The reference
database linked each taxon to the two short rbcL barcode sequences (one
of 263 bp for Germany, France and the Nordic countries; and one of 331
bp for UK). The resulting reference database contained 21 different ASVs
which were used to ‘fish’ in the metabarcoding datasets (Table 2). Due to
the longer UK barcode, three taxa were represented by two different
ASVs (Table 2), which were pooled for the common analysis of all
datasets. Because short barcodes are not always sufficient to discrimi-
nate taxa (Porter and Hajibabaei, 2020), some ASVs in our study rep-
resented clusters of species, while in other cases several ASVs
represented a single species, with the genetic variation of this species
preserved within the short barcode region (Kahlert et al., 2019). In these
latter cases, it is possible to evaluate whether these genetic variants
within a species have different geographical distributions and ecological
preferences. In cases where ASVs are shared by several species, addi-
tional molecular identifiers are needed to separate species-specific dis-
tribution and ecology. However, it is still possible to use these ASVs as
unique identifiers for biodiversity analyses, including the assessment of
richness and ASV-specific ecological preferences and geographical dis-
tribution (Porter and Hajibabaei, 2020).

As we were able to differentiate three distinct genetic variants of
Fragilaria gracilis using ASVs (Table 2), it was possible to study the
geographical distribution and ecological preferences of genetic variants
within this species. Kahlert et al. (2019) suggested that those ASVs
belong to two cryptic species within F. gracilis. The FGRA3 ASV repre-
sents the F. gracilis clade with a higher striae density (@ 22 striae/10 pm)
and a more lanceolate form of the valve than the second clade included
in Kahlert et al. (2019, @ 20 striae/10 pm, valves more linear). This
second clade is represented here by the FGRA1 and FGRA2 ASVs,

Table 2
Unique identifiers (ASVs) used in the present study to explore geographical
distribution and ecological preferences, and their assignment to taxonomy.

Number of strains taxa ID species names”

in cluster’

9 FGRA1 Fragilaria gracilis

16 FGRA2 Fragilaria gracilis; Fragilaria cf. gracilis

53 FGRA3 Fragilaria gracilis

7 FPEM1 Fragilaria perminuta

3 FPEM2 Fragilaria perminuta

7 FJOA Fragilaria joachimii

3 FHEA1 Fragilaria heatherae

1 FHEA2 Fragilaria heatherae

9 FAGN® Fragilaria agnesiae; Fragilaria sp. 1

1 FBID Fragilaria bidens

1 FNNO Fragilaria nanoides

1 FPRU Fragilaria pararumpens

1 FRAS Fragilaria sp.

11 FTEN Fragilaria tenera; Fragilaria tenuistriata; Fragilaria
sp.

30 FMIX® Fragilaria pararumpens; Fragilaria cf. pararumpens;
Fragilaria nanoides; Fragilaria cf. nanoides;
Fragilaria mesolepta; Centronella reicheltii;
Fragilaria crotonensis; Fragilaria cf. capucina;
Fragilaria cf. rumpens; Fragilaria sp.

5 UACU Ulnaria acus

5 ULNS Ulnaria ulna; Ulnaria acus

1 UULN1 Ulnaria ulna

1 UULN2 Ulnaria ulna

17 UULN3®  Ulnaria ulna

1 UULN4 Ulnaria ulna

L of 194 included in Kahlert et al. (2019).

2 following Kahlert et al. (2019).

3 due to the differences in length between the two barcodes, these taxa were
represented by two different ASVs, which were pooled for the common analysis
of all datasets.

representing populations following Kahlert et al. (2019). It was also
possible to evaluate the geographical distribution and ecological pref-
erences of the three newly described species, F. agnesiae, F. heatherae,
and F. joachimii, with one reservation. Whereas the ASVs of F. heatherae
and F joachimii were different and included only the target species, the
ASV of F. agnesiae included also an unknown Fragilaria species named F.
sp. 1 in Kahlert et al. (2019) (Table 2). On the other hand, it was possible
to study two genetic variants within F. heatherae, represented by two
different ASVs in our dataset (Table 2). In addition to those species
discussed in Kahlert et al. (2019), we were able to study 14 ASVs of the
Fragilaria/Ulnaria genera, some of which included only one taxon, whilst
others represented a mixture of taxa (see Table 2).

