
����������
�������

Citation: Babko, R.; Kuzmina, T.;

Danko, Y.; Pliashechnyk, V.;
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Abstract: The spatial distribution of ciliate assemblages was studied in a shallow floodplain lake
with a sharp division of space by oxygen conditions. The surface zone occupied by the “carpet”
of Lemna trisulca and L. minor was characterized by a large daily amplitude of oxygen content
with periodic exceeding of 100% of saturation; the underlying water layer was characterized by
microaerobic conditions throughout most of the year, with seasonal deviations towards oxygen-free
conditions (in winter and mid-summer) or increased oxygen content (before freezing and after ice
melt); stable oxygen-free conditions were maintained in the bottom layer of water and at the bottom
of the lake. There were 111 species of ciliated protozoa recorded in the lake. The ciliated protozoa
were clearly structured and formed three almost non-overlapping assemblages in terms of species
composition, which retained their isolation during all seasons of the year. On the basis of the analysis
performed using the R indicspecies package, species of ciliated protozoa were identified as indicators
of conditions with different oxygen regimes, which are determined by the level of organic pollution
and the distribution of photosynthetic organisms.

Keywords: ciliated protozoa; spatial distribution; structure; anaerobic conditions; floodplain lake;
bioindication

1. Introduction

Changes in the water regime and morphology of rivers in Europe as a result of
human activities have led to the loss of their natural seasonal cycles and hydrological
characteristics [1–5]. The absence of flooding and economic development of floodplains has
not only reduced the number of floodplain reservoirs but also altered the characteristics
of their ecosystem. One of the consequences of disrupting the regular connection of
floodplain reservoirs to the river channel is the degradation of their biodiversity [6,7]. In
floodplain lakes that have lost their connection with the river channel for a long time
due to its regulation, stable stratification is formed, oxygen deficiency is observed in
the bottom water layers, whereas siltation and shoaling processes are progressing. The
consequence of siltation and stratification is the development of persistent anaerobic
processes in floodplain lakes, resulting in further reduction of diversity [7–9]. At the same
time, floodplain lakes with persistent anaerobic bottom sediments (sapropel) become a
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source of greenhouse gases, primarily CO2, methane, and also hydrogen sulfide [10–13].
Ultimately, such bodies of water not only lose their essential function of maintaining the
biodiversity of the river ecosystem but also become an additional source of atmospheric
pollution. The production of greenhouse gases is mainly associated with the functioning
of microorganisms from anaerobic bottom sediments, that is, sapropel, in such water
bodies [13–15]. The assemblages of ciliated protozoa are very specific in such lakes; in
freshwater ecosystems, they are represented by a significant number of species, including
anaerobic ones [16–18]. The composition of ciliated protozoan assemblages in different
habitats is influenced by water chemistry, nutrient availability [19–22], and especially by
oxygen concentration and its dynamics [23–25]. Ciliated protozoa play an important role in
the aquatic ecosystem as consumers of bacteria, flagellates, and periphytic algae, keeping
most bacteria in an exponential growth phase [26,27].

At the same time, shallow lakes with significant anaerobic zones usually lose a signifi-
cant part of the animals intolerant to oxygen-free or micro-oxygenated conditions. As a rule,
there are no fish and the diversity of invertebrates is extremely low. In such a situation, the
problem of assessing the quality of the aquatic environment arises. Usually, the assessment
of the aquatic environment involves information on fish, macrophytes, phytobenthos, phyto-
plankton, and macroinvertebrates [28]. At the same time, most of the above-mentioned groups
cannot be fully developed in the water bodies of the above-mentioned type, which puts them
out of brackets when assessing the quality of the aquatic environment in such reservoirs. Such
water bodies are simultaneously an important component of river ecosystems.

The aim of this work was to describe the results of studies of the spatial distribution
of ciliate protozoa assemblages under the conditions of a shallow floodplain lake and the
relationship of this distribution with oxygen gradients existing in different parts of the lake
volume. An attempt was made to estimate the quality of the environment on the basis of
indicator ciliate species responding to the oxygen content. In the future, this can be used
for the bioindication of the trophic status of water bodies and become a useful tool for
clarifying the assessment of water quality in water bodies of various types, especially with
stable anaerobic conditions.

