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Abstract

:

Two main aspects of the study of diversity can be distinguished: the first is related to the inventory of living organisms, the second is related to the organization of life at the level of biotic communities. Quantitative assessment of diversity is two-components as the richness of elements and their evenness. A model of the ecosystem continuum is proposed. The greatest indicators of diversity should be expected in the middle part of the environmental gradients with temporal stability. Study of producers and consumers in water bodies of Ukraine showed a regular change in their community structure in the gradient of saprobity indices. The decreasing of community diversity estimated by the Shannon index and by species richness was found at both high and low values of the saprobity indices. The fundamental coincidence of the empirical point fields of the Shannon index for the communities of invertebrates and phytoplankton with the field points of the empirical model indicates the universality of the bimodal distribution of diversity indicators in the trophic gradient. It is shown that the estimates by zoobenthos overestimate organic pollution compared with the calculations of the same indicators by phytoplankton.
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1. Introduction


Biological diversity is a fundamental appearance that represents the second part of the ecosystem after the environmental properties. Two main aspects of the study of diversity can be distinguished: the first is related to the inventory of living organisms, their species, in the scale of regions and the biosphere. The second aspect is related to the organization of life at the level of biotic communities. Quantitative assessment of diversity should take into account its two components and include the richness and evenness. In the gradients of environmental factors, these components of diversity vary in different ways [1]. Biodiversity is highly relevant to problems of environmental protection. The synecological aspect with which fundamental ecology is concerned involves patterns of connections between diversity, the structure and functioning of communities and ecosystems in its applied part, and inevitably leads to practical recommendations regarding assessments and forecasts for the second aspect [2]. One of the important application aspects is also the problem of assessing the state of ecosystems based on the study of diversity and the connection of its development with the availability of a resource [3].



Primary producers are defined as the community structure because it is placed in the first level of the trophic pyramid. Therefore, the relationship between the biological diversity of algae and environmental conditions is determined by the level of environmental sustainability of the species and the community as a whole. Bioindication is based on the principle of congruence between community composition and complexity of environmental factors [4]. The assessment of diversity is necessary to take into account that the use of any approach in determining quantitative indicators based on the assumption that all elements of the systems have the same ecological weight [3,5]. However, the degree of quantitative dominance does not necessarily correspond to the real role of the species in the community [6]. The approach with the allocation of functional diversity is based on these works [2,7,8,9]. Here, we propose the use of the principle of biocoenosis MP-gradient (Möbius—Petersen gradient) [10]. The communities, with a statistically defined dominant, are located at the P-pole of this gradient. The powerful edificator (in the M-pole communities), as a rule, forms a system of consorting links that makes it difficult to assess community diversity based on formal indices. Low diversity is associated with a simpler community structure [11,12]. However, this concept can be accepted only for P-type communities, where the dominant does not form consorting system links. Thus, the complexity of communities is not always directly related to their species diversity.



Quantitative assessments of diversity should always keep in mind that diversity is two-component as it is determined by two characteristics namely, the richness of the elements and their relative representation by the chosen attribute [13]. The Shannon index [14,15] is widely used in ecology exactly because it takes into account both components of diversity and besides, is information variable such as entropy [16,17]. We compared these parameters in the gradient of increasing saprobity index and other trophic-related indicators allowed us to combine and link them in the Empirical Ecosystem Model [18].



The null hypothesis of our study is that in a narrow (in the range of one period of investigation in one of the waterbody) range of environmental indicators, the distribution of biotic indicators of communities of aquatic organisms is unimodal, while within the full scale (all possible ranges of parameters in which the aquatic ecosystem can exist) the distribution of biotic indicators is bimodal. In this case, biotic parameters, as well as environmental parameters, have certain limits of their values.



Our work was aimed at analyzing quantitative, qualitative data of producers and consumers and their distribution in the freshwater ecosystems of Ukraine, summarized by three variables (Shannon index, species richness, and saprobity index), studying their relationship with environmental variables and comparing with the Empirical Ecosystem Model.




2. Materials and Methods


Available databases of the group of technical hydrobiology of the Institute of Hydrobiology of the National Academy of Sciences of Ukraine, Kiev, Ukraine (1463 samples) and data from the Institute of Evolution, University of Haifa, Israel (2495 samples) obtained from water bodies of Eurasia and previously partially published were used for the analysis.



