
water

Article

Oxygen Gradients and Structure of the Ciliate
Assemblages in Floodplain Lake

Roman Babko 1,*, Tetiana Kuzmina 2, Yaroslav Danko 3 , Joanna Szulżyk-Cieplak 4
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Abstract: This paper presents the results of studies on the structure of the ciliate population in a
freshwater lake. The classification of the ciliated communities based on the analysis of the distribution
of ciliate population density in the lake along the oxygen gradients, taking into account their oxygen
preferences, was proposed. It was shown that the distribution of ciliated protozoa in the space of
a reservoir is determined not by such spatial units as the water column, bottom, and periphytal,
but by the oxygen gradients. Four types of habitats with different oxygen regimes were distinguished:
With stably high oxygen concentration, stably low oxygen concentration, stably oxygen-free conditions,
and conditions with a high amplitude of diurnal oxygen variations. The location of these habitats in
the space of the lake and their seasonal changes were determined. On the basis of the quantitative
development of ciliate populations, zones of optima and tolerance ranges of some ciliate species
in the oxygen gradient were established. The oxygen preferences were established for the species
from four distinguished assemblages: Microoxyphilic, oxyphilic, euryoxyphilic, and anoxyphilic
(anaerobic). The presence or the absence of a certain type of assemblage in the reservoirs depends
solely on the parameters of the oxygen gradients. The diversity of the ciliated protozoa in water
bodies also depends on the stability and diversity of the oxygen gradients.

Keywords: ciliate assemblages; oxygen concentration; ecological optimum; lake; freshwater habitats

1. Introduction

Ciliates are one of the diverse groups of protozoa; today about 1500 morphospecies of freshwater
ciliates have been described [1]. However, according to forecasts, the total diversity of these unicellular
organisms can reach from 12 to 40 thousand species [2,3]. The diversity of ciliated protozoa on a global
scale is fairly uniform. Nevertheless, numerous studies show that in some territories, and in water
bodies of different types, the diversity of ciliated protozoa differ significantly [4–12]. Compared to the
potential diversity, the realized diversity is dynamic and reflects the specific conditions of each water
body, leading to the dissimilarity of the fauna. This local diversity remains unpredictable and varies in
space and time. Nevertheless, it has been successfully used to assess the status of aquatic ecosystems.
In assessing the species diversity in a separate time-limited study, only a small fraction of the available
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genetic potential (“seedbank of protozoan”) is usually detected [1]. Assessing the local diversity of
even a small, one-hectare pond can never be complete [13]. Obtaining reliable information about the
local diversity of ciliates remains a problem. It depends on the duration of the studies, season coverage,
the geographical location of the reservoir, and so on. The number of identified species is also affected
by the number of samples taken, the frequency of sampling, the number and variety of the examined
habitats, etc. Obviously, an effective study of the diversity of protozoa also depends on our ideas about
their structural organization in the hyperspace of water bodies.

Despite a significant number of studies, they are not enough to predict the local diversity of
ciliated protozoa, its changes in time and its relation to the type of reservoir. The assessment of diversity
remains problematic due to the conservatism of ideas about the nature of species distribution. Namely,
most studies proceed from the idea that the ciliate population is structured according to the traditional
biotopes: Pelagial, benthal, periphytal [4,14–23].

At the same time, it has been shown quite convincingly that the ciliated protozoa are very sensitive
to the concentration of oxygen dissolved in water [24,25]. Nevertheless, the oxygen gradients are far
from being always taken into account when studying the diversity of protozoa and assessing the state
of the ecosystem of a reservoir. In most cases, the traditional approach is prevailing in dividing the
space of a reservoir into listed biotopes, although the conditions, including the concentration of oxygen,
within each biotope may be heterogeneous [24].

This makes it relevant to analyze the spatial distribution of the ciliated protozoa without reference
to the classical biotopes, particularly, to study the structure of the population of ciliates in the context
of their reaction to the oxygen gradients.

In this regard, the aim of our work was to generalize the results of two-year studies on the ciliated
protozoa under the conditions of a floodplain lake in the context of their spatial organization and the
relationship of this organization with the oxygen gradients that existed in different parts of the water
body, regardless of its traditional separation into the classical biotopes.

2. Materials and Methods

2.1. Study Area

The authors studied the distribution of ciliated protozoa in water in a floodplain eutrophic lake.
The floodplain lake is located on the right bank of the Vorskla River in the Sumy Oblast (Ukraine).
The lake stretches from northwest to southeast approximately parallel to the modern channel of
the Vorskla River. Table 1 shows the location, morphometric data of the lake, and selected water
quality indicators.

Table 1. Geographical location and characteristics of the lake.

Parameters Values

Location 50.313942, 34.839761
Area, m2 21,300

Length, m 400.0
Maximum width, m 59.5
Maximum depth, m 8.5

Secchi depth, m 0.7–1.0
pH 8.15–8.30

Permanganate index, mg O2/L 7.8–15.0

The lake is located 100 m from the main channel of the river and during periods of high
water—mainly in the spring during floods—is connected to the main channel by a narrow channel,
which dries up in summer. The lake never completely dries up. In the low-water period (summer),
the maximum depth is 8–8.5 m. Macrophyte thickets were formed by Phragmites australis (Cav.) Trin.
ex Steudel, Ceratophyllum demersum L., Lemna minor L., Spirodela polyrrhiza (L.) Schleid., Nuphar lutea (L.)
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Sibth. & Sm. Samples from each type of habitat were taken at five points (places). The lake and the
localization of sampling stations are shown in Figure 1.
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sand the conditions range from microaerophilic to anaerobic. 

Figure 1. Location of the study area and sampling points. The green arrows indicate the places of
sampling of plants, the brown arrows indicate the places of sampling of bottom sediments in the littoral,
the rhombuses indicate the places of sampling of water and bottom sediments in the pelagial and
profundal, the red rhombus indicates the place of the maximum depth of the lake. The dashed green
line shows littoral sections of macrophyte thickets.

In the littoral, samples of bottom sediments were taken at a depth of 0.5 to 1.5 m depending on
the slope of the bottom, usually at a distance of 1 m from the water edge. Plant samples were taken
from the central part of the plant spot at a depth of about 0.5 m. Metaphyton samples were taken at a
distance of 0.5–1.0 cm from the plant shoots at a depth of 0.5 m.

