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Abstract

:

In this work, the possibility of using four water quality indices (WQIs) to evaluate the quality status of small rivers in the Mediterranean region (Northern Greece) was investigated. The WQIs selected were the NSF WQI, Oregon WQI, CCME WQI and Prati’s Index of Pollution and were applied to three rivers, namely Laspias, Kosynthos and Lissos, located in the prefectures of Xanthi and Rhodope, Northern Greece. The individual indices were calculated based on the values of 11 physicochemical parameters derived from field measurements and chemical laboratory analyses of water samples at two monitoring stations in each river. The in situ measurements and samplings were executed at a frequency of approximately 10 days and lasted 20, 12 and 10 months for rivers Laspias, Kosynthos and Lissos, respectively. The comparative results from the four indices in the three rivers showed that for rivers Kosynthos and Lissos, which had comparable values of physicochemical parameters, Prati’s and CCME indices classified these water bodies into the highest quality classes, the NSF WQI into a slightly lower class and the Oregon WQI into the lowest classes of quality ranking. Regarding Laspias River, whose physicochemical parameter values indicated inferior water quality than the other two rivers, the Oregon index ranked this water body in the lowest quality class, while the other indices in slightly higher classes. In conclusion, regarding the water quality of ephemeral streams in the Mediterranean, it seems that the Oregon index is stricter followed by the NSF, and then, Prati’s and CCME WQIs.






Keywords:


water quality assessment; surface water quality; CCME WQI; NSF WQI; Oregon WQI; Prati’s Index












1. Introduction


Population growth, anthropogenic activities, such as agricultural intensification and industrial development, as well as land use/land cover change and climate change have resulted in recent decades in the reduction of surface water body quantity and the impairment of their quality. Thus, the availability of freshwater gradually decreases and many of its uses are excluded due to pollution [1,2]. This fact leads to the need to monitor the surface water quality of surface aquatic systems and implement measures for maintaining their good quality.



Water quality is expressed by many different water quality parameters (WQPs) that include physical, chemical and biological. The participation of these WQPs in the water quality assessment process is not of the same importance and depends on the ultimate water use. Therefore, the expression of the water quality of a water system (e.g., river, lake and reservoir) using the values of the individual WQPs is difficult to understand by non-experts [3,4]. The development of water quality indices (WQIs) has been a satisfactory solution to this problem, as it indicates the quality status of a water body with a single unitless numerical value obtained from various WQPs through an aggregation function [3,5,6]. Thus, the WQIs are important tools, as they transform the raw values of WQPs into a single value which helps to express in an easy and fast way the overall water quality status of the monitored river or lake. In addition, WQIs help the decision and policy makers and the water body managers to easily and quickly assess the water body quality status and propose management or remedial measures [7].



Many WQIs have been created and are used to assess surface water quality, and there have been numerous applications [8,9,10,11,12,13,14,15,16]. The most commonly used WQIs are the following: CCME-WQI [17], NSF-WQI [18], Oregon WQI (O-WQI) [19], Prati’s Index of Pollution [20], Weighted Arithmetic WQI [4], Bhargava’s WQI [21], Dinius WQI [22], etc. Various studies have shown that in many cases the results of the indicators obtained from the use of various WQIs can be different even when they are applied to the same water system. This is because each WQI is designed for a different purpose, or uses data from locations with different geomorphological and climatic characteristics, or uses a different function or weights when agglomerating the various WQPs [23,24,25].



Although there are many WQI methods for assessing the water quality of water bodies, none of them is universally recognized as the best for assessing water quality. Many studies have been conducted at both regional and global scales in order to investigate the utility and reliability of WQIs in different settings. However, fewer studies have been performed applying different WQI methods to a specific water system in order to assess their comparative performance [26,27]. Especially for the Mediterranean region, few studies referring to the comparative evaluation of WQIs in various water systems have been published to date. Akkoyunlu and Akiner [28] compared three water quality indices (i.e., CCME WQI, NSF WQI and O-WQI) for the rivers of the Sapanca Lake Basin (Marmara Region, Turkey). Hamlat et al. [29] evaluated and compared ten WQIs (i.e., CCME-WQI, British Columbia WQI, NSF-WQI, O-WQI, ATI, D-WQI, Overall Index of Pollution, Universal WQI, DOE-WQI and ISQA-WQI) in Tafna catchment (Algeria). Perrin et al. [30] applied and compared several WQIs in Vene River (South France) and in Oued Fez River (Morocco). Alexakis et al. [6] applied and compared CCME-WQI and NSF-WQI in Polyphytos artificial lake in Kozani prefecture, Northern Greece. Zotou et al. [26,27] applied and compared seven widely used WQIs in Vosvozis River and in an artificial lake of Aliakmon River, respectively, both located in Northern Greece. The results of all the aforementioned studies showed that there are considerable differences in the water quality classification of water systems when a different index is applied. The conclusion reached was that more studies are needed applying the water quality indices to a large variety of water bodies (i.e., with different local conditions) to reduce the uncertainty regarding their behavior. Then, and possibly after modification or adjustments, they could be applied to the Mediterranean area. The modification mainly refers to the reduction in the initial number of parameters used in the calculation of the indices. The reduction is executed using various methods such as principal component analysis (PCA) [31,32] and the correlation coefficients method between each water quality parameter and the WQI value [26,27].