Haifa University collection of samples was used for the Empirical Ecosystem Model construction and included 1295 samples of microphytobenthos and 1200 samples of phytoplankton. Microphytobenthos was taken by scratching of submerged substrates, phytoplankton samples were taken by Apstein plankton net with gas no. 74, and by scooping of one liter of water for processing with the sedimentogravimetric a method with a concentration of 1-liter fixed sample sedimentation for 2 weeks and then counting the number of cells of each species in the Nageott chamber.



In studies of various water bodies of Ukraine, field data were obtained from cooling ponds of the Ukrainian Power Plants (Figure 1, Table 1). Ecotopic groups of hydrobionts were investigated: protistic periphyton and benthos (129 samples), phytoplankton, phytoepiphyton on filamentous algae (811), macrozoobenthos (32), and zooplankton (491). A sampling of the zoobenthos was carried out by the Ekman bottom grab with an area of sediments capture of 100 square centimeters. Sorting from bottom particles was carried out in the field, on waterbodies. A sampling of zooperiphyton was carried out from underwater substrates of bottom silt, gravel and sand using a scraper. The width of the blade was 5 centimeters. At a depth more than 0.5 m, the sampling was carried out using SCUBA equipment. Microphytoperiphyton samples were taken by washing from a certain area of substrates extracted from water from a depth of up to 0.5 m. Zooplankton samples were taken by filtering a certain amount of water through Apstein's plankton net, with cells of the network 80 μm. Samples were fixed in 4% formaldehyde. The composition and abundance of Protista were determined on live material; the remaining samples were analyzed in a fixed form in the laboratory. The calculated diversity and saprobity indices from Ukrainian material of Table 1 were included in the construction of the diagrams as a whole or separately for ecological groups and waterbodies.



Diversity assessment was carried out separately: 1) for the richness of elements, taxonomic diversity (by the number of taxon’s in hydrobiological groups), expressed by the number of taxons, and 2) for the relative representation of cenopopulations in communities (by abundance or biomass), expressed by Shannon indices as:


  H = −   ∑   i = 1  n     n i   N    l o  g 2     n i   N   



(1)




where: N = common organisms abundance; s = species number; ni = species number of each species; H, Shannon diversity index, bit.



The determination of saprobic indices was carried out according to the Pantle-Buck method in Sládeček's modification [19]. Saprobity indices were obtained for each algal community as a function of the number of saprobic species and their relative abundances:


  S =   ∑   i = 1  n   (   s i   h i   )  /   ∑   i = 1  n   (   h i   )   



(2)




where S is index of saprobity for algal community (unitless); s is species-specific saprobity index; n is the cell density of each species.



Recalculation of Sládeček saprobity indices into Watanabe saprobity indices was carried out according to the scale [18,20] for the subsequent inclusion of data in the empirical model.




3. Results and Discussion


3.1. Constructing of the Model of the Ecosystem Continuum


On the base of our long-term investigation of aquatic communities in Ukraine results (Table 1), we summarized information and try to construct the theoretical model of the ecosystem continuum. Thus, the linkage between diversity and other indicators of communities has been considered repeatedly [5,11,12,21,22,23,24]. These works are proposed that the decrease of anthropogenic pressure and pollution is considered as an improvement of the environment and vice versa. However, the stabilization of the conditions does not contribute to the achievement of maximum species diversity of communities [25,26]. In addition, the highest primary production not always determines the greatest diversity, but some of its average values [12], because often the high productivity of producers is determined by one or two species, which reduces the diversity of the community.



Ten hypotheses about biodiversity have been formulated by [13], and then their number reached many dozens [21,27]. Mostly of hypotheses relate exactly to the relationship between community diversity and the environment that it depends. At the same time, the concept of monotonous unimodal decrease or increase in diversity when certain conditions change prevails [21,23,28] where structural diversity correlates with ecosystem entropy [29] when lowest diversity reflects the highest entropy.



Thus, in our glance, diversity, like most characteristics of biological systems, forms according to the unimodal principle—decreases in two areas of pessimal conditions and increases in the optimal area. Factors do not act separately, but what happens when they are combined? In conditions of scarcity of resources, low stability, low heterogeneity of the environment, low level of disturbances (point A, Figure 2), diversity is low.



