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Abstract In the present study, we developed a new 
Swedish phosphorus diatom index  (PDISE) to improve 
the poor fit of existing indices to match the needs of 
water managers to detect and mitigate eutrophica-
tion. We took advantage of a large amount of data 
(820 Swedish stream sites) collected in recent years. 
During our work, we found an unexpected bimodal 
response of the diatom assemblages to phosphorus. 
The taxa clustered either into an assemblage with a 
low or with a high site-specific averaged TP optimum 
(a calculated value comprised of the diatom taxa-
specific optima). We could not find a characteristic 
diatom assemblage for sites with intermediate site-
specific averaged TP optima. To our knowledge, this 
bimodal community response has not been shown 
earlier. The  PDISE correlated more strongly than 
the currently used TDI to changes in TP concentra-
tions. Thus, the  PDISE should replace the TDI in the 

Swedish standard method. The modeled TP optima 
(expressed as categories) were different compared to 
the TDI for most of the taxa included in the index, 
indicating that the realized niche for these morpho-
taxa was different between Sweden and the UK where 
the TDI was developed originally. With a r2 of 0.68, 
the correlation of the  PDISE to TP is among the high-
est reported for other diatom nutrient indices globally; 
thus, we believe that it might be worth to test it for 
other bioregions with similar geography and climate.
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Introduction

Freshwater benthic diatoms are known as good indi-
cators for local water chemistry (Smol & Stoermer, 
2010), and are therefore widely used as part of stand-
ard bioassessment toolkits (Charles et al., 2021), for 
example, for monitoring of water bodies in accord-
ance with the United States Clean Water Act (1972) 
or the European Water Framework Directive (WFD: 
European Parliament & Council of the European 
Union, 2000). One important field of usage is the 
detection of eutrophication and the follow-up of coun-
termeasures against it. Eutrophication is still consid-
ered the most common stressor in freshwaters, and 
many different indicators have been developed and 
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implemented to detect increased nutrient concentra-
tions with the help of changes in the benthic diatom 
flora (Carvalho et  al., 2019; European Environment 
Agency, 2018; Poikane et  al., 2021). After almost 
two decades of using these methods intensively, a 
vast amount of data are now available to better ana-
lyze pressure-response relationships than possible at 
the time when the methods were first implemented. 
Those data can now also be used to examine if estab-
lished class boundaries for water quality might need 
adjustment as discussed by Poikane et al. (2021).

An example of a diatom nutrient index in need 
of possible adjustment is the use of the TDI (Trophic 
Diatom Index, Kelly, 1998; Kelly & Whitton, 1995) 
in Sweden. The TDI is an index originally developed 
in the UK, based on filterable reactive phosphorus (P) 
optima and tolerances of littoral diatoms working well 
as trophy indicator for UK sites without organic pol-
lution (Kelly & Whitton, 1995). Kelly and Whitton 
(1995) assigned each taxon a “sensitivity value” based 
upon observed P optimum, and an “indicator value” 
based on the tolerance. The TDI was chosen during 
the WFD implementation process because Sweden 
decided to rather introduce a robust existing index 
instead of developing a Swedish index from scratch 
without sufficient own data. The TDI was relatively 
widely accepted not only in the UK but also in other 
countries. It was one of the intercalibrated indices being 
part of the implementation process for the WFD (Kelly 
et al., 2009, 2014), and it was used already in Finland, 
Sweden’s neighboring country with a similar diatom 
flora (Eloranta & Soininen, 2002). Sensitivity and 
indicator values of taxa can depend strongly on local 
geochemical conditions (Rott & Schneider, 2014; Rott 
et al., 2003). Thus, it is always important to test if any 
index is suitable at all if used in a new biogeographi-
cal region. The results for the TDI on the few exist-
ing data from Sweden confirmed that the TDI gave an 
acceptable response to phosphorus, the main nutrient 
responsible for eutrophication in Swedish freshwaters 
(Fölster et al., 2021), and also the Finnish class bound-
aries for ecological status seemed to be suitable for 
Swedish conditions. While the main national standard 
index to classify ecological status for the WFD is the 
IPS (Indice de Polluo-Sensibilité Spécifique; Cemagref, 
1982), the TDI is used as supporting index to show if 
an indicated bad status is due to nutrient or to other fac-
tors such as organic pollution (Havs- och vattenmyn-
digheten, 2018a). Whereas the IPS as main index had 

been carefully analyzed for pressure-response relation-
ships and adjusted to fit Swedish conditions (e.g., add-
ing many species-specific sensitivity values for Nordic 
species lacking in the original version of the IPS (Kahl-
ert et  al., 2018), the TDI was used with some minor 
changes only (e.g., Lindegarth et al., 2016).