The purpose of this study was to evaluate and compare the effectiveness of various WQI methods by applying four WQIs in three rivers located in the Mediterranean region (Prefectures of Xanthi and Rhodope, Northern Greece). The WQIs applied and evaluated were the following: NSF-WQI, O-WQI, CCME-WQI and Prati’s Index of Pollution. The rivers selected are of small length (from 30 to 52 km) and are characterized as “ephemeral” as their discharge is reduced to zero for approximately 2 months during the summer season. This also constitutes one of the innovations of the research, i.e., to see the applicability and comparative assessment of known WQIs in small ephemeral streams in Mediterranean countries. The main criteria for the selection of WQIs were first, the availability of the data required for their application and second, their widespread use and potential to assess the overall surface water quality. Another objective was to assess the quality status of the three rivers and find possible discrepancies between their water quality.




2. Materials and Methods


2.1. Study Area Description


The study areas comprise the watersheds of three ephemeral rivers, namely Laspias, Kosynthos and Lissos, located in Thrace District, Northern Greece (Figure 1). The three rivers spring from the Rhodope Mountains. Rivers Laspias and Lissos drain into the Thracian Sea, North Aegean [33,34], while Kosynthos River empties into Vistonis lagoon, which is an important ecosystem under tidal exchange with the Thracian Sea [35,36,37]. The estuaries of rivers Laspias and Lissos and Vistonis lagoon are protected by the Ramsar Convention. The reason for selecting these three rivers are the following: All three met the criteria of ephemeral streams located in the same area (Northern Greece) which belongs to the wider Mediterranean area; data were available for the present study as water quantity and quality monitoring programs in these rivers were carried out recently; there are water quality issues because intensive agriculture is an activity taking place in their catchment area, as one of the rivers receives urban runoff from the city of Xanthi, and the other two receive treated effluent from wastewater treatment plants. Furthermore, the lowlands of Laspias, Kosynthos and Lissos watersheds are ecologically protected areas included in the “NATURA 2000” network of the EU. The river water is mostly used for irrigation. No matter what the use is, its water quality assessment is needed following the requirements of the EU Water Framework Directive 2000/60/EC [38,39,40].



The geomorphological characteristics as well as the main pollution sources in the three watersheds are presented in Table 1. Detailed descriptions of geomorphological characteristics, meteorological conditions and pollution sources of the watersheds of rivers Laspias, Kosynthos and Lissos are reported by Gikas [33], Gikas et al. [35,36], Pisinaras et al. [37] and Gikas [34], respectively. Briefly, geologically the mountainous part of the three watersheds is located in the Rhodope mountain range and consists of metamorphic rocks (i.e., gneisses, marbles and schists). There are also igneous rocks such as granites and granodiorites that entered the Rhodope massif through magmatic events in tertiary times. The climate in the three watersheds varies depending on elevation. The mean annual precipitation is 622 mm, 748 mm and 706 mm for Laspias, Kosynthos and Lissos watersheds, respectively, with significant discrepancies between the dry (June–September) and wet (October–May) period.




2.2. Data Collection and Measurements


In order to compute the four WQIs (i.e., CCME, O-WQI, NSF-WQI and Prati’s index), the following physicochemical parameters were used: temperature (T), dissolved oxygen (DO), pH, electrical conductivity (EC), BOD5, COD, NO2-N, NO3-N, NH4-N, total phosphorus (TP) and total suspended solids (TSS). Not all these parameters were used in all methodologies, as each methodology uses different WQPs. For the rivers Laspias and Lissos, the data on the quality parameters came from the measurements carried out in previous studies by Gikas [33] and Gikas et al. [34]. In the case of Laspias River, physicochemical parameters were measured at four monitoring stations (namely LS1, LS2, LS3 and LS4) along the river as described in detail by Gikas [33]. The field measurements and water sampling were conducted at a frequency of approximately 10 days from October 2010 to May 2012. For the needs of the present study, only the data of the stations LS2 and LS4 (station code names in the study of Gikas [33] with code names LAS1 and LAS2 (present study), respectively) were used (Figure 1a). LAS1 station was located in the middle of the basin and provides information on the quality of water coming from the upper part of the watershed, where there are agricultural crops and two livestock establishments. Station LAS2 was situated near the mouth of the river and downstream of the site, where the WWTP discharges its effluent.



Regarding Lissos River, the WQPs were measured at seven monitoring stations (namely LS1 to LS7) along the river and its main tributaries as described in detail by Gikas et al. [34]. The field measurements and water sampling were conducted at a frequency of approximately 10 days from October 2010 to July 2011. For the needs of the present study, only the data of stations LS1 and LS3 (station code names in the study of Gikas et al. [34] with code names LIS1 and LIS2 (present study), respectively) were used (Figure 1c). LIS1 station was located in the middle of the basin and provides information on the quality of water coming from the mountainous part of the catchment. LIS2 station was situated upstream of the river mouth and provided information on the overall water quality of the river before its discharge into the Thracian Sea.