The area of point B can be called the area of the most unfavorable conditions for life. The diversity here will be minimal due to the low values of richness and evenness. Ecosystems of highly urbanized areas, techno-ecosystems are located closest to ecosystems with such conditions. Maximum abundance of resources with maximum stability conditions and a minimum of disturbances and heterogeneity (point C) also does not represent a favorable combination for high diversity. Such conditions can be compared with the "flowering" of water bodies when it occurs with a combination of natural factors, that is, with minimal external influences. In conditions of high stability, diversity is no already controlled by physical environmental factors, and by biotic interactions—competitive displacement, the redistribution of the volume of ecological niches, high dominance of one or two species [26].



Finally, the zone of maximum impact factors (point D), in which a high degree of disturbance is constant as much as possible and the resources are very abundant in the most heterogeneous biotope. As an example of this type of ecosystem, we can give the ecosystem of sewage treatment plants. The external influence here is maximum because the system is artificial, extremely high organic content, conditions are quite stable, and heterogeneity is increased by various methods of increasing the substrate dispersion.



Thus, the diversity of communities is minimal in the points ABCD, and increase to a maximum in point E. Therefore, the summit of the model corresponds to the average values of all factors. The continuum model factors changing can be interpreted as unimodal. The branching of the succession opportunities of the community so-called bifurcation stays out of the frame of this model. In the first glance, considering empirical data of changing natural communities of hydrobionts, we have to recognize that bifurcation is not observed in natural communities but if so, detailed study of the community structure data can help to clarify this question.




3.2. Bioindication of Environmental Conditions (Water Quality, Ecosystem State) and Diversity


An important problem of the application of diversity assessments is related to the bioindication of environmental quality. Since the structural and functional characteristics of communities are formed in accordance with habitat conditions, their change can be an indicator of changes in environmental conditions.



The use of species diversity indices (the Shannon index) showed that with the increasing pollution, the diversity of communities decreases [12]. However, there is also data about the unimodal nature of changes in species diversity in the gradient of increasing trophy and pollution. The diversity is small both in oligotrophic conditions, a fairly clean environment, and in highly polluted. In the formal approach, this distribution makes it extremely difficult to assess the quality of the environment by diversity, since the values of the diversity index can be equal in completely different conditions [18,30].



The saprobity index as an indicator of organic pollution in our investigations changed with pollution loads, the structural Shannon index fluctuated also. It is important, that we calculate both indices on the base of the same data for the entire community. Indices of saprobity are calculated based on the same indicators as the Shannon index, that is, the indicator weight of the species and its abundance in the community, and it is a trophic view on the community, as opposed to only structural. However, the diversity of communities determined by the Shannon index is an indicator of the emergent properties of the biotic system. At the same time, approaches to analyzing the state of the ecosystem look more productive if different indicators of diversity are compared, such as species richness, structural indices of communities as well as trophic-related saprobity indices.



The advantage of reducing or increasing environmental quality indicators in the pollution gradient is that their numerical values correspond to the polluted zones, [11,12,19] (Figure 3, Table 2) and are unimodal. In this case, the proposed symmetry of the reaction of the system structure in the areas of maximum and minimum pollution cannot always be unambiguously interpreted. Thus, assuming that "declining diversity to zero given that increasing pollution is a catastrophic stage of anthropogenic succession" [18,31], it is necessary to have at least unambiguous information about the direction of succession processes. This requires a comparison of at least two research results. It is best to have a long-term series of observations when a decrease of Shannon indices talks about community regression. At the same time, a decrease of the saprobity indices in the time series for a particular waterbody, and the increase in time the same indices of structural complexity talk about improving the state of the water body and about self-purification [18,32].



This brings us to a general view on the framework of those conditions in which the existence of water ecosystem is in principle possible.




3.3. Freshwater Ecosystem Model


Aquatic ecosystems can only form in a certain range of environmental variables that has been well demonstrated in the Sládeček model [35]. V. Sládeček collected and analyzed a large amount of information concentrated at the Institute for Water Research, and developed the basic empirical dependences of the distribution of various biotic groups in accordance with the gradient of water indicators. The organization of aquatic biota in natural waters in the form of a trophic pyramid was the basis of his reasoning. In his system, the reactions of aquatic organisms of various taxonomic affiliations to changes in the parameters of the water in which they lived in nature were studied in detail. It turned out that natural water, in which the survival of photosynthetic organisms was noted, have limited parameters. Thus, the main property of the Sládeček’s model is the definition of the many water quality variables amplitudes from distilled water to the technical solutes. It is important to understand that aquatic ecosystems exist only within certain limits of environmental indicators of any possible [18], as can be seen from the Sládeček model shown in Figure 4, equipped with self-purification zones, water quality classes, and EU color codes following Table 2 [36]. That is, an aquatic ecosystem based on photosynthetic organisms does not exist in any conditions, but only in the first quadrant (Limnosaprobity). The Saprobity S index is also included in the model and ranges from 0 to 4.



