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Abstract: Climate change and nutrient pollution are echoed by worldwide increasing trends in the
frequency, duration, and toxicity of cyanobacterial (blue-green algal) blooms. Therefore, searching
for the best options to mitigate blooms is relevant and timely. Aquatic vascular plants offer a
promising solution through biological control. In this study, we use reservoirs regularly affected
by intensive blooms (the Kyiv and Kaniv Reservoirs of the Dnipro River, Ukraine) to investigate
whether macrophytes may inhibit or reduce the massive development of cyanobacteria. Special
attention was paid to plants with floating leaves and free-floating plants since data on their effects
on cyanobacteria are controversial. On the basis of field and satellite observations, the spatial
distribution of cyanobacterial blooms and aquatic macrophyte patches was assessed. Multispectral
images captured by satellites Sentinel-2a (S2A) and Sentinel-2b (S2B) were used. In addition, based
on data from field observations, a comparative analysis of phytoplankton and physical and chemical
parameters between areas of the reservoirs overgrown and not overgrown by macrophytes was carried
out. The obtained results indicate that in macrophyte patches phytoplankton structure differed from
that observed in open waters. However, in areas of reservoirs dominated by floating-leaf plants
or free-floating plants, a significant decrease in phytoplanktic or cyanobacterial biomass was not
observed. This is most likely due to the fact that these macrophytes did not reduce the concentration
of biogenic substances to a level that would limit cyanobacterial growth. On the contrary, intensive
overgrowth of floating-leaf plants (in particular, Trapa natans) along the river sections of the reservoirs,
as well as other factors, contributed to nitrogen and phosphorus enrichment. Therefore, in the
face of relevant nutrient supply, these ecological groups of macrophytes (floating-leaf plants and
free-floating plants) have not shown statistically significant effectiveness in controlling the process of
cyanobacterial blooms in reservoir ecosystems.

Keywords: cyanobacterial blooms; macrophytes; floating-leaf plants; free-floating plants; freshwa-
ter reservoirs

1. Introduction

Cyanobacterial (blue-green algal) blooms in reservoir ecosystems are of global concern.
The reason is the toxicity and consequent risk posed by some species of cyanobacteria to
natural systems, human health, and coastal economies [1]. For hydro-biota and people, the
harm of cyanobacterial blooms lies in the production of powerful toxins. Cyanotoxins cause
sublethal and lethal effects in aquatic organisms at all taxonomic levels, including different
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groups of algae, macrophytes, zooplankton, and fish [2]. In addition, bioaccumulation in
the aquatic food chain occurs, which can pose a threat to both aquatic ecosystems’ and
human health [3]. These toxins can also affect people in various ways, but do so mainly
through the consumption of contaminated food (fish, prawns, and molluscs) or drinking
water. Cyanotoxins are secondary metabolites that are grouped by their specific toxic effects
on animals and people (for example, hepatotoxins such as microcystins could impair the
liver, and neurotoxins such as anatoxin-a affect the nervous system) [4]. From temperate
and continental climate zones, the most well-known producers of different kinds of cyan-
otoxins are the following species of cyanobacteria: Dolichospermum flosaquae (Bornet and
Flahault) P. Wacklin, L. Hoffmann and Komárek (=Anabaena flosaquae Brébisson ex Bornet
and Flauhault); Aphanizomenon flosaquae Ralfs ex Bornet and Flahault; Planktothrix agardhii
(Gomont) Anagnostidis and Komárek; Planktothrix rubescens (De Candolle ex Gomont)
Anagnostidis and Komárek; Cylindrospermopsis raciborskii (Woloszynska) Seenaya and Sab-
baraju (=Raphidiopsis raciborskii (Woloszynska) Aguilera, Berrendero Gómez, Kastovsky,
Echenique and Salerno); and many others [5–8].

Climate change and nutrient pollution are echoed by worldwide increasing trends
of the frequency and duration of water blooms caused by cyanobacteria in natural sys-
tems [1,5]. Expanded nutrient availability and higher temperatures have the potential to
boost not only the frequency, biomass, duration, and distribution of cyanobacterial blooms
but also their toxicity [5,9,10]. In general, increased temperatures combined with high
phosphorus concentrations favour the growth rate of toxic Microcystis cells in wild popula-
tions [9,10]. According to [11], the temperatures with maximum of replication rates of toxic
cyanobacterial cells were >20 ◦C for Aphanizomenon flosaquae and Planktothrix agardhii, and
28 ◦C for Microcystis aeruginosa.

Shallow plain reservoir ecosystems are particularly prone to eutrophication and are
consequently frequently affected by cyanobacterial blooms during the summer. This is
caused by a number of factors: agricultural activity in the catchment area; high catchment:
reservoir area ratio, associated with high input of nutrients; intensive settling of solid
particles and precipitation of dissolved material; slowing of water exchange; thermal
stratification, etc. [12–14]. Excessive accumulation of cyanobacterial biomass can cause
water quality problems in reservoirs, such as diurnal fluctuations in oxygen content, oxygen
depletion in bottom waters, and unpleasant taste and odour in water [13]. Absence or low
values of oxygen leads to fish death and decomposition of various groups of algae and
aquatic plants that create secondary pollution. Therefore, in view of the above, the problem
of cyanobacterial blooms is particularly acute, and searching for the best options to mitigate
blooms is relevant and timely.

One of the known approaches to mitigate cyanobacterial blooms is biological control
of such processes with the help of aquatic plants [15]. The interactions between aquatic
plants and cyanobacterial blooms in freshwater ecosystems is displayed in the lowering
of dissolved-nutrient concentrations, the synthesis and release of allelopathic compounds
which control algal numbers.

The interest in such interactions is based on safer effect of macrophytes on other
biota living in water as compared to chemical methods to control or reduce cyanobacterial
blooms [16,17]. Many researchers [17–20] emphasize the importance of submerged plants
in the biological control of cyanobacterial blooms and restoring water quality, while data
on the role of other macrophytes, in particular floating-leaf plants and free-floating plants,
in these processes are very controversial [15,19,21]. With this work, we wanted to test the
hypothesis that floating-leaf plants and free-floating plants can inhibit or reduce the massive
development of cyanobacteria in reservoirs regularly suffering from intense blooms of
these organisms.
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2. Materials and Methods
2.1. Study Area

The work was conducted on the upper reservoirs of the Dnipro River cascade, namely
the Kyiv and Kaniv Reservoirs (Figure 1). The main characteristics of these reservoirs are
relatively small depths and large areas of shallow waters, which significantly warmed up
in summer [14]. The average depth of the Kyiv Reservoir is 4 m, and of the Kaniv Reservoir,
3.9 m. The area of shallow water in the Kyiv Reservoir occupies 34% of the total area
(922 km2), and in the Kaniv Reservoir, 26% (582 km2) [14]. Due to slow water exchange,
they have become intensively overgrown with macrophytes in recent years. Thus, these
reservoirs were selected for our research.

The Kyiv Reservoir provides partial seasonal regulation of water flow, especially for
the spring flood. In other periods, fluctuations in water levels and flows are minimal. The
peculiarity of this reservoir is that it receives natural (unregulated) flow of river water from
the upper Dnipro River and the Pripyat River, which in the spring period makes up more
than 60% of the volume of the annual inflow [22]. The second in the cascade, the Kaniv
Reservoir, is characterized by a very small regulating capacity (0.5 km3) and performs only
daily and weekly flow regulation. Kyiv Reservoir runoff (75%) is of significant importance
for the formation of the water balance of the reservoir. Unregulated runoff from the Desna
River, precipitation, as well as domestic and industrial wastewater discharges add to the
rest of the water balance [23,24].