Fishing for the different ASVs was performed by the holder of each of
the separate metabarcoding datasets. The dataset holder searched for
exact matches of the ASVs to all available reads without rarefying. For
the French data, the MiSeq paired-end reads were demultiplexed by the
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sequencing platform and assembled into full-length DNA sequences. The
minimum bioinformatic sanity checks were then applied to ensure that
the maximum information was kept. Using Mothur v.1.44.2, reads were
filtered to keep only the sequences with the exact target length (312 bp,
i.e. 263 bp barcode + primers) and with zero ambiguities (“N”). Finally,
DNA reads were dereplicated and singletons and primers were removed.
The same method was used for the Nordic dataset, except that PGM
reads do not need to be assembled. The same method and settings were
also used for the German and the UK datasets, except that the pipeline
MetBAN was used for the German data (German Barcode of Life 2
Project funded by Bundesministerium fiir Bildung und Forschung Ger-
many [01LI1501E]), and dada2 for the UK data (Callahan et al., 2016).
Datasets were then matched against the Fragilaria/Ulnaria ASV reference
database using exact matching (i.e. 100% identity) in order to extract
the environmental sequences corresponding to Fragilaria and Ulnaria
taxa. Because the UK uses a longer barcode, the fishing was done for all
24 unique ASVs found for the longer barcode (Table 2), but where this
detected two ASVs corresponding to only one in the other datasets, these
were pooled to enable a direct comparison. To ensure a robust analysis
when merging the data from all countries into one dataset, we decided to
use presence/absence (PA) data only.

2.3. Statistical methods

To assess whether the taxa were geographically restricted, we visually
inspected ASV distribution maps, and additionally compared the ASV
composition between countries. For the latter, we used the nonpara-
metric Kruskal-Wallis test with subsequent post-hoc pairwise Mann-
Whitney tests and Bonferroni corrected p-values to analyse whether
richness per sample differed between countries. We also used ANOSIM
(ANalysis Of Similarities) with pairwise ANOSIMs between all pairs of
groups and Bonferroni corrected p-values as a post-hoc test to analyse
whether ASV composition differed between countries. We used SIMPER
(Similarity Percentage, Clarke, 1993) to assess which taxa were
responsible for the differences. ASV presence/absence data (PA) were
used, along with the Bray-Curtis distance measure. All analyses were
performed with the software PAST v.2.17b (Hammer et al., 2001).

We used the R package Cooccur (Griffith et al., 2016) to analyse
whether ASVs co-occurred non-randomly. The method applies the proba-
bilistic model of species co-occurrence (Veech, 2013) to a set of taxa
distributed among a set of survey or sampling sites. The algorithm cal-
culates the observed and expected frequencies of co-occurrence between
each pair of taxa. The expected frequency is based on the distribution of
each taxon if it occurred randomly and independent of the other species.
The analysis returns the probabilities that a more extreme (either low or
high) value of co-occurrence could have been obtained by chance. We
used the default settings, which include the removal of those taxa pair
combinations which are expected to co-occur at less than one site. We
tested all possible ASV pairs (i.e. also Fragilaria/Ulnaria combinations).

To assess the overall structure of our data, especially to see if certain ASVs
cluster together at sites with similar ecology, we used NMDS with PCOrd
v.6.08 (McCune and Mefford, 2011) and Bray-Curtis distance measure
on PA data. Beta diversity was 3.32 which should present a medium
challenge for ordination analyses (McCune and Grace, 2002). The co-
efficient of variation of the taxa column totals, reflecting the variability
among columns, was 100%, indicating moderate to high variability. As
the average skewness of taxa was 3.164, we used a non-parametric
ordination which is well suited to non-normal data (McCune and
Grace, 2002). The test for outliers used a cut-off of 2.0 standard de-
viations from the grand mean and indicated that no taxa or sites should
be treated as outliers. For the NMDS, we first ran the autopilot mode
with PCOrd’s default settings, and then reran the NMDS with the
starting configuration that was most stable. PCOrd v.6.08 returns the
NMDS results with the axes ordered in falling order of importance.

