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Abstract

:

Paldang Reservoir, located in the Han River basin in South Korea, is used for drinking water, fishing, irrigation, recreation, and hydroelectric power. Therefore, the water quality of the reservoir is of great importance. The main objectives of this study were to evaluate spatial and seasonal variations of surface water quality in the reservoir using multivariate statistical techniques (MSTs) along with the Trophic State Index (TSI) and Trophic State Index deviation (TSID). The empirical relationships among nutrients (total phosphorus, TP; total nitrogen, TN), chlorophyll-a (CHL-a), and annual variations of water quality parameters were also determined. To this end, 12 water quality parameters were monitored monthly at five sites along the reservoir from 1996 to 2019. Most of the parameters (all except pH, dissolved oxygen (DO), and total coliform bacteria (TCB)) showed significant spatial variations, indicating an influence of anthropogenic activities. Principal component analysis combined with factor analysis (PCA/FA) suggested that the parameters responsible for water quality variations were primarily correlated with nutrients and organic matter (anthropogenic), suspended solids (both natural and anthropogenic), and ionic concentrations (both natural and anthropogenic). Stepwise spatial discriminant analysis (DA) identified water temperature (WT), DO, electrical conductivity (EC), chemical oxygen demand (COD), the ratio of biological oxygen demand (BOD) to COD (BOD/COD), TN, TN:TP, and TCB as the parameters responsible for variations among sites, and seasonal stepwise DA identified WT, BOD, and total suspended solids (TSS) as the parameters responsible for variations among seasons. COD has increased (R2 = 0.63, p < 0.01) in the reservoir since 1996, suggesting that nonbiodegradable organic loading to the water body is rising. The empirical regression models of CHL-a-TP (R2 = 0.45) and CHL-a-TN (R2 = 0.27) indicated that TP better explained algal growth than TN. The mean TSI values for TP, CHL-a, and Secchi depth (SD) indicated a eutrophic state of the reservoir for all seasons and sites. Analysis of TSID suggested that blue-green algae dominated the algal community in the reservoir. The present results show that a significant increase in algal chlorophyll occurs during spring in the reservoir. Our findings may facilitate the management of Paldang Reservoir.
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1. Introduction


Although water is indispensable to life, it is one of the most threatened resources worldwide [1]. Clean and safe freshwater is a basic need for human health and economic development, but anthropogenic activities like industrialization, urbanization, and intensive agricultural farming have negatively impacted freshwater sources, hindering their use for drinking, irrigation, fishing, recreational, domestic, and industrial purposes [2,3,4,5]. Therefore, serious attention should be paid to protect freshwater resources. Among these, reservoirs are the most vulnerable due to high loads of pollutants, nutrients, organic matter, and suspended solids from the watershed [6,7]. For effective water management, gathering reliable information on reservoir water quality, evaluating spatial and seasonal water quality changes, detecting pollution sources, determining water quality status, and controlling water pollution in reservoirs are essential [1,3,8,9,10,11].



To assess the water quality of surface water resources, MSTs, TSI, and TSID have been widely used, and therefore have played a significant role in water resource management [2,9,11,12]. Multivariate statistical methods, such as discriminant analysis (DA), principal component analysis (PCA), factor analysis (FA), correlation analysis, and analysis of variance (ANOVA) facilitate the interpretation of complex water quality datasets [1,13,14]. These methods are also used to identify factors that influence surface water quality, serving as a valuable tool for effective surface water quality management [2,11]. These approaches can be used to evaluate temporal and spatial changes in surface water quality caused by natural and anthropogenic factors [2].



However, MSTs have some limitations when used alone [2]. Therefore, applying MSTs, TSI, and TSID in combination can be advantageous for assessing the water quality of reservoirs. To date, a few studies have used MSTs, TSI, and TSID together for surface water quality assessment of reservoirs [2,15]. The TSI and TSID were used to quantify the degree of eutrophication of a water body. Carlson [12] proposed a quantitative index to calculate the degree of eutrophication in lakes and reservoirs based on total phosphorus (TP), chlorophyll-a (CHL-a), and Secchi depth (SD). According to Carlson and others, TP is the best forecaster of algal growth, while CHL-a is the most reliable algal biomass indicator, and SD is the best proxy for water clarity in water bodies [4,16,17,18]. Moreover, TSI and TSID are used to evaluate spatial and seasonal changes in the water quality of reservoirs, and thereby provide useful information for reservoir management [19,20].



Seasonal rainfall patterns, hydrology, and watershed morphology are the major factors known to regulate water quality within a watershed [21]. These factors are closely related to the ecosystem’s nutrient regime, water clarity, and algal growth. Rainfall is directly linked to inflow, outflow, depth, and water residence time (WRT), which control nutrient and suspended solids loads to the water body [22,23]. Empirical evidence suggests that phosphorus (P) is the key factor limiting CHL-a growth in freshwater systems [4,17,19]. Excessive concentrations of nutrients, especially P, may accelerate algal growth and cause eutrophication in reservoirs [24]. Total suspended solids are a potential source of P and play an essential role in the P cycle in reservoirs [2].



Paldang Reservoir is one of the largest reservoirs in South Korea, with a water volume of 255 × 106 m3 and a surface area of 28.9 km2 [25,26]. The maximum depth of water at full supply level is 21 m, and the mean depth is 8.3 m [25]. It is a manmade lake formed after the construction of a hydroelectric dam in 1973 and is located in the central Korean Peninsula [25]. Paldang Reservoir has been used for fishing, irrigation, recreation, hydroelectric power, and drinking water purposes. Additionally, it serves as an essential water resource for people living in the Seoul metropolitan area and surrounding cities [26]. More than 24 million people (48% of the Korean population) rely on the Paldang Reservoir for drinking water [27]. Therefore, the water quality of the reservoir is of great importance to Korea. However, human activities in the watershed have increased, resulting in significant pollution problems in the reservoir. Urbanization, domestic and industrial wastewater discharge, intensive agricultural activities, waste from animal farms, and inflowing rivers are all major sources of water pollution in the reservoir [27,28,29].



