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Abstract: Phytoplankton studies were carried out in the lower course of Poland’s largest river, the
Vistula. This section of the Vistula has changed much since the 19th century due to regulation of the
bed and limitation of its flood banks. In the years 1994–2020, hydrobiological studies of physical and
chemical parameters and phytoplankton were carried out. On the basis of these studies, this research
investigated the water quality of the river. Since 2000, a gradual improvement in water quality in the
river has been observed, as manifested by decreasing phytoplankton biomass (from over 15 mg/L
in 1994 and 2003 to less than 10 mg/L in the 2000s) and lower chlorophyll a concentrations (from
48 µg/L in 1998 to 12.5 µg/L in 2020). The river’s ecological potential index, calculated on the basis
of indicator species of phytoplankton and chlorophyll a concentration, also indicates a progressive
improvement. In the 1990s, the ecological potential was poor; at the turn of the century, it was
moderate; and in the following years, the phytoplankton studies showed an ecological potential that
was good or moderate (slightly below the lower threshold of good potential).

Keywords: phytoplankton; ecological potential; diatoms; Chlorococcales; Cyanobacteria; Vistula River

1. Introduction

Phytoplankton plays a very important role in aquatic ecosystems, where—as a group
of principal primary producers—it integrates mineral chemicals into the biological cycle.
Phytoplankton research focuses mainly on the functioning of this community in stagnant
waters. For many years, river plankton (potamoplankton) has not been given sufficient
attention [1] because it was believed that phytoplankton can only grow in stagnant waters.
Potamoplankton studies are still rare and account for no more than 15% of published
papers [2].

In flowing waters, phytoplankton only develops under slow-flow conditions, such
as in large rivers or manmade reservoirs. However, in recent decades, observations have
brought many new findings [3]. The authors of most studies emphasise the importance
of river current velocity and retention time as factors regulating the development of this
assemblage [4–6]. Hydrological factors are often indicated as key to the development of
phytoplankton, with availability of nutrients and water pollution being seen as being of
lesser importance [7].

In the research of European waters, the beginning of the 21st century can be described
as the era of the Water Framework Directive. Constantly progressing eutrophication of
surface waters, and thus the deteriorating quality and availability of water in Europe, forced
the European Parliament to establish the Water Framework Directive (WFD) (2000/60/EC).

Numerous activities were undertaken to harmonise the assessment of the ecologi-
cal status of natural waters and the ecological potential of heavily changed waters and
manmade reservoirs. This directive required the Member States to achieve at least “good
ecological status” and “good chemical status” of surface waters by 2015 [8]. However, due
to the complexity of the problems related to the unification of water quality assessment in
different parts of Europe, this goal was unachievable in such a short time. The European
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Commission has set a new deadline of 2027 [9]. Due to the long-term verification of the
developed methods and inter-calibration exercises between the EU countries, work is
still ongoing to update and verify surface water bodies in Poland, as well as to verify
boundaries for water quality classes.

The assessment of ecological status/potential in rivers is mainly based on assessing
biological elements such as phytoplankton, phytobenthos (mainly diatomaceous), macro-
phytes, zoobenthos, and ichthyofauna. Among these organisms, benthic invertebrates and
diatoms are the most common indicators for assessing river quality in Europe [10]. Phyto-
plankton is studied in only 4% of EU river waters, and in only 16 EU member states [11].
This is probably because some countries lack sufficiently large rivers for such studies to
be required: phytoplankton communities develop in large, free-flowing rivers with long
water retention times. Phytoplankton, as the first link in the trophic chain, responds fastest
to changes in the aquatic environment, and for this reason is an excellent indicator of water
quality [12].

The aim of the research was to assess changes in the ecological potential of the Lower
Vistula waters over the last 26 years. The economic crisis in Poland in the 1990s and the
intensification of environmental protection efforts at the turn of the 21st century should
have a visible positive impact on the water’s quality and, thus, its ecological potential. The
trends in the dynamics of phytoplankton development in the waters of the Vistula were
traced in the years 1994–2020.

