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Abstract

:

The variations in water quality parameters and trophic status of a multipurpose reservoir in response to changing intensity of monsoon rain was investigated by applying a trophic state index deviation (TSID) analysis and an empirical regression model to the data collected in two periods from 2014 to 2017. The reservoir in general maintained mesotrophic conditions, and Carlson’s trophic state index (TSIc) was affected most by TSITP. Nutrient concentrations, particularly phosphorus, did not show strong correlations with precipitation, particularly in the period with weak monsoon, and a significant increase in total phosphorus (TP) was observed in Spring 2015, indicating the possibility of internal phosphorus loading under decreased depth and stability of water body due to a lack of precipitation. TSIChl was higher than TSISD in most data in period 1 when a negligible increase in precipitation was observed in the monsoon season while a significant fraction in period 2 showed the opposite trend. Phytoplankton growth was not limited by nutrient limitation although nutrient ratios (N/P) of most samples were significantly higher than 20, indicating phosphorus-limited condition. TSID and regression analysis indicated that phytoplankton growth was limited by zooplankton grazing in the Spring, and that cell concentrations and community structure in the monsoon and post-monsoon season were controlled by the changing intensity of the monsoon, as evidenced by the positive and negative relationships between community size and cyanobacterial population with the amount of precipitation in the Summer, respectively. The possibility of contribution from internal loading and an increase in cyanobacterial population associated with weak monsoon, in addition to potential for nutrient enrichment in the post-monsoon season, implies a need for the application of more stringent water quality management in the reservoir that can handle all potential scenarios of eutrophication.
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1. Introduction


The generation of reservoirs by building dams across rivers rapidly and significantly alters the shape and dimension of watersheds, as well as the physicochemical characteristics of water bodies [1,2,3]. For example, the watershed area of a reservoir is typically much larger than natural counterparts with similar water surface areas [4], which, in combination with the stagnant character of water bodies, makes them more susceptible to pollutant loading from the surrounding area. Indeed, many reservoirs are experiencing significant water quality degradation, particularly due to excessive input and enrichment of nutrients, such as nitrogen (N) and phosphorus (P), which results in eutrophication that frequently leads to algal bloom and many associated environmental, economic, and social problems [5,6,7].



The reduction of anthropogenic input of nutrients, particularly ones that limit algal growth, has been a major goal of water quality management of reservoirs to avoid the undesirable impact of eutrophication [8,9]. Limiting nutrients can easily be determined by mass or molar ratio of total N (TN) and total P (TP) [10,11], which varies widely with nutritional enrichment, geographic location, and the artificial nature of lentic water bodies [11,12,13]. The threshold values of TN/TP for N, P, and co-limitation varies in the literature [14,15]. Despite its convenience and simplicity, the ratio alone may not provide adequate information about how algal growth in a reservoir is governed by complex biogeochemical processes. It was found that algal growth was not always controlled by P even when P-limited conditions were implied by the ratio [16,17].



The concept of trophic state was introduced early in the 20th century as a fundamental property utilized to classify aquatic ecosystems in terms of biological productivity [18]. Among the many different methods proposed to quantify the trophic status [19,20], the trophic state index (TSI) proposed by Carlson, which is based on chlorophyll-a (Chl-a, TSIChl), TP (TSITP), and Secchi depth (SD, TSISD) and independently estimates algal biomass to assess the trophic states of temperate lakes, has been most widely applied [20]. TSI was expanded subsequently to include TN [21,22] and modified to be applied to tropical conditions. It was proposed that the numerical differences of individual TSIs could be used to identify various limiting conditions in an aquatic ecosystem [23,24,25], and a simple two-dimensional graphical method in which TSIChl–TSISD values are plotted against TSIChl–TSITP was proposed for identification of relationships between the variables [24]. The approach has been applied to interpret deviations caused by nutrient limitation, non-algal turbidity, zooplankton grazing, and water color imparted by dissolved constituents [26,27].



Trophic responses of a water body to anthropogenic input of nutrients have also been evaluated using an empirical regression model based on recognized linear relationships between the log-transformed data of water quality parameters. The most commonly utilized approach is to apply the model to Chl-a, TN, and TP to identify nutritional control over algal growth [11,19,28]. Regression analysis on SD, a commonly used index of water turbidity, with TP, TN, Chl-a, and suspended solids (SS) has also been used to further elucidate trophic processes as the turbidity of water can be induced by various dissolved and suspended components, including algal biomass [29]. Meanwhile, linear relationships of non-algal light attenuation coefficient (Kna) with TP, TN, Chl-a, and SS have been used to evaluate the relationships between algal biomass production and light attenuation mechanisms [5,30,31]. These modeling approaches provided information on the causal relationship between algal biomass and various variables and helped set up water quality management goals through the reduction of pollutant input [19,32,33].



The aforementioned approaches are frequently applied to regional or national data from multiple reservoirs or to the long-term monitoring data of individual reservoirs based on the assumption that they can be applied universally over the spatiotemporal scope of interest [19,32,33]. It has been increasingly recognized, however, that relations between the variables are affected by many physicochemical and biological factors, including, but not limited to, operation condition and morphology of reservoir, intensity and distribution of precipitation, light condition, and zooplankton grazing [8,32,33,34,35,36]. Additionally, recently experienced increasing frequency of extreme weather conditions may produce conditions that do not match the relations identified from spatially or temporally averaged data. The trophic assessment of individual lakes from multiple sampling locations has been tried to identify a lake’s response to specific conditional changes [37,38,39,40], but many of these research results are limited to supplying a snapshot of the lake’s trophic status as samplings were performed over a limited time interval.



In this study, physicochemical water quality variables and Chl-a of a large multipurpose reservoir in Korea were investigated by collecting and analyzing samples from locations representing different physical characteristics of the reservoir for two periods, each lasting for about a year and one of which included a year with a serious lack of monsoon precipitation. The relationships between nutrients and the tropic state were evaluated by analyzing the spatiotemporal distribution and deviation of Carlson’s TSI, performing empirical regression modeling and statistical analysis. The main objective of this study is to identify the seasonal variations in the processes that control the various factors that may influence the biological productivity of the reservoir and provide information on their relationship with the dynamics of aquatic ecosystems, particularly growth and compositional changes in the algal community over the two different periods with different monsoon intensities.




2. Materials and Methods


2.1. Study Area


The study area, Yongdam Reservoir, is located at 35°57′50″–35°49′08″ N, and 127°26′08″–127°32′54″ E in Jeonbuk Province, South Korea (Figure 1). The reservoir was created in 2001 by constructing Yongdam dam on the upstream Geum River for the purposes of flood control, hydroelectric power generation, and water supply to agricultural and urban areas in the western half of the province. More than a million people are currently benefitting from the construction of the reservoir. The reservoir has a surface area of 36.24 km2, with a water storage capacity of 8.15 × 108 m3, and an average water retention time of 191 days. It is the fifth largest reservoir in the nation in terms of storage capacity. Two water intake towers are installed near the dam (site α in Figure 1) at the western section of the reservoir (site β). Each tower can withdraw water from the five equally spaced gates from an elevation of 226.5 to 261.6 m. The gates are flexibly operated depending on the water level at the time of withdrawal. Tower α was installed to supply water to downstream Geum River, and water taken at tower β is supplied through an aqueduct tunnel to the Gosan power station and water treatment facility 21.9 km away. The reservoir is surrounded by a mixed watershed with a total area of 930 km2, about 71.1% of which is forest, followed by agricultural, undeveloped, and city area each constituting 14.7, 6.0, and 1.8%, respectively. There are five tributaries flowing into the reservoir; Geum River and Guryang, Jinan, Jeongja, and Juja streams. The first three join and enter the reservoir at the southern end and constitute the majority of the inflow, and the urbanized area and the pollution sources are predominantly located in their watersheds.