To model the ecological preferences of the ASVs, we used the aver-
aging method described in Kahlert et al. (2021), during which we
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modelled optimum and tolerance values along all environmental factor
gradients for PA data. Means and standard deviations were calculated
using the environmental values of samples where a given ASV was
present. All environmental variables except pH were logarithmically
transformed. We used the nonparametric Kruskal-Wallis test with sub-
sequent post-hoc pairwise Mann-Whitney tests and Bonferroni corrected
p values with PAST v.2.17b (Hammer et al., 2001) to assess whether the
environmental medians of ASV occurrence were significantly different.
SIMPER and ANOSIM were used to assess the ecological preference of
the ASVs for lakes or streams. Indicator species analysis (IndVal)
implemented in PCORD v.6.08 (McCune and Mefford, 2011) was used to
test whether certain ASVs could be defined as significant indicators for
extreme conditions (represented in our dataset by the values at the edges
of the environmental range). We tested pH and TotP (logarithmic
transformed) as examples of environmental factors known to be
important drivers of diatom assemblage structure (e.g. Pajunen et al.,
2020; Soininen et al., 2016). The IndVal method gives an indicator value
for each taxon that weights its presence in certain environmental cate-
gories versus the presence across all sites. For pH, we used the categories
pH < 5; 5-6; 6-7; 7-8 and > 8, for TotP, we used < 10; 10-100;
100-1000 and > 1000 pg/1. The statistical significance of each indicator
value was tested by a Monte Carlo permutation test with 4999 ran-
domizations. A ‘significant indicator’ defined by this method describes a
taxon with a high and statistically significant indicator value. In our
study, an indicator ASV was defined as an ASV typical of very low or
high values of pH or TotP. We additionally assessed the environmental
conditions, represented by pH and TotP, where the greatest richness of
the target taxa ASVs can be expected, using species packing with PAST
v.2.17b (Hammer et al., 2001) and the number of ASVs found at each
site. The method fits Gaussian response models to taxa data along a
gradient. The fitted parameters are optimum (average), tolerance
(standard deviation) and maximum. The algorithm is based on weighted
averaging according to ter Braak and Van Dam (1989).

3. Result
3.1. Geographical distribution of target ASVs of Fragilaria and Ulnaria

Of the 21 ASVs, 19 were found in the different databases. Only two,
FRAS (Fragilaria sp.) and UULN4 (U. ulna), were not found at all
(Table 3). Overall, most (18) of the ASVs were found in the French
dataset, the largest of those available to us (Table 3). The average
number of ASVs per sample for each country was 3.6-4.7, with the UK
having the lowest number (Table 3, significantly lower than for France
and Finland (Kruskal-Wallis test, p < 0.05)). Visual inspection of the
distribution maps showed that many ASVs were spread over all sampled
geographical regions (FGRA1, FGRA2, FGRA3, FAGN, FPRU, FTEN,
FMIX, UACU, ULNS, UULNS3, Supplements Figs. S1-19). Certain ASVs,
however, seemed to be more restricted to certain regions (FPEMI,
FPEM2, FHEA1, FBID, FNNO, UULN1, Supplements Figs. 1-19). ASV
composition was significantly different between countries (ANOSIM, p
< 0.005). Assemblages in France, Finland and Germany were very
different to those from Norway (ANOSIM, R > 0.4, pairwise ANOSIM
post-hoc tests, p < 0.005). Equally different were assemblages of Iceland
and Germany. Five ASVs were responsible for more than half of the
dissimilarities between countries: FGRA2, followed by FMIX, FAGN,
UACU and UULNS3 (Table 3). The large deviation was mainly due to
fewer records of UACU (U. acus) and UULN3 (U. ulna) in Norway
compared to France, Finland and Germany (Table 3). Some ASVs were
not found in certain countries at all (Table 3).

3.2. Co-occurrence of target ASVs
The analysis of co-occurrences showed that overall, most ASVs

occurred more often together than would be expected by chance (Fig. 2).
Of the 171 possible ASV pair combinations, 24 pairs were removed by
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Table 3

ASVs found with exact matching, and differences between countries. The first rows of the table show the differences in number of samples and found ASVs per country.
The following rows show which ASVs were primarily responsible for ASV composition differences between countries (SIMPER analysis on PA data, Bray-Curtis
similarity). The number of occurrences of the Fragilaria & Ulnaria ASVs for all 770 samples is shown in the first column. The ASVs are sorted in descending order
of contribution the differences between country, given in the 2 subsequent columns (ASV-specific, and cumulative). The last columns show the detailed country
differences as average presence of an ASV per sample per country (e.g. 1: present in all samples of a country, 0.5: present in 50% of all samples of a country).

