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We developed and compared the performance of freshwater benthic diatom indices calculated from (i) tradi
tional morphological species identification, (ii) Amplicon Sequence Variants (ASVs) obtained via DNA meta
barcoding, and (iii) morphological traits to indicate eutrophication in rivers and lakes in Fennoscandia. Based on
the results, we provided recommendations for the future routine use of diatom bioassessment tools in envi
ronmental monitoring and assessment. Our results show that ASVs are the most promising candidates to be used
in environmental assessment. Indices based on ASVs correlated better with TotP concentrations than morpho
logical taxa data, whereas the trait indices correlated least. We could see by studying the taxonomic assignments
of the ASVs that traditional morphotaxa were divided up into several ASVs with different ecological profiles,
which explained part of the better index performance and also encourages further studies on diatom diversity
and ecological preferences. In general, ASV- and morphotaxon-specific optima differed slightly between streams
and lakes, but were significantly correlated with each other. This means that it should be possible to develop a
common index that is applicable in both streams and lakes, but boundary values with respect to TotP might need
to be set separately for them. More knowledge on diatom traits is required to enable their use for environmental
assessment.

1. Introduction
Freshwater benthic diatoms have been used in aquatic environmental
assessment for >100 years (Kolkwitz and Marsson, 1908). Today, diatoms
are part of standard bioassessment toolkits (Charles et al., 2021), for
example for monitoring of water bodies in accordance with the United
States Clean Water Act (1972) or the European Water Framework Directive
(WFD: European Parliament and Council, 2000). Diatom indices have been
developed for manifold pressures, including, for example, acidification or
salinization (Smol and Stoermer, 2010). However, indices indicating
eutrophication are most frequently used, likely because eutrophication still
is considered the most common stressor in freshwaters (Carvalho et al.,
2019; European Environment Agency, 2018; Poikane et al., 2021).

Diatom indices which currently are in use for freshwater monitoring
are based on inventories of the taxa that occur at the sampling sites.
Traditionally, light microscopy is used to identify diatoms by morpho
logical characters, and to quantify the relative abundance of different
taxa (Smol and Stoermer, 2010). This process is, however, timeconsuming and correct species identification is difficult (Alers-García
et al., 2021; Hicks et al., 2006; Mann, 1999). Even experts struggle with
species identification because differences between species often are
subtle, and the description of characters used for species differentiation
may be vague or overlapping (Kahlert et al., 2019; Li et al., 2018; Mann,
1999). Intercalibration exercises have shown that differences in species
identification among laboratories were due to misidentifications, but
also because laboratories have established laboratory-internal
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conventions on how to handle difficult and closely related taxa (Kahlert
et al., 2009; Kahlert et al., 2012; Werner et al., 2016). Consequently,
taxonomic consistency is a problem both within and between countries
(Charles et al., 2021), and challenges related to diatom identification
contribute more to the variability in reported diatom assemblages than
differences in methods used for diatom sampling, sample preparation or
the way of counting (Charles et al., 2021).
In contrast, metabarcoding is considered an objective method for
diatom identification, because this DNA-based approach is automated,
such that different laboratories should produce the same results if using
the same methods, at potentially greater speed and precision than
traditional diatom determination and counting (Pawlowski et al., 2018).
The method has been benchmarked (Charles et al., 2021), and especially
the rbcL marker has been shown to reflect diatom genetic diversity well,
producing similar results as morphological species determination (Bailet
et al., 2019; Kelly et al., 2020). Whereas earlier studies have used
operational taxonomic units (OTU), that is, clusters of sequence vari
ants, as a standard taxonomic unit of a barcoding analysis, recent studies
have switched to the use of amplicon sequence variants (ASVs). In
contrast to OTUs, ASVs are generated by applying a denoising algorithm
that detects and eliminates sequences that are more likely to contain
errors. ASVs produce reproducible and comprehensive results of very
highly resolved diversity where even one nucleotide difference between
barcodes can be detected (Callahan et al., 2017). Recent results have
shown that ecological profiles can be assigned to genetic units in a
similar way as to morphological taxa, and that this knowledge can be
used to design molecular indices (Kelly et al., 2020; Pawlowski et al.,
2018; Tapolczai et al., 2019).
Another alternative approach to the morphological species-based
indices is to study the usability of trait-based diatom indices. Using
easily measurable morphological traits such as size or growth form could
potentially overcome the challenges of diatom identification as well.
Furthermore, a trait-based index could potentially be used in a wider
geographical region than a species-based index, thereby overcoming
differences in taxa composition and environmental conditions that
commonly complicate the intercalibration of species-specific indices
(Soininen et al., 2016; Tapolczai et al., 2017). Additionally, traits may
provide ecological explanations for how organisms respond to environ
mental constraints (Statzner and Bêche, 2010).
Whereas the use of ecophysiological traits, e.g. the ability of a species
to use a resource or cope with a certain stressor (Violle et al., 2007), has
a long history in diatom monitoring (e.g. Cemagref, 1982, Kelly, 1998;
Kelly and Whitton, 1995; Kolkwitz and Marsson, 1908; Rott et al.,
1999), the knowledge and use of morphological traits is relatively new
for diatoms compared to other organism groups (Larras et al., 2021;
Kruk et al., 2010; Statzner and Bêche, 2010). The few described diatom
traits are compiled in Rimet and Bouchez (2012), and mostly refer to the
size or growth form of diatom species. A few earlier studies indeed
suggested that certain morphological traits of diatom species assem
blages change with nutrient availability: the abundance of motile (fast
moving) (Passy, 2007, Berthon et al., 2011, Soininen et al., 2016;
Tapolczai et al., 2017) and high-profile (Passy, 2007) taxa increased
with nutrient availability, whereas the abundance of low-profile (Ber
thon et al., 2011; Passy, 2007; Tapolczai et al., 2017) and small-sized
taxa (B-Béres et al., 2016; Cattaneo et al., 1997; Lange et al., 2016)
decreased. Potapova and Snoeijs (1997) have shown that the surface to
volume ratio of diatom populations was high when resource uptake
needed to be high. Furthermore, large taxa generally had a stronger
response to environmental variables than small taxa (Snoeijs et al.,
2002).
The present study was performed in Northern Europe which is not
only a relatively understudied region regarding its diatom taxonomy,
with large knowledge gaps about the presence, distribution and ecology
of species (Bailet et al., 2019). Fennoscandia also presents an environ
mental gradient which potentially could have an impact on the diatom
assemblage response to other stressors such as nutrients. Fennoscandia