2. Materials and Methods

With a length of 1068 km, the Vistula is the longest river in Poland, and it has a
catchment area of 194,000 km2 and a slope of around 0.18 ‰. It has all the characteristics
of a lowland river over most of its course. The section of the Vistula between km 718 and
km 941 is highly regulated, with an almost completely deforested valley and flood em-
bankments built in the 19th century [13]. Ecological potential is assessed in the lower
section of the Vistula, due to the far-reaching modification of the riverbed and valley there.
The Lower Vistula covers the section between km 550 and km 941 of its course (between
the mouth of the Bug and Narew, and the estuary to the Baltic Sea) and has a long-term
average flow in the range of 900–1050 m3/s [14,15], but the flow rate in the study period
ranged from 228 m3/s in 2015 to 6190 m3/s in 2010. For biological evaluation, the studied
section should be included in the R-01 category (very large rivers) [16], which in Poland
are called “great lowland rivers” [12]. These rivers are characterised by catchment areas of
>10,000 km2.

Long-term observations of phytoplankton were carried out in the lower section of the
Vistula at sites located in Toruń (Figure 1) between km 727 and km 744 of its course. The
research covered a section of 17 km, for which the environmental conditions were assumed
not to have significantly changed. This section of the river flows through the urban and
suburban areas of Toruń. In this section, the river is heavily regulated and embanked,
has no tributaries, and is characterised by a low flow velocity (0.3–0.9 m/s). With such
a slow flow of water, the phytoplankton travels the studied distance in between 5 and
fewer than 16 h. Therefore, this time is too short for any significant changes to occur in the
phytoplankton structure.

Water samples were collected at different frequencies (4–8 times per growing season
(Apr–Oct)) in the years 1994, 1997, 1998, 2003, 2007, 2008, 2009, 2013, 2017, and 2020.

The following variables were measured in situ using a portable probe (WTW MultiLine
P4): water temperature (WT; ◦C), pH, dissolved oxygen concentration (DO; mg/L), and
electrical conductivity (EC; µS/cm). Water was collected for analysis of chlorophyll a
concentrations (Chl-a; µg/L) with each phytoplankton sampling. In 1994, 1998, 2008, 2009,
and 2017, water was also taken for nutrient analysis (TP, P-PO4, TN, and Nmin.). River flow
rate information for the Vistula was obtained from the Institute of Meteorology and Water
Management, National Research Institute (IMGW-PIB). Vistula flow rates were measured
at the gauging station in Toruń, situated at km 734.7.
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Figure 1. Location of the investigated station on the Vistula River.

For qualitative analysis (species composition), phytoplankton was collected from the
water column with a plankton net of 10 µm mesh size and fixed with 4% formaldehyde. The
species composition of phytoplankton was examined under LM. Diatoms were determined
after their prior cleaning with ≈30% H2O2 and heated, then rinsed with distilled water,
treated with the addition of 10% HCl, and washed again with distilled water. The diatom
material was mounted in Naphrax® Brunel Microscopies Ltd., Chippenham, UK. synthetic
resin with refractive index 1.74. The taxonomical identification of algae was performed
according to available keys and publications [17–37].

For quantitative analysis, 100 mL of non-concentrated water was collected from a
depth of around 0.5–1.0 m (euphotic zone) and fixed with J in KJ (Lugol solution). Quanti-
tative assessment of phytoplankton was prepared according to the Utermöhl method [38]
(i.e., in an inverted microscope), and algal cells, colonies, or coenobia were counted from
a volume of 1–20 mL of water. Phytoplankton biovolume was calculated by volumetric
method [39–41]. Biovolume is presented as biomass (wet weight) per litre (B, mg/L). It
was assumed that 1 mm3 of algae is equal to 1 mg [42,43]. Chlorophyll a concentration
was determined in ethanol extract according to the Nush method [44]. For chlorophyll a
analyses, water was filtered through Whatman GF/C glass fibre filter and extracted in 90%
ethanol for 24 h. Absorbance was measured using a Jasco UV/VIS V-530 spectrophotometer.
Nutrient analysis (TP, P-PO4, TN, and Nmin.) was carried out using standard methods.

The ecological status or ecological potential of Polish flowing waters are determined
using the IFPL multimetric phytoplankton index for rivers [45]. This index is the arithmetic
mean of the trophic index calculated on the basis of the biomass of phytoplankton indicator
species and an index based on the concentration of chlorophyll a in water.

