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Abstract

Rivers have always been essential to humankind. They are used for many purposes and, as a
result, have been heavily modified. Human impacts, many of them still poorly understood,
interfere with river ecosystems, making them vulnerable to disturbances. Amongst these,
mega events along riverbanks are listed. We studied the effects of the “FM4 Frequency
Festival,” which attracted more than 200,000 visitors, on microalgae in the channelized
section of the River Traisen in St. Polten, the capital of Lower Austria. During the festival,
phosphorus, dissolved organic carbon, and chloride increased significantly during the
whole study period compared with before and after. Although the overall epilithic biomass
remained unchanged during the festival period, the phytobenthos community experienced
an increase in taxonomic richness downstream of the festival area. Both the Shannon
diversity (mean £ SD = 2.89 & 0.34) and Pielou’s evenness (mean + SD = 0.73 £ 0.08) did
not differ significantly between the sampling dates before, during, and after the festival.
We found a shift towards Achnanthidium minutissimum as the dominant species during
the festival. Diatoma ehrenbergii, which is sensitive to nutrient enrichment and organic
pollution, disappeared during the event. Overall, the biofilm shifted towards a community
dominated by heterotrophs during the festival, likely due to high organic loading. Pelagic
microalgae experienced a rise in the total taxa number during the festival, which was
partly caused by resuspension of phytobenthos. Our results reflect significant impacts
from visitors to the Traisen ecosystem. Not only short-term changes in the hydrochemical
environment but also mechanical disturbances of the phytobenthos caused by visitors were
demonstrated. We suggest continuous monitoring to verify that such events will not have
long-term impacts on the system.

Keywords: phytobenthos; river; human impact; disturbance; algae; pollution; nutrients;
mechanical stress

1. Introduction

Rivers provide biological and physical resources that sustain life, culture, and
economies [1]. Nevertheless, or perhaps for this very reason, one of the most human-
affected environments are streams and rivers [2,3]. Since the Neolithic Revolution, humans
have settled near rivers, lakes, and seashores. Aquatic ecosystems have been essential
to the development of transportation, agriculture, and food. Therefore, humans have
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tamed rivers with dams, flood regulations, and other management actions to their bene-
fit [4-6]. With an increasing human population over the last few decades, this interference
has increased, resulting in a dramatic change in river shape [7-9]. Anthropogenic river-
and land-management actions have modified the world’s rivers over the last century by
interrupting the fluxes of water, sediment, and nutrients [10-15]. With these changes in
natural variation, habitat conditions, and dynamics, rivers are less sustainable and resilient
than in their natural state [16]. If natural conditions, such as variable flow regimes, natural
fluctuations in heat and light, clean water, and a naturally diverse biotic community, are
not maintained in rivers, species loss and the loss of ecosystem services will occur [17].

Humans also use rivers to dilute pollutants of domestic, industrial, and agricultural
origin, leading to serious degradation of water quality [18]. As such, concerns about river
conditions and quality increased, and consequently, the EU Water Framework Directive [19]
was developed to achieve a “good status” for all rivers in Europe. A key requirement of
the EU Water Framework Directive, which entered into force in 2000, was to improve the
ecological status of rivers by reducing phosphorus and nitrogen levels. The major sources
of these nutrients are urban activities and agriculture [20]. Phosphorus in freshwaters
can foster toxic algal blooms [21] and/or anoxic conditions due to the decomposition
of organic material [22]. Increased nitrate concentrations pose a direct health threat to
humans and other mammals [23]. Both nutrients contribute to water eutrophication, a
widespread problem [20].

Eutrophication in rivers is mainly associated with a proliferation of the algal commu-
nity [21,24-26]. This often creates ecological problems, including fluctuations in dissolved
oxygen and pH driven by the diurnal cycles of photosynthesis and respiration [27,28], reduc-
tions in the invertebrate taxonomic richness [29], and an imbalance in flora and fauna [30].
Benthic algae are an important component of the aquatic food web [31]. Through their
density, abundance, and diversity, they reflect the health of their environment [32]. In
many mid-sized streams, they are the primary energy source for the river community as
a whole [33]. Also, in headwater streams, they are an important food source for inverte-
brates [34]. In addition, benthic algae transform inorganic compounds into organic forms,
and therefore, act as chemical modulators in aquatic ecosystems [35]. Moreover, they are
the primary harvesters of inorganic phosphorus and nitrogen compounds [36,37], thereby
contributing to the self-purification of streams. The phenomenon of self-purification en-
ables rivers to recover to pre-pollution levels. Still, this depends on a complex mix of
hydraulic stability, flow level, and periphytic communities [38].

The theoretical framework for predicting the effects of human activities on rivers and
managing these activities is called disturbance ecology. The diversity of contaminants and
habitat alterations from human activities is challenging the prediction of river responses
to such disturbances. This can be improved by distinguishing the effects and recognizing
similarities in sets of stressors affecting rivers [39]. During succession, communities change
structurally and physiologically, and disturbance effects may vary with the developmental
stage [40]. These effects of disturbances on phytobenthos communities have been demon-
strated in numerous studies [40—43]. However, the term “disturbance” is relative, as the
same event can hurt one population, whereas it may have neutral or even positive effects
on other populations [44]. A positive disturbance effect can be an increase in biodiversity.
The intermediate disturbance hypothesis [45-47] states that the highest diversity should
be at intermediate levels of disturbance. Responses from communities to disturbance also
vary spatially. The structure and function of a community may be affected by environmen-
tal patchiness, altering the rate and pattern of post-disturbance recovery by reducing or
strengthening resistance [40].
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Recreational activities on, in, and along waters (e.g., bathing, swimming, boating)
contribute to human well-being, but may stress aquatic ecosystems. This can cause habitat
degradation or even loss, potentially impacting the composition, diversity, and abundance
of water organisms [48]. One example of such activities is music and cultural festivals,
which are often held near water bodies. These events attract thousands to millions of
visitors and bring them into close vicinity or directly into rivers. The biggest music festival
in the world, the “Donauinselfest”, on the Danube Island in Vienna (Austria), attracts
up to 3.2 million people [49]. The biggest religious festival associated with a river is the
Kumbh Mela in India. Millions of people take a ritual dip in the water on multiple dates
and in multiple rivers. To our knowledge, only a handful of studies have investigated the
environmental impacts of this type of anthropogenic use on water bodies and their associated
communities, focusing on religious festivals in India and the rivers they affect [50-53].