With the regulation of the flow of the Dnipro River, the flow velocity has significantly
decreased. In an average hydrological year, it is 1.5–7 cm/s (20–25 cm/s in spring), while
before regulation it was 60–80 cm/s [23–25]. Irregular operation of the hydroelectric power
plant (HPP) during the day and over the week causes an unstable current velocity regime
in the upper and especially in the lower pool of hydroelectric units. When the HPP units
are turned off, current velocity almost drops to zero; when they are turned on, it reaches
1 m/s in the upper pool and 1.5–2.5 m/s in the lower pool of the hydraulic unit. Wind
currents (5–15 cm/s) became more noticeable in the water area of reservoirs. According to
the data of the Kyiv weather station, western, southern and north-western winds prevail
throughout the year. Northerly winds prevail from April to August. Westerly winds have
the highest frequency (17.1%), and easterly winds have the lowest frequency (6.8%). In
Kaniv city, during the year, winds from the west, south-west and east prevail. In the period
from April to August, westerly winds are most frequent (21.1%); southeast winds are least
frequent (6.8%).

The significant length of the Dnipro cascade reservoirs from north to south affects the
periods of spring heating and autumn cooling of the water. In Kyiv and Kaniv Reservoirs,
the spring water temperature transition by 0.2 ◦C occurs in the third week of March. The
autumn transition of water temperature by 0.2 ◦C to zero values in these reservoirs occurs
in the first and second weeks of December. Around this period is the beginning of the
establishment of the ice freeze-up on the reservoirs [25].

Water mineralization in the Kyiv and Kaniv Reservoirs in August, 2021 was in a wide
range of 192–245 and 211–240 mg/L, respectively. In the Kyiv Reservoir, the minimum
values of water mineralization were observed near the left bank. This is due to the fact
that the water of the Dnipro River is less mineralized than that of the Pripyat River and the
Teteriv River (right bank) [26]. In the Kaniv Reservoir, the values also change due to the
influence of more mineralized water from the Desna River. The flow of the Pripyat, Teteriv,
and Desna is on average 27, 2.4, and 21% of the total flow of the Dnipro, respectively [27],
which is the reason for such different values of water mineralization in the water area of
the studied reservoirs.

2.2. Sampling Strategy

Our field trips were conducted in August of 2021 on motor boats over the area of
two big reservoirs located in the Dnipro River, above and below the city of Kyiv, Ukraine.
According to the scientific question tackled in this project, the sampling sites were organized
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to cover the whole area of the Kyiv and Kaniv Reservoirs (Figure 1, Table 1). In turn, the
samples were taken mainly in the patches of aquatic macrophytes and 2 m away from them.
We also sampled in areas without macrophytes (sites 7A and 12A).

At each sampling site, the physical and chemical parameters of the water (tempera-
ture, pH, dissolved oxygen, conductivity, salinity, and total dissolved solids—TDS) were
measured using the multifunction device AZ-86031 (AZ Instrument Corp., Taiwan); the
results are presented in Table 1.
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Table 1. The physical and chemical parameters of water and GIS coordinates of the sampling
sites in the Kyiv and Kaniv Reservoirs of the Dnipro River in August 2021. The sites without
plants (open water area) have the letter A. For sites with aquatic macrophyte patches, no additional
letter was added. We have provided two values in the columns to underline differences between
macrophyte patches (first value) and open waters (second value); single values refer to areas without
plants. Coordinates are organized according to the World Geographic System-84 (WGS-84) system of
coordinates, decimal degrees of east longitude and north latitude.

Site
Coordinates Water

Temperature,
◦C

pH
Dissolved

Oxygen (DO),
mg/L

DO % Conductivity,
µS/cm

Salinity,
g/L (ppt)

Total
Dissolved

Solids, ppmLongitude Latitude

Kyiv Reservoir
1/1A 30.420816 51.067504 26.8/27.3 7.89/8.45 5.5–5.3 61.6/58.9 348/340 0.20/0.20 233/227
2/2A 30.366592 51.047131 26.9/26.7 8.02/8.02 8.1/8.3 99.8/104.4 338/343 0.20/0.19 226/229
3/3A 30.377484 50.767120 26.6/27.6 8.59/8.42 4.0/6.4 50.1/90 337/333 0.18/0.18 225/223
4/4A 30.545976 51.035895 27.9/30.7 9.00/8.96 13.5/13.7 164/182 306/314 – 205/211

5 30.554469 50.984399 27.1 8.98 16.3 190 288 – 192
6/6A 30.519634 51.175135 27.7/27.4 8.13/8.07 3./4.0 38.1/46.1 367/337 0.21/0.20 245/225

7A 30.551327 50.767121 27.4 8.86 18.0 190.0 304 – 203
Kaniv Reservoir

8/8A 30.638962 50.301470 25.9/26.1 7.88/8.21 3.3/4.0 41.0/49.1 359/346 0.19/0.19 240/231
9/9A 30.761261 50.154172 27.4/29.1 8.16/8.21 4.3/3.9 53.6/51.8 354/351 0.19/0.20 237/235

10/10A 31.073836 49.980736 27.7/27.3 8.07/7.86 4.4/4.6 52.5/59.7 346/342 0.19/0.20 231/229
11/11A 31.402835 50.025115 25.1/26.5 8.77/9.12 6.2/10.4 74.6/127.0 328/315 0.18/0.17 219/211

12A 31.503625 49.814495 26.2 8.68 5.6 68.1 322 0.18 215

2.3. Hydrochemical Investigations in the Studied Reservoirs

Hydrochemical studies were conducted for water samples that were taken from the
surface layer (~0.5 m) (Table 2). To separate suspended substances, samples with a volume
of 1.0–1.5 L were passed through a nitrocellulose filter (Filtres Fioroni S.A.S., Ingré, France)
with a pore diameter of 0.45 µm. The content of suspended solids was determined by the
difference between the mass of the filter with suspension, dried at 105 ◦C to a constant
mass, and the mass of the filter itself. In the obtained water filtrate, the content of inorganic
forms of nitrogen and phosphorus, the total content of nitrogen and phosphorus, the
concentration of organic nitrogen and phosphorus, and the content of polyphosphates were
determined.

Table 2. The hydrochemical parameters of water in the Kyiv and Kaniv Reservoirs of the Dnipro
River in August 2021.

Site
Transpa-

rency,
m

Mass of
Sus-

pended
Matter,
mg/L

NH4
+,

mg N/L
NO2− ,

mg N/L
NO3− ,

mg N/L
N inorg.,
mg N/L

N org.,
mg N/L

Total Dis-
solved

Nitrogen
(TDN),
mg N/L

P inorg.,
mg P/L

P org.+
Polyph.,
mg P/L

Total
Dissolved

Phosphorus
(TDP),
mg P/L

Kyiv Reservoir
1/1A 0.65/1.10 14.4/8.7 0.113/0.047 0.007/0.008 0.070/0.058 0.190/0.113 1.723/0.762 1.913/0.875 0.113/0.138 0.141/0.138 0.254/0.276
2/2A 0.50/0.50 37.7/23.2 0.079/0.091 0.010/0.008 0.045/0.047 0.134/0.146 0.763/0.738 0.897/0.884 0.164/0.158 0.185/0.167 0.349/0.325
3/3A 2.00/0.40 4.8/18.0 0.155/0.127 0.012/0.012 0.075/0.125 0.242/0.264 0.931/1.027 1.173/1.291 0.221/0.128 0.167/0.347 0.388/0.475
4/4A 0.90 10.7/30.2 0.091/0.071 0.012/0.007 0.027/0.045 0.130/0.123 0.395/0.769 0.525/0.892 0.085/0.052 0.207/0.265 0.292/0.317