2. Materials and Methods
2.1. Study Area

The floodplain lake, which is located on the left bank of the Vorskla River in the Sumy
Region (Ukraine) near Okhtyrka town, was studied for a year (Figure 1).
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By origin, the lake is a fragment of the old Vorskla river bed. This fragment of the
channel has existed as a lake for over 70 years. In the mid-20th century, this lake received
wastewater, which significantly increased its trophic status. Currently, the lake receives no



Water 2022, 14, 898 3 of 16

runoff, but its trophic status remains high. Table 1 shows the morphometric characteristics
of the lake. The lake is located at a distance of about 200 m from the main river channel.
In summer, it does not dry up despite its shallow depth; in dry periods, the depth may
decrease to 1 m. The surface of the lake is almost completely covered by a 10–15 cm thick
“carpet of duckweed” of Lemna trisulca L. with a small amount of Lemna minor L. Some
physical and chemical characteristics of the habitats in the lake are summarized in Table 2.

Table 1. Morphological characteristics of the lake.

Parameters Values

Area, m2 3.006
Length, m 112.9

Maximum width, m 33.0
Maximum depth, m 1.5

Table 2. Physical and chemical characteristics of the habitats in the lake. T—Temperature
and O—dissolved content—minimum and maximum values for the season; PI—Permanganate
Index—mean for the season ± SD.

Habitats T, ◦C O2, mg/L PI, mg O2/L

Among duckweed (L. trisulca and L. minor)
Winter 0 0.0–7.0 28.6 ± 1.1
Spring 5–14 4.0–7.0 41.1 ± 5.4
Summer 18.5–25.5 7.0–10.3 37.4 ± 7.1
Autumn 2–13 2.4–5.7 45.4 ± 5.2

Water under a layer of duckweed
Winter 0 0.0–7.2 16.1 ± 1.4
Spring 5.0–10.1 1.0–7.0 21.1 ± 2.7
Summer 10.5–17.0 0.0–1.5 18.9 ± 2.1
Autumn 4.0–8.2 0.0–0.7 19.4 ± 3.6

Sapropel
Winter 0 0.0 48.4 ± 4.1
Spring 0.0–10.0 0.0 54.1 ± 3.8
Summer 9.1–16.0 0.0 52.0 ± 2.7
Autumn 4.0–9.2 0.0 61.7 ± 5.6

2.2. Habitats

Despite the shallow depth, there is a sharp division of habitats in the lake by tempera-
ture and oxygen regime.

The surface layer of duckweed is stable during most of the year—from April to
December; during winter, some of the duckweed sink to the bottom and some are frozen
into the ice. In this layer, the temperature and oxygen regime are characterized by greater
seasonal and daily range as compared to the underlying layers. The oxygen content in the
daytime can exceed 100% of the saturation.

In the water column, the dissolved oxygen content varies between the duckweed
layer and the bottom, but the conditions remained microaerobic most of the time. During
the period when the lake is covered by a layer of duckweed, the oxygen content here
is 0–2 mg/L. Here, an increase in the oxygen content is observed before and after the
establishment of ice cover (at the beginning of winter and spring—during these two
relatively short intervals the water surface is free from the cover formed by a layer of
Lemna in summer and by a layer of ice in winter). For the period of ice cover, anoxia
encompasses the entire water column in the lake.

The sapropel layer is steadily retained from the bottom at a height of 1 m, where stable
anaerobic conditions are preserved throughout the year.
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2.3. Data Collection and Sample Processing

Temperature and O2 content were measured using a HACH HQ40d portable multime-
ter. The measurements were carried out in situ in steps from the bottom, every 0.2 m, which
allowed establishing the zone of delimitation of oxygen-and oxygen-free water layers.

The samples for ciliate counting were taken during the one-year period from Septem-
ber to September once a month. In three points of the lake, samples were taken in each of
the habitat types: plants, water layer under plants, and bottom sediments, that is, sapropel.
After processing, data from these three sampling points were averaged (Figure 1). The
samples from the water column were taken with a 1-L Ruttner barometer. The bottom
samples were taken with a microbentometer [29].

The samples of sapropel were taken so that the tank was filled to the top and there
was no air layer between the lid and the sample. The plant samples were taken with
glass cylinders. The cylinder was dipped into Lemna trisulca thickets, plants were carefully
pushed inside the cylinder with tweezers, and then the cylinder was closed on both sides
with plugs [25]. In the laboratory, the samples were stored in the refrigerator at +5 ◦C
before and during processing. The tanks with anaerobic samples were opened only during
sampling for microscopy. The water samples containing dissolved oxygen and plant
samples were stored with the lid open. The samples were processed within a few hours
after sampling.