However, with more data becoming available, it 
became clear that the TDI, as used in Sweden, can indi-
cate the nutrient impact only grossly (Kahlert, 2011). 
Furthermore, an updated version of the TDI (Kelly 
et  al., 2008) was not indicating nutrient concentra-
tions in Sweden in a satisfying way (unpublished data). 
Additionally, water administration boards requested an 
improved diatom nutrient indicator with less uncer-
tainty to be used to detect and mitigate eutrophication 
(Havs- och Vattenmyndigheten, 2018b). The water 
administration boards requested additionally a better 
linkage between the recently updated chemical targets 
for environmental assessment with biological responses 
(Fölster et al., 2021). Last but not least, there was a gap 
of knowledge about how individual taxa aggregate to 
diatom assemblages in response to a phosphorus gradi-
ent, especially for Nordic regions. Whereas the develop-
ment of taxon-specific index values as basis for nutrient 
indices has been a field of research since a long time in 
both lakes and streams (Bradshaw & Anderson, 2001; 
Schönfelder et al., 2002; Smol & Stoermer, 2010), the 
pattern of change of the aggregated taxon composition 
has received much less attention, especially in streams.

Analyzing the benthic diatom assemblages and 
chemical data of 820 Swedish stream sites, our objec-
tives in the present study were to (i) overhaul the 
performance of the TDI in terms of its correlation to 
the total phosphorus (TP) gradient and taxon-specific 
TP optima; (ii) perform a structured development of 
a national diatom index (phosphorus diatom index; 
 PDISE) dedicated to the reflection of phosphorus, and 
assess its performance compared to the TDI and IPS 
indices; and to (iii) study the structure of diatom com-
munities along the TP gradient.

Material and methods

Data

We used for this study all available quality-controlled 
diatom data for Swedish streams, most of them col-
lected for routine monitoring programs. Those data 
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are stored by the national data host for lakes and 
watercourses in the open access database Miljö-
data-MVM (Miljödata-MVM, 2022). This database 
includes biological as well as chemical data from 
national, regional, and recipient freshwater monitor-
ing on mission of the Swedish Agency for Marine 
and Water Management. We downloaded data for 
all available stream sites with both diatom and water 
chemistry, summing up to 820 sites being collected at 
least once for both (Fig. 1). Data covered the period 
2006–2019. If more than 1 year’s data were available 
for a site, we chose the year 2016 where most samples 
were available, or the year closest to it, for further 
analysis.

The stream sites were distributed throughout 
Sweden (Fig.  1), most of them situated in South-
ern Sweden (ecoregion central plains, 634 sites), 
but also covering the other Swedish ecoregions 
(Northern Sweden (boreal zone) ≤ 200 m (87 sites), 
N. Sweden (boreal zone) 200–800 m (95 sites), N. 
Sweden ≥ 800  m altitude (subalpine zone, 4 sites) 
(following the water management administration 
system (Havs- och vattenmyndigheten, 2017)). 
Median altitude was 63 m (range: 0–1078 m). The 
streams also covered almost all of the Swedish 
stream types, which are classified by catchment size 
(< 100, 100–1000, > 1000  km2) and stream slope 
(< 0.1, 0.1–2, > 2%) (Havs- och vattenmyndigheten, 

Fig. 1  Studied Swedish 
stream sites with diatom 
and water chemistry data 
(extract from Miljödata-
MVM July 2021, n = 820 
sites)
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2017). Median pH was 7.0 (range 4.6–8.4) and TP 
25.3 (1–902) µg/l. Details of the stream characteris-
tics can be found in Supplement Table 1.

We performed a Principal Components Analysis 
(PCA) of the sampling sites to confirm that the sites 
included in this study were well distributed along a 
nutrient gradient, and to show the impact of other 
important environmental variables (included total 
phosphorus (TP), phosphate (P-PO4

3−), pH, nitrate 
(N-NO3

−), and ammonium (N-NH4
+), n: 513 sites 

with a full set of variables). For analysis, we used 
the annual mean of the water chemistry variables. 
Variables were log10 transformed (except for pH) to 
obtain normal distribution of data. Prior the PCA, 
data were scaled to have a mean of 0 and unit vari-
ance. In most cases, diatoms and water chemistry 
data were available for the same year; otherwise, we 
chose data with the smallest time difference. Then, 
we only used TP for the index development.

Diatoms had been sampled in autumn follow-
ing the European standard (EN 13946:2014 CEN, 
2014a). According to this standard, samples shall 
in principle be taken from hard natural submerged 
substrates, i.e., stone scrapes, if available. The 
standard also prescribes that at least 5 stones along 
a stretch of 10  m and within the main flow of the 
river should be sampled if possible, and then pooled 
to one sample. Diatom analyses followed the Euro-
pean standard (EN 14407:2014 CEN, 2014b), and 
diatom identification was harmonized. In short, the 
samples were oxidized with hydrogen peroxide and 
the cleaned diatom valves then mounted with Naph-
rax (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 intact 
valves per sample were counted and identified using 
standard literature (Havs- och vattenmyndigheten, 
2018a). The Swedish standard method for using 
diatoms in environmental assessment includes all 
diatom taxa. It furthermore advises to assign the 
counted valves of the Achnanthidium minutissimum 
complex to one of three groups based on the mean 
cell width of 20 individuals of one sample: group 1 
with mean width < 2.2 μm, group 2 with mean width 
2.2–2.8  μm, group 3 with mean width > 2.8  μm 
(Kahlert et  al., 2007, 2009). All counts were then 
expressed as relative abundance.

