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Abstract

:

The introduction of systems for ensuring quality and safe drinking water and risk management is the World Health Organization (WHO) good practice introduced as a legislative requirement for all water supply organizations (Directive EU 2020/2184) on the quality of water intended for human consumption. A specific object of this research is the implemented risk assessment and management system, part of the drinking water safety plan for Sofia city. The water supply system from the water source to the end user, operated by Sofiyska voda JSC and part of Veolia, was analyzed. The hazards and risk events were reviewed for each component of the system—the catchment, water source, supply water pipes, drinking water treatment plants (DWTPs) and distribution water network. The results of the risk evaluation show that the risk of an algal bloom falls from medium risk, with a value of 36 in 2018. This risk was new for the Iskar Dam—the main water source for Sofia city. The purpose of the current study is to analyze the risk of blue-green algae blooming and the potential release of toxins in the Iskar Dam. A data analysis of phytoplankton counts, temperature of the water in the dam, precipitation, algal diversity and quantity of microcystins for a period of three years shows that there is a low probability of algae blooming. The concentration of microcystin LR was below 0.6 µg/L and of microcystin YR was below 0.1 µg/L. The highest phytoplankton count was 70,000 cells/mL in 2018, and it decreased to 30,000 cells/mL in 2020. The impact of the risk of “blue-green algae blooms in the Iskar Dam” is assessed as moderate (3) and that has not changed between 2018 and 2022. The likelihood of occurrence of this risk decreased from possible (3) to unlikely (2) after risk reassessment, and the current control effectiveness changed from weakly controlled (4) in 2018 to well controlled (2) in 2022, because more risk management actions were included in Sofiyska voda JSC. The results of the risk evaluation show that the risk of an algal bloom falls into the low-risk category with a value of 12, after measures were considered and a reassessment. As a preventive measure for better management and risk minimization, it is necessary to continue monitoring the phytoplankton count, species composition, concentration of algae toxins (microcystin LR) and nutrients in raw water from the Iskar Dam. This research has added value to the global database for surface water sources intended for human consumption and is focuses on a potential problem, valid for agricultural as well as for urban territories rich in diffused sources of pollution. The specific risk evaluation and management steps could be used and adapted by other water supply companies.
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1. Introduction


Ecosystems, society and the economy need clean fresh water in sufficient quantities to exist and develop on the one hand. On the other hand, the continuous production of goods and products, overconsumption, climate change, diminishing natural resources and loss of biodiversity lead to increasing pressure on water resources [1].



An additional factor in the deterioration of the quality of surface water bodies, used for the drinking-domestic water supply, is the occurrence of algal toxic blooms. Their appearance is determined by several factors such as the concentrations of organic matter, nitrogen and phosphorus [2,3,4], the light [5] and the temperature. Uncontrolled agricultural practices, enriching the soil with nutrients and global warming predispose freshwater bodies to increasingly frequent toxic algal blooms [6,7]. Given that in many countries, including Bulgaria [8,9], water sources are also water receivers for wastewater, this leads to additional risks for the quality of the drinking water from the point of view of the presence of nitrogen, phosphorus, opportunistic pathogens and pathogens. For example, the Iskar River flows into the main water source for the city of Sofia, the Iskar Dam, along which water is discharged from wastewater treatment plants, including from the tourist complex Borovets, from the town of Samokov, etc. In some cases, these waters have increased concentrations of nitrates and phosphates [10], which favor the growth of algae. The toxins produced by the bloom, on the one hand, are included in the food chain, which leads to negative health effects, and on the other hand, the blooms themselves in the dark part of the day lead to hypoxia in the aquatic ecosystem, to the death of some of the organisms, a change in the dominant species and an overall change in biodiversity in the long term [11]. In this context, the topic of providing safe drinking water to consumers in populated areas is particularly relevant.



In order to use natural waters for a domestic drinking water supply, the water sources have to meet certain quality parameters laid down in the local legislation of the EU member states. The use of natural water for drinking and domestic needs in Bulgaria is established in the Water Act [12], as well as in the accompanying legislation [13,14], and the criteria for the quality of drinking water are listed in Ordinance 9 on the quality of water intended for drinking and domestic water supply [15].



In 2004, general guidelines for the development of water safety plans were published by the World Health Organization (WHO) [16], due to the need to introduce a unified approach (benchmark) for the assessment and management of risks for water used for drinking and household needs. The methodology is widely adopted, both in countries in the European region and in other countries—Iceland, Australia, Colombia, etc. [17,18,19]. In addition, in 2013, the standard EN 15975-2:2013 Security of drinking water supply—Guidelines for risk and crisis management—Part 2: Risk management [20] was introduced, which is valid for all members of the CEN (European Committee for Standardization) including Bulgaria, without changes.