5 0.35 13.8 0.204 0.011 0.048 0.263 1.069 1.332 0.117 0.346 0.463
6/6A 0.85/0.85 12.7/22.2 0.055/0.053 0.007/0.003 0.054/0.036 0.116/0.092 1.118/1.252 1.234/1.344 0.152/0.148 0.242/0.209 0.394/0.357

7A 0.25 7.6 0.249 0.018 0.037 0.304 1.297 1.601 0.132 0.374 0.506
Kaniv Reservoir

8/8A 0.60/.50 7.2/5.0 0.040/0.023 0.021/0.026 0.040/0.031 0.101/0.080 1.195/1.240 1.296/1.320 0.193/0.203 0.256/0.414 0.449/0.617
9/9A 0.60/0.60 10.9/4.2 0.154/0.074 0.045/0.047 0.109/0.120 0.308/0.241 1.013/1.013 1.321/1.254 0.276/0.254 0.380/0.197 0.656/0.451

10/10A 1.00/1.25 8.8/6.8 0.043/0.042 0.032/0.025 0.119/0.118 0.194/0.185 0.886/0.547 1.080/0.732 0.235/0.229 0.187/0.201 0.422/0.430
11/11A 0.75/0.45 5.5/9.5 0.101/0.109 0.000/0.000 0.100/0.077 0.201/0.186 0.816/1.216 1.017/1.402 0.292/0.323 0.244/0.303 0.536/0.626

12A 1.40 6.8 0.215 0.000 0.048 0.263 1.266 1.529 0.331 0.250 0.581

The concentration of inorganic forms of nitrogen and phosphorus in water was de-
termined using commonly used spectrophotometric methods. Ferrous salt with Nessler’s
reagent was used to determine ammonium nitrogen, Griess’s reagent for nitrites, sodium
salicylate for nitrates, and ammonium molybdate with ascorbic acid for inorganic phos-
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phorus [28,29]. The content of total nitrogen was determined after oxidation of nitrogen-
containing organic compounds and inorganic nitrogen compounds to nitrate ions using
potassium persulfate in an alkaline medium. The concentration of total phosphorus was
determined in water filtrates after photochemical oxidation of dissolved organic substances
in an acidic environment, and the content of polyphosphates after acid hydrolysis [28,29].

2.4. Mapping of Hydrophytes and Algae Distribution with UAV and Satellite Data

Distribution of hydrophytes and algae within water bodies of the Kyiv and Kaniv
Reservoirs was mapped by means of satellite imagery analysis. Training and validation
data for the analysis were obtained from aerial photo surveys of hydrophytes communities
with an unmanned aerial vehicle (UAV).

Aerial surveys with UAV were performed together with other activities on each
study point. Quadro-copter DJI Mavic Pro (DJI Mavic Pro, Shenzhen DJI Sciences and
Technologies Ltd., Shenzhen, China) was used to capture single-nadir images at an
altitude from 5 to 100 m. Additionally, on most of the study points, a set of images for
generating ortho-mosaics and/or spherical photo-panoramas were captured at altitudes
from 50 to 100 m. The images were then processed in PixD Mapper 4.5.6 for generating
ortho-mosaics and Agisoft Metashape 1.5.2 software for generating spherical photo-
panoramas (Figure 2).

For the satellite data, multispectral images captured by satellites Sentinel-2a (S2A) and
Sentinel-2b (S2B) were used. These satellites were launched in 2015 (S2A) and 2016 (S2B)
by the European Space Agency and provide images globally with 5–7-day intervals. The
images are freely available and can be downloaded from web platform such as Google
Earth Engine (Available online: https://code.earthengine.google.com/ (accessed on 21
December 2022) with Javascript API to access images, and others. Sentinel images contain
13 spectral bands in visual (VIS), near-infrared (NIR) and shortwave-infrared (SWIR)
regions with spatial resolution 10, 20, or 60 m depending on the spectral band (Table 3).
The images undergo atmospheric correction and preliminary classification including cloud
detection [30].

Table 3. Characteristics of spectral bands of Sentinel satellite images according to Hawrylo and
Wezyk [31].

Band Name Spatial Resolution, m Spectral Range, nm Band Description

B1 60 433–453 Coastal aerosol
B2 10 458–523 Blue
B3 10 543–578 Green
B4 10 650–680 Red
B5 20 698–713 Red edge 1
B6 20 733–748 Red edge 2
B7 20 773–793 Red edge
B8 10 785–900 Near-infrared (NIR)
B8A 20 855–875 Near-infrared narrow (NIRn)
B9 60 935–955 Water vapour
B10 60 1360–1390 Shortwave infrared/Cirrus
B11 20 1565–1655 Shortwave infrared 1 (SWIR 1)
B12 20 2100–2280 Shortwave infrared 2 (SWIR 2)

Among available satellite images captured during spring–summer 2021, 3 cloudless
images were selected for each reservoir showing different levels of development of aquatic
vegetation (Table 4, Figure 3).

The obtained images were cropped to the margins of the Kaniv and Kyiv Reservoirs
by using the borders files available from Open Street Maps Projects (OSM). This allowed us
to cut off most of the vegetation on islands and banks which could complicate classification
of hydrophytes and algae. The classification was performed in 3 stages.

https://code.earthengine.google.com/
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Figure 3. Sentinel-2 natural colour images of upstream fragment of the Kyiv Reservoir captured on
different dates during spring–summer 2021.

At the first stage, the satellite images were classified using ESRI ArcGIS 10.4 software
with the Maximum Likelihood Supervised Classification tool [32]. Images captured on 14
July 2021 (Kyiv Reservoir) and 21 June 2021 (Kaniv Reservoir) were selected for classification
for these dates among others available, which correspond to the maximal development of
the aquatic vegetation. The following spectral bands were used: B2 (blue), B3 (green), B4
(red), and B8 (NIR). These bands were selected due to having the highest spatial resolution
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(10 m). Training areas were selected with reference to UAV imagery. Images captured with
UAV showed that populations of hydrophytes usually contain several species which cannot
be distinguished with Sentinel satellite imagery because of lack of spatial resolution. Due to
this, the following classes were selected for the classification: “dense hydrophytes”, “sparse
hydrophytes”, “bryophytes and ground vegetation”, “water” (including algae aggregation)
and “other” (Figure 4).
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At the second stage, images of Normalized Difference Vegetation Index (NDVI) were
created from spectral bands B4 (red) and B8 (NIR) using the formula NDVI = (B8 − B4)/(B8
+ B4) [33]. Differences in NDVI between Date 2 and Date 1 (see Table 4) were then calculated
using the formula NDVIdif = NDVI (date2) − NDVI (date1). Low values of NDVIdif were
used as a negative mask to filter out wrong pixels from the class “Dense hydrophytes”
(Figure 5).
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At the third stage, NDVI values were used to assess locations and levels of algae
aggregations within the “water” class (Figure 6).
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2.5. Sampling Phytoplankton and Further Determination of Algae

The phytoplankton samples were collected using a bathometer at a depth of 0.5 m
in all sampling sites. Further samples were processed in the laboratory of the Institute
of Hydrobiology of NAS of Ukraine, determining the taxonomic composition of algal
assemblages and performing counts for phytoplankton quantification. Light microscopic
(LM) observations were performed by means of Axio Imager A1 (Carl Zeiss, Oberkochen,
Germany) with 40× HCX PLAN objective and 100× oil-immersion objective lens (total
magnification was 400–1000) equipped with digital camera AxioCam 506 color (Carl Zeiss,
Oberkochen, Germany). Identification was performed using the Süßwasserflora von Mitteleu-
ropa [34–39], with some newer updates from Diatoms of Europe [40–42] and some additional
monographs [43–52]. The identified taxa, as well as all lists of algal species from previous
studies of the area, were checked for nomenclatural correctness using the AlgaeBase sys-
tem [53]. The quantitative characteristics of algae were recorded by direct counting in a
Nageotte chamber (volume 0.02 mL) using a light microscope Axio Imager A1 (Carl Zeiss,
Oberkochen, Germany). The biomass of algae was obtained equating the cells to specific
geometrical forms according to Hillebrand et al. [54].

