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Abstract

:

Surface waters are very important for society, as they are a source of potable water, as well a water supply for agricultural, industrial and recreational purposes. This paper presents changes in the quality of the water in the Utrata River, along its entire length, as a function of the catchment area’s land use. Water-quality measurements were carried out once a month for a total period of one year (April 2019–March 2020) at 24 measurement points. The concentrations of the following compounds were measured: total phosphorus, ammonia nitrogen and nitrate nitrogen, dissolved oxygen, and chemical oxygen demand. The results were compared with the limit values specified in the Regulation of the Minister of Maritime Economy and Inland Navigation. In order to determine the impact of land use on water quality in the Utrata River, principal component analyses (PCA) were conducted. The research demonstrated a considerably negative impact of agricultural land use and the presence of urban areas on the water quality of the Utrata River, with elevated concentrations of total phosphorus, ammonia nitrogen, nitrate nitrogen and COD, and decreasing concentrations of dissolved oxygen. The presented results point to the need for effective strategies to mitigate the adverse impact of agriculture and urbanisation on the environment and surface waters.
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1. Introduction


Most studies on pollution and the eutrophication of freshwaters mainly concern lakes and reservoirs; the quality of flowing waters should be the subject of more extensive research. Rivers are the main source of inland water for domestic, industrial and irrigation purposes. They are also the natural habitat of many ecosystems and are essential for hydrological and biochemical cycles [1,2]. The intensification of urbanisation, agriculture and deforestation is leading to irreversible changes in the environment and its ecosystems. The conversion of natural areas for agricultural or urban use increases the generation and transfer of pollutants into flowing waters and water bodies. The main pollutants are organic matter and nutrients from agricultural fields or sewage treatment plants, as well as toxic substances, such as heavy metals and hydrocarbons, generated as a result of intensifying urbanisation processes [3,4]. Another very important cause of pollution in agro-urban rivers is a combination of pollution from untreated sewage and surface run-off from agricultural land. This results in the dispersive spread of pollution [5].



In addition to catchment area land use, other important factors influencing water quality in rivers include meteorological and climate-related parameters, such as season, water level, precipitation and air temperature [6]. Water quality in Polish rivers has a significant impact on the water quality in the Baltic Sea, since agricultural and municipal pollution causes its eutrophication and the formation of oxygen “deserts”, which may lead to the degradation of this unique aquatic ecosystem. Polluted rivers are responsible for 20–30% of the amount of nitrogen and nearly 100% of the amount of phosphorus in the waters of the Baltic Sea [7].



The presence of nutrients, such as phosphorus and nitrogen forms, significantly exacerbate the deterioration of surface-water quality. Sources of the former include municipal sewage and water runoff from urban areas [8]. Phosphorus concentrations in rivers are also significantly affected by atmospheric conditions, and increase during the spring thaw and after heavy rainfalls, which wash phosphorus away from agricultural fields [8].



It has been demonstrated that the pollution of rivers with nitrogen is mainly the result of fertilising fields with manure, and the inflow of domestic and industrial wastewater. On the other hand, the pollution level of flowing waters with nitrogen compounds is lower in forested areas and grasslands [9]. A reduction of nitrogen concentration in river waters is also observed after they flow through water bodies such as lakes, reservoirs and ponds, due to the process of sedimentation [10].



Chemical oxygen demand (COD), is an estimate of the amount of organic pollutants equivalent to the amount of oxygen consumed in their chemical oxidation process. It has been demonstrated that elevated COD values in flowing waters can be the result of both severe pollution with biodegradable organic substances and non-organic, toxic substances [11]. Elevated COD levels are often associated with high concentrations of total phosphorus and ammonia nitrogen, and this correlation is particularly evident during the summer months, when there is a greater inflow of agricultural pollutants. When the anthropogenic impact on the environment is reduced, the COD level in river waters decreases, as was observed during the COVID-19 pandemic [12,13].



Dissolved oxygen (DO) is one of the most important indicators of water purity. Low oxygen concentrations indicate higher levels of water pollution, and can be caused by factors such as high temperature, high organic matter content and the respiration of aquatic organisms. Among the listed water quality parameters, it is DO that is of crucial importance, from the point of view of the aquatic environment and ecology. The level of DO in waters can change considerably in weekly, as well as daily cycles, and depends on several other water quality variables (such as total phosphorus [TP] and COD), as well as interactions between them [14]. Oxygen is very important for the proper functioning of aquatic ecosystems, and its amount is indicative of their condition. Low DO concentration leads to a loss of biodiversity in aquatic ecosystems [15].