The FM4 Frequency Festival (FQ) is one of Austria’s biggest music festivals. It has been
in the capital of Lower Austria, St. Polten, since 2009. Since then, the number of annual
visitors increased from around 40,000 per day (for 3 days) to 55,000 per day (for 4 days) in
2018. The festival area is located in the southern district of the city, with a campsite along the
river Traisen. Along this section of the river, artificial ground sillings have been constructed
every 200 m. Visitors use the river to cool off, swim, or wash themselves and their dishes.
In particular, the groundsills are used for sitting in the shallow overflow and as a bridge
between the camping grounds. One serious environmental problem associated with large
festivals is waste management and disposal [54-56]. Given the campsite’s unique location
in the festival area, this problem extends to the river ecosystem (Figure 1). Not only garbage
but also food, beverages, cosmetics, and human excretions enter the river. Studies suggest
that sweat, personal care products, hair and skin, as well as urine and feces, can contribute
substantially to anthropogenic dissolved organic matter in swimming pools [57,58]. High
organic loading has already been proven for the Traisen during the festival [59], which also
had significant effects on the heterotrophic microbial community [60].

In the current survey, we evaluated potential impacts of the FQ on the phytobenthos
community of the river Traisen. The event, which takes place along a river section, is a
great opportunity to study significant chemical and physical changes in the water column
over a predefined short period. The predictability of the disturbance enabled a Before—
After Control-Impact (BACI) experimental design, which is ideal for measuring specific
effects on the phytobenthos community. The river is part of the festival area, which
comprises a unique camping ground along both shorelines. The FQ is therefore a prime
example for studying the impacts of mass events on aquatic ecosystems. By gaining more
information about this influence, disturbances can be recognized at an early stage, enabling
timely countermeasures.

We focused on two research questions: (1) is there a measurable impact in terms of
selected parameters and the algal community, and (2) if so, how long does the recovery
phase take until the pre-festival state is reached again? We expected that visitors along the
shore and in the riverbed would not only increase the nutrient levels, such as phosphorus
and nitrate, but also directly influence the algal community, e.g., by entering, thereby caus-
ing mechanical disruption. We assumed that nutrient levels would increase significantly
during the festival due to allochthonous inputs from visitors, reflected in an increase in
phytobenthos biomass. Due to the disturbance, we expected a higher number of algal taxa
shortly after the event. Since rivers constantly transport new water packages, we assumed
that the original state would be restored within a short time.

https:/ /doi.org/10.3390/phycology6020066


https://doi.org/10.3390/phycology6020066

Phycology 2026, 6, 66

4 of 25

E [] Stage
[ Campsite 4

" (O Sampling

Figure 1. Map of the study area with the sampling spot at the upstream and downstream location.
The black arrow indicates the flow direction from South to North. Source: basemap.at.

2. Materials and Methods
2.1. Study Area and Study Period

The study area is a highly modified, channeled section of the river Traisen located
in the capital of Lower Austria, St. Polten. The FQ camping ground is located between
river km 28.6 and 32.1 on both shorelines, covering approximately 0.5 km? (Figure 1). The
camping ground sheltered approximately 50,000 visitors each day of the festival. In this
reach, the river Traisen had an annual mean discharge of 14 m> s~! in 2018 [61]. The
river’s catchment area is 767 km? and crosses four bioregions before discharging into the
Danube River, with the largest being the Limestone Alpine Foothills (Kalkvoralpen). The
reach of the Traisen in the study area falls within the Bavarian—Austrian Alpine Foothills
and the ecoregion Central Uplands [62]. Approximately 50% of the Traisen reach is in an
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extensively to intensely affected anthropogenic condition [63]. For example, the study area
comprises 17 artificial groundsills.

Samples were taken on two sites, one located upstream (US; 48°09'40” N, 15°37'46 E)
and the second one located downstream (DS; 48°11'33” N, 15°38’01” E), in the festival
area (Supplementary Figure S1). We started the sampling campaign three months before
the festival to establish a baseline for the river. During the FQ, the sampling interval was
shortened to consider the daily impact. We continued sampling after the FQ to also assess
the system’s recovery. In addition to the photoautotrophic biofilm, we included monitoring
of microalgae in the pelagial and certain hydrochemical parameters. The FQ took place
from August 16th to 19th, although the camping ground was already open on August 14th
and closed on August 20th. The sampling campaign for environmental variables was from
24 May to 26 September 2018. Algae sampling took place on 16 occasions (June 12th & 25th;
July 13th & 24th; August 2nd, 8th, 13th, 15th, 16th, 17th, 18th, 20th, 23rd & 30th; September
6th & 26th), with daily sampling during the festival weekend (bold).

2.2. In Situ Measurements

Measurements were performed with portable meters from WTW (Xylem Analytics
Germany Sales GmbH & Co. KG, Weilheim, Germany): pH (WTW pH 33110), conductivity
(WTW Cond 3310), and dissolved oxygen (O,) and temperature (temp) (WTW Multi 3510
IDS). The flow velocity at the groundsills, US and DS, was measured with an OTT universal
current meter (OTT HydroMet GmbH, Kempten, Germany) in 1 m sections across the
river. In addition, discharge, air temp, and rainfall were taken from nearby meteorological
stations (NOEL, 48°10/26.4" N 15°36/50.4" E).

2.3. Hydrochemistry

Samples for ion analyses were collected 5 cm below the water surface using 50 mL
sterile Eppendorf tubes; 4 replicates were collected at each site. For dissolved organic
carbon (DOC) analysis, samples were collected with a syringe and immediately filtered in
the field (Whatman GEF/F filters, pore size 0.7 um) into pre-combusted borosilicate glass
vials. All samples were transported in a cool box with ice to the laboratory and stored
at 4 °C in the dark until further analysis, which was done on the following day. Cations
(NO3~, Cl~, SO4%7) [64] and anions (Ca?*, Mg?*, K*, Na*) [65] were analyzed by means
of ion chromatography (Metrohm Compact IC 761, cation column: Metrohm Metrosep
C2, anion column: Metrohm Metrosep A Supp 5; Metrohm AG, Herisau, Switzerland).
Total phosphorus (Ptt) was measured after wet combustion of the unfiltered sample [66]
with a spectrophotometer at 890 nm (Hach-Lange DR 2800, Loveland, CO, USA). Analysis
of DOC was performed on a GE-Sievers 900 TOC analyzer (SUEZ Water Technologies &
Solutions, Trevose, PA, USA) using the persulfate oxidation method with an inorganic
carbon removal unit.

