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Abstract

:

Assessing the changing parameters of water quality at different points in the river–reservoir system can help prevent river pollution and implement remedial policies. It is also crucial in modeling water resources. Multivariate statistical analysis is useful for the analysis of changes in surface water quality. It helps to identify indicators that may be responsible for the eutrophication process of a reservoir. Additionally, the analysis of the water quality profile and the water quality index (WQI) is useful in assessing water pollution. These tools can support and verify the results of a multivariate statistical analysis. In this study, changes in water quality parameters of the Turawa reservoir (TR), and the Mała Panew river at the point below the Turawa reservoir (bTR) and above the Turawa reservoir (aTR), were analyzed. The analyzed period was from 2019 to 2020 (360 samples were analyzed). It was found that TN, NO2-N, and NO3-N decreased after passing through the Turawa reservoir. Nevertheless, principal component analysis (PCA) and redundancy analysis (RDA) showed that NO2-N and NO3-N contribute to the observed variability of the water quality in the river-reservoir system. PCA showed that pH and PO4-P had a lower impact on the water quality in the reservoir than nitrogen compounds. Additionally, RDA proved that the values of the NO3-N and NO2-N indicators obtained the highest values at the aTR point, PO4-P at the bTR, and pH at the TR. This allows the conclusion that the Turawa reservoir reduced the concentration of NO2-N and NO3-N in comparison with the concentration of these compounds flowing into the reservoir. PCA and RDA showed that both parameters (NO2-N and NO3-N) may be responsible for the eutrophication process of the Turawa reservoir. The analysis of short-term changes in water quality data may reveal additional sources of water pollution. High temperatures and alkaline reaction may cause the release of nitrogen and phosphorus compounds from sediments, which indicates an increased concentration of TP, PO4-P, and Norg in the waters at the TR point, and TP, PO4-P, and NH4-N concentrations at the bTR point. The water quality profile combined with PCA and RDA allows more effective monitoring for the needs of water management in the reservoir catchment area. The analyzed WQI for water below the reservoir (bTR) was lower than that of the reservoir water (TR), which indicates an improvement in water after passing through the reservoir.
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1. Introduction


Intensive land use management, such as that undertaken by agriculture, industrial, and urban activities, significantly impact catchment areas, and particularly river valleys. Furthermore, land use management changes the quality and quantity of surface waters [1,2]. Particularly important is the nutrient increase (such as nitrogen and phosphorus), which poses a threat to the aquatic ecosystems of the downstream sections of rivers [1,2,3,4]. The sources of nutrients are mainly runoff from agricultural areas or point pollution of domestic wastewater [5]. The increase in nutrients in the water may lead to eutrophication [3,5,6], excessive algae growth, increased toxicity, and other adverse effects on aquatic fish and invertebrate communities [7,8,9].



In many cases, dam construction results in the retention of the phosphorus fraction [10,11] and nitrogen fraction in reservoir sediments [12,13]. However, due to seasonal changes, in the summer, the reservoir sediments may act as a source of surface water pollution [12,14,15]. In addition, high water pollution is observed during dry periods and intensive rainfall [16]. During dry periods there is low dilution of pollutants [2,16,17,18], whereas intensive rainfall causes surface runoff of pollutants [16].



According to Malik and Hashmi [6], surface water is used for various purposes, such as drinking water supply and irrigating farmland; hence, water quality is also closely related to public health. Therefore, monitoring of water quality parameters should be carried out at various points in a river network to prevent river pollution and apply remedial policies [1,19]. The monitoring of water quality is also important in modelling water resources [20] and the distribution of pollutants, source location, and health hazards, in addition to protecting water resources and controlling water pollution [21]. As reported by Rinke et al. [22], it is very important to monitor short-term physico-chemical parameters at the catchment scale. The authors note that high-frequency data provide deeper insights into the dynamics of the river–reservoir ecosystem. Effective management of surface waters is based primarily on a range of consistent data relating to their quality [3,23]. The water quality index (WQI) is the basic tool for rapid transfer of information to water resource managers. It is simple and robust, and scientifically based [24,25]. This index describes the quality of water at a specific point in time and at a specific place [7,26,27]. The WQI has been used to determine the water quality of reservoirs [26,28], rivers [7,27,29], and channels [25].



Wiatkowski and Czerniawska-Kusza [30] and Wiatkowski et al. [31] point out that water quality assessment can be supported by a water quality profile. As they note, this profile can be helpful to visualize water quality parameters, locate a water reservoir, support water pollution forecasting, and make appropriate economic decisions in the catchment of the designed reservoir in terms of retention, use, and protection of water in the reservoir.



Many scientists have researched water quality changes in river–reservoir systems using multivariate statistical methods [2,3,32,33]. In this case, the research at points below the reservoir, in the reservoir, and above the reservoir are relevant. Other researchers determined water quality in the river network [5,6,7,29,34,35]. Furthermore, Mazur [36] determined water quality in reservoirs. According to Ling et al. [5], monitoring the quality of the surface water in large river basins can generate a large data set. Therefore, a form of multivariate statistical analysis, such as principal component analysis (PCA), is useful for the assessment of the water quality variations in a river. According to Ling et al. [5], multivariate statistical analysis can determine important factors responsible for most of the variance in the water quality of a river. It can also be usefully combined with other kinds of analyses. For instance, Ling et al. [5] and Zeinalzadeh and Rezaei [2] used a combination of PCA and the WQI, and Jabbar and Grote [7] used the surface water quality index and the biotic index in the assessment of seasonal changes, in addition to PCA to assess the variability of water quality indicators over time. The influence of independent variables, such as location, sample points, and seasons, on water quality parameters was also determined using redundancy analysis (RDA) [29,34,37,38,39].



In this study, changes of the water quality at three points of Mała Panew river were analyzed: below (bTR), in (TR), and above the Turawa reservoir (aTR). It is assumed that the Turawa reservoir reduces the concentration of nitrate nitrogen and nitrite nitrogen compared to the concentration of these compounds flowing into the reservoir. Moreover, it is assumed that nitrogen compounds, are responsible for the eutrophication of the waters of the Turawa reservoir. To confirm this, PCA, RDA, and analysis of water quality profile was undertaken. The combination of these analyses will allow us to determine the factors responsible for the eutrophication process of the Turawa reservoir. Additionally, the WQI will assess how the water quality changes in the analyzed river–reservoir system.