High concentrations of total phosphorus, ammonia nitrogen, nitrate nitrogen and COD, with simultaneous low DO concentration in rivers, can lead to eutrophication. Such rivers are often characterised by intense algal growth, intense odour and colour, and their aquatic ecosystems are negatively affected. In addition, water availability for drinking and industrial purposes is significantly reduced. The main cause of eutrophication is considered to be human activity: agriculture and, more importantly, inadequate municipal services management [16,17].



The objective of the research presented in this paper was to investigate the impact of catchment area land use (grasslands, urbanised or agricultural areas) on selected water quality parameters such as total phosphorus, nitrate nitrogen, ammonia nitrogen, DO and COD concentrations, all of which have a significant impact on flora, fauna and aquatic ecosystems.




2. Materials and Methods


The Utrata River flows through the Mazowieckie Province. It has its source in Ojrzanów and flows into the Bzura River in Sochaczew. The total length of the river is about 78 km. The Utrata river basin covers an area of 702 km2. The Utrata river basin can be divided into three sections (Figure 1), in the first section the river flows through grassland, in the second section through urbanized areas and in the third last section river flows through agricultural areas [18]. The Utrata River is exposed to an inflow of pollution from various anthropogenic sources, such as: intensively farmed agricultural areas, urbanised areas, sewage treatment plants or fish ponds [19].



2.1. Description of the Field Campaign


Water samples were taken between April 2019 and March 2020 at 24 points along the river Utrata. The sampling points were located in areas of different land use:




	
Samples 1–10 came from grasslands,



	
Samples 10–15 from urbanised areas and



	
Samples 16–24 from agricultural areas (Figure 2).








In total, 288 samples were collected.



Water from the River Utrata was collected in 1-litre sterile bottles at a distance of 1.5–2 m from the shore. The bottles were capped below the surface to avoid oxygen ingress. The bottles were then placed in a polystyrene box to avoid cooling or overheating during transport to the laboratory. All analyses were performed on the day of collecting of samples.




2.2. Methods


The following parameters were analysed:




	
dissolved oxygen, according to the PN-EN 25813:1997 [21]



	
chemical oxygen demand, according to the PN-EN ISO 8467:2001 [22]



	
total phosphorus, according to the PN-EN ISO 6878:2006 [23]



	
ammonia nitrogen and nitrate nitrogen by the flow-through method, according to the PN-EN ISO 11732:2007 [24].








The measurement results were compared with the Regulation of the Minister of Maritime Economy and Inland Navigation of 11 October 2019 on the classification of ecological condition, ecological potential, chemical condition and the method of classification of the state of surface water bodies, as well as environmental quality standards for priority substances.



According to Regulation of the Minister of Maritime Economy and Inland Navigation water may be classified in one of two classes:




	
Water quality class I—very good ecological status



	
Water quality class II—good ecological status.








If the values defined as limits for water quality class II are exceeded, such water is not classified. In Poland scientists use two classes since these waters can be widely used for domestic purposes. Non-classified waters have very limited possibilities for use. The results are presented graphically as means, and standard deviations (SD) as error bars. Statistical comparisons of means were conducted using multifactor analysis of variance (ANOVA) and Tukey’s HSD method of multiple comparisons, at a probability level of 0.05. Relationships between weather variables and variables characterising water quality were analysed using principal component analysis (PCA). The results of PCA are presented graphically using biplots, where variables are presented together with the months in which the study was conducted. The plots are presented using the first (PC1) and the second (PC2) principal component. On the basis of the plots, we can evaluate relationships between meteorological variables (Table 1) and traits that describe water quality (e.g., elements, chemicals, etc.). If the direction of the lines presented on PCA plots is very similar it indicates strong positive correlation, if the direction is opposite the correlations is strong but negative, if the direction of two lines is about 90 degrees (right angle) it indicates lack of the correlation between such variables. Locations near one of the points for the months in the plot indicate that months are similar in meteorological variables, as well similar in water pollution indicators. Large distances between two months in the plots indicate large differences between them.




2.3. Weather Conditions


The following chapter presents the results of the meteorological and hydrological observations.





3. Results


The following chapter presents the results of physicochemical measurements of the Utrata River water, presented graphically as means, and standard deviations (SD) as error bars.



