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ABSTRACT
We explored patterns of benthic diatom composition across sixty-two high-elevation alpine lakes 
spanning a wide range of nitrogen (N) concentrations due to atmospheric deposition and back-
ground variation in lake and watershed characteristics. Our goals were to (1) assess the effect of lake 
water N concentration on benthic diatom composition during late summer or fall conditions and (2) 
identify policy-relevant response thresholds. The analyses were carried out on a large set of diatom 
and water chemistry data, integrated with new data. Multivariate and correlation analyses revealed 
associations between pH, N concentration, and benthic diatom composition, but the effects of pH 
and N were confounded. However, partial correlation analysis allowed us to identify “N-responsive 
diatoms”; that is, diatom taxa with nonspurious associations with N. Focusing on these taxa, we 
detected a decline in the abundance of taxa preferring low N concentrations and an increase in the 
abundance of taxa preferring high N concentrations starting at NO3 concentrations of approxi-
mately 5 µmol L−1. We interpreted this shift as an effect of watershed N saturation due to atmo-
spheric deposition. Based on the results, we suggest a late-summer or fall concentration threshold 
of 5 µmol NO3 L

−1 to prevent change in benthic diatoms in high-elevation alpine lakes.
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Introduction

A mid-twentieth-century acceleration of human activ-
ities started the era of global change, in which human- 
induced ecological change spread to the planetary scale. 
Global change is often understood as climate change, 
but it is a multidimensional concept that includes all 
human pressures whose footprint extends across the 
world, including atmospheric deposition, urbanization, 
and plastic pollution. The alteration of the global nitro-
gen (N) cycle is a key component of global change. 
Nitrogen frequently is a limiting nutrient in marine, 
terrestrial, and freshwater ecosystems, because its biolo-
gical demand tends to exceed the natural supply 
(Vitousek and Howarth 1991; Elser et al. 2007). 
However, human activities including combustion of 
fossil fuels and use of fertilizers have caused exponential 
increases in N emissions and atmospheric N deposition 
(Galloway et al. 2003, 2004; Holtgrieve et al. 2011). For 
example, current rates of N deposition have been esti-
mated to be up to an order of magnitude higher than 

preindustrial levels (i.e., more than 10 kg ha−1 yr−1 

versus a preindustrial reference of 0.4–0.7 kg ha−1 yr−1; 
Holland et al. 1999). This vastly higher supply via atmo-
spheric deposition can influence primary production 
and competitive interactions among species, ultimately 
changing the structures and functions of the recipient 
ecosystems (Pardo et al. 2011).

Among freshwater ecosystems, high-elevation (above 
treeline) lakes are regarded as sensitive sentinels of 
N atmospheric deposition (e.g., Lafrancois et al. 2004; 
Nydick et al. 2004; Lepori and Robin 2014; Meunier 
et al. 2016; Moser et al. 2019). High-elevation lakes are 
sensitive to N enrichment because they tend to be natu-
rally N deficient (indicated by low N concentrations and 
low N:P ratios; Elser et al. 2009; Williams et al. 2016). In 
addition, these lakes are surrounded by scarcely devel-
oped and sparsely vegetated soils that have little capacity 
for N uptake (Baron et al. 1994; Bowman and Steltzer  
1998). Consequently, even low levels of N atmospheric 
deposition can substantially increase the amount of 
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N leaching into these lakes (Baron et al. 2011). Nitrogen 
leaching increases N availability to lake biota and shifts N: 
P ratios toward higher values (Elser et al. 2009). These 
chemical changes, in turn, trigger far-reaching biotic 
responses, especially among primary producers, compris-
ing increased biomass, shifts in species composition, and 
changes in seasonal development (Lafrancois et al. 2004; 
Nydick et al. 2004; Lepori and Robin 2014).

Policy strategies to protect high-elevation lakes from 
N atmospheric deposition require knowledge of the 
biotic effects. Thresholds associated with these effects 
are particularly valuable because they could be used to 
estimate critical loads; that is, the N deposition level 
below which harmful effects are unlikely (Nilsson and 
Grennfelt 1988). Diatoms, a large group of algae in the 
class Bacillariophyceae, are useful indicator organisms 
to investigate nutrient-enriching effects because they 
have specific optima and tolerances along gradients of 
nutrient concentrations (Winter and Duthie 2000; Smol 
and Stoermer 2010). So far, most research on the effects 
of N atmospheric deposition on lake diatoms has 
focused on planktonic forms (Wolfe, Baron, and 
Cornett 2001; Saros et al. 2003; Lafrancois et al. 2004; 
Nydick et al. 2004; Baron 2006; Thies et al. 2012; Tolotti 
et al. 2012; Williams et al. 2016). Research from the 
Western United States has shown that certain plank-
tonic species, especially Asterionella formosa Hassall 
and Fragilaria crotonensis Kitton, respond positively to 
N enrichment and serve as N-indicator taxa (Wolfe, 
Baron, and Cornett 2001; Saros et al. 2005).