The samples from the oxygen-containing layer of water and sapropel were processed
in a 1-mL counting chamber at magnifications ×28 and ×56. Five to seven mL samples
were treated successively. The plant samples were treated in two steps. Sessile forms of
ciliates on the surface of 5 fragments of Lemna trisulca and Lemna minor were counted in
filtered water in a Petri dish. In order to count the free-swimming forms, the sample was
stirred with a glass rod in a beaker and after stirring, 1 mL of water was taken with an
automatic pipette. Ciliates were counted in 5–7 sub-samples of 1 mL in a counting chamber.

Each time before the beginning of quantitative studies, the species composition of
ciliated protozoa was studied. Preliminary samples were taken in each habitat and in vivo
species identification was performed using an Olympus CX41 microscope in transmit-
ted light, as well as using dark-field and phase contrast methods. The identification of
ciliated protozoa is based on cell shape, peculiarities of the ciliary apparatus structure,
macronucleus morphology, position of contractile vacuoles, number of pellicular striae (for
Vorticella spp.), and a number of other characters. Modern microscopic techniques offer
good opportunities for species identification. In order to facilitate visual identification,
protozoa were placed in a solution of oxyprolcellulose, which significantly slows down
their movement and allows us to see the peculiarities of their structure. This slowing
down of the velocity of movement allows a good view of the essential details of the struc-
ture and location of the ciliary apparatus (Figure 2a) and the shape and position of the
macronucleus (Figure 2b). In cases where the macronucleus was not visible in transmitted
light (Figure 3a), the phase contrast method was used (Figure 3b). In those rare cases
when macronuclei were not manifested, they were stained with methylene green, and
silver staining techniques were used to demonstrate infraciliature (ciliary pattern) and the
silverline system (lines revealed by silver nitrate, connecting basal bodies and other cortical
organelles) (Figure 4a,b) [30]. Species (morphospecies) identification was based on Foissner
and Berger [18], Foissner et al. [31–34], Jankowski [35], Kahl [36–39], and others.

Protozoa were counted under an Opta-Tech binocular loupe in a modified Bogorov’s
counting chamber in which a 1 mL sub-sample was placed. Due to the sinuous shape of
the chamber groove, 1 mL of the sub-sample was distributed into eight compartments
(Figure 5). When viewing the sub-sample at low magnification (×28 to ×56), the researcher
sees the entire width of the sulcus, and the depth of field allows covering the entire volume
of the sub-sample part within the field of view. The sequential processing of individual
camera compartments avoids double counting.
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2.4. Statistical Analysis

The data on the aquatic plant species were processed using R 4.1.2 “Bird Hippie”
version [40] with the tidyverse package [41]; t-SNE [42,43] was performed using the Rt-
sne package [44], whereas nonmetric multidimensional scaling (NMDS) was performed
using the metaMds function from the vegan package [45]. Indicator species search for
biotopes and oxygen conditions was carried out using the indicspacies package [46]. The
method combines the species relative abundance (specificity) with the relative frequency
of occurrence (fidelity) of the species in different habitats. The indicator values arrange
the species in groups and give them indicator values between 0 and 1. Shannon’s and
Simpson’s indices were calculated using the BiodiversityR package [47].

3. Results

As a result of studies of ciliated protozoa in the floodplain lake, 111 species from
81 genera, 24 orders and 11 classes were found according to Lynn guide [48].

Among morphological groups—swimming, crawling, and attached—the swimming
forms prevailed with 63 species. The crawling forms were somewhat less diverse (26 species)
and the least number of species was observed for attached forms (5 species). Representatives
of Armophorea from genera Caenomorpha, Ludio, Brachonella, Metopus and representatives
of Plagiopylea from genera Plagiopyla, Discomorphella, Epalxella, Pelodinium, Saprodinium
were separated into special morphogroup—spiral forms (17 species).

According to the division of ciliated protozoa into ecological (behavioral) groups,
10 oxyphilic species, 11 euryoxyphilic species, 28 microoxyphilic species were identified
in the lake, 21 anoxyphilic or anaerobic, and 6 species that reach higher densities under
activated sludge conditions than in natural habitats—“activated sludge species” [25,49].
For 35 of the recorded species, ecological priorities have not been determined yet.

Under the conditions of oxygen-free sediments, 47 species of ciliates were detected
during the entire study period. The maximum number of species was observed in autumn
(31 species) and the minimum in spring (13 species). In winter and summer, 20 and
21 species were recorded, respectively.