2.4. Algae Community

Samples of the phytobenthos community were taken from the surface of ground
sills at the US and DS (random sampling of an area of about 15 m?). Semiquantitative
samples of the phytoplankton were taken in the pools upstream of the groundsills with
a plankton net (30 pm mesh size) and transferred to Eppendorf tubes (cooled) to the
laboratory for preparation and identification. For phytobenthos, mixed subsamples of
the phytobenthic biomass samples were analyzed (see Section 2.5 Phytobenthic Biomass).
The life material was identified within 24 h to the lowest possible taxonomic level with
a compound microscope (Axio Imager M1, Carl Zeiss AG, Oberkochen, Germany) at
magnifications of 400, 600 %, and 1000 x. When the highest resolution was required, a
scanning electron microscope was used to examine specific features (SEM; JSM-6390, JEOL
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Ltd., Tokyo, Japan). Identification followed keys for diatoms (=Bacillariophyceae) [67-71],
Cyanobacteria (=cyanoprokaryotes) [72-74], green flagellates and Tetrasporales [75,76],
Chlorococcales [77], Xanthophyceae [78,79], and Rhodophyta [80], as well as a key for
field identification of common phytobenthos [81]. We combined the phyla Chlorophyta
and Streptophyta in the current study under the umbrella term “green algae”. Species
name and author cross-checking followed the AlgaeBase online database [82]. Diatoms
were identified after wet combustion: samples were placed on cover slips, dried by gentle
heating, then heated to the maximum to combust organic material (only the inorganic part
remained). Calcium carbonate was then removed by washing the cover slips in 5% HCI,
followed by rinsing in reverse osmosis water. After drying, the diatoms were embedded
in the synthetic resin Naphrax™ (Brunel Microscopes Ltd., Chippenham Wiltshire, UK).
Algal abundance was assessed using a semiquantitative scale that ranged from 0 to 5,
initially developed by Korde [83], and has since been widely applied in various water
monitoring programs (0 = not present, 1 = very rare/sporadic, 2 = rare, 3 = moderate,
4 = high, 5 = very high abundance) [84]. We assessed the community diversity using
n"3-transformed relative abundance data to reflect true proportions. The Shannon diversity
index (H') and evenness (J') were used to compare phytoplankton diversity and evenness
between sites x season using formula as follows: H' = Y (pi xIn(pi)), with pi denoting the
proportion of the entire community made up of species i and J' = H' /(In(S)) with S denoting
the species richness [85,86].

2.5. Phytobenthic Biomass

The benthic community was collected on each sampling day with a modified DOU-
GLAS sampler [76] and transferred into separate specimen jars. The DOUGLAS sampler
covered an area of 25 cm?Z; four areas were randomly selected within the 15 m? area sampled
for taxonomic work. The samples were stored at 4 °C for up to 12 h before the next step of
preparation. Each sample was poured into a measuring cylinder and made up to 1000 mL.
The diluted and homogenized sample was then split into two parts and filtered on glass
fiber filters (Whatman GF/C; Cytiva, Marlborough, MA, USA). One was stored at —80 °C
until algal pigment extraction, whereas the other filter (pre-dried and pre-weighted) was
dried at 60 °C until constant weight for dry mass (DM) measurement. After weighing, this
filter was combusted for 2 h at 480 °C in a muffle furnace to obtain the ash mass (AM).
Organic matter (OM) was calculated as OM = DM — AM. For the pigment analysis, frozen
filters were cut into small pieces and transferred to Eppendorf tubes containing 10 mL of
90% acetone. Homogenization was performed by an ultrasonic probe (Branson Sonifier
250; Brookfield, CT, USA). After 12 h of extraction at 4 °C in the dark, the extract was
centrifuged and a portion of the supernatant was used for spectrophotometric analysis of
chlorophyll-a (Chl-a; [87]). Another part of the pigment extract was injected into an HPLC
System (Merck-Hitachi LaChrom Elite, Darmstadt, Germany, column: Merck-Superspher
RP-18, software: EZ Chrom Elite 3.3.2). A gradient program was run according to [88], with
peak detection at 440 nm [89,90]. To calculate group affiliations, the factor analysis routine
CHEMTAX V1.95 was used [91]. The software uses a data matrix of pigment concentrations,
along with an initial estimate of the most appropriate pigment/Chl-a ratios for the algae
classes expected in the samples [91,92]. Based on microscopic observations, we limited the
groups to the relative contributions of Cyanobacteria, Bacillariophyceae, and Chlorophyta
to total algal biomass, as determined by Chl-a. The autotrophic index (AI) represents the
quotient between Chl-a and AFDM and was calculated for each sampling date for the
US and DS [93]. The Al is used to determine the relative importance of photoautotrophs
compared with heterotrophic microorganisms and to identify potential organic pollution.
Values <100 indicate a community dominated by photoautotrophs, and values >400 a
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community mainly consisting of heterotrophs and/or organic detritus. Between 100 and
400, an indifferent community inhabits the system [94].

2.6. Statistics

Significant differences in environmental variables between “site” (US versus DS) and
“period” were tested with a Two-Way Analysis of Variance (ANOVA) after passing tests
for normal distribution and variance homogeneity. “Period” comprises three categories:
before the FQ (B), during the Frequency festival (D), and after the FQ (A). If data did not
meet these criteria, the Kruskal-Wallis test (H-test) was applied, followed by Tukey’s post
hoc test. We used PAST © (version 3.10) for the Two-Way ANOVA, H-test, and Tukey’s
test. For seasonal post hoc comparisons, the significance p-level was adjusted to 0.0167
(Bonferroni correction for three groups).