In comparison, studies on the response of lake 
benthic diatoms to N enrichment are rare. The apparent 
neglect of this group is perplexing, but it may be related 
to the view that benthic algae are less sensitive to nutri-
ent inputs than planktonic algae (Spaulding et al. 2015). 
Yet, in apparent contrast with this view, benthic diatoms 
are routinely used as indicators of phosphorus enrich-
ment in lakes and rivers (Kelly et al. 1998; Bennion et al.  
2014). In addition, research from streams and coastal 
systems indicates that some benthic diatoms respond 
predictably to N enrichment (Keithan, Lowe, and 
DeYoe 1988; Kafouris et al. 2019). Explorations of the 
response of high-elevation benthic diatoms to 
N enrichment could thus confirm their sensitivity and 
lay the foundations for their use as N indicators in future 
research and monitoring. The use of benthic diatoms as 
indicators would be particularly useful in high-elevation 
lakes of the European Alps, where planktonic diatoms 
tend to be scarce (Tolotti 2001; Tolotti et al. 2006, 2009) 
and, where more abundant, typically lack N-indicator 
taxa (Rühland, Paterson, and Smol 2015).

In high-elevation catchments with low buffering capa-
city, atmospheric deposition of nitrogen causes not only 

nutrient enrichment but also water acidification (Smol 
and Stoermer 2010; Lepori and Keck 2012). In this study, 
we focused on the effects on N as a nutrient because the 
effects of acidification have been comparatively studied 
more (e.g., Charles et al. 1990; Cameron et al. 1999; 
Kawecka and Galas 2003; Battarbee et al. 2005; Catalan 
et al. 2013). In addition, during the last decades, water 
acidification (which is caused not only by nitrogen 
deposition but also by sulfur deposition) has largely 
been reversed across the Northern Hemisphere thanks 
to reductions in S emissions (Nopmongcol et al. 2019; 
Forsius et al. 2021; Yamaga et al. 2021). N emissions and 
deposition have declined to a lesser degree. For example, 
between 1990 and 2015, in European forested research 
watersheds included in the International Cooperative 
Programme on Integrated Monitoring, the bulk deposi-
tion of sulfate declined more than twice as fast than that 
of nitrate and ammonium (–0.08 meq m–2 yr–1 versus 
−0.03 meq m–2 yr–1; Vuorenmaa et al. 2018). Therefore, 
the nutrient-enriching effect of N remains current and is 
even projected to increase globally due to higher 
N emissions (Galloway et al. 2004).

We used an existing data set (Marchetto et al. 2021), 
which we integrated with new data, to examine patterns 
of benthic diatoms in high-elevation alpine lakes span-
ning a wide range of N concentrations due to atmo-
spheric deposition and background geographical 
variation. We asked whether we could (1) detect 
a response of diatoms to N and (2) identify policy- 
relevant response thresholds. The data set included 
water chemistry and benthic diatom data from sixty- 
two high-elevation lakes located in the European Alps 
sampled between 2000 and 2021. We examined the 
lakes’ N status by comparing their nitrate (NO3) and 
total nitrogen (TN) concentrations against literature- 
based benchmarks. Next, we investigated the association 
between nitrogen concentration and diatom community 
composition using multivariate analyses. Additionally, 
we identified N-responsive taxa (taxa strongly associated 
with N status) and examined their specific response, 
which is potentially more sensitive to N enrichment 
and less influenced by N-unrelated environmental var-
iation. Based on the results, we discuss guidelines for 
protecting high-elevation lakes from N enrichment due 
to atmospheric deposition or other sources.

Methods

Study area and lakes

Based on data availability, we focused on sixty-two small 
(average area: 9 ha) high-elevation alpine lakes spanning 
the Central and Central-Eastern Alps across Italy, 
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Switzerland, and Austria (Table 1, Table S1, Figure 1). 
The lakes are distributed into two longitudinal clusters, 
one central and one relatively eastern. Within these 
clusters, the lakes’ location further differs depending 
on which slope of the Alps they lie on (north or south 
slope), forming four groups of closely located lakes: The 
central north group, the central south group, the eastern 
north group, and the eastern south group. We used these 
groups (referred to by the acronyms CN, CS, EN, ES) to 
indicate the geographical position of the lakes within the 
Alpine region. These groups further differed by basin, 
country, and exposure to N emission, as indicated in 
Table 1 and Figure 1.