Country FR SE FI NO IS DE UK

Number of samples 422 75 64 19 2 36 152

Total number of ASVs 18 13 16 13 7 11 15

Average number of ASVs present per 4.6 4.4 4.7 4.6 45 43 3.6

sample

Average presence of ASV in a sample

ASV taxa IDta Total number of occurrences in Contribution to Cumulative contribution % FR SE FI NO 1S DE UK
D dataset dissimilarity%
FGRA2 383 11.11 11.11 040 060 075 053 05 0.56 0.59
FMIX 420 11.05 22.15 056 0.60 0.81 053 05 0.89 0.30
FAGN 355 10.37 32.52 051 053 067 037 1 0.19 0.27
UACU 321 10.22 42.75 055 017 041 016 O 0.58 0.18
UULN3 626 10.13 52.88 096 052 0.81 047 1 0.67 0.63
FGRA1 257 8.322 61.2 042 028 0.09 016 0 0.31 0.24
ULNS 204 8.235 69.43 020 035 019 058 0 0.08 0.44
FJOA 205 7.743 77.18 024 029 042 032 05 O 0.31
FTEN 178 6.503 83.68 020 040 033 026 05 039 0.16
FGRA3 117 4.824 88.51 0.14 021 0.05 053 O 0 0.19
FPRU 73 3.059 91.56 0.09 019 0.02 042 0 0.08 0.05
FHEA2 83 2.912 94.48 0.11 019 0.03 011 05 O 0.11
FPEM1 41 2.254 96.73 0.02 0.04 0.06 0 0 0.44 0.05
FPEM2 32 1.195 97.92 006 O 0.03 016 O 006 O
FBID 23 0.7277 98.65 005 O 0 0 0 0 0.01
FHEA1 7 0.4088 99.06 0 0 0 0 0 0 0.05
UULN2 10 0.3428 99.4 002 0 002 0 0 0 0
UULN1 12 0.3382 99.74 003 O 0 0 0 0 0
FNNO 9 0.2578 100 002 0 003 0 0 0 0
FRAS Not found
UULN4 Not found

. negative
FG < g

Uy 3 random
e positive

Fig. 2. Positive and negative ASV associations of the target taxa of Fragilaria and Ulnaria determined by the probabilistic co-occurrence model. ASV identifiers are
positioned to indicate the columns and rows that represent their pairwise relationships with other ASVs. The most positive relationships are plotted in the upper right

field of the graph.
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Fig. 3. Differences between sites in the ASV composition of the target diatom taxa of Fragilaria and Ulnaria (NMDS on presence-absence data, Bray-Curtis similarity).
Sites classified by country. Habitat type shown in inset (grey: streams, black: lakes). Correlation of environmental variables to first and second axes added with vector

length upscaled 400% for visibility. Find ASV scores in Supplements Fig. S22.

default prior to analysis because their expected co-occurrence was < 1, i.
e. in less than one site. Of the 147 remaining pairs, 78 co-occurred
significantly more often than randomly expected, whilst only six pairs
occurred less often (Fig. 2).

3.3. Ecological conditions under which the target ASVs were present

No clear pattern of ASV distribution was found with the ordination
analysis. No clusters of sites, ASVs, or a separate lake or stream cluster
were found, and environmental variables were only weakly correlated
with the ordination. Although caution is needed when interpreting
NMDS graphs based on weak ordinations, Figs. 3 and S22 give some
insights into how the ASVs and the environmental variables were
correlated to the axes. The environmental variables were weakly
correlated to the second ordination axis, where nutrients, alkalinity and
conductivity showed positive relationships (Fig. 3, Pearson’s correlation
coefficient for alkalinity: 0.3, TotN: 0.3, TotP: 0.2, conductivity: 0.2).

Habitat (i.e. stream or lake), was also weakly correlated with the NMDS
axes, with lake sites mainly found positively related to the first and
negatively to the second axis (Fig. 3). The ASVs ULNS, FJOA and FMIX
showed the closest associations with the first axis, with ULNS and FJOA
showing a negative and FMIX a positive association (Supplements
Fig. 522). The ASVs with the closest association to axis 2, and thus the
local water chemistry variables, were FGRA3, FAGN and FMIX, all with
negative associations. Consequently, they were more likely to be found
in nutrient poor and low alkalinity sites. By contrast, UULN3 was
strongly positively associated with axis 2, indicating a preference for
nutrient rich sites with high alkalinity (Supplements Fig. 522).

The subtle differences in ASV composition between lake and stream
sites found in the ordination were confirmed by SIMPER (Table 4). The
average occurrence of most ASVs was significantly different for lakes
and streams (Table 4, ANOSIM, R = 0.06, p < 0.005). For example,
FGRA3 and FHEA2 were more than four times more likely to be found in
stream than in lake samples, whereas FPEM1, FTEN, and FMIX were
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Fig. 4. Number of ASVs of Fragilaria and Ulnaria per sample versus TotPi,; [mg/1] (left) and pH (right). -with) - Gaussian response model fitted.

more often found in lakes (Table 4).
3.4. Ecological preferences

3.4.1. Ecological preferences in general

We found up to twelve Fragilaria and Ulnaria ASVs together at each
sampling site. The highest richness was on average found at 0.033 mg/1
TotP and pH 7.5, and lowest at the marginal environmental values
(Fig. 4). IndVal analysis revealed, however, that no ASVs were typical
for marginal conditions (data not shown). For example, only six out of
the 19 ASVs were not found in the sites pH < 6, or in the sites with <
0.005 mg TotP/1.

