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Abstract:



The Jucazinho reservoir was built in the State of Pernambuco, Northeastern Brazil, to water supply in a great part of the population that live in the semi-arid of Pernambuco. This reservoir controls the high part of Capibaribe river basin, area affected several actions that can compromise the reservoir water quality such as disposal of domestic sewage, industrial wastewater and agriculture with use of fertilizers. This study aimed to identify the factors that lead to water quality of the Jucazinho reservoir using a database containing information of nine years of reservoir water quality monitoring in line with a multivariate statistical technique known as Principal Component Analysis (PCA). To use this technique, it was selected two components which determine the quality of the reservoir water. The first principal component, ranging from an annual basis, explained the relationship between the development of cyanobacteria, the concentration of dissolved solids and electrical conductivity, comparing it with the variation in the dam volume, total phosphorus levels and turbidity. The second principal component, ranging from a mensal basis, explained the photosynthetic activity performed by cyanobacteria confronting with the variation in the dam volume. It observed the relationship between water quality parameters with rainfall, featuring an annual and seasonal pattern that can be used as reference to behaviour studies of this reservoir.
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1. Introduction


The Jucazinho reservoir, located in the Capibaribe River Basin in the state of Pernambuco, presents deteriorated water quality as a result of nutrient insertion due to the use and occupation of the contributing hydrographic basin. This reservoir is responsible for the water supply of approximately 800 thousand inhabitants in the Agreste region of Pernambuco [1].



The deterioration of water quality over the years and the consequent investments for the improvement of treatment systems to make it drinkable preoccupy water resource managers and technicians of COMPESA—the Sanitation Company of Pernambuco State—responsible for water supply and sanitation services to the majority of the population of Pernambuco.



Due to the Jucazinho reservoir’s economic and social importance for the region, the quality of its water must be frequently monitored, noting its seasonal variation and investigating the possible causes of the changes that occur. The reservoirs of the Brazilian semi-arid region present seasonal variations, in which, generally, there is a greater concentration of nutrients impacting the trophic state, during the periods of drought [2,3,4,5]. In the semi-arid region of Brazil, reservoir levels and their variations impact the quality of the stored water, that is, in a period of little rainfall, there is a reduction in the level of the reservoir, and there are thus consequent changes in water quality [3].



The excessive concentration of nutrients in many lakes and reservoirs is pointed out as anthropogenic [6,7,8,9]. This subject has been extensively discussed by public authorities, considering that low water quality implies a greater expenditure of time and financial resources to make the water suitable [10]. In addition, there is a risk of a presence of toxins and their impacts on drinkable water when the eutrophication process and high concentration of algae occurs [11].



Water quality is measured by parameters related to the physical, chemical, and biological characteristics of the water [12]. Such parameters are obtained through the collection of water samples from the reservoir for subsequent physical, chemical, and biological analyses.



A continuous collection of data that portray water quality, meteorological records, and conditions of use and occupation of the soil in the basin leads to a set of information that are often not trivial and that can be used to carry out analyses on water quality. For a large data set that involves many variables, the solution for a better understanding of the relationships among variables is not simple, so there is a need to apply a statistical technique of size reduction, that is, this technique replaces the set of existing variables by another, smaller, set that is a combination of the original variables. These applied statistical techniques shows the most important relationships among the variables and provide results that allow for a temporal analysis of the behavior of the data in study area [13,14]. Factorial analysis (FA), cluster analysis, and principal component analysis (PCA) are some of the statistical analyses applied to size reduction [15,16].



With the evolution of computers and software, there is a growing application of multivariate statistics, leading to many studies with applications in the area of water resources. Several authors have used techniques of multivariate statistical analysis to explain the variables that govern the water quality of various sources, mainly for the verification of the spatial and temporal behavior of these variables, since the amount of data involved in the study sometimes hinders the interpretation of results [17,18].