The ecological status/ecological potential calculated on the basis of the IFPL index
corresponds to the ecological quality index (EQR = observed/reference) and takes one of
five classes with scale status (high, good, moderate, poor, and bad), depending on the scale
of deviation from the reference conditions, where 0 corresponds to the maximum deviation
(i.e., bad) and 1 corresponds to no deviation (i.e., high) [46]. The final classification is made
using standards developed for various types of flowing water in Poland (Table 1). These
standards are published as an ordinance of the relevant ministry and updated every few
years [47].
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Table 1. Limit values for the Great Lowland River water quality classes according to phytoplankton
surveys (multimetric phytoplankton index for rivers—IFPL).

Water Quality Class Ecological Status/Potential IFPL Values
First high/maximal ≥0.96

Second good ≥0.79
Third moderate ≥0.47

Fourth poor ≥0.16
Fifth bad <0.16

By graphically presenting the results of species richness (S), Shannon–Wienner diver-
sity index (H’), phytoplankton biomass (B), ecological potential index (IFPL), and physical
and chemical parameters, this study was also able to plot trend lines (regression lines) as
functions of time. These lines illustrate trends in data series and are commonly used when
creating forecast charts. Linear regression is based on the least square method. For linear
regression, the response variable (y) is linearly correlated with the independent variable (x):

y = αx + β

where α is the linear slope and β the intercept.
Linear regression was calculated using Excel.

3. Results

Altogether, 465 phytoplankton taxa were recorded in the entire material, most of which
were Bacillariophyceae (228 taxa) and Chlorophyta (mainly Chlorococcales) (157 taxa).
Most of the diatom species found in the Vistula belonged to benthic forms. About 200 phy-
toplankton species were found in each year of the study (Figure 2). During the study
period, the number of species was almost constant. The Shannon−Wiener diversity in-
dex calculated on the basis of phytoplankton biomass showed a distinct upward trend
(R2 = 0.43).

Figure 2. Number of taxa and Shannon–Wienner diversity index calculated on the basis of phyto-
plankton biomass in the Vistula in the period from 1994 to 2020.

Phytoplankton biomass was greatest in 2003 (15.73 mg/L) (Figure 3) and least in
2008 (4.24 mg/L). The trend line shows a gradual but weak (R2 = 0.13) reduction in
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phytoplankton biomass, as well as a strong reduction of chlorophyll a concentrations
(R2 = 0.77) in the period from 1994 to 2020.

Figure 3. Changes in phytoplankton biomass, chlorophyll a concentrations, and the trend lines in the
Vistula in the period from 1994 to 2020.

Diatoms were the dominant taxonomic group in most samples and accounted for
8.0–99.5% of total phytoplankton biomass. The average share of Bacillariophyceae in the
total biomass of phytoplankton was 68.8% (Figure 4). The second most important group in
the Vistula phytoplankton was green algae, mainly belonging to the order Chlorococcales.
Their average share was about 16%. The remaining phyla of planktonic algae developed
significantly less. However, in some years, representatives of Cyanobacteria or Cryptophyta
appeared in greater numbers and biomass. In August of 1994 and 2003, Oscillatoriales had
a share of about 60%, and in October 2009, Cryptophyta accounted for over 50% of biomass.

There was a constant upward trend in number of phytoplankton species in biomass. In
the years 1994–1998, the presence of 34 codominant taxa of algae was found. In 2003–2007,
from 60 to 63 taxa codominated, while in 2017, the number of species important in biomass
increased to 87 taxa. The species with the highest biomass were mainly the typically
planktonic centric diatoms, such as Aulacoseira granulata (Ehrenberg) Simonsen (with
varieties), Actinocyclus normanii (W.Gregory ex Greville) Hustedt, Cyclotella meneghiniana
Kützing, C. planctonica Brunnthaler, Cyclostephanos dubius (Hustedt) Round, Stephanodiscus
alpinus Hustedt, and S. hantzschii Grunow, as well as planktonic Pennatae Asterionella
formosa Hassall and Ulnaria ulna (Nitzsch) Compère. Representatives of other taxonomic
groups had a smaller share in the formation of phytoplankton biomass—these were species
belonging to green algae (Chlamydomonas sp. div., Coelastrum astroideum De Notaris, and
Desmodesmus communis (E. Hegewald)) and Cyanobacteria (Oscillatoria limosa C.A. Agardh
ex Gomont and Phormidium tergestinum (Kützing) Anagnostidis et Komárek).
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Figure 4. Percentage share of phytoplankton groups during the investigation period.