Taxa harmonization

Some taxonomy harmonization work needed to be 
applied to the compiled diatom data, because dif-
ferent taxa lists had been used for taxa upload. The 
accepted taxonomy of the Swedish diatom taxa list 
for freshwater diatoms (Kahlert et al., 2018) was used 
for taxa names in general, and for the final names of 
merged synonyms, except for taxa that had been split 
during recent taxonomical research. The latter were 
merged back to the common older synonym to enable 
the analysis of harmonized taxa units. In most cases, 
the term “taxon” is referring to species level, as this is 
the aimed level of identification of the Swedish dia-
tom method.

Index development including analysis of taxa 
composition

We performed an analysis of the diatom taxa com-
position, and how it related to TP and pH, to con-
firm that phosphorus was a main driving variable, 
and to get an overview about differences in diatom 
composition. TP and pH are the main factors driv-
ing the Nordic diatom assemblage structure (Kahl-
ert & Gottschalk, 2014; Kahlert et  al., 2021). The 
structure of the total 820 diatom communities was 
analyzed with non-metric multidimensional scaling 
(NMDS) with k = 3 dimensions (Minchin, 1987) of 
the Bray–Curtis community dissimilarities on taxa’s 
relative abundance, using the vegan v2.6–2 R pack-
age (Oksanen et  al., 2022). Additionally, vectors of 
TP and pH were fit on the NMDS ordination plot to 
study their correlation with community structure.

The new diatom index dedicated to the reflection 
of phosphorus was developed based on improved 
taxon-specific TP optima and tolerance values 
adapted to Swedish conditions. For this purpose, 
we used the full taxa database of 820 samples with 
associated relative abundances. Using a cross-val-
idation method following Tapolczai et  al. (2019) 
and Tapolczai et  al. (2021), the database was split 
randomly so that 75% of the data (615 samples 
with associated taxa abundances) formed the train-
ing dataset and the remaining 25% formed the test 
dataset (205 samples). The above-mentioned ran-
dom splitting of the dataset was repeated 100 times, 
which resulted in 100 training and 100 test datasets. 
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Like that, all samples were sorted into both the 
training and the test dataset, several times. A fil-
tering step was applied on the training dataset, so 
that only taxa occurring in at least 10 samples in the 
training dataset were used, the remaining taxa were 
removed. The purpose of this step was to ensure 
that the ecological profiles identified in the subse-
quent steps were stable and based on an adequate 
number of occurrences. A sloppier threshold kept 
more taxa but with unstable profiles, while a too 
strict threshold reduced the number of involved taxa 
leading to an unstable index; this was tested in a 
pilot analysis. Using an occurrence limit of 10, we 
identified the ecological values of 455 taxa from 
the total 971 taxa. We identified taxon-specific TP 
optima and tolerance using the training datasets, 
and pooled the taxa into fixed TP categories. We 
categorized the taxon-specific values into classes 
to optimize response of the index to the TP gradi-
ent. Using classes helped to obtain a more linear 
relationship and homogenous distribution of index 
values (see “Results and discussion”). To identify 
the taxon-specific TP optima, we calculated the 
weighted mean of the log10 transformed TP val-
ues in the training dataset samples, using the abun-
dances of the given taxa as weight. Since the sam-
ple composition, and so the taxa composition, of the 
100 training datasets differed, a mean ecological 
optimum was calculated at the end for each taxon. 
Optima values were then classified into catego-
ries (sensitivity classes) as follows: class 1 (0–1.1 
 log10 µg/l TP), class 2 (1.1–1.2), class 3 (1.2–1.5), 
class 4 (1.5–1.7), class 5 (1.7–3). Similarly, toler-
ance values were calculated with weighted standard 
deviation. These values were then categorized into 
classes (indicator classes) 1, 2, and 3, with equal 
intervals (Supplement Tab. S2).

Using the identified taxon-specific sensitivity 
and indicator categories, we then calculated the new 
Swedish phosphorus diatom index  (PDISE) for the 
samples in the test database, using the formula:

where aj is the square root transformed abundance of 
the jth taxa at that particular site the index was cal-
culated on, sj is the sensitivity value of the jth taxa, 
and vj is the indicator value of the jth taxa. Since there 

PDISE =

∑n

j=1
ajsjvj

∑n

j=1
ajvj

,

were 100 test datasets, as many index values were cal-
culated to a given sample as many times it appeared 
in the test datasets. From this, a mean index value was 
calculated.