The present study had as an objective the verification of the behavior of water quality of the Jucazinho reservoir during a period of extreme drought. For this, one of the above-mentioned multivariate statistical techniques was used, the PCA.




2. Materials and Methods


This section presents information about the study area, where the water samples were collected to determine the physical, chemical, and biological parameters. The method by which the data of the water level of the dam was collected, the treatment of the data, and the statistical analysis is also described.



2.1. Spring Studied and Its Area of Hydric Contribution


The Jucazinho reservoir (location shows in Figure 1) was built in 1998 by the National Department of Works against Droughts (DNOCS), aiming, among other objectives, to ensure the water supply of the region and increase flood control along the Capibaribe river downstream from the dam until Recife, the capital of Pernambuco [19].


Figure 1. Location of the Capibaribe river basin and the area of water contribution of the Jucazinho reservoir.
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This reservoir has a flow contribution area greater than half of the drainage area of the Capibaribe basin, responsible for the water supply of about 800 thousand inhabitants in the Agreste of Pernambuco. It is located between the municipalities of Surubim and Cumaru and has an accumulation capacity of 327 million cubic meters. The flood control system is also integrated by three other reservoirs: Carpina, Goitá, and Tapacurá. Together, the reservoirs protect 3 million people against floods [20].



The part of the river basin controlled by the Jucazinho reservoir is fully situated within the semi-arid region of Northeastern Brazil. While there were seasons with high rainfall during the first decade of this century, this region suffered the worst drought of the last 60 years from 2011 to 2016. This drought was characterized by irregular and low rainfall concentrated within a short period of each year. This phenomenon, associated with high evaporation rates (2500–3000 mm per year), is causing collapse in almost all reservoirs, including Jucazinho.



Figure 2 shows the variation in the accumulated volume in Jucazinho (2005–2013). Since then, the volume reduction trend continued until the collapse in 2016 [19].


Figure 2. The variation in accumulated volume in Jucazinho in the period from 2005 to 2011. Source: [8].
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Upstream of this reservoir, the Capibaribe river stretch is the destination of both domestic sewage from urban areas of the cities Santa Cruz do Capibaribe and Toritama, and industrial effluent of jeans laundries in the latter municipality [21].




2.2. Acquisition of Data


Currently, the Water and Climate Agency of Pernambuco (APAC) and the State Environment Agency (CPRH) work in the fulfillment of the task of monitoring the water quality of state water bodies, with a view to the same attribution to both agencies.



The systematic monitoring of the rivers and reservoirs has been performed more frequently since 2005, when there was a resizing of the mesh of the sampling stations. Specifically for this year, monitoring was performed monthly. Currently, most of the water bodies, where, basically, surface water samples are collected, are monitored quarterly.



In this study, a series of data collected from January 2005 to August 2013, ceded by the APAC/CPRH, was analyzed. The variables studied were temperature (T), electrical conductivity (EC), hydrogen potential (pH), dissolved oxygen (DO), biochemical demand for oxygen (BDO), total phosphorus (P), turbidity (TUR), total solids (TS), cyanobacteria (CB), and the volume of the dam % (VD). These variables were selected because they are part of the main parameters monitored by CPRH.



It is worth mentioning that the series of data for the volume of the dam was obtained in the historical database of DNOCS. Specifically for these data, filling omissions and gaps in the information was necessary, which was carried out by linear interpolation, because the decrease of the level of the reservoir presents linear behavior.




2.3. Statistical Analyses


The statistical analysis used aimed to reduce the size of 10 water quality parameters in some components to facilitate interpretation of the original data. The multivariate statistical technique of PCA was applied from the data available. The database consisted of 10 variables and 45 cases, totalizing a record set of 450 data points. In matrix form, the original data were expressed by X = (xi,j), where i = 1…n samplings (450), and j = 1…p variables (10). In the PCA technique, the first step is to transform the array of original data into a correlation matrix [R] (p × p), for p equal to 10 water quality parameters analyzed in this study.