The introduction of the risk assessment and management approach for drinking water in Bulgaria took place in 2018, with the update of Ordinance 9 [15]. The development of a water safety plan (WSP) [16] is based on good practices available for risk assessment and management [16,20]. The WSP Manual [15] was used in the identification of the dangers for the watershed of the Iskar Dam, which is the object of research in this article. The main sources of risks for the water and the dangers they hide are presented in Table 1 below. The sources of risks are divided into categories depending on what sphere they could arise in—changes in climate, geological, agricultural, industrial, wildlife, transport infrastructure, etc. As is visible from the Table 1, the danger of algal blooms and the production of toxins are at the level of the water source and water storage in large dams, but as mentioned above, the indirect sources that emit nutrients (nitrogen and phosphorus) can be agriculture, wastewater treatment plants, septic tanks, etc., which are point sources of pollution, etc.



This study investigates the risk assessment of the largest water and sanitation company in Bulgaria, Sofiyska voda JSC, which supplies drinking water to over 1.5 million people. In 2019, the company completed the introduction of the risk assessment requirement [15] by preparing and agreeing with the regional health authorities of Sofia “Risk Assessment”.



A lack of sufficient and systematized public information about the risk of algal blooms and the release of algae toxins in the Iskar Dam in a long-term aspect is ascertained after reviewing the available information on surface water quality [21,22] in the reports of the responsible institutions, scientific reports and publications [23,24,25], and after applying the WHO risk assessment methodology [16] and EN 15975-2 [20]. This fact necessitates further study of the relevant risk in order to assess the objectivity of the assessment.



Figure 1 presents information on the seasonal succession of algal populations and the differences between oligotrophic and eutrophic lakes [26]. It also shows that diatom blooms in oligotrophic and eutrophic lakes have two annual peaks, early spring and late autumn, with the autumn peak being of a lesser intensity. The autumn peak in oligotrophic lakes is of a more pronounced duration and greater intensity compared to the same one in eutrophic lakes, and with a shorter period compared to the diatom peak in eutrophic lakes. Unlike diatoms, blue-green algae have a single peak in the summer in both oligotrophic and eutrophic lakes, with the intensity of the peak being pronounced in eutrophic lakes.



The purpose of this study is to assess a specific risk “Blooming of blue-green algae and toxin formation” in the Iskar Dam. The specific risk assessment can be considered as a risk model for which scarce historical data are available; reports on similar realized risks in other countries [27,28,29] and publications [25,30] on changes in communities in the Iskar Dam water source and displacement of the dominant zooplankton complex are available.



No such analysis of water quality and safety risks for Bulgaria has been performed prior to 2018. The novelty in this study is the holistic approach and complexity of risks evaluated. A comprehensive risk management system has been created by Sofiyska voda JSC, which is partially presented in this article. For example, the observation of the biological risk “algal bloom” started with a “lack of information”, and through the years, the information was gradually gathered with real data from the site. As a result of the new data available, the top management of the company was able to make informed decisions about the water supply. The specific risk evaluation and management steps could be used and adapted by other water supply companies.




2. Materials and Methods


2.1. The Study Area—The Main Component in the Risk Assessment Is the Iskar Dam, the Main Water Source of the City of Sofia, the Capital of Bulgaria with a Population of 1.2 Million Inhabitants, Which Provides about 80% of the Drinking Water for the Residents of the Capital


The Iskar Dam (Figure 2) is the largest dam in Bulgaria, located in the upper reaches of the Iskar River at 850 m above sea level with a volume of 655,300,000 m3. It was built in 1954 along the Iskar River. The middle streams of the Iskar River and the Palakaria River, which supply water from the slopes of Rila and Vitosha mountains, flow into it. The useful volume of the dam is 580 million m3, its greatest depth is −75 m and the aquifer from which water is taken for drinking and domestic purposes is −35 m. It is 13.5 km long and has a water area of 30 km2. The dam is fed by high mountain rivers, originating from Rila mountain, from over 2500 m above sea level.



The main characteristics of the water used for drinking and domestic purposes from the Iskar Dam, which make it extremely suitable for daily use, are its hardness and pH. The water in the Iskar Dam is defined as soft, with a very low level of calcium and magnesium ions, therefore it does not cause scale formation. The concentrations of calcium and magnesium are 10 to12 times lower than the norms for drinking water, with an average values for the indicator “Total hardness” of <0.75 mgeq/L or about 2 dH (German degrees), which categorizes it as “soft water”. The pH indicator, which determines the perception of water consumed by the body, has a value of approximately pH = 7.5—the water has a neutral pH.



The scheme of a whole water supply system from the water source to the end user (consumer) is presented in Figure 3. In order for the drinking water supplied to the capital city to meet the modern sanitary and hygienic requirements, the raw water from the Iskar Dam is treated in 3 drinking water treatment plants (DWTPs) with a classic treatment scheme—chemical water treatment (pre-oxidation, flocculation, filtration and decontamination or disinfection).