2.2. Habitats

In spring and autumn, water turnover was observed in the lake. In winter, during the ice cover,
anaerobic conditions were observed in the lake in almost the entire water column. From June to
September, a distinct temperature stratification is observed in the lake. In the water column during
this period, three habitats that differ in the oxygen content can be distinguished. The epilimnion has
a high oxygen content of up to 13 mg/L and a layer of water from the surface to a depth of 1–1.5 m.
The metalimnion has an oxygen content of from 0 to 3 mg/L and a layer from 1.5 to 4.0 m. In the upper
part of the metalimnion at a depth of 1.5 to 2.5 m, an accumulation of detritus is observed. There is a
sharp decrease in the oxygen concentration here to 0–1 mg/L. The hypolimnion was anoxic.

According to the bottom profile, two different habitats are distinguished: The bottom in the littoral
zone, represented by silted sand with detritus, with a low oxygen content of 0 to 3 mg/L; and the
bottom in the profundal zone with sapropel deposits and anoxic conditions. The difference between
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these two habitats is that in the profundal zone oxygen is always absent, and in the silted sand the
conditions range from microaerophilic to anaerobic.

Periphytal, the surface of the plants and metaphytal, the water among the thickets of plants, were
considered as separate habitats. Both in the layer of water near the plants’ surface and—to a lesser
extent—in the metaphytal, the oxygen content varied drastically over the course of the day: From 0 to
250% of saturation. Oxygen surges (high amplitude of diurnal fluctuations in the oxygen content) were
the main difference between these habitats and all others, where the oxygen content did not change
significantly during the day.

2.3. Sampling Methods and Calculations

The samples for counting of ciliates were taken in all of the habitats. Samples from the water
column (1.0 L) were taken by a Rutner bathometer. At each of the five stations, samples were taken every
0.5 m vertically. The sampling of the bottom sediments was carried out with a microbentometer [26].
Using it, the sediment cores of a cylindrical shape with an area of 7 cm2 and a length of up to 6 cm
were taken. For analysis of bottom samples from littoral, a 1-cm layer of bottom sediments and a
3-cm layer of water above the bottom, where oxygen was recorded, were treated as a single sample.
The layer of bottom sediments below 3 cm depth, where there was no oxygen, was detached and
examined as a separate sample. The water samples from the thickets of plants were taken with a
syringe (volume 200 mL, hole diameter 4 mm) onto which instead of a needle, a plastic tube of the
corresponding diameter was installed. The plant samples were taken using a glass tube with a diameter
of 3.5 cm, which was carefully draw on the shoot of the plant; the shoot was cut off, afterwards the tube
was closed up on both sides (Figure 2a–c) [10]. Semi-submerged plants were previously cut off above
the surface of the water, and a sample was taken, truncating part of the underwater leaf or stem and
enclosing it in a glass tube. Samples of floating plants (duckweed) were taken by passing a glass tube
along the surface covered with duckweed plants; after the tube was closed on both sides (Figure 2d).
Samples of anaerobic sediments (sapropel) and samples from oxygen free hypolimnion were taken
and sealed in containers without contact with oxygen. Oxygen-free samples were opened only at the
time of sub-sampling.

The studies were carried out in full in the first and last decade of each month. In each habitat,
temperature and O2 measurements were carried out using a HACH HQ40d portable multi-meter
with a sensor attached to a 10 m cable. Oxygen measurements in all environments were performed
before each sampling. Each time vertical sampling using the HACH HQ40d multi-meter, oxygen and
temperature were measured from the surface to the bottom. The distribution of these parameters by
depths were established. Seasonal averages are shown in graphs.

To establish the permanganate index, a part of the sample taken by a bathometer from each depth
was used. When sampling plants, metaphyton, and bottom, a sample for the permanganate index was
taken in the same place with a 100 mL syringe.

The samples were transported to the laboratory, where they were immediately processed.
During the analysis of the sub-samples, the main samples were kept in the refrigerator at a temperature
of +5 ◦C, which ensured the maximum preservation of quantitative ratios of populations.

In the quantitative treatment of samples, the abundance of ciliates was determined in their
actual living space (ALS). By actual living space, we mean part of the volume of the water body in
which the population of a given species is recorded. This can be the entire pelagic zone (or only part
of it), the water in bottom sediments, or a layer of water around the submerged surface of plants.
The population may be limited in its distribution to one, or be distributed among several habitats.
Moreover, as a rule, there is a habitat in which conditions correspond to their ecological optimum,
while their presence in neighboring habitats is a reflection of their environmental tolerance expanding
their ecological niche. Different species of plants vary significantly in the spatial organization of
the surface, which creates unequal conditions for the existence of protozoa [27]. Therefore, various
approaches were used for calculating of the density of protozoa to determine the volume of their ALS.
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The ALS of the protozoa on the Ceratophyllum is equal to the volume of the cylinder with the shoot
diameter minus the volume of the plant itself (Figure 2). The ALS of protozoa on the plants with simple
leaves such as Phragmites australis was calculated based on the surface area of the sample and the water
layer 1 cm above the surface. For the floating plants, such as Lemna minor and Spirodela polyrrhhiza,
ALS was calculated as the volume corresponding to the area of leaf blades and the length of the
dropping roots. The volume of living space for the inhabitants of bottom sediments was determined
by measuring the volume of water between the particles of bottom sediments. The bottom sediments
were drying and re-filling it with water.
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Figure 2. Sampling of periphyton on submerged macrophyte Ceratophyllum demersum: (a) The shoot of a
plant; (b) the tube is put on the shoot so as to minimally disrupt its position in the water; (c) a separated
shoot in the tube, ready for transfer to the laboratory; (d) sample of Lemna minor and Spirodela polyrrhiza.

From a pre-mixed sample of the water from pelagial and metaphytal, 5–7 sub-samples were taken
with a sampler. The sub-sample volume was 1 mL. Each sub-sample was transferred to a 1.5 mL
chamber and the protozoa were counted under a binocular microscope with magnification ×28 and
×56. In cases of a small number of organisms—less than 3 specimens per sub-sample—the number of
sub-samples was increased to 9–11. Sub-samples data were averaged.