Data of the diversity and the communities structure of all ecological groups of hydrobionts can be used for bioindication purposes, although bioindication system by autotrophs with more than 8000 indicator taxa is the most developed [4,37,38]. However, there is an opinion that the use of communities, for example, macrozoobenthos gives adequate results, which is related to certain stability of these groups [39]. Determination of saprobity indices, taking into account the indicator role of individual species and their relative abundance, indicators of the diversity of communities, hold for both producers [40] and consumers.




3.4. Empirical Modeling


To adapt our constructions of the dependences of diversity indicators on the scale of saprobity indices in our empirical model [18], we give a scale of the relationship of the Sládeček and Watanabe saprobity indices and the correspondence of their intervals to Water Quality Classes (Figure 5). The transition from one system of saprobity indices according to Sládeček to another, according to Watanabe, is described in [18,20,37], and is due to the fact that the symmetry of full-scale structures looks clearer when the abscissa axis is represented by the Watanabe indices. In the full-scale of the Empirical Ecosystem Model can be seen that the Shannon index in the studied algae communities from the collection of the University of Haifa (orange field of dots) fluctuates between 0 and 5 and has a clearer border in the upper part of the dots field than in the lower one (Figure 5). Symmetric bimodal distribution of a community structure index Shannon Index H can be recognized. This means that a community changes its structure in the trend of environmental variables [19] in the full amplitude of ecosystem parameters based on photosynthetic organisms. It is necessary to pay attention to the fact that the values of the saprobity indices in the Sládeček and Watanabe systems are differently directed. In the Sládeček system, pollution increases with increasing S values from 0 to 4, while in the Watanabe system, the saprobity index is lower in polluted waters and increases to 100 in naturally pure waters. Thus, part of field H in Figure 5 with an amplitude of Watanabe indices from 40 up to 100 characterizes natural ecosystems whose waters are either clean or have self-cleaning mechanisms. The range of indices Watanabe 30–40 can be marked as dangerous for the structure of the community and the ecosystem as a whole. A community with Watanabe indices in the range of 20–30 is at risk and with indices of 15–20 at a critical stage. If community saprobity indices are in the range of 0–15, the degradation of its state develops very quickly and the ecosystem can collapse. A detailed description of the model with a change in the species composition of algal communities is given in [18].



It should be noted that in our followed constructions axis of attitude to water quality classes, associated with a unimodal distribution of environmental and trophic-related parameters remained constant scale (Table 2, Figure 3). In the same time, saprobic indices according to Sládeček could be replaced by other parallel Watanabe indices, which brings the logic of our presentation closer to the empirical modeling of the results obtained. Thus, we constructed the distribution of Shannon diversity indices and species richness for algal communities within the full scale of saprobity indices [18,41] based on our data from more than 2000 samples. Figure 5 shows that the field of distribution points of structural indicators (orange field) is bimodal, while the indicators of species richness of communities (green field) represent a unimodal distribution. The axis of symmetry of both distributions runs in the range of the Sládeček saprobity index 1.5 or Watanabe 50. That is, in the empirical model [18], two symmetrical wings of the distribution of points of structural indicators according to trophic indicators of saprobity can be attributed to positive and negative changes in the ecosystem, which reflects bimodality in assessing its state. While an improvement in ecosystem status is postulated with increasing diversity, more complex relationships can be observed in the model. The use of only structural indicators complicates and makes the assessment itself sometimes inadequate or impossible since the minimum Shannon indices can relate to both naturally pure and heavily polluted water bodies. However, if the structural indicators are normalized along the axis of increase (or decrease) of the saprobity indices, one can see a regular bimodal distribution, which can be interpreted in connection with a change in the environmental and production parameters of ecosystems.




3.5. Zoobenthos Community Diversity Indicators


We have conducted studies of zoobenthos communities in various water bodies of Ukraine (Table 1) in order to establish the relationship between indicators of diversity and saprobity. The diversity indices of the zoobenthos communities and the saprobity indices varied within rather large limits and established in Table 3.