2.6. Determination of the Concentration of Chlorophyll a in Phytoplankton

The concentration of chlorophyll a was determined by the extract-spectrophotometric
method [55]. To determine the concentration of chlorophyll a, algal and cyanobacterial cells
were concentrated by filtration using cellulose nitrate 0.45 µm pore size membrane filters
(Sartorius, Sartorius Stedim Biotech, Goettingen, Germany) under low vacuum conditions.
Pigments were extracted using 90% acetone; the optical density of acetone extracts was
read at 630, 647, 664, and 750 nm [55]. The concentration of chlorophyll a was calculated
using the equation of Jeffrey and Humphrey [56].
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2.7. Statistical Data Analysis

For the identification of the essential environmental determinants affecting phytoplank-
ton abundance and community structure, we used constrained ordination implemented in
the R package ‘vegan’ [57,58].

The environmental variables driving the heterogeneity of phytoplankton community
structure were distinguished. According to the suggestion of Šmilauer and Lepš [59],
detrending correspondence analysis (DCA) was used first to test whether phytoplankton
abundance data showed linear or unimodal responses to the underlying gradients. Because
the length of gradient was more than 4, we decided to perform a canonical correspondence
analysis (CCA) [60]. Explanatory environmental variables were chosen by the step-wise
selection procedure based on Monte Carlo permutation tests of the constraint’s significance
implemented in the ‘ordistep’ function, and only those variables that were significantly
related to the community structure (at p < 0.05) were selected to be considered in the CCA
and to be shown in the ordination diagram, as suggested by Legendre and Legendre [57].
In the present analysis, total phosphorus (TP), organic phosphorus and polyphosphates
(P org poly), NO2, salinity, organic nitrogen (N org), total nitrogen (TN) in Kyiv Reservoir
or NO3 in Kaniv Reservoir, were included (Table 2). To improve the estimation of the
effect of salinity, the effects of transparency and mass of suspended matter were partialled
out. The presence of aquatic plants was encoded as the dummy variable ‘AqP’ and
added as an explanatory variable. Adding this variable led to the impossibility of Monte
Carlo permutation tests due to overdetermination of the model and elimination of the
residual component but did not change the coordinate space, i.e., scores of other variables.
Therefore, we decided to include this variable in the plots and show the significance of CCA
without them in the tables. As the community structure parameters, species number and
abundance per division of Bacillariophyta, Chlorophyta, Cyanobacteria, and total chlorophyll a
concentration were included in the model.

3. Results
3.1. Distribution of Hydrophytes within the Kyiv and Kaniv Reservoirs
3.1.1. Kyiv Reservoir’s Hydrophytes

According to the results of satellite data analysis, the area of the population of hy-
drophytes in Kyiv reservoir in summer 2021 was about 56 km2. This number included
43 km2 of dense vegetation (100% of the water surface is covered with plants) and 13 km2

of sparse vegetation (mix of open water and plants).
Dense hydrophytes were mainly located in the upper reach of the reservoir, aside the

main stream in areas with depth less than 2–3 m. Sparse hydrophytes were distributed in
the delta of the Teteriv River and in the central part of the reservoir with depth less than
3 m (Figure 7).

3.1.2. Hydrophytes’ Distribution in the Kaniv Reservoir

In the Kaniv Reservoir, area of hydrophytes in 2021 reached 34 km2, including 29 km2

of dense and about 5 km2 of sparse aquatic vegetation. The hydrophytes were located
predominantly in the widest parts of the main reach of the reservoir, in areas with depth less
than 3 m. The rest of the hydrophytes were located in multiple bays (gulfs) and billabongs
along the upper and middle reach of the reservoirs (Figure 8).
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3.2. Distribution of Algal Blooms within the Kyiv and Kaniv Reservoirs

The remote sensing data from Sentinel-2 allowed us to visualize the distribution of the
algal blooms in the Kyiv and Kaniv Reservoirs. The assessment was made following the
“water” classification according to NDVI index described in the Methods section.
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In Figure 9, one can observe the intensity of the water bloom that was caused by
cyanobacteria (blue-green algae) in the Kyiv (Figure 9A) and Kaniv Reservoirs (Figure 9B).
The change of colour from bright yellow to red one signifies the amount of algae.
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It can be noted that the highest values of bloom-forming algae are in shallow and
warmer areas. In turn, the algal bloom could be connected with the effect of wind im-
pact that also forms water mass circulations that are visible by increases cyanobacterial
abundance on the maps (Figure 9).

3.3. Hydrochemical Characteristics of the Reservoirs Studied

Analysing aquatic plant thickness and its impact on algal blooms, it is worth consider-
ing the Kyiv and Kaniv Reservoirs separately. They had wide ranges of dissolved oxygen
(DO) values over the sites studied.

DO concentrations varied over a wide range: 3.8–18 and 3.3–10.4 mg/L (Table 1). DO
deficiency can be defined as concentrations <4 mg/L and <50% saturation. Under these
conditions, secondary pollution occurs by inorganic nitrogen and phosphorus compound
intake from the bottom sediments. DO deficiency was observed in the Kyiv Reservoir along
the right bank, which is impacted by Pripyat water masses with a high amount of humic
substances, which are oxidized with important DO consumption. DO deficiency was also
observed over the whole Kaniv Reservoir (Table 1). Increases in DO concentration were
matched by simultaneous pH increases due to CO2 consumption during photosynthesis.

In the waters of the Kyiv Reservoir, ammonium nitrogen dominated among the
inorganic N forms: its share varied between 41.6 and 89.2% and was 63.8% (Ninor) on
average. The dominance of ammonium nitrogen additionally indicates the formation
of a DO deficit and the predominance of pollution over self-purification in the water
environment. The content of ammonium nitrogen, nitrite, and nitrate ions in the water of
the Kyiv Reservoir was within the limits 0.047–0.249, 0.003–0.018, and 0.027–0.125 mg N/L,
respectively. The content of inorganic, organic and total nitrogen in the Kyiv Reservoir in
summer 2021 varied within 0.092–0.304, 0.395–1.723, and 0.525–1.913 mg N/L, respectively.
The share of inorganic and organic nitrogen was 6.8–46.6 and 53.4–93.2% total dissolved
nitrogen (TDN), respectively, i.e., nitrogen was mainly present in the form of nitrogen-
containing organic compounds. According to TDN content, the Kyiv Reservoir can be
classified as mesotrophic or eutrophic [61]. Concentrations of inorganic phosphorus,
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organic phosphorus with polyphosphates, and total phosphorus in the Kyiv Reservoir in
summer 2021 amounted to 0.052–0.221, 0.138–0.374, and 0.254–0.506 mg P/L, respectively.
The phosphorus of organic compounds, the share of which was 43.0–83.6% and on average
64.6% total dissolved phosphorus (TDP), dominated among the P forms. According to the
TDP content, the Kyiv Reservoir was typically eutrophic as it exceeded 0.1 mg P/L [61].