To determine WQPs in Kosynthos River, two monitoring and sampling stations (namely KS1 and KS2) along the main course of the river were installed (Figure 1b). The monitoring stations were selected based on the information they provide about the state of the river. KS1 was located after the mountainous area of the watershed and provided information on the quality of water coming from the mountainous part, upstream of the agricultural area. KS2 station was located upstream of the river mouth and this station provided information on the overall water quality of Kosynthos River before its discharge into Vistonis lagoon. All aforementioned WQPs were measured at the two Kosynthos stations. Measurements and sampling were performed at a frequency of 10 days from December 2016 to November 2017. In July and August, the depth and flow velocity at the two Kosynthos stations were extremely low or even zero, so water measurements and sampling were impossible. The following parameters were measured in situ using portable WTW (Weilheim, Germany) instruments: T, DO, pH and EC. In addition, water samples were collected from both stations and transported in a portable cooler to the laboratory, where they were analyzed according to standards methods [41] to determine the concentration of the following parameters: BOD5, COD, NO2-N, NO3-N, NH4-N, TP and TSS. NO2-N and NO3-N were determined with ion chromatography Dionex ICS-300. For the estimation of total dissolved solids (TDS, mg/L) in freshwater, the following equation was used [42]:


TDS = 0.65 × EC



(1)




where EC (μS/cm) is the electrical conductivity.




2.3. WQI Description and Application


As mentioned above, the four WQIs selected in the present study to evaluate the water quality status of the three rivers were NSF-WQI, O-WQI, CCME-WQI and Prati’s Index of Pollution. The main criteria for the selection of WQIs were first, the availability of the data required for their application and second, their potential to assess the overall surface water quality. The steps followed to calculate each WQI were as follows: (i) selection of the physicochemical parameters to be used in the calculation; (ii) generation of the corresponding unitless sub-index by transforming concentration values to “water quality” levels using the appropriate mathematical equations; (iii) assignment of an appropriate weighting factor for each sub-index and (iv) calculation of the overall index using a cumulative equation that includes the individual sub-index scores and their respective weighting factors from the previous two steps.



For consistency, the same WQPs were used to calculate the values of the four WQIs used, in order to enable their comparison. We could also have used the Principal Component Analysis (PCA) and/or machine learning techniques to reduce the number of variables to be used in calculating a water quality index [43,44]. However, in this way, a modified form of the WQI would be obtained, which would make difficult or not possible the comparison between the four WQIs in their original form.



Each WQI was calculated separately at each measuring station of each of the three rivers, and then, each computed WQI value was assigned to the corresponding quality category on a scale of 1 to 5, according to each methodology’s classification system. In all cases, the worst quality is indicated by 1 and the best by 5. A brief description of the four WQIs is presented in the subsequent paragraphs, and Table 2 presents additional information such as the physicochemical parameters, weighting factors (for NSF-WQI), objective concentration values (for CCME WQI), the aggregation equation and the classification system used by each WQI.



2.3.1. NSF WQI


Brown et al. [18] recommended a WQI which is known as NSF-WQI because its development was contended by the National Sanitation Foundation (NSF). This index evaluates general water quality. The NSF-WQI calculation is based on the following process: Each WQP is assigned a weighting factor that reflects the parameter’s relative importance to water quality; the value of each WQP is normalized through sub-index function (curve); summing these values produces the final index, whose value ranges between 0 and 100 with 0 representing the worst quality [3,18]. The weights proposed for DO%, pH, BOD5, NO3, PO4, T and TS are 0.17, 0.11, 0.11, 0.10, 0.10, 0.10 and 0.07, respectively. The sum of the weights of all parameters included in the index should be 1.0, otherwise, the weights are modified by dividing the weight value of each parameter by the sum of the weight values. The methodology also proposes a classification system (from 1 to 5) as presented in Table 2. The NSF WQI was used in its original form. Alternatively, the Analytic Hierarchy Process (AHP) method [45] can be used to calculate weighing factors for the NSF WQI application [46]. We decided to not apply the AHP in the current study because we wanted to use the NSF WQI in its original form so that it would be possible the comparison with the results of the other three WQIs.




2.3.2. Oregon WQI


The original O-WQI was created by the Oregon Department of Environmental Quality, USA, in the 1970s. The purpose was to summarize and evaluate Oregon’s streams for general use. The O-WQI was improved in 1995 by adding new sub-indices (i.e., temperature and total phosphorus) and meliorating the aggregation function [19]. Each WQP included in the index is transformed into a sub-index with a value from 10 to 100. The final index (i.e., O-WQI) is produced from all sub-indices using an aggregation formula and ranges from 10 to 100, with 10 expressing the worst water quality. The WQPs, the aggregation function and the classification system are presented in Table 2 [3,19].




2.3.3. CCME WQI


Three factors F1, F2 and F3 participate in the calculation of CCME-WQI which represents overall water quality [17]. The values of the three factors and the final index range from 0 to 100. The F1 factor is called “Scope” and represents the percentage of total WQPs that do not meet the water quality standards or objectives (“failed variables”). The F2 factor is called “Frequency” and represents the percentage of the tests that do not meet the objectives (“failed tests”) relative to the total number of tests. The F3 factor is called “Amplitude” and represents the amount by which the objectives are not met. An advantage of this methodology is that it does not specify which or how many WQPs should be included. The determination of the objective values (water quality standards) was based on a similar study carried out in the same area in Vosvozis River by Zotou et al. [26]. The WQPs, the corresponding objectives, the CCME-WQI calculation equation and the classification system are presented in Table 2. The application developed by CCME [17] was used to calculate the index.