In the zone of the Khmelnitsky NPP, investigations were conducted on the Goryn and Viliya rivers and in the cooling pond of the Khmelnitsky NPP. The relationship between the saprobity index S and the Shannon index was found as unimodal. Therefore, the summit of the trend line of Shannon diversity index was 2.507 bit ind.-1 with an index of saprobity S = 2.5 (Figure 6a), the same distribution for the taxonomic diversity (summit of the trend line is 2.100 bit species−1) was with an index of saprobity S = 2.90 (Table 3).



The reservoir of the pumping station, the channel in the cooling system of an NPP were investigated in the area of the RNPP the Styr River. The diversity of biotopes was much higher than in the Goryn and Vilia rivers. The saprobity index S by zoobenthos was in the range of 1.21–3.70 and the Shannon diversity indices in the range of 0–3.622 for distribution of which has been found the unimodal character. The value of the Shannon index for species diversity at the summit of trend line was 2.900 bit ind.−1 and corresponded to a saprobity index S value of 2.62 (Figure 6b). At the same value of the index of saprobity S taxonomic diversity also reached a maximum with 2.300 bit species−1 (Table 3).



In the Chernobyl NPP cooling pond and in the floodplain lakes of the Chernobyl NPP zone, at unimodal dependence between the indicators of the saprobity index S and the Shannon diversity indices by zoobenthos the maximum of the last in the extremum point of trend line (3.375 bit ind.−1) was found at the saprobity index S = 2.60 (Figure 6c). The structure of zoobenthos communities changed in the gradient of the saprobity index S (Figure 6d) for all summarized data. Thus, at small values of the saprobity index S and the Shannon diversity index in the benthic communities of the Styr River, a low number of species was registered with a conspicuously high degree of dominance of one or two species. These were mostly psammophilous species, preferring clean, flowing waters (Table 4).



The number of species increases at increasing indices of saprobity and diversity in studied zoobenthos communities of Ukraine. Communities become polydominant at the dominance of rheophilic oligo-beta-mesosaprobic species (Trichoptera larvae, Chironomidae larvae). At a saprobity index of 2.80, pelophilic alpha-polysaprobes appear in the dominant group while preserving the polydominant community structure, and at an increase of the index of saprobity above 3.00, a decrease of the number of species and decrease of diversity index were noted. Zoobenthos communities become monodominant at the significant prevalence of pelophilic alpha- polysaprobes. Thus, the change in the diversity index in the gradient of the saprobity index is associated with significant changes in the structure of zoobenthos in studied communities. The greatest richness is noted in the alpha'-mesosaprobic zone, rank 6, Class IV of water quality in the Sládeček model (Figure 7).



There is a concept about the direct relationship between species richness and environmental quality indicators [39]. This concept is based on empirical data, suggesting that the degradation of the quality of the environment leads to the impoverishment of communities, decrease diversity and species richness. There is also a point of view that this dependence persists throughout the whole range of organic pollution, (corresponding to the first quadrant of the model Sládeček [35] (Figure 4). In the distribution of relative abundance or evenness aspect, it is known that at strong organic pollution, the role of a few abundant species and groups increases. This assumption follows from the analysis of the distribution over the partial, non-full scale of the pollution gradient (or trophic load) in the water ecosystem. We supposed that there is an inverse correlation between the indicators of diversity and saprobity indices. Because the absolute values of the index of diversity, as shown above, are decreased in the area of both small and large values of the index of saprobity (Figure 5) as well as in the central part of the model when the saprobity indices are about 1.5, it is possible to search of indicators of diversity that are characteristic for waterbodies of given region [43] or even for individual water bodies for future monitoring.



However, attention should be paid to the fact that the saprobity indices S calculated for the consumer communities studied by us in Ukraine do not cover the entire possible range from 0 to 4, as in Table 2 and in the model of Sládeček, but only part of it, with S = 1.5–4.0. It represents only one part of the full distribution, the right wing of the Empirical model.




3.6. Comparison of Producers and Consumers’ Diversity Indicators


Comparing our data of species richness by producers and consumers (Figure 8a,b), it is clear that the number of species in the full scale of the saprobity index Watanabe for producers (Figure 8a) and consumers (Figure 8b) differs noticeably in the coverage of the scale of the saprobity indices. The producers (algae) of water bodies that have been investigated are more diverse in terms of species richness in the zone of Water Quality Class III, while the maximal number of species of consumers is shifted to the zone of the class of water quality IV.