does not only cover a gradient of nutrients, conductivity and pH, but also
a steep west-east gradient in the concentration of organic matter, from
clear waters in Norway to colored waters in Sweden and Finland, caused
by different humus outputs from the soils due to differences in climate,
soil and vegetation type (Löfgren et al., 2003). Whereas some theoretical
concepts have been suggested for the distribution of diatom traits due to
nutrients, flow disturbance or toxins (Passy, 2007; Rimet and Bouchez,
2011; Rimet and Bouchez, 2012), the impact of color has so far not
received much attention.
Here, we develop and compare the performance of indices calculated
from (i) traditional morphological species identification, (ii) ASVs ob
tained via DNA metabarcoding, and (iii) morphological traits to indicate
eutrophication in rivers and lakes in Fennoscandia. Based on the results,
we provide recommendations for the future routine use of diatom bio
assessment tools in environmental monitoring and assessment.
2. Material & methods
2.1. Study sites
.
2.2. Collection of data
Data were collected from 76 stream and 39 lake sites in Fennoscandia
(Sweden, Finland, Norway) and Iceland (Fig. 1). Those sites had been
sampled in different projects, mainly for routine environmental monitoring
programs (sampling years 2006–2016). Water chemistry parameters were
extracted from the Swedish National database (https://miljodata.slu.
se/mvm/) for the Swedish sites, from the Hertta system version 5.7 of
Finnish Environmental Administration (http://www.syke.fi/en-US/Open_in
formation) for the Finnish sites, and from databases hosted at the Norwegian
Institute for Water Research for the Norwegian sites. For the sites in Iceland,
water chemistry parameters were derived from literature (Friberg et al.,
2009; Ólafsson et al., 2010). We compiled data for nutrients: total phos
phorus (TotP) and total nitrogen (TotN), conductivity, total organic carbon
(TOC) as measure for humic substances, alkalinity and pH. Diatoms were
sampled in autumn following the European standard (EN 13946:2014 CEN,
2014a). The samples were preserved with 97% ethanol (final concentration
approximately 70%) and kept in dark at room temperature until dividing for
morphological analysis and DNA extraction.
2.3. Diatom analysis & identification – Microscopy
Diatom morphological data were partly derived from national or
regional databases (Sweden, Finland), and partly from analyses done for
the study of Bailet et al. (2019) (Norway, Iceland). All analyses followed
the European standard (EN 14407:2014 CEN, 2014b), and diatom
identification was harmonized. In short, the samples were oxidised with
hydrogen peroxide and the cleaned diatom valves then mounted with
Naphrax (Brunel Microscope Ltd) on microscope slides. Identification to
the lowest taxonomic level possible was done under a light microscope
with interference contrast (1000 × magnification). At least 400 valves
per sample were counted and identified using standard literature
(Jarlman et al., 2016). Counts were then expressed as relative abun
dance. As diatom morphological identification by microscope is a large
source of error, we made sure that taxa lists were comparable. All
involved analysts had harmonized their way of diatom identification
and counting following the recommendations of NorBAF (Kahlert et al.,
2016), which ensured that the resulting taxa lists can be considered to
contain no significant differences due to different laboratories (Kahlert
et al., 2009). To simplify reading, we here use the term “morphotaxa”
when referring to the diatom taxa identified by microscopy.
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Fig. 1. Sampling sites (76 streams and 39 lakes) in Fennoscandia (Sweden, Finland, Norway) and Iceland.

2.4. Morphological trait assignment

biovolume and S/V categories. Using the resulting 14 trait categories
implied that a taxon could potentially be categorized into one of 100
unique combinations (5 biovolume categories * 5 S/V categories * 4
guilds), or into one of 20 combinations of a guild and a biovolume
category, or guild and S/V category. The taxa found in our study
comprised 66 of the 100 possible trait combinations. In the following
text, we refer to the uncombined traits as “pure traits”, to the 66 full
combinations as “fully combined traits” and to the others as “partly
combined traits”. After testing all three variations, we mainly continued
using the fully combined traits only (see further below).