The lakes are located above the treeline at elevations 
ranging from approximately 1,600 to 2,800 m.a.s.l. 
(Table 1). At the time of sampling, land cover was domi-
nated by “bare ground” (rock and scree habitats) and 
“meadow” (mountain grassland), which, together, cov-
ered nearly 90 percent of the watersheds. The bedrock 
geology is predominantly composed by noncarbonate 
rocks (i.e., metamorphic, plutonic, volcanic, or detrital 
rocks), but extensive amounts of carbonate rocks occur 
in some watersheds of all groups except EN. Lake water 
composition showed relatively high variation in nitrogen 
concentration (NO3 range = 1–36 µeq L−1, average, 14 
µeq L−1) and pH (range: 5.3–9.0, average: 7.1) versus 
a narrower range of phosphorus concentrations (range 
= 1–16 µg L−1, average, 4 µg L−1). Water transparency 
(Secchi depth), available for a subset of thirty-two lakes, 
ranged between 2 and 30 m (average, 8 m).

Direct anthropogenic disturbances within the 
watershed were limited to tourism (hiking), fish intro-
ductions, and grazing by domestic livestock in summer. 
No lake received sewage or mineral fertilizers. We 
assume that the main source of N was atmospheric 
deposition, which in the Alps is severe, locally exceeding 
20 kg N ha−1 yr−1 (Rogora, Arisci, and Marchetto 2012; 
Rihm and Künzle 2023). For example, in 2014, across 
the Swiss Alps, N deposition ranged between 4.7 and 
26.7 kg ha−1 (Kosonen et al. 2019). The atmospheric 
origin of surface water N in the Alps is supported by 
previously observed correlations between surface water 
N concentration and N deposition (Lepori, Barbieri, and 
Ormerod 2003) and between N deposition and exposure 
to emission sources (Della Lucia et al. 1996; Rogora et al.  
2016; Kosonen et al. 2019). Other airborne pollutants 
affecting the lakes included sulfur, persistent organic 
compounds, and heavy metals (Marchetto et al. 2021).

Data sources

The main data source (for fifty-nine lakes) was the recently 
published data set of the research program EMERGE Ta
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(“European Mountain lake Ecosystems: Regionalisation, 
diaGnostic & socio-economic Evaluation”; Marchetto 
et al. 2021). The EMERGE data set includes environmental 
and biological data collected in the year 2000. To this set we 
added data from one Swiss lake (Lago Leit, CS group) 
sampled in 2021 and two Italian lakes (Lago Scuro di 
Mandrone and Pozza del Maroccaro, ES group) sampled 
in 2018 and 2021. All samples were collected in late sum-
mer or early autumn (August–September), after the 
spring–summer snowmelt period, according to common 
protocols (Marchetto et al. 2021). Diatom nomenclature 
was updated and homogenized across sets based on the 
global algal database AlgaeBase (algaebase.org).

Water samples were collected at the lake surface, 
either above the deepest point of the lake (EMERGE 
lakes) or near shore (other lakes); therefore, they repre-
sent conditions in the surface, well-mixed lake layer 
(epilimnion). Benthic diatoms were collected from cob-
bles in shallow littoral areas (less than 1 m deep). 
Marchetto et al. (2021) provided further details on the 
sampling and processing methods.

Nitrogen status

The analysis of lake N status focused primarily on NO3 

concentration because this variable is a common currency 
in research on N enrichment in mountain lakes, facilitating 

between-study comparisons (Baron et al. 2011). We used 
a threshold of 5 µmol NO3 L−1 to classify lakes as minimally 
N enriched or N enriched (we assumed that there are no 
uncontaminated lakes in the Alps). This threshold is based 
on a saturation model according to which, in streams and 
lakes, substantial NO3 concentrations (i.e., > 5 µmol L−1) 
during low flows are a symptom of N saturation (Van 
Migroet 1994). We used analysis of variance to test whether 
NO3 concentrations differed significantly among geogra-
phical groups CN, CS, EN, and ES.

In addition, we examined lake water concentrations 
of total N (TN), which were available for fifty-six lakes: 
Concentrations were not available for two of the sixty- 
two lakes; for another four lakes, the TN concentra-
tions reported were considered potential outliers 
because they were unusually high relative to NO3. 
A case for using TN instead of NO3 is that TN may 
better represent the total availability of nitrogen to 
algae throughout the growing season, from ice-out in 
early summer to fall, assuming that NO3 is progres-
sively taken up by plankton and is integrated in the TN 
pool. Using empirical models, Smith, Alexander, and 
Schwarz (2003) estimated that the median “back-
ground” TN concentration in streams and rivers of 
the United States is 0.14 mg N L−1. We used this value 
as an additional heuristic reference (in addition to the 
NO3 criterion) to evaluate the N status of the lakes.

Figure 1. Geographical position of the study lakes (see Table S1 for coordinates). The colors represent the cumulative total N deposition 
for the period 1880 to 2020 (from Forsius et al. 2021).
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Finally, for a subset of lakes with data (n = 48), we 
examined the relationship between lake water NO3 and 
the dissolved inorganic nitrogen:total phosphorus (DIN: 
TP) mass ratio (NO3 + NH4). The DIN:TP mass ratio has 
been shown to be a good predictor of nutrient limitation, 
with values < 1.5 indicating N limitation and values > 3.4 
indicating P limitation (Morris and Lewis 1988; Bergström  
2010).