The ecological preferences modelled for the separate ASVs all over-
lapped, with gradual shifts of the modelled optima. The large standard
deviations indicated that most ASVs were found across large ranges,
from low to high values of the respective environmental variables
(Fig. 5, Table S1). The ASV-specific modelled optima were 7.15-7.87 for
pH, 0.4-1.8 mekvl/I1 for alkalinity, 0.021-0.109 mg Tot-P/1, 0.6-2.0 mg
Tot-N/1 and 9-59 mS/cm for conductivity, respectively (for details see
Fig. 5, Table S1). Although the modelled optima only showed small
differences along the environmental gradients, the differences in dis-
tribution of the ASVs were still significant for all factors (Kruskal-Wallis
test, p < 0.05). The pairwise post-hoc tests (Tables S2-S6) then specified
the ASVs with significant different ecological preferences. Combining
the results for ASV co-occurrence and ecological preferences, we found
that two ASVs were involved in all of the few detected significantly
negative co-occurrences, UACU and FPEM1 (Fig. 2). These were placed
at or close to the ends of the range of the modelled nutrient preferences
of all studied ASVs (Fig. 5, Table S1). The differences in ecological
preferences were significant for all but one ASV pairs with a negative co-
occurrence, (pairwise post-hoc tests, Tables S2-S6). Differences were
found for all of the studied water chemistry variables, with three to all
five variables (pH, alkalinity, TotP, TotN, conductivity) varying between
ASV pairs.

3.4.2. Did co-occurring genetic variants show different ecological
preferences?

We also analysed whether the ASVs showing the strongest positive
associations had different ecological preferences. All of those ASVs
analysed in detail occurred frequently in our dataset (Fig. 2; FTEN,
FAGN, FGRA2, FGRA1, FJOA). We found significant different prefer-
ences for certain water chemistry variables for some of the ASV pairs.
For example, FTEN preferred lower TotP concentrations than FAGN

(Fig. 5, Table S1, Table 5). FJOA preferred higher TotP concentrations
than FTEN, FGRA1 and FGRA2 (Fig. 5, Table S1, Table5). For other ASVs
with strong positive association (e.g. FTEN-FGRA2, FAGN-FGRA2 or
FAGN-FJOA) no significant differences of preferences for the studied
water chemistry variables were found (Table 5).

3.4.3. Comparing ASV responses within species

Finally, we linked the geographical distributions and ecological
preferences of ASVs to the traditional species concepts (following Kah-
lert et al., 2019). In summary, the results indicated that ASV variants
with different optima existed for F. gracilis, whereas evidence for
F. perminuta and F. heatherae ASV variants was weaker.

The species F. gracilis was represented by three genetic variants in
our dataset, all of them occurring frequently. The ASV FGRA3 was found
in higher frequency in Norway than FGRA1 and FGRA2 (Table 3). None
of these ASVs showed a negative association with each other, but FGRA2
was significantly more associated with both of the other ASVs than ex-
pected by chance (Fig. 2). FGRA3 had very low modelled optima for all
environmental variables assessed, and FGRAL1 the highest values of the
three ASVs (Fig. 5). The median distribution of the three ASVs was
significantly different for all of the pairs for alkalinity. It was also
different for TotN between FGRA3 and the other two ASVs, and for
conductivity between FGRA2 and FGRA3 (Kruskal-Wallis test with
posthoc pairwise comparisons, Bonferroni-corrected p < 0.05,
Tables S1-S5). On the other hand, FGRA1 and FGRA3 were clearly more
common in streams, FGRA2 was found with a slightly greater frequency
in lakes (Table 4).

F. perminuta and F. heatherae were the other Fragilaria species in our
dataset represented by more than one genetic variant. ASVs of these
species were less frequent in our dataset than those of F. gracilis. Both
F. perminuta variants were more frequent in lakes, whereas both
F. heatherae variants were more frequent in streams (Table 4). The
F. perminuta variants were significantly more often found together than
expected by chance but the F. heatherae variants were not (Fig. 2). The
geographical distribution of the within-species variants was different.
FPEM1 was more frequently found in Sweden, Finland, Germany and
UK, whereas FPEM2 was found more frequently in France and Norway
(Table 3). FHEA1 was only found in UK, whereas FHEA2 had a wider
distribution. Graphical inspection of the modelled optima did not reveal
a closer relationship of the within-species ASVs than of the between-
species ASVs (Fig. 5). The median distribution of the two within-
species ASVs was not significantly different for either F. perminuta or
F. heatherae for any of the environmental variables (Kruskal-Wallis test
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Fig. 5. Optima and tolerance (Standard deviation) of target Fragilaria and Ulnaria taxa for pH (upper left), conductivity (mS/m, upper right), TotP (mg/1, lower left),

and TotN (mg/1, lower right).
with posthoc pairwise comparisons, Bonferroni corrected p < 0.05).