2. Materials and Methods


2.1. Study Area and Sampling Points


The Turawa reservoir (50°43′25″ N 18°07′13″ E) is located on the Mała Panew river in the south-western part of Poland, in Central Europe, in the Upper Odra river basin (Figure 1).



This reservoir was built during 1933–1939. It is a multipurpose reservoir. Its main tasks include flood protection, water supply to the power plant, provision of water for shipping purposes on the Odra river, fishing, and recreation [33]. Table 1 presents the parameters of the Turawa reservoir. The bottom of the reservoir contains about 4 million m3 of sapropelic mud and less-contaminated sandy sediments [40]. According to Latała and Wierzba [41], the bottom sediment is in the form of dark grey fine-grained mud consisting of mineral and organic matter. The organic matter content comprises from 20% to 25% of the total mass of the bottom sediment. The bottom sediment is involved in the circulation of matter in the Turawa reservoir [30] and, consequently, has a significant impact on water quality [11,12]. The important aspect in the water quality assessment of the water reservoir is the microbiological characteristic [42,43].



The catchment area of the reservoir is 1423 km2. It is dominated by a forest area, which accounts for 59%. Arable land covers an area of 23%. Urban buildings, meadows, and pastures cover 5% of the area. The remaining use covers 8% of the catchment area.



The average gradient of the Mała Panew valley is 1.58‰. The average temperature is 8.4 °C [33]. The average annual rainfall during the period 1986–2019 was 652 mm.



The average sum of the rainfall during the analyzed period was 684 mm. The highest amount of precipitation in the period from June 2019 to June 2020 was recorded in June 2020 (219 mm), and the lowest in April 2020 (6 mm) (Table 2). The standardized precipitation index (SPI) for the analyzed period, from June 2019 to June 2020, indicates a normal period (SPI = 0.3).



The analysis of the SPI index showed that the normal period in 2019 occurred only in three months (September, October, and December), and in 2020 it was characteristic only for March. The dry period occurred in four months: June 2019, July 2019, November 2019, and January 2020 (Table 2). In addition, the wet period occurred in three months (August 2019, February 2020, and May 2020), and the very dry and extremely wet periods each occurred on one occasion, in April 2020 and June 2020, respectively (Table 2).




2.2. Physico-Chemical Analyses


The 17 water quality parameters were measured twice per month from June 2019 to June 2020 in the mentioned stations of the Mała Panew river and Turawa reservoir. Measurements were taken at 13 points of the Turawa reservoir and one point each below and above the reservoir (Figure 1). A total of 360 samples were analyzed. Selection of water uptake was associated with the variability of the analyzed parameters in a river–reservoir system [33]. Temperature (Tw) and reaction (pH) were measured in situ, whereas dissolved oxygen (DO), biochemical oxygen demand (BOD5), chemical oxygen demand (CODMn), ammonium nitrogen (NH4-N), dissolved substances (DSS), total suspended solids (TSS), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), organic nitrogen, total nitrogen (TN), phosphates (PO4-P), total phosphorus (TP), Zn, Cu, and Cr were determined in the laboratory (Table 3). Tw and pH were measured with Ezodo 7200. The time of the day affects the dissolved oxygen level. Water samples were measured and collected in the morning hours. The following equipment was used in the spectrophotometric methods: Thermo Scientific, Evolution 220 UV-Visible Spectrophotometer (for the determination of: NH4-N, NO2-N, NO3-N, PO4-P, TP, Kjeldahl nitrogen), DKL 12 Automatic Digestion Unit (for the determination of: TP, Kjeldahl nitrogen), UDK 139 Semi-Automatic Kjeldahl Distillation Unit (for the determination of Kjeldahl nitrogen). Kjeldahl nitrogen was needed to calculate total nitrogen (TN). The following measurement wavelengths were used: λNH4 = 655 nm, λNO2 = 540 nm, λNO3 = 410 nm, λPO4 = 880 nm, λTP = 880 nm. The cuvette test was not performed as the applicable standards did not require it. For AAS Thermo Scientific iCE3000 Series AAS was used. The method uses a flame in the conditions of compressed air and acetylene. The measuring wavelengths are as follows: λZn = 213.9 nm, λCu = 324.7 nm, λCr = 357.9 nm. A three-point calibration mode was used. A certified standard solution was used in calibration. The standard curve was checked with ICP multi-element standard solution IV. Each sample was measured three times. The mean was taken as the final value.




2.3. SPI Analyses


The source of the precipitation data for the period of 1986—2020 is the Institute of Meteorology and Water Management–National Research Institute (IMWM-NRI). These data have been processed.




2.4. Statistical Study


All analyzes were performed in R software version 3.6.3. For the analyzed water quality indicators, basic statistics were calculated, such as maximum and minimum value, mean, standard deviation, and coefficient of variation.



The normality of 17 physico-chemical parameters was tested using the Shapiro–Wilk test for each parameter, which is standard procedure in water quality data assessment [2,33]. The water quality parameters with non-normal distribution were logarithmically transformed using log (x + 1).



One-way analysis of variance (one-way ANOVA), with a significance level of 5%, was performed to compare differences in water quality parameters (dependent variable) at different sampling sites (independent variable). One-way ANOVA calculations were made using the “stats” package. For PCA and RDA, only the data were used for which one-way ANOVA showed significant differences. For PCA and RDA, the “vegan” package was used [29]. For RDA, site one-way ANOVA was the independent variable. The significance of the axis was checked using the one-way ANOVA.



The assumption of the water quality profile of the indicator changes is that the points of the analyzed places are marked on the horizontal axis, and the concentrations of the parameters are marked on the vertical axis [11]. The plot contains two pieces of information: boxplot (information on the minimum value, lower quantile, median, upper quantile, and maximum value) and the water quality profile along the watercourse [31].