Diatom analysis

We used an indirect gradient analysis to explore the 
effects on N on benthic diatom community composition 
in the study lakes. We ran a principal coordinate analysis 
(PCoA) to extract the main compositional patterns across 
the data set. In a second step, we used correlation analysis 
(Pearson’s r) to examine the relationships between these 
patterns and a set of environmental variables (namely, 
NO3 and TN concentration, the indicators of N status; 
elevation, a proxy for lake surface water temperature 
[Livingstone, Lotter, and Walkery 1999]; and pH; i.e., 
acid–base status). LOESS lines (locally estimated scatter-
plot smoothing) were fitted to explore the shape of the 
patterns between principal coordinates (PCos) and envir-
onmental variables (an attempt to use multiple regression 
was abandoned due to the nonlinear pattern of PCo1 
versus pH; additionally, the pattern could not be linear-
ized using common transformation methods). PCoA was 
performed on a matrix of Hellinger distances; that is, the 
Euclidean distances of Hellinger-transformed data 
(Legendre and Gallagher 2001). Prior to the analysis, we 
removed scarce species with maximum relative abun-
dance < 2 percent, which, in addition to being scarce, 
showed highly restricted spatial ranges, often occurring at 
only one site. The results of this approach were compared 
to results obtained by (1) using genus-level instead of 
species-level identification and (2) using other ordination 
techniques including canonical correspondence analysis, 
redundancy analysis, and nonmetric multidimensional 
scaling (not shown). These approaches produced highly 
correlated first components or dimensions, and they 
could have been used interchangeably. Additionally, pre-
liminary analyses using linear models showed that NO3 

concentration to the second power and the interaction 
NO3× pH were not associated with PCoA scores. For 
simplicity, these results are also omitted.

N-responsive diatoms

We used correlation (Pearson’s r) and partial correlation 
analysis, in two sequential steps, to identify N-responsive 
benthic diatoms; that is, the diatom taxa associated with 
lake nitrogen status (NO3 or TN concentration). In the 

first step, we used correlation (Pearson’s r) to identify all 
of the taxa correlated with NO3 or TN. In the second step, 
we used partial correlation to correct each diatom–NO3 

or diatom–TN correlation for any pH effect. This step 
was necessary because pH and NO3 (or TN) were slightly 
intercorrelated (see Results) and often were each asso-
ciated with diatom abundance. Therefore, partial correla-
tion analysis allowed us to identify taxa that were 
nonspuriously associated with NO3 or TN, after account-
ing for potentially confounding effects of pH. In the first 
step we focused on taxa that displayed a medium or 
strong correlation with NO3 or TN (r ≥ 0.3 or more r ≤ 
−0.3 or less; Cohen 1988) because weakly correlated taxa 
would have been removed anyway by the second step.

Results

Nitrogen status

NO3 concentrations ranged from 0.93 to 36.14 µmol L−1 

(average ± standard error: 14.25 ± 1.04 µmol L−1). Nine 
lakes (15 percent) had NO3 concentrations below 5 µmol 
L−1 and were considered as minimally N enriched 
(Figure 2). Seven of these lakes belong to the EN 
group, one to the ES group, and one to the CS group. 
The majority of the lakes had NO3 concentrations 
between 5 and 25 µmol L−1 (forty-five lakes, 73 percent), 
and a further 13 percent (eight lakes) had concentrations 
> 25 µmol L−1 (Figure 2). Among the eight most 
N-enriched lakes (NO3 > 25 µmol L−1), six belong to 
the CS group and two to the ES group. Average NO3 

concentrations were relatively high and similar among 
the CN, CS, and ES groups (range = 14.74–18.49 µmol 
L−1) but were substantially lower in the EN group (8.04 
µmol L−1; analysis of variance, df = 3, F = 9.266, p < 
.0001). Across the data set, NO3 was uncorrelated with 

Figure 2. Frequency distribution of NO3 concentrations (in µmol 
L−1) across the study lakes. The green bar represents the lakes 
with NO3 concentration < 5 µmol L−1, which were considered 
minimally enriched with N.
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elevation (r = −0.1, p > .1) or total phosphorus (r = −0.1, 
p > .1; phosphorus concentrations were available for 
forty-eight of the sixty-two lakes), whereas NO3 was 
moderately correlated with pH (r = −0.4, p < .001).

TN concentrations ranged from 0.11 to 0.87 mg L−1 

(average ± standard error: 0.31 ± 0.02 mg L−1). Five lakes 
had TN concentrations below the reference 0.14 mg L−1, 
of which three were in the EN group and two were in the 
CS group. Across lakes, there was a strong correlation 
between TN and NO3 concentrations (r = 0.9, p < .001; 
Figure 3), and the relationship between TN and NO3 was 
well-described by an exponential function (TN = 0.1479 
× e0.0453NO3; R2 = 0.74). Across the data set, TN was 
negatively correlated with elevation (r = −0.5, p < .001) 
and with pH (r = −0.3, p < .05), whereas TN was 
uncorrelated with total phosphorus (r = −0.1, p > .1).