2.3.4. Prati’s Index of Pollution


Prati et al. [20] created this index of pollution which can be used to assess surface water quality for general use. They developed mathematical equations to transform each of the WQPs into a sub-index. The arithmetic mean of the sub-indices provides the value of the final pollution index which ranges between 0 and 14, with a lower score expressing higher water quality, i.e., lower pollution level. In other words, the index value increases when the level of pollution increases and, for this reason, Prati’s index is characterized as an “Ascending scale” or “Pollution” index. The classification system of Prati’s index is presented in Table 2, and the sub-index equations are presented in detail by Prati et al. [20].






3. Results and Discussion


3.1. Water Quality Data of the Three Rivers


Table 3 presents the statistics of physicochemical parameters in the three rivers used to determine the WQIs. The mean temperature values fluctuated at the same levels in the three rivers, which is expected since the rivers are located in the same wider area and their watersheds have the same climatic conditions (Figure 1). The mean values of DO concentration were similar in rivers Kosynthos and Lissos and ranged between 9.8 and 11.2 mg/L. In contrast, the mean DO value in Laspias River was less than 6 mg/L at both stations, while the minimum values measured were 0.7 mg/L and 0.2 mg/L (i.e., anoxic conditions) at stations LAS1 and LAS2, respectively. According to Chapman [47], a low DO concentration indicates water pollution with organic matter and fish death can be observed when its concentration is less than 2 mg/L. The mean pH values in the three rivers, as in the case of temperature, were at the same level (Table 3) and their range of variation (i.e., from 7.8 to 8.5) was within the range of pH value variation for natural waters (i.e., from 6.0 to 8.5) [47]. The EC value in polluted waters is greater than 1 mS/cm [47]. Based on this, rivers Kosynthos and Lissos are considered unpolluted as the average values of EC were lower than 0.55 mS/cm (Table 3), while Laspias is considered polluted as the average values at the two measuring stations were greater than 1.0 mS/cm (Table 3).



The mean BOD5 concentration values in rivers Kosynthos and Lissos ranged from 1.9 mg/L to 2.9 mg/L, which are below the EU limit of 3–6 mg/L for aquatic life [48]; in contrast, the average BOD5 concentration at Laspias River stations LAS1 and LAS2 was 14.4 and 12.0 mg/L, respectively, which is higher than the limit (Table 3). Similarly, the mean COD concentrations in rivers Kosynthos and Lissos were less than the limit of 20 mg/L for unpolluted waters [47], while in Laspias River it was higher than the limit (Table 3). These results show the loading of Laspias River with organic matter. Among the three rivers, Kosynthos presented the lowest mean concentration of NOx-N (i.e., the sum of nitrite and nitrate nitrogen), which was 0.4 and 1.7 mg/L at stations KS1 and KS2, respectively. The mean concentrations in the other two rivers ranged from 2.3 to 5.7 mg/L, with the highest concentrations occurring in Laspias River (Table 3). The mean concentrations of nitrate nitrogen at all six stations were higher than that of nitrite nitrogen whose values were very low or zero. Regarding ammonia nitrogen, a concentration in water bodies greater than 3 mg/L indicates possible pollution from urban sewage, industrial wastewater and/or agricultural runoff [47]. The mean concentrations of NH4-N at stations of Laspias River were 19.1 and 7.5 mg/L for LAS1 and LAS2, respectively, indicating polluted waters, while in the other two rivers, the concentrations ranged between 0.1 and 0.8 mg/L, indicating unpolluted waters.



The concentration of TP in Laspias River is an order of magnitude higher than that of the other two rivers. The waters of all three rivers are considered polluted with total phosphorus as its mean concentration ranged from 0.03 to 0.7 mg P/L (Table 3), which is higher than the limit of 0.005–0.02 mg P/L observed in natural surface waters [47]. At all stations in the three rivers, the measured TSS concentration values were greater than the EU limit of 25 mg/L for aquatic life (Table 3) [47]. However, the mean TSS concentration was greater than 25 mg/L only at station LAS1. Based on the results of the physicochemical parameters, it is clear that the quality of the water in rivers Kosynthos and Lissos was similar, while the water of Laspias River was of lower quality compared to that of the other two rivers. A better picture of the water quality of the three rivers can be obtained from the WQIs.



Based on the Dodds [49] classification method, the trophic state of rivers Laspias and Lissos, during the monitoring period, was eutrophic at both stations [33,34]. Regarding Kosynthos River, the trophic state during the monitoring period was mesotrophic and eutrophic at stations KS1 and KS2, respectively.




3.2. Water Quality Class in the Three Rivers according to the Four WQIs


The monthly fluctuation of the quality class in the three rivers (i.e., Laspias, Kosynthos and Lissos) and for each monitoring station of each river (i.e., LAS1, LAS2, KS1, KS2, LIS1 and LIS2) is presented in Figure 2. To make the comparison of WQIs possible and feasible, the quality class (scale 1–5) was chosen, as presented in Table 2, instead of the numerical value of each WQI, because the numerical value scale is not the same for all indices. More specifically, the numerical values of Prati’s Index and O-WQI are expressed on scales of 0–14 and 10–100, respectively, while the NSF-WQI and CCME-WQI are expressed on a scale of 0–100. The correspondence between quality class scale 1–5 and quality characterization (i.e., very bad, bad, fair, good and excellent) is shown in Table 2. In addition, in Figure 2, for each monitoring station, a frequency graph is presented. This chart shows the normalized frequency of occurrence of each WQI in each quality category.