For these reasons, comprehensive water quality assessments of the reservoir are needed. The purposes of the present study are to (1) determine the spatial and seasonal variations of water quality parameters and identify the key factors affecting water quality in the reservoir using MSTs, (2) assess the trophic status of the reservoir using TSI and TSID, (3) determine how water quality parameters are correlated with hydrology, and (4) develop empirical models of the CHL-a-TP, CHL-a-TN, TSS-TP, and TSS-TN in the reservoir. Thus, this study will assess the current status of water quality and aid the development of effective management and conservation strategies to protect water quality in Paldang Reservoir.




2. Materials and Methods


2.1. Study Sites and Water Quality Parameters


Paldang Reservoir is the most downstream reservoir in the Han River system, and is situated at the confluence of the North Han River, South Han River, and Kyoungan Stream (Figure 1; [30]). In this study, five reservoir sampling sites (S1–S5) were selected. Sites 1 and 2 were located in the South Han River part of the reservoir. In contrast, sites 3–5 were located at the North Han River, Kyoungan Stream, and dam, respectively. The water intake tower for Paldang Reservoir is located at S5 (Figure 1). Based on their hydrological characteristics, reservoirs can be divided into two types, namely, lake- and river-type reservoirs. Lake-type reservoirs are generally characterized by high depth and long water WRT, while river-type reservoirs have shallower depths and shorter WRTs [31]. Paldang Reservoir is considered a river-type reservoir due to its shallow depth (mean depth: 8.3 m) and short WRT (3–10 days) [25,32]. Paldang Reservoir does not fully stratify throughout the year [30]. The overall inflow and outflow rates of the reservoir are almost equal, resulting in very small annual water level fluctuations. The annual amount of rainfall and water inflow from the upstream watershed directly influence WRT in Paldang Reservoir [30].



Monthly surface water quality data for the Paldang Reservoir from 1996 to 2019 were obtained from the Ministry of Environment’s national water quality measurement network (http://water.nier.go.kr). Monthly rainfall and inflow and outflow data were collected from the Korean Meteorological Administration and the Korean Water Resource Corporation, respectively. WRT was defined as the reservoir water volume divided by the inflow rate [33]. The loading data for TP, TN, TSS, BOD, and COD were calculated using a conversion factor derived from the corresponding concentrations.




2.2. Trophic State Index and Trophic State Index Deviation


The trophic status of the Paldang Reservoir was determined using Carlson’s TSI. The range of average TSI values designated Oligotrophic is 30–40, Mesotrophic is 40–50, Eutrophic is 50–70, and Hypereutrophic is >70 [18]. The following equations were used to calculate TSI values for the Paldang Reservoir [12]:


TSI (CHL-a, µg L−1) = 10 × [6 − (2.04 − 0.68ln(CHL-a))/ln2]



(1)






TSI (TP, µg L−1) = 10 × [6 − ln(48/TP)/ln2]



(2)






TSI (SD, m) = 10 × [6 − ln(SD)/ln2]



(3)







Using two-dimensional approaches, the TSID was defined using the relationships TSI (CHL-a)-TSI (SD) and TSI (CHL-a)-TSI (TP). This method has also been used frequently to quantify the degree of eutrophication and identify the limiting nutrient in reservoirs [18].




2.3. Statistical Analysis


The Kolmogorov–Smirnov single-sample test was used to examine the distribution of water quality data prior to statistical analyses [1]. One-way ANOVA was performed to determine whether there were significant spatial and seasonal variations in the reservoir’s water quality parameter values. Pearson correlation analysis was used to analyze the relationships between various water quality variables. PCA/FA was conducted to determine the factors and pollution sources affecting the surface water quality [34]. Bartlett’s sphericity test and the Kaiser–Meyer–Olkin (KMO) test were conducted first to determine the suitability of the data for PCA/FA [2]. DA was performed to assess both spatial and temporal variations in water quality and to identify water quality variables that could best distinguish among sites and seasons [11,34]. Standard and stepwise DA was applied to raw data. PCA/FA was applied to experimental data, standardized through Z-scale transformation, to avoid misclassification [2]. SPSS software (version 22.0; SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. Bar, box, and scatter plots were prepared using SigmaPlot 14.0 software (Systat Software, Inc., San Jose, CA, USA). Interpolation of TSI values was conducted using QGIS 3.14 (QGIS Development Team, Gossau, Switzerland). Conditional plotting analysis was carried out with R 3.5.2 (R Development Core Team, Vienna, Austria).





3. Results and Discussion


3.1. Spatial and Seasonal Variations


The mean values of 12 water quality parameters recorded at five sampling sites in Paldang Reservoir are presented in Table 1. In this study, all variables except pH, dissolved oxygen (DO), and total coliform bacteria (TCB) showed significant spatial differences among sites (p < 0.05, Table 1). The spatial variations of these parameters indicate impacts of anthropogenic activities in the reservoir [25,32]. For example, BOD, COD, TSS, TN, TP, and CHL-a concentrations were significantly higher at site S4 than any other site; this site receives inputs from industrial and domestic wastewater [30]. Site S4 in Paldang Reservoir is affected by Kyoungan Stream. The water quality of this tributary stream is worse than that of the South Han River (Sites S1 and S2) and North Han River (Site S3), and thus, it may significantly impact the reservoir’s water quality [25]. Water clarity (SD) was higher at Site S3 than other sites, indicating that the North Han River input is cleaner than the South Han River and Kyoungan Stream inflows [25]. The highest mean electrical conductivity (EC) was recorded at Site S1 due to agricultural activities and untreated household wastewater effluent.