In order to test the efficiency of the developed 
index, the calculated values were correlated to the 
respective TP values. Additionally, to compare the 
 PDISE to the current Swedish diatom standard indi-
ces, it was correlated to the main index IPS and the 
supporting index TDI. To understand where and how 
the  PDISE could be used to support ecological status 
classification in an improved version of phosphorus 
indication, we used the correlation equation for IPS 
and the  PDISE and calculated the new index values 
for the current boundaries of ecological status classes 
for the WFD environmental assessment, and the cor-
responding TP values using the  PDISE correlation 
to TP. Last, we compared how those TP values cor-
respond to earlier phosphorus values reported in the 
background report of implementation of the diatom 
method for Sweden (Kahlert et al., 2007).

Ideally, the  PDISE should enable a linear indica-
tion of TP. However, even if the  PDISE showed an 
improved response to TP compared to IPS and TDI, 
we still observed a somewhat bimodal response. 
Therefore, we studied if we could explain this 
response by a non-unimodal distribution of TP in our 
dataset, and also tested the distribution of taxon-spe-
cific TP optima and site-specific mean TP optima for 
unimodality. Site-specific TP optima were defined by 
calculating the abundance-weighted mean of taxon-
specific optima based on the taxa present at the given 
site. Unimodality was tested with Hartigans’ dip test 
(Hartigan & Hartigan, 1985) and performed with 
the diptest v0.76–0 R package (Maechler, 2022). To 
understand the observed TP response, we additionally 
used SIMPER (similarity percentage) in PAST 4.03 
(Hammer, 2001) comparing the taxa composition of 
the group of sites with low, high, and intermediate 
TP average site-specific TP optima, assessing the taxa 
which were primarily responsible for the observed 
differences between these groups of samples. We 
defined the three groups of samples by separating all 
our sites by two TP thresholds, and including all sites 
with TP lower than 20.1 µg/l site-specific TP optima 
into the low TP group, and vice versa all above the 
second threshold of 37.2 µg/l into the high TP group, 
and those between into the intermediate, “lukewarm” 
group of samples. In order to define these thresholds, 
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first a density plot based on kernel density estima-
tion (Silverman, 1981) was created from the distri-
bution data of the weighted means of TP optima per 
sites, and the location of the two peaks (modes) in 
 log10 µg/l TP of the bimodal distribution was defined 
(Fig. S1A). We hypothesized an overlying combina-
tion of two symmetric unimodal distributions. In a 
first step, the range between the minimum  log10 µg/l 
TP value to the  log10 µg/l TP value of the first mode 
was defined and the first interquartile was selected 
(Fig. S1B). The difference between this point and the 
value of the first mode was added to the value of the 
first mode’s value, representing the threshold between 
the low TP and the “lukewarm” groups (1.30  log10 
µg/l = 20.1  µg/l; Fig.  S1C). Following this method, 
the range between the second mode and the maxi-
mum  log10 µg/l TP value was defined, and the third 
interquartile was selected (Fig.  S1B). The differ-
ence between this point and the value of the second 
mode was subtracted from the second mode’s value, 
representing the threshold between the “lukewarm” 

and the high TP groups (1.57  log10 µg/l = 37.2  µg/l; 
Fig. S1C-D).

Results and discussion

Clustering patterns of diatom communities, and 
response to TP

The PCA analysis showed that our sites were well 
aligned along a nutrient, and a secondary pH gra-
dient (Fig.  S2). The NMDS ordination analysis 
confirmed that the community structure of diatoms 
in Swedish streams was clearly related to both TP 
and pH (Fig.  2). While both factors were impor-
tant, there was evidently a unique impact of each of 
them. Regarding TP, there was a gap between two 
clearly TP defined diatom communities (Fig. 2), but 
not between sites (Fig. S2).

With our study sites well spread along a TP 
gradient, and TP being important for diatom 

Fig. 2  Similarity of diatom 
communities found in the 
820 studied Swedish stream 
sites and their relation 
to total phosphorus and 
pH gradients (non-metric 
multidimensional scaling 
(NMDS) ordination plot 
of Bray–Curtis community 
dissimilarities based on 
diatom taxa’s relative abun-
dances, with fitted gradients 
of TP and pH). Squared 
correlation coefficients are 
given for TP and pH reflect-
ing the strength of those 
factors as a predictor of the 
assemblage structure. Stress 
value of NMDS ordination: 
0.13
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community structure, a meaningful TP index could 
be developed.