In the case of Laspias River (Figure 2a,c) and at both monitoring stations, the O-WQI classifies the river waters into the lowest quality class (i.e., class 1) and the NSF index into higher quality class than the O-WQI with values between 2 and 3. The CCME-WQI and Prati’s index give classification results lower than the NSF index. More specifically, the CCME classifies the river water into a quality class between 1 and 2 at the LAS1 station and between 1 and 3 at the LAS2 station. Accordingly, Prati’s index classifies the river water into a quality class between 1 and 2 at station LAS1 and between 2 and 3 at station LAS2. The above conclusions are confirmed by the corresponding normalized frequency graphs (Figure 2b,d). The O-WQI appears to be the “strictest” index as it shows no flexibility and classifies Laspias year-round into class 1.



Regarding Kosynthos River (Figure 2e,g), the O-WQI seems to be more flexible or sensitive compared to its results in Laspias River as it classifies the river water into a quality class between 1 and 4 at KS1 station and between 1 and 2 at KS2 station. However, this ranking is again lower than those of the other two indices, which rank Kosynthos at KS1 and KS2 stations into quality classes between 4 and 5, and 3 and 5, respectively. Among the NSF-WQI, CCME-WQI and Prati’s index, the NSF-WQI ranks Kosynthos in a lower quality category compared to the others. More specifically, NSF-WQI classifies the water body into quality class 4 at a frequency of 100% and 80% for KS1 and KS2 stations, respectively, while CCME-WQI and Prati’s index classify this water body into quality classes 4 and 5 at a frequency of 50% for both classes for station KS1. At KS2 monitoring station, Prati classifies the water body into quality classes 4 and 5 at 20% and 80% frequency, respectively, and CCME-WQI into quality classes 3, 4 and 5 at 10%, 20% and 70% frequency, respectively (Figure 2f,h).



Finally, at both monitoring stations of Lissos River, the O-WQI classifies the water body, as in the case of KS2, into quality classes between 1 and 2 indicating lower flexibility as in the case of Kosynthos River (Figure 2i,k). The greater flexibility shown by the O-WQI to changes in the water quality of rivers Kosynthos and Lissos compared to Laspias River is likely due to the high difference in the concentrations of several physicochemical parameters between the rivers. For instance, the mean concentration of EC, COD, NH4-N and TP is at least an order of magnitude higher in Laspias River than the corresponding values in rivers Kosynthos and Lissos (Table 3). Among the NSF-WQI, CCME-WQI and Prati’s index, the NSF-WQI ranks Lissos River, as in the case of Kosynthos River, in a lower quality category compared to the others. More specifically, the NSF-WQI classifies the water body into quality classes between 3 and 4 at a frequency of 20% and 80% for LIS1 station, and 40% and 60% for LIS2 station, respectively. The CCME-WQI and Prati’s index classify the water body mainly into quality class 4 at both LIS1 and LIS2 stations at a frequency higher than 60% (Figure 2j,l).



The graphs in Figure 2 show that for the three rivers, the different WQI methodologies applied rank the three water systems in different quality classes. This fact is probably due to the type and number of parameters used in a WQI (Table 2), the mathematics proposed to obtain unitless numbers, the different aggregation function used by each methodology, the different ranges of the water quality parameters measured in developing the WQI, the method used to set the boundaries in the classification system, the different limits of standards for each water quality parameter, the ultimate water use implied in WQI development, the personal perceptions of the WQI developers on the water quality status of a water body and the relevant classification method, and finally, the fact that the indices were designed for USA (i.e., NSF-WQI and O-WQI) or Canada (i.e., CCME-WQI) rivers, where flow is perennial and where the environmental conditions and anthropogenic activities differ from those of Mediterranean ephemeral streams [5,23,25,26].



The final classification results of the three water bodies obtained from each of the four methodologies are presented in Table 4. This classification is based on the worst-quality scenario recorded at the two monitoring stations of each river. Laspias River is classified at both LAS1 and LAS2 stations into quality class 2 (characterization: bad quality) according to the NSF-WQI, while with all other indices, it is classified into quality class 1 (characterization: poor or very poor quality; Table 2). Kosynthos River is classified at both stations KS1 and KS2 into quality class 4 (characterization: acceptable) according to Prati’s Pollution Index. According to the NSF and CCME indices, at station KS2, it is classified into quality class 3 (characterization: medium or fairly poor quality); based on O-WQI, it is classified, only at station KS2, into the lowest class 1 (i.e., very poor quality). Finally, Lissos River is ranked at both stations LS1 and LS2 according to the NSF-WQI and Prati’s Index of Pollution into quality class 3 (characterization: medium quality or slight pollution), with the CCME-WQI, into quality class 2 (i.e., marginal quality) and according to the O-WQI, it is ranked, only at KS2, into the lowest class 1 (i.e., very poor water quality).



Previous studies have also compared the WQIs used in the present study. Zotou et al. [26] compared seven WQIs including NSF-WQI, CCME-WQI, O-WQI and Prati’s index in assessing the water quality of Vosvozis River, Rhodope Prefecture, North Greece. Zotou et al. [26] results agree with those of the present study regarding the O-WQI index. The results are also similar for all indices to those of Laspias River, while there is no agreement with those of rivers Kosynthos and Lissos as the NSF index tends to classify the water body (i.e., Vosvozis River) into a higher class compared to the CCME-WQI and Prati’s Index. These results are probably due to the fact that the values of several physicochemical parameters (e.g., NH4-N, TP, COD and BOD5) in Vosvozis River are similar to those in Laspias River. Other studies also report that the NSF-WQI leads to higher quality classes compared to O-WQI [23,28].