2.5. Water Quality Index


In this study, the method for determining the WQI was provided by [24,26,27]. The WQI was calculated using the following mathematical expression:


  WQI =   ∑  W i  ·  q i    ∑  W i    ,  



(1)




where Wi is the unit weight for the ith water quality parameter, i represents the number of the parameters taken into consideration, and qi represents the rating for the ith water quality parameter. The WQI has a value between 0 and 100 (it can exceed 100 if the area is heavily polluted); qi was calculated using the following equation:


   q i  = 100 ·    V  i −    V 0     S i  −  V 0    ,  



(2)




where Vi represents the measured value of the ith parameter; V0 represents the ideal value of that parameter (it is 0 for all the parameters, with the exception of DO, for which the value is 14.6 mg dm−3); Si represents the value legally accepted for the water category in which the water sample was included. Si depends on the number of indicators required in the legal regulations for determining water quality classes in a given country. Si was determined based on [45] for the following indicators: DO, BOD5, NH4-N, NO3-N, PO4-P, TN, and TP.



Wi represents a factor which was calculated using the following formula:


   W i  =  K   S i    ,  



(3)




where K is a relative constant calculated by the formula:


  K =  1  ∑  (   1   S i     )     



(4)









3. Results and Discussion


3.1. Summary Statistics of Water Quality Parameters


Water samples were measured and collected at the bTR, TR, and aTR points (Figure 1). The one-way ANOVA results showed that among the 17 parameters of water quality, significant statistical differences were noted for pH, NO3-N, NO2-N, and PO4-P (Table 4).



A higher standard deviation (SD) suggested greater differentiation of individual indicators. The SDs in all points were the highest for DSS and TSS and the lowest for heavy metals (Cu and Cr), and NO2-N (Table 4). SDs of NO2-N, NH4-N, and PO4-P were <1 mg∙dm−3, and SDs of TN and DO, BOD5, and CODMn were >1 mg∙dm−3 at all points. The SDs of certain parameters differed between points. The SD of NO3-N was less than 1 mg∙dm−3 only at bTR and TR, whereas the SDs of Norg and TP were less than 1 mg∙dm−3 only at the bTR and aTR points.



It was found that the coefficient of variation (CV) of Cu at bTR and aTR, in addition to BOD5, CODMn, TSS, Cr, and TP at TR, exceeded 100%. The remaining physico-chemical parameters showed smaller temporal changes (Table 4). The CV coefficient also made it possible to evaluate the homogeneity of the analyzed indicators. Two indicators, pH and DSS at all points, in addition to Zn at bTR and DO at aTR, were more concentrated around the mean value, which made this coefficient much lower than for other indicators.



An investigation of water quality at three points in the Turawa Reservoir, (W_res), and below (Out_res) and above (In_res) this reservoir, covered the years 1998–2009, 2011, 2014, and 2016, indicated that the lowest SD value was obtained for the biogenic factor, in this case NO2, and the highest for TSS. These results were consistent with the present study. Wiatkowski and Wiatkowska [33] showed that the CV for TSS, (W-res), NO2 (In_res), and PO4 (Out_res) were characterized by large temporal changes. The number of samples in this study was greater; hence, the CV coefficients did not exceed 130%, as in the case of the present study in which the temporal changes in parameters were more visible [33].



Physico-chemical parameters, such as DSS, NO3-N, NO2-N, TN, and Zn, obtained the highest mean concentrations in the water flowing into the reservoir (aTR point) (Table 4). The highest mean concentrations of Tw, pH, DO, BOD5, CODMn, TSS, and TP were recorded in the water stored in the reservoir (TR) (Table 4). This is consistent with the results of Wiatkowski and Wiatkowska [33]. The highest mean concentrations of NO3, NO2, TN, and DSS and additionally NH4, PO4, and TP were recorded in the water flowing into the reservoir (In_res). Moreover, the highest mean concentrations of Tw, TSS, pH, and DO occurred in the water stored in the reservoir (W-res). The explanation could be that water reservoirs break the river continuum and disrupt the transport of organic matter and metals in the river system, and ultimately affect the chemical and biological properties of the river ecosystem [46,47].



The mean concentrations of trace elements in the Turawa reservoir can be arranged in descending order: Zn > Cu > Cr. Similar results for these concentrations were obtained by Siepak and Sojka [32]. They studied trace elements in two reservoirs: Kowalskie and Stare Miasto. However, the order below (bTR) and above (aTR) the Turawa reservoir is different: Zn > Cr > Cu.



The lowest water temperature (Tw) in the reservoir occurred in January 2020 (3.6 °C). Tw in the reservoir above 24 °C occurred in the months of June 2019 and August 2019. The investigation carried out in the period from June 2019 to June 2020 covered the normal period (SPI = 0.30), although 2019 was classified as a dry year (SPI = −0.8). In addition, dry and extremely dry periods were recorded in five months: June 2019, July 2019, November 2019, January 2020, and April 2020. Monthly periods in which measurements were performed had an impact on changes in water quality parameters in the river–reservoir system. The pH value recorded in the reservoir (TR) was above neutral—the lowest pH value was recorded in July 2019 (7.5 pH) and the highest in August 2019 (8.6 pH). The conditions were similar to those found in the research conducted by Hu et al. [12] and Wiatkowski and Czerniawska-Kusza [30]. This may be the cause of phosphorus release from sapropel sediments of the Turawa reservoir, which indicates an increased concentration of TP and PO4-P in the reservoir waters (TR) and at the point below the reservoir (bTR). According to Hu et al. [12], as a result of the mineralization of sedimentary organic matter and of the long-term accumulation of pollutants, the concentrations of nutrients in sediments are many times greater than those in water. When the external environment changed due to the increase in air temperature in summer and autumn, TP and NH4-N were released from the sediment into the water, which would lead to excessive algae bloom and water quality degradation. Thus, the sediments act as a source of water pollution. The water analyzed in the Turawa reservoir, due to rising temperatures (25–27 °C) and elevated pH (8.12–9.95 pH), was characterized by the release of phosphorus from deeper sediment layers into the surface water [30]. Wang et al. [11] reported that both water temperature (25.3 °C in July) and pH (8.00–8.73 pH) significantly influenced the rate of phosphorus release from the sediment, but the effect of water temperature was more significant. In addition, Bartoszek et al. [15] noted that the water in the reservoir does not have to be alkaline. As further emphasized by Wang et al. [11], acid–base conditions favored the release of phosphorus from sediments, whereas the neutral environment did not. The mean NH4-N concentration had the lowest value in the reservoir water (TR, 0.17 mg∙dm−3), and the highest value at bTR (0.32 mg∙dm−3) (Table 4). By comparison, the mean concentration of Norg had the lowest value in the inflow to the reservoir (1.34 mg∙dm−3) and the highest in the reservoir (TR, 2.66 mg∙dm−3) (Table 4). At the point below the reservoir (bTR), the mean concentration of Norg was lower than in the reservoir (1.62 mg∙dm−3), but still higher than at the inflow to the reservoir (Table 4). This is in line with the research by Hu et al. [12]—when Tw increased at alkaline pH, Norg was transformed into ammonium nitrogen in the sediments, which promoted NH4+-N to be released from sediments. In addition, the reduced oxygen caused by the intensifying mineralization of the sediments hindered the nitrification reaction in the sediments.