The water quality parameters of the Paldang Reservoir showed significant heterogeneity (p < 0.05) among the four seasons (Table 1). Water temperature (WT), TSS, TP, and TCB exhibited significantly higher values in the summer, whereas pH, EC, BOD, COD, TN, and CHL-a were highest in the spring. TSS and TP concentrations were elevated during the summer due to intense precipitation (Supplementary Figure S1). The summer monsoon significantly influences the hydrology, nutrients, and suspended solids concentration in Korean reservoirs [35]. More intense rainfall contributes to increased TSS in Paldang Reservoir water. The daily loading data also showed that TP, TN, TSS, BOD, and COD were higher during the summer monsoon season than any other season (Supplementary Figure S2). This result supports the view that the summer monsoon is the main driver of high levels of nutrients, organic matter, and suspended solids in mid-latitude East Asian reservoirs, such as those in South Korea, Eastern China, and Japan [36]. The regression equation between TSS and TP indicates that TSS is associated with 45% of TP in Paldang Reservoir (Supplementary Figure S3). This result suggests that TSS may act as a nutrient carrier in the reservoir [37].



Organic matter (BOD and COD) in reservoirs can have either allochthonous or autochthonous origins. Allochthonous organic matter enters aquatic systems mainly via runoff derived from overland water flow during rainfall events, while autochthonous organic matter is produced through photosynthesis by phytoplankton and hydrophytes [32]. As Paldang Reservoir is a river-type reservoir, it experiences high flow rates during the summer season, and large amounts of allochthonous organic matter is introduced into the reservoir. Park et al. [32] showed that 69% of the total organic matter was allochthonous in Paldang Reservoir during the summer season. In contrast, a high autochthonous organic matter load was observed in the winter and spring due to low flow rates and increased WRT [32]. Park et al. [30] revealed that 73% of autochthonous organic matter loading occurs during the spring. The peak organic matter concentration coincides with the maximum production of algae (spring bloom). This finding suggests that autochthonous production by phytoplankton (CHL-a) during the spring period is critical to organic matter buildup in Paldang Reservoir; thus, the threat to the water quality of Paldang Reservoir is greatest in spring [30,32].



In the present study, the water quality status of each sampling site and season was assessed by comparing the mean values of water quality parameters with those listed in the Korean Lakes and Reservoirs Surface Water Quality Regulation, 2015 (Supplementary Table S1). As shown in Table S1, Site S4 had class III water quality (contaminated water), while all other sites had class II water quality (lightly contaminated water) in terms of COD. Based on TSS, all sites fell into the class III water quality category except site S3. Sites S1 and S4 were in the class IV water quality (somewhat poor; contaminated water) in terms of TP. Site S4 had class IV water quality in terms of CHL-a. During spring, algal growth increased in the reservoir, and water quality was somewhat poor (class IV; contaminated water). TP concentrations were higher during summer due to surface runoff, and the water body was in class IV. All sites and seasons had class Ia water quality in terms of pH and DO. Notably, Site S5 (near the water intake tower) was in class III (average; contaminated water) in terms of CHL-a, TSS, and TP.




3.2. Correlation Analysis


Pearson correlation analysis was used to evaluate the relationships among 12 water quality parameters (Supplementary Table S2). As anticipated, DO was negatively associated with WT, as oxygen is more soluble in cold water [1]. High BOD and COD levels indicate organic pollution in the reservoir [34,35]. Increasing nutrient concentrations (TP and TN) lead to elevated organic matter concentrations (BOD and COD) in the reservoir [1,15]. EC showed significant positive relationships with BOD (r = 0.40, p < 0.01), COD (r = 0.59, p < 0.01), and TN (r = 0.55, p < 0.01). TN, TP, and BOD showed strong positive relationships with each other, demonstrating that their sources were analogous. TSS showed a significant positive relationship with TP (r = 0.47, p < 0.01), indicating that suspended particles have a tendency to adsorb P [38]. During rainfall events and stream bank erosion in high-flow periods, agricultural and industrial runoff can contribute to high levels of TSS and TP in the reservoir [38]. CHL-a was positively correlated with TP (r = 0.70, p < 0.01) and TN (r = 0.53, p < 0.01), which are key factors affecting phytoplankton growth in this water body [39]. The reservoir’s water clarity decreased with increase in the TP, TN, CHL-a, TSS, and BOD concentrations.




3.3. Annual Variations of Water Quality


Annual data can provide information about long-term water quality dynamics in Paldang Reservoir. The results showed that TP (R2 = 0.27, p < 0.01), BOD (R2 = 0.26, p < 0.01), and CHL-a (R2 = 0.33, p < 0.01) have decreased significantly since 1996 (Figure 2). The loading data for TP (R2 = 0.21, p < 0.02), TN (R2 = 0.19, p < 0.03), and BOD (R2 = 0.35, p < 0.00) also showed a decreasing pattern in Paldang Reservoir (Supplementary Figure S4). COD (R2 = 0.63, p < 0.01) and SD (R2 = 0.37, p < 0.01) have increased in Paldang Reservoir since 1996. Moreover, the loading pattern for COD has changed. BOD concentrations in most Korean lakes and reservoirs are continuously decreasing, while COD concentrations have been increasing in most cases, indicating that high concentrations of nonbiodegradable organic matter in the influent may be inefficiently degraded by the biological effluent treatment process [30,40]. COD represents both biodegradable and nonbiodegradable organic pollution in water systems. However, increases in the COD level suggest increased nonbiodegradable organic loading from wastewater treatment plants (WWTPs) and urban sewage systems to the water body [41]. A previous study conducted in the United States found an increase in the occurrence and persistence of inorganic solid loading from a WWTP to a water body [42]. Industries may not strictly comply with environmental regulations, and thus may contribute large amounts of nonbiodegradable compounds to aquatic systems [43]. Water quality management strategies in Korean reservoirs likely need to be re-evaluated with a focus on water pollutant management, especially for organic matter.