As with other reservoirs in Korea that are used to supply drinking water, one of the major goals of water quality management of Yongdam Reservoir is to control the excessive growth of phytoplankton, particularly harmful cyanobacteria, and the algal alert system has been adopted and operated since 2003. Appropriate alerts are issued if the concentrations of Chl-a or cyanobacteria (Genus Microcystis, Anabaena, Aphanizomenon, and Oscillatoria) are higher than the threshold for each alert level on two consecutive measurements (Table S1). Concentrations of Chl-a and cyanobacteria are measured weekly at the water intake towers in the reservoir, and algal advisories have been issued three times in 2005, 2006, and 2010.




2.2. Water Sampling


Spatiotemporal variation in water quality parameters and their trophic implications were investigated by collecting water samples from seven sampling sites in the reservoir (Figure 1). The sampling sites were selected in such a way that the impact of tributary inflow on water quality parameters and their changes within the reservoir could be traced. Site A was located near the southern end of the reservoir, where the Geum River and Jinan and Guryang streams coalesce and flow in, and site G was selected to be located close to the inlet of Juja stream. Sites E and F were close to the dam and located in the area of maximum water depth. The depth of the water was shallowest in site A, where its range during the investigation was 1.0–9.0 m, while sites E and F showed the greatest depths in each sampling event with a range of 30.0–48.5 m. A gradual increase in depth was observed from site B to site D. Based on the consideration of the spatial distribution and water depth of each site, sites A and G were classified as riverine zones in this study, B and C transition zones, and D–F lacustrine zones.



Water sampling was performed in two different periods, September 2014–October 2015 and May 2016–March 2017. The sampling schedule was adjusted in such a way that the impacts of important weather events, particularly the Summer monsoon, could be evaluated by sampling before, during, and after the typical monsoon season (June to August) in Korea. Water samples were collected in September, October, and December 2014, and March, April, June, July, August, and October 2015 in period 1. The months in which sampling was done in period 2 were May, August, September, and November 2016, and March 2017.




2.3. Analytical Methods


Surface water samples were collected at a depth of 0.5m using a 2.2 L Van Dorn water sampler (Wildlife Supply Co., Yulee, FL, USA). Water temperature (T), hydrogen ion concentration (pH), dissolved oxygen (DO), electrical conductivity (EC), and oxidation-reduction potential (ORP) of the samples were measured on site with probes for these parameters attached to a portable multi meter (Hach Multimeter, HQ40D, Hach Co., Loveland, CO, USA).



Water samples for laboratory measurement were refrigerated in an ice box immediately after collection, and transported to the laboratory, where they were stored at 4 °C in the dark until analysis. Concentrations of TP, TN, Chl-a, and COD were measured following the protocol of Korean Standard Methods for the Examination of Water and Wastewater [41]. TP was measured with the ascorbic acid method after potassium persulfate digestion. The UV spectrophotometric method after alkaline potassium persulfate digestion was applied to measure TN. Chl-a was estimated using a spectrophotometer after extraction in 90% acetone. COD was measured with the potassium permanganate method.



The transparency of the water was determined by measuring SD using a Secchi disk with a 20 cm diameter at the time of sample collection. The depth profile of the water temperature was obtained by measuring the temperature at 0.5 m intervals with a HOBO Water Temperature v2 (Onset Computer Co. Bourne, MA, USA), which was also used for the measurement of water depth by attaching a heavy metal bar to the end of the cable. Identification and enumeration of phytoplankton in the water samples were made under an inverted optical microscope (Nikon TS-100, Nikon Co., Minato-ku, Tokyo, Japan). Algal cells in the water samples fixed with Lugol’s solution (v/v 2%) and concentrated by sedimentation were mounted on a Sedgwick-Rafter chamber for microscopic analysis.




2.4. Trophic State Index and Non-Algal Light Attenuation Coefficient


TSIs on the Chl-a, TP, and SD of the reservoir were calculated using the methods proposed by Carlson [20]. The Carlson’s TSI (TSIC) can be obtained by calculating the arithmetical average of the three TSIs. TSI has the advantage of presenting the trophic state on a continuous numeric scale. Waters with TSIs less than 40 are categorized as oligotrophic, 40 to 50 mesotrophic, 50 to 70 eutrophic, and higher than 70 hypereutrophic [21,42]. TSITN was also calculated using the method in the literature [21]. The equations used for the calculation of TSIs were:


    TSI   Chl − a   = 10 ×  [  −   2.04 − 0.68 ln Chl − a   ln 2    ]   



(1)






    TSI   TP   = 10 ×  [  6 − ln  (    48   TP    )  / ln 2    ]   



(2)






    TSI    SD      = 10 ×  [  6 − ln SD / ln 2    ]   



(3)






    TSI    TN      = 10 ×  [  6 − ln  (    1.47   TN    )  / ln 2    ]   



(4)







Non-algal light attenuation coefficient (Kna), a useful tool for assessing underwater light availability and the mechanism controlling light attenuation, was computed using SD and Chl-a using the following formula [43]:


   K  na   = 1 / SD − 0.025    X   Chl  − a      



(5)








2.5. Statistics Analysis


Pearson correlation analysis, a univariate statistical analysis widely applied to evaluate the relationship between two variables in a data set by measuring the strength, direction, and probability of the linear association between two interval or ratio variables, was applied to identify a one-to-one statistical dependence between the variables studied. Correlation coefficient (r), whose numerical value ranges from −1 to 1 is the statistic used in the analysis. While r values close to 1 and −1 indicate strong positive and negative relationships, respectively, no correlation exists if it is zero at a significance level of p < 0.05.



A regression analysis for empirical modeling was performed after logarithmically converting (base 10) the concentrations of TN (mg/L), TP (mg/L), Chl-a (μg/L), and SD (m) to promote homogeneity of variance. The relationships among nutrients, Chl-a, and SD were explored using simple linear regression models with Chl-a as the dependent variable of TN and TP, and SD of TN, TP, and Chl-a. Since a 95% quantile regression model can be used to estimate the rates of change for functions close to the upper boundary of a conditional distribution of responses [44], the nutrient–Chl-a relationships based on 95% quantile regression were implemented to explore a 95% maximum response of Chl-a to nutrient levels, and the same operation was also conducted for SD. All the statistical analyses were conducted with PASW Statistics 18 software (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Precipitation Pattern and Flow Regime