The procedure for processing bottom sediment samples was similar. However, in the case of a
high abundance of ciliates, they were counted in a drop of 25 µL on a microscope slide. Subsequently,
the population density was calculated per unit volume of their living space.

Laboratory processing of periphyton samples was carried out in two stages [10]. Three fragments
(each about 1 cm2) were separated from a reed sample under water with a scalpel in a Petri dish.
Each fragment was placed in a small Petri dish (diameter 5 cm) and fragmented into strips with a
width of about 3 mm. On each fragment, under the magnifying glass, sessile ciliates were counted.
The data were averaged over 1 cm2 and the abundance was calculated on the volume of living space
for periphyton. The rest of the sample (leaf fragment) was thoroughly cleaned with a stiff brush on
both sides in a large Petri dish. The fragment was removed, and its area was measured. The sample
obtained by this procedure was analyzed in the same way as in the case of the water column. At this
stage, crawling and swimming forms were counted. The data were averaged based on the area of the
processed fragment and counted on the volume of periphyton living space—1 cm3. In the case of
duckweed, sessile forms were counted by placing individual plants in small diameter Petri dishes
with a small amount of water. Usually 9 to 11 plants were treated. The duckweed plants remaining in
the sample were shredded with scissors, and the sample was mixed and analyzed in the same way as
the bottom samples. The data obtained were recounted on the volume of living space based on the
number of duckweed plants involved in the calculations, the sample volume, and the average root
length. When calculating the population density on the hornwort, three plant fragments 1 cm long
were placed in separate Petri dishes. The whorl of the plant with scissors or a scalpel was divided into
fragments on which the sessile forms were counted. The remaining fragment of the hornwort sample
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was shredded and analyzed for crawling and swimming forms according to the previously described
procedure. The obtained data were counted on the volume of living space.

Quantitative processing of samples was carried out by three specialists and took from 10 to 12 h.
As a standard, the sampling and calculation of population density was performed three times, and the
results obtained over three days were averaged. Due to the fact that the quantitative processing of a
significant number of samples is difficult to combine with species identification, before the start of
research, during the year, the lake was studied for species diversity in various habitats.

Species identification of ciliates was carried out in vivo with an Olympus CX41 microscope in
transmitted light as well as using dark field and phase contrast methods. When necessary, ciliates were
stained with 1% methyl green or silver nitrate [28]. Species identification was based on Kahl [29–32],
Foissner and Berger [33], Foissner et al. [34–37], Jankowski [38], Warren [39,40], and others.

2.4. Statistical Analysis

Data were processed using R [41]. Hierarchical clustering was performed with hclust from core
R package stats, fuzzy clustering with function fanny from package cluster [42], and plotted on the
plain of principal components with fviz_cluster from factoextra [43] and principal components analysis
(PCA) from FactoMineR [44]. The data on abundances of each of ciliate species before PCA and
clustering were transformed by dividing abundances in each sample by the total abundance of a given
species in all samples. Plots were produced using ggplot2 [45].

3. Results

The studied eutrophic floodplain lake remains stratified from the June to the September. In winter,
during the freezing period, oxygen practically disappears in the water column (Figure 3). As mentioned
in the methods section, a pronounced oxygen gradient was observed in the pelagic zone of the lake,
within which three zones of different O2 content were distinguished. In the profundal zone, where the
bottom sediments are represented by sapropel, stable oxygen-free conditions are maintained.
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Figure 3. Vertical distribution of (a) oxygen and (b) temperature in the water column of the floodplain
lake in different seasons.

The bottom sediments in the littoral zone are represented by silted sand with a low oxygen content.
The oxygen content in silted sand was kept in the range from 1 to 3 mg per liter. Deeper than 3–5 cm
from the bottom surface, a stable oxygen-free zone was formed (Figure 4).
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Figure 4. The oxygen content in the upper layer of the littoral sand.

In the littoral of the lake, the coastal part was overgrown with aquatic vegetation with the
dominance of Ceratophyllum and Phragmites. The surface of the water between the thickets of submerged
and semi-submerged vegetation is occupied by duckweeds (Lemna and Spirodela). In the thickets of
aquatic vegetation, the oxygen regime was significantly different from that in the pelagic and benthic
zones. As a result of fluctuations in the photosynthetic activity, the oxygen content in the thickets of
plants cyclically changed within a day (Figure 5). At night, in thickets and water layers adjacent to
plants (metaphytal), the respiration of plants and periphyton organisms, including bacteria, led to a
decrease in the oxygen content to almost zero. At the same time, by noon, the oxygen content could
reach 100–300% of the saturated concentration.
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During the period of research in the lake, 209 taxa of ciliated protozoa (of them 183 identified to
species) were observed (Table A1). Populations of many species are distributed within the range of
several habitats identified, under the conditions of different oxygen contents. The presence of part
of the population in the neighboring habitats, as a rule, with a lower density than in the optimum
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zone, indicated a range of tolerance of the species with respect to oxygen. The effect of oxygen on
the functioning of ciliates and their spatial distribution is a known fact [24]. There are experimental
data on the oxygen optima of a number of species of ciliates [46,47]. In our long-term field studies
in different seasons, we observed maximum population densities of these species at the same values
of oxygen contents. Such a coincidence of experimental and field data on the relationship between
the densities of species populations and the concentration of oxygen in water allowed us to simplify
reality and recognize that oxygen concentration is crucial, although, of course by no means the only
factor in the ecological niche of ciliated species.

An analysis of principal components (PCA) was performed to determine how locations with
different oxygen contents are grouped based on the abundances of 154 species of ciliates present in
them. (In PCA analysis species occurring only sporadically were excluded.) During the research,
135 samples taken in all habitats were grouped by the oxygen concentrations rounded to integers. As a
result, 15 locations with oxygen concentrations from 0 to 19 were obtained (Figure 6). The abundances
of 154 species of ciliates found in our studies were averaged over these locations. Four groups can
be seen in the plane of the first two principal components: (1) Oxygen-free conditions (0 mg/L),
(2) locations with a high oxygen content (10–19 mg/L), (3) a group with a fairly narrow concentration
range from 3 to 5 mg/L, and (4) locations in which the oxygen concentration is in the ranges of 1–2 and
6–8 mg/L (Figure 6).
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Figure 6. Principal component analysis (PCA) of locations with different oxygen contents based
on the species abundances of the ciliates observed under these conditions. The numbers from 0 to
19 correspond to the rounded oxygen concentrations in mg/L. The area of the points is proportional to
the quality of their representation on the plane of the first two principal components.