4. Discussion

In summary, we found some evidence suggesting that diatom taxa
distributions, here studied as Fragilaria and Ulnaria ASVs, were restricted
to certain regions. However, we did not find evidence that ASV distri-
bution in general is geographically restricted. We cannot rule out the
possibility that the co-occurrence of diatom taxa, as ASVs, might be
enabled by slight differences in their ecological preferences. However,
the detected differences in ecological preferences were small. Thus,
neither of our hypotheses could be definitely confirmed based on our
dataset of ASVs. Linking the studied ASVs to Linnaean species concepts,
following Kahlert et al. (2019), indicated that the Fragilaria species
included in our study were not restricted to certain regions, their genetic
variants (ASVs) were no isolated populations, and that differences in
ecological preferences among ASVs were larger than those among
species.

More specifically, we did not find evidence for a general restricted
dispersal of the studied Fragilaria and Ulnaria ASVs (hypothesis 1). While
some ASVs had a narrow distribution, others were widely distributed.
Similar results were recently found for other diatom genera (Pérez-
Burillo et al., 2021), suggesting that there are no general geographical
barriers for the distribution of freshwater benthic diatom ASVs in
Europe, even between regions separated by the sea. For example, FBID
was originally isolated from Japan, but found in France and the UK.
FHEAZ2, isolated from Italy, was found in all countries except the loca-
tions sampled in Germany. The reasons why other ASVs (FHEAL,
UULN1) had a restricted distribution (UK, France) will need further
study. Maybe, those sequences are evolutionary relatively young and
might not have had time to spread to a larger area, confirming the idea
that diatom dispersal is not as rapid and effective as required for an
ubiquitous dispersal (Poulickova et al., 2008, and reference therein).
Perhaps also the non-detection of FRAS and UULN4 could be explained
by a restricted geographical distribution close to the regions of strain
isolation, neither of which was included in our study (Spain, USA,



M. Kahlert et al.

Table 4

ASVs found with exact matching, differences between habitats (streams versus
lakes). Table shows the mean of the occurrences per sample for streams or lakes
(SIMPER analysis on PA data, BC).

Taxon Contribution to Cumulative Streams Lakes Streams:
dissimilarity % contribution% (n=685) (n= lakes
85)

FMIX 121 12.1 0.51 0.86 0.6
FGRA2 111 23.2 0.48 0.64 0.8
UULN3  10.8 34.0 0.84 0.59 1.4
FAGN 10.4 44.4 0.46 0.45 1.0
UACU 10.3 54.7 0.41 0.45 0.9
FTEN 8.7 63.4 0.21 0.44 0.5
FGRA1 7.5 70.9 0.36 0.13 2.8
ULNS 6.8 77.6 0.28 0.15 1.8
FJOA 6.1 83.7 0.29 0.09 3.1
FPEM1 5.2 88.9 0.03 0.27 0.1
FGRA3 3.4 92.3 0.17 0.04 4.7
FPRU 2.8 95.1 0.10 0.07 1.4
FHEA2 2.1 97.2 0.12 0.02 5.0
FPEM2 1.3 98.5 0.04 0.05 0.9
FBID 0.5 99.0 0.03 0

FNNO 0.3 99.3 0.01 0.01 1.0
UULN1 0.3 99.6 0.02 0

UULN2 0.2 99.8 0.01 0

FHEA1 0.2 100.0 0.01 0

Kahlert et al., 2019). In addition, the fact that the genetic variants within
a species displayed a somewhat contrasting frequency in different sub-
regions confirmed that ASV distribution is not ubiquitous. However, we
found no clear evidence that the studied within-species ASVs of
F. gracilis, F. perminuta and F. heatherae were isolated populations.
Within-species ASVs did not show a significant negative association;
rather, in some cases they co-occurred together more often than ex-
pected by chance.

We also found that a sample often hosted many of the studied Fra-
gilaria and Ulnaria ASVs. Up to 12 out of the 19 ASVs were found at the
same site. More than half of the ASV pairs co-occurred significantly more
often together than would be expected by chance. The extent of these co-
occurrences suggested that the taxa were not actively excluding each
other per se. Only a few ASVs showed a significant negative co-
occurrence, involving especially UACU and FPEM1. We found that the
ecological optima of those two ASVs were placed at the ends of the range
of the modelled optima and habitat preferences of all studied ASVs,
meaning that differences in their ecological profiles were probably
sufficient to prevent co-occurrence at sites with similar ecology
altogether.