According to Darvishi et al. [24], who compared NSF and O-WQI in assessing the water quality of Talar River discharging into the Caspian Sea, NSF classifies river waters into a higher quality class than O-WQI. They consider the NSF index as more suitable for the assessment of Talar River water quality. Perrin et al. [30] assessed the water quality of the Vene River (France) and the Oued Fez and Sebou Rivers (Morocco) in the Mediterranean region using 17 WQIs, including Prati’s Index of Pollution, CCME-WQI and O-WQI. The results, which are in agreement with those of the present study, showed that the indices presented sensitivity to the hydrological conditions and the different geographical locations. The CCME index clearly reflected changes in water quality along rivers even under extreme low-flow conditions that characterize most ephemeral rivers in the Mediterranean region [50]. The O-WQI ranked rivers into the lowest quality class even in locations known to be less polluted. Akkoyunlu and Akiner [28] assessed river quality in the Sapanca Lake Basin using several indices, including CCME-WQI, O-WQI and NSF-WQI. The comparative assessment showed that the NSF-WQI was the best approach to reflect the river quality in the Sapanca Lake Basin, while the water quality classifications of CCME-WQI and O-WQI were mainly “very poor”, “poor” and “marginal”. Hamlet et al. [29] give similar results of the Tafna Basin (north-western Algeria) to those of Laspias River of the present study, regarding the relative performance of CCME, NSF and Oregon WQIs, emphasizing that results differ from one region to another depending on local conditions.



The European Council Water Framework Directive (WFD) [38] has set the objectives concerning the prevention of water degradation (inland, transitional and coastal) and the achievement and maintenance of their good ecological status [39]. Based on the WFD, the assessment of the ecological status of a river is based on river basin management plans, which include monitoring programs on several quality parameters. The ecological status is determined based on three qualitative elements: biological, physicochemical and hydro-morphological [40,51]. After 22 years of WFD implementation in Europe, there is a concern that the target of good status, or higher, in all EU waters has not yet been achieved [52], and it is proposed to assess the effectiveness of the ecological assessment and investigate its improvement [53,54].



The ecological status of a water system (e.g., river) is determined by the physicochemical state of the system, biological parameters (e.g., phytoplankton, macrophages invertebrates) and hydro-morphological elements (e.g., depth, width and flow). The WFD methodology as proposed to be implemented by the Ministry of Environment and Energy of Greece (WFD-MEEG) was used to assess the physicochemical quality of the river water based on the nutrient classification system (NCS) method [55]. The types of nutrients included are N-NO3, N-NH4 and N-NO2. The method was modified to additionally include the following parameters: total phosphorus (TP), P-PO4 and dissolved oxygen (DO). The methodology for assessing the physicochemical quality of surface water systems in Greece has been presented in detail by Panagopoulos et al. [56] and Gikas et al. [50].



In the recent literature [52,53,57], the following are mentioned as the main weaknesses of the WFD: (a) the “one-out, all-out” principle, (b) the lack of a different line of evidence delineating the cause–effect relationship, and (c) the definition of reference conditions and degree of deviation from the reference. The “one-out, all-out” principle shows the strictness of the methodology because it results in the lowest ecological status for the water body being assigned by any of the quality elements considered.



Regardless of the WQPs used in some WQIs and the appropriate mathematical equations proposed to obtain a unitless sub-index, the main question is how to define the boundaries between water quality classes. To avoid subjectivity and improve the adaptability of the WQIs application, new techniques have been developed, emphasizing the weighting of parameters. A representative example is the use of the information entropy method. This has led to an improved WQI, the entropy-weighted water quality index, which has been efficiently used in the evaluation of hydrogeochemical water quality [56,58]. Andricevic [54] reported a methodology for the ecological status assessment based on quantifying the uncertainty of selected quality descriptors through the probabilistic description. The classification boundaries for each selected metric were determined based on the correlation between the TRIX index scale [59], which relates the trophic status, and corresponding coastal water quality conditions.



The question to be answered in this work was whether the WQIs used can be applied to small rivers in assessing quality status based on physicochemical parameters. The research results showed that the CCME index better describes the spatial and temporal changes occurring in river water quality compared to the others. It should be stressed that these indices evaluate the physicochemical state of the waters, which was the classic water quality assessment that was used before the implementation of the WFD. The inclusion of the ecological lines of evidence (LoE) in the evaluation of water bodies constitutes an innovation of the WFD [53]. Therefore, for the evaluation of the ecological status of the water body based on WFD requirements, WQI results can be used to assess the physicochemical element, and this assessment can be complemented by the biological quality element assessment.