In order to verify our conclusions about the presence of four groups of locations by the oxygen
content, the results of fuzzy clustering with a given number of clusters of 4 were superimposed on the
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PCA plane (Figure 7). It can be seen that the results of fuzzy clustering are in good agreement with the
results obtained by means of the PCA method.Water 2019, 11, x FOR PEER REVIEW 9 of 27 
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The results of hierarchical clustering performed with the Ward method, pertaining to the locations
ordered by depth and proximity of plants, are presented in Figure 8. Here, four clusters that correspond
well to the groups isolated on the basis of oxygen concentration can also be seen. This is logical,
since the concentration of oxygen in the investigated lake naturally varies with depth and in the vicinity
of plants. Conditions in metaphytal—in the water between plants—are characterized by large daily
fluctuations in oxygen contents. Moreover, this zone is practically devoid of ciliates. Single species
from the decaying parts of plants found in this zone predetermined the affinity with the microaerophilic
zone. Statistically, this position of the metaphyton is justified, but does not have a real biological
meaning. The metaphytal can be considered as a dead or transit zone in which you can meet solitary
species from adjacent assemblages. Most often, floating microoxyphilic species were recorded here.

On the basis of the analysis of the occurrence of 154 ciliates species in an oxygen gradient,
four assemblages were identified: Microoxyphilic, oxyphilic, euryoxyphilic, and anoxyphilic [48].
The microoxyphilic assemblage includes the species that display preferences for the conditions with
a stably low oxygen content. The upper limit of the tolerance range of the microoxyphilic species is
usually limited to 3 mg of oxygen per liter, but they reach a maximum concentration in an environment
with an oxygen content below 2 mg/L (Figure 9a). Such conditions existed in the water column at
a depth of 1.5–4 m from the end of spring to the beginning of autumn homogenization, as well as
in the littoral zone; constantly in the bottom sediments, and on the surfaces of decaying dead parts
of plants. The oxyphilic assemblage includes species that reach the largest abundances under the
conditions of relatively high (5–7 mg/L) and stable oxygen content, and the amplitude of diurnal
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variations is small (1–2 mg/L). Distribution of abundances of the oxyphilic species is shown in Figure 9b.
The euryoxyphilic assemblage includes species living at the plants where the oxygen concentration
can vary in a very wide range: From 0 to 15 mg/L, periodically reaching extremely high values—up to
300% of saturation (Figure 9c). The presence of many species exclusively on plants is determined by
their tolerance to high oxygen content. The anoxyphilic assemblage unites species of habitats with
anoxic conditions. Among anoxyphilic species, some species demonstrate endurance to the oxygen
content in the environment (Figure 9d).

Water 2019, 11, x FOR PEER REVIEW 10 of 27 

 

determined by their tolerance to high oxygen content. The anoxyphilic assemblage unites species of 
habitats with anoxic conditions. Among anoxyphilic species, some species demonstrate endurance to 
the oxygen content in the environment (Figure 9d). 

 
Figure 8. Ward’s clustering of locations by depth and proximity of plants. Designation of habitats: 
benth—benthal in littoral, saprop—sapropel, depth 0.02, 0.5, 1–8 m—water column at depths of 0.02, 
0.5, from 1 to 8 m, mphyt—metaphytal, cerat—Ceratophyllum, phragm—Phragmites, lemna—Lemna 
and Spirodela, nuphar—Nuphar. 
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0.5, from 1 to 8 m, mphyt—metaphytal, cerat—Ceratophyllum, phragm—Phragmites, lemna—Lemna and
Spirodela, nuphar—Nuphar.
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Figure 9. Distribution of the abundances of the species in the oxygen gradient: (a) Microoxyphilic
species—Holophrya discolor and Spirostomum teres; (b) oxyphilic species—Tintinnidium fluviatile
and Pelagovorticella natans; (c) euryoxyphilic species—Zoothamnium arbuscula and Euplotes patella;
(d) anoxyphilic species—Brachonella spiralis and Lagynus elegans.

4. Discussion

4.1. Assemblages Structure Analysis

Clarification of the patterns of formation and functioning of biological diversity at the community
level is one of the fundamental problems of biology and hydrobiology. The difficulties associated with
the identification of local communities have been reported by many researchers [49,50]. The localization
of the ciliate assemblages is usually based on the a priori division of the water body into biotopes:
Benthal, pelagial, and periphytal. Further, on the basis of this classification, the organisms found
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within these a priori identified spatial boundaries are automatically assigned to the corresponding
community: Benthic, periphytic, or pelagic [51,52].

The specialists working on a scale of one biotope developed the idea of its structure [52–54].
The consequences of this are the difficulties in distinguishing communities, in particular, the presence
of the same species in the different communities. Thus, the researchers of plankton register the regular
presence of the species that are considered to be benthic in the pelagic zone [51,52]. Conversely,
the researchers of benthos note the planktonic species in the bottom sediments, for example,
T. fluviatile, T. cylindrata, S. humile, S. minimum, S. vernalis, and some species of the Urotrichidae [55].
Significant difficulties are associated with the separation of the periphyton and benthic communities.
The ciliates living in mountain rivers with a rocky bottom can equally be attributed to both benthos and
periphyton, which shows the conventionality of dividing the fauna of such streams into the mentioned
ecological groups [56].