The data were then subjected to a statistical standardization procedure, wherein the original value is subtracted from the mean and divided by the standard deviation. The standardization is a statistical procedure with the original data to facilitate the comparison between the variables of different magnitudes, since all values of the mean and standard deviation after standardization present 0 and 1, respectively. These data were standardized in an electronic spreadsheet using Equation (1). Yij, Xij, S([image: ]j), and [image: ]j represent, respectively, the standardized value of the variable, the value of the original variable, the standard deviation, and the mean of the record set.
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The overall consistency of the data was measured by the Kayser–Mayer–Olkim method (KMO) [16]. The KMO method uses a criterion to identify whether a factorial analysis model that is being used is properly adjusted to data, testing the overall consistency of the data. This procedure checks whether the inverse correlation matrix is next to the diagonal matrix, consisting of comparing the values of the coefficients of linear correlation observed with the values of the partial coefficients of correlation. The number of components removed was defined, considering only components with an eigenvalue exceeding 1 [14].





3. Results and Discussion


3.1. Descriptive Statistics of the Original Variables and Correlations between Variables


Table 1 presents the descriptive statistics of the variables originals (non-standard). For each variable, the mean, standard deviation, variance, and coefficient of variation are presented.



Table 1. Descriptive statistical values of the variables.







	
Variable

	
Mean

	
Standard Deviation

	
Variance

	
Coefficient of Variation






	
CB (cell mL−1)

	
3.81 × 107

	
1.38 × 107

	
1.90 × 107

	
3.62




	
TUR (UNT)

	
5.45

	
4.36

	
19.01

	
0.80




	
BDO (mg L−1)

	
3.26

	
2.03

	
4.11

	
0.62




	
P (mg L−1)

	
0.25

	
0.09

	
0.01

	
0.38




	
DO (mg L−1)

	
6.85

	
2.05

	
4.21

	
0.30




	
TS (mg L−1)

	
1084.16

	
172.80

	
29,859.41

	
0.16




	
VD (%)

	
88.13

	
13.52

	
182.74

	
0.15




	
EC (dSm−1)

	
1.680

	
0.232

	
0.054

	
0.14




	
pH

	
8.37

	
0.62

	
0.38

	
0.07




	
T (°C)

	
27.66

	
1.23

	
1.52

	
0.04










The coefficient of variation is a measure of dispersion useful for the comparison of different distributions. The standard deviation is also a measure of dispersion, but it is relative to the mean. As two distributions may have different means, the deviation of these two distributions are not comparable. The solution is to use the coefficient of variation, which is equal to the standard deviation divided by the mean [15].



Analyzing the variation coefficients of the variables presented in Table 1, it is verified that the variable cyanobacteria (CB) presented a high degree of dispersion, with coefficient of variation equal to 3.62, whereas the variables turbidity (TUR) and biochemical demand for oxygen (BDO) showed values that were lower, yet still significant, 0.80 and 0.62 respectively. The other variables showed low dispersion with coefficients of variation below 0.50.



Table 2 shows the correlation matrix that was prepared to check the parameters of the greatest correlation and help with the interpretation of data.



Table 2. Correlation matrix of the variables.







	

	
T

	
pH

	
EC

	
DO

	
BDO

	
P

	
TUR

	
TS

	
CB

	
VD






	
T

	
1.000

	

	

	

	

	

	

	

	

	




	
pH

	
0.362

	
1.000

	

	

	

	

	

	

	

	




	
EC

	
−0.078

	
0.055

	
1.000

	

	

	

	

	

	

	




	
DO

	
0.383

	
0.700

	
−0.155

	
1.000

	

	

	

	

	

	




	
BDO

	
0.279

	
0.500

	
−0.262

	
0.427

	
1.000

	

	

	

	

	




	
P

	
−0.038

	
0.081

	
−0.537

	
0.099

	
0.449

	
1.000

	

	

	

	




	
TUR

	
0.309

	
0.088

	
−0.510

	
0.156

	
0.099

	
0.395

	
1.000

	