The average concentration of total phosphorus in the waters of the Utrata River was 1.68 mg P/dm3; this significantly exceeded the permissible values for water quality classes I and II, which are <0.17 and <0.33 mg P/dm3, respectively. The lowest total phosphorus concentration in river waters was recorded in the spring—in April, close to the source of the river, in grasslands (measurement points 1–10) and averaged 0.407 mg P/dm3—while the highest was recorded in the summer—in August and September, in agricultural areas (3.48 P/dm3). Phosphorus contamination of the waters of the Utrata River for most of the year exceeded the limits specified in the Regulation of the Minister of Maritime Economy and Inland Navigation (Figure 3).



The mean concentration of nitrogen from nitrates in the waters of the Utrata River was 2.76 mg N-NO3/dm3 and significantly exceeded the permissible values for water quality classes I and II, which are <1.1 and <2 mg N-NO3/dm3, respectively. The lowest mean concentration of nitrated nitrogen in river waters was recorded in the summer, in the upper course of the river in grasslands (measurement points 1–10) and averaged 1.32 N-NO3/dm3, while the highest (5.13 N-NO3/dm3) was recorded in the winter, in agricultural areas. The contamination of the waters of the Utrata River with nitrate nitrogen in urban and agricultural areas exceeded the limit values specified in the Regulation of the Minister of Maritime Economy and Inland Navigation throughout the entire year (Figure 4).



The mean annual concentration of nitrogen from ammonia in the Utrata River was 0.8 mg N-NH4/dm3 and significantly exceeded the permissible limit values established in Poland for class I and II of water purity, 0.14 N-NH4/dm3 i 0.4 N-NH4/dm3, respectively. The lowest mean concentration of ammonia nitrogen (0.31 N-NH4/dm3) was recorded in the spring in grasslands, while the highest (1.34 N-NH4/dm3) was recorded in the summer in agricultural areas. The highest recorded concentration of N-NH4 three times exceeded the limit of class II water quality (Figure 5).



The concentration of dissolved oxygen in the waters of the Utrata River varied, depending on the season. The highest concentration was recorded in the winter in agricultural areas in the lower course of the river (12.09 mg O2/dm3—class I water quality), while the lowest was recorded in the upper course of the river, in grasslands (mean 2.59 mg O2/dm3), which exceeded the permissible limits for water quality class II (beyond classification) (Figure 6).



The lowest COD values were recorded in the spring months in grasslands (mean 5.43 mg O2/dm3), while the highest mean COD concentration was recorded in agricultural areas in the summer months (15.78 mg O2/dm3).



The following chapter presents the results of relationships between weather variables and variables characterising water quality analysed from the Utrata River water (Figure 7).



The PCA analysis showed that, irrespective of the catchment area land use, the total phosphorus concentration in the Utrata River was strongly positively correlated with total precipitation, while only slightly correlated with temperature and water level (Figure 8).



Regardless of the catchment area land use, the nitrated nitrogen concentration in the river was strongly negatively correlated with mean daily temperature (higher nitrate nitrogen concentration at lower temperatures). In turn, it was only slightly correlated with precipitation and water level (Figure 9).



Ammonia nitrogen concentration in the Utrata River in agricultural areas was strongly positively correlated with total precipitation and water level. In the other types of areas (grasslands and urban areas), this correlation was also positive, but weaker. The concentration of this form of nitrogen in water varies—to some extent—due to changes in water and air temperature (Figure 10).



Dissolved oxygen concentration in water in all types of areas (agricultural areas, grasslands and urban areas) was strongly negatively correlated with total precipitation and water level. In turn, only a slight correlation was found between dissolved oxygen concentration and temperature changes (Figure 11).



Regardless of the catchment area land use, the chemical oxygen demand was not significantly correlated with precipitation, water level or temperature. Among all these variables, the strongest positive correlation was found between COD and temperature (Figure 12).



Based on the PCA analysis, a strong positive correlation was found between the concentration of total phosphorus and chemical oxygen demand. In addition, COD was positively correlated with ammonia nitrogen concentration. The concentrations of total P, COD and N-NH4 were, at the same time, negatively correlated with the concentration of dissolved oxygen in the river (Figure 13).




4. Discussion


The waters of the Utrata River had very high total phosphorus concentrations throughout the entire year. The highest concentrations were recorded in the areas used for agricultural purposes. In addition, a positive correlation was found between total phosphorus concentration and total precipitation. This may be related to the washing away, by rain, of organic matter that later flows into the Utrata River [25]. Rainfall also increases total phosphorus concentration in urban areas via storm drains [26]. The highest contamination level of the Utrata River by phosphorus during the months of June–September coincides with the intensification of agricultural activity in these areas [27].