There is an approach to the classification of communities based on the dominant species or
on a group of co-occurring abundant species [33]. On the basis of this approach, the authors give
an approximate species composition of several communities identified on the basis of the species
co-occurring under conditions with different levels of organic pollution, in the pelagic zone, in swamps,
and in capillary water of the soil [57]. For example, the Metopetum community is named after a group of
indicator species from the genus Metopus. Most members of this community are anaerobic. Foissner and
Berger [33] named a number of communities after the dominant species, for example, the Colpidietum
community with the indicator species Colpidium colpoda, Trithigmostometum with the indicator species
Trithigmostoma cucullulus, Carchesietosum with the indicator species Carchesium polypinum, and the
Stentoretum community with indicator genus Stentor. They also distinguished the pelagic community:
Oligotrichetea. However, the authors themselves noted that, for example, the euplanktonic species are
common in most of those groups [33]. It was also proposed to distinguish the communities by their
relation to environmental factors, while remaining within the framework of the biotopic approach
paradigm and recognizing the existence of the “euplanktonic” species. The attempts to describe the
spatial structure of the assemblages of ciliates in the body of water as a whole, rather than within
a single biotope, have been made earlier, but the interpretation of the results remained within the
boundaries of the biotopic paradigm [5,9,27,58].

Since there are no physical obstacles that would prevent the population from spreading over the
entire volume of water, the authors argue that the entire volume of the lake is a potential biotope for each
species. But, despite the absence of physical barriers to the spread of species, their populations were
concentrated mainly in places with oxygen conditions that meet their physiological needs. Oxygen is
the most important factor determining the spatial distribution of protozoa [25]. The reasons for this
dependence lie in the presence of a connection between the oxygen content and the food objects
of protozoa, the needs of their symbionts, and, most importantly, the oxygen toxicity for some of
them [24].

Therefore, at least three assemblages represented the pelagic zone: Anoxyphilic (in hypolimnion),
microoxyphilic (in metalimnion), and oxyphilic, represented by the species traditionally attributed to
plankton. However, the oxyphilic assemblage itself was restricted to the zone from the surface to a
depth of 1.5–2 m. Microoxyphils predominated in the metalimnion, whereas the anoxyphilic species
were almost exclusively present in the water column from a depth of four meters.

The microxyphilic group existed in the oxycline zone from late spring to the beginning of autumn
homogenization. At the same time, the microoxyphilic assemblage also occupied the bottom sediments
in the littoral. The same composition of species was recorded on the dead parts of plants, where the
processes of decay took place, and the oxygen content did not exceed 3 mg/L. Thus, the microoxyphilic
assemblage was present simultaneously in three classical biotopes: Pelagial, periphytal, and benthal.

This illustrates the Ricklefs’ claim that when solving the problem of local species diversity,
we either ask the wrong questions or the right questions but on the wrong scale. In his opinion,
a new understanding of the ecology of communities will come in the study of factors that affect



Water 2020, 12, 2084 14 of 28

the distribution of species in the whole space, in accordance with the gradients of environmental
conditions [49]. This is also confirmed by our data obtained during the freezing period, when the
amount of oxygen in the surface layer was below 1 mg/L, and the entire volume of the lake was
practically oxygen-free. During this period, the anoxyphilic species prevailed from the bottom to
the surface. Obviously, the pelagic zone was occupied by a single assemblage: Anoxyphilic. A small
amount of anoxia-resistant microoxyphils was found in vegetation and in the surface water layer due
to the local presence of a small amount of oxygen (1–2 mg/L) caused by photosynthesis and artificial
holes in the ice sheet.

There are also two assemblages in the periphytal, which contradicts its status as a single biotope.
Thus, on dying plants and inanimate objects, where bacteria are actively developing, only the species
from the microoxyphilic assemblage are present. Hence, on the subjects immersed to a depth of only
0.5 m, we recorded the species living usually at a depth of three meters in the littoral. Periphytal on
dying plants, as well as surfaces raised above the bottom, such as stones, sticks, and piles, is in
every sense a continuation of the bottom. On these surfaces, due to the accumulation of sediments,
the bacteria developing there provide stable microoxyphilic conditions. Most of the species found
on the surface of vegetating plants are adapted to high oxygen content and, at the same time, to its
significant fluctuations, which allows us to consider them as euryoxyphils. Such conditions are realized
exclusively on the surfaces of vegetating plants. On vegetating plants, the composition of ciliates is
predictable and excludes the presence of microoxyphils living on the rotting plant debris and on the
bottom. These two groups can be slightly separated spatially, for example, occupying different tiers of
one shoot of the hornwort, in which the lower dying parts are inhabited by microoxyphils, and the
upper, actively vegetating, by euryoxyphils.

In view of the foregoing, in the absence of the information on the spatial distribution of oxygen, the
samples taken at the boundary of two assemblages localized in the same biotope can pose significant
problems for interpretation, giving grounds for erroneous conclusions about the unpredictable
distribution of protozoa.

In undisturbed water bodies, the oxygen gradients in many respects coincide with visually distinct
biotopes, which gave reason to consider the latter as habitats of communities. At present, when the
water quality deteriorates due to the pollution of water bodies, a decrease in the diversity of protozoa
is observed, largely due to the disappearance of suitable oxygen conditions for the oxyphilic and
euryoxyphilic assemblages.

Summing up, it can be argued that protozoa are quite strictly determined in the space of water
bodies by the oxygen gradients, rather than by according to common biotopes.

4.2. Population Characteristics

The formation of groups or assemblages is based on the similarity of the species requirements to
the environmental conditions. Obviously, each species at the same time exists in its own niche to which
it is adapted. Our results provide information on two important parameters of the ecological niche:
The oxygen optimum and the range of the ecological tolerance of the species in the oxygen gradient.
The species belonging to a particular assemblage can occur in a wide range of oxygen concentrations,
but their optima mostly fit into a rather narrow range. Those optima are determined by the maximum
population density in the space of the reservoir along the oxygen gradient. Within one assemblage,
various types of distribution of populations in the oxygen gradient are observed.

For example, for Holophrya discolor, attributed by us to microoxyphils, various authors report a very
wide range of oxygen concentrations at which this species was encountered. According to Bereczky [59],
this species was found at the oxygen concentration of 10.2 mg/L. According to Detcheva [60,61], for this
species the interval was between 3.0 and 9.3 mg/L. Patrick et al. [62] indicated an interval of 7.0 to
9.0 mg/L. The interval between 2.8 and 11.2 mg/L was pointed out by Foissner et al. [63]. The data
presented give an idea of the range of tolerance of this species to oxygen, but do not allow judging
which conditions are preferred or optimal for the species. According to our data, the concentration
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close to 3 ± 0.5 mg/L can be considered optimal for this species. The lower limit of tolerance of this
species is 0.5 mg/L.