Morphological traits were assigned to the morphotaxa using a taxonspecific value following the database of Rimet and Bouchez (2012). We
used biovolume (five categories from very small to large; 1: <100 µm3;
2: 100–300 µm3; 3: 300–600 µm3; 4: 600–1500 µm3; 5: >1500 µm3) and
guilds (mainly based on growth-form: high-profile, low-profile, motile
and planktonic). As not all Nordic taxa were found in the database, we
added values for those taken from literature. Additionally, we calculated
surface to volume ratios (S/V) for each taxon by using a simple equation
assuming a box form of the cell for pennate diatoms, and a cylinder for
central diatoms, taking size values from the database of Rimet and
Bouchez (2012). S/V values were then also transformed to five cate
gories (1: < 0.5, 2: 0.5–1; 3: 1–1.5; 4: 1.5–2; 5: > 2). Different terms are
in use with respect to the definition of morphological characters, and the
term guild comprises already a combination of several characters (Rimet
and Bouchez, 2012). For the sake of simplicity, we refer in this article to
all used characters as traits, i.e. a trait is here covering both guilds,

2.5. Molecular analyses, amplicon sequence variants (ASVs)
2.5.1. DNA extraction and sequencing
The details for DNA extraction and sequencing can be found in Bailet
et al. (2019). In short, DNA was extracted using the NucleoSpin Soil Kit
(Macherey-Nagel), and PCR was performed on a 312 bp barcode on the
rbcL plastid gene using the modified Diat_rbcL_708F and R3 primer pair
3
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R2 values of the fit in each case (R2 = 0.97, 0.98, 0.99 for ASVs, mor
photaxa and fully combined traits, respectively). For the environmental
variable fitting, we used the envfit function of the vegan package in R.
The goodness of fit of the variables to the NMDS ordination was assessed
using 999 permutations, and represented by the squared correlation
coefficients. As the fully combined traits showed the best relationship to
the environmental variables, only those were kept for further analyses.
The anosim function of the vegan package in R was used to perform an
analysis of similarities (ANOSIM) to test if the diatom assemblages
differed significantly between streams and lakes, in each of the three
datasets (ASVs, morphotaxa, fully combined traits), respectively.
To analyse if and how the assemblage structure was related to the
measured environmental variables directly, we first used Detrended
Correspondence Analysis (DCA) to analyse the type of response to be
able to choose the suitable ordination method (unimodal or linear
response). The DCA revealed quite long 1st axes for both ASVs and
morphotaxa (Table S4), indicating an unimodal response of both
(Šmilauer and Lepš, 2014). Based on the outcome of the DCA, we
performed Canonical Correspondence Analysis (CCA) on all datasets
(ASVs, morphotaxa, fully combined traits). Using forward selection,
TotN was excluded from the analyses as it strongly correlated with
TotP. For scaling options, we used centering with unit variance, and
chose to optimize species. Monte Carlo tests were performed to test
for a significant relationship between assemblage structure and
environmental variables. DCAs and CCAs were performed using the
functions decorana and cca of the vegan package in R. The biological
datasets were Hellinger transformed for DCA and CCA analyses to
tackle the problem of many variables having low counts and many
zeros, giving them a lower weight. The outcomes of the NMDS plus
envfit, and CCA analyses were used to compare the response of the
three datasets to the measured environmental variables.

following (Vasselon et al., 2017a; Vasselon et al., 2017b). Sequencing
was done by the Platform Genome Transcriptome (PGTB, Bordeaux,
France) using Ion Torrent Personal Genome Machine (PGM).
2.5.2. Bioinformatics
Primers were removed from raw reads with cutadapt v2.3 (Martin,
2011). We retained only reads representing full amplicons with both
forward and reverse primers. Then, ASVs were generated using the
DADA2 pipeline (v1.14, Callahan et al., 2016), implemented in R, with
default parameters. Singletons were removed during sample inference.
Taxonomy was assigned to ASVs with the assignTaxonomy function
from the DADA2 package, which is an implementation of a naive
Bayesian classifier method (Wang et al., 2007). Diat.barcode (version 7,
Rimet et al., 2019) was used as a reference database for taxonomic
assignment of ASVs.
2.6. Statistical analysis and data treatment
2.6.1. Environmental gradients
We first performed a Principal Components Analysis (PCA) of the
sampling sites to show the environmental gradients of the water
chemistry variables among the sites included in this study. Prior to
analysis, the correlations (Pearson’s r) between the environmental fac
tors were checked (Table S2), and the alkalinity data were removed from
the analyses due to a very high correlation with conductivity (r = 0.96).
The remaining variables were then ln (TotP, conductivity) or square root
(TotN, TOC) transformed to reach normal distribution, and were scaled
to unit variance for the subsequent PCA analysis.
2.6.2. Diatom assemblage relationship to the environmental gradients
Then, we inspected the raw taxa data prior to the analyses of the
assemblage structure. The molecular dataset contained on average
23,656 reads per sample, the maximum was 33,664 reads. ASVs with ≤
10 reads in the total dataset were removed from further analyses to
denoise the dataset. In the next step, we performed rarefaction in order
to handle the bias potentially introduced by the different sequencing
depth among samples. We used the rrarefy function of the vegan v2.5–7
package in R v4.0.4. Sampling size was set to the lowest read number of
8843 reads, and controlled by rarefaction curves (Figure S1). Then, read
data were transformed to relative abundances (read numbers divided by
the total number of 8843 reads). Microscope counts were not rarefied
because the original total count number did not differ much between
samples due to the standardized method. Rare ASVs, morphotaxa, traits
and trait combinations which were present in one sample only were
removed from further analyses to denoise the dataset and improve the
detection of relationships between diatom assemblage composition and
environmental factors.
Nonmetric Multidimensional Scaling (NMDS) analyses were per
formed followed by environmental variable fitting for each of the three
diatom datasets (ASVs, morphotaxa, traits) to explore and display the
diatom assemblage structure in relation to the environmental data. At
this stage of the analyses, all three subdatasets for the traits (pure, partly
and fully combined) were used to assess which of them would have the
best relationship to the environmental variables, to decide for the
further use in index development. For the NMDS, we used the metaMDS
function of the vegan package in R 4.0.4. The distance measure was
Bray-Curtis. We applied 20 random starts to reach a stable solution
(default algorithm of metaMDS). The dimensionality of the data was
assessed with a scree plot, using the lowest dimension where the stress
was < 0.2, which was considered as good, resulting in three dimensions
for each dataset. The stress value indicates the goodness of fit of the
model to the data, with lower values implicating a better fit. The met
aMDS function in R performs a PCA rotation on the final results so that
axis 1 contains the greatest variance. Shepard stress plots were visual
ized in order to check how well the original dissimilarities were pre
served in the reduced number of dimensions and we found satisfactory