For an overview of environmental conditions, we performed a principal component
analysis (PCA) based on normalized data of environmental parameters (PRIMER V7;
PRIMER-E Quest Research Ltd., Albany, New Zealand). Parameters were manually se-
lected according to their potential influence on the algal community and to minimize
autocorrelation. Principal components (PCs) with eigenvalues > 1 were considered for
further interpretation.

We studied algal community patterns using two-dimensional non-metric multidi-
mensional scaling (NMDS) in PRIMER V7, based on a Bray—Curtis similarity matrix of
the taxonomic data. To obtain insight into environmental variables that significantly con-
tributed to the community development, (1) environmental variables showing Pearson
correlations r > 0.35 with the NMDS axes were plotted, and (2) the BEST routine was
applied (Spearman rank, BIOENV-method, maximum number of variables = 5, resem-
blance measure: Euclidean distance, 999 permutations). The BEST routine identifies the
combination of environmental variables whose multivariate pattern most closely matches
that of the algal community data, thereby supporting interpretation of the influence of the
considered environmental variables.

To test the goodness of “period” groups (B, D, A), a canonical analysis of principal
coordinates (CAP) was calculated based on the Bray—Curtis similarity resemblance matrix
between taxa occurrences (9999 permutations). CAP is used to discriminate predefined
groups and visualize the separation. To test for significant differences in the algae com-
munity between “period” (B, D, A) and “site” (US, DS), we performed a Permutational
Multivariate Analysis of Variance (PERMANOVA; 999 permutations) based on Bray—Curtis
dissimilarities with the PRIMER V7 software package. We applied a distance-based test for
homogeneity of multivariate dispersions with the PERMDISP routine in PRIMER (p(perm)
=0. 07 for “period”, 0.30 for “site”). PERMANOVA is a nonparametric method that tests
whether community structures differ significantly between predefined groups. In addi-
tion, the SIMPER (Similarity Percentages) routine in PRIMER V7 was used to provide an
overview of group dissimilarities between “site” and “period” and of the taxa that con-
tributed the most to the group similarities within each group. Groups were defined using
“site” x “period” (UB, UD, UA, DB, DD, DA). For these groups, we also tested for signifi-
cant differences in the taxa number, Shannon diversity index, and Pielou’s evenness using
One-Way ANOVAs (Sigmaplot 14.5, Systat Software Inc., San Jose, CA, USA). Raw data
passed the tests for variance homogeneity (Brown-Forsythe) and normality (Shapiro-Wilk).

3. Results
3.1. Abiotic Factors

The mean discharge during the study period was 9.7 m3 s~!, with a flood event in

the end of June (maximum 71.7 m3 s~!) and low water during the FQ with 5.9 m3 s~!

https:/ /doi.org/10.3390/phycology6020066


https://doi.org/10.3390/phycology6020066

Phycology 2026, 6, 66

8 of 25

(Figure 2). Water level fluctuations were mainly explained by weather conditions: increased
water levels were related to rainy, cloudy weather conditions that provided low incoming
irradiance and air temp (Figure 2). The maximum air temp was observed on August 9th,
with a 24 h mean of 28.8 °C, only five days before campers arrived. During the FQ, the mean
air temp of 23 °C indicated sunny, pleasant weather, ideal for outdoor activities (Figure 2).
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Figure 2. Weather conditions and discharge of the Traisen river during the study period from
May 24th to September 26th, 2018. The dashed area indicates the duration of the Frequency event.
Irradiance and air temperature data from weather station St. Pélten Landhaus, Geosphere Austria;

discharge from gauge station Windpassing, Hydrographic Service Lower Austria.

The highest conductivity values were measured at the US with 464 uS cm~! on
September 26th and the DS with 446 uS cm~! on August 18th. The pH ranged from
8.2 to 8.6 at the US and from 8.0 to 8.7 at the DS. The water temp reached a maximum
of 23.8 °C on June 12th at the DS and a minimum of 11.4 °C on September 26th at the
US (Supplementary Table S1). Predominant ions were Ca?* /Mg?* and HCO; ™ /SO4%~,
respectively (Supplementary Table S1; Supplementary Figure S2). We did not observe a
pronounced change in the ion composition during the study period; however, an overall
increase in the ion content towards the end of summer was noted, mainly due to Ca?* and
HCOs37. The increase was also recognized by conductivity measurements. We did not find
significant differences between the US and DS for Ca%t, K*, Na*, NHy*, nitrate, O,, and
S0,42~ (Supplementary Table S1). Contrarily, alkalinity, C1~, Cond, DOC, Mg2+, nitrite, pH,
Piot, and temp displayed significant differences between the two sampling sites during the
FQ and/or after the festival (Supplementary Table S1). Mg?* and pH were significantly
different before the FQ but did not show significant differences during or after the FQ
(Supplementary Table S1). During the FQ, a gradual increase in the following variables
was observed (Figure 3): CI™ at the DS was significantly higher than at the US. Also, for
Piot and DOC, the DS values were significantly higher than at the US.

A PCA of environmental variables yielded three principal components (PCs; Table 1).
According to the loadings of the PCs, we interpreted their main background variable as
“season” for PC1 (explaining 33% variation of the data), “pollution” for PC2 (24%), and
“discharge” (13%) for PC3 (Table 1, Figure 4). Data points are mainly arranged along the
“season” PC, as can be seen from the score plot (Figure 4). In addition, the DS during the
FQ is clearly separated from other data, oriented vertically along “pollution”. The variables
DOC, Cl, and Py are strongly associated with this PC (Table 1, Figure 4), indicating the
high impact of visitors.
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Figure 3. TP, DOC, and chloride amounts during the study period, with sampling stations up-
stream (US; green dots) and downstream (DS; red dots). The grey areas indicate the festival period

(average + standard error; n = 4).
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Table 1. Factor loadings of principal components (eigenvalues > 1). Percentage contribution to the
variation; the cumulative variation of these principal components was 70%.