Long-term precipitation data for the nineteen-year period from 2002 to 2020 obtained by calculating the averages of values from three weather stations around the study area indicated that the total amount of precipitation in each year was mainly controlled by that of monsoon rain in the Summer (Table S2). Yearly precipitation ranged from 1194.7 to 1949.1 mm with an average of 1536.0 mm, nearly 50% of which was concentrated in the Summer. The average precipitation from June to August during the last nineteen years was 790.4 mm with a range of 369.5 to 1211.4 mm when maximum and minimum yearly precipitations were recorded, respectively, indicating that the duration and intensity of Summer monsoon and frequency and precipitation characteristics of occasional typhoons were the critical controlling factors of fluctuation in yearly precipitation. Below average annual precipitations were recorded in the study area during the study period between 2014 and 2017, and the lowest value in the last twenty years (1194.7 mm) was recorded in 2015 when severe drought was experienced in the entire Korean peninsula. Annual precipitation in 2014 and 2017 were also below average, at 1376.8 and 1388.9 mm, respectively, while a value (1500.4 mm) close to the average was recorded in 2016. Monthly distribution of precipitation during the study period clearly shows the relationship between monsoon rain and total yearly precipitation (Figure 2). Only a slight increase from the baseline monthly precipitation was observed during the monsoon season (June to August) in 2015 when the lowest yearly precipitation was recorded. The precipitation during the monsoon season in the year was 369.5 mm, much lower than the average value of 790.4 mm. After typical monsoon rain distributions of 195.7 and 368.7 mm were observed in July and August 2014, respectively, the duration of low precipitation began in September 2014, when the first sampling event occurred in this study, and extended to March 2016. Normal temporal variation was recovered in 2016 when an appreciable increase in precipitation was observed during the corresponding interval in the Summer.



A variation in the precipitation patterns induced changes in reservoir operation, affecting the water balance of the reservoir. Mostly negative monthly water balance was observed after the monsoon from September 2014 until an increase in precipitation was recorded in the Spring of 2016. The average inflow and discharge in 2015 were 10.0 and 17.4 m3/s, respectively, and a slightly positive balance was observed only in July and December. A positive balance in the Summer and negative in the winter, the typical characteristics in the reservoirs in Korea [45,46], were observed in 2016 with average inflow and discharge of 18.3 and 13.4 m3/s, respectively. Water balance directly affected the water level of the reservoir, and a consistent decrease from 254.6 m in September 2014 was observed until the lowest level of 239.8 m was recorded in February 2016.




3.2. Water Quality Parameters


Although sampling was scheduled to be performed before, during, and after the typical monsoon season in Korea, the two sampling periods have different temporal lengths and do not have consistent seasonal representation such that direct comparison between them can be complicated by different seasonality. For the comparison of the inter-annual changes in water quality and associated trophic behavior of the reservoir while maintaining seasonal consistency, each sampling period was divided into two subperiods. Period 1 was divided to subperiods 1-1 (September 2014–April 2015) and 1-2 (May–October 2015), and period 2 to subperiods 2-1 (May–October 2016) and 2-2 (September 2016–March 2017). Subperiods 1-1 and 2-2 were compared for changes occurring from post-monsoon to pre-monsoon periods, and 1-2 and 2-1 to identify the impact of varying monsoon intensity on the seasonal transition from the Spring (pre-monsoon) to the Summer (monsoon). Key statistic values of the measured water quality parameters in the four periods are listed in Table 1. Among the parameters that are directly used for trophic state evaluation, TN concentrations showed the least variation at different sampling locations in each sampling event, although temporal fluctuations were observed (Figure 3). An increasing trend of TN was observed from September 2014 until it reached the maximum in June 2015, after which decreased concentrations were observed until October. High TN concentrations were also observed in May and November 2016 in the second period and did not always show an appreciable relationship with precipitation as evidenced by low concentrations in the Summer 2016. Although temporally averaged spatial distributions show similar average values in subperiods 1-1 and 2-2 with differences that are not statistically significant (p > 0.05), subperiod 1-2 showed a distribution consistently higher than 2-1, particularly at sampling site A, which is expected to have more riverine characteristics than the others.



Increases in average TP concentrations were observed in September 2014, March and April 2015, and September 2016 with the most significant increase occurring in Spring 2015. Large spatial variation in TP concentrations was observed in May 2016, although the average concentration was not significantly different from the other months. In most cases, average TP concentrations were lower than 0.03 mg/L corresponding to level 3 or better in Korean water quality standards. Except for subperiod 2-2, TP concentrations were highest at location A, where three tributaries are combined to flow in and gradually decrease within the reservoir to achieve the lowest concentration around the dam (site E). Temporally averaged concentrations at each location were always higher in subperiod 1-1 than 2-2, and large variations observed in the lacustrine zone (sites D and E) in subperiod 1-1 were caused by increased concentrations in March and April 2015 when TP concentrations in these sites were comparable to or even higher than those in site A. Subperiods 1-2 and 2-1 showed very similar average values at each sampling location. COD concentrations among different sampling locations were similar except for subperiod 1-2 when a gradual decrease in the flow direction was observed and their distribution pattern was somewhat similar to that of TN. Unlike nutrient concentrations, however, an appreciable increase in Spring 2015 was not observed, and temporal variation seemed to be in the opposite trend, particularly in subperiod 1-1.



The distribution of averaged Chl-a concentrations showed similar spatial patterns to those of TP, with the highest concentrations being at site A and then a gradual decrease within the lake. The temporal distribution of spatially averaged concentrations, however, did not show much correlation as the highest concentrations were observed in September 2014, October 2015, and August 2016. The spatial distribution of SD showed statistically significant differences (p < 0.01) in average values at each sampling site between subperiods 1-1 and 2-2, and subperiods 1-2 and 2-1. The differences were larger in the area where physical characteristics are expected to be those of transitional or lacustrine zones. SD values seem to correlate with Chl-a concentrations particularly in many of the subperiods. SD increased significantly in March 2015 and gradually decreased after recording the maximum in April in period 1. SD showed a somewhat higher correlation with precipitation than the other parameters, recording the lowest values in September 2014 and a sharp decrease in Summer 2016.



The application of Pearson correlation analysis to the data from each subperiod resulted in a higher correlation between water quality parameters (TP, TN, and COD) and precipitation in subperiod 2-2 than 1-1. Subperiod 1-2 showed a stronger correlation between SD and both Chl-a and TP than subperiod 2-1 (Table 2).




3.3. Spatiotemporal Distribution of Trophic State Index


Trophic state indices calculated on Chl-α, TP, SD, and TN showed different spatial and temporal variations (Figure 4). The temporal distribution of spatially averaged Carlson’s trophic index (TSIC), the average value of TSIChl, TSITP, and TSISD, indicated a mostly mesotrophic condition in subperiod 1-1, although results in April 2015 corresponded to a eutrophic condition (TSIC = 50.3). TSIC were highest in Spring (March and April) 2015 during this study with an average value of 48.5, which was significantly different from the other seasons (p < 0.01). Although TSIC at the beginning of subperiod 2-2 (September 2016) corresponded to mesotrophic conditions, oligotrophic conditions were recorded for the rest of the period with TSIC values significantly lower than the corresponding season in subperiod 1-1. Mesotrophic conditions were maintained with little variation in TSIC for the entire duration of periods 1-2 and 2-1, except for September 2016.