Wei et al. [47] report that the Tw in the reservoir is often high and leads to a decrease in the amount of dissolved oxygen (DO) and a decrease in the rate of pollutant decomposition. However, the research of the Turawa reservoir (TR) showed that the mean value of Tw in the reservoir (TR) was higher than Tw in the Mała Panew river at the inflow (aTR) and at the outflow from the reservoir (bTR) and DO concentration in the TR had a higher value than in the river water. Nevertheless, the dissolved oxygen consumption in the reservoir (TR) was higher than that in the river, which indicates the mean value of BOD5 and CODMn (Table 4). Both indicators—BOD5 and CODMn—as clearly indicate anthropogenic pollution [28]. In addition, Maavara et al. [10] report that damming modifies the ecological function of river systems. This indicates that the reservoir takes up nutrients and thus limits nutrient transfer downstream to flood plains. As reported by Wiatkowski [13], depending on the depth of the reservoir and water retention, time, and the incoming load, up to 90% of all of the influencing matter in the water reservoir may be periodically retained.



Additionally, Kanownik et al. [16] showed that in the waters of the Wisłoka river during the period of 2004–2013, the maximum values of most of the analyzed nutrients were recorded in June (TKN = 5.90 mg∙dm−3, TN = 7.40 mg∙dm−3, PO4-P = 0.10 mg∙dm−3, and TP = 0.76 mg∙dm−3) and July (NO2-N = 0.13 mg∙dm−3). The opposite situation was recorded in the mountain river of Raba, where the highest average NO3-N (2.71 mg∙dm−3) concentrations occurred above the Dobczyce reservoir in the winter season. In turn, the highest average PO4-P concentration was recorded below the reservoir (0.05 mg∙dm−3) and the lowest concentration in the reservoir (0.03 mg∙dm−3) [23]. The NH4-N concentration was highest in the inflow to the reservoir (0.98 mg∙dm−3) and lowest in the outflow from the reservoir (0.14 mg∙dm−3), which, according to Kijowska-Strugała et al. [23], was caused by the absorption by autotrophs of ammonia in the reservoir because it is the main source of nutrients for phytoplankton. The investigation of the Rzeszów reservoir conducted by Bartoszek et al. [14] during the summer season of 2013 showed that the reaction is alkaline; the values of Tw and PO4-P were similar to the values in the current study (in summer), whereas the concentrations of TN and TP were lower. Zeinalzadeh and Rezaei [2] obtained different results, finding that changes in water quality above and below the Shahr Chai reservoir in Iran did not show a significant difference. Furthermore, Rinke et al. [22] provided information on data logging, at intervals of 15 min, for the following physico-chemical parameters: pH, conductivity, Tw, dissolved organic carbon (DOC), oxygen, TSS, NO3, and chlorophyll. They showed that observations of the inflow water to the reservoirs over several months documented the highly temporal fluctuations which were caused by changes in water discharge.




3.2. Principal Component Analysis


Two principal components were obtained with eigenvalues >1, which accounted for 77.26% of the total variance in the bTR point and 66.86% in the TR point (Table 5). Table 6 presents the strength of the correlation for individual parameters, and Figure 2 illustrates the first two principal components for each of these points.



At the bTR point, the first principal component (PC1) correlated the most highly with pH, NO2-N, and NO3-N, and weaklier with PO4-P (Table 6, Figure 2). The NO2-N and NO3-N components appeared to have the lowest concentrations after transit through the reservoir (Table 4). The nitrification and denitrification processes, which occur in the aquatic ecosystem are linked to microbial quantity and function [48]. In the study on Chen et al. [49] in Lake Taihu the cyanobacterial bloom promoted the efficacy of nitrogen removal in aquatic ecosystem. Therefore, the nitrogen concentration could be lower in the reservoir with the high degree of euthrofization [49,50]. It can be assumed, that in the Turawa reservoir occur similar processes, which could be confirmed in further studies. The second principal component (PC2) correlated most highly with PO4-P (Table 6, Figure 2). As reported by Hu et al. [12], the increased concentration of PO4-P may be affected by bottom sediment of the reservoir (Table 4). At the TR point, parameters were more correlated with PC1 and PC2, than with bTR and aTR points. At the TR point, the PC1 correlated most highly with NO2-N and NO3-N, whereas PC2 correlated most highly with pH, and PC3 correlated most highly with PO4-P. Both NO2-N and NO3-N had lower concentrations at the TR point than in the water flowing into the reservoir (aTR), hence their strong correlation (Table 6, Figure 2). By comparison, pH and PO4-P were not correlated with each other at the TR point (Table 6, Figure 2). This may indicate that the pH has no significant influence on the higher concentration of PO4-P in the waters of the TR reservoir. At the aTR point, pH and PO4-P were negatively correlated with each other, which indicates that they did not have such an impact on the water quality in the reservoir as nitrogen compounds (Table 6, Figure 2). The correlation between NO2-N and NO3-N at all points may indicate that they had the greatest effect on water quality at the analyzed points (Figure 2).