Under the conditions of free water with micro-oxygenated conditions, bordering on
one side with sapropel, and on the other side with a layer of duckweed, a total of 52 species
were detected, the maximum number (28 species) in autumn, and the minimum number in
spring (9 species). In winter and summer, 23 and 18 species were recorded, respectively.

Among plants, in contrast to other habitats, the number of species changed insignif-
icantly during the whole vegetation period, from spring to autumn (spring: 33 species,
summer: 30 species, autumn: 36 species). The number of species decreased significantly in
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winter (12 species), when the duckweed layer was destroyed and most of the duckweed
was lowered to the bottom, and some was frozen into the ice. The total number of species
detected under the conditions of the layer of duckweed during the study period amounted
to 68.

Figure 6 shows the t-SNE based on the quantitative representation of positions of the
studied habitats. The sapropel samples form a distinct group and do not overlap with the
samples from the water column and vegetation.
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Figure 7 presents the t-SNE of distribution of ciliates in the gradient of O2 content—from
its complete absence to hyperaerobic conditions—giving a picture of positioning of habitats.
As can be seen from the diagram, two types of conditions: anaerobic, observed in sapropel,
and hyperaerobic, among plants, are clearly separated. The aerobic and microaerobic condi-
tions, observed in the layer of water between the sapropel and plants, did not stand out as a
special group and are positioned as an intermediate group between sapropel and plants.

Thus, the distribution of ciliated species in the lake volume gives a fairly good idea of
the division of the water body hyperspace into zones (Figure 6). It is well noticeable that the
micro-oxygenated zone overlaps with the macrophytes and sapropel zones. At the same
time, the overlap with the plant zone is greater, which can be explained by the presence
of oxygen in the water layer under the plants. The positioning of samples according to
oxygen conditions also does not show the water layer as a separate group. The points
corresponding to water were located in the zone between the sapropel and plants (Figure 7).

The distribution of species with different ecological priorities on the diagram (Figure 8)
looks rather disordered. The species with different ecomorphological characteristics do
not form separate groups but form rather a continuum in the oxygen gradient. However,
there is a tendency for the species from the microoxyphilic group to be broadly positioned
throughout the diagram, while euryoxyphiles and anaerobes are located in different parts
of the diagram.
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The data on the abundance of more than 100 species of ciliate protozoa, some of
which have unspecified ecological priorities, can give insufficiently pronounced separation
of samples by habitat types. It is generally accepted to identify indicator species that
have pronounced preferences with respect to habitats and/or environmental conditions.
Using the indicspecies package, the species whose preferences correspond to three habitats:
sapropel, water, and aquatic plants were found and shown in Table 3. As might be expected,
the indicators of microoxyphilic conditions were not numerous, since this habitat has rather
blurred boundaries, judging by the ciliates present in it. However, the fact of their presence
is important because it informs about the existence of ciliate protozoa characteristic of it.

Table 3. List of ciliate species—indicators of habitats: sapropel, water, and plant layer. The column
“stat” gives the indicator value of the species in fractions of one. This indicator value is equal to the
square root of the product of parameters A and B. “A” is an estimate of the probability that if a given
species is found, the habitat is of that type. “B” is the probability of finding a species in a habitat of
that group.

Species A B Stat p-Value

Sapropel
Apsiktrara gracilis 1 1 1 0.001
Brachonella campanula 1 1 1 0.001
Cristigera setosa 0.9824 1 0.991 0.001
Plagiopyla nasuta 0.9322 1 0.966 0.001
Epalxella mirabilis 0.9497 0.9231 0.936 0.001
Rhagadostoma completum 0.7842 1 0.886 0.001
Metopus caudatus 1 0.7692 0.877 0.001
Lagynus elegans 0.9719 0.7692 0.865 0.001
Metopus es 0.9276 0.7692 0.845 0.001
Caenomorpha medusula 0.9156 0.7692 0.839 0.001
Vasicola ovum 0.9921 0.6154 0.781 0.001
Brachonella spiralis 0.7759 0.7692 0.773 0.001
Saprodinium dentatum 1 0.5385 0.734 0.001
Urocentrum turbo 1 0.5385 0.734 0.001
Caenomorpha uniserialis 1 0.4615 0.679 0.002
Ludio parvulus 1 0.4615 0.679 0.003
Metopus striatus 1 0.4615 0.679 0.005
Vegetation
Urotricha furcata 0.8521 1 0.923 0.001
Vorticella campanula 1 0.8 0.894 0.001
Holosticha pullaster 0.7633 1 0.874 0.001
Euplotopsis affinis 0.959 0.7333 0.839 0.001
Vorticella convallaria 0.8361 0.8 0.818 0.001
Oxytricha setigera 1 0.6 0.775 0.001
Paramecium bursaria 1 0.6 0.775 0.001
Paraurotricha discolor 1 0.6 0.775 0.001
Euplotes patella 1 0.5333 0.73 0.001
Water
Askenasia volvox 1 0.3333 0.577 0.01
Astylozoon faurei 1 0.3333 0.577 0.009
Disematostoma buetschlii 1 0.3333 0.577 0.012
Monodinium balbianii 1 0.3333 0.577 0.012
Tintinnidium fluviatile 1 0.3333 0.577 0.009
Urotricha pelagica 1 0.3333 0.577 0.009