Across lakes, NO3 concentrations were positively cor-
related with the DIN:TP ratio (r = 0.7, p < .001; Figure 
S1). Only two lakes (of forty-eight) had DIN:TP ratios 
below 3.4. Based on a regression model (Figure S1), lakes 
with NO3 concentration of 5 µmol L−1 were predicted to 

have a DIN:TP ratio of 28, whereas lakes with DIN:TP 
ratio of 3.4 were predicted to have a NO3 concentration 
of approximately 1 µmol L−1.

Diatom communities

The first two PCos explained 28.1 percent and 8.9 per-
cent of the overall variance in benthic diatom composi-
tion and were considered in further analyses. Visual 
examination of scatterplots suggested that the first PCo 
(PCo1) was associated with NO3 (nitrogen status) and 
pH (acid–base status; Figure 4), whereas PCo1 and ele-
vation were unrelated (not shown). Specifically, based 
on the interpolated LOESS lines, PCo1 displayed an 
S-shaped (approximately sigmoidal) pattern with pH 
and an approximately linear pattern with NO3. As sug-
gested by these plots, correlation analysis indicated that 
PCo1 was negatively correlated with pH and positively 
correlated with NO3 (Table 2). No environmental vari-
able was correlated with PCo2. Moreover, TN, contrary 
to NO3, was not significantly correlated with any PCos. 

Figure 3. Relationship between total N (TN) (mg L−1) and NO3 concentrations (µmol L−1) across the study lakes.

Figure 4. Principal coordinate (PCo1) representing benthic diatom community composition versus lake water (A) pH and NO3 (B) 
concentration. The lines interpolated are LOESS model fits (smoothing factor: 0.4).
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Correlation analysis indicated some associations 
between environmental variables, including a moderate 
correlation (r = 0.4) between NO3 and pH.

We calculated a partial correlation between NO3 and 
PCo1 (partialling out the effects of pH) by correlating 
the residuals of the LOESS (nonlinear) regression of 
PCo1 versus pH and the residuals of a linear regression 
of NO3 versus pH. The resulting correlation was rela-
tively weak (r = 0.3) and statistically nonsignificant, 
indicating that the effects of NO3 and pH on PCo1 
could not be separated using this analysis.

N-responsive diatoms

Twelve diatom taxa had medium or strong correlations 
with NO3 (Table 3a). Six of these taxa showed significant 
correlation with NO3 after controlling for the effects of 
pH using partial correlation analysis. In nearly all cases, 

the patterns between diatom relative abundance and 
NO3 were roughly linear (Figure S2). Brachysira brebis-
sonii, Odontidium mesodon, Pinnularia microstauron 
var. nonfasciata, and Psammothidium marginulatum 
showed positive correlations (interpreted as preference 
for high NO3 concentrations), whereas Nitzschia alpina 
showed a negative correlation (interpreted as preference 
for low NO3 concentrations). Counter to these linear 
patterns, Brachysira neolexis morphotype II “capitata” 
had a dome-shaped relationship with NO3 and was 
considered to prefer intermediate NO3 concentrations 
(Figure S2). Plots of the collective abundance of taxa 
with preference for high or low NO3 versus NO3 

(Figure 5) suggest the existence of three regions: in the 
< 5 µmol NO3 L−1 region, taxa preferring high NO3 were 
absent and taxa preferring low NO3 were relatively 
abundant; in the > 20 µmol NO3 L−1 region, taxa pre-
ferring low NO3 were absent and taxa preferring high 

Table 2. Correlations between environmental variables (elevation, pH, NO3, TN) and principal 
coordinate scores (PCo1 and PCo2) representing patterns in benthic diatom composition.

Elevation pH NO3 TN PCo1 Pco2

Elevation NS ** NS NS NS
pH −0.07 * NS *** NS
NO3 −0.43 −0.37 *** *** NS
TN −0.22 −0.25 0.67 NS NS
Pco1 −0.14 −0.76 0.51 0.34 NS
Pco2 0.09 −0.24 0.08 0.35 0.00

Note. Lower half (gray background): correlation coefficients (Pearson’s r); upper half: statistical significance 
(Bonferroni-corrected p). *p < .05; **p < .01; ***p < .001; NS = nonsignificant.

Table 3. Correlation and partial correlation analysis of diatom taxa versus NO3 (Table 3a) or TN 
(Table 3b) lake water concentration.