The PCA analysis showed similar results of the PC1 and PC2 factors between the three analyzed points to those found in the study of Wiatkowski and Wiatkowska [33]. Several parameters that influenced the variability of the water quality at the aTR point were the same as those observed by other researchers. As reported by Wiatkowski and Wiatkowska [33], the first principal component (PC1) correlated most highly with NO3 below, in, and above the Turawa reservoir. This indicator, like other nutrients, had the greatest impact on the qualitative differentiation of water in the Turawa reservoir. In addition, at the inflow and outflow from the reservoir, indicators such as pH and PO4 were not concentrated around the PC1 axis, which indicates that they had a smaller impact on water quality at the analyzed points.



In the PCA presented by Zeinalzadeh and Rezaei [2], the first four PCs had eigenvalues close to one. The eigenvalues accounted for 78.6%, 74.7%, 70.8%, and 80% of the total variability of the information contained in the original data set in spring, summer, autumn, and winter, respectively. From their study, it appears that changes in water quality at points above the reservoir and in the reservoir showed no significant difference. The point below the reservoir showed considerably worse water quality only in spring due to the dynamic development of the inhabitants and their commercial activities. In another study, water samples from four dam lakes: Grodzisk Duży, Karwacz, Łoje, and Wykrot, located in north-eastern Poland, from 2007 to 2013 were analyzed [28]. This investigation showed that the parameters of the highest positive eigenvectors associated with PC1 included BOD5 and COD. Negative relationships were found for SO4 and NO3. Cl and EC were negatively related to PC2, whereas DO and pH were positively related. In addition, in an investigation of 10 Polish reservoirs, Mazur et al. [36] showed that, in the case of physico-chemical factors, first principal component (PC1) correlated most highly with TOC and TP. They found a significant association between TN and PC2, and EC and DO with PC3.



Similar studies using the PCA method can be found in the literature. However, this approach does not analyze the impact of reservoirs on water quality and flow, but rather studies the river systems. They are important because planning to build a reservoir can be associated with adequate water quality in the river. PCA is widely used to determine how different river points contribute to the overall pollution load [7,35,51,52]. Nazeer et al. [3] showed that the most influential parameters for PC1 were PO4, EC, salinity, Ca, Mg, K, pH, and DO. They studied the waters of the Soan River in Pakistan. In another study, of the Chillán river and in its tributaries, due to point pollutants, the first principal component (PC1) correlated with NH4, PO4, EC, COD, and DO (negatively correlated), and BOD5. PC2 was highly influenced by the levels of NO3 and NO2 (both positively correlated) and PC3 Tw and pH (both positively correlated) [1]. Siepak and Sojka [32] used PCA, cluster analysis (CA), and discriminant analysis (DA) to assess the temporal and spatial variability in the investigated reservoirs. In the Kowalskie reservoir, Siepak i Sojka [32] found that PC1 was most influenced by Cu, Zn, and Cd, which may indicate the natural origin of these components in water. They also showed that in the Old Town reservoir, PC1 was strongly positively correlated with the concentrations of Cr, Ni, Cu, and Cd.




3.3. Redundancy Analysis


The proportion of the variance explained was 26.94%; the first axis was 6% and was significant according to the RDA model (formula = data ~ site) (p = 0.001) (Table 7). The highest parameter scores of RDA1 were assigned to pH, NO3-N, and NO2-N (Figure 3, Table 8). Similar values of the variants were obtained by Zhou et al. [39], who found that RDA could explain 20.13% of microbial community changes, with the contributions of RDA1 and RDA2 being 11.94% and 8.19%, respectively. Zhou et al. [39] performed RDA and proved that physical (temperature, DO) and chemical (CHl-a, TOC, TN) parameters are the key factors that influence changes in the microbial community in the reservoir water.



The performed redundancy analysis showed that the distribution of parameters at the analyzed points (sites) (Figure 3) was a grouping variable (the ellipsoid was defined by the 95% confidence interval), thus indicating the highest values of physicochemical parameters at a given site. The values of the NO3-N and NO2-N indicators followed the same trend and obtained the highest values at the same site (aTR). In addition, NO2-N and NO3-N concentrations were closely related to the proportions of aTR. At the bTR point, the highest values were obtained for PO4-P. pH was closely related to the proportions of TR. For similar purposes, RDA was used by Palmer et al. [38], Nazeer et al. [3], and Bo [34]. Palmer et al. [38] analyzed water from Ontario lakes (Canada) and showed that lake development and road maintenance were associated with higher concentrations of Na and Cl ions and decreased conductivity in lake waters. The second axis of the RDA was positively correlated with the volume of the lake, runoff, and distance from the road [38]. Nazeer et al. [3] indicated that RDA analysis can be used to identify sources of pollution in river ecosystems because high scores correspond to high influence of the parameter at the sites. Bo et al. [34] presented results of RDA analysis covering land use and water quality parameters. They found that the concentrations of COD and NH4-N were closely related to the proportions of urban green areas and impermeable land, and BOD was closely related to the concentration of COD and the share of forests in the catchment area. However, ten years later, forest area was no longer in the group of dominant areas, and only COD and NH4-N were closely related to urban green areas and impermeable land.



Other applications of RDA were presented by many scientists [29,37]. For example, Kowalczewska-Madura et al. [37] performed RDA for P sedimented in bottom sediment and P released from bottom sediment of the eutrophic Durowskie Lake located in West Poland. This analysis showed that in lake water P was most negatively correlated with DO. Their investigation showed that the release of P depends partly on the N content in the sediment [37]. On the basis of RDA, Ortiz-Vera et al. [29] showed that the variability of physico-chemical parameters depended on the seasons. In the dry season, DO, NO3, and pH concentrations appeared to be predictors of community structure, whereas in the rainy season temperature was also a predictor. Moreover, they observed greater differences in the composition of fungi communities in the dry season than in the rainy season [29].