Development of the Swedish phosphorus diatom 
index

The TP range in our study was 1–902 (median 
25, interquartile range 12–57) µg TP/l with a uni-
modal distribution (dip statistic D = 0.01, p = 0.69) 
(Fig. 3), thus sufficient to cover the known response 
range of Swedish benthic diatoms to TP (Kahlert 
& Gottschalk, 2014). The modeled taxa-specific 
TP optima covered the range from 2.2 to 238  µg 
TP/l and showed a unimodal distribution when 
log-transformed (dip statistic D = 0.02, p = 0.13). 
The interquartile range for the taxa-specific optima 
was 18–54  µg TP/l with a median of 31  µg TP/l 
(Fig. 4). In contrast, the site-specific optima showed 
bimodality (dip statistic D = 0.03, p < 0.01), with 
two peaks having a minimum of sites in between 
(Fig. 5). In other words, a site tended to have either 
a diatom community with a community average 
of a low TP optimum or vice versa of a high TP 

optimum. The number of sites having an average 
“lukewarm” medium TP optimum was few, show-
ing a clear minimum in the range of 20–37 µg TP/l. 
This result was surprising, as both the distribution 
of the TP range and the taxa-specific optima were 
unimodal, but it reflected the observed gap of dis-
similarities between diatom communities (Fig.  2). 
To smoothen this strong diatom response and ena-
ble a linear indication of TP, the  PDISE was devel-
oped in a way to bridge the gap, namely we used 
a square root transformation of a diatoms relative 
abundance to relax the gap along the TP gradient.

The final  PDISE had a linear correlation with 
 log10TP of r2 = 0.68 (Fig.  6). The outliers at very 
low and very high TP concentrations indicated that 
linearity was given for a range of about 4 to 100 µg 
TP/l. Before and after, the few existing data did not 
follow the linear model, but rather laid on a plateau. 
Our attempt of relaxing the gap between clustered 
diatom communities along the TP gradient was 
fruitful (Fig. 6B), even if it did not fully remove the 
bimodal distribution of  PDISE values (dip statistic 
D = 0.04, p < 0.01).

Fig. 3  Measured TP concentrations (annual mean) of the studied sites (n = 820 Swedish streams)
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The bimodal pattern of response

The bimodal pattern of the benthic diatom response 
assembling taxa in either a “low phosphorus” or a 
“high phosphorus” community, i.e., a diatom assem-
blage with an average of either low or high TP opti-
mum (Figs. 2 and 5) has to our knowledge not been 
shown earlier. This pattern could not be explained by 
a gap of sites matching the minimum of the observed 
pattern (Fig.  3) nor by a matching pattern for the 
taxon-specific TP optima (Fig.  4). Our study shows 
that there was no lack of taxa with an intermedi-
ate TP optimum between 20 and 37 µg TP/l, even if 
their number (Fig. 4, 117 taxa) was a bit lower than 
of the taxa with low (n = 139) or high (n = 199) opti-
mum respectively. However, we found that the inter-
mediate taxa occurred with lower relative abundances 
even in the sites with intermediate TP concentrations 
(Fig. 7). While taxa with low or high TP optima had 
on average a relative abundance of 45% and 37% in 
a sample, respectively, the taxa with intermediate TP 
optima contributed on average only 15%. Thus, also 

sites with intermediate TP concentrations were domi-
nated by taxa with low or high TP optima, and the 
taxa with intermediate TP optima did not form typical 
lukewarm communities.

Obviously, there are “lukewarm” diatom taxa pre-
ferring intermediate phosphorus concentrations; how-
ever, there seem to be no stable “lukewarm” diatom 
communities under natural conditions, at least in Nor-
dic streams. It seems as if diatom assemblages with 
intermediate average community TP optima might be 
less stable, as there were much less sites with such 
assemblages. The unstable range in the middle of 
the studied TP gradient was found to cover the com-
munity optimum averages of about 20–37  µg TP/l. 
Earlier studies confirm that diatom and other algal 
assemblages are instable over the same TP range 
(Gottschalk, 2014 and references therein). However, 
these studies focused on the thresholds of meas-
ured TP concentrations where communities and taxa 
changed. Our study now analyzed the aggregated 
taxon composition, and the effects on the aggregated 
TP optima, over the range of measured TP.

Fig. 4  Taxon-specific TP optima obtained by modeling the abundance distribution of individual freshwater diatom taxa along the TP 
gradient and calculating the abundance-weighted average TP (n = 455)
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The analysis of the diatom taxa composition of the 
sites with an average site-specific low, high, or inter-
mediate TP optimum showed indeed that a typical 
intermediate assemblage seemed to be lacking. The 
SIMPER results confirmed that the taxa contributing 
most to group differences were associated with either 
the low TP or the high TP group, whereas the group 
of sites with intermediate average site-specific TP 
optima did not have a similar clear setup of distinct 
taxa, reflecting the gap between sites of similar com-
position shown earlier (Fig.  2 and Supplement Tab. 
S3). Eleven taxa contributed to a cumulative group 
difference of 50% between the low, intermediate, and 
high TP site groups (Supplement Tab. S3). The group 
of sites with high TP site-specific optima were char-
acterized by a high relative abundance of Achnanth-
idium minutissimum (Kützing) Czarnecki group 3 
(mean valve width > 2.8  µm) (contribution to cumu-
lative group difference: 9.9%), Cocconeis placentula 
Ehrenberg incl. varieties (4.3%), Amphora pedicu-
lus (Kützing) Grunow (3.5%), and Eolimna min-
ima (Grunow) Lange-Bertalot in Moser & al. (now 