The drinking water supply service is provided by the water supply operator Sofiyska voda JSC (SV), which is a joint-stock company founded on the basis of a Concession Agreement concluded with the Municipality of Sofia. In the field of water supply, the company’s activity is related to the operation and maintenance of 5 DWTPs; 59 tanks for drinking water; 14 chlorination stations working with chlorine gas and 19 chlorination points; and 695 km of water supply network.




2.2. Context and Methodology of Risk Assessment


2.2.1. Context of Risk Analysis and WSP


Since 2018, an integrated quality, safety and health at work and environment management system (EMS) has been effectively implemented in Sofiyska voda JSC according to the requirements of ISO 9001 [33], ISO 14001 [34] and EMAS [35]. The drinking water safety and quality management system is part of the company’s integrated quality management system. The quality of drinking water is ensured using a number of procedures, registers, data management systems, technological process diagrams, process diagrams and equipment, which are specified in the document.



In its pursuit of continuous improvement, the company has now upgraded this requirement by preparing a WSP.




2.2.2. Methodology of the Risk Assessment


The structure of the WSP prepared by Sofiyska voda JSC team, follows the drinking water quality management framework specified in the WHO guidelines [16] and EN 15975-2 [20]. The hazards and risk events were reviewed for each component of the system—catchment, water source, supply water pipes, DWTPs and distribution water network. The risk evaluation matrix is presented in Figure 4. This matrix is used by Sofiyska voda JSC to assess the risks identified, taking into account 5-grade scales as follows: (i) impact (from low to serious); (ii) probability (from very unlikely to very likely) and (iii) effectiveness of risk mitigating measures (from noncontrolled to strong controlled).



The analyzed risks are categorized according to their nature, which in turn lead to the deterioration of the quality of raw water according to the physical-chemical, microbiological or radiological parameters of the water. All risks, their impact and available control measures are summarized in a risk assessment ‘matrix’ (Table 2). Potential hazards and hazardous events for the quality and safety of drinking water are classified by origin—anthropogenic, biological, climatic, metrological, geological, etc.



The matrix used for the assessment of the risk for the safety and quality of drinking water was developed according to the methodology of an internal document for assessing the business risk of Sofiyska voda JSC. The risk score is a result of the product of the impact score, the risk probability score and the effectiveness score of the current controls. Scores in the matrix (Figure 4) range from low with green color (≤24) through medium with yellow color (≥25 and ≤49) and high with red color (≥50 and ≤125). The risks are assessed according to the available control measures and management plans. The probability score reflects the possibility of an occurrence. It can be determined on the basis of historical information in order to identify events or situations that have already occurred in the past. In this way, it is possible to extrapolate the possible frequency of occurrence of the risk in the future or to make an approximate estimate of the percentage probability of occurrence of the risk. Another possible approach in assessing the probability of occurrence, when there are no historical data available for a specific event in the company, is the use of data from other plumbing companies and expert opinions on the relevant issues. This approach relies on systematized information that is based on experience, research and conclusions resulting from the application of scientific methods or analytical techniques. In order to ensure the relevance of risks, their periodic assessment and effective management, Sofiyska voda JSC has established a Water Safety Team (WST), which meets monthly. Its members include experts from various units with knowledge and experience of processes, equipment and water hazards at every stage of water collection, treatment, and distribution through the water network to the end user. The main task of WST is to discuss with all interested parties the investment projects for improvement of water quality and the operational events concerning the quality of drinking water, as well as to perform risk assessment and management.



According to the in-house methodology, the impact, the probability of risk manifestation and the effectiveness of current controls have a 5-point rating, where the lowest rating 1 is given to the least impact, the lowest probability of manifestation and the most strictly controlled. The highest rated are the risks that have the greatest impact on the business process, have already materialized (or are highly likely to materialize) and are uncontrolled.



On the scale of Sofiyska voda JSC, from the point of view of ensuring the safety of drinking water and the health of consumers, the impact assessment is as follows:




	
5—Public health crisis. Multiple (e.g., >100) deaths among service users.



	
4—Serious risk to public health. Waterborne epidemic and some deaths among service users.



	
3—Wide range of public health risks. Waterborne diseases affecting 10–50 people.



	
2—Moderate risk to public health. Waterborne diseases affecting < 10 people.



	
1—Localized risk to public health. The nature of the problem is more aesthetic than a real health risk.










2.3. Monitoring of the Risk of Algal Blooms in the Main Water Source Iskar Dam


2.3.1. Critical Control Points and Analyzed Indicators


The amount of phytoplankton and its relationship with atmospheric conditions (water temperature and precipitation) were analyzed in the current study. Phytoplankton results are presented as number of phytoplankton cells per milliliter (cell/mL) of raw water from the Iskar Dam for a 3-year period from 2018 to 2020.