Taxon Correlation w. NO3 (r) Partial correlation w. NO3 (r)

(a)
Achnanthidium minutissimum s.l. −0.32* −0.18 NS
Aulacoseira distans var. distans +0.31* +0.20 NS
Brachysira brebissonii +0.45*** +0.40**
Brachysira neolexis morphotype II ‘capitata’ −0.33** −0.26*
Cymbella affinis −0.38** −0.25 NS
Didymosphaenia geminata −0.32* −0.12 NS
Nitzschia alpina −0.48*** −0.49***
Odonthidium mesodon +0.42*** +0.37**
Pinnularia microstauron var. nonfasciata +0.42*** +0.29*
Psammothidium helveticum +0.39** +0.22 NS
Psammothidium marginulatum +0.51*** +0.37**
Surirella linearis +0.36** +0.22 NS

Taxon Correlation with TN (r) Partial correlation with TN (r)

(b)
Aulacoseira pfaffiana +0.37** +0.27*
Brachysira brebissonii +0.43*** +0.37**
Cymbella affinis −0.34* −0.19 NS
Eunotia intermedia +0.34* +0.31*
Nitzschia alpina −0.31* −0.30*
Odonthidium mesodon +0.46*** +0.40**
Pinnularia microstauron var. nonfasciata +0.34* +0.21 NS
Psammothidium subatomoides +0.35** +0.26*
Psammothidium marginulatum +0.49** +0.33**

Note. Partial correlation corrects for any effect of pH. Bold font indicates N-responsive taxa. 
*p < .05; **p < .01; ***p < .001; NS = nonsignificant.
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NO3 could be numerically dominant (relative abun-
dance > 50 percent); in the 5 to 20 µmol NO3 L−1 region, 
the two groups of taxa coexisted.

Nine diatom taxa had medium or strong correlations 
with TN, of which seven had significant correlations 
after controlling for pH (Table 3b). Aulacoseira pfaffi-
ana, Brachysira brebissonii, Eunotia intermedia, 
Odontidium mesodon, Psammothidium subatomoides, 
and Psammothidium marginulatum showed positive 
correlations (preference for high TN), whereas 
Nitzschia alpina showed a negative correlation (prefer-
ence for low TN). Plots of the taxa with preference for 
high or low TN versus TN indicate that the relative 
abundance of the former increased from TN concentra-
tions above 0.1 to 0.2 mg L−1 (corresponding to NO3 

concentrations of 1–5 µmol NO3 L−1), whereas the latter 
disappeared at TN concentrations below 0.4 to 0.5 mg 
L−1 (roughly 20–25 µmol NO3 L−1).

Discussion

The majority of the study lakes were N enriched; that is, 
showed nitrate concentrations implying N saturation in 
watershed soils and consequent N leaching to surface 

waters. This result is unsurprising because the Alps are 
geographically wedged between regions of high 
N emission, including the Po Plain, Southern 
Germany, and the Swiss Plateau. Within the high aver-
age enrichment, the analysis also indicated the existence 
of strong regional differences. Lakes in the groups CN, 
CS, and ES, exposed to the highly populated and indus-
trialized Po Plain (CN, ES) or the Swiss Plateau (CN), 
had NO3 concentrations approximately twice as high as 
the lakes in the EN group, which lies in an interior area 
shielded from major perialpine emission hotspots 
(Rogora et al. 2006; Camarero et al. 2009; Rihm and 
Achermann 2016). These differences suggest that the 
N concentrations observed in the study lakes were lar-
gely driven by differences in regional N deposition 
(Camarero et al. 2009). In addition, lake and watershed 
features such as land cover, bedrock geology, lake depth, 
lake size, and elevation may cause further variation in 
N status within regions by influencing lake specific sen-
sitivity to N deposition (Burpee et al. 2022). Regardless 
of the reason, the regional and within-region differences 
provided the opportunity to examine the effects on 
N enrichment on benthic diatom assemblages over 
a wide gradient of N concentrations, ranging from 

Figure 5. Proportion of diatoms with preference for high or low concentrations of nitrogen (A), (B) measured as NO3 or (C), (D) 
measured as total N (TN). Lines fitted by eye.
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values indicating minimal N enrichment (< 5 µmol NO3 

L−1 or < 0.14 mg TN L−1) to values indicating moderate 
to high N enrichment for high-elevation lakes (> 20–30 
µmol NO3 L−1 or > 0.4–0.5 mg TN L−1).

The PCo analysis indicated that benthic diatom com-
position was associated with pH—that is, acid–base sta-
tus—and with NO3, an indicator of N status. In contrast 
to NO3, TN was not associated with benthic diatom 
composition (as quantified by the first two PCos). This 
result does not support the idea that TN represents the 
nitrogen available to benthic diatoms throughout the 
growing seasons, in which case we expected TN to 
have a stronger association with benthic diatom compo-
sition than late-summer or fall NO3. We suggest that TN 
had a weaker correlation with benthic diatom composi-
tion because it included a substantial organic fraction 
unavailable to algae (Lewis and Wurtsbaugh 2008; 
Bergström 2010). This unavailable fraction probably 
represents a background influx of N compounds resis-
tant to biological degradation from watershed soils into 
lakes. This hypothesis is consistent with the negative 
correlation between TN and elevation, which suggests 
that organic nitrogen inputs increase as watershed soils 
become thicker and richer in organic matter at lower 
elevations. Therefore, we suggest that NO3 (or DIN) is 
a better proxy of bioavailable N and a better indicator of 
inorganic N deposition (Bergström 2010). For these 
reasons, in the rest of this section we focus on NO3 as 
the main indicator of lake N status.