	

	




	
TS

	
−0.114

	
0.024

	
0.839

	
−0.082

	
−0.293

	
−0.455

	
−0.435

	
1.000

	

	




	
CB

	
0.000

	
−0.036

	
0.421

	
−0.141

	
−0.195

	
−0.375

	
−0.220

	
0.390

	
1.000

	




	
VD

	
−0.137

	
−0.107

	
−0.537

	
0.009

	
−0.011

	
0.097

	
−0.061

	
−0.483

	
−0.105

	
1.000








Note: Temperature (T) in °C hydrogen potential (pH), electrical conductivity (EC) in dS m−1, dissolved oxygen (DO) in mg·L−1, Biochemical Demand for Oxygen (BDO) in mg·L−1, total phosphorus (P) in mg·L−1, turbidity (TUR) in UNT, total solids (TS) in mg·L−1, cyanobacteria (CB) in cel·mL−1, and volume of the dam (VD) in %.








Higher values were observed for correlations between dissolved oxygen (DO) and hydrogen potential (pH) (R = 0.700), indicating the elevation of pH and DO in function of algal photosynthetic activity (production of oxygen), promoted by the contribution of nutrients [18,22], and between total solids (TS) and electrical conductivity (EC) (R = 0.839), indicating that the greater part of total solids is in a dissolved state.



There is a proportional relation between the content of salts dissolved and the electric conductivity and that the content of salts can be estimated by measuring the conductivity of the water [4]. In water sources in the state of Ceará, in Northeast Brazil, they observed a strong correlation of electrical conductivity with sodium, magnesium, calcium, hardness and chloride, that is, dissolved solids [23]. Further strengthening the strong correlation between electrical conductivity and dissolved solids, the authors of [24] found a correlation exceeding 0.9 for the electrical conductivity and the chlorates. The justification of this result consisted in the increase of chlorides as a function of the high rate of evaporation during the dry season in the semi-arid region of Ceará-Brazil.




3.2. Principal Component Analysis


The application of the technique of PCA resulted in the extraction of several components, whose first four explained approximately 77% of the total variance (Table 3). It was verified that the first (PC1), second (PC2), third (PC3), and fourth (PC4) components explained, respectively, 34%, 22%, 11%, and 10% of the total variance.



Table 3. Eigenvalues and explained variance of the variables.







	
Components

	
Eigenvalues

	
Explained Variance (%)

	
Accumulated Eingenvalues

	
Accumulated Explained Variance (%)






	
PC1

	
3.35

	
33.52

	
3.35

	
33.52




	
PC2

	
2.22

	
22.18

	
5.57

	
55.70




	
PC3

	
1.12

	
11.23

	
6.69

	
66.93




	
PC4

	
1.02

	
10.22

	
7.72

	
77.15




	
PC5

	
0.73

	
7.32

	
8.45

	
84.47




	
PC6

	
0.59

	
5.88

	
9.04

	
90.35




	
PC7

	
0.34

	
3.38

	
9.37

	
93.73




	
PC8

	
0.29

	
2.86

	
9.66

	
96.59




	
PC9

	
0.23

	
2.26

	
9.89

	
98.86




	
PC10

	
0.11

	
1.14

	
10.00

	
100.00










After that, only PC1 and PC2 were selected, because the two together add up to more than 55% of the variance studied, explaining the greater part of existing correlations in the data set. According to [25], coefficients of correlation greater than 0.5 express a strong relationship between the variables of water quality.



Table 4 shows the weights of the variables that most contributed to these principal components. The parameters that most contributed positively to PC1 were phosphorus and turbidity, while the parameters electrical conductivity, total solids, and cyanobacteria contributed negatively to it.



Table 4. Weights of the variables for PC1 and PC2.