The qualitative composition of the phytoplankton and the concentration of algae toxins were investigated in August 2019 and August 2020 at two critical control points (CCP) in the Iskar Dam (Figure 2b). CCP1 was the water tower intake of the Iskar Dam with GPS coordinates 42.512220, 23.535021 and CCP 2 was near the touristic place “Stork nest” with GPS coordinates 42.462089, 23.564949. CCP 1 represents the quality of raw water at the inlet of DWTP Bistritsa (water from water intake horizon—minus 25 m in the Iskar Dam), and CCP 2 represents surface water from the dam at the place where the Iskar River inflows with an organic load, after a few villages without a wastewater treatment plant and agricultural use. Additionally, CCP2 has a potential risk of household-fecal pollution from the nearby tourist sites at the side.



The phytoplankton count was analyzed using 216 samples from CCP1 during different seasons. Single samples for toxin producing species and concentration of microcystins were investigated in 2019 and 2020 at CCP1 and CCP2.



The water temperature and the monthly amount of precipitation data are available from the meteorological station on-site at the Iskar Dam.




2.3.2. Methods


The samples for phytoplankton and microcystins were taken according to the requirements of ISO 5667-4:2016 Water quality—Sampling—Part 4: Guidance on sampling from lakes, natural and man-made [36]. Samples for the phytoplankton count were analyzed according to the internal methodology [37] of the Laboratory testing complex (LTC) of Sofiyska voda JSC. The method is based on fixation and sedimentation of the plankton cells present in a liter sample, with subsequent enumeration using a Sedgewick-Rafter counting chamber.



Taking into account the accumulated data and the extremely high number of phytoplankton registered in May 2018, a study was undertaken of the qualitative composition by Sofia University Biological faculty [38,39] and the presence of microcystin LR, RR and YR by the National Center of Public Health and Analyses (NCPHA, Sofia, Bulgaria) using the ELISA method [38,39]. The species composition of phytoplankton, and more precisely, the number of species, varieties and forms in certain taxonomic groups, is the basis for the calculation of several standard indices used to assess the state of water bodies using the content of nutrients in the water or their so-called trophic state. They do not take into account the quantitative presence of the phytoplankton [38].






3. Results and Discussion


3.1. Watershed Risk Assessment Matrix for Iskar Dam


A representative example of the biological and some anthropogenic risks in the assessed water source, the Iskar Dam, from the Risk Assessment is presented in Table 2 below.



Table 2 shows that the matrix contains information about the following components:



Assessed component of the system—all types of water sources operated by the water supply company are described in this cell. A drop-down list has been defined from which the specific type of water source can be selected—surface (dam, river) and/or underground (captured springs). Data only for the Iskar Dam are presented in the example in Table 2.



Water main—description of the corresponding supply pipelines from the specific water source, taking into account their technical characteristics—presence of hydroelectric power plants in the system, possibility of duplication of water supply, etc.



Nature of the risk—risks classification according to their nature—anthropogenic, emergency, biological, geological, meteorological situation, etc.



Source of the risk—root causes of the occurrence of the risk—for example, agriculture, transport, wildlife, earthquake, fire, industry, etc.



Risk description—additional information is described about the consequences of the realization of the risk. In almost all cases, it concerns a deterioration of the water quality in terms of physico-chemical and microbiological parameters.



Additional information—if necessary, additional information that would be useful in the description of the risk. For example, the presence of expected specific pollutants in the particular previously evaluated components of the system. Another example is in the case of anthropogenic pollution of the Iskar Dam from households and objects near the dam basin that use unregulated septic tanks, we would expect microbiological (fecal) pollution.



Control measure available/Risk Management Plan—measures taken to mitigate the relevant risk. For example, in the case of deterioration of the microbiological parameters of water quality as a result of the vital activity of plants and animals (wildlife biological risk), and an increase in the number of viruses, bacteria, parasites, biological agents, etc., the relevant measures to mitigate this risk are water abstraction from a multiannual regulating dam; water intake horizon—minus 35 m; treatment and disinfection—DWTP “Pasarel”, DWTP “Bistritsa” and DWTP “Pancharevo”; daily monitoring of the quality of raw water entering the WWTP; and emergency business continuity plan.



Proposal for additional measures—if applicable, this indicates additional measures that can be taken in addition to the existing risk management plans. For example, in the case of a realized anthropogenic risk.



Risk update date—risks are reviewed periodically or after a change in circumstances (a change in the process, an emergency situation in the company or in another water supply, etc.), taking into account the effectiveness of the control measures taken.