In the 1990s, the values of the multimetric phytoplankton index for rivers indicated the
poor ecological potential of the Vistula (in 1994 and 1997, this value was slightly over 0.4).
Only in 1998 did the phytoplankton index (IFPL) indicate a moderate ecological potential
of the river, with an IFPL value of 0.550 (Figure 5). In the years 2007–2009, the average
value of the trophic index increased to over 0.8 and indicated good ecological potential. The
maximum value of the IFPL index was noted in 2008 and amounted to 0.870. In the years
2013–2020, the values of the ecological potential of the Vistula’s waters in Toruń indicated
moderate conditions, with IFPL values over 0.7. The trend line indicates a gradual, very
strong (R2 = 0.52) improvement in water quality in the period from 1994 to 2020.

Figure 5. Changes in IFPL values and the trend line in the Vistula in the period from 1994 to 2020
(orange—poor, yellow—moderate, green—good ecological potential).
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The physical and chemical parameters play a supporting role in evaluations based on
biological tests. The waters of the Vistula were found to be slightly alkaline (Figure 6), with
an annual value of 8.2 (ranging from 7.6 in 2003 to 8.4 in 2020). Water oxygenation was
high (Figure 7), with a long-term average of 7.6 mg/L (ranging from 6.5 mg/L in 1994 to
8.8 mg/L in 2008). The Vistula was also found to be characterised by quite high values of
electrical conductivity (Figure 8), with a long-term average of 627 µS/cm (ranging from
565 µS/cm in 2013 to 725 µS/cm in 1994).

Figure 6. Changes in pH values and the trend line in the Vistula in the period from 1994 to 2020.

Figure 7. Changes in oxygen concentration (DO) and the trend line in the Vistula in the period from
1994 to 2020.
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Figure 8. Changes in conductivity (EC) and the trend line in the Vistula in the period from 1994
to 2020.

Concentrations of total phosphorus and orthophosphates in the Vistula decreased
markedly in 2017 compared to previous years. No similar phenomenon was observed with
respect to the concentration of total nitrogen. The content of mineral forms of nitrogen
showed fluctuations between 1994 and 2017. In the 1990s, the highest concentration was
recorded; in 2008, the concentration decreased significantly to a value of 0.93 mg/L, before
increasing again in 2017 to a value close to 1.3 mg/L (Table 2).

Table 2. Annual average values of nutrients in the Vistula River.

Year TP (mg/L) P-PO4 (mg/L) TN (mg/L) Nmin. (mg/L)

1994 0.26 0.13 3.0 1.88
1998 0.26 0.09 2.2 1.89
2008 n.d. 0.09 n.d. 0.93
2009 n.d. 0.05 n.d. 1.08
2017 0.14 0.05 3.6 1.27

n.d.—no data.

Nutrient concentrations in the period 1994–2017 allow for the classification of the
Vistula waters into quality class 1 or 2, except for 1994, when total nitrogen concentrations
were the highest and exceeded quality class 2.

Due to the good ecological potential obtained from phytoplankton for the years 2007–
2009, the results of physical and chemical measurements were additionally assessed. In
2007, only oxygen concentrations exceeded the threshold values for the second class, and
therefore the ecological potential of the Vistula River for this year should be limited to
moderate. In the remaining years (2008–2009), the physical and chemical parameters were
within class 1 or 2 and did not result in a lowering of the water quality class on the basis
of phytoplankton.