The biggest temporal variation in individual TSIs was observed for TSITP. Although TSITP values in many sampling investigations corresponded to oligotrophic conditions, significant variation was observed in subperiod 1-1 when TSITP began in a mesotrophic condition in September 2014, decreased to oligotrophic for the remainder of the post-monsoon season, and significantly increased to eutrophic in Spring 2015. Subperiod 2-2 showed rapid decrease from mesotrophic to oligotrophic condition during the transition from monsoon to post-monsoon season. TSIChl showed a gradually decreasing trend in subperiod 1-1 from eutrophic conditions in the first half to mesotrophic conditions in the second half, and then remained in mesotrophic conditions in the other subperiods. TSISD remained relatively constant near the boundary between oligotrophic and mesostrophic conditions in subperiods 1-1 and 1-2 with values lower than their counterparts in the second period. Eutrophic conditions were indicated in August and September 2016. TSITN values were highest among TSIs measured in this study, indicating eutrophic conditions over the entire duration of this study with marginal temporal variation in index values.



The biggest difference between periods 1 and 2 was the timing of higher TSIs and their association with precipitation. TSIC was highest around the typical monsoon season in Summer 2016 and corresponded to mesotrophic conditions, while eutrophic conditions were observed in Spring 2015 at the end of subperiod 1-1 without any association with monsoon rain. Overall, the observed fluctuations in TSIC were similar to those of TSITP.



Spatial distributions of temporally averaged TSIC in each sampling location showed similar trends in the four subperiods; eutrophic conditions at site A, and then a gradual decrease within the reservoir to mark the minimum values at/near the dam (sites D or E). All intra-reservoir sites were in a mesotrophic condition during subperiod 1-1, while oligotrophic conditions prevailed, except at site B, in the other subperiods. TSIs constituting TSIC showed similar trends with minor variations in values within the reservoir. The biggest variation among the subperiods occurred on TSITP, which showed a greater trophic variation in the transition and lacustrine zones, where mesotrophic conditions were maintained in subperiod 1-1 and oligotrophic conditions were observed in the other subperiods. TSIChl values indicated mesotrophic or eutrophic conditions in subperiod 1-1 and mostly mesotrophic conditions in period 2-2. TSISD was higher in subperiods 2-1 and 2-2, corresponding to mesotrophic conditions, while oligotrophic conditions were represented in the deeper part of the reservoir in subperiods 1-1 and 1-2. TSITN indicated eutrophic conditions with similar values in the two periods and did not show appreciable differences among the sampling locations.




3.4. Trophic State Index Deviation


An analysis of the limiting factors of the trophic status by identifying the trophic state index deviation (TSID) using a two-dimensional graphical method based on the TSIChl–TSITP and TSIChl–TSISD relationships showed pronounced differences among the subperiods in periods 1 and 2 and seasonal variation in P-limitation (Figure 5 and Figure 6). While blue-green algae under P-limited conditions and zooplankton grazing predominated in period 1, non-algal turbidity and smaller particles, including inorganic seston, appeared to be minor. Data for period 2 spanned over blue-green algae under P-limitation, smaller particles, and non-algal turbidity, but no data points were identified in the area of zooplankton grazing.



Comparison of subperiods 1-1 and 2-2 indicated that the major seasonal data shift in subperiod 1-1 occurred in the vertical direction from P-limited blue-green algae in the post-monsoon season (September–December) in 2014 to zooplankton grazing in Spring 2015 (Figure 5). Unlike the data for September 2014, those of September 2016 in subperiod 2-2 mainly showed non-algal turbidity and appeared to shift to blue-green algae in November. As depicted in Figure 2, precipitation patterns around typical monsoon seasons were different between the two subperiods. While intense rain was concentrated in July and August in 2014, high monthly precipitation was sustained from July to October in 2016. The most pronounced difference between the two subperiods was observed in pre-monsoon season data. The domination of zooplankton grazing was observed in the Spring in subperiod 1-1, while smaller particles under P-limited conditions occupied the major fraction of the data in 2-2, followed by blue-green algae without any data in the quadrant indicating zooplankton grazing.



Variation in TSID with sampling locations indicates a shift in TSIChl–TSISD with locations in the reservoir was minor in subperiod 1-1 as most data could be found in the area where TSIChl > TSISD. Zooplankton grazing was found to occur mostly in the transition and lacustrine zone and no data from site A could be found in the area. Most data in subperiod 2-2, however, were observed to be TSIChl < TSISD, indicating that light attenuation was dominated by small particles but not necessarily related to algae. The data that showed TSIChl > TSISD could be found mostly in November 2016 in the transition and lacustrine zones, and in March 2017 those from sites A and B.



The data from subperiod 1-2 were mainly distributed in the first quadrant, followed by the second and a few in the third while many of the data in subperiod 2-1 were located in the third quadrant followed by similar numbers in both the first and second quadrant (Figure 6). Most data of subperiod 1-2 in the months before (June) and after (October) the typical monsoon season were located in the first quadrant, while those in July and August were rather evenly distributed on either side of the axis indicating TSIChl = TSISD. In the case of subperiod 2-1, the data in the Spring (May 2016) were dispersed in the first, the second, and the third quadrant. Among the monsoon season data, the ones in the non-algal turbidity area were mainly from September 2016 and those from August were in the first and the second quadrant. Precipitation in September was significantly higher than that in August.



Spatial distribution of TSID in subperiod 1-2 indicates that data points in non-algal turbidity and P-limited smaller particles were mainly from site A and G, the locations close to tributary inflow, and most data from the transition and lacustrine zones are in the first quadrant regardless of the timing of sampling. In the case of subperiod 2-1, non-algal turbidity predominates in all the longitudinal zones in September 2016. Only site A was located in the third quadrant in May, probably because of the higher monthly precipitation recorded in April. Overall, the distribution of TSID in subperiod 2-1 appears to be sensitively affected by the fluctuating precipitation in the period.




3.5. Empirical Regression Analysis


For the application of empirical regression analysis each period was divided into subperiods based on the consideration of precipitation patterns and trophic behavior. Period 1-1 was divided into September–December 2014 and March and April 2015 to represent post-monsoon and pre-monsoon seasons, respectively. Subperiod 1-2 was not divided as there was no appreciable increase in precipitation during this period and TSID evaluation did not show significant differences between sampling dates. Period 2 was divided into May, August and September, and November 2016 to represent pre-monsoon, monsoon, and post-monsoon periods as there were significant monsoons from July to October and there were variations in TSID between these periods. March 2017 was also separately handled as it marked the end of subperiod 2-2.



There was no significant relationship between log-transformed TN and TP data with R2 values less than 0.1 in all of the seasons constituting subperiods 1-1, 1-2, and 2-2, although pre-monsoon and monsoon seasons of subperiod 2-1 showed significant correlations with the R2 values of 0.41 and 0.32, respectively (Table S3). Site A in all the subperiods in period 1, however, showed a significant relationship between the two nutrients (R2 = 0.64). TN also showed a very weak relationship with TN/TP in most seasons with an R2 value of less than 0.1 except for the post-monsoon season of subperiod 1-1 (R2 = 0.21) and the pre-monsoon season (Spring 2016) of subperiod 2-1 (R2 = 0.42). TP, however, showed a very strong relationship with TN/TP (R2 > 0.90) in all of the subperiods evaluated in this study (Figure 7). Although correlations between nutrients and SD were not very strong when regression analysis was applied to all the data in each period (data not shown), TP showed noticeable differences between the seasons evaluated. The application of a regression analysis to each season did show seasonal fluctuations in correlations. Strong relations between TP and SD could be found in the monsoon season of subperiod 1-2 (R2 = 0.74) and pre-monsoon season of subperiod 2-1 (R2 = 0.95). The same relations in the other two pre-monsoon seasons, however, was much lower than that of TN, which showed strong relations with R2 values of 0.77 and 0.67 in the pre-monsoon seasons of subperiods 1-1 and 2-2, respectively. SD seemed to be affected by Chl-a in period 1 with R2 values ≥ 0.40 with or without seasonal classification with precipitation. Period 2, however, showed a greater seasonal fluctuation with the most significant relationship observed in the monsoon season of subperiod 2-1 (R2 = 0.47) while no appreciable relations could be found in the others (R2 < 0.20). No consistent difference of statistical significance in relationships between Chl-a and two nutrients were found among different seasons. TP only showed some correlation in subperiod 1-2 (R2 = 0.33) and pre-monsoon seasons of subperiods 2-1 and 2-2 (R2 = 0.37 and 0.41, respectively), while TN showed a significant relationship in the pre-monsoon season of subperiod 1-1 (R2 = 0.61). Chl-a did not show a significant correlation with nutrient ratio (TN/TP). The seasons in which the R2 value was higher than 0.3 were the pre-monsoon seasons of subperiods 2-1 and 2-2 (R2 = 0.37 and 0.47), respectively.