Sellaphora nigri (De Not.) C.E. Wetzel et Ector comb. 
nov. emend.) (2.8%), whereas the low TP sites were 
characterized by Achnanthidium minutissimum (Kütz-
ing) Czarnecki group 2 (mean valve width 2–2.8 µm) 
(17.4%), Fragilaria gracilis Østrup (2.4%), Eunotia 
incisa Gregory (2.2%), Tabellaria flocculosa (Roth) 
Kützing (2.2%), Brachysira neoexilis Lange-Bertalot 
(2.1%), and Eunotia minor (Kützing) Grunow in Van 
Heurck (1.7%). Only the last of the taxa contributing 
to a cumulative difference of 50% between the low, 
intermediate, and high TP site groups was typical for 
the intermediate sites (Staurosira venter (Ehrenberg) 
Cleve & Moeller) (1.6%). E. minor was also a promi-
nent example of the taxa with a rather “lukewarm” TP 
optimum (sensitivity class 3); however, it was equally 
abundant in both intermediate and low TP sites.

PDISE has an improved response to TP compared to 
TDI

The  PDISE’s response to TP was clearly improved 
compared to TDI currently used as supporting 

Fig. 5  Site-specific TP optima of the studied sites (n = 820), calculated as abundance-weighted mean of the taxon-specific optima for 
each site
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index in the Swedish standard method for dia-
toms (Fig.  6). The  PDISE was higher correlated 
(r2 = 0.68) and had a more linear response than 
the TDI. Whereas the TDI also showed a clear 
response to TP with a correlation coefficient of 
r2 = 0.51, TDI values tended to cluster heavily at 
both ends of the TP range, with a gap in the middle 
with few values (Fig. 6C and D). One feature of the 
 PDISE that handles this issue is the use of square 
root transformed abundance data. This transforma-
tion could reduce the effect of strong clustering 
at the two ends and promote a more homogenous 
distribution of  PDISE values along the TP gradient 
and linear relationship. Another reason for the bet-
ter correlation of the  PDISE is the improved classi-
fication of the sensitivity value of the diatom taxa, 
adapted to Swedish conditions. The majority of the 
taxa changed class (Fig. 8), with a tendency to be 
categorized in a higher class, i.e., indicating higher 
P concentrations relatively to other taxa (Fig.  8). 
It is important to note that the reference gradient 
used to develop  PDISE was total phosphorus, while 
filterable reactive phosphorus (FRP) was used to 
develop TDI. Although these two parameters usu-
ally correlate strongly, it may partly explain the 
better correlation of  PDISE to TP. For example, 
we optimized the reflection of the lower part of 
the TP range by covering the TP range up to 32 µg 
TP/l with three sensitivity classes, while the TDI 
divides the lower FRP range up to 35 µg FRP/l into 
only two classes. While TP and FRP concentra-
tions cannot be compared directly, the better cov-
erage of the lower P concentrations could explain 
why some of the taxa changed one class up. How-
ever, several taxa changed more than one class up, 
and others changed classes down, i.e., showing a 
different realized niche than modeled in the UK 
for the original TDI development. Among the ten 
most frequent taxa which changed class, we found 
E. minor and E. bilunaris which both moved two 
classes up, from indicating low TP concentrations 
in the TDI to indicating intermediate TP concentra-
tions in the  PDISE. On the other hand, T. flocculosa 

moved one class down, now indicating low TP con-
centrations in the  PDISE. We can only speculate 
about the causes. One possibility might be that the 
somewhat different geochemical background and 
climate might have impacted the response of a dia-
tom to TP, another that many of the Swedish taxa 
might have been too rare in the UK database to 
model a robust TP optimum. It is also possible that 
the taxa were occurring in a somewhat different 
nutrient condition due to interactions, e.g., com-
petition, with other diatom taxa, in constellations 
not occurring in Sweden. Furthermore, several taxa 
with the same name might actually be species com-
plexes represented by different cryptic species in 
the two different countries. These cryptic species 
then might have different ecological optima in the 
two countries, as we have shown for example for T. 
flocculosa (Kahlert et al., 2021).

Comparison of  PDISE with IPS and TDI

The  PDISE was well correlated to both Swedish 
standard indices IPS and TDI (Fig. 9A and B), indi-
cating the possibility to implement the new index in 
the standard method, with the possibility to replace 
the TDI to guide the interpretation of the IPS as sup-
porting nutrient index. The correlations of  PDISE to 
both IPS and TDI were high on average; however, 
some sites were obviously classified differently with 
the  PDISE compared to IPS and TDI (Fig. 9A and B). 
The correlation of the  PDISE versus TDI and IPS was 
especially low for the nutrient poor sites, most prob-
ably because the  PDISE classified those sites more 
correctly (Fig. 6).