4. Conclusions


In the present study, the water quality of three rivers in the Mediterranean region (Northern Greece) was assessed using and comparing four water quality indices that are considered the most important and widely used. The results showed that for the same water body, the application of different WQI methodologies results in significant deviations in quality classification. In addition, the flexibility of the indices varies significantly when the values of the physicochemical parameters participating in the WQI methodology to estimate the quality status of the water body increase. It was found that Prati’s Index of Pollution tends to classify water bodies into higher quality classes compared to the CCME-WQI and NSF-WQI, while the Oregon WQI proved to be the strictest and least flexible index giving results ranging in the lowest quality class. From the present and other studies in the international literature, it appears that the CCME-WQI is flexible or sensitive enough to better describe the temporal and spatial changes occurring in water body quality and at the same time conservative enough to not overestimate the quality of the water body. Therefore, the use of CCME can be a useful tool for system administrators and policy makers. However, the effort to develop an index that takes into account the characteristics of the water body, such as geographical, hydrological, pollution sources and pollutant loads in the Mediterranean area, is necessary to capture the actual quality status of the water systems.
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Figure 1. Study area: (a) Laspias watershed, (b) Kosynthos watershed and (c) Lissos watershed. 
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Figure 2. Monthly variation of the quality class based on each WQI (a,c,e,g,i,k), and the normalized frequency diagrams for each WQI and quality class (b,d,f,h,j,l) at the monitoring sites of rivers Laspias, Kosynthos and Lissos. 
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Table 1. Geomorphological characteristics and pollution sources of the studied rivers [33,34,35,36,37].
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	Characteristics
	Laspias
	Kosynthos
	Lissos





	Length
	30 km
	52 km
	45 km



	Watershed area and morphology
	221 km2; mountainous 14%, plain area 86%
	440 km2; mountainous 80%, plain area 20%
	1475 km2; mountainous 26%, hilly area 34%, plain area 40%



	Cultivated area
	122 km2
	65 km2
	407 km2



	Nutrient quantities used in agricultural activities
	Nitrogen 1358 tn/y

Phosphorus 239 tn/y
	Nitrogen 1190 tn/y

Phosphorus 162 tn/y
	Nitrogen 5186 tn/y

Phosphorus 958 tn/y



	Pollution sources
	Effluents from the WWTP * of the city of Xanthi, light industry, agricultural runoff, livestock units
	Untreated wastewater from small settlements, urban and agricultural runoff, livestock units
	Effluents from the WWTP * of an industrial area, agricultural runoff







Note: * WWTP, wastewater treatment plant.
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Table 2. Parameters, aggregation function and classification scheme of each index.
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	Index
	Parameter (Unit)
	Weight b
	OV c
	Aggregation Formula d
	Range of WQI, Characterization
	Class





	NSF WQI [3,18]
	DO (%)

pH

BOD5 (mg/L)

NO3 (mg/L)

PO4 (mg/L)

T (°C)

TS (mg/L)
	0.224

0.144

0.144

0.132

0.132

0.132

0.092
	-
	   WQI =    ∑   i = 1  n     SI  i  ×  W i    
	91–100 = Excellent

71–90 = Good

51–70 = Medium

26–50 = Bad

0–25 = Very bad
	5

4

3

2

1



	O-WQI [19]
	DO (mg/L), pH,

BOD5 (mg/L)

NH4-N + NO3-N (mg N/L)

TP (mg P/L), T (°C), TSS (mg/L)
	-
	-
	   WQI =    n    ∑   i = 1  n   1    SI  i 2          
	90–100 = Excellent

85–89 = Good

80–84 = Fair

60–79 = Poor

10–59 = Very poor
	5

4

3

2

1



	CCME WQI [17]
	DO (mg/L)

pH

BOD5 (mg/L)

TSS (mg/L)

NH4-N (mg N/L)

NOx-N (mg N/L) a

TP (mg P/L)
	-
	>6

6.5–9.0

<6.0

<25

<0.6

<10

<0.165
	  WQI = 100 −  (       F 1 2  +  F 2 2  +  F 3 2      1.732    )   

F1: Scope

F2: Frequency

F3: Amplitude
	95–100 = Excellent

80–94 = Good

65–79 = Fair

45–64 = Marginal

0–44 = Poor
	5

4

3

2

1



	Prati’s index of pollution [20]
	DO (mg/L), pH,

BOD5 (mg/L)

COD (mg/L)

TSS (mg/L)

NO3-N (mg N/L)

NH4-N (mg N/L)

TP (mg P/L)
	-
	-
	   I =  1 n  ×    ∑   i = 1  n     SI  i    
	0–1 = Excellent

1–2 = Acceptable

2–4 = Slight pollution

4–8 = Pollution

>8 = Heavy pollution
	5

4

3

2

1







Note(s): a NOx-N = NO3-N + NO2-N; b modified weight for this study; c OV, objective values; d n, number of parameters, wi, weight of the ith parameter, SIi, sub-index value of the ith parameter.
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Table 3. Data of physicochemical parameters of rivers Laspias, Kosynthos and Lissos.
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Parameter

	

	
LAS1

	
LAS2

	
KS1

	
KS2

	
LIS1

	
LIS2






	
Τ (°C)

	
Mean

	
11.8

	
13.0

	
12.1

	
15.8

	
14.5

	
14.5




	
SD * (n *)

	
5.7 (35)

	
5.7 (35)

	
6.1 (25)

	
6.5 (25)

	
6.0 (20)

	
7.2 (20)




	
Min *–Max *

	
2.1–22.8

	
3.9–22.8

	
2.0–22.3

	
5.7–27.8

	
5.2–26.0

	
5.5–28.0




	
DO (mg/L)

	
Mean

	
5.0

	
5.7

	
11.1

	
11.2

	
10.0

	
9.8




	
SD (n)

	
3.1 (35)

	
3.2 (35)

	
2.5 (25)

	
2.4 (25)

	
1.8 (20)

	
1.9 (20)