2.6.3. Development of nutrient indices
We then developed and compared diatom indices based on ASVs,
morphotaxa, and fully combined traits, respectively, to test which of
them was best related to nutrient enrichment, here measured as TotP
concentrations. Indices were developed separately for streams and lakes
as we expected the different water body types both to host different
combinations of environmental factors, as well as somewhat differing
diatom taxa and traits (Kahlert and Gottschalk, 2014). Even though it
has been shown earlier that a diatom index can indicate TotP equally
well in lakes and streams, there were subtle differences with respect to
very low and very high TotP values (Kahlert and Gottschalk, 2014). We
also tested index development based on two different ways of measuring
diatom occurrence, i.e. we calculated ASV/morphotaxon/trait-specific
optima on relative abundance in one trial, and on presence-absence
data in another. In this way, we wanted to test which of the calculated
ecological profiles would best reflect TotP concentrations.
The model building algorithm followed Tapolczai et al. (2019) and
Tapolczai et al. (2021), a robust cross validation method during which a
quality index is developed on a training dataset consisting of a randomly
selected 75% of the samples. The index is then calculated on the
remaining 25% test dataset. This cross validation procedure was per
formed 100x times for the three types of data, so each sample was sorted
in the test dataset with a 25% chance at each iteration. The method
resulted in multiple index values for each sample so a mean and standard
deviation of the index scores for each sample could be obtained, and
additionally, obtaining extreme values could be avoided.
During the index development on the training dataset, optimum and
tolerance values along the TotP gradient were calculated for the bio
logical units (ASVs, morphotaxa, fully combined traits) using the two
approaches depending on the data type (abundance or presenceabsence). Weighted means and weighted standard deviations were
calculated, based on the relative abundances to infer optimum and
tolerance values, respectively, for the abundance data. For presenceabsence data, means and standard deviations were calculated using
4
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the TotP values of samples where a given ASV/morphotaxon/trait was
present. Only biological units that were present in at least three samples
were kept in the training dataset, in order to ensure a relatively stable
profile along the TotP gradient. The Zelinka-Marvan equation (Zelinka
and Marvan, 1961) was adapted to calculate quality index scores on
samples in the test dataset:
∑(
)/ ∑ (
)
ai vj
IndexASV/morphotaxon/trait =
ai sj vj

3.2. Diatom assemblage structure and correlations to the environmental
variables
We found 5467 ASVs, and 530 morphotaxa. The latter were classified
into 66 full trait combinations. After the removal of the rare units to
denoise the dataset and improve the modelling, 1941 ASVs, 368 mor
photaxa and 64 full trait combinations remained, on which the analyses
were performed. The seemingly high loss of units corresponded however
to only 8.2, 1.1 and 0.2 % abundance of ASVs, morphotaxa and trait
combinations, respectively. To ensure that no important information got
lost due to the removal of the rare taxa, we performed all analyses also
on the full dataset (data not shown). The results were basically the same,
however with a higher uncertainty of the models.
In general, the comparison of the ten most abundant diatom taxa
found in this study differed between the morphological and the molec
ular analysis, but also showed some similarities (Table S1). Looking
down a microscope, the Achnanthidium minutissimum complex was most
abundant in our study, followed by Tabellaria flocculosa (Roth) Kützing.
With metabarcoding of the rbcL marker, Melosira varians Agardh was
instead the most abundant taxon, also here followed by T. flocculosa.
Some taxa were found in both top ten lists, such as Fragilaria gracilis
Østrup, Amphora pediculus (Kützing) Grunow and Aulacoseira ambigua
(Grunow) Simonsen, whereas others were not, such as Eunotia incisa
Gregory (morphological list) or Cymbella cymbiformis Agardh (molecular
list). The three most abundant morphological taxa represented>25% of
all diatom counts, whereas the three most abundant ASVs only added up
to 11%. On the other hand, several ASVs matched to the same taxon
name, for example three ASVs represented T. flocculosa in the top ten
list, adding up to about the same relative abundance as in the
morphological taxa list. However, adding up all 67 ASVs of
A. minutissimum resulted in a much lower total relative abundance for
this taxon (2.1% vs. 18.6%). The relative abundance of the acidophilic
genus Eunotia added up to about 10% relative abundance in both
datasets. Overall, of the 1941 ASVs, 1069 ASVs could be assigned to 64
genera and to 190 species. 51 of the 64 genera, and 89 of the 190 species
were found in the morphotaxa dataset as well.
When categorizing the taxa counted by microscope into the guild
system following Rimet and Bouchez (2012), about one-third repre
sented the low-profile guild and another one-third the high-profile guild
(Table S6). The relative abundance of the motile guild was 15 %, while
the planktonic guild was least abundant. Regarding biovolume, the
smallest-sized diatoms (category 1) were most common (35%), followed
by categories 2 (21%) and 4 (21%). Regarding surface to volume ratio,
the category with the highest ratio (category 5) was most common
(38%), followed by category 3 (32%). The most abundant morphotaxon
A. minutissimum falls into the low-profile guild, with smallest cell size
and largest S/V. The second most abundant taxon T. flocculosa falls into
the high-profile guild, cell-size category 4 and S/V category 3.
The graphical representation of the assemblage relationships
(NMDS) in combination with the overlay of the environmental variables
showed that the main differences between assemblages reflected rela
tively well the environmental differences between sites for both ASVs
and morphotaxa (Fig. 3). However, the graphs also show that some of
the assemblage relationships especially correlated to axis 2 had little
representation in environmental variables, especially so for the ASV
data. Here, assemblages were significantly separated by habitat type, i.e.
if they were sampled in streams or lakes (ANOSIM, Table S7). Stream
and lake assemblages identified as morphotaxa were barely (but still
significantly) separated (ANOSIM, Table S7). The stable solution of the
NMDS was reached with a somewhat higher stress value for the ASV
dataset than for the morphotaxa dataset, indicating more variation in
the ASV assemblage structure (Fig. 3). The environmental variable
fitting analysis indicated TotP and conductivity as potential strong
predictors for the diatom assemblages both for ASVs and morphotaxa
(Fig. 3, Table S5). However, pH was identified as the strongest predictor
for the morphotaxa assemblage, whereas it had a rather weak