	
Components

	
PC 1

	
PC 2






	
T

	
0.299

	
0.561




	
pH

	
0.306

	
0.81




	
EC

	
−0.853

	
0.389




	
DO

	
0.432

	
0.696




	
BDO

	
0.576

	
0.464




	
P

	
0.688

	
−0.133




	
TUR

	
0.596

	
−0.012




	
TS

	
−0.812

	
0.364




	
CB

	
−0.548

	
0.155




	
VD

	
0.366

	
−0.472










The parameters that most contributed positively to PC2 were pH and OD, while the parameter associated with the volume of water accumulated contributed negatively to it.



With the graph of projections for the weights of the variables plotted on the PC1 × PC2 plane (Figure 3), it is suggested that PC1 explains the increase in the concentration of dissolved solids and cyanobacterial proliferation as a function of the drought period (absence of rainfall), and, as a consequence of the lack of rainfall, turbidity and the levels of total phosphorus in the spring were reduced.


Figure 3. Weights of principal components plotted on the PC1 × PC2 plane.
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Turbidity results from the presence of colloidal particles in suspension, divided organic matter, plankton, and other microscopic organisms [26]. Turbidity can also be related to the inflow of effluents [27], and these are rich in phosphorus [6,28]. Thus, these two variables are associated with, and contribute positively to, this component, while the total dissolved solids, electrical conductivity, and cyanobacteria contribute negatively.



On the other hand, the authors of [24] stated that the total dissolved salts in the waters may be from both natural sources (mineralization and marine aerosols) and anthropic sources (domestic sewage). Some researchers studying water bodies of the state of Ceará made conclusions about the origin of the salts in some of these streams. The authors of [23], studying the waters of the Acaraú river basin, verified that the common origin of these minerals was the weathering of rocks and subsequent runoff from drained areas. Studies in the Jaibaras River, also in Ceará, correlated the salts with domestic sewage and spa waste [29]. Studies about the Trussu river basin, identified the washing of clothes and domestic sewage as being the source of chloride and sodium [30].



The water contribution area of the Jucazinho reservoir have a predominance of soil types Planosol, Solonetz, and Bruno but not Calcic or Regosol [20], which may be contributing to the salinization of water [31]. It is important to emphasize that the salts used by laundries/dyers in Toritama for fixing colors onto fabric confer a high salinity of the effluent. These wastes, when discarded without being properly treated, may be another source of salts to the river and consequently to the reservoir [1].



PC2 indicates the intensification of the process of photosynthesis performed by cyanobacteria, which can be justified by the contributions of the weights of pH, DO (positively), and the percentage of the volume of the dam (negatively).



According to [32], the northeastern region of Brazil presents more propitious conditions for cyanobacterial blooms, because the climate is always hot, reservoirs with low levels, caused by recurrent periods of drought, and a lack of sanitation services, among other factors that favor the excessive increase of biomass in these bodies. According to [33], the maximum rate of growth of the cyanobacteria is present at temperatures above 25 °C and the range of optimal growth happens at a pH level from 7.5 to 10, inhibited below 5. The authors of [34] affirm that the aquatic communities can interfere with the values of pH, mainly through the metabolism of CO2. During the process of photosynthesis, in which there is consumption of this gas by phytoplankton, an increase in the pH values of the medium occurs. Thus, PC2 shows the relationship between photosynthetic activity and the production of oxygen, when the accumulated volume remains at lower levels.



Reseachers performed a statistical evaluation in rivers in the state of Minas Gerais through PCA in the period from 2007 to 2011 [35]. The results showed a positive correlation of density of cyanobacteria with pH, chlorophylla, temperature, and nitrate, and an inverse relationship with turbidity, color, and solids in suspension. The researcher highlights that high loads of nitrate and phosphorus, alkaline pH values, high water temperatures, and prevalence of long periods of drought is the necessary combination for the increase in densities of cyanobacteria.



In statistical study performed in the Teles Pires and Cristalino rivers in the Alto Tapajós basin, located in the state of Mato Grosso, observed, both for the DO and for the pH, during the study period, a negative correlation with the rainfall [36].