The concentration ranges of ammonium nitrogen, nitrite, and nitrate ions in the Kaniv
Reservoir were 0.023–0.215, 0.0–0.047, and 0.031–0.119 mg N/L, respectively (Table 2). Com-
pared to the Kyiv Reservoir, the nitrite concentrations were slightly higher, whilst ammonium
nitrogen and nitrate contents were similar. The average share of ammonium nitrogen and
nitrate ions was 43 and 44% Ninorg, respectively. The content ranges of inorganic, organic,
and total nitrogen in the Kaniv Reservoir in summer 2021 were 0.080–0.308, 0.547–1.266, and
0.732–1.529 mg N/L, respectively (see Table 2). The share of inorganic and organic nitrogen
was 6.1–25.3 and 74.7–93.9% of TDN, respectively, i.e., N mainly occurred in the form of
nitrogen-containing organic compounds. According to the TDN content, the Kaniv Reser-
voir was typically mesotrophic [61]. The concentrations of inorganic phosphorus, organic
phosphorus with polyphosphates, and total phosphorus in the Kaniv Reservoir in summer
2021 were 0.193–0.331, 0.187–0.414, and 0.422–0.656 mg P/L, respectively (see Table 2). Thus,
the phosphorus of organic compounds dominated, the share of which was 43.0–67.1% and
on average 50.4% TDP. The Kaniv Reservoir could be characterized as eutrophic according
to the TDP content [61]. In the Kaniv Reservoir, the contents of inorganic phosphorus, of
organic phosphorus with polyphosphates, and of total phosphorus were on average 2, 1.1,
and 1.4 times higher, respectively, than in the Kyiv Reservoir. Therefore, TDP increases in
the Kaniv Reservoir depended on increases in the concentration of inorganic phosphorus.
These inputs were due to drainage and wastewater, since the Kaniv Reservoir is under the
anthropogenic influence of a metropolis, which is not the case of the Kyiv Reservoir.

3.4. Phytoplankton Taxonomic Composition and Quantitative Values in the Kyiv and Kaniv
Reservoirs

The summer phytoplankton composition during intensive water blooms of the Kyiv
and Kaniv reservoirs included 124 species. Algal and cyanobacterial composition at the divi-
sion level was as follows: Chlorophyta—48 species, Bacillariophyta—42, Cyanobacteria—13, Eu-
glenozoa—9, Miozoa (Dinophyceae)—8, Ochrophyta (Chrysophyceae and Xanthophyceae)—3,
Charophyta—1.

In the Kyiv Reservoir, species amount of algae in plankton varied from site to site in a
comparable way in the range of 16–44 species found per sampling site. Within the aquatic
plants, 25–44 species were typically present in the phytoplankton. In the sampling points with
relatively small distance from the aquatic plants (2 m), 16–38 species of algae were found. The
samples from open areas without aquatic plants included 18–22 species of algae in plankton.

Similar species of algae numbers were observed for the Kaniv Reservoir, where species
numbers per site varied from 13 to 27: 19–27 species among the aquatic plants, 15–21 species
2 m from them, and 13 species in the open water.

Quantitative parameters of the phytoplankton (abundance and biomass) provided
uneven figures. In the Kyiv Reservoir, the abundance of algal cells varied from 280 × 103

to 222,625 × 103. In macrophyte patches, phytoplankton cells varied from 4180 × 103 to
34,490 × 103. At a distance of 2 m from aquatic plants, algal abundance was from 980 × 103

to 32,332.5 × 103 cells. In open waters, the abundance was 280 × 103–222,625 × 103 cells.
The Kaniv Reservoir (1300 × 103 cells to 65,835 × 103 cells) also had diverse values

that varied as follows: from 2002.5 × 103 to 37,287.5 × 103 cells in stands of aquatic plants,
from 1300 × 103 cells to 65,835 × 103 cells at a distance of 2 m from aquatic plants, and
15,165 × 103 cells in open waters.

The most numerous representatives of cyanobacteria in the Kyiv and Kaniv reservoirs
were Dolichospermum flosaquae (Brébisson ex Bornet and Flahault) P. Wacklin, L. Hoffmann
and J. Komárek, Microcystis aeruginosa (Kützing) Kützing, Microcystis flosaquae (Wittrock)
Kirchner, and Microcystis wesenbergii (Komárek) Komárek ex Komárek.
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3.5. Changes in Phytoplanktic Chlorophyll a Concentration in the Kyiv and Kaniv Reservoirs

Chlorophyll a values are commonly used to detect algal blooms and understand their
dynamics as well as to estimate primary productivity [62,63].

In the Kyiv Reservoir (Figure 10A), [Chl-a] in macrophyte patches ranged from 35 to
445 µg/L, whilst in the open water it ranged from 6 to 333 µg/L. The maximum values
of this parameter were recorded at sites 6 and 7. At most sampling points, [Chl-a] in
macrophyte stands did not differ significantly from that recorded in open water (p > 0.05).
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Figure 10. Chlorophyll a concentration in the sites with aquatic macrophytes (marked in green) and
without macrophytes (marked in blue) in Kyiv (A) and Kaniv (B) Reservoirs. The numbers of the
sites correspond to numbers on Figure 1 and in the Tables 1 and 2.

In the Kaniv Reservoir (Figure 10B), the [Chl-a] in areas overgrown with macrophytes
varied from 16 to 101 µg/L, and in areas without macrophytes, it varied from 17 to 160 µg/L.
The maximum values were recorded at site 11. At this station, a significant decrease of the
[Chl-a] in macrophyte patches was also observed compared to the open water (p ≤ 0.05).
At other sampling stations, a significant effect of macrophytes on the [Chl-a] was either not
observed (sites 8 and 10) or even an increase was recorded (site 9).

3.6. Statistical Analysis of the Interactions between Aquatic Plants and Cyanobacterial Blooms
3.6.1. CCA Ordination for the Sampling Sites in the Kyiv Reservoir

ANOVA-like Monte Carlo permutation tests in CCA showed that phytoplankton
structure was significantly related to several environmental variables (Tables 5 and 6,
Figure 11). Specifically, the species number and abundance of Chlorophyta were weakly
related to higher water salinity and inorganic nitrogen and phosphorus compounds but
independent from organic phosphorus compounds, polyphosphates, and the presence of
aquatic plants. The species number and abundance of Bacillariophyta were related to higher
salinity, total and organic nitrogen compounds, the presence of aquatic plants, and to lower
phosphorus compounds and NO2.

Table 5. Ranking of the environmental variables that significantly influenced phytoplankton commu-
nity structure in the Kyiv Reservoir based on Monte Carlo permutation tests in CCA.

Environmental Variable Variability Explained, % F-Value p-Value

TP 32.8 124.2 0.001
P org poly 24.4 92.3 0.000

NO2 21.6 81.6 0.001
Salinity 8.6 32.4 0.006

TN 6.5 24.5 0.010
N org 5.9 22.4 0.009
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Figure 11. CCA ordination diagram of site scores, phytoplankton community structure parameters,
and selected environmental variables (represented by arrows) in the Kyiv Reservoir. The numbers on
the diagram correspond to the numbers of sites according to Figure 1. The sites without plants (open
water area) have the letter A in their name. For sites with aquatic macrophyte patches, no additional
letter was added. Only the significant explanatory environmental variables (p < 0.05) are presented.

Table 6. Significance of the first two axes of the CCA model based on Monte Carlo permutation tests
in the Kyiv Reservoir.