3.4. Hydrology, Nutrients, and Chlorophyll-a


Inflow, outflow, and WRT are major drivers of the distributions of nutrients, suspended solids, and CHL-a in aquatic environments. Compared to TN and CHL-a, inflow, outflow, and WRT were more significant determinants of the concentrations of TP (R2 = 0.30, 0.29, 0.30, p < 0.01) and TSS (R2 = 0.39, 0.36, 0.39, p < 0.01) (Figure 3). The present findings were similar to previous studies in Korean reservoirs. Previous research in various parts of the world has shown that external loadings of TP and TSS are highly correlated with inflow, outflow, and WRT in the watershed, and this conclusion was supported by the present study [23,44,45]. Many studies have reported effects of WRT on algal growth in aquatic systems [46,47]. However, the results of the present study did not concur with some previous studies. Thus, WRT may not always be linked to algal growth in the reservoir. This may indicate that release of autochthonous nutrients regulates algal growth in Paldang Reservoir. Lee et al. [36] suggested that algal chlorophyll growth was influenced by nutrients in Paldang Reservoir.



The empirical models based on log-transformed CHL-a-TP and CHL-a-TN relationships are shown in Figure 4. Nutrients more strongly influenced chlorophyll growth in the reservoir’s ambient water, and the concentration of TP (R2 = 0.45, p < 0.01) better explained algal growth than that of TN (R2 = 0.27, p < 0.01), indicating a P-limited system. When two predictors are strongly correlated (R2 > 0.70), collinearity problems may arise that impede determination of the nutrient limiting algal growth. The present results showed that TP and TN (R2 = 0.55) are moderately correlated in Paldang Reservoir. To avoid these problems, conditional plots have been used to identify limiting nutrients in aquatic systems [35,48]. Conditional plots showed that the association between CHL-a and TP was relatively steady in Paldang Reservoir, as indicated by the smooth lines on the four panels with similar slopes, which suggested that the effect of TP on CHL-a is consistent irrespective of the level of TN, in turn indicating a P-limited reservoir (Supplementary Figures S5 and S6). In addition, the conditional plot shows no interaction between TP and TN, further verifying that Paldang Reservoir is a P-limited system.




3.5. Trophic State Index and Trophic State Index Deviation


The trophic state of Paldang Reservoir, based on TP, TN, CHL-a, and SD, showed heterogeneity among sites and seasons, all of which were categorized as mesotrophic to eutrophic (Supplementary Table S3) [49,50]. These results are similar to the findings of previous trophic state classification studies in Korean reservoirs [4,51]. The primary sources of nutrients for Paldang Reservoir are agricultural fertilizer, animal manure, municipal sewage, and industrial effluents [25]. Based on TP concentrations, all sites and seasons were under eutrophic conditions, except for Site S3 and the winter season. Notably, we found that Paldang Reservoir was in a eutrophic state in all sites and seasons, on the basis of TN, CHL-a, and SD. Considering the present results, measures should be taken to control eutrophication in Paldang Reservoir.



Assessing the potential of a water source to support cyanobacterial blooms or blue-green algae is essential for water resource management [52]. WT, TP, CHL-a, and SD are essential factors for determining potential cyanobacterial growth in a reservoir [53]. The concentrations of TP and CHL-a, along with SD, in Paldang Reservoir indicate a moderate level of risk for cyanobacterial exposure (Supplementary Table S4). CHL-a is a good indicator of overall phytoplankton biomass, and monitoring CHL-a is a direct method for semiquantitative estimation of cyanobacterial biomass in aquatic systems [20]. For South Korean reservoirs supplying drinking water, a cyanobacteria watch is issued when the concentration of CHL-a exceeds 15 µg L−1. Furthermore, an alert is issued when the CHL-a concentration is greater than 25 µg L−1. Once a watch or alert has been issued, additional treatment processes are required at water treatment plants until the watch or alert is cleared. Additionally, when an alert is issued, water intake below that at which algae can inhabit and analysis of cyanotoxin in the treated water, are required [54]. The results of the present study indicate that all sites and seasons (except site S3 and winter) were under watch conditions. Previous studies of Paldang Reservoir have suggested that cyanobacterial blooms occur during the spring season, which is in line with our findings [30,32].



Analysis of TSI and TSID provides valuable information on algal chlorophyll development, nutrient variability, and other parameters in lakes and reservoirs [4,12]. TSI and TSID were estimated based on TP, CHL-a, and SD in Paldang Reservoir, and their values showed spatial and seasonal variations (Figure 4 and Figure 5). The mean TSI (TP), TSI (CHL-a), and TSI (SD) values indicate a eutrophic state during all seasons and at all sites (Figure 5, Supplementary Figure S7). These consistent eutrophic conditions may reduce DO and hamper ecosystem functions. The mean TSI (CHL-a) indicated more eutrophic conditions during spring and summer than the fall and winter. Water quality was worse in terms of TSI at Site S4 than other sites, and this site influenced water quality at the drinking water tower (Supplementary Figure S7; Site S5). Park et al. [32] revealed that Kyoungan Stream (Site S4) has a significant impact on the quality of drinking water in Paldang Reservoir.