Comparison of the  PDISE to other diatom nutrient 
indices

The  PDISE is among the best nutrient indices devel-
oped for streams so far, with the correlation to TP 
(r2 = 0.68, Fig. 6) being among the highest reported 
for other benthic diatom nutrient indices globally 
(r2 = 0.01–0.79, Poikane et al., 2021). The correla-
tion was better than for the current Swedish dia-
tom indices IPS and TDI (Kahlert, 2011; Kahlert 
& Gottschalk, 2014; Kahlert et  al., 2021; Fig.  6). 
Thus, the  PDISE met the expectations for a robust 
nutrient index adjusted to Swedish conditions 
and reflects currently the optimum of phosphorus 

Fig. 6  A ── Correlation of  PDISE with TP  (PDISE = 1.843 * 
 log10TP + 0.649; r2 = 0.68); B distribution of  PDISE values (dip 
statistic D = 0.04, p < 0.01); C ── correlation of TDI with TP 
(TDI = 45.92 *  log10TP − 19.68; r.2 = 0.51); D distribution of 
TDI values (dip statistic D = 0.04, p < 0.01)

◂
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indication by freshwater benthic diatoms from 
environmental samples for Swedish streams. With 
that said, even the  PDISE is not perfect, and one 

of the reasons is probably the bimodal pattern of 
response to phosphorus, which is a challenge when 
developing an index.

Fig. 7  Relative abundance of diatom taxa grouped into three 
categories (low, medium, high TP preference) based on their 
TP optima (~ 0–20, 20–37, > 37 µg/l) along the measured site 
TP gradient (µg/l). Number of taxa in dataset of the respective 

taxa groups: low = 139, intermediate = 117, high = 199. Contri-
bution to the relative abundance in a sample (average of their 
relative abundance among the 820 sites): low = 45%, interme-
diate = 15%, high = 37%

Fig. 8  Comparison of the diatom taxon-specific sensitivity 
classes of the nutrient indices TDI and  PDISE. Both indices 
have five sensitivity classes, ranging from 1 = very sensitive 
to TP to 5 = indicating high TP. Sensitivity classes were more 

often similar between indices for high classes (4, 5) than lower 
classes (1, 2, 3). In general, more taxa were reclassified to a 
higher class for the  PDISE
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Further improvements of the  PDISE

Still, many of the Swedish diatom taxa are for the 
moment not included in the calculation of the  PDISE 
because their abundance was too low in the Swed-
ish database to model an optimum. TDI on the other 
hand includes most of the taxa. The  PDISE could 
potentially be improved by testing to use the existing 
TDI classifications for the missing taxa also for cal-
culation of the  PDISE, and test if the outcome might 
get even more robust. Another further development of 
the  PDISE would be to calibrate it for the use in lakes. 
Such an nutrient indicator would also in lakes com-
plement the established and frequently used diatom 
method to assess ecological status (Kelly et al., 2014). 
We expect that benthic diatoms could be used to indi-
cate lake TP concentrations because we have earlier 
shown that they are strongly related to TP in Swedish 
lakes (Kahlert & Gottschalk, 2014), and also respond 
earlier, and correlate better to nutrient concentrations 
than the currently mainly used organism group phy-
toplankton (Gottschalk, 2014). Similar results have 
been found by others as well (Rimet et  al., 2015). 
Finally, we found that alpine streams, and eutrophi-
cated streams with low pH, were underrepresented 

in our database. We recommend to test if the  PDISE 
might need revision for different stream types, or 
lakes, as soon as sufficient data are available.

Use of the  PDISE in environmental assessment

The  PDISE is no index to assess a general degrada-
tion of a stream. Instead, it is solely developed to 
reflect TP concentrations. Compared to a modeled 
reference concentration for phosphorus, the  PDISE 
could however be used to assess a deviation from 
the reference status and indicate eutrophication. It 
could also be used to follow up countermeasures to 
minimize eutrophication. The  PDISE will be espe-
cially valuable to indicate TP concentrations with less 
uncertainty than the TDI especially in oligotrophic 
sites, and upstream a lake to assess the risk for lake 
eutrophication.

Today, the Swedish benthic diatom standard is 
dedicated to assess ecological status as defined for 
the WFD (Havs- och vattenmyndigheten, 2018a), 
with a focus to indicate a general degradation of a 
water body, and to cover especially the good/mod-
erate boundary where measures have to be taken to 
improve the ecological status class. With the aim 

Fig. 9  ──  Correlation of  PDISE with IPS  (PDISE =  − 0.29 * IPS + 8.0536; r2 = 0.84) and TDI  (PDISE = 0.03 * TDI + 1.7782; 
r.2 = 0.88)
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to cover the entire degradation range from slight 
increases of nutrients to heavy organic pollution 
and oxygen depletion, this being harmonized for 
all European countries, some of which having large 
problems with organic pollution, the current diatom 
indices are not harmonized with, e.g., the plankton 
indices. Most of those have been explicitly devel-
oped to indicate eutrophication, the main cause for 
cyanobacterial blooms, in turn the main problem in 
many European lakes. The current diatom method is 
therefore not well adapted to indicate TP concentra-
tions, or eutrophication alone, even if both IPS and 
TDI are correlated to TP. With the  PDISE, there now 
is a benthic diatom index which can be used to detect 
eutrophication in streams similarly to the planktonic 
indices in lakes. Furthermore, an adapted  PDISE could 
be used in lakes as well for the assessment of TP. In 
this way, there now is the possibility to develop a bet-
ter linkage between the recently updated chemical 
targets for environmental assessment with biological 
responses, and also to harmonize the diatom method 
to the method for plankton, avoiding sudden changes 
in ecological status class assessments just because of 
a change of the used biological quality element (Föl-
ster et al., 2021).