For microoxyphil Spirostomum teres, various authors mentioned the following oxygen
concentrations at which it was found: 0.6–11 mg/L [64], from 0 to 11 mg/L [65], 8.9–22 [59],
2.9–10.4 [61,66], 2.3–3.9 [67], and 0–7.2 [68,69]. In general, a very wide amplitude is indicated for this
species—from 0 to 22 mg/L. On the basis of our observations of its occurrence in the oxygen gradient,
this species is tolerant to the anoxic conditions, and its optimum is in the range of 1–2 mg/L O2.

The representatives of the oxyphilic assemblage are the species, most of which belong to
the plankton ecological group. The data obtained on the tolerance ranges and optima of the
representatives of this assemblage were illustrated on the example of the frequently occurring
species. A typical representative of lake plankton and, according to our classification, the oxyphilic
assembly, is Tintinnidium fluviatile. A number of authors noted that this species also occurs at fairly
low values of dissolved oxygen. Reck [69] indicated a range from 0.6 to 15.9 mg/L, other authors
considered the oxygen concentrations above 4 mg/L as a lower limit: 9–14 mg/L [59], 4.7–6.5 mg/L [70].
Reck [69] indicated that a maximum population density of 500 ind/L was observed in the oxygen range
1.2–10.7 mg/L. According to our data, the population of Tintinnidium fluviatile in the lake reached a
density of 500 ind/L with the oxygen concentrations of 4 mg/L (below the optimum) and 15 mg/L
(above the optimum), and under optimal conditions, in the range of 7–8 mg/L, the density increased to
2000 ind/L.

Another planktonic species from the oxyphilic group is Pelagovorticella natans. The species is usual
for standing and low-flowing bodies of water. There is little information about its oxygen priorities.
According to Sládeček and Sládecková [71], the species was found at the oxygen concentration of
11.6 mg/L. According to our observations, Pelagovorticella natans has a fairly wide range of tolerance
to the oxygen content and is able to withstand its fairly low concentrations. The species was noted
during the blooming of water. A wide range of tolerance allows the species to be retained during the
blooming periods, when the decrease in oxygen at night is sharp. In this case, the optimum for the
species is in the range: 7–8 mg/L.

A rather specific group, euryoxyphils, is represented mainly by the attached and crawling
forms. As an example of attached euryoxyphils, we note Zoothamnium arbuscula. This species is rarely
encountered today due to the pollution of water bodies. According to our studies, the species is found
exclusively under the conditions of high oxygen concentrations: From 10 mg/L and higher, which is
consistent with data of other authors. Schönborn [72] found this species under oxygen concentrations of
8–10 mg/L. The population density of this species increased along with the oxygen content (the graphs
in Figure 9c show the oxygen concentrations in daylight).

A similar reaction to an increase in the oxygen content was demonstrated by the crawling
representative of the euryoxyphilic assemblage—Euplotes patella. According to the published data,
the species was found at oxygen concentrations of 7–9 mg/L [62], 0–12 mg/L [73], and 0.4–12 [60,61,66,74–77],
4.7–11.3 [78], 3.5–10.9 [63]. All authors indicate that the upper limit of the oxygen content for the species is
above 10 mg/L. At the same time, the its lower limit of 0 mg/L confirms our assertion that the species
of this group are the species that are adapted to exist in a wide range of fluctuations of this factor and
are able to survive anoxia as well as high oxygen concentrations, which are avoided by representatives
of other assemblies. According to our data, Euplotes patella reached the maximum population densities
under the oxygen content above 15 mg/L.

The anoxyphilic assemblage in the lake was quite diverse, and its distribution was limited
mainly by the sapropel-filled profundal, where the oxygen-free conditions were maintained all the
time, and by hypolimnion during the periods of summer and winter stagnation. Most species of the
anoxyphilic group were not observed even under the conditions of minimal oxygen concentrations.
Some representatives of the anoxyphilic assemblage showed oxygen tolerance. These include the
omnivore Lagynus elegans. According to the published data, this species occurred at the concentrations
of O2 up to 6 mg/L. Our studies have confirmed such an amplitude of its tolerance. Nevertheless,
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based on the quantitative representation of Lagynus elegans, the optimum of this species was localized
in the oxygen-free region, and with an increase in the oxygen content in the medium, the population
density rapidly decreased.

5. Conclusions

A study on the distribution of the ciliate populations in the oxygen gradient, regardless of the
differentiation of the space of the reservoir into the water column, bottom, and periphytal, enabled us
to identify the structuring of the ciliate population in the volume of the reservoir. The oxyphilic
assemblage of species exists under conditions with a stably high oxygen content, which are maintained
for most of the year in the epilimnion. It consists of species whose oxygen optima are about 5–7 mg/L.
The microoxyphilic assemblage of species exists under the conditions with a consistently low oxygen
content. These conditions are stably preserved on the surface of the bottom sediments in the littoral
and are periodically formed in the metalimnion, as well as on the surface of decaying macrophytes.
The oxygen optimum for it is about 2 mg/L. The euryoxyphilic assemblage is formed under conditions
with a large amplitude of diurnal oxygen variations. The euryoxyphilic assemblage consists of species
that are tolerant of both extremely high and low oxygen concentrations. The maximum oxygen
concentrations are formed on the surface of photosynthetic macrophytes. Anoxyphilic assemblage is
formed under conditions of a stable anoxia—in the profundal zone and, periodically, in the hypolimnion.
The species composition of these assemblages is predictable and relatively stable.

Changing the configuration of the distribution of zones with relatively stable oxygen conditions
leads to a change in the spatial localization of assemblages. The diversity of the ciliated protozoa in
water bodies also depends on the stability and diversity of the oxygen gradients.
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Appendix A

Table A1. Ciliate species found in the different sites in the floodplain lake (basin of the Vorskla River).