A similar construction for the distribution of Shannon species diversity indices for the same studied communities showed that the algae community by the structure are more closely grouped and are also confined to the III class of water quality (Figure 9a) than the communities of consumers, whose Shannon indices vary widely and also cover the more trophically loaded part (Table 2) of the full scale of saprobity indices (Figure 9b).



The same distributions of the algae species richness (upper green field) and Shannon indices (lower orange field) in the Empirical Model were constructed over indices of Watanabe. Thus, species richness distribution for more than two thousand communities of Eurasia (Figure 5) looks like unimodal with the maximal number of species in the range of saprobity indices of Watanabe about 50, and in Sládeček scale about 1.5 [18].



The Ukrainian phytoplankton and zoobenthos communities’ species richness and Shannon indices values (Figure 8, Figure 9) are nested into the species richness field of dots (Figure 5) of the Empirical Model as well as into the Shannon index field of dots (Figure 10).



In the Empirical Model in Figure 5, represent connecting the water pollution indices with diversity indices and species richness of algal communities. As an indicator of diversity, Shannon's information function is used; the level of anthropogenic impact is estimated by saprobity indices using the methods of Sládeček and Watanabe. It is not only empirical but also successional model because pollution indices Watanabe and S corresponds to the regularly changing chemical and biological variables [19] over the first quadrant of Figure 4.



To interpret the obtained results for water bodies in Ukraine, it is important to take in account that with a unidirectional increase in the level of impact, reversibility of the development of biological diversity is observed at the first stages of the progressive development of an algal community. Then, after the crisis phase—a fracture of the empirical curve—in the succession stage of regressive development there is a decrease in the indices of diversity in a condition of continuing increase in trophic load.



The postulate of the dependence of community development from the availability of resources seems unimodal and understandable like in the Model of the ecosystem continuum (Figure 2). However, this only holds true in a narrow range of available resources. The dependence turns out to be bimodal if changes are considered over the full scale of the resource [3]. This is consistent with our constructions for structural indices and community saprobity indices within the Empirical Ecosystem Model [18]. Data from the Ukrainian analyzed material is nested into the Empirical model without any deviations or excesses.



Discussion of the regularities in which the community changes leads many authors to the conclusion that the structure of communities after removing impact can change in two ways: continuing the growth of diversity or lowering the diversity along the same curve but in the opposite direction. The assumption of such branching of the succession opportunities of the community is called bifurcation. Considering empirical data and changing natural communities of hydrobionts, we have to recognize that bifurcation is not observed in natural algal communities. Perhaps, for a double direction of development of communities, the symmetry of structures is better accepted as the "natural" and "anthropogenic" stages of succession. On our model [18], it can be seen that the right and left-wing of the figure have similar outlines. Thus, development does not go in the opposite direction, but in the progressive direction on the model, as the transition from the left wing to the right and it is confirmed by the species changes in communities. Since the biotic part of the ecosystem is built according to the law of the trophic pyramid, it can be concluded that our model is applicable for assessing the state of the aquatic ecosystem as a whole. Moreover, our study demonstrated the difference in the distribution of diversity indices for autotrophic communities and communities of different consumers in the same water body with parallel sampling and counting. The consumer community demonstrates the highest rates of saprobity than phytoplankton, and, consequently, overestimate the assessment of organic pollution in comparison with autotrophs.





4. Conclusions


Diversity in biological systems is considered in various aspects as richness, evenness, diversity and dominance of functional groups [1,41] depending on the task posed to a specific analysis. The diversity indices calculated for each type of analysis ultimately reflect the relationship between the various aspects of assessing community structure in relation to the gradient of hydrochemical or climatic indicators of the environment. Only two models by Sládeček and Watanabe [18,35] cover the entire possible range of environmental indicators in which the existence of an aquatic ecosystem is possible.



Our analysis of the relationships the Shannon indices in communities of the Ukrainian waterbodies and their environment, we are revealed that calculated diversity indices, as well as species richness for phytoplankton communities, were fully nested to the distribution of same indices field in the Empirical Ecosystem Model. The study of the structural indices distribution in the water bodies of Ukraine let us given attention to the discussion about the bifurcation in the successional changes of the both, autotrophs and heterotrophs communities. Whereas the calculated diversity indices were nested into the Empirical model, it help us to conclude that successional stage of the consumer communities can be interpreted as in anthropogenic stage, but indices of autotrophs can characterize studied waterbodies communities as stay on the intermediate stage of succession, in so-called point of bifurcation.



