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Abstract

:

Urban–industrial and agricultural waste can add significant amounts of pollutants to surface water. Therefore, the surface water from Mikri Prespa and Kastoria lakes was assessed for its toxic, genotoxic, and cytotoxic effects. Water samples were collected during the spring of two different years (S1 and S2) in order to investigate the anthropogenic effects on both lakes. Physicochemical parameters were identified, while significant elements were determined via ICP-MS/MS. The in vitro cytokinesis-block micronucleus (CBMN) assay in cultured human lymphocytes and the Aliivibrio fischeri bioassay were applied to evaluate the genotoxic–cytotoxic and toxic effects, respectively. In the CBMN assay, significant differences were observed in genotoxic and cytotoxic indices between the different time periods. Decreased indices in S2 could be correlated with a potential diminution in the negative human effect on the environment along the lakes. In the Aliivibrio fischeri bioassay, no significant difference in the toxicity of the surface water samples from Mikri Prespa was observed, whereas significant differences were identified in the samples from Lake Kastoria. The differences in toxic, genotoxic, and cytotoxic effects reveal the impact and the influence of anthropogenic activities in the areas of land around the lakes in relation to their surface water quality.
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1. Introduction


Lakes constitute significant freshwater resources and unique ecosystems. They have been utilized by humans for irrigation purposes, fishing, agricultural applications, and recreational activities, amongst others. Moreover, various lakes are considered as habitats for many species of great importance [1]. A fundamental issue concerning the contribution of urban and agriculture land to an environmentally sustainable “green” growth model is whether land use (LU) and its management practices can achieve the preservation and protection of our environment for the succeeding generations [2]. However, it is well known that human intervention in freshwater ecosystems via various activities, including agricultural practices such as irrigation and fertilization management, pesticide use, and urban–industrial and agricultural wastes, can significantly affect the quality of the habitat, the species’ well-being, and the water chemistry [3,4]. Moreover, cyanobacteria, which often constitute the fundamental phototrophic component in lakes under specific conditions, can form cyanobacterial blooms which subsequently negatively affect their ecological state. Reduction of productivity at higher trophic levels, depletion of oxygen leading to the death of aquatic species, and diminished aesthetic value are among the most significant negative effects generated by cyanobacteria [5]. In addition to this, secondary metabolites of cyanobacteria which have been found to be toxic could constitute a potential hazard to human and animal health through the use of lake water for drinking, recreation, and irrigation purposes [6]. Considering the rapid rate of global warming, leading inevitably to climate change, lake habitats are bound to be considerably affected. The combination of acute weather conditions and enhancement of nutrient run-offs is expected to magnify the problem of cyanobacterial blooms in freshwater ecosystems [7,8].



The present study focuses on two Greek lakes, i.e., Mikri Prespa and Lake Kastoria (Figure 1). Considering the fact that Mediterranean areas are categorized as climate change hot spots and that toxic cyanobacterial blooms occur frequently in most Greek lakes [9,10], it is crucial to investigate the quality of the surface water and its potential adverse effects concerning their cytotoxic and genotoxic impact.



The Prespa lakes constitute two interlinked lakes: Megali Prespa (Great Prespa) which is shared by three countries (Greece, Albania, North Macedonia) and Mikri Prespa (Lesser Prespa) which is shared by Greece and Albania [11]. Mikri Prespa, which is located south of Megali Prespa at an altitude of 850 m, is considered to be one of the oldest lakes in Europe, with a surface area of 47.4 km2, while its average and maximum depths are 4.1 and 8.4 m, respectively [12,13]. It is classified as a shallow, eutrophic lake and is a Ramsar Wetland of International Importance and a Special Protected Area (Directive 79/409/EEC) since it has a very high ecological value. In fact, it includes a large number of rare and endemic species of both flora and fauna [11,14,15]. Bean farming is the major agricultural activity within the area of Mikri Prespa [16]. Human interventions, including waste discharge and unsustainable agricultural and irrigation practices, could have a significant impact on the aquatic habitats of the lake [11,16].



Lake Kastoria or Orestiada is located in Western Macedonia, Greece, at an altitude of 630 m in the Kastoria prefecture [17]. It is considered to be a potentially ancient lake in the Balkan region [18] and is a swallow, polymictic, and eutrophic lake [10]. Its surface area is 27.9 km and it has an average depth of 4.4 and maximum depth of 9.1 m [17]. Given the fact that the city of Kastoria is situated on the western part of the lake while agricultural activities are conducted in its catchment area, it is apparent that human interference affects the water quality and the status of the lake [19]. Lake Kastoria belongs to the Natura 2000 Special Protection Area GR1320003 and Site of Community Importance GR1320001 since it is also considered to be a hotspot for European biodiversity [20,21].