Variable Season (33%) Pollution (24%) Discharge (13%)
Alk —0.474 0.213 0.157

Cl~- —0.133 —0.577 —0.15

NOs3~ —0.458 —0.179 0.256

Ptot 0.161 —0.515 0.06

Cond —0.386 —0.32 —0.522

Temp 0.417 —0.051 0.321

Discharge —0.436 0.082 0.501

DOC 0.09 —0.461 0.508

Values in bold indicate loadings >0.4 for better visibility.
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Figure 4. Score plot of PCA based on selected, normalized environmental variables showing sampling
occasions. The first two principal components are shown. Labeling in the plot: U—upstream,
D—downstream, and numbers—sampling date. Symbols according to the period: B—before the
festival, D—during the event, and A—after the festival. The insert on the right shows the Pearson
correlation coefficients for the principal components >0.35.

3.2. Phytobenthic Community

Phytobenthos had the highest biomass at both sites during June, with maxima of 88 pg
Chl-a cm~2 (US) and 63 pg cm~2 (DS), respectively (Figure 5). From July to the end of
September, the biomass was below 30 pg Chl-a cm~2 (US) and 10 (DS), with no significant
change during and after the FQ (Figure 5). The OM was highly correlated with Chl-a
(Figure 6 left), with a ratio of around 2 %. Chl-a per unit OM. The AM and OM were highly
correlated (Figure 6 right). The mean Als were 285 (US) and 388 (DS) across the whole
study period. The highest Al was observed during the FQ, with 344 for the US and 454 for
the DS. The DS location showed a significantly higher AI during and after the FQ compared
with the US (Figure 7).
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Figure 5. Changes in the chlorophyll-a concentration during the study period. The grey area indicates
the Frequency festival (mean and SE, n = 4).
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Figure 6. Relationships between the benthic chlorophyll-a, ash and ash-free dry masses.
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Figure 7. Autotrophic index (AI) from upstream and downstream of the festival area before, during,
and after the Frequency festival.

https://doi.org/10.3390/phycology6020066


https://doi.org/10.3390/phycology6020066

Phycology 2026, 6, 66

12 of 25

The main contributors to the phytobenthos biomass were the major algal groups green
algae (Chloro-/Streptophyta), diatoms (Bacillariophyceae) (Supplementary Figure S3), and
Cyanobacteria. Cyanobacteria were most abundant during late spring to mid-summer.
During and after the FQ, green algae increased in biomass (Figure 8). The taxa number
displayed a different pattern: although Cyanobacteria contributed heavily to the overall
biomass, the number of taxa was low. Diatoms showed the highest taxonomic richness
(Supplementary Figure 54, Supplementary Table S2).
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Figure 8. Phytobenthos class distribution during the study period based on Chl-a as a proxy for
biomass. The grey areas indicate the Frequency festival period.

The total number of taxa recorded in the current survey was 198, including 150 benthal
taxa, 43 pelagic taxa, and 5 commonly found in both zones. The lowest overall taxa number
was found just after a flood event at the DS on July 13th (Supplementary Figure S3). During
the FQ, diatoms had the lowest species richness, while the green algae had the highest. To
present the different patterns more clearly, we pooled the taxonomic richness data into three
categories: before, during, and after the FQ. Overall, the total number of phytobenthos taxa
increased significantly at the DS during the FQ compared with the periods before (p = 0.044,
n = 5) and after the event (p = 0.016, n = 5). Contrarily, the taxa number did not change
significantly at the US (Figure 9). Both H' (mean + SD = 2.89 + 0.34, p = 0.063, n = 15)
and J' (mean + SD = 0.73 & 0.08, p = 0.130, n = 15) did not differ significantly between the
groups. However, a tendency towards higher values was observed from spring to autumn
and from the US to the DS (Supplementary Figures S5 and S6).

3.3. Pelagic Algae Community

Green algae, diatoms and Cyanobacteria dominated the phytoplankton, with diatoms
showing the highest taxa numbers at both sites (Supplementary Table S3). Before the FQ,
the DS had, on average, 2% fewer identified taxa in phytoplankton than the US. During
the event, the DS had, on average, 49% more total taxa than the US. After the FQ, the DS
had 9% fewer taxa than the US again. The most abundant diatom taxa at the DS during
the FQ were Achnanthidium minutissimum, Cyclotella sp., Fragilaria acus, Fragilaria capucina,
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and Fragilaria ulna. The most abundant green algae in this period were Ankistrodesmus
sp., Ankistodesmus spiralis, Spirogyra sp., Scenedesmus sp., Scenedesmus dimorphus, and
Pandorina morum.
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Figure 9. Algae taxa observed at the upstream and downstream sites of the festival area before,
during, and after the Frequency festival. Boxes show the median, 25th and 75th percentiles, and

minimum/maximum values.

The pelagic algal community consisted of true planktonic, resuspended phytobenthos,
and indifferent forms usually found in both habitats (Figure 10). Before the event, the
DS had 15% less resuspended phytobenthos taxa and 52% more true planktonic taxa
compared with the US. During the FQ, the DS had 18% more resuspended phytobenthic
taxa and 158% more true planktonic taxa than the US. After the event, the DS again had
15% less resuspended phytobenthos taxa and 16% more true planktonic taxa than the US.
An additional increase in resuspended phytobenthos at both sites was evident shortly after
the high-water event at the end of June (see also Figure 2).
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Figure 10. Phytoplankton community with euplanktonic, resuspended phytobenthos, and indifferent
species. Upstream (top) and downstream site (bottom). The grey areas indicate the Frequency
festival period.
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3.4. Linking Algae Community Patterns to Environmental Conditions

The development of the algae community showed a clear seasonal pattern along
NMDS axis 1 (Figure 11). In addition, NMDS axis 2 separated the FQ from the period
before and after the FQ, but also periods of cold water, which were partly associated with
high discharge (Figure 11). The BEST routine had the best match with temp, NO;~, Cl~,
SO42~, and sediment resuspension by visitors (999 permutations, Spearman rank r = 0.549),
where the first two variables were largely associated with high discharge and the latter
three with the FQ (Figure 11).
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Figure 11. NMDS plot of the algae community. Labeling indicates the site, with U—upstream of the
festival area and D—downstream. Numbers show the exact dates (day, month). Symbols according
to the period: B—before the festival, D—during the event, and A—after the festival. The right insert
shows environmental variables related to the NMDS axis with a Pearson correlation coefficient r > 0.35.