Impact, probability, effectiveness of current control and general assessment—this is a real risk assessment, which is described in more detail in item 2.2. The risk assessment provides an understanding of the risk, the causes of its occurrence, the consequences and the probability of its occurrence.



Deadline for implementation of the risk management plan (month and year)—the period for which the implementation of the specific management measure is planned is indicated. It can be an “ongoing” control of established practices as well as indicating the terms of planned projects to improve management and performance.



Risk Management Plan Performance Report to Major Update April 2022—all implemented measures introduced good practices for the past period.




3.2. Biological Hazard


The evaluation of the risk of “Blue-green algae blooms and toxin formation in Iskar” can be considered as a model for a risk for which scarce historical data are available; for similar models, real risks in other countries [17,18,19] and publications for changes in communities in the dam and displacement of the dominant zooplankton complex [25,30] are available.



One of the potential biological risks identified in Sofiiska Voda JSC is the possibility of algae blooms, and in particular blue-green algae, with the risk of releasing toxins, such as microcystin LR, etc., in the main water source for the capital of Bulgaria—the Iskar Dam. The risk is identified on a weekly analysis of the number of algae in the raw water (representative of −25 m from the water tower) from the Iskar Dam.



3.2.1. Phytoplankton Quantity


Figure 5, Figure 6 and Figure 7 present the number of phytoplankton, cells/mL, the water temperature and the total monthly amount of precipitation in the period 2018–2020. From the data presented in Figure 5, the gradual increase in the amount of phytoplankton since the beginning of March 2018 is clearly visible, with a sharp increase recorded in May 2018, reaching nearly 70,000 cells/mL of raw water.



These data also led to the need of further analyses and an assessment of the possibility of the development of algal blooms. Unlike in 2018 (Figure 5), however, in the following years 2019 and 2020, no other large peaks were identified, as can be seen from the data in Figure 6 and Figure 7. At the beginning of March 2019, with nearly 34 thousand phytoplankter cells, the annual peak of the algal bloom was noted (Figure 6). In 2020, at the beginning of March and April, two similar peaks of nearly 28,000 and 24,000 cells/mL were registered.



Comparing the results of 2018 with those of 2019 and 2020, the divergence of the algae bloom peak is clearly visible. In 2018, blooming started in early March, with peaks in early and mid-April, but the highest peak was recorded in the first half of May. In 2019 and 2020, blooming began in the second half of January. In the three analyzed years, the end of the peak occurs around 10th May. It is also interesting that in 2018 and 2019, there were stable low water temperatures, below 5 °C, until the beginning of March and there were clearly visible spring peaks. In 2020, when the water temperature during the winter period varied and at times exceeded 5 °C, a blooming peak was observed in the middle of June (about 1300 cells/mL), which is higher when compared to the June peaks during the previous years, 2018 (190 cells/mL) and 2019 (270 cells/mL). In long-term studies, it would be possible to look for a relationship between the average monthly water temperatures and the quantity of phytoplankton. The charts also clearly show some weak summer peaks in July 2019 and 2020, with all three years compared showing much lower autumn–winter peaks starting at the end of October. The charts are close to the classical graph of seasonal succession of algal populations in oligotrophic lakes, which was presented and described in Figure 1 [26] and is close to the conditions in the dam.



The data from the analysis of chemical oxygen demand (COD), performed by LTC of Sofiyska voda JCS, show that the water in the dam is characterized by a low concentration of organics. The average concentration of organics, measured as COD, was below 9 mgO2/L. The temperature optimum determines the seasonal change of the species composition. During the winter, the amount of phytoplankton decreases due to the lack of solar radiation. The phytoplankton vegetation cycle begins in March–April, when solar radiation is sufficient for photosynthesis in algae, even in the surface layer. At that time, there are a number of cold water genera of diatoms—Melosira sp. (Diatoma) and others. During the first phase of the summer season, when the water temperature ranges from +10 °C to +15 °C, the species composition of the plankton still includes numerous diatoms, but other genera characteristic of moderately warm water such as Asterionella sp. and Tabellaria sp. are also present. At the same time, the productivity of green and blue-green algae increases.



Comparing the two indicators of water temperature and the number of algae, it is noticeable that the more distinct peaks of phytoplankton are at temperatures in the range of 5–8 °C, respectively, in the period from February to April. These peaks coincide with the preferences of the diatoms as well, which occur at temperatures up to about 10 °C [10]. The obtained data are also confirmed by other sources [26,40], according to which the number of diatoms has a high peak in early spring (March–April) and later in the autumn months of October–December. The highest peak in May 2018 was registered at temperatures of around 18 °C, which also suggests a shift in the dominant groups of algae, but no information is available on the qualitative composition of the phytoplankton. When comparing the data on precipitation and the quantity of phytoplankton, no clear relationship was found.




