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Abstract. The article investigates the impact of surface water bodies in the Dnipro River sub-basins, in particular, the impact of the upstream tributary on the ecological state of the downstream main river. Such studies are necessary to establish the factors influencing the composition of river waters and to determine the ecological status of surface water bodies, including such as the left tributaries of the Dnipro as the Desna, Sula, Psel, Vorskla.
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Introduction
Studies of the ecological status of surface water bodies in the Dnipro basin have been conducted on numerous occasions, revealing a tendency for the Dnipro River to deteriorate due to anthropogenic pressure. However, the water quality of the Dnipro River is additionally affected by its tributaries, as shown in previous studies [1]. 
Groundwater is recharged by infiltration of precipitation, filtration from rivers, lakes, canals, and condensation of water vapor. During rains and spring snowmelt, their level rises, and during droughts and winter, it decreases. The connection with surface water bodies is that groundwater can recharge surface water and, therefore, be an additional source of pollution. The water content in the soil determines the intensity of biological, chemical and physicochemical processes, the formation of the soil profile, water-air, nutrient and thermal regimes, and its physical and mechanical properties.
The content of sulfates in natural waters varies widely and is caused by leaching of sulfate-containing rocks or discharge of industrial and domestic wastewater into water bodies. The main source of sulfates in surface waters is the chemical weathering and dissolution of sulfur-containing minerals, mainly gypsum, as well as the oxidation of sulfides and sulfur. Significant amounts of sulphates enter water bodies as a result of the death of organisms, oxidation of terrestrial and aquatic substances of plant and animal origin, and underground runoff. Most sulfates are highly soluble in water, except for barium sulfate (BaSO4), which is insoluble in water, calcium sulfate (CaSO4), silver sulfate (Ag2SO4) and lead sulfate (PbSO4), which are poorly soluble. In turn, most chlorides are highly soluble in water and are not food for biological organisms. One of the sources of chloride discharges into surface water bodies is water supply and wastewater treatment plants.
Setting the task and solving it
In previous studies [2], [3], it was assumed that geographically upstream tributaries have an impact on downstream ones, and a search was launched for correlations between the chloride concentrations of the left tributaries of the Dnipro (Desna, Sula, Psel, Vorskla, and Samara) at the observation posts closest to the Dnipro, determined by surface water monitoring data for 2013, 2016, and 2020.
The purpose of the study is to increase the level of reliability and accuracy of the assessment of the ecological state of the sub-basin of a surface water body by taking into account the mutual influence of the Dnipro's left tributaries on the change in the ecological state of the main waterway. To achieve this goal, the following tasks must be solved:
– to investigate the possible impact of water quality in the upstream left tributaries of the Dnipro on the downstream ones and on changes in the ecological status of the main waterway;
– to develop a mathematical model for predicting changes in the ecological status of surface water bodies within the sub-basin;
– to develop recommendations for managing the ecological status of surface water bodies. The object of the study is the sub-basins of the left tributaries of the Dnipro River (the Desna River sub-basin, the Sula, the Psel, and the Vorskla River sub-basin of the Middle Dnipro) and their impact on the changing ecological state of the main waterway. The subject of the study is the determination of general patterns of ecological impact of the Dnipro's left tributaries within the basin on changes in the ecological state of the main waterway. 
The scientific novelty of the study is that:
For the first time, the impact of a geographically upstream tributary on downstream sections of the main river was investigated by identifying the presence of an internal flow that ensures this impact.
For the first time, a mathematical model for predicting changes in the ecological state of a surface water body within a sub-basin was developed, which makes it possible to predict the impact of a geographically upstream tributary on downstream tributaries of the main river within the sub-basin.
To confirm the existence of an internal flow facilitating the influence of upstream tributaries on downstream ones, isolines were constructed based on monitoring data from the State Agency of Water Resources of Ukraine on the content of chlorides and sulphates in the tributaries of the Desna (6 observation sites), Sula (4 observation sites), Psel (6 observation sites), and Vorskla (4 observation sites) using publicly available geographic information system software QGIS (Quantum GIS – https://www.qgis.org/).

Figure 1 – Map of the distribution of chloride concentrations (mg/dm3) in the basins of the Desna, Sula, Psel and Vorskla rivers as of 2023 (in the original language)

Figure 2 – Map of the distribution of sulphate concentrations (mg/dm3) in the basins of the Desna, Sula, Psel and Vorskla rivers as of 2023 (in the original language)
The analysis of the results of the calculations presented in Figs. 1 and 2 shows that as the concentrations of chlorides and sulphates in the upstream tributaries of the Dnipro River increase, the concentrations in the downstream tributaries also increase. The isolines support the assumption that there is a groundwater influence between the tributaries, which contributes to changes in concentrations in the downstream tributary depending on changes in concentrations in the upstream tributary. A significant increase in chloride concentration is observed between gauging stations 3 and 4 of the Sula River, which may be due to the location of the Lubny Vodokanal facility of the Lubny City Council in Lubny and the Siaivo facility in Zasulia village, Lubny district, Poltava region, which, according to the environmental passport of the Poltava region, are pollutants of the surface water body.
To confirm the hypothesis, we searched for correlations between the chloride and sulphate concentrations of upstream tributaries and the tributaries located downstream of the main river along its course. For example, Figs. 3 to 8 show the correlation between chloride and sulphate concentrations in tributaries in 2023.