	
Min–Max

	
0.7–10.6

	
0.2–10.6

	
5.4–16.4

	
5.7–15.2

	
7.1–12.7

	
6.7–12.8




	
pH

	
Mean

	
8.0

	
7.8

	
8.5

	
8.1

	
7.8

	
8.1




	
SD (n)

	
0.2 (35)

	
0.2 (35)

	
0.3 (25)

	
0.3 (25)

	
0.3 (20)

	
0.2 (20)




	
Min–Max

	
7.5–8.4

	
7.3–8.2

	
8.0–9.5

	
7.2–8.7

	
7.2–8.3

	
7.7–8.7




	
EC (mS/cm)

	
Mean

	
1.67

	
1.13

	
0.17

	
0.39

	
0.36

	
0.55




	
SD (n)

	
0.36 (35)

	
0.53 (35)

	
0.05 (25)

	
0.13 (25)

	
0.09 (20)

	
0.13 (20)




	
Min–Max

	
0.63–2.31

	
0.36–2.25

	
0.09–0.26

	
0.15–0.64

	
0.19–0.53

	
0.28–0.80




	
ΒOD5 (mg/L)

	
Mean

	
14.4

	
12.0

	
2.2

	
2.1

	
2.9

	
2.9




	
SD (n)

	
15.6 (30)

	
9.0 (31)

	
2.5 (25)

	
3.2 (25)

	
3.7 (20)

	
3.6 (20)




	
Min–Max

	
0.0–71.2

	
1.4–36.7

	
0.0–8.1

	
0.0–11.5

	
0.0–10.7

	
0.0–12.0




	
COD (mg/L)

	
Mean

	
95.2

	
93.2

	
5.8

	
7.4

	
9.4

	
10.9




	
SD (n)

	
69.5 (30)

	
67.4 (30)

	
3.9 (25)

	
5 (25)

	
6.7 (20)

	
16.0 (20)




	
Min–Max

	
14.1–334.9

	
6.0–301.8

	
0.0–14.3

	
0.0–21.6

	
0.0–22.6

	
0.0–75.6




	
NOx-N (mg-N/L)

	
Mean

	
5.7

	
2.3

	
0.4

	
1.7

	
2.9

	
2.6




	
SD (n)

	
2.5 (25)

	
1.6 (24)

	
0.2 (25)

	
0.8 (25)

	
1.8 (20)

	
1.9 (20)




	
Min–Max

	
0.7–10.3

	
0.1–5.2

	
0.1–0.8

	
0.8–3.6

	
0.9–7.0

	
0.4–7.1




	
NH4-N (mg-Ν/L)

	
Mean

	
19.1

	
11.5

	
0.2

	
0.1

	
0.9

	
0.8




	
SD (n)

	
19.1 (28)

	
7.5 (28)

	
0.2 (25)

	
0.1 (25)

	
0.7 (20)

	
0.9 (20)




	
Min–Max

	
3.0–77.3

	
0.5–36.5

	
0.0–0.7

	
0.0–0.4

	
0.0–2.7

	
0.0–3.9




	
TP (mg-P/L)

	
Mean

	
0.7

	
0.6

	
0.05

	
0.05

	
0.05

	
0.09




	
SD (n)

	
0.7 (35)

	
0.5 (35)

	
0.04 (25)

	
0.02 (25)

	
0.01 (20)

	
0.06 (20)




	
Min–Max

	
0.0–3.2

	
0.0–1.7

	
0.0–0.19

	
0.0–0.09

	
0.01–0.09

	
0.05–0.31




	
TSS (mg/L)

	
Mean

	
38.6

	
23.3

	
5.7

	
9.7

	
5.3

	
11.8




	
SD (n)

	
60.9 (34)

	
27.2 (34)

	
13.0 (25)

	
18.1 (25)

	
6.1 (20)

	
20.0 (20)




	
Min–Max

	
0.2–276.4

	
0.3–121.0

	
0.0–65.7

	
0.4–89.7

	
0.2–23.7

	
0.3–74.2








Note(s): * SD, standard deviation; n, number of samples; Min, minimum; Max, maximum.
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Table 4. Total quality class of the three rivers based on the worst quality class for each methodology applied.






Table 4. Total quality class of the three rivers based on the worst quality class for each methodology applied.





	
River

	
WQI

	
Quality Class

	
Monitoring Station

	
Quality Characterization






	
Laspias

	
NSF-WQI

	
2

	
LAS1, LAS2

	
Bad water quality




	
O-WQI

	
1

	
LAS1, LAS2

	
Very poor water quality




	
CCME-WQI

	
1

	
LAS1, LAS2

	
Poor water quality




	
Prati’s Index

	
1

	
LAS1

	
Heavy pollution




	
Kosynthos

	
NSF-WQI

	
3

	
KS2

	
Medium water quality




	
O-WQI

	
1

	
KS2

	
Very poor water quality




	
CCME-WQI

	
3

	
KS2

	
Fair water quality




	
Prati’s Index

	
4

	
KS1, KS2

	
Acceptable




	
Lissos

	
NSF-WQI

	
3

	
LIS1, LIS2

	
Medium water quality




	
O-WQI

	
1

	
LIS1, LIS2

	
Very poor water quality




	
CCME-WQI

	
2

	
LIS1

	
Marginal water quality




	
Prati’s Index

	
3

	
LIS1, LIS2

	
Slight pollution
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