Figure 3 displays the graph of weights for the first two principal components. Geometrically, the weights correspond to the cosines of the angles that the principal components make with the original variables. The weights of the original variables in linear combination define each principal component. The relation between the variables can be observed in the graph of the weights. Based on these relations, it is possible initially to infer a physical interpretation for the principal components. Still in the same figure, it is interesting to note the provision of variables along PC1, which shapes 33.52% of the variance of the data matrix. The volume of the dam (VD) has the opposite sign of cyanobacteria (CB), electrical conductivity (EC), and total solids (TS).



Figure 4 shows the score graph with the objective of analyzing the seasonal behavior of the data series. It was possible to group together the years 2005, 2006, 2007, 2012, and 2013 (Group 1) with more positive contributions to the explanation of PC1, while the years 2008, 2009, 2010, and 2011 (Group 2) formed a group that contributed negatively to it.


Figure 4. Scores of components plotted on the PC1 × PC2 plane.
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The scores of the PCA, presented in Figure 4, revealed differences resulting from the seasonal influence and annual accumulated volume, which in turn is directly related to rainfall in the water contribution area of the reservoir.



With the aid of the score graph (Figure 4), it is possible to verify the tendency of grouping for the explanation of PC2. The graph shows that most of the white circles and triangles, which represent the first semester of each year studied, are located above the zero value on the x-axis, so the data for the first semester contributed positively to PC2. Adversely, the black triangles and circles, which represent the second semester of each year studied, are located below the zero value on the x-axis, so it is possible to conclude that the data of second semesters contributed negatively.



In fact, the largest pluviometric indexes in the portion of the Capibaribe river basin controlled by the Jucazinho dam occur in the months of February to June. The lowest values of the monthly average rainfall occur in the period from August to January and are less than 40 mm [19].



The observed trend suggests that the intensification of the drought period associated with an increase of the dissolved solids concentration exhibits behavior that changes annually, and is explained by PC1. The intensification of the process of photosynthesis is performed by cyanobacteria, ranging within six months, and is explained by PC2.





4. Conclusions


The Jucazinho reservoir located in the semi-arid region of Northeastern Brazil suffers from recurrent water level reductions, which are aggravated for years when drought is severe. The studies contemplated data of nine years, and, after the application of statistical techniques and subsequent interpretation of the results. The main conclusions are summarized in the following points.

	
The employment of PCA promoted a reduction of 10 parameters of surface water quality in two components, which together explain 55% of total variance, illuminating the main problems that interfere in the temporal variation in water quality.



	
The results of PCA showed a tendency toward formation over years, and even over months, of similar water quality parameters, conditioned by rainfall, indicating, in general, the temporal variations of the parameters analyzed. The temporal pattern obtained by the analysis shows that two factors are responsible for the variation in water quality during periods of drought, one observed over many years and other observed every six months.



	
Wet years increase the inflow to the reservoir, so more domestic and industrial sewage is contributed, which in turn increases the turbidity and the content of phosphorus in the spring. On the other hand, years with little or no precipitation provide low inflow to the reservoir. In these conditions, there is an increase in total solids (dissolved salts) and, consequently, in electrical conductivity in view of the increase of the evaporation of the repressed water volume. An increase photosynthetic activity can also be seen, as is evidenced by the increase in the oxygen content in the water and in pH.



	
The research shows the importance of water quality monitoring, where adequate statistical treatment can provide subsidies for better monitoring to preserve water quality for public water supply. In extreme dry periods, the identification of annual and semi-annual variation behavior can assist managers in making decisions regarding reservoir operation, monitoring the most important parameters and actions that minimize the impact of this extreme drought.



	
The results of the study were relevant in the conduction of new methodologies for monitoring and management of the reservoir, since the applied statistical treatment shed light on the most recurrent problems of extreme drought, and these findings can be extended to other reservoirs located in the semi-arid of Northeastern Brazil.
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