The coefficient of non-algal light attenuation (Kna) showed a low correlation with Chl-a in both period 1 and 2 (Table S4). Evaluation of the correlation between the two variables in each season also showed that Kna is not strongly related to Chl-a as appreciable relations could only be found in subperiod 1-2 (R2 = 0.48) and the post-monsoon season of subperiod 2-2 (R2 = 0.42). Kna also showed a very low correlation with TN except during the pre-monsoon seasons of subperiods 1-1 and 2-2, when the R2 values were 0.46 and 0.70, respectively. The evaluation of the relationship between TP and SD, however, showed appreciable increases in correlation in a few seasons. Although TP’s overall correlation with Kna in each period was not very strong, strong correlations were observed in subperiod 1-2 (R2 = 0.88) and strong and significant relationships in pre-monsoon and monsoon seasons of subperiod 2-1 (R2 = 0.98 and 0.59, respectively). SD’s overall correlation with Kna in each period was highest among the parameters evaluated. The seasonal fluctuations in SD’s degree of correlation were different from those of TP. Unlike the case of TP, the strongest correlations with SD (R2 ≥ 0.80) were identified not in the monsoon season but in the pre-monsoon seasons of subperiods 1-1 and 2-2. SD showed contrasting correlations in the post-monsoon seasons of subperiods 1-1 and 2-2, with a stronger correlation in subperiod 2-2 (R2 = 0.81), while no appreciable relation could be observed in the corresponding season in subperiod 1-1 (R2 = 0.15). TN/TP ratio did not show an appreciable correlation with Kna, except in the pre-monsoon season of subperiod 1-1 (R2 = 0.70).





4. Discussion


4.1. Variations in Water Quality Parameters


The observed spatiotemporal variations in nutrients in the reservoir can be partially explained by changes in the physical conditions of the water body associated with low intensity monsoons and seasonal temperature changes. It has been reported that nutrient concentrations, particularly phosphorus, in Korean reservoirs are significantly impacted by concentrated precipitation in the monsoon season as it induces surface runoff that carries dissolved and particulate materials from the surrounding watershed into the reservoir [2,47]. The elevated nutrient concentrations, in combination with clear skies, high temperatures, and increased daily irradiation hours in the late Summer and early Fall, frequently foster the rapid growth of phytoplankton, particularly cyanobacteria [31,48,49]. These characteristics of typical Korean reservoirs, however, were not observed in Yongdam Reservoir for most of the duration of this study. Instead, the most significant increases in nutrient concentrations, particularly TP, were observed in the pre-monsoon season at the end of subperiod 1-1 without any noticeable increase in precipitation during and right before the season.



Phosphorus in the reservoir may be introduced from the watershed through riverine inflow or internally introduced to the water body through biogeochemical cycling within the reservoir. Introduction from the watershed requires either increased pollutant loading in the watershed or heavy rainfall that can carry nutrients contained in the soil. Although early Spring is the time of year at which the possibility of nutrient input from resumed agricultural activities in the watershed cannot be completely ruled out, the increase in TP observed in March and April 2015 is more likely to have been caused by a decrease in water depth changing the stability of the water body and internal loading from the benthic sediments. Without any appreciable precipitation from September 2014 to Spring 2015, the possibility that the observed high TP concentrations resulted from the increased runoff from the watershed is not very high as the scenario requires the occurrence of concentrated precipitation. For the duration of low precipitation, the reservoir maintained negative water balance until July 2015, which caused a steady decrease in water depth (water level). The decrease in water depth increases the potential that surface water quality is affected by chemical compounds that have been released from benthic sediments and/or accumulated in the hypoliminion. The possibility of the contribution of internal loading can also be supported by the spatial concentration profiles around early Spring 2015 (Figure S1). As described previously, elevated concentrations of TP were observed at sites D and F (lacustrine zone), where the concentrations were even higher or comparable to those at site A, which directly receives influent from three tributaries whose watersheds contain most of the pollution sources of the reservoir. Low TP concentrations in the transition zone (sites B and C) during this period reduces the possibility of strong hydrological connection between the riverine and the lacustrine zones that would enable the persistence of material from the watershed over the entire reservoir. March in Korea corresponds to early Spring, when Spring turnover is frequently observed in the reservoirs [50] and the water temperature measurement with depth in March resulted in an almost constant temperature profile, implying low water stability to promote mixing. TN’s behavior in the same season was different, although TP and TN concentrations at site A increased from December to March. TN showed spatial profiles of the highest concentrations at site A and a gradual decrease within the lake without an increase at the sites in the lacustrine zone. This trend continued until June, when the reservoir was expected to fully regain strong stratification based on its temperature profile. These results are in agreement with earlier reports in which contrasting benthic fluxes of N (negative) and P (positive) were observed in a Korean reservoir [51]. The Spring increase in nutrient concentrations in the riverine zone (site A) might have been caused by the agricultural activities in the surrounding watershed. Due to a lack of precipitation, however, it is reasonable to assume that the impact of nutrient input in the form of runoff was not significant, and the contrasting behavior of TP and TN within the reservoir might have been caused by a difference in the nature of incoming nutrients, such as the solubility and mobility of different chemical forms, the identification and quantification of which were unfortunately not made in this study. Additionally, more research is needed to elucidate the true contribution of internal loading by performing sediment release experiments [52] and measuring the nutrient concentrations in the sediments, including different forms of phosphorus as P in the sediments can exist in various forms, such as labile, reductive, metal-bound, calcium-bound, and residual phosphorus that may be released into the overlying water under different physicochemical and redox conditions [53,54,55]. The weak correlation between precipitation and TP under low precipitation conditions might also be explained by the low drainage ratio of the study area. The drainage ratio, the ratio of watershed area to water surface area, of Yongdam Reservoir is 25.7, one of the lowest among the large reservoirs in Korea. The drainage ratio has been used as an indicator to identify the impact of watershed processes on the water quality of a reservoir [56], and the control of the reservoir concentrations by surface runoff is expected to be weaker than the other large reservoirs. It is possible that low precipitation might have decoupled this relatively weak connection between the rainfall and TP concentration in the study area. It is not certain whether the internal loading also played an important role in the early Spring of 2016 as the first measurement in subperiod 2-1 was made in May 2016, when the water was stratified and the increase in TP in the lacustrine was not observed. It is also possible that high concentrations of TN and TP in May 2016 might have been induced by increased precipitation in April 2016 (Figure 2). Increases in TP and TN observed in the late Summer of 2016 may be the result of the increased intensity of monsoon rains.