Some new in our constructions and comparisons are the differences in responses of communities of the first (algae) and second (animals) trophic levels on the same organic loads in the studied water bodies of Ukraine. It is important to know that the water quality assessments by zooplankton and zoobenthos are estimates overestimate the level of organic pollution in the water body compared with estimates by the first trophic level organisms. It can be taken into account in purpose of the monitoring system construction and the classification of water quality standards.



In conclusion, can be remarked that the problem of relationships of community diversity and its distribution over the trophic-related variables of the ecosystem is rather far from exhausting and need our following attention for its study. It seems to us that the question of the relationship between diversity indicators of communities and environmental conditions is still far from being resolved and will require further research.
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Figure 1. Investigated water bodies on the territory of Ukraine. The number of the waterbodies is the same as in Table 1. 
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Figure 2. Model of change of diversity, expressed by Shannon indices (Y), in gradients of resource abundance and sustainability of environmental conditions (X), degree of disturbance and heterogeneity of the environment (Z) (according to [5]). 
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Figure 3. Distribution of some water ecosystem trophic-related variables in the gradient of increasing organic load from rank 1 to rank 9 (according to [18,33,34]). 
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Figure 4. Saprobity model according to [35]. Each quadrant (Katarobity, Limnosaprobity, Eusaprobity, and Transsaprobity) symbolize four main groups of water variables (Table 2 with respect to purity and pollution [35] (p. 34). The blue quadrant corresponds to the freshwater ecosystems. The symbols: x, o, β, α, p, denote the self-purification zones, which are used to determine Classes of water quality I–V, which are colored by EU codes [19]. Yellow arrow gives the self-purification process direction. 
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Figure 5. Empirical Ecosystem Model with the relationship between the saprobity indices of Sládeček and Watanabe with Water Quality Classes and the state of the aquatic ecosystem according to [18]. 
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Figure 6. The fluctuation of the index of species diversity of zoobenthos in the gradient of saprobity index S. KhNPP cooling pond, Vilia River, Goryn River (a); technical reservoirs of the RNPP, the Styr river (b); ChNPP cooling pond, floodplain lakes of the Chernobyl NPP zone (c); all data (d). 
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Figure 7. The species richness of zoobenthos in the Styr River in different zones of Index saprobity S and Classes of Water Quality. 
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Figure 8. Distribution of species richness in algal communities (a) and consumers (b) over the Watanabe saprobity index scale in the studied water bodies of Ukraine. 
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Figure 9. The distribution of Shannon species diversity indices in algae communities (a) and consumers (b) over a scale of Watanabe indices of saprobity in the studied water bodies of Ukraine. 
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Figure 10. The distribution of Shannon's species diversity indices in the model (blue dots) and for the algae communities of Ukrainian waterbodies (the brown dots) (a) and jointly plankton algae (black dots) and consumers of plankton, benthos, periphyton (red dots) (b) in the studied water bodies of Ukraine. 
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Table 1. Major characteristic of the investigated water bodies in Ukraine with studied periods.
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	No.
	River Basin
	Water Bodies
	Abbreviation
	Year of Investigation





	1
	Pripyat
	River Styr, reservoirs of Rivne Nuclear Power Plant
	RNPP
	2001



	2
	Pripyat
	Cooling pond of Khmelnitska Nuclear Power Plant
	KhNPP
	2012–2018



	3
	Western Bug
	Cooling pond of Dobrotvorska Thermal Power Plant
	DTPP
	2018



	4
	Southern Bug
	Cooling pond of Ladyzhyn Thermal Power Plant
	LTPP
	1993, 1994



	5
	Southern Bug
	Cooling pond of Yuzhno-Ukrainsk Nuclear Power Plant
	YUNPP
	1997, 2018



	6
	Southern Bug
	Aleksandrovsk reservoir
	AR
	1997, 2018



	7
	Pripyat
	Cooling pond of Chernobyl Nuclear Power Plant
	ChNPP
	2003



	8
	Dnieper
	Cooling pond of Zaporozhska Nuclear Power Plant
	ZNPP
	1995, 2011



	9
	Dnieper
	Cooling pond of Krivy Rig Thermal Power Plant
	KRTPP
	1987, 1988
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Table 2. Major trophic-related variables for freshwater aquatic ecosystems according to [33,34,36].
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Water Quality Class