The CAP of three predefined groups B, D, and A, based on the taxa Bray—Curtis
similarity matrix, was highly significant (p = 0.0001; Supplementary Figure S7; Supple-
mentary Table S54), correctly classifying 87% of the cases. Misclassified cases were U_2008,
D_1808, just after the festival, and 0808. This sampling date was also placed within the
FQ in the NMDS analysis (Figure 11). The main taxa for the group separation along
CAP axis 1, reflecting a mainly seasonal pattern, were diatoms such as Achnanthidium
minutissimum, Cymbella cymbiformis, Diatoma tenuis, Fragilaria pararumpens, and Platessa
conspicua, but also phytoplankton, e.g., Coelastrum spp., Dinobryon, Pandorina, Peridinium,
and Staurastrum gracile. All these taxa had the highest abundances in spring to summer
(Supplementary Table S5). Characteristic taxa of the FQ, which were negatively related to
CAP axis 2, were Encyonema silesiacum, Fragilaria ulna, Navicula antonii, Navicula radiosa, and
Nitzschia sigmoidea.

The PERMANOVA resulted in highly significant differences between factors “location”
(US and DS; pperm = 0.025, 9999 permutations) and “period” (pperm = 0.0001). Pairwise
post hoc comparisons revealed significant differences across all periods (Supplementary
Table S6). Each of the six groups B_US, D_US, A_US, B_DS, D_DS, and A_DS had high
within-group similarity between around 45 and 65%, as calculated by SIMPER (Supple-
mentary Table S7). Achnanthidium minutissimum and Cocconeis pediculus contributed to the
similarity within each group. Still, there exist taxa that contributed strongly to only one
group, e.g., Pediastrum boryanum for D_US and Nitzschia dissipata and Navicula radiosa for
D_DS. We further compared the average dissimilarity between the US and the DS in the
periods before, during, and after the event (Supplementary Table S7). Dissimilarity ranged
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from 43% during the FQ to 50% before the event. Besides diatom taxa, taxa from other
groups clearly separated the sites. Examples are filamentous Zygnematophyceae Spirogyra
and Zygnema, which occurred in higher abundances at the US before and during the FQ,
but increased at the DS after the FQ. Phytoplankton taxa increased during the study period,
with a tendency towards a higher average abundance at the DS in late summer to autumn
compared with the FQ, where the US indicated a higher abundance, e.g., for Pediastrum
and Scenedesmus.

4. Discussion

We observed distinct shifts in both the abiotic variables and the algal community
during and after the music festival. These short-term effects could not only be traced
back to the input of various substances but also to mechanical disturbances caused by
visitors entering the riverbed. Although the impacts of mass events located near or even
within aquatic systems are very likely, limnological research on this topic is limited and
mostly focuses on basic physico-chemical variables. Most studies were conducted in India,
where religious events such as idol immersions led to eutrophication and pollution, not
only from human activities but also from toxic substances released from the idols into
the water [95,96]. Also, mass ritualistic bathing caused severe eutrophication, including
elevated biochemical oxygen demand and dissolved oxygen depletion, high levels of fecal
coliforms and other pathogens, and increased nutrient load [53,97,98]. A few studies in the
temperate zone investigated short-term mass events, e.g., the input of illegal drugs into
Lake Balaton [99]. However, not only are released chemicals a threat to aquatic organisms,
but noise can also have negative effects. A survey on fish stress hormones during a music
festival revealed elevated stress levels [100].

Environmental parameters clearly showed a seasonal pattern that interfered with a
high-water event and the music festival (Figure 4, Table 1). During and shortly after the
FQ, the US and DS environmental conditions showed pronounced changes, especially
of those parameters indicating anthropogenic impact. Before the event, Cl-, DOC, and
Pt had comparable concentrations at both sites. Still, after the first day of the FQ, this
pattern shifted towards significantly higher values at DS, which became increasingly pro-
nounced over the course of the FQ. The mean Py at the DS on August 18th, when the
main acts took place, was twice as high as the US concentrations, and DOC was 1.4 times
higher at the DS than at the US. Only 1 day after the FQ finished, the differences in
CI™, Ptot, and DOC decreased (Figure 3) and returned to initial conditions 3 days later.
Harjung et al. [59] identified the origin of additional DOC at the DS as a refractory carbon
load. The components turned out to be mainly synthetic from sunscreen ingredients, specif-
ically phenylbenzimidazole sulfonic acid. Scientific evidence on the aging and residence
times of UV filters in freshwater systems originating from sunscreens and cosmetics is
largely missing, and studies explicitly addressing the impacts of sunscreen on freshwater
organisms are extremely rare [48]. Also, Cl~ reached the highest value during the FQ
on August 18th at the DS, while the US values remained unchanged. CI~ often indicates
pollution, originating, e.g., from wastewater, industry effluents, road salt [101,102], or even
swimmers [103]. In accordance, the electrical conductivity increased at the DS during the
FQ, indicating major ion input into the river. From the data obtained in the current study,
we cannot directly relate the origin of pollutants. We assume that the sources of these
additional nutrients and ions were of anthropogenic origin, mainly from visitor excretions
(e.g., urine and sweat) and human activities in and near the river (e.g., dust/soil input
from the shore). In general, the ion composition of the Traisen is dominated by Ca?* and
Mg2+, and HCO3~ and SO42~, which is characteristic of carbonate waters, indicating a high
buffer capacity. At both sampling sites, the highest SO4?~ concentrations were measured
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at the end of the study period, with the US values consistently higher than the DS values.
We assume that intensive agricultural land use, such as tilling and harvesting, and runoff
from fields adjacent to the river, were responsible for this increase. Increased SO42~ at
both sampling sites during the FQ indicates a drought with low discharge, as observed in
other rivers [104].