The increase in TP in March and April 2015 was not associated with an increase in algal biomass in terms of Chl-a. This lack of correlation between algal biomass and nutrients might be the result of low temperature observed in March 2015 when nearly uniform water temperature around 5 °C was measured. This was also supported by the composition of the algal community, more than 50% of which was occupied by diatoms that are known to prefer low water temperatures [57] followed by chlorophytes (Figure 8). Although cyanobacteria are known to prefer high P concentrations and lower N/P ratios [58,59,60], a notable increase in the cyanobacteria population was not observed in the Spring indicating that cyanobacteria did not have a competitive edge as they prefer higher temperatures than the other algal populations [61]. A significant increase in Chl-a in August 2016 seems to have been the result of the impact of Summer monsoons typically observed in Korea and an increase in total cell concentration was also observed. The clarity of water represented by SD was also high in the subperiods of period 1, although Chl-a concentrations at each sampling location in period 1 were higher than or similar to those in period 2. If both phytoplankton cells and non-algal particles contribute to the turbidity or light attenuation of the reservoir water, very weak monsoons in the Summer of subperiod 1-2 may have reduced the impact of non-algal particles to increase SD. The results of the regression analysis also support this argument. When temporal variations in Chl-a and SD were compared, R2 was consistently higher in the subperiods in period 1 than the corresponding subperiods in period 2, when a seasonal fluctuation in R2 was observed. This indicates that algal growth was an important controlling factor of SD in period 1 due to the stationary nature of the water body. Water clarity was also affected by inorganic particles or something other than algal biomass at least in some of the seasons in period 2 due to the occasional input of the runoff. A significant increase in SD observed in Spring 2015, when TP concentrations were high, supports the possibility that an increase in TP was due to the flux of dissolved phosphorus from the sediments. The decrease and increase in SD and Chl-a, respectively, in August 2016 are thought to be the result of the increased intensity of the monsoon precipitation.




4.2. Nutritional Limitation


The TN/TP ratios of water samples analyzed in this study ranged from 13.2 to 1386.2 in period 1 and 19.2 to 1959.8 in period 2, with the averages being 211.5 and 522.4, respectively. Nutritional limitations can be assessed via the ratio and absolute concentration of each nutrient. Although threshold values of TN/TP for N- and P-limitations widely vary in the literature, N/P > 17~20 and < 10 are commonly used thresholds for P- and N-limitations, respectively [33,62,63,64]. The nutrient ratio, however, may not always indicate how algal growth is actually limited when the concentration of each nutrient is high because high, saturating concentrations cause the uncoupling of the concentration from limitation [65] and it has been proposed that neither P nor N may be limiting if the concentration of DIP exceeds about 5 µg/L and DIN about 300–500 µg/L [66]. Very high TN/TP ratios measured in this study clearly indicate mostly P-limited conditions with some co-limitation if the ratio alone is applied to assess nutrient limitation in the reservoir. Phosphorus limitation is a generally observed characteristic of Korean reservoirs regardless of the purpose of reservoir construction [32,33]. The correlation of log-transformed data of TN and TP with TN/TP showed weak and strong correlations, respectively, and TN and TP did not show appreciable relations. These findings indicate that the reservoir’s TN/TP ratio is mainly controlled by spatiotemporal fluctuations in P with relatively stable N concentrations, as observed in other Asian reservoirs under monsoon climates [40].



Since preferred nutritional conditions vary with different algal populations, fluctuation of the ratio may have significant implications on overall and compositional changes in the algal community if algal biomass in the reservoir is solely controlled by nutritional status [67]. Additionally, it has been reported that rapid algal growth in Korean reservoirs, particularly cyanobacterial bloom formations, are mainly induced by the input of phosphorus in the form of surface runoff during the monsoon period and subsequent hot and clear weather in late Summer and early Fall [46]. The results of this study, however, indicate that the nutrient ratio did not have an important influence over phytoplankton growth as evidenced by the consistently low correlation between Chl-a and TN/TP in the regression analysis. Additionally, nutritional input during the monsoon season does not completely explain factors involving the compositional change in the phytoplankton community, such as the domination of cyanobacteria, although the seasonal fluctuation in community size may partially explain this. A significant increase in Chl-a and total cell concentrations in the Summer of 2016 with values much higher than the previous Summer and a significant correlation between Chl-a and TP in the monsoon season of period 2 indicate that the monsoon played an important role in controlling nutrient input and the growth of the phytoplankton community.



The seasonal behavior of cyanobacterial populations, however, was different from the phytoplankton community as it achieved much higher growth in the Summer of 2015 to occupy a dominant fraction (Figure 8). Even though total cell concentrations were significantly higher in the corresponding season of 2016, the fraction occupied by cyanobacteria was low and stable and absolute cell concentrations were much lower. The conditions and processes that are known to explain cyanobacterial dominance include water column stability and buoyancy control [68,69,70], high water temperature [71,72], low N/P ratios [58,73], high P [59,60], low silica [74,75], and zooplankton grazing [76]. Although the N/P ratio has most frequently been used as the most important indicator accounting for cyanobacterial dominance [57,72,73,77], the results here indicate that variability in the cyanobacterial population was linked to other physical and chemical features of the water body rather than the absolute concentrations and ratios of nutrients in the reservoir. In the Summer of 2015, very weak monsoons resulted in a highly stable water body, a negligible increase in average TP concentration, and an increase in irradiation hours, which might provide low turbulence conditions, long residence times, and high temperatures that are known to be preferred by cyanobacteria [70], and cyanobacterial dominance in the year with a weak monsoon was also reported in a large multipurpose reservoir located about 100 km north of the study area [78].



Seasonal behavior of the phytoplankton community and the results of the regression analysis all indicate that, although nutritional concentrations and their fluctuation indicated P-limitation in the reservoir, change in TP and TN/TP did not exert appreciable influence on biological productivity of phytoplankton in the reservoir. This weak relationship was also found in other artificial reservoirs [16,40,79], where the low correlation of Chl-a with TN and TP was attributed to the artificial or modified flow regimes in reservoirs mostly used for hydroelectric energy and anti-flooding purposes.




4.3. Trophic Limiting Factors


Contrasting distributions of TSID data between the corresponding subperiods of the two periods in Figure 5 and Figure 6 seem to result from the differences in the distribution and intensity of monsoon rains in the two study periods. As for monsoon period data in subperiod 1-2, those from site A are located in the third quadrant, which indicates non-algal turbidity regulating light attenuation in the water. Those of site G, meanwhile, were distributed in the second quadrant, representing small particles such as dissolved color clay particles, while calculated values for the putative transition and lacustrine zone are located in the first quadrant—indicating large algal particles. It has been reported that Korean reservoirs influenced by monsoon climate are dominated by turbidity increases during the monsoon season due to the input of particulate matter washed into the reservoir by surface runoff induced by concentrated monsoon rains [46], which provide nutrients for algal growth in the post-monsoon season. The fact that non-algal turbidity and smaller particles were observed only in the riverine zone (close to incoming tributaries) in the monsoon season seems to reflect the fact that the intensity of rainfall was not strong during subperiod 1-2. A weak monsoon season only transported small particles such as dissolved color clay particles to affect the riverine and occasionally transition zones of the reservoir.