CCA Axis Variability Explained, % F-Value p-Value

Axis 1 70.6 534.1 0.002
Axis 2 29.1 220.6 0.032

The species number and abundance of Cyanobacteria were roughly inversely related.
The abundance was weakly inversely related to the presence of aquatic plants, salinity, and
total and organic nitrogen, and directly related to higher organic phosphorus compounds
and polyphosphates. The number of Cyanobacteria species, just like Chlorophyta, was
weakly related to higher salinity and inorganic nitrogen and phosphorus compounds but
independent from organic phosphorus compounds, polyphosphates, and the presence of
aquatic plants. Chlorophyll a, indicative of total phytoplankton abundance, was directly
related to the presence of aquatic plants, salinity, and total and organic nitrogen, and
inversely related to higher organic phosphorus compounds and polyphosphates.

3.6.2. CCA Ordination for the Sampling Sites in the Kaniv Reservoir

In the Kaniv Reservoir, Chlorophyta abundance was weakly related to higher salin-
ity, NO2, organic phosphorus compounds and polyphosphates but independent from
NO3, the presence of aquatic plants, and organic nitrogen compounds, while Chlorophyta
species numbers were also directly related to the presence of aquatic plants (Tables 7 and 8,
Figure 12).
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Table 7. Ranking of environmental variables that significantly influenced phytoplankton community
structure in the Kaniv Reservoir based on Monte Carlo permutation tests in CCA.

Environmental Variable Variability Explained, % F-Value p-Value

TP 60.2 812.7 0.001
N org 14.3 192.3 0.000

Salinity 10.7 144.7 0.002
NO2 6.6 89.6 0.001
NO3 6.3 85.4 0.002

P org poly 1.7 23.5 0.007

Table 8. Significance of the first two axes of the CCA model based on Monte Carlo permutation tests
in the Kaniv Reservoir.

CCA Axis Variability Explained, % F-Value p-Value

Axis 1 89.2 3611.4 0.000
Axis 2 10.7 432.9 0.027
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water area) have the letter A in their name. For sites with aquatic macrophyte patches, there is no
additional letter for the number. Only the significant explanatory environmental variables (p < 0.05)
are presented.
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The species number and abundance of Bacillariophyta were related to higher salinity,
NO2, NO3, and the presence of aquatic plants, and to lower total phosphorus compounds
and organic nitrogen compounds. The species number and abundance of Cyanobacteria were
roughly inversely related. The abundance was weakly inversely related to the presence of
aquatic plants, salinity, NO2, and NO3, and related to higher total phosphorus compounds.
The number of Cyanobacteria species, just like Chlorophyta, was weakly related to higher
salinity, the presence of aquatic plants, and NO2 but independent from organic phosphorus
compounds and polyphosphates. Chlorophyll a was directly related to the presence of
aquatic plants, salinity, and NO2, and inversely related to total phosphorus compounds.

The effects of aquatic plants on phytoplankton that were consistent between the two
reservoirs were as follows: higher species number and abundance of diatoms, higher
chlorophyll a, and lower abundance of Cyanobacteria. Furthermore, aquatic plants were
associated with higher salinity, nitrogen, and lower phosphorus compounds.

4. Discussion
4.1. Spatial Distribution of Patches of Floating-Leaf and Free-Floating Macrophytes in the Kyiv and
Kaniv Reservoirs

The Kyiv and Kaniv Reservoirs have relatively small depths and large areas of shallow
waters [14,23,64–66]. Analysis of current and retrospective data [67–71] testifies a noticeable
increase in the overgrowth of shallow areas of these reservoirs with aquatic plants. A
reduction in the areas colonized by submerged vegetation and an increase in the areas with
floating-leaves and free-floating plants could also be pointed out.

The areas of aquatic macrophyte patches in the Kyiv and Kaniv Reservoirs in 2021
were estimated based on data from space images of the same year. The calculations reveal
that plants with floating leaves and free-floating plants occupy 18% of the total area of the
Kyiv Reservoir, considering dense and sparse vegetation together. The same calculations
revealed 23% coverage of the total area of the Kaniv Reservoir by different types of aquatic
plants. For our interactions study, the crucial datum is the percentage of coverage of shallow
areas. For the Kyiv Reservoir, the percentage of shallow area coverage by aquatic plants is
34%, and for the Kaniv Reservoir, where the shallow areas are not that much developed, it
is estimated to be 26%. It is worth mentioning that the coverage estimates provided are
true only for the year of investigation and could vary from year to year depending on the
specific meteorological and hydrological conditions.

Investigations carried out in 2014 reveal a smaller percentage of coverage of the upper
part of the Kaniv Reservoir than the one calculated by us in the present study (2021) [68].
Results of previous studies showed that the area occupied by plants with floating leaves
varied from 5 to 8.3 km2 from May to June, even within one year [72]. Thus, thoughtful
calculations and prediction modelling based on a long period of observations should be
carried out before undertaking any management solutions regarding the reduction of the
amount of aquatic plants.

The situation in 2021 also showed that the shallow waters of the river section of
the reservoirs are overgrown most intensively with common aquatic plants for this area
over the modern period of existence of the reservoir. For both reservoirs, we observed a
typical distribution pattern: the plants with floating leaves were somewhat less present
in the transitional section and had the lowest cover in the lake section. In the upper
part of the reservoirs, among the dominant plant species, the leading place was occupied
by water caltrop (Trapa natans L.). Downstream, the share in patches decreased, while
that of other plants with floating leaves [yellow waterlily, Nuphar lutea (L.) Sm.], white
waterlily [Nymphaea alba (L.) All.] increased. In addition, free-floating vegetation [common
duckweed (Lemna minor L.), floating fern (Salvinia natans (L.) All.], and riparian aquatic
vegetation [common reed (Phragmites communis Trin.), narrowleaf cattail (Typha angustifolia
L.), broadleaf cattail (Typha latifolia L.) etc.] grew intensively.

The most significant role in the formation of aquatic macrophyte patches is played
by the morphology of the reservoir, by the nature of the banks and their erosion, by
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fluctuations in water levels, current speed, by the chemical composition of the water, and
bottom sediments [67–69,73–77]. When water-level fluctuations and current speed decrease,
changes in the structure of communities are observed, and plants with floating leaves and
free-floating plants begin to occupy a dominant position in the phytocoenosis [67,73,75].
Therefore, the reduction of water-level fluctuations is the main factor that allows new
species to enter the phytocoenosis. Plants with floating leaves belong to species that
change environmental conditions unfavourably for former dominants. During the period
of generative maturity (5–7 years), there is a strong branching of the root, which allows
them to inhabit increasingly large areas [67]. The advantage of Trapa natans compared
to other plants with floating leaves (Nuphar lutea, Nymphaea alba) is that it forms a long-
branched root, with the help of which its rooting takes place. This allows it to settle in
deeper water areas (below 3.5 m) as well as in areas with frequent fluctuations in water
level and current speed [68,70,74,75]. Instead, N. lutea and N. alba prefer shallower areas
with reduced water-level fluctuations, and in these areas, they limit the spread of T. natans.
In particular, this is due to the fact that N. lutea develops earlier and, limiting the availability
of light, delays its transition from the heterotrophic to the autotrophic phase [73–75]. This
explains the decrease in the share of T. natans in the communities of higher aquatic plants
downstream. The area and density of macrophyte patches were determined by the degree
of water pollution with autochthonous and allochthonous nutrients.

4.2. Spatial Distribution of Cyanobacterial Blooms in the Kyiv and Kaniv Reservoirs

The results of the investigations conducted in nature reveal significant spatial vari-
ations in the quantitative (number of cells, biomass, and concentration of chlorophyll a)
and qualitative (species composition) features of the phytoplankton in the ecosystems of
the Kyiv and Kaniv Reservoirs; this trend can also be traced in earlier studies [78–82]. In
reservoirs, such elements of hydrodynamics as flow speed, mixing, wave processes and
water-level fluctuations are the main factors that influence physical and chemical conditions
and determine phytoplankton biomass and diversity [79,80,83–91]. During the research
period, phytoplankton biomass was mainly formed by cyanobacteria and diatoms. Inten-
sive cyanobacterial blooms were recorded in the middle (transitional) section of the Kyiv
and Kaniv Reservoirs. Conversely, intermediate values of the quantitative indicators of
the growth of these planktic algae were recorded in the lower (lake) section and minimum
values in the upper (river) section. The fact that the main causative agents of water bloom
were toxin-producing species, Dolichospermum flosaquae and Microcystis aeruginosa, causes
serious concerns as this water is often used for drinking purposes after purification in
special water treatment plants.