Sites Pelagial Bottom Metaphytal Periphytal of Macrophytes **
Littoral Profundal

Oxygen condition oxy microoxy anoxy microoxy anoxy euryoxy euryoxy

Acaryophrya sphaerica (Gelei, 1934) x

Acineria incurvata Dujardin, 1841 x

Actinobolina vorax (Wenrich, 1929) x * x

Amphileptus agilis Penard, 1922 x

Amphileptus pleurosigma (Stokes, 1884) x x

Amphileptus procerus (Penard, 1922) x

Amphileptus sp. x

Anteholosticha monilata (Kahl, 1928) x

Apsiktrata gracilis (Penard, 1922) xx xx

Askenasia sp. x x

Askenasia volvox (Eichwald, 1852) xx x x x

Aspidisca cicada (Müller, 1786) x x xx

Aspidisca lynceus (Müller, 1773) x x xx

Astylozoon faurei (Kahl, 1935) x x * x

Blepharisma sp. x

Bothrostoma sp. xx

Bothrostoma undulans (Stokes, 1887) xx *

Brachonella campanula (Kahl, 1932) xx *

Brachonella spiralis (Smith, 1897) * xx

Bursellopsis gargamellae (Fauré–Fremiet, 1922) x x

Bursellopsis truncata (Kahl, 1927) x

Caenomorpha medusula Perty, 1852 xx * xx

Caenomorpha uniserialis (Levander, 1894) x
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Table A1. Cont.

Sites Pelagial Bottom Metaphytal Periphytal of Macrophytes **
Littoral Profundal

Campanella umbellaria (Linnaeus, 1758) x x xx

Carchesium polypinum (Linnaeus, 1758) xx

Caudiholosticha viridis (Kahl, 1932) x x

Chaenea sp. x

Chilodonella uncinata (Ehrenberg, 1838) x xx

Chilodontopsis depressa (Perty, 1852) x

Cinetochilum margaritaceum (Ehrenberg, 1831) xx x x x x xx

Codonella cratera (Leidy, 1877) x

Coleps amphacanthus (Ehrenberg, 1833) x x * x

Coleps elongatus (Ehrenberg, 1830) x * x

Coleps hirtus (Műller, 1786) xx xx * xx * x xx

Coleps nolandi (Kahl, 1930) 1 x * x x

Colpidium colpoda (Losana, 1829) x

Cristigera media (Kahl, 1928) x

Cristigera phoenix (Penard, 1922) x x

Cristigera setosa (Kahl, 1928) x x xx x

Ctedoctema acanthocryptum (Stokes, 1884) x x x xx

Cyclidium glaucoma (Müller, 1773) x x x x

Cyclotrichium gigas (Fauré–Fremiet, 1924) x x

Cyclotrichium sp. x x

Cyclotrichium viride (Gajewskaja, 1933) x

Dexiostoma campylum (Stokes, 1886) x

Dexiotricha granulosa (Kent, 1881) xx xx x xx x

Disematostoma bütschlii (Lauterborn, 1894) x x * x x

Disematostoma tetraedricum (Fauré–Fremiet, 1924) x

Enchelyodon elegans (Kahl, 1926) xx x x x

Enchelys pupa (Müller, 1786) x x x
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Sites Pelagial Bottom Metaphytal Periphytal of Macrophytes **
Littoral Profundal

Enchelys sp. x

Epalxella bidens (Kahl, 1932) x

Epalxella mirabilis (Roux, 1899) x x xx

Epalxella sp. x

Epistylis plicatilis (Ehrenberg, 1831) x

Epistylis procumbens (Zacharias, 1897) x

Euplotes patella (Müller, 1773) x xx xx x x xx

Euplotopsis affinis (Dujardin, 1841) x xx

Frontonia acuminata (Ehrenberg, 1834) x x x

Frontonia leucas (Ehrenberg, 1834) x x

Frontoniella complanata (Wetzel, 1927) x x

Gastronauta membranaceus (Bütschli, 1889) x

Glaucoma scintillans (Ehrenberg, 1830) x x x

Halteria bifurcata (Tamar, 1968) x

Halteria grandinella (Müller, 1773) xx xx x * x xx

Halteria minuta (Tamar, 1968) xx x * * x

Histiobalantium natans (Claparède, Lachmann, 1858) x xx x x x x

Holophrya discolor (Ehrenberg, 1834) x x x x

Holophrya ovum (Ehrenberg, 1831) x xx xx xx xx xx

Holophrya simplex (Schewiakoff, 1893) x

Holophrya sp. x * x

Holophrya teres (Ehrenberg, 1834) x x x x

Holosticha pullaster (Müller, 1773) x x x x xx

Holosticha sp. * x

Kerona pediculus (Müller, 1773) x

Lacrymaria filiformis (Maskell, 1886) x x

Lacrymaria olor (Müller, 1786) x
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Sites Pelagial Bottom Metaphytal Periphytal of Macrophytes **
Littoral Profundal

Lacrymaria sp. x

Lagynus elegans (Engelmann, 1862) x xx

Lembadion bullinum (Müller, 1786) x x

Lembadion lucens (Maskell, 1887) x

Lembadion magnum (Stokes, 1887) x x x

Leptopharynx eurystomus (Kahl, 1931) x

Limnostrombidium viride (Stein, 1867) xx x x x x

Linostomella vorticella (Ehrenberg, 1834) xx x x x x x

Litonotus armillatus (Penard, 1922) x x x

Litonotus fasciola (Ehrenberg, 1838) x

Litonotus fusidens (Kahl, 1926) x

Litonotus hirundo (Penard, 1922) x * x x

Litonotus sp. x

Longifragma obliqua (Kahl, 1926) xx x x x

Loxocephalus lucidus (Smith, 1897) x

Loxocephalus luridus (Eberhard, 1862) xx xx x xx

Loxodes magnus (Stokes, 1887) xx x x x *

Loxodes striatus (Engelmann, 1862) x * x

Loxophyllum meleagris (Müller, 1773) x

Loxophyllum sp. x

Mesodinium pulex (Claparède, Lachmann, 1859) x x

Metopus caudatus (Da Cunha, 1915) xx

Metopus es (Müller, 1776) x x x

Metopus hasei (Sondheim, 1929) x

Metopus setosus (Kahl, 1927) x

Metopus sp. x *

Metopus striatus (McMurrich, 1884) x
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Sites Pelagial Bottom Metaphytal Periphytal of Macrophytes **
Littoral Profundal