There are a couple of explanations for the co-occurrence of ASV pairs
detected amongst our target taxa. First, we found some evidence that the
ecological niches of the studied taxa (as ASVs), described as their pref-
erence for important water chemistry variables, and their preference for
lakes or streams as habitat, were slightly, but significantly, different
(hypothesis 2). This new knowledge, based on stable taxonomical units,
give a first glimpse into ecological differences of a diatom group where
separation has been difficult until now. We are aware that our results
need to be interpreted cautiously. Overall, we found that the spatial
pattern of ASV distribution was weak, so any attempts to explain the

Table 5
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observed patterns need to be made with care. Furthermore, the modelled
ecological preferences for the environmental variables showed only
gradual shifts between ASVs when in rank order of their sensitivity to a
variable. On the other hand, we observed significant differences in
ecological preferences from the ASV pairs with the strongest positive
relationships, all of which occurred frequently in our study. Addition-
ally, we based our model on strong gradients known to influence diatom
assemblage structure (Juggins and Birks, 2012). It is unlikely that
combining several different datasets caused major batch effects as dis-
cussed by (Bailet et al., 2020). ASV data did not cluster per country, and
we did not find outliers or certain country deviations when testing
correlations of water chemistry variables prior to the analyses. There-
fore, we believe that our findings of slight differences in the preference
for important water chemistry variables indeed may indicate that ASVs
might partly co-occur due to subtle differences in use of resources or
other dimensions of the ecological niches as hypothesized in community
ecology.

Several other causes for the observed frequent detected ASV co-
occurrence are possible. One important factor is time. Not only does
dispersal take time (as mentioned above), but competition and evolution
take place over time, and environmental conditions are constantly
changing too. This means that there is never a stable equilibrium for
long enough for a taxon to exclude a co-occurring taxon purely through
competition. The observed composition of taxa at any point in time is
just a snapshot from an ever-changing continuum of possibilities. Our
data also do not allow insights into the seasonal succession of taxa or
their activity. Taxa might compete less and thus co-occur when their life
cycles are not synchronous, as has been shown for e.g. the marine
planktonic genus Pseudo-Nitzschia (Ruggiero et al., 2015; Turk Der-
mastia et al., 2020). At least in theory, it is possible that their abun-
dances would peak at different times (due to yearly variation in
temperature, light availability or seasonal dynamics of grazer pop-
ulations), but their growth seasons may still overlap. Moreover, meta-
barcoding data do not provide information about whether the observed
populations were active at the time of sampling. Resting cells will appear
along with actively dividing ones, so it is possible that one of the co-
occurring taxa was completely passive at the time of sampling.

It is also possible that ASVs were found side-by-side because the
genetic variants have yet not formed distinct ecological niche prefer-
ences. This study has focussed on a single marker, albeit one repre-
senting a key photosynthetic enzyme. Links between this gene and the
environmental variables on which we focus are complex, so it does not
necessarily follow that small differences in the optima associated with
ASVs necessarily represent the outcome of evolutionary processes. We
can for example not fully rule out the possibility that some of the studied
ASVs may represent species other than those listed in Kahlert et al.
(2019). The analysis of additional markers and mating experiments
would be needed to support species delineation and, in turn, species-
specific distribution and ecology.

Space is another important factor, which need to be taken into ac-
count when ASV co-occurrence at a site is observed. Resource avail-
ability, or the presence of stress, is patchy not only in time, but also in
space. This patchiness can perpetuate co-occurrence even if species are
competing, as shown by Mitchell et al. (2013). We are also aware that
the standard spatial scale used for sampling in our study covers several

Probability that the modelled optima of two coexisting ASVs of Fragilaria and Ulnaria were significantly different (p < 0.05). Results of the post-hoc pairwise Mann-
Whitney tests with Bonferroni corrected p values (PAST v.2.17b (Hammer et al., 2001)).

FTEN-FAGN FTEN-FGRA2 FTEN-FGRA1 FTEN-FJOA FAGN-FGRA2 FAGN-FJOA FGRA2-FGRA1 FGRA2-FJOA FGRA1-FJOA
pH 1 1 1 1 1 1 1 1 1
Alkalinity 1 1 0,01156 1 1 1 0,002313 1 0,1429
TotN 0,9687 1 0,000201 0,02018 1 1 0,0537 1 1
TotP 0,02469 1 1 0,000003047 1 1 1 0,004822 0,0113
conductivity 1 1 0,02881 1 1 1 0,1332 1 1
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substrata within a transect of several metres. Thus, each sample might
pool a number of ecological microniches differing in their ecological,
chemical, physical, and biological properties, contributing to the
apparent co-occurrence we observed. To detect competition, it will be
necessary to study diatoms at smaller scales than is usual for environ-
mental assessment (Mitchell et al., 2013; Pérez-Burillo et al., 2021),