where IndexASV/morphotaxon/trait is the index score of the test sample based
on ASVs, morphotaxa and fully combined traits, respectively; aj is the
relative abundance of the jth ASV/morphotaxon/trait; sj is the optimum
value of the jth ASV/morphotaxon/trait; and vj is the tolerance value of
the jth ASV/morphotaxon/trait. Calculated index scores were then
correlated with the TotP values to assess its efficiency. The index
development resulted in four different indices for each biological unit:
one index based on ASV/morphotaxon/trait-specific TotP optima and
tolerance values modeled from presence-absence data, one index based
on optima and tolerance values modeled from relative abundance data,
both separately for streams and lakes. The index score for a site itself was
in all cases calculated with the relative abundance data (aj) of the ASVs/
morphotaxa/traits present.
3. Results
3.1. Environmental gradient of the sampling sites
The sites in our study were well distributed along a nutrient gradient
(Fig. 2), which was the main structuring environmental factor (corre
lations with the 1st PCA axis: TotP and TotN both r > 0.8, Table S3). Also
conductivity was strongly correlated with the same axis (r = 0.75, Fig. 2,
Table S3). The other strong gradient in our study was characterized by
pH and TOC, both correlated to axis 2 but in opposing directions (Fig. 2,
Table S3). The west-east gradient in the concentration of organic matter
(from clear waters in Norway to brown waters in Finland) is clearly
visible. Whereas the streams were distributed along the entire envi
ronmental gradient on both axes, lakes showed a more restricted dis
tribution along the second PCA axis.

Fig. 2. PCA analysis of the 115 sampling sites clustered by their environmental
variables: total organic carbon (TOC), total phosphorus (TotP), total nitrogen
(TotN), conductivity (Cond) and pH.
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Fig. 3. Non-metric multidimensional scaling (NMDS) plot on diatom ASVs (A) and morphotaxa (B) assemblages data with fitted environmental variables. Stress
values are 0.17 and 0.13 for the two NMDSs, respectively. Squared correlation coefficients are given for each environmental factor reflecting the strength of this
factor as a predictor of the assemblage structure.

relationship to the structure of the ASVs (Fig. 3, Table S5). TOC showed
the weakest relationship to the assemblage structure for both datasets.
All correlations in both datasets obtained with environmental fitting
were strongly significant (p < 0.001).
Analyzing the direct effect of the environmental variables, assem
blage structure was preserved even in this constrained form, confirming
that the measured variables captured main factors steering the taxon
distribution (CCA, Monte Carlo permutation tests for axes 1, 999 ran
domizations: p < 0.01). For both ASVs and morphotaxa, pH, TotP and
conductivity were strongly positively related to the 1st CCA axis
(Table S8), whereas TOC was only weakly correlated to this axis, and
instead correlated strongly to the 2nd axis. The explained variation was
higher for the morphotaxa structure (13.45 %) than for the ASVs (8.41
%), and relatively more variation was explained by the first axis for the
morphotaxa than for the ASVs (Table S8).

In contrast to ASVs and morphotaxa where the highest variation in
structure correlated relatively well with the highest variation in water
chemistry (Fig. 3), the highest variation in trait structure was basically
uncoupled from the measured environmental variables when traits were
analysed separately (pure trait dataset, Fig. 4A). Compared to ASVs and
morphotaxa (Fig. 3), the environmental variables correlated clearly
more with the second axis than with the first, and showed a weaker
relationship with the pure trait composition than for ASVs or morpho
taxa (Fig. 4A, Table S5). The most abundant guilds, low-profile and highprofile, were mainly correlated in opposing directions to the first axis
which had little representation in environmental variables, whereas the
motile guild was correlated to the second axis having the strongest
relationship to the environmental variables. Also the smallest and the
largest S/V categories were correlated to axis 2 in opposing directions.
The smallest size category peaked in the same direction as the low-

Fig. 4. Non-metric multidimensional scaling (NMDS) plot on diatom morphological trait data with environmental variables included. A: Traits analysed separately
(pure trait dataset). B: Traits analysed as the 64 full combinations of biovolume (B, 5 categories), surface to volume ratio (SV, 5 categories) and guilds (4 categories, H
high-profile, L low-profile, M motile, P planktonic) present in the dataset (full combined trait dataset). Stress values of the NMDSs are 0.11 and 0.14, respectively.
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profile guild on axis 1, whereas the second-largest size category peaked
with the high-profile guild. No obvious correlation was found for the
other trait categories.
Combining traits increased the correlation to the local water chem
istry variables to the point that ASVs, morphotaxa and the fully com
bined traits, correlated similarly well in general, with some differences
in which variable gave a better correlation (Fig. 4B, Table S5). Stream
and lake assemblages were not separated in the trait ordinations, in
contrast to the ASVs. Morphotaxa assemblages were only slightly,
however significantly different between streams and lakes (Table S7).