3.2.2. Phytoplankton Species Composition


According to data from LTC of Sofiyska voda JCS, the predominant phytoplankton organisms in raw water from DWTP Bistritsa are Melosira sp. (Figure 8) from the Class Diatomophyceae/Bacillariophyceae and Fragilaria sp. and Asterionella sp. (Figure 9) from the Class Fragilariophyceae.



The representatives of Melosira sp. and Fragilaria sp. have the highest numbers in the raw water treatment at the Bistritsa DWTP. These genera represent the majority of the total number of phytoplankton in the Iskar Dam. Less common are the representatives of Tabellaria sp., Synedra sp. and Staurastrum sp. from the Class Zygnematophyceae.



The data from the research reports from 2019 [38] and 2020/2021 [39] on samples provided by Sofiyska voda JSC are presented in a summarized form in Figure 10. In addition, the analyses made with respect to the qualitative composition of the phytoplankton in 2019 and 2020/2021 revealed that one of the predominant groups in the total amount of algae in the studied samples is the diatoms (Ochrophyta) [39]. A total of 22 algal taxa were identified as of August 2019. With the largest share (38%) in August 2019 among the phytoplankters are the diatoms (diatoms), ochrophyte algae, followed by blue-green algae (24%), as seen in Figure 10a.



As a result of the study of the quantitative and qualitative composition of phytoplankton in August 2019 (a) and 2020 (b), it was identified that the biomass of phytoplankton is formed mainly ofsiliceous ochrophyte algae, and among them representatives of the genus Aulacoseira play a dominant role [39].



The results obtained for the analyses of phytoplankton samples carried out in August 2019 and August 2020 show that the water of the Iskar Dam in the studied points are generally in a very good condition according to the criteria of Ordinance H4 [41]. As a result of the analysis of phytoplankton abundance [38] performed, it can be argued that at the time of sampling, there were no blooms of potentially toxic Cyanoprokaryota species in the phytoplankton during both sampling campaigns in August 2019 and August 2020.



Attention should be paid to the fact that single colonies of the toxigenic Microcystis aeruginosa (in 2019) and the potentially toxic species Woronichinia compacta (in 2020) were found in the samples, with the presence of 0.57 µg/L microcystin LR in August 2019, as well as 0.1 µg/L microcystin LR and microcystin YR in the surface sample from CCP 2 (Stork nest) [39], suggesting a probable phytoplankton bloom earlier in the year, Figure 11.



At CCP 1, where the raw water is representative of an inlet of a DWTP, there were no traces of microcystins (the concentrations were below the minimum detectable concentration of the used method—0.1 µg/L). At CCP 2, where the surface water is representative of “organically loaded” water, and where there are suitable conditions for algae blooming, the concentration of microcystin LR is presented for both sampling dates. The concentrations of microcystins in the samples were significantly lower than the recommended concentrations of the World Health Organization [43], which are 1 µg/L for constant exposure to the action of the toxin in drinking water [41] and 12 µg/L for temporary exposure of the action of the toxin in recreational water [43].





3.3. Reassessment of the Risk of Blue-Green Algae Blooms in the Iskar Dam


Table 3 below represents a comparison between the initial risk assessment of blue-green algae blooms in the Iskar Dam made in 2018 and the re-assessment made in 2022. It is visible that due to lack of information about the risk and correspondingly adequate mitigating measures, the overall risk assessment in 2018 was average with 36 points. Measures planned by the company are visible in Table 3 in rows “Control measure available/Risk Management Plan” and “Proposal for additional measures”, respectively. As a result of the measures defined in 2018, progress is observed in 2022, which reflects the evaluations in “Probability” and “Current control effectiveness” and the total score of the risk decrease to 12.



In 2018, when the risk assessment process was launched, there were prerequisites for the assessment of “medium” risk because of the application of the “worst case scenario” rule due to the lack of information and adequate measures for the risk management. The undertaken measures such as monitoring the presence of microcystins in the raw water from the Iskar Dam and the species composition of the phytoplankton in the Iskar Dam, as well as the assessment of potential for algal blooms in the Dam, described in 2018, have been implemented.



After the development of an action plan and implementing the proposed additional implementation measures for 2018, in Table 3, it is visible that the risk assessment has decreased from “medium” (with an overall score of 36) in 2018 to “low” (with an overall score of 12) in 2022.



Currently, measures are being undertaken to monitor and follow-up the plan for monitoring the raw and treated water from the Iskar Dam for the presence of toxin-forming species of algae and the production of the toxin, microcystin LR, as a result of a developed risk management plan. After performing the initial monitoring [38] in 2019, an action plan described in the risk assessment matrix was developed. According to it, Sofiyska voda JSC continues to follow the probability of a phytoplankton bloom through a floating buoy with on-line sensors installed near the water intake tower of the Iskar Dam. Chlorophyll, phycocyanin, water temperature and dissolved oxygen are the monitored parameters.