Analysis of TSID showed that blue-green algae were predominant in the reservoir during all four seasons based on the relationships of TSI (CHL-a) with TSI (SD) and TSI (TP) (Figure 5). Blooms of blue-green algae are associated with eutrophic conditions [18]. Previous research identified the following genera of cyanobacteria in Paldang Reservoir: Anabaena, Aphanocapsa, Chroococcus, Coelosphaerium, Dactylococcopsis, Microcystis, Merismopedia, Phormidium, Oscillatoria, and Pseudoanabaena [26]. The occurrence of cyanobacteria is affected by light, temperature, pH, and nutrients. The concentration of TP is a major factor influencing the cyanobacterial contribution to total algal biomass [55]. Moreover, the biomass of cyanobacterial genera, such as Aphanizomenon, Anabaena, and Microcystis, is strongly influenced by the levels of TP and TN [55].



Nonalgal turbidity was observed during the summer and fall due to surface runoff from the watershed. Such turbidity is a common occurrence in Asian lakes and reservoirs during the monsoon period [35,56]. Small amounts of zooplankton grazing and P-limited small particles were observed in the reservoir. In addition, the TSID data indicated that TSI (CHL-a) was significantly higher than TSI (TP) during spring and winter, demonstrating that algal productivity was higher than expected and highlighting the controlling effect of P [4,18]. The water’s trophic state must remain oligotrophic to mesotrophic for drinking water purposes according to the United States Environmental Protection Agency and Korean Ministry of Environment guidelines. The reservoir water intake towers face substantial bloom problems, impeding access to the water supply for local residents.




3.6. Discriminant Analysis


To study spatial and seasonal variations of water quality, DA was performed on the raw dataset. The spatial discriminant functions (DFs) and classification matrixes (CMs) used in this study are provided in Table 2 and Table S5, respectively. Spatial standard and stepwise DFs with 14 and 8 discriminant variables, respectively, were used to generate CMs, which assigned 100% of cases correctly (Table 2 and Table S5). The stepwise spatial DA results suggest that WT, DO, EC, COD, BOD/COD, TN, TN:TP, and TCB are the most important variables for explaining spatial variations in water quality in Paldang Reservoir among the five sites. The DFs indicated that WT, COD, BOD/COD, and TN were higher at Site S4 than other sites due to industrial and domestic wastewater effluents. These results are in accordance with previous findings in Paldang Reservoir [30]. Therefore, the spatial variations of these water quality parameters were mainly related to anthropogenic activities in the watershed.



Seasonal DFs and CMs are shown in Table 3 and Table S6, respectively, and were used to evaluate seasonal changes in water quality in Paldang Reservoir. Seasonal standard and stepwise mode DFs using 14 and 3 discriminant variables, respectively, generated CMs that assigned 100% of cases correctly (Table 3 and Table S6). Temporal stepwise DA findings showed that WT, BOD, and TSS were the most important factors in temporal variations in the water quality of Paldang Reservoir among the four seasons. The DFs indicated that WT and TSS were higher during summer than other seasons. WT was highest in summer and lowest in winter due to the impact of climate seasonality [1]. TSS concentrations were higher during summer due to summer monsoon effects [35]. In contrast, BOD was highest in spring. Previous research revealed elevated organic matter concentrations during spring in Paldang Reservoir [32].



Varol et al. [2] studied surface water quality variations in Keban Reservoir, Turkey, using the DA method, and found that eight and three variables successfully explained the temporal and spatial variations, respectively, among 19 water quality parameters. Chen et al. [14] studied surface water quality variations in Danjiangkou Reservoir, China, using the DA method, and their results indicated that six and four variables effectively explained spatial and temporal variations, respectively, among 11 water quality parameters. Mustapha et al. [57] studied surface water quality variations in the upper reach of the Kano River, Nigeria, using the DA method and successfully identified 7 variables, among 23 tested, having a statistically significant effect on the spatial variations. Singh et al. [9] showed that DA allows for data reduction, where only six and two variables were sufficient to discriminate spatial and temporal variations, respectively, in the Gomti River, India. Similarly, Zhang et al. [58] applied this method to evaluate spatial-temporal variations of water quality in the southwest New Territories and Kowloon, Hong Kong, and revealed that four and eight parameters could support 84.2% and 96.1% correct assignment in temporal and spatial analysis, respectively [58]. Furthermore, they suggested that the number of monitoring variables (and the associated cost) could be reduced, as their method allowed for considerable reduction of the dimensionality of the large dataset. Overall, DA led to a considerable reduction in the present research dataset and helped determine the parameters responsible for spatial and temporal variations.




3.7. Principal Component Analysis Combined with Factor Analysis (PCA/FA)


Urbanization, domestic sewage, industrial wastewater effluents, intensive agricultural activities, and waste from animal farms and inflowing rivers are the primary sources of water pollution in Paldang Reservoir. Bartlett’s test and KMO were performed to examine the suitability of the data for PCA/FA. In the present study, the KMO value was 0.59, and Bartlett’s test was significant (p < 0.000), indicating that the Paldang Reservoir data were suitable for PCA/FA and that meaningful relationships were present among the water quality variables. PCA/FA with varimax rotation identified five varifactors (VFs), which explained 82.32% of the total variance (Table 4). Varifactor 1 (VF1) represented 25.82% of the total variance and showed a strong positive loading (>0.70) for TP, strong negative loadings for TN:TP and SD, and moderate positive loadings (between 0.5 and 0.7) for TSS, TN, and CHL-a (Table 4). This VF represents inputs of nutrients and suspended matter from untreated domestic sewage, industrial effluents, and agricultural runoff. Nutrient inputs influence algal growth in Paldang Reservoir. The negative contribution of SD to this VF is related to high levels of nutrients, suspended solids, and algal growth [4,11]. VF2 showed strong positive loadings for pH and BOD/COD, and a moderate positive loading for BOD. This VF represents organic matter concentrations in the reservoir. VF3 (17.85% of the total variance) showed strong positive loadings for WT, EC, and COD and a moderate positive loading for BOD. This VF indicates the contributions of ions and organic matter input to the reservoir from untreated domestic sewage, industrial effluents, and agricultural runoff. VF4 (9.65 of the total variance) had a strong positive loading for DO, while VF5 (9.61% of the total variance) displayed a strong positive loading for TCB. The PCA/FA findings suggest that most of the variation in reservoir water quality can be attributed to nutrients and organic matter (anthropogenic), suspended solids (both natural and anthropogenic), and ionic concentrations (both natural and anthropogenic), which are regulated by both natural and anthropogenic activities.