4. Discussion
Our results show that major changes in diatom composition in Fen
noscandian streams and lakes are strongly related to changes in nutrient
concentrations, especially TotP. This was true for all of the three studied
biological units, namely molecular taxa identified as ASVs, morphotaxa,
and morphological traits. This result justified the development of
nutrient indices to assess eutrophication, the main pressure in European
freshwaters. Overall, the relationships between the environmental var
iables and the diatom assemblage composition were quite strong
compared to the global study of (Soininen et al., 2016), probably
because the geographically smaller scale of our study implied less
additional factors affecting diatom assemblages on large scales. This
encourages the development of diatom indices specific for the Nordic
region. Our results show furthermore that it is fully possible to develop
diatom TotP indices for both ASVs and traits. Especially ASV indices are
promising as they performed as good as or better than indices based on
traditional morphotaxa in both streams and lakes. Indices based on traits
had the weakest relationship with TotP.
Our results suggest that molecular analysis using ASVs is a promising
tool for assessing eutrophication in Nordic streams and lakes. Especially
the pressure-response relationship of the ASV TotP indices based on
abundance derived ASV-specific optima developed in this study were
strong compared to existing indices based on morphotaxa (Kelly et al.,
2007; Kelly et al., 2014). Regarding the most commonly applied tradi
tional diatom index in Fennoscandia, the IPS (Indice de Polluosensibilité Spécifique Cemagref, 1982), a previous study covering a
broad ecological gradient of streams and lakes in Sweden found corre
lation coefficients of the IPS with TotP of R2 = 0.55 for lakes and 0.65 for
streams (Kahlert and Gottschalk, 2014), while our results for ASV were
0.83 and 0.87. While comparing correlation coefficients should be done
with caution, our results nevertheless indicate that a method based on
ASVs outperforms the currently applied IPS to indicate nutrient con
centrations. We suggest that the different structure of the ASV dataset, i.
e. the differences in the abundance of the main diatom taxa (Kelly et al.,
2020), in combination with the higher number of ASVs representing a
more fine-tuned diversity (Tapolczai et al., 2019), are the reason for the
better performance of the ASV indices. Even if we did no in-depth study
of the detailed ASV structure, we could see that an important cause for
the high ASV number was the fact that many morphotaxa were sepa
rated into several ASVs. We propose that different ASVs may reflect
different adaptations to environmental conditions, as reflected in the

3.3. Development of diatom nutrient (TotP) indices
Some morphotaxa consisted of several ASVs, and TotP optima
differed among these ASVs. For example, there were three dominant
ASVs within T. flocculosa, and the most abundant ASV2 had a much
lower TotP optimum than the ASVs 3 and 10 (Fig. 5). Consequently, the
TotP optimum value of the morphotaxon T. flocculosa was approxi
mately the average of the three ASVs, and its tolerance range was wider
than of any of the ASVs.
In a next step, we analysed if the ASV or morphotaxon specific op
tima differed between streams and lakes. We found that optima were
correlated, but that variability was large. There was, however, not a 1:1
relationship. Instead, optima were higher in streams than in lakes in
nutrient poor habitats, while the opposite was true in nutrient rich
habitats (Fig. 6). Those results were similar for both the relative abun
dance, and the presence-absence based modeled optima.
All the calculated indices were related to TotP concentrations, but
some were closer related than others (Fig. 7). Overall, ASV indices
performed better than the respective indices for morphotaxa , which in
turn performed better than the indices based on traits (full combined
dataset was used only). All indices performed better when based on
optima and tolerance values derived from relative abundance data than
from presence-absence data. Finally, stream and lake indices developed
from relative abundance data performed approximately equally well. In
contrast, indices developed from presence-absence data performed
better in streams than in lakes for morphotaxa and ASVs, and equally
well for traits. The indices based on ASVs had not only the best corre
lations to TotP, they also overall had the steepest response, i.e. the index
differences from low TotP indication to high TotP were largest when
based on ASVs, which would separate sites with different TotP con
centration best.

Fig. 5. Optimum and tolerance values for TotP of the microscopically observed taxon Tabellaria flocculosa (A) compared to the three most abundant ASVs within this
taxon (B- D).
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Fig. 6. Modeled taxon specific realized optima for TotP in streams versus modeled optima in lakes for the same taxon. Left: ASVs, right: Morphotaxa. (Optima were
calculated based on relative abundance).