The increase in phosphorus concentration in river waters in urban areas may be related to the proximity of sewage treatment plants [28] and stormwater runoff of phosphorus during heavy rainfall [29]. In the catchment area of the Utrata River, there are two sewage treatment plants, one in Walendów and one in Pruszków [30]. Another factor that increases the concentration of total phosphorus in the Utrata River is its tributary, the Raszynka River, which flows through fish ponds and carries a very high pollution load [31].



The highest concentration of nitrate nitrogen in the water of the Utrata River was observed during the winter months. The concentration of N-NO3 in river waters was negatively correlated with total monthly precipitation and temperature. These results are corroborated by the research conducted on the Loess Plateau in China [32]. The concentration of nitrate ions in the waters of the Utrata River was elevated in urban areas. During the winter months with scant precipitation and a low water level of the river, the main sources of nitrate nitrogen were likely to have been local. One such source, which contributes significantly to the deterioration of water quality, is sewage treatment plants [33]. It is also during the winter months that nitrate ions are washed away most intensely from agricultural areas; similar results were observed in the Nizhny Novgorod Area in Russia [34]. Catchments dominated by cereal crops show higher nitrate nitrogen concentrations in rivers, while catchments dominated by forests show lower nitrogen discharge and decreasing nitrate nitrogen concentrations downstream. This correlation is particularly visible during the summer months Correlations between increased nitrate nitrogen concentrations and cereal cultivation were also noted in USA and in Europe [35,36,37].



Ammonia nitrogen concentration was the highest during the summer and spring months in agricultural areas and was positively correlated with total precipitation. This may be related to the washing-away of nitrogen compounds from fields into the river during heavy rainfalls. Similar correlations were observed in northwestern China [38]. The results of the research on the Wujiang River Basin also indicated that anthropogenic sources, such as natural and artificial fertilisers and sewage inflow, were the main sources of ammonia nitrogen pollution in the waters [38]. Ammonia nitrogen concentrations were also significantly higher in urban areas, which is probably linked to the proximity of sewage treatment plants and the presence of domestic and industrial wastewater in the river. Similar correlations were observed in the Asi River (Turkey) [39], in the Curved River (Kosovo) [40] and in Poland [41]; however, these correlations were not as strong as in the case of agricultural areas, which proves that agricultural activities contribute, to the largest extent, to ammonia nitrogen pollution in the Utrata River. Ammonia nitrogen concentration in river waters can also be depend on the level of dissolved oxygen concentration [42].



Dissolved oxygen concentrations were highest during the winter months, which was due to lower water temperatures and higher oxygen solubility. Due to the very high air temperatures in the summer months and progressive eutrophication processes, the dissolved oxygen concentration in the River Utrata was lowest then [43]. Dissolved oxygen concentrations in rivers show a downward trend year-over-year, which is linked to global warming and increasing surface water temperature [44]. The insufficient oxygen concentration in the Utrata River may be due to a high degree of urbanisation, and also to the presence of sewage treatment plants, which are a source of organic pollutants [45]. Dissolved oxygen concentration varies greatly depending on the course of the river, which may be the result of an increased inflow of organic pollutants in its lower course [46], especially in urbanised and agricultural areas. The presence of all the examined nutrients (total phosphorus, ammonia nitrogen, nitrate nitrogen) had an impact on the reduced dissolved oxygen concentration in the Utrata River, which may be explained by oxidoreduction reactions occurring in the water, or increased microbial activity [47,48].



The chemical oxygen demand in the waters of the Utrata River is strongly negatively correlated with dissolved oxygen concentration, and positively correlated with nutrient content. This is connected with oxidoreduction reactions and self-purification processes in river waters. A high level of COD is associated with the presence of organic substances in the water, which undergo direct oxidation using oxygen contained in the water, or biochemical conversion to inorganic compounds with the participation of microorganisms, using oxygen absorbed from the water [49,50,51]. The research demonstrated that COD concentration increased downstream, which may be related to the accumulation of organic pollutants of municipal and agricultural origin [52]. Elevated COD concentrations, in urban areas, may be due to the discharge of water from sewage treatment plants and the inflow of the Raszynka River, which is heavily loaded with organic compounds [53]. In turn, high COD concentrations during the summer months may be the result of greater inflow of pollutants from agricultural sources. It may also be due to the presence of a large numbers of microorganisms in the river [54,55]. Another potential source of high COD concentrations during the summer months is high temperature, which causes a significant decrease in DO concentration, which oxidises the compounds in water responsible for high COD [56,57]. The rapid increase of COD concentrations during the summer months is caused by the accumulation of many factors: high temperature, low DO concentration, intensive agricultural production, eutrophication, and the presence of sewage; therefore it is very difficult to identify the main source of pollution [58,59,60].