RDA showed that the RDA1 axis was the most positively correlated with NO2-N and NO3-N, and the most negatively correlated with pH, whereas RDA2 was the most negatively correlated with PO4-P (Table 8).



The results of this study were similar to those of the research conducted by Stendera and Johnson [53], which show that TP determined in streams and lakes was negatively strongly associated with pastures and arable land.




3.4. Water Quality Profile of the Indicator Changes


Changes in the concentrations of the water quality parameters (TN, TP, NO3-N, NO2-N, NH4-N, and PO4-P) of the Mała Panew river at all analyzed points (bTR, TR, and aTR) are shown in Figure 4. The analysis of this profile showed that the highest values of mean concentrations of TN and NO3-N were recorded at the aTR station and the lowest at the bTR station.



The highest values of the median TP were recorded at the TR station, and the lowest values at the aTR station (Figure 4). In addition, the lowest values NO2-N and NH4-N were recorded at the TR station, and the highest at the aTR and bTR stations, respectively (Figure 4). The highest value of the median PO4-P concentration was found at the bTR station and the lowest at the aTR station (Figure 4). The profiles showed clearly that the concentrations of TN, NO3-N, and NO2-N decrease after passing through the Turawa reservoir. After the waters passed through the Turawa reservoir, the median concentrations of TP and NH4-N, PO4-P increased (Figure 4). The water quality profile of the river–reservoir system, including the monitoring of the physico-chemical parameters, shows the influence of the reservoir on water quality during the analyzed period. This was also confirmed by Wiatkowski et al. [31] in the research on the water quality of the Stobrawa river. Their investigation was performed before the construction of the Kluczbork reservoir.



Many scientists also indicated that the creation of a source profile of various factors helps to identify contaminated areas in a catchment, which may be useful in assessing the quality of waters in the catchment [3,11,54]. Yan et al. [54] provided a spatial diagram of polluted and risky sensitive zones in the basin based on the pollution index. Other researchers provided descriptive statistics according to seasonal changes [7]. Debels et al. [1] presented selected descriptive statistics in tabular form according to measuring stations. In the present study, the results of profile analysis are in line with those of the RDA. However, in our opinion, profile analysis is more suitable for analysis of the parameters at the sampling points. By comparison, RDA enables the correlations between the sampling points and parameters to be shown simultaneously. Therefore, profile analysis can be used to support the interpretation of RDA.




3.5. Water Quality Index


The WQI was determined for the period from June 2019 to June 2020 for three points: bTR, TR, and aTR. The index reached its minimum at aTR (WQI = 88), which indicates very poor water quality (Table 9). The waters of the Mała Panew river at the point below the Turawa reservoir (bTR) and in the reservoir (TR) were classified as very polluted. The index peaked at TR. The WQI value at this point was the highest (WQI = 194) (Table 9). However, at the point bTR, the value was WQI = 139 (Table 9).



This was confirmed by the analyses of the average concentrations of water quality parameters at these three research points. The highest concentrations of TP, DO, and BOD5 occurred in the waters of the Turawa reservoir, which may be caused by the release of pollutants from sediment. Despite this, the WQI indicates that the analyzed index for waters below the reservoir (bTR) was lower than the index for waters in the reservoir (TR).



The WQI values of the points at the dam (3.1, 3.13, Figure 1) are as follows: WQI3.1 = 153 i WQI3.13 = 158 (Table 1). Moreover, the WQI values at points above the reservoir are twice as high and amount to WQI3.7 = 253 i WQI3.8 = 221 (Table 10). This indicates that the WQI values determined from the water of the reservoir at the inlet and outlet are consistent with the values presented in the points aTR and bTR. The highest values were determined in the following bays: WQI3.2 = 658, WQI3.3 = 250 i WQI3.12 = 529 (Table 10). WQI determined for sample points on the left and right edges range from 100–200 (Figure 1, Table 10).



The WQI analysis provided by Imneisi and Aydin [26] and Iticescu et al. [27] concerned research of seasonal changes at the analyzed places. Imneisi and Aydin [26] showed that the WQI index was the worst in January (poor water quality) and the best in September (excellent water quality), and good water quality was found in other months. According to Iticescu et al. [27], the highest WQI index was in summer 2015 (WQI above 80), and the lowest in winter 2014 (WQI below 50). Tomczyk et al. [19] emphasized that, in the assessment of water quality in a river–reservoir system, the physico-chemical properties are important in assessing the degree of water pollution.





4. Conclusions


The water quality profile showed that TN, NO2-N, and NO3-N decreased after passing through the reservoir, whereas the values of phosphorus compounds (TP and PO4-P) increased. Despite this, the use of PCA and RDA showed that only NO2-N and NO3-N contributed to the observed variability in water quality in the river–reservoir system. Moreover, these analyzes showed that pH and PO4-P did not have the same influence on the water quality in the reservoir as the nitrogen compounds. In addition, the use of RDA indicated that the analyzed points in the river–reservoir system were of significant importance, showing that the values of the NO2-N and NO3-N indicators obtained the highest values at the aTR point, PO4-P at the bTR point, and pH at the TR point.



The investigation also showed that during the summer season in the dry months, high temperatures and alkaline reaction may cause the release of nitrogen and phosphorus compounds from sediment, which indicates an increased concentration of TP, PO4-P, and Norg in the waters at the TR point and TP, PO4-P, and NH4-N concentrations at the bTR point. This finding is important in the analysis of the physico-chemical processes at the catchment scale and could be overlooked in conventional long-term analyses.



The WQI of the analyzed points indicated that the water of the Mała Panew river improved its properties after passing through the reservoir. The Si parameter was used to determine the WQI based on the DO, BOD5, NH4-N, NO3-N, PO4-P, TN, and TP indices.



The main finding is that both parameters (NO2-N and NO3-N) could be responsible for the eutrophication process. It is also evident that the Turawa reservoir reduces the concentration of nitrate nitrogen and nitrite nitrogen compared to the concentration of these compounds flowing into the reservoir.