Fig. 7. Diatom nutrient indices versus TotP concentration [µgL− 1] based on presence-absence data from lakes (A), abundance data from lakes (B), presence-absence
data from streams (C), and abundance data from streams (D).

optima presented for T. flocculosa. Consequently, the index based on
ASVs was more closely related to TotP than the index based on mor
photaxa. Our results fit well to recent studies which found that tradi
tionally described diatom species based on morphological characters are

not necessarily represented by a given setup of barcodes with the same
sequencing depth (Abarca et al., 2020; Kahlert et al., 2019; Kermarrec
et al., 2013; Li et al., 2018; Vanormelingen et al., 2008). These dis
crepancies emerge from the different species concepts (Mann, 1999)
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used by the conventional method based on the morphological charac
teristics of the organisms (morphospecies) and metabarcoding that
delimitates taxa based on the genetic similarity between barcodes (ge
netic species). Thus, an in-depth comparison of the ASV and the mor
photaxa structure was not possible in this study, since (a) the taxonomic
assignment is still uncertain with our restricted knowledge on diatom
taxonomy, and (b) the unidentified ASVs may either be new taxa, nat
ural variability within a known taxon, or simply be due to an incomplete
library. As a consequence, it currently is not possible to give a specific
reason for the improved performance of the ASV dataset.
We suggest that the use of ASVs has many advantages. Apart from the
higher number of ASVs, which may result in better index performance, it
also automatically generates diatom units with reproducible identities.
Our results indicate that it is possible to develop a useful index based on
ASVs tailored to indicate eutrophication (measured as TotP concentra
tions). Such an index is important to assess if nutrients are the problem
when a general degrading index is indicating worse than good ecological
status. Furthermore, a TotP index is requested by water managers who
wish to monitor the success of measures to reduce phosphorus.
One important result of our study is that the indices based on ASV/
morphotaxon/trait-specific optima and tolerance values derived from
abundance data performed better than those where presence-absence
data were used. There is a tradeoff between giving too much weight
on random high occurrences and giving too much weight on random
single occurrences. It clearly seems that the latter issue is most crucial
for diatoms, because all our indices based on abundance optima per
formed better, irrespective of the diatom biological unit. Using presenceabsence data gives more weight to the presence of a few cells, even if
they never get abundant. Those taxa might indeed be a genuine part of
the assemblage, but they also might just be washed into a site, alive or
dead, and not really thrive there. Obviously, for the calculation of a TotP
index at least, random high abundances were less of a problem.
Another insight from our study was that stream indices performed
somewhat better than lake indices for the ASV and morphotaxa-data.
Similar results have been found in a previous study in Sweden where
the national diatom metric IPS was well correlated to TotP with strong
relationships for both streams and lakes, however a small, but significant
impact of the habitat was found (Kahlert and Gottschalk, 2014). More
work is needed to understand if the differences between streams and
lakes are of such importance that separate TotP indices should be
developed. We currently cannot exclude that the observed differences
just are an artifact of our dataset, as we had a lower number of sampled
lakes than streams which probably generated less stable ecological
profiles. Alternatively, the differences in index performance could also
reflect real ecological differences, for example the different availability
of phosphorus (P) in the TotP (Kahlert and Gottschalk, 2014). We
observed that the realized diatom TotP optima were on average some
what higher in streams than in lakes under oligotrophic conditions, and
the opposite in nutrient rich waters. We assume that the available P
actually was similar in both cases, but more P was bound to humic
substances in streams, and to phytoplankton in lakes, increasing the
realized diatom-specific TotP optima. The underlying causes are prob
ably that streams in general tend to have a higher content of humic
substances than lakes (Löfgren et al., 2003), and second that phyto
plankton can reach high amounts of biomass especially in eutrophic
lakes. It has earlier been shown that traditional diatom indices had
better relationships to soluble phosphorus than to TotP (Poikane et al.,
2021). However, as this form of phosphorus is not easily measurable,
indices do not necessarily show this better relationship (Kelly et al.,
2007). Algal P uptake can also be impacted by the prevailing N:P ratio,
however pilot analyses had confirmed that the N:P ratio was not
different between streams and lakes in our study. Last, but not least, it is
possible that the differences in the diatom assemblages found in our
study can partly explain the different index performance for streams and
lakes. Diatom assemblages differed significantly between streams and
lakes, especially in the ASV, but also in the morphotaxa dataset, which is