PCA/FA is a dimension-reduction technique that provides information about the most significant factors through simplification of the data. Therefore, this method has been utilized in various studies exploring the pollution sources affecting a water system. For example, PCA/FA was employed by Lim et al. [59] to identify sources of pollution in the Langat River, Malaysia. Four components were extracted in group 1, explaining 85% of the total variance, while six components were extracted in group 2, explaining 88% of the total variance. Based on these data, they determined that seawater intrusion, agricultural and industrial pollution, and geological weathering were mainly responsible for the river pollution. In addition, Tanriverdi et al. [60] used PCA/FA to analyze and assess the surface water quality of Ceyhan River and suggested that stations near cities were strongly affected by household wastewater, while other stations were influenced by agricultural facilities. Moreover, Jha et al. [61] identified major pollution sources influencing physicochemical variables in Aerial Bay, Andaman Islands, using the FA technique, which included rivulet flux into the bay, land run-off, prevailing biological processes, and tidal flow. Haji Gholizadeh et al. [11] identified five and four potential pollution sources to the Miami Canal in South Florida during the wet and dry seasons, respectively, which affected water quality variables. PCA/FA was used to distinguish four potential pollution types, namely, organic pollution, nutrient pollution, chemical pollution, and natural pollution, in Danjiangkou Reservoir, China, revealing that the study area was primarily influenced by industrial effluent and domestic sewage [14]





4. Conclusions


MSTs, TSI, and TSID were combined to assess the water quality of Paldang Reservoir. All variables except pH, DO, and TCB showed significant spatial variations due to the effects of anthropogenic activities. The mean values of TSI (TP), TSI (CHL-a), and TSI (SD) indicated a eutrophic state, and TSID showed that blue-green algae dominated the reservoir. PCA/FA results revealed that the concentrations of TP, TN, BOD, COD, TSS, and EC were generally linked to both anthropogenic activities and natural processes. Stepwise DA provided better results for both spatial and temporal analyses. Thus, this study demonstrated that MSTs, TSI, and TSID are effective approaches for evaluating reservoir water quality, and that these methods can be used in combination as useful water quality management tools. Relative to US EPA and MOE guidelines, the reservoir is in a eutrophic state in terms of CHL-a, which is unfavorable for drinking purposes. To improve the water quality of this reservoir, nutrient and organic matter loads from the watershed should be limited.
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Figure 1. The map showing the sampling sites of Paldang Reservoir. 
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Figure 2. Yearly variation of water quality parameters in Paldang Reservoir. TP—total phosphorus, TN—total nitrogen, BOD—biological oxygen demand, COD—chemical oxygen demand, TSS—total suspended solids, CHL—chlorophyll-a, SD—Secchi depth, TCB—total coliform bacteria. 
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Figure 3. Influence of hydrology on TP, TN, TSS, and CHL-a. TP—total phosphorus, TN—total nitrogen, TSS—total suspended solids, CHL—chlorophyll-a. 
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Figure 4. Empirical relationship of CHL-a, TP, and TN. TP—total phosphorus, TN—total nitrogen, CHL—chlorophyll-a. 
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Figure 5. Seasonal Trophic State Index and its deviation. 
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Table 1. Mean value of water quality parameters at different sites and seasons (units mg L−1, except pH, WT (°C), EC (μS cm−1), TP (μ gL−1), CHL-a (μg L−1), SD (m), and TCB (MPNML−100). pH—hydrogen ion concentration, WT—water temperature, DO-dissolved oxygen, EC—electrical conductivity, BOD—biological oxygen demand, COD—chemical oxygen demand, TSS—total suspended solids, TN—total nitrogen, TP—total phosphorus, CHL—chlorophyll-a, SD—Secchi depth, TCB—total coliform bacteria.
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	Sites
	pH
	WT
	DO
	EC
	BOD
	COD
	BOD/COD
	TSS
	TN
	TP
	TN:TP
	CHL-a
	SD
	TCB





	S1
	8.19 ± 0.27
	13.78 ± 0.82 a
	11.18 ± 0.61
	217.38 ± 31.78 a
	1.62 ± 0.32 a
	3.71 ± 0.50 a
	0.43 ± 0.12 abc
	8.22 ± 4.88 a
	2.56 ± 0.21 a
	50.38 ± 12.26 a
	67.24 ± 15.24 a
	17.46 ± 6.42 a
	1.31 ± 0.25 a
	2225.12 ± 2579.35



	S2
	8.27 ± 0.29
	14.01 ± 0.73 abcd
	11.28 ± 0.70
	211.72 ± 27.12 b
	1.73 ± 0.34 b
	3.82 ± 0.53 b
	0.45 ± 0.11 abc
	7.8 ± 5.44 b
	2.51 ± 0.19 b
	49.45 ± 12.37 b
	67.87 ± 16.59 b
	18.64 ± 4.16 b
	1.32 ± 0.20 b
	2357.05 ± 4172.17