Figure 9 shows the t-SNE habitats on the basis of indicator species of ciliated protozoa.
As can be seen, the indicators rather confidently confirm the presence of three habitats; the
water column looks like a link between the sapropel and plants. The clear separation of
plants and sapropel is associated with the contrast in the content of dissolved oxygen: its
absence in the sapropel and its periodic oversaturation in the water surrounding the plants.
The intermediate position of water samples is also understandable, because here too the
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limiting factor is O2, and the ciliates of this habitat, regardless of the degree of tolerance to
the content of oxygen, is breathing oxygen.
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An analysis of the species composition and density of ciliated populations using the
NMDS method shows the separation of habitats even more clearly. As can be seen from
Figure 10, in the oxygen gradient, the habitats and species were positioned as three rather
separate groups. The first group on the left is located in the oxygen-free zone, which can be
seen from its position relative to the oxygen concentration isolines. The group of species
and the area of plant habitat are predominant in the area with an oxygen content higher
than 8 mg/L. Most species whose priority habitat is the oxygen-containing water column
were located within concentrations O2 of 2–5 mg/L. Thus, Figure 10 provides information
on species preferences for both habitats and water oxygen concentrations.

Figure 11 is similar to the previous one, with the difference that it only shows the
position of the indicator species that were selected. It allows seeing more clearly the position
of exactly these species with respect to both habitats and oxygen conditions. It should be
noted that although the conditions in the layer of water between plants and sapropel were
predominantly microaerobic, with O2 concentrations around 2 mg/L, the indicator species
of this habitat have a wider range of tolerance to oxygen content, from 2 to 5 mg/L.
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4. Discussion

One of the probable directions of events during eutrophication of water bodies, pri-
marily of the lentic type, may be the formation of anaerobic bottom sediments—sapropel
and stratification of the water body by oxygen conditions. One of the scenarios of anaerobic
processes development can be the situation described in this article. At the same time, it is
almost impossible to assess the water quality according to the protocols of the Water Frame-
work Directive, relying on such indicators as macrophytes, phytoplankton and phytobenthos,
macrobenthos and fish [28], and the question of how to implement it remains open.

Simultaneously, in such water bodies, there is a complexly organized assemblage
of ciliated protozoa and, what is especially important, under both aerobic and anaerobic
conditions. Consequently, the diversity and quantitative development of ciliated protozoa
can be an important indicator not only of the presence of anoxia zones but taking into
account all the species present, can be part of the indication system. However, it must
be recognized that protozoa are proven good indicators of aquatic quality [31–34,50–52].
Prior to the second half of the 20th century, however, anaerobic metabolism was not as
extensively studied as it is now [17,53,54]. For this reason, the saprobic systems did not
emphasize anaerobic species [55,56]. Foissner’s works mention anaerobic species among the
indicators of the polysaprobic zone [31–34]. However, with this approach, anaerobic species
appear to be indicators of high pollution levels, while their development is not related to
pollution as such, but to stable anaerobic conditions in which another type of biochemical
process is realized. This makes the assessment of the quality of the aquatic environment
on the basis of oxygen-consuming organisms, as indicators of trophicity, insufficient and
requires enhancement taking into account the presence of anaerobic zones. The use of
protozoa as indicators was considered as a very promising direction of bioindication of
aquatic ecosystems, since protozoa are represented by the widest variety of species and
communities, covering the whole range of conditions in water bodies, including oxygen-
free zones.