The strong correlation between PCo1 and pH suggests 
that the acid–base status was the major driver of benthic 
diatom composition across the study lakes. This result is 
consistent with the idea that benthic diatoms include 
several species with either acidophilous or alkaliphilous 
character, which makes them excellent indicators of lake 
water pH (e.g., Battarbee 1984; ter Braak and van Dame  
1989). In this study, variation in pH among lakes reflected 
variation in lake water alkalinity due to background dif-
ferences in underlying rocks, which ranged from hard 
weathering (e.g., crystalline rocks) at one end to highly 
weatherable (e.g., sedimentary rocks) at the other end 
(Marchetto et al. 2021). Anthropogenic acidification due 
to atmospheric deposition, though occurring in sensitive 
regions (especially within the CS group; e.g., Marchetto 
et al. 1994), did not contribute substantially to the 
observed pH effect on PCo1, because the effect remained 
prominent even if we removed the most acidic lakes (pH 
< 6) from the analysis (results not shown).

The correlation between NO3 and PCo1 is difficult to 
interpret because of the confounding effect by pH (cor-
related to both PCo1 and NO3). The confounding effect 
may have two causes. First, pH and NO3 showed an 
unfortunate (from a data interpretation standpoint) 

overlap in spatial pH and NO3 patterns. For example, 
lakes in the CS group (high lake water NO3) tended to 
have lower pH due to hard-weathering geology, whereas 
lakes in the EN group (lower lake water NO3) tended to 
have higher pH due to a reactive sedimentary geology. 
Second, some of the diatom species that responded to 
pH (i.e., the acidophilous or alkaliphilous species) 
responded to both pH and NO3, suggesting that they 
were indicators for more than one environmental factor 
(again, not an ideal situation for interpretation). Because 
of these associations, the effects of pH had to be carefully 
accounted for before we could examine the effects 
of NO3.

Despite these difficulties, the identification of 
N-responsive taxa (i.e., taxa correlated with NO3 after 
removing any effect of pH) supported the idea that the 
benthic diatom community of the lakes contains taxa 
sensitive to nitrogen enrichment, including taxa pre-
ferring high or low NO3 concentrations. Although the 
number of N-responsive taxa identified is low (six 
taxa), the compositional effects caused by NO3 should 
not be considered minor. First, taxa with preference for 
high NO3 could be numerically dominant (relative 
abundance > 50 percent) in highly N-enriched lakes, 
causing major compositional change. Second, it is pos-
sible that the total number of taxa responding to NO3 

was larger. For another six taxa, an association with 
NO3 could be neither proven nor disproven statistically 
due to confounding pH effects. Similarly, among the 
rare taxa with highly scattered occurrences (< 2 percent 
of maximum relative abundance, for which the data did 
not allow a reliable space for time analysis), at least 
some might have been responsive to N. The occurrence 
of N-responsive taxa indicates that, at least in the Alps, 
benthic diatoms can be used as effective indicators of 
N enrichment. The sensitivity to N, which was already 
noted for benthic diatoms in coastal systems and 
streams (Keithan, Lowe, and DeYoe 1988; Kafouris 
et al. 2019), clearly adds to the value of benthic diatoms 
as biological indicators. We suggest that benthic dia-
toms could be particularly useful indicators of 
N enrichment in lakes lacking planktonic indicators 
(e.g., Asterionella and Fragilaria sensu lato), like high- 
elevation lakes of the European Alps, or systems that 
lack planktonic diatoms altogether, like springs, 
streams, and small rivers.

Patterns of N-responsive taxa indicate a threshold at 
approximately 5 µmol NO3 L−1, marked by the appear-
ance of taxa preferring high NO3 and a decline in taxa 
preferring low NO3. This result supports the idea that 
biological responses to environmental pressures are 
discontinuous and that the search for breakpoints in 
the relationship between biological responses and 
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anthropogenic pressures is a fruitful approach for iden-
tifying objective policy targets. We suggest that the 
threshold of 5 µmol NO3 L−1 indicates a departure 
from nearly undisturbed benthic diatom assemblages 
caused by N enrichment. European and Swiss environ-
mental laws prescribe that pollution of lakes and other 
freshwater habitats should not cause biological devia-
tion from undisturbed conditions (Water Protection 
Ordinance 1998; Water Framework Directive 2000/ 
60/EC 2000). Based on our results, compliance with 
this principle would require lake water NO3 concentra-
tions of 5 µmol L−1 or less during late summer or early 
fall. This threshold aligns with the onset of N watershed 
saturation, defined as the stage when higher than nat-
ural nitrogen concentrations appear in surface waters 
during low flows (Aber et al. 1989; Van Migroet 1994). 
Therefore, in alpine high-elevation lakes, an NO3 con-
centration of 5 µmol L−1 can be seen as a threshold for 
both chemical and biological change.