	S3
	8.02 ± 0.23
	13.54 ± 0.74 b
	11.04 ± 0.57
	116.81 ± 28.96 c
	1.19 ± 0.20 c
	3.23 ± 0.41 c
	0.38 ± 0.10 a
	4.36 ± 1.43 c
	1.88 ± 0.17 c
	26.35 ± 7.34 c
	99.65 ± 39.53 c
	12.46 ± 2.79 c
	1.73 ± 0.36 c
	633.2 ± 650.72



	S4
	8.22 ± 0.37
	14.59 ± 0.69 c
	11.11 ± 0.78
	214.53 ± 40.14 d
	2.22 ± 0.44 d
	4.65 ± 0.48 d
	0.47 ± 0.10 b
	8.5 ± 2.68 d
	2.79 ± 0.35 d
	69.99 ± 35.93 d
	63.16 ± 22.64 d
	26.24 ± 9.90 d
	1.1 ± 0.18 d
	1701.32 ± 2711.27



	S5
	8.14 ± 0.34
	13.61 ± 0.76 d
	10.79 ± 0.71
	157.77 ± 24.11 e
	1.27 ± 0.16 e
	3.5 ± 0.35 e
	0.37 ± 0.08 c
	6.74 ± 3.10 abcd
	2.16 ± 0.15 e
	38.61 ± 10.63 e
	77.1 ± 25.32 e
	15.32 ± 3.67 e
	1.49 ± 0.31 e
	738.67 ± 697.12



	Season
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Spring
	8.41 ± 0.50 a
	11.43 ± 4.77 a
	12.16 ± 1.62 a
	195.3 ± 33.66 a
	2.09 ± 0.51 a
	4.2 ± 0.72 a
	0.49 ± 0.11 a
	7.22 ± 4.02 a
	2.57 ± 0.43 a
	47.83 ± 23.86 a
	79.55 ± 66.02 a
	24.33 ± 11.90 a
	1.3 ± 0.32 a
	395.51 ± 732.87 a



	Summer
	8.13 ± 0.56 b
	23.23 ± 2.51 b
	9.09 ± 1.06 b
	178.05 ± 36.10 b
	1.76 ± 0.49 b
	4.17 ± 0.80 b
	0.42 ± 0.12 b
	10.75 ± 12.49 b
	2.24 ± 0.41 b
	61.76 ± 29.20 b
	48.83 ± 18.19 b
	19.56 ± 10.84 b
	1.21 ± 0.55 b
	3421.38 ± 8492 b



	Fall
	8.04 ± 0.43 c
	17.82 ± 4.71 c
	9.9 ± 1.13 c
	182.75 ± 40.21 abc
	1.38 ± 0.41 c
	3.63 ± 0.62 c
	0.38 ± 0.13 c
	7.07 ± 3.77 c
	2.25 ± 0.31 c
	48.46 ± 19.42 c
	59.5 ± 21.58 c
	16.14 ± 8.96 c
	1.38 ± 0.39 c
	1898.88 ± 7296 abc



	Winter
	8.09 ± 0.47 d
	3.14 ± 1.83 d
	13.18 ± 1.20 d
	178.48 ± 39.83 c
	1.2 ± 0.36 d
	3.11 ± 0.43 d
	0.38 ± 0.13 d
	3.44 ± 1.42 d
	2.46 ± 0.29 d
	29.78 ± 16.08 d
	112.13 ± 46.26 d
	12.06 ± 8.02 d
	1.67 ± 0.52 d
	400.69 ± 927.97 c







a, b, c, d Values with different superscript letters for each variable, indicate statistical differences among sites and seasons at p < 0.05 (Tukey HSD test).
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Table 2. Classification functions for discriminant analysis of spatial variations in water quality of the reservoir. pH—hydrogen ion concentration, WT—water temperature, DO—dissolved oxygen, EC—electrical conductivity, BOD—biological oxygen demand, COD—chemical oxygen demand, TSS—total suspended solids, TN—total nitrogen, TP—total phosphorus, CHL—chlorophyll-a, SD—Secchi depth, TCB—total coliform bacteria.
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Variables

	
Standard Mode

	
Stepwise Mode




	
Sites

	
Sites




	
S1

	
S2

	
S3

	
S4

	
S5

	
S1

	
S2

	
S3

	
S4

	
S5






	
pH

	
68.57

	
68.32

	
61.35

	
61.71

	
66.49

	

	

	

	

	




	
WT

	
64.79

	
65.87

	
67.94

	
71.54

	
67.04

	
49.92

	
50.85

	
53.26

	
54.03

	
52.24




	
DO

	
76.22

	
76.18

	
73.18

	
75.920

	
72.93

	
41.12

	
40.93

	
36.90

	
39.34

	
37.81




	
EC

	
−0.30

	
−0.34

	
−0.72

	
−0.45

	
−0.56

	
0.008

	
−0.02

	
−0.37

	
−0.10

	
−0.23




	
BOD

	
−848.28

	
−851.76

	
−842.51

	
−878.11

	
−842.64

	

	

	

	

	




	
COD

	
490.21

	
493.72

	
483.60

	
519.40

	
485.98

	
29.33

	
31.11

	
28.17

	
42.95

	
29.29




	
BOD/COD

	
3179.55

	
3193.22

	
3094.43

	
3308.40

	
3115.40

	
−0.84

	
0.36

	
−64.35

	
16.47

	
−42.13




	
TSS

	
−2.08

	
−2.07

	
−2.06

	
−2.23

	
−1.928

	

	

	

	

	




	
TN

	
207.13

	
207.32

	
189.37

	
220.82

	
196.23

	
148.86

	
148.83

	
131.73

	
161.47

	
138.90




	
TP

	
1.37

	
1.37

	
1.37

	
1.42

	
1.35

	