Through the monitoring of the Iskar Dam through satellite technologies, establishing phytoplankton blooms on the surface of the dam is also planned. Measures have been taken for simulating an emergency situation “Massive bloom of phytoplankton in the Iskar Dam”, modeling and analyzing the results of the simulation, as well as updating the emergency action plan for DWTP Bistritsa.





4. Conclusions


The results of the risk evaluation show that the risk of an algal bloom falls from “medium” with a value of 36 into the “low” risk category with a value of 12. Obtained results of the screening of the content and quantity of the phytoplankton, as well as the minimal existence of microcystin LR, show that the raw water from the Iskar watershed has a high quality, and the risk of a mass algal bloom is minimal. In the presence of the appropriate conditions (increased average temperature and high concentrations of nitrogen and phosphorus), an established single toxin-producing species could lead to significantly increased blooming. The data analysis shows that as a preventive measure for better management and risk minimization, it is necessary to continue monitoring both the species composition of phytoplankton and the concentration of algae toxins (microcystin LR) and nutrients in raw water from the Iskar Dam.
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Figure 1. Differences between seasonal algal succession in oligotrophic and eutrophic lakes including trophic characteristics [26]. 
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Figure 2. Location of the watershed of the Iskar River on the map of Bulgaria (black box) and closer view of river watershed with the capital of Bulgaria (Sofia) pointed and Iskar Dam on river course (a) [31] and of the Iskar Dam, with CCP1 and CCP2 locations in the Iskar Dam (b) [32]. 
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Figure 3. Scope of the evaluated water supply system fed by Iskar Dam. The scheme presents the main parts of the system—water source (Iskar Dam), water main trunks (water pressure main; Iskar water main; and Pasarel water main), DWTPs (Pasarel, Bistritsa and Pancharevo) and urban water supply system. 
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Figure 4. Risk evaluation matrix implemented by Sofiyska voda JSC for water quality and safety risk assessment. The red color shows high risks, the yellow color shows medium risks and the green color shows low risks. 
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Figure 5. Relationship among phytoplankton count, temperature of the water and monthly precipitation in 2018. 
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Figure 6. Relationship among phytoplankton count, temperature of the water and monthly precipitation in 2019. 
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Figure 7. Relationship among phytoplankton count, temperature of the water and monthly precipitation in 2020. 
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Figure 8. Meliosira sp. from Iskar Dam, photo LTC. 
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Figure 9. Asterionella sp. from Iskar Dam, photo LTC. 
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Figure 10. Qualitative composition of the phytoplankton of the Iskar Dam in (a) August 2019 [38] and (b) March 2020–March 2021 [39]. 
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Figure 11. Quantitative analysis of microcystins (LR and YR) in the period 2019–2020 [38,39] in the Iskar Dam. The red line shows the requirements according to Directive (EU) 2020/2184 [42] for concentration of microcystin LR. 
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Table 1. Typical hazards affecting watersheds [16] and used by Sofiyska voda JSC for risk identification.
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Hazardous Event (Source of Hazard)

	
Associated Hazards (and Issues to Consider)






	
Meteorology and weather patterns

	
Flooding, rapid changes in source water quality




	
Seasonal variations

	
Changes in source water quality




	
Geology

	
Arsenic, fluoride, lead, uranium, radon




	
Swallow holes (surface water ingress)




	
Agriculture

	
Microbial contamination, pesticides, nitrate




	
Slurry and dung spreading




	
Disposal of dead animals




	
Forestry

	
Pesticides, PAHs—polyaromatic hydrocarbons (fires)




	
Industry

	
Chemical and microbial contamination




	
(including abandoned and former industrial sites)

	
Potential loss of source water due to contamination




	
Mining (including abandoned mines)

	
Chemical pollution




	
Transport—roads

	
Pesticides, chemicals (road traffic accidents)




	
Transport—airports (including abandoned airfields)

	
Organic chemicals




	
Development

	
Run-off




	
Housing—septic tanks

	
Microbial contamination




	
Abattoirs

	
Organic and microbial contamination




	
Wildlife

	
Microbial contamination




	
Recreational use

	
Microbial contamination




	
Competing water uses

	
Sufficiency




	
Raw water storage

	
Algal blooms and toxins




	
Stratification




	
Unconfined aquifer

	
Water quality subject to unexpected change




	
Well/borehole headworks not watertight

	
Surface water intrusion




	
Borehole casing corroded or incomplete

	
Borehole casing corroded or incomplete




	
Flooding

	
Quality and sufficiency of raw water











 





Table 2. Three examples for risk assessment in the Iskar Dam watershed with an example for risk assessment of blue-green algae blooms in the Iskar Dam.
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Risk. No.