Assuming that N deposition is the major source of 
lake water N in remote alpine lakes, the suggested 5 
µmol L−1 threshold can be translated into a critical 
deposition load (CL) by using a deposition concentra-
tion model. For example, based on a global regression 
model developed by Bergström and Jansson (2006), 
wet DIN deposition should not exceed 3 kg ha−1 yr−1 

to keep lake water NO3 concentration below 5 µmol 
L−1. The value of 3 kg ha−1 yr−1 of wet N deposition 
(roughly 4–5 kg ha−1 yr−1 of total N deposition, using 
conversion factors of 1.3–1.7 derived from the litera-
ture; see Baron et al. (2011)) aligns with other CLs 
proposed in the literature for similar environments. 
Based on an analysis of N lake water concentration 
and N deposition spatial patterns, Baron et al. (2011) 
estimated that in high-elevation U.S. lakes, N leaching 
and biological effects of N enrichment occur at deposi-
tion levels of 1.5, 2.0, and 3.5 kg N ha−1 (wet deposi-
tion) depending on region (Sierra Nevada, the Rocky 
Mountains, and the Northeast, respectively). 
Expressed in terms of total N deposition (wet + dry), 
the corresponding CLs are 2, 3, and 6 kg N ha−1. By 
comparing “hindcasted” nitrogen deposition data with 
fossil diatom records, Baron (2006) proposed 
a biologically based CL of 1.5 kg N·ha−1·yr−1 (wet 
deposition) for lakes in Rocky Mountain National 
Park. A similar value (1.4 kg N ha−1 yr−1 wet 
N deposition), derived using similar methods, was 
independently proposed for lakes in the Sierra 
Nevada and in Yellowstone National Park by Saros 
et al. (2011). Based on a recent literature review, 
Bobbink, Loran, and Tomassen (2022) proposed 
a CL of 2 to 4 kg N ha−1 yr−1 of total deposition for 

alpine clearwater lakes. The agreement of CL estimates 
for high-elevation lakes across regions and approach 
should not be surprising, because high-elevation 
watersheds share strong similarities in all of the 
major factors that determine the response of lake 
ecosystems to increased N deposition, including 
watershed topography, vegetation type, soil develop-
ment, and lake water hydraulic residence time (Pardo 
et al. 2011).

The threshold of 3 kg N ha−1 yr−1 (wet deposition) or 
~4 to 5 kg N ha−1 yr−1 (total deposition) identified in this 
study is low compared to current N deposition in certain 
alpine regions. Therefore, despite recent improvements 
in air quality, in large parts of the Alps, lake ecosystems 
are potentially still stressed by excess N deposition (e.g., 
Kosonen et al. 2019; Rihm and Künzle 2023). 
Additionally, we note that a CL of 4 to 5 kg ha−1 yr−1 

is substantially lower than the CLs proposed for other 
ecosystem types (e.g., CLs ranging between 5 and 25 kg 
N ha−1 yr−1 have been suggested for woodland, grass-
land, and bogs; Rihm and Achermann 2016; Bobbink, 
Loran, and Tomassen 2022). The greater sensitivity to 
N deposition lends further support to the idea that high- 
elevation lakes are sensitive sentinels of global change 
(Moser et al. 2019). Because environmental protection 
should pay special attention to the most sensitive habi-
tats, it stands to reason that high-elevation lakes should 
have a prominent place in environmental research for 
policy.

In this study, diatoms and water chemistry were only 
measured in late summer to early fall. This time window 
has advantages for monitoring purposes because earlier 
months (June–July) have highly variable conditions in 
water chemistry due to snowmelt. Another advantage is 
that, in principle, late summer is the period when nutri-
ents tend to have greater biological effects because they 
reach the most depleted and limiting concentrations. 
Nonetheless, in high-elevation lakes, NO3 typically 
peaks in periods of high flows during the nongrowing 
season, particularly during early-summer snowmelt 
(Kuhn 2001). Thus, during snowmelt, even lakes that 
show no leaching during low-flow, late-summer condi-
tions may be affected by NO3 pulses exceeding 20 µmol 
NO3 L−1 (Kaste, Stoddard, and Henriksen 2003). 
Therefore, CLs designed to avoid chemical and biologi-
cal change from late summer onwards are not guaran-
teed to prevent alterations (albeit transient) during and 
following these pulses. Future analyses focusing on sea-
sonal dynamics might help establish to what extent 
benthic diatoms are affected by NO3 pulses during 
snowmelt and whether any transient effect should also 
be accounted for in setting deposition targets.
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