The river sections of the reservoirs are characterized by inputs of large amounts of
nutrients, but light attenuation and general lotic conditions limit cyanobacterial growth, in
agreement with the results of similar studies [81,82,84,86,89,90]. On the other hand, in the
middle (transitional) and lower (lake) areas of reservoirs, conditions such as slowing down
of water-flow speed, higher sedimentation of suspended solids, and, as a result, higher
transparency, better penetration of light through the water column, and heating of water
masses favour cyanobacterial growth. Moreover, higher nutrient concentrations and ratios
contributed to an increase in phytoplankton abundance and species richness, in particular
of cyanobacterial species, as also found in previous studies [79,81,84,89,90]. Canonical
correspondence analysis (CCA) showed that higher concentrations of nitrogen compounds
and lower concentrations of phosphorus compounds contributed to the increase in phy-
toplankton biomass. In addition, this analysis demonstrated a close relationship between
qualitative and quantitative indicators of phytoplankton and higher aquatic plants.

4.3. Interactions between Aquatic Plants and Cyanobacterial Blooms

Floating-leaf plants and free-floating plants are known for their ability to reduce the
number of phytoplankton cells due to different interactions. Such interactions are especially
relevant when the amount of cyanobacteria (blue-green algae), cells and biomass, that
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should be reduced is enormous. As one of the main reasons for algal blooms is the high
amount of nutrients, the potential role of the named aquatic plants can be important in
reducing nutrient availability (ammonia, nitrates, and phosphates) for hydrobionts [92–95].
Thus, such a process can be one of the possible actions for preventing cyanobacterial blooms.

Another key point of the interactions between aquatic plants and algae is their effective
attenuation of the incident light (i.e., the dark conditions that prevail under dense floating
plant mats) [21]. As light is one of the most important conditions for blue-green algae
growth, the lack thereof can reduce or even prevent cyanobacterial blooms. The secretion
of allelochemicals and increased densities of herbivorous zooplankton may also contribute
to the decrease in algal abundance when floating-leaf plants and free-floating plants are
dominant [15,96,97]. All the discussed interactions are good methods to fight against algal
blooms, the intensity of which is also projected to increase due to climate change.

Such background information helped us to test the hypothesis that floating-leaf plants
and free-floating plants can inhibit or reduce the massive development of cyanobacteria.
Our results indicate that, in macrophyte patches, phytoplankton structure differed from that
observed in open waters, in particular by a higher number of diatoms and a lower number
of cyanobacterial species. This is because low light availability favours phytoplankton
species with physiological and morphological characteristics that improve their adaptation
to such conditions [93–95]. Many species of Bacillariophyta are well adapted to low light
conditions [98,99]. Diatoms living in low-light areas (turbid estuaries, shaded stream
segments, and high-latitude lakes) have been shown to have high amounts of chlorophyll a
but low xanthophyll quantity [98].

In turn, low light conditions could also be the reason for changes in the morphological
characteristics of algae, such as an increase in cell size and volume, surface-to-volume ratio,
etc. [95]. However, we did not observe a reduction in total biomass of phytoplankton and
cyanobacteria in the areas of reservoirs dominated by floating-leaf plants and free-floating
plants. One of the possible explanations of such a case is the adaptive strategies of some
species of cyanobacteria to poorly illuminated environments [11,21].

At some research stations, phytoplankton biomass was even higher in overgrown
areas as compared to open waters. We assume that this phenomenon could be associated
with wind-wave action as it is known that, due to wind-wave activity, phytoplankton can
accumulate in large quantities in areas overgrown with plants with floating leaves, where
it will remain due to the reduced flow [67,100].

The suppression of the growth of harmful cyanobacterial taxa by macrophytes is ob-
served with the simultaneous action of different mechanisms, for example, dark conditions
and limited access to nutrients, i.e., when a synergistic effect occurs [15,21]. However,
according to the obtained results, a decrease in the concentration of biogenic substances to a
level that would limit the growth of cyanobacteria in reservoirs was not observed. Intensive
overgrowth of the river sections of the Kyiv and Kaniv Reservoirs with floating-leaf plants
(in particular, water caltrop), on the contrary, contributed to the enrichment of water with
nitrogen and phosphorus compounds. The almost complete restriction of light access under
dense patches of water caltrop inhibits the growth of submerged macrophytes, which
leads to a deficiency of dissolved oxygen in the river sections of the reservoirs. Indeed, a
particularly low oxygen content (0.2–1.7 mg/L) was observed in the bottom layer of the
Kyiv Reservoir [69]. The same trend was shown for the eutrophic Lake Inba, Japan, where
Trapa natans prevailed and the bottom layer had low oxygen content, even causing anoxia
in some cases [101]. The anoxia plays an important role in the release of nutrients from
sediments, potentially promoting the growth of macrophytes and phytoplankton [95,102].
In addition, anoxic conditions promote the heterotrophic microflora, which participate in
the mineralization of organic matter, which also contributes to the enrichment of water
with biogenic substances [102].

A decrease in dissolved oxygen concentration can also occur as a result of the death and
decomposition of plants of the lower layer in macrophyte communities. This is confirmed
by the increase of organic nitrogen and phosphorus concentrations in the areas occupied



Water 2023, 15, 672 20 of 24

by dense floating-leaf plant patches. Among the submerged macrophytes, one of the
dominant species in the Kyiv and Kaniv Reservoirs is Potamogeton perfoliatus L. It has three
generations during the growing season. The first generation accumulates the maximum
biomass in July, the second in August, and the third in October [68]. The dying of the first
generation occurs in late July–early August [68], which coincided with the period of our
research. Since cyanobacteria are mixotrophs, they can use both inorganic and organic
forms of nitrogen and phosphorus to maintain their metabolism. This ability is related
to the presence of specific enzymes. For instance, they can assimilate phosphorus from
organic compounds with the participation of phosphatases [11,103].

It should be noted that the enrichment of water with biogenic substances could be
facilitated by the influence of not only the biotic factor (intensive overgrowth of water
bodies with macrophytes) but also abiotic factors such as the supply of nutrients with
surface runoff and, possibly, warming of the water column due to global climate change.
Obviously, the complex influence of all these factors led to a decrease in the competition
between macrophytes and phytoplankton for biogenic substances. This trend was also
observed in the studies of other authors, in particular, Peretyatko et al. [19]. Their 4-year
monitoring of eutrophic suburban ponds in Brussels showed that floating-leaf plants (Nuphar
lutea and Nymphaea alba) did not cause a reduction in phytoplankton biomass, even when
they covered approximately 50% of the pond surface. In addition, it was shown that in
warm shallow lakes and reservoirs, phytoplankton chlorophyll a was high under duckweed
(≈50–70 µg/L), water lettuce (≈30–60 µg/L), and water hyacinth (≈50 µg/L) [95]. Inter-
estingly, in lakes dominated by submerged plants, a significant decrease in phytoplankton
biomass is observed [19,95]. In the section of the Kaniv Reservoir where submerged (Pota-
mogeton perfoliatus) and emergent (Phragmites communis) macrophytes dominated (e.g., site
11), a significant decrease in phytoplankton biomass was observed. For the open water
area without macrophytes patches, such correlation was not recorded. On the basis of the
investigations conducted and the literature review, it can be assumed that floating-leaf and
free-floating plants are less effective in controlling water bloom processes than submerged
plants in the face of increased nutrient availability.