The condition of TSI(Chl) > TSI(SD) prevailing in period 1 except for some data in the monsoon season in subperiod 1-2 indicates the dominance of large phosphorus-containing particles. The distribution of data in the post-monsoon season in subperiod 1-1 in P-limited chlorophyll containing large particles (blue-green algae) seems to be in accordance with the aforementioned typical situation in Korean reservoirs as significant amounts of rainfall was observed in the Summer of 2014 right before the beginning of this study. The location of more than half of those from July and August 2015 in the first quadrant could result from weak monsoons that were not able to seriously disturb stable water body and hot temperature with sufficient amounts of solar irradiation and a minimized number of rainfall days. This indicates that the light attenuation in the reservoir was dominated by algal growth under P-limited conditions for the second half of 2015, which can be supported by more significant correlation of Kna with Chl-a in subperiod 1-2 in comparison with other subperiods.



The distribution of pre-monsoon data in Spring 2015 of subperiod 1-1 in the fourth quadrant indicates that algal growth was limited by zooplankton grazing and/or nitrogen limitation. The reservoir in general was in a nitrogen-enriched condition, as were other reservoirs in Korea during this study period, and thus algal growth limitation due to nitrogen can be disregarded [32]. A line of evidence implies that grazing by zooplankton could have been a limiting factor for algal growth in Spring 2015. Zooplankton grazing is a phenomenon that is typically observed in temperate lakes and reservoirs during the Spring to produce the clear water phase [35,36]. Although it is possible that the introduction of nutrients, mainly phosphorus, during the Spring turnover caused rapid enrichment of P in the surface layer of the reservoir such that trophic state deviation is misinterpreted to indicate phosphorus surplus condition, temporal distribution of SD and algal cell concentrations strongly imply the possibility that algal growth was actually limited by zooplankton grazing. SD increased significantly during the period (Figure 3), and the regression analysis indicated that SD was significant correlated with Chl-a while TP’s correlations with SD and Chl-a were weak, indicating the possibility that algal growth limitation was causing the water to become clearer. Additionally, without any important sources of disturbance, Chl-a did not significantly increase from March to June even with high TP concentrations and a gradual increase in water temperature indicating the possibility that some factor(s) other than nutrient concentration and temperature were affecting biological productivity. A decrease in total cell concentration was observed in Spring 2015, and it should be noted that the decrease mainly occurred in diatoms and chlorophytes with a concurrent increase in cyanobacterial cell concentrations (Figure 8). It has been reported that cyanobacteria are more resistant to zooplankton grazing than the other phytoplankton populations because cyanobacteria have attributes as food organisms that can reduce zooplankton growth such as the production of toxic metabolites, causing a deficiency of chemical compounds vital for regulating zooplankton cell functions, and the formation of large, inedible colonies [80,81,82]. These attributes function as defenses against zooplankton grazing and selective grazing of large cells has been reported [26].



The seasonally distinct distribution of data in period 2, most data in March 2017 of subperiod 2-2 in the second quadrant, the third quadrant in the Summer of 2016 (subperiod 2-1), and the distribution of the data from the post-monsoon season (October 2016) in the first quadrant appear to be caused by the increased intensity and duration of Summer monsoons compared to 2015. A much higher fraction of monsoon season data in subperiod 2-1 are located in the areas of non-algal turbidity and smaller particles including dissolved color clay particles, which are expected to be high in the riverine influent during the monsoon season. Additionally, the results obtained from the transition (sites B and C) and lacustrine (sites D, E, and F) zones, along with most of the riverine zone, were located in the areas in the subperiod 1-2. This indicates that the impact of dissolved and particulate components from the watershed transported by the tributaries was extended into the reservoir due to intensified rainfall. Post-monsoon data in subperiods 1-1 and 2-2 are mostly in the area of blue-green algae, which might result from the normal pattern of Summer monsoons and the accompanied input of nutrients during the monsoon seasons fostering algal growth in the fall [49]. It should be noted, however, that data location in this area began much later in subperiod 2-2 due to the extended duration of the Summer monsoon in 2016, indicating the fact that the timing of the transition of the trophic behavior of the reservoir is strongly controlled by the intensity and duration of the Summer monsoon.



Summarizing the results of the TSID distribution and the temporal changes in the phytoplankton community, it can be found that total cell concentrations were higher in the Summer of 2016, while the fraction and absolute concentration of blue-green algae were significantly higher in the corresponding period of 2015 when the weak monsoon period occurred in the Summer. Higher total cell concentrations and a gradual increase from the monsoon season in 2016 might imply that a normal Summer monsoon favored the diversity of the algal community. As for the blue-green algae, whose undesirable biological characteristics make them one of the primary management targets in many reservoirs, very large concentrations in the Summer of 2015 indicates the possibility that drought conditions induced by a weak Summer monsoon fosters explosive growth of the algal population [83]. Among the factors that have been known to favor the growth of blue-green algae, the stability of the water column due to reduced input from tributaries, high P concentration, and/or zooplankton grazing might render conditions that favor them. Although determining the growth of blue-green algae has most frequently been attributed to the N/P ratio, nutritional control in general was not huge in this reservoir where trophic conditions corresponded to oligotrophic or mesotrophic conditions.





5. Conclusions


In this study, spatiotemporal variations in water quality parameters and trophic state of Yongdam Reservoir were evaluated using statistical analysis and trophic state index deviation to determine how the reservoir responds to changes in physicochemical and biological changes and to identify conditions that produced the observed transition in the phytoplankton community, particularly under weak monsoon conditions.



The reservoir was mostly in mesotrophic conditions during this study. Although the trophic state of the reservoir was mainly controlled by the variation in TP concentrations, the variation in nutrient concentrations was not controlled by monsoon-associated surface runoff from the watershed as in other reservoirs under the influence of monsoon climate. This weak correlation might have been caused by a low drainage ratio, particularly under low precipitation. Additionally, the size and composition of the phytoplankton community were not completely controlled by the concentrations of nutrients and their ratios, which implied phosphorus-limited conditions. Instead, changes in physical conditions of water induced by a lack of precipitation were identified to control both nutrient levels and the phytoplankton community. Control of phytoplankton growth by zooplankton grazing and a significant increase in TP due to internal loading in the Spring, in contrast to the responses of total and cyanobacterial concentrations with changing intensity of monsoon rain late in the Summer and the low correlation of Chl-a and cell concentration with nutrient concentrations, imply that monitoring and management of pollution sources in the watershed may not be enough for the management of water quality of a reservoir. The fact that increases in cyanobacterial population, one of the major targets of water quality management, were observed in the Summer with very low intensity monsoons support this argument.