4. Discussion

The Vistula is one of the largest rivers in the Baltic Sea catchment area (second after
the Neva), and its valley has been recognised as an important ecological corridor in Central
Europe [48,49]. However, the functions of such a corridor can be fulfilled only by waters
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of adequate ecological quality. In the second half of the 20th century, the Vistula was
heavily polluted: in the years 1964–1990, there was a deterioration in the quality of Polish
rivers, with only 7% being classified as first class in terms of purity [50]. Only the accession
agreements with the European Union countries and then Poland’s accession to the EU
contributed to an improvement in the ecological situation. Poland was faced with the need
to apply more stringent legal regulations. In the years 1980–2007, the number of sewage
treatment plants increased by 38%. There was also a similar increase in the volume of
treated wastewater, and the proportion of untreated wastewater discharged decreased by
more than 83% [51]. All these factors led to a gradual improvement in the quality of river
waters, as shown by studies conducted since 1986 [52–54].

Changes in the chemical composition of river waters led to changes in the structure
of communities of organisms inhabiting a given ecosystem. Planktonic algae act as an
excellent bioindicator and have therefore long been used to assess water quality. Detailed
analyses of the Vistula phytoplankton have been conducted since 1994; unfortunately,
earlier data on this group of organisms [55,56] were fragmentary and could not be used to
assess its ecological potential.

On the basis of the results of research conducted to date—both published [6,7,57]
and as yet unpublished—the phytoplankton community of the Vistula River in Toruń can
be assessed taxonomically as diatomaceous green algae. The species composition of the
lower Vistula phytoplankton is similar to that of other rivers [58–61]. Most of the diatom
species found in the Vistula belong to the sedentary forms that originally inhabit the bottom
zones of rivers [62,63]. In some rivers, such as the Danube or the Bug River, green algae
dominate the phytoplankton [64,65]. The quantitative structure of the community, taking
into account the share of algae in biomass, also clearly indicates the domination of diatoms.

The average share of Bacillariophyceae in the total biomass of phytoplankton in the
Vistula River was higher than in, for example, the Danube, where diatoms constitute 59%
of the biomass [1]. The second important group in Vistula’s phytoplankton were green
algae, mainly belonging to the order Chlorococcales. Their average share was lower than
in the Danube, where green algae constitute 25% of biomass [1]. Other groups of algae
develop much less in rivers, although they may periodically appear in significant numbers.

The high proportion of Cyanobacteria in phytoplankton is particularly dangerous.
The potential for this group to produce toxic substances is a threat. In August 1994 and
August 2003, about 60% share of Cyanobacteria was recorded. The significant biomass of
Oscillatoria limosa in 1994 was the result of the detachment of this benthic species from the
river bottom as a result of the rapid increase in river water velocity during the intense flow
(1475 m3/s) that followed a long-term low water level. In August 2003, very favourable
conditions for the development of Cyanobacteria were recorded due to the extremely low
water flow (290 m3/s) and its very high temperature (25.3 ◦C). In the following years, no
significant share of Cyanobacteria in the phytoplankton biomass was observed.

Cryptophytes (mainly Cryptomonas erosa Ehrenberg) are a permanent element of
phytoplankton in some rivers, such as the Danube, where they constitute as much as 16%
of phytoplankton biomass [1]. Long-term studies of phytoplankton in the lower Vistula in
Toruń have shown favourable changes in its structure. There has been a constant upward
trend in the number of dominant species affecting the phytoplankton biomass. The species
with the highest biomass mainly included typical planktonic diatoms, Chlorophyta, and
some Cyanobacteria.

During the 26-year period (1994–2020) for which the Vistula phytoplankton was
studied, an improvement in the water quality in the Vistula can be observed.

Due to the large morphological transformation of the Vistula riverbed and valley,
which was carried out in the mid-19th century [13,14], the ecological potential was calcu-
lated. The IFPL index takes into account the biomass of trophic indicator (composition
of indicator taxa). The second indicator of phytoplankton abundance is the concentra-
tion of chlorophyll a [45]. The trend of changes in the period in which the research was
conducted indicates a statistically insignificant decrease in phytoplankton biomass, but a
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clear decrease in the concentration of chlorophyll a. Although the biomass concentration
slightly decreases, the improvement is indicated by the change in the structure of dominant
species. Over time, the number of bioindicators clearly increases, which is reflected, for
example, in an increase in the biodiversity index. Water quality was worst in the 1990s,
when the ecological potential index indicated poor quality. Ecological potential was best in
2007–2009. Later, there was a drop, down a class, but the values remain close to the border
of the good class [47]. The IFPL has been developed to harmonise water quality assessment
methodologies under the Water Framework Directive. It allows for the comparison of
ecological status or potential of different rivers that are subject to ecological monitoring.
With an adequate dataset, it is possible to use historical data and compare them with the
current situation, as analysed in this study.