5. Conclusions

Ongoing climate change and increasing nutrient pollution of water bodies are issues
that are highly discussed and pose a global concern due to the worldwide increase of
cyanobacterial blooms. With this work, we wanted to check the suitability of biological
control for cyanobacterial bloom mitigation.

As the Kyiv and Kaniv Reservoirs are characterized by macrophyte overgrowth, they
served as excellent study sites to test our hypothesis. Canonical correspondence analysis
(CCA) revealed that the phytoplankton structure in macrophyte patches differed from
the structure of algal communities observed in open waters. In particular, in macrophyte
patches, the diatom species numbers were higher, but the number of cyanobacterial species
was lower. This could be explained by the fact that low light availability favours phy-
toplankton species with physiological and morphological characteristics that improve
their adaptation to these conditions. However, in areas of the reservoirs dominated by
floating-leaf plants and free-floating plants, a significant decrease in phytoplanktonic or
cyanobacterial biomass was not observed. We assume that the reason for this could be
that these macrophytes did not reduce nutrient concentrations to levels that would limit
cyanobacterial growth in reservoirs. Intensive overgrowing of the river sections of the
reservoirs with floating-leaf plants (in particular, Trapa natans), along with other factors,
on the contrary, contributed to nitrogen and phosphorus enrichment. Therefore, in the
face of relevant nutrient supply, these ecological groups of macrophytes were ineffective in
controlling cyanobacterial blooms in reservoir ecosystems.
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12. Tarczyńska, M.; Romanowska-Duda, Z.; Jurczak, T.; Zalewski, M. Toxic cyanobacterial blooms in a drinking water reservoir—

Causes, consequences and management strategy. Water Sci. Technol. 2001, 1, 237–246. [CrossRef]
13. Kuo, J.-T.; Lung, W.-S.; Yang, C.-P.; Liu, W.-C.; Yang, M.-D.; Tang, T.-S. Eutrophication modelling of reservoirs in Taiwan. Environ.

Model. Softw. 2006, 21, 829–844. [CrossRef]
14. Khilchevskyi, V.; Grebin, V.; Dubniak, S.; Zabokrytska, M.; Bolbot, H. Large and small reservoirs of Ukraine. J. Water Land Dev.

2022, 52, 101–107. [CrossRef]
15. Nezbrytska, I.; Usenko, O.; Konovets, I.; Leontieva, T.; Abramiuk, I.; Goncharova, M.; Bilous, O. Potential use of aquatic vascular

plants to control cyanobacterial blooms: A review. Water 2022, 14, 1727. [CrossRef]
16. Tan, K.; Huang, Z.; Ji, R.; Qiu, Y.; Wang, Z.; Liu, J. A review of allelopathy on microalgae. Microbiology 2019, 165, 587–592.

[CrossRef] [PubMed]
17. Stroom, J.M.; Kardinaal, W.E.A. How to combat cyanobacterial blooms: Strategy toward preventive lake restoration and reactive

control measures. Aquat. Ecol. 2016, 50, 541–576. [CrossRef]
18. Basu, B.K.; Kalff, J.; Pinel-Alloul, B. The influence of macrophyte beds on plankton communities and their export from fluvial

lakes in the St Lawrence River. Freshw. Biol. 2000, 45, 373–382. [CrossRef]
19. Peretyatko, A.; Triest, L.; Symoens, J.J. Impact of macrophytes on phytoplankton in eutrophic peri-urban ponds, implications for

pond management and restoration. Belg. J. Bot. 2007, 140, 83–99. [CrossRef]

http://doi.org/10.1038/s43247-021-00178-8
http://doi.org/10.3390/toxins5101896
http://www.ncbi.nlm.nih.gov/pubmed/24152991
http://doi.org/10.1016/j.hal.2018.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31097255
http://doi.org/10.1016/j.hal.2011.10.027
http://doi.org/10.1016/j.hal.2015.10.012
http://doi.org/10.1016/j.hal.2016.01.004
http://doi.org/10.1016/j.hal.2015.10.015
http://doi.org/10.1016/j.hal.2009.02.004
http://doi.org/10.3390/toxins9020064
http://doi.org/10.2166/ws.2001.0043
http://doi.org/10.1016/j.envsoft.2005.03.006
http://doi.org/10.24425/jwld.2022.140379
http://doi.org/10.3390/w14111727
http://doi.org/10.1099/mic.0.000776
http://www.ncbi.nlm.nih.gov/pubmed/30688632
http://doi.org/10.1007/s10452-016-9593-0
http://doi.org/10.1046/j.1365-2427.2000.00635.x
http://doi.org/10.2307/20794626


Water 2023, 15, 672 22 of 24

20. Usenko, O.M.; Sakevich, A.I. Allelopathic influence of higher aquatic plants on the functional activity of plankton algae. Hydrobiol.
J. 2005, 41, 54–66. [CrossRef]

21. De Tezanos Pinto, P.; Allende, L.; O’Farrell, I. Influence of free-floating plants on the structure of a natural phytoplankton
assemblage: An experimental approach. J. Plankton Res. 2006, 29, 47–56. [CrossRef]

22. Timchenko, V.M.; Linnyk, P.M.; Kholodko, O.P. Abiotic Components of the Ecosystem of the Kyiv Reservoir: A Monograph; LOGOS:
Kyiv, Ukraine, 2013; p. 60. (In Ukrainian)

23. Denisova, A.I.; Timchenko, V.M.; Nakshina, E.P.; Novikov, B.Y.; Ryabov, A.K.; Bass, Y.I. Hydrology and Hydrochemistry of the Dnieper
River and Its Basin; Naukova Dumka: Kyiv, Ukraine, 1989; p. 215. (In Russian)

24. Timchenko, V.M. Ecological Hydrology of Reservoirs of Ukraine: Monograph; Naukova Dumka: Kyiv, Ukraine, 2006; p. 383. (In
Ukrainian)

25. Romanenko, V.D. The Dnieper Reservoirs, Their Significance and Problems. Hydrobiol. J. 2018, 54, 3–9. [CrossRef]
26. Tseeba, Y.Y.; Maystrenko, Y.G. Kiev Reservoir: Hydrochemistry, Biology, Productivity; Naukova Dumka: Kyiv, Ukraine, 1972; p. 460.

(In Ukrainian)
27. Almazov, A.M.; Denisova, A.I.; Majstrenko, Y.G.; Nakhshina, E.P. Hydrochemistry of the Dnieper, Its Reservoirs and Tributaries;

Naukova Dumka: Kyiv, Ukraine, 1967; p. 316. (In Ukrainian)
28. Nabyvanets, B.Y.; Osadchiy, V.I.; Osadcha, N.M.; Nabyvanets, Y.B. Analytical Chemistry of Surface Waters; Naukova Dumka: Kyiv,

Ukraine, 2007; p. 456. (In Ukrainian)
29. DSTU 4078-2001; Water Quality. Determination of Nitrate. Part 3: Spectrometric Method Using Sulfosalicylic Acid (ISO 7890

3:1998, MOD); State Standard of Ukraine: Kyiv, Ukraine, 2002; p. 7. (In Ukrainian)
30. Sentinel Online. Level-2A Algorithm Overview. Available online: https://sentinels.copernicus.eu/web/sentinel/technical-

guides/sentinel-2-msi/level-2a/algorithm (accessed on 14 December 2022).
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