	
I

	
II

	
III

	
IV

	
V




	
Characteristic

	
Very Pure

	
Pure

	
Moderate

	
Polluted

	
Very Polluted






	
Rank

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
Secchi, m

	
3

	
0.75–3.0

	
0.55–0.75

	
0.45–0.55

	
0.35–0.45

	
0.25–0.35

	
0.15–0.25

	
0.05–0.15

	
0–0.05




	
BOD, mg О2 dm−1

	
<0.4

	
0.4–0.7

	
0.8–1.2

	
1.3–1.6

	
1.7–2.1

	
2.2–4.0

	
4.1–7.0

	
7.0–10.0

	
>10.0




	
Phytoplankton biomass, mg dm−1

	
<0.1

	
0.1–0.5

	
0.6–1.0

	
1.1–2.0

	
2.1–5.0

	
5.1–10.0

	
10.1–50.0

	
50.1–100.0

	
>100




	
NO3−, mg N dm−1

	
<0.05

	
0.05–0.20

	
0.21–0.50

	
0.51–1.00

	
1.01–1.50

	
1.51–2.00

	
2.01–2.50

	
2.51–4.00

	
>4.00




	
PO43- , mg P dm−1

	
<0.005

	
0.005–0.015

	
0.016–0.030

	
0.031–0.050

	
0.051–0.100

	
0.101–0.200

	
0.201–0.300

	
0.301–0.600

	
>0.600




	
O2%

	
100

	
91–100

	
81–90

	
71–80

	
61–70

	
51–60

	
31–50

	
Oct–30

	
>10




	
Conductivity, µsm cm−1

	
<400

	
400–700

	
400–700

	
700–1100

	
700–1100

	
1100–1300

	
1100–1300

	
1300–1600

	
>1600




	
Index saprobity S according Sládeček

	
<0.5

	
0.5–1.0

	
1.0–1.5

	
1.5–2.0

	
2.0–2.5

	
2.5–3.0

	
3.0–3.5

	
3.5–4.0

	
>4.0




	
Trophic level

	
Ultraoligotrophic

	
Oligotrophic

	
Oligo-mesotrophic

	
Mesotrophic

	
Meso-eutrophic

	
Eutrophic

	
Eu-polytrophic

	
Polytrophic

	
Hypertrophic




	
Chl a mcg dm−3

	
<1

	
1–3

	
3–10

	
10–20

	
20–50

	
50–100

	
100–200

	
200–800

	
>800




	
Phytoplankton abundance, 106 dm−3

	
<0.01

	
0.01–0.05

	
0.05–0.1

	
0.1–0.5

	
0.5–1

	
1–10

	
10–100

	
100–500

	
>500




	
Ecological status

	
High

	
Good

	
Good

	
Middle

	
Middle

	
Low

	
Low

	
Bed

	
Bed




	
Color code

	
Blue

	
Green

	
Green

	
Yellow

	
Yellow

	
Orange

	
Orange

	
Red

	
Red
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Table 3. Indicators of diversity and saprobity in zoobenthos communities of various water bodies of Ukraine (according to [42]).
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	Waterbody
	Species Diversity, Shannon Index, Calculated by Abundance, Bit to Individual
	Taxonomic Diversity, Shannon Index, Bit to Species
	Saprobity Index S
	The Extremum of the Shannon Diversity Index (bit ind.−1) and Taxonomic Diversity Index (Bit Species-1) in Saprobity Index S Gradient





	Reservoirs of the Khmelnitsky NPP zone
	0.965–3.806
	1.357–2.869
	1.32–3.79

(2.50; 2.90) *
	2.507 bit ind.−1

2.100 bit species−1



	Watercourses of the Rivne NPP zone
	0–3.622
	0–3.279
	1.21–3.70

(2.6; 2.6) *
	2.900 bit ind.−1

2.300 bit species−1



	Reservoirs of the Chernobyl NPP zone
	1.666–3.817
	1.503–3.306
	1.80–3.58

(2.7; 2.2) *
	3.375 bit ind.−1

2.600 bit species−1







Note: * in brackets are given the values of the index of saprobity S at the summits of the trend lines of Shannon indices calculated on the base of individual abundance (the first) and the number of species (the second).
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