In the studied lake, unusually sharp differences were observed between oxygen-
containing and oxygen-free zones, which was caused by a significant volume of the sapro-
pel layer. Taking into account the depth of the lake not exceeding 1.4 m, the sapropel layer
was from 1 m to 1.1 m. In the near-surface layer of water, occupied mainly by submerged
plants of Lemna trisulca, the oxygen content varied within significant limits, and in the day
time its concentration could significantly exceed 100% of physical saturation. The layer of
water between the oxygen-free layer and the layer of floating plants was insignificant, and the
oxygen content ranged from 0 to 2 mg/L. The distribution of protozoa under these conditions
is of considerable interest, as species with different ecological preferences are forced to po-
sition themselves under the conditions of contrasting oxygen distribution, unambiguously
determining their priorities. First of all, it should be noted that based on the quantitative and
qualitative composition of ciliates, the lake volume was reliably divided into two habitats
those with dissolved oxygen, water among plants and oxygen-free, sapropel.

NMDS confidently divided the habitats into three distinct areas corresponding to
sapropel, plants, and the layer of water between them (Figure 10). It can be seen that
the protozoan splits into two assemblages, which are grouped under anaerobic and
aerobic conditions.

Under anoxic conditions (sapropel) and among plants, the rank-abundance dominance
curves are best described by Zipf’s law model, which can be seen from the values of the
Akaike information criterion (AIC) (Figure 12a,b). According to Su 2018 [57], who analyzed
about 20,000 species abundance distributions (SADs) in both aquatic and terrestrial ecosys-
tems, the overall distribution pattern in almost all cases approximately follows Zipf’s law.
Thus, the SADs in sapropel and plants fit this typical pattern.
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Figure 12. Rank-Abundance Dominance curves with 5 model fits: brokenstick, preemption, log-
Normal, Zipf, and Zipf-Mandelbrot. (a)—anaerobic conditions; (b)—aerobic conditions (among
plants). AIC, Akaike information criterion.

The number of species oriented to microaerobic conditions is limited. The specificity
of conditions between the duckweed layer and the sapropel is also reflected in the character
of SAD (Figure 13). Here, SAD best fits the “Pre-emption” model, also known as geometric
series or Motomura model. It is believed that this type of distribution is characteristic
of species-poor habitats, in which species exist under unstable conditions. This quite
objectively reflects the situation in the water layer between floating plants and sapropel in
the considered case.

Figure 13. Rank-Abundance Dominance plot for water species with 5 model fits: brokenstick,
preemption, log-Normal, Zipf, and Zipf-Mandelbrot. AIC, Akaike information criterion.
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The presence of well-defined factor preferences in many species allowed identifying
a number of indicators, the presence of which reflects the dynamic stability of oxygen
conditions along the vertical of the lake. As one would expect, the minimum number of
indicator species was identified for microaerobic conditions.

The development of protozoa under conditions of lake hypertrophy and formation of
anaerobic zones becomes the only promising indicator in terms of assessing the state of
the aquatic environment, which allows making evaluative judgments about the situation.
Moreover, with their help, the degree of anaerobic processes development and water quality
in the aerobic layers of the reservoir can be assessed using the same scale based on the
indicator species of protozoa and their quantitative development in the continuum of
oxygen and oxygen-free conditions.

The scale based on the indicator species of protozoa can be a supplement to the
standard system of assessing the quality of aquatic environments focused on water bodies
with aerobic conditions, since protozoa, unlike meso- and macro-forms, are present in
the entire space of water bodies as a continuous series of ecomorphs. Under anaerobic
zones formed in high-trophic water bodies, the use of protozoa as indicators becomes the
most adequate solution to the problem of assessing the quality of the aquatic environment
using a single criterion. Thus, the introduction of protozoan indicators into the system of
environmental quality assessment makes it possible to easily identify the presence of stable
anaerobic zones in water bodies and assess their volume, which is not possible when using
standard indicators, oxybionts.

5. Conclusions

In a small shallow floodplain lake, a sharp division of space into zones with different
oxygen regimes was observed, in which well-structured and almost non-overlapping
assemblages of ciliated protozoa, retaining their distinctiveness during all seasons of the
year, were formed. The distribution of protozoa in these conditions is of considerable interest,
since the species with different ecological preferences are forced to exist under conditions of
contrasting oxygen distribution, which unambiguously reveals their priorities. The presence
of isolated assemblages of ciliated protozoa made it possible to identify the indicator species
for oxygen-contained and oxygen-free conditions. Under anaerobic conditions, a sufficiently
high diversity of ciliated protozoa is observed, which makes them very promising indicators
for zoning water bodies in which stable anaerobic zones are formed.
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