	

	

	

	




	
TN:TP

	
−1.35

	
−1.34

	
−1.10

	
−1.35

	
−1.20

	
−0.42

	
−0.41

	
−0.18

	
−0.41

	
−0.28




	
CHL-a

	
−4.95

	
−4.92

	
−4.45

	
−4.92

	
−4.67

	

	

	

	

	




	
SD (m)

	
88.44

	
88.91

	
98.74

	
83.91

	
92.50

	

	

	

	

	




	
TCB

	
−0.001

	
−0.001

	
−0.002

	
−0.001

	
−0.001

	
−0.0005

	
−0.0004

	
−0.001

	
−0.0008

	
−0.001




	
(Constant)

	
−2295.99

	
−2316.61

	
−2130.01

	
−2456.2

	
−2187.23

	
−807

	
−818.77

	
−691.97

	
−919.18

	
−724.82








Fisher’s linear discriminant functions.
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Table 3. Classification functions for discriminant analysis of seasonal variations in water quality of the reservoir. pH—hydrogen ion concentration, WT—water temperature, DO—dissolved oxygen, EC—electrical conductivity, BOD-biological oxygen demand, COD—chemical oxygen demand, TSS—total suspended solids, TN—total nitrogen, TP—total phosphorus, CHL—chlorophyll-a, SD—Secchi depth, TCB—total coliform bacteria.
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Variables

	
Standard Mode

	
Stepwise Mode




	
Season

	
Season




	
Spring

	
Summer

	
Fall

	
Winter

	
Spring

	
Summer

	
Fall

	
Winter






	
pH

	
38.16

	
37.93

	
37.88

	
38.11

	

	

	

	




	
WT

	
4.16

	
4.99

	
4.64

	
3.66

	
0.60

	
1.54

	
1.18

	
0.08




	
DO

	
17.83

	
17.41

	
17.42

	
17.79

	

	

	

	




	
EC

	
0.18

	
0.17

	
0.17

	
0.16

	

	

	

	




	
BOD

	
−207.80

	
−209.89

	
−210.07

	
−209.58

	
9.80

	
6.63

	
5.21

	
6.03




	
COD

	
102.58

	
102.18

	
101.04

	
101.13

	

	

	

	




	
BOD/COD

	
713.31

	
711.79

	
708.23

	
708.02

	

	

	

	




	
TSS

	
−1.00

	
−0.96

	
−1.00

	
−1.06

	
0.26

	
0.32

	
0.22

	
0.14




	
TN

	
47.09

	
45.11

	
45.15

	
45.83

	

	

	

	




	
TP

	
0.52

	
0.54

	
0.51

	
0.50

	

	

	

	




	
TN:TP

	
−0.09

	
−0.09

	
−0.09

	
−0.08

	

	

	

	




	
CHL-a

	
−1.07

	
−1.07

	
−1.06

	
−1.07

	

	

	

	




	
SD (m)

	
21.79

	
22.30

	
22.13

	
23.01

	

	

	

	




	
TCB

	
−0.0002

	
−0.0001

	
−0.0001

	
−0.0001

	

	

	

	




	
(Constant)

	
−553.79

	
−551.02

	
−535.15

	
−532.22

	
−16.02

	
−26.89

	
−16.30

	
−5.36








Fisher’s linear discriminant functions.
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Table 4. Varimax rotated component matrix for water quality parameters (Kaiser–Meyer–Olkin (KMO) = 0.59, Bartlett’s test was significant (p = 0.000), extraction method: principal component analysis, and rotation method: varimax with Kaiser normalization, and bold and italic values represent strong and moderate loadings, respectively). pH—hydrogen ion concentration, WT—water temperature, DO—dissolved oxygen, EC—electrical conductivity, BOD-biological oxygen demand, COD—chemical oxygen demand, TSS—total suspended solids, TN—total nitrogen, TP-total phosphorus, CHL—chlorophyll-a, SD—Secchi depth, TCB—total coliform bacteria.
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Variables

	
Components




	
VF1

	
VF2

	
VF3

	
VF4

	
VF5






	
pH

	
0.2

	
0.81

	
−0.08

	
0.07

	
−0.14




	
WT

	
−0.27

	
0.47

	
0.71

	
−0.17

	
−0.14




	
DO

	
0.001

	
0.11

	
0.02

	
0.95

	
0.03




	
EC

	
0.12

	
−0.02

	
0.87

	
−0.05

	
0.08




	
BOD

	
0.32

	
0.64

	
0.53

	
0.22

	
0.09




	
COD

	
0.34

	
−0.22

	
0.78

	
0.30

	
−0.04




	
BOD/COD

	
0.09

	
0.92

	
0.01

	
−0.02

	
0.16




	
TSS

	
0.60

	
−0.35

	
0.04

	
0.41

	
0.33




	
TN

	
0.60

	
0.24

	
0.46

	
−0.13

	
0.44




	
TP

	
0.88

	
0.20

	
0.15

	
−0.04

	
0.09




	
TN:TP

	
−0.84

	
0.02

	
0.01

	
0.01

	
0.05




	
CHL-a

	
0.68

	
0.44

	
0.29

	
−0.001

	
−0.20




	
SD (m)

	
−0.75

	
−0.27

	
−0.06

	
−0.22

	
−0.24




	
TCB

	
0.06

	
−0.01

	
−0.01

	
0.06

	
0.91




	
Eigenvalues

	
3.61

	
2.71

	
2.50

	
1.35

	
1.34




	
Percentage of variance

	
25.82

	
19.37

	
17.85

	
9.65

	
9.61




	
Cumulative percentage

	
25.82

	
45.19

	
63.05

	
72.70

	
82.32
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