AFDM was highly coincident with Chl-a amounts (Figure 6); the Chl-a per unit
AFDM indicated that photoautotrophs were the main component of the biofilm community.
The phytobenthos biomass was significantly increased at the US compared with the DS
(Figure 5). The maximum values of around 90 pg cm~2 Chl-a at the beginning of the study
period were close to the maximum values observed in highly eutrophicated streams [31,105].
We found massive growth of Spirogyra and Zygnema filaments, with both genera belonging
to the Zygnematophyceae, and both highly competitive under the given environmental
conditions of intermediate flow velocity and high nutrient and light supply [106,107]. The
flood event in late June significantly reduced the biomass. Specifically, filamentous green
algae such as Spirogyra sp. and Zygnema sp. decreased strongly, which can be explained
by the lack of holdfasts. The reduction in Spirogyra filaments after a flood event was
already observed in another survey [108]. Contrary to our expectations, no significant
changes in biomass were detected after the spate, with mean Chl-a values ranging from
10 pug cm—2 (DS) to 30 ug cm~2 (US; Figure 5). According to Dodds et al. [95], these
values indicate eutrophicated to highly eutrophicated conditions. The authors defined
a threshold of 7 g cm~2 (mean) or 20 ug cm~2 Chl-a (maximum) as the mesotrophic—
eutrophic boundary. Bothwell [94] showed that periphyton biomass rapidly increases with
additional phosphate supply. Especially at phosphate levels > 10 pg L=, periphyton growth
is boosted [109-112]. In the current study, such Pyt levels were observed for only 3 days
during the FQ, which was clearly too short for the development of a massive bloom. In
addition, we assume that mechanical stress from visitors crossing the riverbed prevented
further biomass accumulation.

Concerning the Al, we found an indifferent community, with mean Als of 285 for
the US and 388 for the DS, with the latter already indicating high levels of heterotrophs.
Taking a closer look at the temporal change of the DS community, a shift from a balanced
autotrophic/heterotrophic community before the FQ (Al = 314) to a biofilm dominated
by heterotrophs and/or organic detritus during the FQ (Al = 454) and after the event
(AI = 429) was evident (Figure 7). The lowest Al was determined immediately after the
flood event, with values of 200 at the US and 164 at the DS. During and after the FQ, the Al
was significantly higher at the DS than at the US, whereas before the FQ, both sites showed
no significant difference. Al also increased at the US during IFQ but did not reach values
>400. The increase during the FQ at both sites is explained by extremely low discharge,
which results in organic detritus accumulating on the ground sill, as observed in other
studies [113-115]. We assume that after the event, a brief increase in discharge washed
away organic detritus, thereby reducing the Al at the US. The Al of the DS, however, did
not decrease after the festival period, suggesting prolonged organic pollution [116]. This
assumption is supported by the microbial community, which showed a marked increase in
heterotrophic bacteria in the water column during the FQ, especially at the DS [60].

By the end of July, Cyanobacteria were dominant at both sites (Figure 8). A flood
event at the end of June led to a shift towards diatoms. Obviously, benthic diatoms are
more resistant to a high flow velocity than most Cyanobacteria and green algae [117,118].
The development of stalk systems prevents them from being flushed away, even at a
high flow velocity. In addition, this group uses near-bottom zones with reduced shear
stress. In a study examining hydrodynamic gradients along river sections, optimal flow
velocities for diatom growth were around 1m s~ [119]; such values were reached just after
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the flood event. During August, with very low discharge (Figure 2), green algae became
predominant. After the FQ, the site comparison revealed some differences in the algal group
composition. Diatoms and the green group became abundant US, reaching about 80% of
the overall biomass by late September, while Cyanobacteria declined steadily. Conversely,
Cyanobacteria increased at the DS until early September, after which abundance dropped
below 20%, reaching a percentage comparable to that at the US (Figure 8).

The taxa number displayed a different pattern compared with group contributions in
terms of biomass. Diatoms consistently showed the highest taxonomic richness, whereas
Cyanobacteria showed the lowest. The lowest number of diatom taxa was observed on
the last day of the FQ at the DS. Conversely, the highest Cyanobacteria taxon number
was recorded just 3 days after the FQ at the DS. The total taxa number did not change
significantly at the US between B, D and A, but we found significantly more taxa at the
DS during the event compared with the periods B and A. This result indicates different
responses to disturbance from the flood event in late June and from the FQ. While the
minimum total taxa number was observed at both the US and DS just after the flood,
the overall algal community at the DS responded to the FQ by increasing the species
richness. The community pattern was an increase in green algae and Cyanobacteria at the
expense of diatoms, which declined in taxa number. In addition, disturbance effects by
mechanical resuspension of phytobenthos into the water column contributed to an increase
in the overall taxa number (Figure 10). The pattern of lowest taxa numbers just after the
high-water event until the FQ, followed by the highest richness just after the FQ, fits into
the concept of the intermediate disturbance hypothesis [45,47]. The flood caused severe
physical disturbance, with only a few tolerant taxa surviving. This period was followed
by very low disturbance with only highly competitive taxa dominating the phytobenthic
community, such as diatom taxa Achnanthidium minutissimum, Cocconeis pediculus, and
Diatoma spp. This period was followed by the FQ, which resulted in combined intermediate
chemical and physical disturbance, thus enabling many taxa to co-exist.

The reduced diatom diversity during the FQ can be seen as a response to pollu-
tion [120]. A closer look at the DS diatom community revealed that the pioneer species
Achnanthidium minutissimum [121] became very dominant, with a relative abundance of
around 50% on August 20th. A. minutissimum sometimes shows massive growth as a first
colonizer and has a broad ecological niche. In contrast, Diatoma ehrenbergii and Amphora
copulata were detected before and after the FQ but were absent during the event. These taxa
are known to be sensitive to nutrient enrichment and organic pollution [121]. We assume
that visitors mechanically removed a lot of periphyton while sitting and walking on the
groundsills. The pioneer species A. minutissimum rapidly occupied the bare substrate, while
organic and nutrient enrichment during the FQ suppressed growth of Diatoma ehrenbergii.
After the FQ, the relative abundances of Amphora copulata, Navicula lanceolata, Platessa
conspicua, Fragilaria sp. and Fragilaria ulna increased, while the A. minutissimum occurrence
decreased to levels comparable with those before the event.