	
Oil Spill

	
Eutrophication

	
Blue-Green Algae Blooms






	
Water Main

	
Iskarski




	
Nature of the risk

	
Anthropogenic




	
Source of the risk

	
Transport—roads; Airports (Belchin); incl. abandoned sites

	
Agriculture

	
Blue-green algal blooms and toxin formation. Change of the microcommunities in the water source—Iskar Dam. Climate change




	
Risk description

	
Deterioration of water quality in terms of physico-chemical and microbiological parameters




	
Additional information

	
Oil spills on the road as a result of malfunctioning vehicles; Oil/chemical spills as a result of traffic accidents

	
Microbiological contamination; pesticides; nitrates; spreading of suspended fertilizers; disposal of dead animals

	
Algal blooms and toxin release/Stratification




	
Control measure available Risk Management Plan

	
1. Water intake from perennial leveler; 2. Horizon of water intake—minus 35 m; 3. Established sanitary-protected zones; 4. Treatment and disinfection—DWTP Passarel; DWTP Bistritsa; DWTP Pancharevo. 5. Periodic monitoring of surface water quality and categorization of surface waters—according to the requirements of the Basin Directorate, Pleven. 6. Emergency business continuity plan 7. Procedure SI-07-02 “Categorization of objects from the composition of Sofiyska voda JSC”




	
Proposal for additional measures

	
If possible, to include monitoring of the Iskar Dam through satellite technologies detecting spills of oil products on the surface of the dam

	
Additional screening of the raw water for traces of specific pharmaceuticals, pesticides, herbicides and other chemicals for crops/plants/animal treatment.

	
1. To carry out a screening for the presence of microcystins in the raw water from the Iskar Dam. 2. To carry out a study of the species composition of the phytoplankton in the Iskar Dam and to assess the potential for algae blooms in the Dam.




	
Update date

	
1 October 2018

	
1 October 2018

	
1 October 2018




	
Impact

	
1

	
1

	
3




	
Probability

	
2

	
3

	
3




	
Current control effectiveness

	
1

	
1

	
4




	
Overall assessment

	
2

	
3

	
36




	
Risk Assessment

	
LOW

	
LOW

	
MEDIUM




	
Deadline

	
Current Additional measures—

March 2020

	
Current

	
Current Additional measures—

March 2020




	
Risk Management Plan Performance

	
It is in progress

	
It is in progress

	
It is in progress











 





Table 3. Comparison between the risk assessment “Blue-green algae bloom” in Iskar Dam in 2018 and risk reassessment in 2022.
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Initial Assessment 2018

	
Reassessment 2022






	
Evaluated system component

	
Iskar dam




	
Water Main

	
Iskarski




	
Nature of the risk

	
Biological




	
Source of the risk

	
Blue-green algal blooms and toxin formation. Change in the microcommunities in the water source—Iskar Dam. Shift of the dominant phyto/zooplankton complex due to climatic changes.




	
Risk description

	
Deterioration of water quality according to chemical parameters—increased levels of microcystin LR (toxin).




	
Additional information

	
Algal blooms and toxin release/Stratification




	
Control measure available/Risk Management Plan

	
1. Periodic annual monitoring of the quality and categorization of surface waters—according to legal requirements.




	
2. Water treatment and disinfection—in DWTP Passarel; DWTP Bistritsaand; DWTP Pancharevo




	
3. Preparedness for emergency situations—if necessary, there is a sufficient reserve of disinfectant and CFS to remove phyto and zooplankton.




	
N/A

	
4. Periodic annual monitoring for the presence of microcystins in raw water




	
N/A

	
5. Action plan for emergency situation “Algal blooming in Iskar reservoir” has been developed and drilled




	
Proposal for additional measures

	
1. To carry out a screening for the presence of microcystins in the raw water from the Iskar Dam. 2. To carry out a study of the species composition of the phytoplankton in the Iskar Dam and to assess the potential for algae blooms in the Dam.

	
1. Installation of sensors for tracking parameters providing information on the dynamics of phytoplankton and predicting blooming of the Iskar Dam. 2. Inclusion of an option to use ultrasound to reduce phytoplankton blooms that occur. 3. If possible, to include monitoring of the Iskar Dam through satellite technologies establishing phytoplankton blooms on the surface of the dam




	
Update date

	
1 October 2018

	
15 April 2022




	
Impact

	
3

	
3




	
Probability

	
3

	
2




	
Current control effectiveness

	
4

	
2




	
Overall assessment

	
36

	
12




	
Risk assessment

	
MEDIUM

	
LOW




	
Deadline

	
March 2020

	
Current Additional measures—2023




	
Risk Management Plan Performance Report

	
-

	
Report on the Phytoplankton Study of the Iskar Dam [29]; Report on the status and potential of microcystin LR production by phytoplankton in raw and drinking water from the Iskar Dam [39]
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