IFPL is a universal tool, because by intercalibrating with other European indices [66],
researchers are able to compare river water quality over a large area of our continent.
Improving water quality in Europe is a trend that is visible not only in the Vistula. German
water quality has improved over the past 50 years [67]. For example, the river Rhine
research (carried out in 1992–2004) also indicates an improvement in ecological quality
from moderate to good condition [62]. Unfortunately, over 80% of very large rivers in EU
countries still do not meet the WFD good status objective, and about one-third have poor
or bad ecological status [16].

Following the recommended method of phytoplankton study [17] and Polish legal
regulations [47], alongside phytoplankton observations, measurements should also be
taken of physical and chemical parameters. Physical and chemical parameters support the
biological tests but may lead to a lowering of water quality classification in the first and
second classes. Below the second class of water quality assessed on the basis of biological
studies, the physicochemical parameters are irrelevant in the classification. The mean
annual values of water pH and electric conductivity were within the limits provided for
class 1 of water quality in all years of the study [47] and therefore did not affect any of the
ecological potential results based on phytoplankton analysis. In terms of oxygen conditions,
1994 was the worst year, with an average annual oxygen content in water of 6.5 mg/L.
However, the ecological potential in the same year, as assessed by the IFPL value, was poor,
and therefore such a small amount of oxygen did not affect the classification result. In 2007,
the oxygen concentrations exceeded the threshold values for the second class, and therefore
the ecological potential of the Vistula River this year should be reduced to moderate. In
2009, the oxygen concentrations corresponded to the second class of water quality, and
in 2013, they only slightly deviated from the second class (the limit value in the second
class is 7.4 mg/L) and were classified as good. The best year was 2008, when the ecological
potential of the Vistula, assessed on the basis of both the IFPL value and the quality of
physical and chemical parameters of the water, reached its maximum value.

5. Conclusions

In conclusion, phytoplankton studies carried out over more than 25 years have shown
no significant changes in number of species and biomass. However, the rebuilding of
planktonic communities, manifested by a greater number of species that make up the
biomass, was responsible for an increase in biodiversity and improvement in water quality
in the Vistula.
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części wód powierzchniowych, a także środowiskowych norm jakości dla substancji priorytetowych. 2021; p. 1475. Available
online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20210001475 (accessed on 26 November 2021).

48. Bij de Vaate, A.; Jazdzewski, K.; Ketelaars, H.A.M.; Gollasch, S.; Van der Velde, G. Geographical patterns in range extension of
Ponto-Caspian macroinvertebrate species in Europe. Can. J. Fish. Aquat. Sci. 2002, 59, 1159–1174. [CrossRef]

49. Romanowski, J. Vistula River Valley as the Ecological Corridor for Mammals. Pol. J. Ecol. 2007, 55, 805–819.
50. Mysiak, M. Zmiany jakości wód rzecznych w Polsce w dwudziestopięcioleciu 1964–1990. Ochr. Srodowiska 1994, 16, 9–10.
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58. Baykal, T.; Açikgöz, İ.; Udoh, A.U.; Yildiz, K. Seasonal variations in phytoplankton composition and biomass in a small lowland
river-lake system (Melen River, Turkey). Turk. J. Biol. 2011, 35, 485–501.

59. Da Silva, I.G.; Pelicice, F.M.; Rodrigues, L.C. Loss of phytoplankton functional and taxonomic diversity induced by river
regulation in a large tropical river. Hydrobiologia 2020, 847, 3471–3485. [CrossRef]

60. Várbíró, G.; Ács, É.; Borics, G.; Érces, K.; Fehér, G.; Grigorszky, I.; Japport, T.; Kocsis, G.; Krasznai, E.; Nagy, K.; et al. Use of
Self-Organizing Maps (SOM) for characterization of riverine phytoplankton associations in Hungary. Arch. Hydrobiol. 2007, 17,
383–394. [CrossRef]
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