Figure 3 – Correlation of chloride content between the Desna (post 3) and Sula (post 1) tributaries in 2023
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Figure 4 – Correlation of sulphate content between the Desna (post 3) 
and Sula (post 1) tributaries in 2023
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Figure 5 – Correlation of chloride content between the tributaries of the Sula (post 3) 
and Psel (post 6) for 2023
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Figure 6 - Correlation of sulphate content between the tributaries of the Sula (post 3) 
and Psel (post 6) for 2023
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Figure 7 – Correlation of chloride content between the Psel (post 6) 
and Vorskla (post 4) tributaries in 2023
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Figure 8 – Correlation of sulphate content between the Psyol (post 6) 
and Vorskla (post 4) tributaries in 2023
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The functional dependence on the concentrations of various impurities can be expressed using Eq. (1)

,	(1)

where  are the concentrations of pollutants in different tributaries.
Since most natural processes, such as infiltration, water dilution, river self-purification, etc., can be described by an exponential law, it is reasonable to consider the process of influence of upstream tributaries on downstream ones based on this model.
The functional dependence will be in the form of Eq. (2):

,	(2)
where a is a coefficient that characterizes the impact of the geological component, the degree of under-treatment of discharges in the areas of tributaries; b is a coefficient that characterizes the permeability of soils, which depends on the composition, structure, organic matter content, etc; x is the actual value of the pollutant concentration in the upstream tributary, mg/dm3.
The reproducibility of the experiments was checked by the Student's criterion Eq. (3).

	(3)




where  is the variance of the mean values, which is calculated using Eq. (4);  is difference in sample means;  is the tabulated value of the Student's t-test at the 5% significance level;  is number of degrees of freedom.

.	(4)
The process is considered reproducible if inequality Eq. (3) is satisfied, while any Student's value obtained by calculation from the experimental data is less than its tabulated value.
The results of the calculation of the Student's criterion suggest that the hypothesis of exponential dependence is not rejected, since the calculated values of the criteria are less than the tabulated ones. The probability that the process of influence of upstream tributaries on downstream tributaries can be described by an exponential law is greater than 95%.
The basis of the proposed management algorithm actions for the implementation the basin principle of water resources management is an integrated approach to assessing the ecological status of a surface water sub-basin by taking into account the impact of the Dnipro River's left tributaries on the ecological status of the main waterway. This algorithm involves the following steps: collection and processing of data by each involved entity, determination of the predicted impact of upstream tributaries on downstream tributaries of the main river within the sub-basin, which is a key factor in improving the reliability of the assessment of the environmental status of the surface water body sub-basin, identification of pollution sources, development and implementation of measures to prevent and eliminate negative consequences. To predict the ecological status of surface water bodies within a sub-basin, a mathematical model should be used, taking into account the impact of upstream tributaries on downstream tributaries, the reliability and adequacy of which have been proven by research.
When deciding on the necessary response measures to pollution of a downstream surface water body as a result of the impact of a water body that is geographically located upstream, it is recommended to proceed from the following. It is assumed that, according to the information on potentially possible pollution or existing pollution of a water body, structural units, using possible means of communication, should, as soon as possible, bring information on the situation to each involved organization that monitors the environmental condition of water bodies: basin water resource management, territorial units of the State Emergency Service of Ukraine, the State Environmental Inspectorate, and local executive authorities.
These structures, independently or in cooperation with another organisation (polluting enterprise), should immediately take the necessary measures to inspect and clarify the situation, to eliminate the consequences and control the situation that has arisen in the water body. The organisations responsible for developing and monitoring the implementation of response measures and the enterprises that comply with the issued orders shall organise continuous monitoring of the situation in order to establish the effectiveness of the developed measures and promptly notify all interested parties in accordance with the established procedure, informing them of the ecological state of the water body, the concentrations of pollutants in it and in the enterprise's wastewater, including the expected concentration values from geographically upstream rivers, the actions taken and the If the maximum permissible concentration is exceeded, the information is immediately transmitted to the territorial bodies of the State Emergency Service of Ukraine to determine the scale of the situation and assess the threat to the life of the population in a particular area, which in turn promptly communicate the information to the population and local authorities.
Conclusions
Based on the constructed isolines of sulphate and chloride concentrations, it has been proven that pollutants from a geographically upstream tributary of the main river impact the downstream tributary. It has been established that the influence of upstream tributaries on downstream tributaries follows an exponential law.
The constructed mathematical model enables predicting the impact of upstream tributaries on downstream ones. The developed model for predicting the ecological state of surface water bodies in the Dnipro sub-basins is both reliable and efficient, and it can be implemented in calculating the risk of natural and anthropogenic disasters, since the calculated values of Student’s criterion are less than the corresponding tabulated values.
The implementation of the proposed model for predicting the ecological state of a water source, taking into account the influence of upstream tributaries, will enhance the management of the ecological state of a surface water body at the basin level.
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