Microthorax pusillus (Engelmann, 1862) x

Microthorax tridentatus (Penard, 1922) x

Monochilum elongatum (Mermod, 1914) x * x

Monodinium balbianii (Fabre–Domergue, 1888) xx x * x x xx

Mylestoma sp. x

Obertrumia aurea (Ehrenberg, 1834) x x

Onychodromus grandis Stein, 1859 x

Opercularia nutans (Ehrenberg, 1831) xx

Ophrydium sessile (Kent, 1882) x

Ophryoglena macrostoma (Kahl, 1928) x

Ophryoglena maligna (Penard, 1922) x

Ophryoglena oblonga (Gajevskaja, 1927) x

Ophryoglena utriculariae (Kahl, 1931) x

Opisthodon niemeccensis (Stein, 1859) x

Oxytricha chlorelligera (Kahl, 1932) x x x

Oxytricha parvistyla (Stokes, 1887) x

Oxytricha setigera (Stokes, 1891) x

Oxytricha sp. x x

Paradileptus elephantinus (Svec, 1897) x

Paradileptus sp. x

Paramecium bursaria (Ehrenberg, 1831) x xx

Paramecium caudatum (Ehrenberg, 1833) x x

Paramecium putrinum (Claparède, Lachmann, 1859) x x

Paraurostyla weissei (Stein, 1859) x x

Paraurotricha discolor (Kahl, 1930) x x x x x xx

Pelagohalteria cirrifera (Kahl, 1932) x x x x

Pelagostrombidium mirabile (Penard, 1916) x
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Pelagovorticella mayeri (Fauré–Fremiet, 1923) x x x

Pelagovorticella natans (Fauré–Fremiet, 1924) x x

Pelodinium reniforme (Lauterborn, 1908) *

Phascolodon vorticella (Stein, 1859) x

Phialina coronata (Claparède & Lachmann, 1859) x

Phialina pupula (Müller, 1773) x x

Phialina sp. x

Phialina vertens (Stokes, 1885) x x

Plagiocampa rouxi (Kahl, 1926) x

Plagiopyla nasuta (Stein, 1860) x x xx

Pleuronema coronatum (Kent, 1881) x x x x x

Podophrya fixa (Müller, 1786) x

Prorodon niveus (Ehrenberg, 1834) x

Protocyclidium citrullus (Cohn, 1866) x x x

Pseudochilodonopsis piscatoris (Blochmann, 1895) x x

Pseudocohnilembus pusillus (Quennerstedt, 1869) xx xx x x xx

Pseudohaplocaulus anabaenae (Stiller, 1940) x

Pseudomicrothorax agilis (Mermod, 1914) x

Pseudomonilicaryon anser (Müller, 1773) x

Rhagadostoma completum (Kahl, 1926) x * x x

Rimostrombidium humile (Penard, 1922) xx x x

Rimostrombidium velox (Fauré-Fremiet, 1924) xx x x x x

Saprodinium dentatum (Lauterborn, 1901) * x

Spathidium spathula (Müller, 1773) x

Spirostomum minus (Roux, 1901) x * x

Spirostomum teres (Claparède, Lachmann, 1858) x xx x x x x

Stentor coeruleus (Pallas, 1766) x x xx

Stentor igneus (Ehrenberg, 1838) xx
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Stentor muelleri (Ehrenberg, 1832) x x

Stentor niger (Müller, 1773) x

Stentor polymorphus (Müller, 1773) xx x xx

Stentor roeselii (Ehrenberg, 1835) xx

Stichotricha secunda (Perty, 1849) x

Stokesia vernalis (Wenrich, 1929) x x

Strobilidium caudatum (Fromentel, 1876) x x x * x x

Strobilidium sp. x x * x

Strombidium sp. xx x * x x

Strongylidium labiatum (Kahl, 1932) x

Stylonychia mytilus (Müller, 1773) x xx

Stylonychia pustulata (Müller, 1786) x

Stylonychia sp. x

Stylonychia vorax (Stokes, 1885) x

Tachysoma pellionellum (Müller, 1773) xx

Thuricola obconica (Kahl, 1933) x

Thylakidium truncatum (Schewiakoff, 1893) x

Tintinnidium fluviatile (Stein, 1863) xx

Trachelius ovum (Ehrenberg, 1831) x

Trachelophyllum apiculatum (Perty, 1852) x

Trachelophyllum sigmoides (Kahl, 1926) x

Trimyema compressum (Lackey, 1925) x xx

Trithigmostoma cucullulus (Müller, 1786) x

Trithigmostoma sp. x

Urocentrum turbo (Müller, 1786) x xx * x x

Uroleptus musculus (Kahl, 1932) x

Uroleptus piscis (Müller, 1773) * x
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Uronema halophila (Kahl, 1931) x xx xx xx xx x

Uronema nigricans (Müller, 1786) x x x

Uronema sp. x x x

Urostyla grandis (Ehrenberg, 1830) x

Urotricha armata (Kahl, 1927) x x x x x

Urotricha farcta (Claparède, Lachmann, 1859) xx

Urotricha furcata (Schewiakoff, 1892) xx xx xx * x xx

Urotricha ovata (Kahl, 1926) x x

Urotricha pelagica (Kahl, 1935) xx x x x x

Urotricha sp. x

Urotrichopsis saprophila (Kahl, 1930) x

Vaginicola crystallina (Ehrenberg, 1830) x

Vaginicola sp. x

Vorticella campanula (Ehrenberg, 1831) x xx

Vorticella convallaria-complex x x x xx

Vorticella infusionum-complex x

Vorticella lutea (Stiller, 1938) x x

Vorticella microscopica (Fromentel, 1876) x

Vorticella microstoma-complex * x

Vorticella sp. x

Vorticella vernalis (Stokes, 1887) * x x

Zoothamnium arbuscula (Ehrenberg, 1831) x

Zoothamnium simplex (Kent, 1881) x

Note: xx—frequency of occurrence close to 50% of samples from the site; x—frequency of occurrence less than 50% of samples from the site; *—very rare and in very small numbers in the
site; ** Macrophytes: Ceratophyllum demersum L., Phragmites australis (Cav.) Trin. ex Steudel, Lemna minor L., Spirodela polyrrhiza (L.) Schleid., Nuphar lutea (L.) Sibth. & Sm.
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