Future studies need to look beyond local water chemistry or spatial
distribution to fully understand a niche. Water temperature and hy-
drology also need to be taken into account, as well as biological factors.
Certainly the ability to withstand parasites and diseases (e.g. Crawford
et al., 1985), or grazers (Hillebrand et al., 2007; Worm et al., 2002) are
traits which are important for diatom competition. Biotic interactions
are, however, much less studied than geographic distribution and re-
sponses to physical and chemical variables. Furthermore, we do not
know much about how the relationships with single stressors discussed
here are influenced by the wide range of other natural and anthropo-
genic stressors encountered by phytobenthos assemblages, each expe-
rienced at different amplitudes and frequencies.

The significance of these results for environmental assessments in
general, and specifically for those associated with the WFD, is not yet
clear. Certainly, the results of ASV-specific sensitivity to water quality
variables of the target genera Fragilaria and Ulnaria could be used to
further develop environmental assessment based on metabarcoding.
Most ASVs represented taxa with a pH optimum slightly above 7, and
low nutrient concentrations probably consistent with at least “good
ecological status” (Poikane et al., 2019). However, the distribution of
some ASVs might extend into more nutrient rich conditions. Our data
give clear support to the idea that ASVs as stable and unbiased molecular
units should be the base for ecological studies or environmental moni-
toring using molecular data, as has been recommended by Pérez-Burillo
et al. (2021). Our findings of significant differences in preferences for
alkalinity, TotN and conductivity between FGRA1l and FGRA3 in
F. gracilis, or the different habitat preferences of the two ASVs of
F. perminuta, indicate that the seemingly broad ecological tolerances of
some diatom species might be a result from overlapping preferences
among genetic variants, or cryptic species. These more restricted pref-
erences and distributions of the within-species genetic variants has been
earlier suggested by Poulickova et al. (2008), and was found for other
diatom genera by Pérez-Burillo et al. (2021), Poulickova et al. (2008);
Tapolczai et al. (2019) and Tapolczai et al. (2021). Combining the ASV
approach with the use of metabarcoding datasets is a promising way to
develop ecological assessment using barcodes. When used with a reli-
able reference library, metabarcoding should remove the differences
between laboratories that occur when light microscopy results are
pooled. The diatom metabarcoding method has been benchmarked for
its use in environmental assessment (Bailet et al., 2019; Charles et al.,
2021; Kelly et al., 2020; Valentin et al., 2019) and a curated reference
barcoding library (Diat.barcode, Rimet, 2020; Rimet et al., 2019) is
available for this marker. Using ASVs to generate metrics is the next
logical step (Kahlert et al., 2021), with the barcode libraries being used
to assign taxonomy post hoc, to aid interpretation.

5. Conclusions

Our study confirmed that there seem to be no general geographical
barriers for the distribution of freshwater benthic diatom ASVs in
Europe, but that dispersal is not sufficiently rapid to hide historical
events during the studied time scale. There was evidence that only large
differences in preferences for the analysed water chemistry variables
prevented the co-occurrence of Fragilaria and Ulnaria ASVs at the same
sites. Instead, the studied ASVs occurred frequently together at a site,
and even showed positive relationships. We found subtle differences in
ecological preferences amongst some pairs, which suggests that their co-
occurrence may be due to avoidance of direct competition. However, the
great overlap in geographical distribution and preferences for ecological
conditions suggests that factors other than physico-chemical conditions

11

Ecological Indicators 141 (2022) 109114

were at least partly responsible for the observed co-occurrences and high
richness of ASVs found at many sites. Our results are based on a large
dataset, however we acknowledge that there are still biases regarding
water chemistry, habitat and regions, some of which were better rep-
resented than others. We also emphasise that our conclusions are based
on ASVs defined by a relatively short barcode region, and that our
knowledge on the molecular diversity of diatoms, and the genetic
variation of species and clades, is still in its infancy. Our study is just a
first step to understand the seeming paradox that closely-related fresh-
water benthic diatoms show sympatric distributions in apparent
contradiction to ecological theory (e.g. competitive exclusion principle).
New molecular data are generated en masse as we are writing, and thus
we will have the possibility to study the patterns of distribution of
molecular diatom units in more detail in the near future. More detailed
data will be required in order to test whether diatom taxa are competing.
These data must describe other dimensions of the ecological niche than
preferences for commonly measured water chemistry variables or
habitat, and must be acquired at ecologically-realistic scales.
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