In the areas used for grassland, considerably lower values of all the examined indicators of water pollution were observed. In these areas, the concentrations of total phosphorus, ammonia and nitrate nitrogen and COD were reduced, while DO concentration increased. Many other studies have demonstrated similar correlations, since such areas do not have any sources of pollution of an agricultural, urban or industrial nature [61,62,63].



Urban and agricultural areas have a significantly negative impact on water quality. In these areas, the concentration of total phosphorus, ammonia and nitrate nitrogen and COD increased, while DO concentration decreased. This may be due to surface runoff washing away nutrients, the proximity of sewage treatment plants, the inflow of industrial wastewater and water from storm sewers. Similar correlations have been demonstrated in studies by other researchers [64,65].




5. Conclusions


The Utrata River is polluted with nutrients (total phosphorus, nitrate nitrogen and ammonia nitrogen) in urban and agricultural areas.



During the winter months, with low temperatures, low total precipitation and low water level, local sources, such as sewage treatment plants, are the main source of nitrate nitrogen pollution thereof.



The presence of nutrients—total phosphorus, ammonia nitrogen and nitrate nitrogen—decreases dissolved oxygen concentration and increases chemical oxygen demand.



In order to improve the surface water quality of the Utrata River, it is recommended to increase the efficiency of wastewater treatment, to improve the use of animal manure and fertilisers, and improve the land-use management in the catchment area. It is also recommended to increase the buffer zones between agricultural land and the river.
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Figure 1. Study area—land use [20]. 
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Figure 2. Study area—locations of control-measurement points on the Utrata river; https://mapy.geoportal.gov.pl/imap/Imgp_2.html?gpmap=gp0 (accessed on 1 August 2021). 
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Figure 3. Mean and standard deviation for the total phosphorus concentration in the water as a function of sampling date and catchment area land use. 
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Figure 4. Mean and standard deviation for nitrates in the water as a function of sampling date and catchment area land use. 
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Figure 5. Mean and standard deviation for nitroge from ammonia in the water as a function of sampling date and catchment area land use. 
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Figure 6. Mean and standard deviation for the concentration of dissolved oxygen in the water as a function of sampling date and catchment area land use. 
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Figure 7. Mean and standard deviation for the concentration of COD in water as a function of sampling date and catchment area land use. 
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Figure 8. PCA analysis for the relationships between: catchment area land use, weather conditions and total phosphorus concentration in the Utrata River. 
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Figure 9. PCA analysis for the relationships between: catchment area land use, weather conditions and nitrate nitrogen concentration in the Utrata River. 
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Figure 10. PCA analysis for the relationships between: catchment area land use, weather conditions and ammonium nitrogen concentration in the Utrata River. 
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Figure 11. PCA analysis for the relationships between: catchment area land use, weather conditions and dissolved oxygen concentration in the Utrata River. 
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Figure 12. PCA analysis for the relationships between: characterising the catchment area land use, weather conditions and the chemical oxygen concentration in the Utrata River. 
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Figure 13. PCA analysis for the relationships between: concentration of total phosphorus, nitrate nitrogen, ammonium nitrogen, dissolved oxygen and chemical oxygen demand during the months of April 2019–March 2020. 
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Table 1. Water level [mm], temperature: daily and monthy average [C], total precipitation [mm] of Utrata river in the months of April 2019–March 2020.
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	Months
	4/2019
	5/2019
	6/2019
	7/2019
	8/2019
	9/2019
	10/2019
	11/2019
	12/2019
	1/2020
	2/2020
	3/2020





	water level [cm]
	86
	132
	133
	140
	150
	161
	134
	94
	99
	85
	135
	95



	temperature daily average [C]
	17.9
	16.9
	18.4
	20.5
	17.8
	13.9
	11
	7.4
	2.5
	1
	8
	6.5



	temperature monthly average [C]
	9.8
	13.2
	22
	19
	20.1
	14
	10,4
	6
	3.1
	2.2
	3.9
	4.3



	total precipitation—monthly average [mm]
	11.9
	47.5
	24.1
	64.3
	69.5
	79.1
	21.6
	13.6
	40.4
	28.6
	53.8
	15.1
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