in agreement with earlier findings (Kahlert and Gottschalk, 2014).
Probably the different environmental factors, for example the unidi
rectional flow in streams and the wave action in lakes, are selecting for
different diatom taxa, which in turn might have a different response to
TotP, but also might interact differently in the diatom assemblage
impacting other taxa.
Indices based on traits currently performed slightly less than indices
based on ASVs and morphotaxa. Nevertheless, our results show that
traits generally are a promising tool for environmental assessment.
However, even if we found that the full combination of all traits had the
best relationship to the environmental variables and was thus used for
index building, a subsequent study should develop an improved traitbased index by carefully selecting adequate traits with a good correla
tion to TotP, as also suggested by Tapolczai et al. (2017). Based on our
findings, certain morphological traits are better candidates than others
for the development of a nutrient index. The motile taxa were positively
correlated with nutrients as expected, because they should be able to
move towards limiting resources, and can live in sediments which are
rich in resources (Passy, 2007; Rimet and Bouchez, 2012). Kelly et al.
(2009) formulated a conceptual basis stating that motile diatoms are
typical for eutrophic sites because they are better adapted to live in a
three-dimensional biofilm built by filamentous green algae thriving
under nutrient rich conditions. We also found that the taxa with the
highest surface to volume ratio were negatively correlated with nutri
ents whereas the largest taxa and those with the smallest surface to
volume ratio were positively correlated. Small-cell taxa have been hy
pothesized to be more abundant under nutrient-poor conditions due to a
proposed higher nutrient acquisition, so the opposite should be true for
large cells (Lange et al., 2016). More general, the surface to volume ratio
(S/V) is a cell’s relative area exposed to the environment (Snoeijs et al.,
2002), and a high ratio has thus been related to a rapid resource
acquisition (Lange et al., 2016; Potapova and Snoeijs, 1997; Snoeijs
et al., 2002).
However, we found no clear order in the response to nutrients in the
S/V categories, and even less so in the biovolume categories. Further
more, the abundant low-profile and high-profile guilds were not related
well to the nutrient gradient. We suggest that other factors than those we
have measured in our study were steering the occurrence of those traits
in the study sites. Similar results have been found in other studies trying
to establish a diatom trait-based concept for environmental assessment,
and especially disturbance has been mentioned as an important factor
affecting diatom trait compositions (B-Béres et al., 2016; Cardinale
et al., 2006; Lange et al., 2016; Passy, 2007; Rimet and Bouchez, 2012).
In our study, the trait response to the main ordination axis, which had no
good relationship to the measured environmental factors, was domi
nated by A. minutissimum with negative correlation to this axis, and
T. flocculosa with positive correlation. A. minutissimum, falling in the
category low-profile with smallest cell size and largest S/V, was domi
nating the response of these three trait groups, and was obviously not
mainly responding to nutrients. Indeed, A. minutissimum is known as a
pioneer taxon (Rimet and Bouchez, 2012), and is therefore abundant in
frequently or recently disturbed environments, irrespectively of nutrient
concentrations (Kelly et al., 2009). A. minutissimum is also categorized as
withstanding shorter periods of drought (Denys, 1991). There certainly
are factors disturbing particular sites in our study, such as flow abrasion
or grazing, which we do not have any data for. The second most abun
dant taxon was T. flocculosa, falling in the high-profile guild with a
relative large biovolume (category 4) and an average S/V (category 3),
responding negatively to nutrients. In contrast to A. minutissimum,
T. flocculosa is no pioneer taxon, is more common in matured biofilms
(Kelly et al., 2009), and is sensitive to drought (Denys, 1991). However,
T. flocculosa also is reported to withstand disturbance by water move
ment, potentially even more so than A. minutissimum (Hasselquist et al.,
2018). Apart from disturbance by water movement, light or grazing
might have affected diatom trait composition, because the low-profile
guild potentially should be better adapted to low light conditions and
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grazing than the high-profile guild (Passy, 2007; Rimet and Bouchez,
2012). Unfortunately, such data are usually not part of routine moni
toring programs from which our data originate. Therefore, more
research is needed to complete our understanding of diatom traits, and
especially more knowledge is needed to understand pressurerelationships, and the importance of other factors than nutrients (Kelly
et al., 2009).
Still, the idea of using a morphological trait-based approach is
appealing, because traits should be the overall manifestation of the
adaption of diatoms to their environment. Consequently, traits should be
similar in similar habitats of different geographical regions, and a traitbased index could be used also in regions where the diatom species di
versity is not fully known (Soininen et al., 2016; Tapolczai et al., 2017).
Indeed, we could show that habitat type (streams versus lakes) was no
important factor steering the trait composition in our dataset, whereas it
was important and significant for the ASV dataset, and also significant
for the morphotaxa dataset even if less prominent. These results are in
agreement with an earlier study (Kahlert and Gottschalk, 2014). On the
other hand, an argument against the use of traits in our study is our
result that the trait index represented a shorter gradient than the ASV
and morphotaxa indices, which is in contrast to the study of (Tapolczai
et al., 2017) where the trait index covered a wider distribution of the
environmental variables compared to the morphotaxa-based one. One
could also argue that a trait-based approach still does not overcome the
large efforts of analysis by microscope, however, today there are alter
natives using automated imaging methods which can be trained to
identify and quantify traits (Burfeid-Castellanos et al., 2020).
In summary, the good response to TotP of the molecular taxa
assessed as ASVs with the rbcL barcode opens up for the development of
a molecular nutrient indicator. The ASVs showed in general a similar
response pattern to nutrients as the well-known morphotaxa, even if the
assemblage structure was different. The developed nutrient index on
ASV basis correlated even better to TotP concentrations than the mor
photaxa index, and therefore should be tested for its use in environ
mental assessment. The impact of TOC on the studied molecular data
seemed to be minor compared to the impact of nutrients, which would
be an advantage if nutrients are the focus of the analysis. Further studies
are needed, however, to understand if TOC could have an impact on
TotP availability, especially in oligotrophic systems. In addition, more
work is needed to further develop the indices up to application maturity,
which was not possible in the present study. An index should be “finetuned” to test if it would improve when only including ASVs/morpho
taxa/traits with a narrow ecological tolerance range for the target
nutrient TotP, and the index must be used in new sites to tests its per
formance under new combinations of environmental variables and
diatom assemblages. If the index will be based on certain indicator
ASVs/morphotaxa/traits instead of the whole assemblage, criteria must
be established on a minimum number of units for a stable and reliable
performance. Rules need to be established on how to deal with new units
with unknown indicator value. The indicator values should also be
published with open access, and the database Diat.barcode would be an
optimal platform for ASVs. Last but not least, for the use within the
Water Framework Directive to classify an ecological status, reference
values for different water types must be developed.
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analysis, Methodology, Writing - review & editing.

10

M. Kahlert et al.

Ecological Indicators 130 (2021) 108088

Cattaneo, A., Kerimian, T., Roberge, M., Marty, J., 1997. Periphyton distribution and
abundance on substrata of different size along a gradient of stream trophy de
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Undersökningstyp. Havs- och Vattenmyndigheten, Göteborg, p. 24.
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