Our new TP index now enabled us to calculate 
the TP threshold concentrations between the five dif-
ferent ecological status classes of the WFD ranging 
from high to bad ecological status in a more robust 
way than earlier, which is important for water author-
ities setting TP reduction targets. The new calculated 
TP threshold values using the  PDISE were 18 µg/l for 
the high/good status boundary and 54  µg/l for the 
good/moderate boundary (Table  1). These results 
confirmed the TP values reported in the background 
report of implementation of the diatom method for 
Sweden (Kahlert et al., 2007). We have earlier found a 
change from a reference community to more tolerant 
communities in Swedish streams at a similar concen-
tration (15 µg/l, Kahlert, 2014). We also found a sud-
den change of diatom guilds at 18 µg TP/l in Swed-
ish lakes (Gottschalk, 2014). The threshold TP value 
of 54 mg/l then represents the boundary between the 
good and the moderate ecological status class. This 
important boundary had been defined as the crossover 
point where sensitive diatom species are replaced by 
species defined as tolerant to a general degradation of 
the habitat (Kahlert et  al., 2007; Kelly et  al., 2009). 
Note that the Swedish diatom method is not separat-
ing between stream types. A study on streams of the 

Table 1  Current Swedish standard IPS class boundaries, cor-
responding TP (total phosphorus) concentrations, correspond-
ing  PDISE values and from this derived corresponding TP 
concentrations. EQR, Ecological Quality Ratio (ecological 
status of a water body expressed as ratio between the meas-

ured quality of a biological parameter, and a reference value, 
following the European Water Framework Directive (WFD: 
European Parliament & Council of the European Union, 2000); 
IPS, Indice de Polluo-Sensibilité Spécifique (Cemagref, 1982); 
PDISE, phosphorus diatom index of Sweden; Na, not applicable

1 Median and interquartiles of TP [µg/l] for the five ecological status classes of the WFD (implementation of Swedish diatom method 
(Kahlert et al., 2007)
2 Derived from the interquartiles (Kahlert et al., 2007)
3 This study:  PDISE =  − 0.29 * IPS + 8.0536
4 This study:  PDISE = 1.84322log10TP + 0.6493

Ecological class boundaries 
using the biological quality 
element freshwater benthic 
diatoms

EQR IPS TP range [µg/l]1 TP [µg/l] corresponding to 
boundary (derived from IPS)2

PDISE
3 TP [µg/l] corresponding 

to boundary (derived from 
 PDISE/IPS)4

Reference value 1 19.6 High: 10
(7.5–16)

2.37 9

High/good 0.89 17.5 Good: 31
(19–50)

 ~ 17.5 2.98 18

Good/moderate 0.74 14.5 Moderate: 76
(63–102)

 ~ 56.5 3.85 54

Moderate/poor 0.56 11 Poor: 102
(84–111)

No response to TP 
for > 100 µg/l

4.86 No response to TP 
for > 100 µg/l

Poor/bad 0.41 8 Bad:
No data

na 5.73 na
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northeastern USA confirmed that a similar TP value 
(51 µg/l) implicated a threshold for a sudden switch 
from sensitive diatom taxa to tolerant ones (Smucker 
et al., 2013). The same study was also able to couple 
this change point to clear increase of the benthic chlo-
rophyll concentration at about the same TP concen-
tration (58 µg/l TP).

Conclusions

A new Swedish phosphorus diatom index  (PDISE) was 
developed. We recommend to replace the current sup-
porting nutrient index TDI in the Swedish standard 
method with the  PDISE. The latter indicated TP concen-
trations with less uncertainty than the TDI, especially 
in oligotrophic sites. This better correlation was mainly 
caused by our reclassification of the TP optimum of 
many taxa. The linear response to TP was given in a 
range of about 4 to about 100 µg TP/l. One challenge for 
the development of the  PDISE was the bimodal response 
of the diatom community to TP. We found our sites to 
be clustered into basically two diatom communities 
along the TP gradient. These two assemblages then had 
site-specific TP optima averaged from taxon-specific 
optima which indicated either low or high phosphorus 
levels. This bimodal response was not caused by a lack 
of sites with intermediate TP concentrations. Instead, 
it seemed that there was no typical community for the 
sites with an intermediate TP optimum.
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