The Cyanobacteria community was enriched with Komwvophoron sp. (only the DS on
August 20th and 23rd) and Merismopedia sp., among others. The ecology and distribution of
the genus Komuvophoron are still not well characterized [122], but most species prefer muddy
sediment rich in organic detritus [123]. This finding is also supported by the increased Als
during and after the festival (Figure 7). The increase in taxa richness among green algae
was mainly driven by planktonic taxa, including Coelastrum sp., Scenedesmus dimorphus,
and Kirchneriella incurvata. Still, the abundances of certain phytobenthic taxa also increased.
Spirogyra sp. showed high abundance, especially during the FQ, forming large floating
mats on both sampling sites. The development of Spirogyra mats occurs regularly during
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the hot season and can be traced to a high water temp paired with high incoming irradiance
and low discharge.

Diatoms dominated the pelagic community, but after the FQ, green algae also in-
creased, especially at the DS (Supplementary Table S3). Taking a closer look at period
B, we found more resuspended phytobenthic taxa at the US, while the DS had more eu-
planktonic forms. The high-water event caused a boost of resuspended forms for around
two weeks, before the taxa number dropped due to sedimentation (Figure 9). Our find-
ings are in accordance with other studies of resuspended phytobenthos abundance in
rivers [124-126]. During the FQ, especially in the last days, both sites showed increased
richness, mainly due to resuspended phytobenthic forms (Figure 10). After the event, the
pattern resembled that of the FQ. The pattern is explained by mechanical stress from visitor
trampling. Increased nutrient input via visitors most probably boosted a phytoplankton
bloom with high abundances of Ankistrodesmus sp., A. spiralis, Coelastrum sp., C. reticulatum,
Fragilaria acus, F. capucina, F. ulna, Spirogyra sp., Scenedesmus sp., S. dimorphus, and Pandorina
morum at the DS. Ankistrodesmus is mostly found in eutrophic standing waters and also
in river plankton [127]. Also, Scenedesmus dimorphus is very common in eutrophicated
standing waters [77]. Pandorina morum is widespread in plankton of oligo- to eutrophic
waters [76]. Additionally, high turbulence from swimming and other recreational activ-
ities reduces sinking losses, increases light exposure of suspended algae, and enhances
nutrient acquisition [128].

Algal community composition patterns were studied using a semiquantitative scale
comparable with the Braun-Blanquet scale (and subsequently transformed), a long-
established and still widely used approach in phytosociology [129]. We see this approach as
very promising for this type of environmental study, especially if combined with multivari-
ate statistics based on ordinal scaling. Limitations of the semiquantitative approach include
its inapplicability for calculating growth and loss rates of taxa, as well as specific metabolic
rates, such as productivity and respiration per unit biovolume/cell. Here, quantitative
methods are a good alternative for certain research questions. On the other hand, Uter-
mohl counting [130], commonly used for quantifying phytoplankton, provides much lower
taxonomic resolution due to methodological limitations, e.g., the long working distance
of objectives. For monitoring purposes, quantitative methods, such as counting benthic
diatoms, are commonly used in applied limnology [131]. Still, they exclude other algal
groups that also provide essential information. Moreover, rare species will probably not be
considered if only a limited number of frustules are counted, and abundant taxa are given
much greater importance [132].

Observed algal community patterns clearly reflected seasonal development and distur-
bances from a flood and anthropogenic impacts. We sampled from one upstream and one
downstream site due to limited resources and personal power. This limitation prevented
us from studying pollution gradients and potential differences in recovery across river
sections. We, however, randomly sampled several areas from each site to account for the
natural variation and patchy distribution of phytobenthos taxa. According to the BEST
analysis, sediment resuspension, C1~, and SO 2 were highly correlated with the altered
community pattern during the FQ; all three parameters indicate human activities. Both the
US and DS, as well as the sampling periods before, during, and after the event, showed
a distinct community pattern with high predictability for the respective groups (CAP).
From a conservation perspective, significant alterations in community structure have been
documented. For the algal community, these effects can be recognized for several weeks
(for other organismic groups, potential impacts are yet to be studied). Identified taxa
characterized the river as an eutrophicated system already before the FQ took place, and
most of the taxa are common. Also, the Al values indicate a well-developed heterotrophic
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community in the biofilms, which persisted throughout the study period. We assume that
the elevated Al was not only caused by the FQ but also by people entering the riverbed
for recreational activities during the hot season. Low discharge during the summertime
exacerbated eutrophication.

While the majority of river disturbance research focuses on either a strong, short-
term increase in flow velocity and discharge (i.e., flood events) or long-term changes in
water chemistry (i.e., sewage discharge), this kind of disturbance is unique because it
combines nutrient input and mechanical stress without changes in discharge. The strong
increase in mechanical stress on the benthic community (with unchanged discharge) and
the simultaneous changes in hydrochemistry are very complex and call for further studies
to better understand the many impacts of this kind of river use.

5. Conclusions

We found significant impacts of the FQ on selected hydrochemical variables and the
algal community, mainly at the DS. In particular, Ptot, DOC, and Cl~ increased significantly
during the FQ, and the benthic and pelagic photoautotrophic communities shifted towards
higher overall taxa richness. The decrease in benthic diatoms was overcompensated by
increases in green algae and Cyanobacteria, resulting in the maximum number of taxa. The
pelagic algae community increased not only by a gain in resuspended phytobenthic species
due to the mechanical stress but also by a rise of true pelagic forms and indifferent species.

After the music event, hydrochemical parameters were comparable with initial values
within one to three days. Although the phytobenthos biomass did not increase after the
FQ, the DS algae community showed a different composition throughout the study period.
As the US and DS were comparable before the FQ but showed differences after the event,
we assume a long recovery phase of several weeks. The Al at the DS did not reach the BF
value, indicating a shift from a balanced autotrophic/heterotrophic biofilm community to
a more heterotrophic one. We assume that organic matter released directly by visitors or
indirectly by human activities on land was responsible for this shift. The main differences
between the benthic photoautotrophs were increases in green algal and Cyanobacteria taxon
richness and abundance. The change in the overall phytobenthic community composition
is explained by a combination of mechanical disturbance during the FQ, nutrient input,
and low discharge. Although we found some indications that the river system recovered
within a few weeks, we did not focus on possible long-term effects. The monitored period
may still be too short to demonstrate complete recovery of the system.
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