The results of this study indicate that the universal application of water quality management methods based on the assumption that water quality of a reservoir is largely controlled by the precipitation in the monsoon season may not always work, particularly when serious fluctuation in precipitation occurs in a reservoir with a low drainage ratio. As variations in Summer monsoons in terms of duration and intensity are increasing due to climate change, water quality management of the reservoirs under the influence of Summer monsoons should include a policy that can handle all the potential problems that can occur individually or in combination under various climate and reservoir operation conditions. Internal loading of phosphorus in the Spring in combination with strong monsoon in the following Summer, for example, might produce serious eutrophication problems in the post-monsoon season, and eutrophication control policies should be prepared based on simultaneous watershed and benthic sediment monitoring and management.
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Figure 1. A map of the sampling sites and water intake towers of Yongdam Reservoir. 
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Figure 2. Inflow, outflow, and water level of Yongdam Reservoir and monthly precipitation in the surrounding area during this study. 
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Figure 3. Box-and-whisker plots showing spatial distribution and average values in each sampling event (a–e) and temporal distribution and average values at each location (f–j; subperiod 1-1 and 2-2, k–o; subperiod 1-2 and 2-1) of total nitrogen (TN), total phosphorus (TP), chemical oxygen demand (COD), chlrophyll a (Chl-a), and Secchi depth (SD). The dotted lines in a–e were inserted for the division between the two sampling periods. 
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Figure 4. Variations in various trophic state indices. (a,b) are temporal distributions in periods 1 and 2, respectively, with subperiods indicated by double-sided arrows. (c,d), and (e,f) are corresponding spatial distributions in subperiods 1-1 and 2-2, 1-2 and 2-1, respectively. 
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Figure 5. Variations in trophic state index deviation in (a) subperiod 1-1 and 2-2, and with (b) seasons and (c) locations in subperiod 1-1, and (d) seasons and (e) locations in subperiod 2-2. 
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Figure 6. Variations in trophic state index deviation in (a) subperiod 1-2 and 2-1, and with (b) seasons and (c) locations in subperiod 1-2, and (d) seasons and (e) locations in subperiod 2-1. 
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Figure 7. Regression analysis between TN/TP and TP in (a) period 1 and (b) period 2. The numbers of regression equations in the figures are in chronological order. 
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Figure 8. Temporal distribution of cell concentrations of taxonomic groups of phytoplankton. Values depicted are average values of data measured in seven sampling locations. 
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Table 1. Summary of statistics of measured water quality parameters and calculated trophic state indices.
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Period

	
Statistic

	
Chl-a

(mg/L)

	
TP

(mg/L)

	
TN

(mg/L)

	
SD

(m)

	
TSIChl

	
TSITP

	
TSITN

	
TSISD

	
Kna

	
Phytoplankton Concentration

(cells/mL)






	
1-1

	
Max

	
28.3

	
0.181

	
3.5

	
7.7

	
63.3

	
79.2

	
72.5

	
56.2

	
0.32

	
3933




	
Min

	
2.1

	
0.002

	
1.0

	
1.3

	
37.9

	
12.4

	
53.9

	
30.6

	
−0.10

	
1333




	
Avg

	
9.0

	
0.036

	
1.8

	
4.1

	
50.6

	
47.7

	
61.9

	
40.6

	
0.06

	
2410




	
Stdev

	
5.3

	
0.041

	
0.6

	
1.5

	
5.8

	
16.2

	
4.5

	
5.8

	
0.09

	
667




	
1-2

	
Max

	
28.9

	
0.103

	
3.3

	
6.3

	
63.6

	
71.0

	
71.7

	
73.2

	
1.78

	
5933




	
Min

	
1.8

	
0.002

	
1.3

	
0.4

	
36.5

	
13.0

	
58.3

	
33.4

	
−0.04

	
933




	
Avg

	
7.7

	
0.016

	
2.0

	
3.8

	
47.6

	
36.8

	
63.7

	
43.3

	
0.26

	
2043




	
Stdev

	
6.9

	
0.021

	
0.6

	
1.7

	
7.6

	
13.6

	
4.0

	
10.5

	
0.41

	
987




	
2-1

	
Max

	
55.0

	
0.130

	
3.1

	
6.2

	
69.9

	
74.4

	
70.6

	
76.9

	
2.95

	
3667




	
Min

	
1.1

	
0.002

	
0.7

	
0.3

	
31.6

	
10.6

	
49.7

	
33.7

	
0.05

	
1000




	
Avg

	
7.2

	
0.021

	
1.7

	
2.8

	
44.3

	
38.0

	
60.2

	
48.4

	
0.44

	
2283




	
Stdev

	
11.6

	
0.031

	
0.9

	
1.7

	
9.6

	
18.2

	
7.8

	
10.9

	
0.63

	
717




	
2-2

	
Max

	
10.8

	
0.054

	
3.1

	
4.6

	
54.0

	
61.6

	
70.6

	
76.9

	
2.95

	
3600




	
Min

	
1.6

	
0.001

	
1.0

	
0.3

	
35.3

	
7.0

	
54.9

	
38.0

	
0.04

	
2000




	
Avg

	
4.7

	
0.011

	
1.9

	
2.5

	
44.9

	
29.9

	
62.6

	
48.1

	
0.43

	
2768




	
Stdev

	
2.2

	
0.013

	
0.6

	
1.0

	
4.5

	
16.0

	
4.9

	
8.0

	
0.60

	
469
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Table 2. Pearson correlation analysis of water quality parameters and precipitation in subperiods in period 1 and 2 (Chl-a: chlorophyll-a, TP: total phosphorus, TN: total nitrogen, SD: Secchi depth, COD: chemical oxygen demand).
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Periods

	
Variables

	
Chl-a

	
TP

	
TN

	
SD

	
COD

	
Precipitation






	
1-1

	
Chl-a

	
1

	

	

	

	

	




	
TP

	
0.01

	
1

	

	

	

	




	
TN

	
−0.06

	
0.58 **

	
1

	

	

	




	
SD

	
−0.66 **

	
0.14

	
−0.05

	
1

	

	




	
COD

	
0.47 **

	
−0.35 *

	
−0.40 *

	
−0.48 **

	
1

	




	
Precipitation

	
0.24

	
−0.07

	
−0.05

	
−0.11

	
0.16

	
1




	
1-2

	
Chl-a

	
1

	

	

	

	

	




	
TP

	
0.80 **

	
1

	

	

	

	




	
TN

	
0.25

	
0.36

	
1

	

	

	




	
SD

	
−0.73 **

	
−0.75 **

	
−0.07

	
1

	

	




	
COD

	
0.36

	
0.40 *

	
0.34

	
−0.34

	
1

	




	
Precipitation

	
−0.10

	
−0.12

	
−0.49 **

	
−0.18

	
0.11

	
1




	
2-1

	
Chl-a

	
1

	

	

	

	

	




	
TP

	
0.00

	
1

	

	

	

	




	
TN

	
−0.28

	
0.29

	
1

	

	

	




	
SD

	
−0.46

	
−0.50 *

	
0.54 *

	
1

	

	




	
COD

	
0.08

	
−0.17

	
−0.18

	
0.04

	
1

	




	
Precipitation

	
−0.22

	
0.01

	
−0.46

	
−0.24

	
0.64 **

	
1




	
2-2

	
Chl-a

	
1

	

	

	

	

	




	
TP

	
0.18

	
1

	

	

	

	




	
TN

	
0.33

	
−0.61 **

	
1

	

	

	




	
SD

	
−0.07

	
−0.55 **

	
0.59 **

	
1

	

	




	
COD

	
−0.49 *

	
0.52 *

	
−0.66 **

	
−0.32

	
1

	




	
Precipitation

	
−0.26

	
0.78 **

	
−0.67 **

	
−0.34

	
0.83 **

	
1




	
* p < 0.05, ** p < 0.01
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