This study has several practical implications: (1) the short-term sampling period may affect the correlations between the water quality in the inflow, in the reservoir, and in the outflow of the reservoir, and (2) the water quality profile combined with multidimensional PCA and RDA exploration techniques allows more effective monitoring to be implemented and improves the allocation of resources for the needs of water management at the catchment scale.
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Figure 1. Location of the study area and sampling points, Poland, Central Europe. 
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Figure 2. Principal component analysis (PCA) biplots of water quality indicators for below the Turawa reservoir (bTR), in the reservoir (TR), and above the reservoir (aTR) based on the first two PCs. 
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Figure 3. (a) Redundancy analysis showing the distribution of the investigation parameters in the analyzed points and (b) the values of the tested indicators correlated with the measurement points. 
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Figure 4. Water quality profile of the indicator changes at three analysis points—below the reservoir (bTR), Turawa reservoir (TR), above the reservoir (aTR); period from June 2019 to June 2020. 
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Table 1. Selected parameters of the Turawa reservoir.
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	Points
	Parameters
	Units
	Value





	1
	Normal Pool Elevation in the reservoir
	m a.s.l. [NN]
	175.80



	2
	Maximum Pool Elevation in the reservoir
	m a.s.l. [NN]
	176.50



	3
	Surface area at Normal Pool Level in the reservoir
	km2
	18.29



	4
	Surface area at Maximum Pool Level in the reservoir
	km2
	19.41







Source: [33].
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Table 2. Monthly value of the sum of precipitation and the standardized precipitation index (SPI) index.
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	Year
	Months
	Precipitation [mm]
	SPI
	Period





	2019
	6
	17
	−0.9
	Dry



	2019
	7
	22
	−0.6
	Dry



	2019
	8
	61
	0.5
	Wet



	2019
	9
	60
	0.4
	normal



	2019
	10
	29
	−0.4
	normal



	2019
	11
	25
	−0.5
	Dry



	2019
	12
	45
	0.1
	normal



	2020
	1
	25
	−0.5
	Dry



	2020
	2
	83
	0.9
	Wet



	2020
	3
	27
	−0.4
	normal



	2020
	4
	6
	−1.6
	very dry



	2020
	5
	65
	0.5
	Wet



	2020
	6
	219
	2.5
	extremely wet







Own work based on IMWM-NRI 2020 and [44].
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Table 3. Environmental variables used for analyses (principal component and redundancy analyses) and their corresponding abbreviations.
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	No.
	Parameters
	Abbreviation
	Unit
	Analytical Methods
	Norm





	1
	Water temperature
	Tw
	°C
	Instrumental
	-



	2
	Potential of Hydrogen
	pH
	-
	Potentiometric method
	PN-90/C-04540.01



	3
	Chemical oxygen demand
	CODMn
	mg∙dm−3
	Titrimetric
	PN ISO 15705:2005



	4
	Biochemical oxygen demand
	BOD5
	mg∙dm−3
	5-days incubation, 20 °C
	PN-EN 1899-1:2002



	5
	Dissolved oxygen
	DO
	mg∙dm−3
	Iodometric method
	ISO 5813:1983



	6
	Nitrate nitrogen
	NO3-N
	mg∙dm−3
	Spectrophotometric
	PN-C-04576-08:1982



	7
	Nitrite nitrogen
	NO2-N
	mg∙dm−3
	Spectrophotometric
	PN-EN 26777:1999



	8
	Ammonia nitrogen
	NH4-N
	mg∙dm−3
	Spectrophotometric
	PN-ISO 7150:2002



	9
	Organic nitrogen
	-
	mg∙dm−3
	Calculation method
	-



	10
	Total nitrogen
	TN
	mg∙dm−3
	Calculation method
	-



	11
	Total phosphorus
	TP
	mg∙dm−3
	Spectrophotometric
	PN-EN 1189-2000

PN-EN ISO 6878:2006



	12
	Phosphates
	PO4-P
	mg∙dm−3
	Spectrophotometric
	PN-ISO 6878:2006



	13
	Total Suspension Solids
	TSS
	mg∙dm−3
	Weight method
	PN-EN 872:2007



	14
	Dissolved substances
	DSS
	mg∙dm−3
	Calculation method
	PN-C-04616/01



	15
	Concentrations of the:

Zn, Cu, Cr
	Zn, Cu, Cr
	mg∙dm−3
	Atomic absorption spectrometry (AAS)
	PN-C-04570-02:1992
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Table 4. Summary of basic statistic.
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Side

	
Unit

	
bTR

	
TR

	
aTR

	
p-Value




	
Param.

	

	
Min

	
Max

	
Mean

	
SD

	
CV

	
Min

	
Max

	
Mean

	
SD

	
CV

	
Min

	
Max

	
Mean

	
SD

	
CV






	
Tw

	

	
3.6

	
21.6

	
11.9

	
6.3

	
53.1

	
3.6

	
24.2

	
13.5

	
7.7

	
56.7

	
3.4

	
23.0

	
12.7

	
6.9

	
54.7

	
0.852




	
pH

	

	
6.9

	
8.7

	
8.0

	
0.5

	
6.2

	
7.5

	
8.6

	
8.1

	
0.3

	
4.2

	
6.8

	
8.3

	
7.5

	
0.5

	
6.6

	
0.005 *




	
DO

	
mg∙dm−3

	
4.4

	
14.1

	
9.6

	
2.8

	
29.5

	
6.9

	
13.4

	
10.0

	
2.2

	
22.1

	
7.7

	
12.8

	
9.9

	
1.5

	
15.5

	
0.527




	
BOD5

	
mg∙dm−3

	
2.2

	
9.9

	
4.0

	
2.1

	
52.2

	
2.9

	
41.9

	
9.2

	
11.5

	
124.7

	
1.3

	
7.9

	
3.5

	
2.3

	
67.1

	
0.492




	
CODMn

	
mg∙dm−3

	
4.6

	
14.6

	
8.5

	
4.1

	
48.0

	
0.8

	
131.0

	
34.7

	
48.5

	
139.9

	
3.9

	
16.7

	
7.2

	
3.9

	
54.4

	
0.741




	
DSS

	
mg∙dm−3

	
220

	
330

	
263

	
32

	
12

	
218

	
319

	
263

	
32

	
12

	
160

	
345

	
271

	
46

	
17

	
0.722




	
TSS

	
mg∙dm−3

	
5

	
78

	
43

	
26

	
60

	
18

	
1053

	
223

	
322

	
145

	
13

	
130

	
51

	
43

	
85

	
0.842




	
Zn

	
mg∙dm−3

	
0.197

	
0.361

	
0.273

	
0.050

	
18

	
0.000

	
0.422

	
0.176

	
0.142

	
81

	
0.142

	
0.465

	
0.286

	
0.103

	
36

	
0.847




	
Cu

	
mg∙dm−3

	
0.010

	
0.070

	
0.018

	
0.032

	
181

	
0.010

	
0.056

	
0.023

	
0.020

	
89

	
0.010

	
0.070

	
0.018

	
0.032

	
181

	
1




	
Cr

	
mg∙dm−3

	
0.001

	
0.055

	
0.026

	
0.021

	
79

	
0.001

	
0.012

	
0.004

	
0.005

	
124

	
0.001

	
0.064

	
0.025

	
0.022

	
88

	
0.929




	
NO3-N

	
mg∙dm−3

	
0.09

	
2.79

	
0.88

	
0.86

	
98.24

	
0.06

	
2.24

	
0.97

	
0.70

	
71.73

	
0.00

	
4.77

	
2.59

	
1.72

	
66.64

	
0.004 *




	
NO2-N

	
mg∙dm−3

	
0.01

	
0.05

	
0.02

	
0.01

	
57.50

	
0.01

	
0.04

	
0.02

	
0.01

	
51.99

	
0.01

	
0.07

	
0.03

	
0.02

	
60.46

	
0.050 *




	
NH4-N

	
mg∙dm−3

	
0.02

	
0.76

	
0.32

	
0.23

	
73.97

	
0.04

	
0.41

	
0.17

	
0.12

	
71.31

	
0.03

	
0.59

	
0.26

	
0.18

	
68.99

	
0.503




	
Organic nitrogen

	
mg∙dm−3

	
0.95

	
2.77

	
1.62

	
0.53

	
32.41

	
1.26

	
5.61

	
2.66

	
1.55

	
58.11

	
0.71

	
3.06

	
1.34

	
0.66

	
49.09

	
0.360




	
TN

	
mg∙dm−3

	
1.56

	
5.92

	
2.80

	
1.14

	
40.59

	
2.11

	
6.60

	
3.90

	
1.36

	
34.91

	
1.63

	
8.12

	
4.10

	
2.11

	
51.56

	
0.080




	
TP

	
mg∙dm−3

	
0.29

	
2.69

	
0.70

	
0.65

	
93.74

	
0.31

	
7.79

	
1.31

	
2.11

	
160.91

	
0.18

	
1.40

	
0.40

	
0.33

	
84.12

	
0.290




	
PO4-P

	
mg∙dm−3

	
0.01

	
0.15

	
0.06

	
0.04

	
65.54

	
0.01

	
0.07

	
0.04

	
0.02

	
48.17

	
0.01

	
0.08

	
0.03

	
0.03

	
82.05

	
0.041 *








Explanations: Mean—mean concentration; SD—standard deviation of all values; CV—coefficient of variation of all values [%]; p-value—results of one-way ANOVA model, *—values with p-value ≤ 0.05.
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Table 5. Summary of basic statistics.
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Side

	
bTR

	
TR

	
aTR




	
Axes

	
PC1

	
PC2

	
PC1

	
PC2

	
PC3

	
PC1

	
PC2






	
Eigenvalue

	
1.8245

	
1.2658

	
1.5091

	
1.0789

	
0.8753

	
1.4774

	
1.197




	
Proportion Explained

	
0.4561

	
0.3165

	
0.3773

	
0.2697

	
0.2188

	
0.3694

	
0.2992




	
Cumulative Proportion

	
0.4561

	
0.7726

	
0.3773

	
0.647

	
0.8658

	
0.3694

	
0.6686
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Table 6. Factor loading values of water quality indicators.
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Side

	
bTR

	
TR

	
aTR




	
Axes

	
PC1

	
PC2

	
PC1

	
PC2

	
PC3

	
PC1

	
PC2






	
pH

	
−1.1723

	
0.6211

	
−0.09333

	
2.17668

	
−1.4808

	
0.30596

	
−1.12906




	
NO3_N

	
0.9391

	
0.7015

	
2.20569

	
−0.08932

	
−0.4979

	
1.17196

	
0.28036




	
PO4_P

	
0.1823

	
−1.3215

	
−0.98006

	
−1.58276

	
−1.8729

	
0.06526

	
−1.05339




	
NO2_N

	
1.2573

	
0.2467

	
2.16853

	
−0.53079

	
−0.4037

	
1.25475

	
0.06824
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Table 7. Importance of redundancy analysis (RDA) model components.
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Df

	
Variance

	
Cumul. Variance Explained

	
F

	
Pr (>F)






	
RDA1

	
1

	
0.2516

	
0.2516

	
15.509

	
0.001 *




	
RDA2

	
1

	
0.0178

	
0.2694

	
1.0962

	
0.335




	
Residual

	
230

	
3.7307

	

	

	








Explanations: *—values with p-value ≤ 0.05.













[image: Table] 





Table 8. Factor loading values of water quality indicators.






Table 8. Factor loading values of water quality indicators.





	Axis
	RDA1
	RDA2





	pH scores
	−1.625
	0.3747



	NO3-N scores
	1.839
	0.32



	PO4-P scores
	−0.307
	−1.3015



	NO2-N scores
	1.234
	−0.3069
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Table 9. The water quality index (WQI) in the river–reservoir system.
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	bTR
	TR
	aTR





	139
	194
	88
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Table 10. WQI for sampling points in TR.






Table 10. WQI for sampling points in TR.





	No.
	WQI





	3.1
	153



	3.2
	658



	3.3
	250



	3.4
	172



	3.5
	189



	3.6
	167



	3.7
	253



	3.8
	221



	3.9
	137



	3.10
	137



	3.11
	212



	3.12
	529



	3.13
	158
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