Considering the various contaminants that could possibly be present in lake water. originating from pesticides, sewage, and/or other urban sources, a holistic approach was followed for the assessment of surface water samples from lakes Kastoria and Mikri Prespa. Specifically, the physicochemical parameters of both lakes were determined as well as the elements concentrations via ICP-MS/MS. Afterwards, a cytokinesis-block micronucleus (CBMN) assay, a method known for its simplicity and reliability, was applied for the assessment of both the genotoxic and cytotoxic profile of surface water samples from the two lakes, via the evaluation of the micronuclei (MN) induction frequency and the calculation of the cytokinesis-block proliferation index (CBPI), respectively [22]. This assay has been applied extensively for the determination of the genotoxic and cytotoxic activity of a plethora of substances as well as freshwater samples [23,24,25]. Toxicity of the surface water was further evaluated via the Microtox test by the estimation of the percentage inhibition of the luminescence of the bacteria Aliivibrio fischeri.




2. Study Areas, Materials, and Methods


2.1. Study Areas


Surface water samples were collected from Lake Mikri Prespa (MP) (Figure 2), which is located south of Megali Prespa (surface area = 47.4 km2, average depth = 4.1 m, and maximum depth = 8.4 m) [12,13], and Lake Kastoria (K) or Orestiada (Figure 3), which is in Western Macedonia, Greece (surface area = 27.9 km, average depth of 4.4 m, maximum depth = 9.1 m) [17].




2.2. Water Samples Collection


Water samples (0 to 0.5 m) were collected in spring (May) of two different years (S1 and S2). It has been shown that freshwater, i.e., rivers and lakes, have a higher pollutant load during the end of spring and beginning of summer. In fact, low concentrations of pollutants such as pesticides are usually observed during the winter months because of dilution effects due to high-rainfall events and the increased degradation of pesticides after their application [26]. Thus, the specific period was chosen in our case for the sampling of surface water. Moreover, specific sampling points (one for each lake) were carefully chosen, which were close to potential pollutant sources to identify the most pronounced effects.



The samples were collected in plastic (polyethylene) containers, at the north part near the island of Agios Achilleios from Lake Mikri Prespa (Figure 2) and near the western shore (south from Kastoria Peninsula) from the Lake Kastoria (Figure 3). The surface water samples were obtained by plunging an open 1 L polyethylene sample bottle just below the water surface. Surface water samples were transferred to the laboratory, filtered with a Whatman GD/X filter (0.25 mm and 0.2 μm pore size) for the removal of dissolved particles, and subsequently kept in sterile containers at −80 °C. For metals analysis, the samples were pre-treated with the addition of acid before storage. The analysis of the other parameters as well as the toxicity tests were immediately conducted on return to the laboratory.




2.3. Reagents


Ham’s F-10 medium, foetal bovine serum (FBS), and phytohaemaglutinin (PHA) were commercially supplied from Gibco (UK), while cytochalasin-B (Cyt-B) was purchased from Sigma (St. Louis, MO, USA). All other chemicals and solvents were of the highest grade commercially available.




2.4. Physicochemical Analysis


A pH meter (Jenway 3310) and a conductivity meter (CDM 230, MeterLab, Radiometer Analytical) were used for the determination of the pH and conductivity, respectively. The StandardMethod 2540 D was used for the determination of total suspended solids (TSS) [27]. The detection and quantification of anions were performed by a Dionex ICS-1500 Ion chromatography system. For the elution, an IonPac AS9-HC column with an aqueous sodium carbonate (9 mM) solution (flow rate of 1 mL min−1) was used. Ammonium ions were quantified photometrically using the method based on the indophenol blue formation [28].




2.5. ICP-MS/MS Analysis


Elements were determined in an acid matrix of 2.5% v/v HNO3 and 0.5% v/v HCl using an Agilent 8900 Triple Quadrupole ICP-MS/MS (Agilent Technologies, Tokyo, Japan) with an Agilent SPS4 Autosampler and an Agilent Integrated Sample Introduction System (ISIS). ISO 17294-2 testing protocols [29,30] were applied for the establishment of the method used for their determination.




2.6. Genotoxic and Cytotoxic Effects on Human Lymphocyte Cultures


2.6.1. Ethic Statement


Approval by the Research Ethics Committee of the University of Patras (Ref. No: 19686/27-05-2015) was acquired for the CBMN assay and the use of human lymphocytes. Healthy males (<30 years old), who did not smoke and did not receive any radiation or drug treatment recently, were used as blood donors after written, informed consent.




2.6.2. Experimental Procedure


The standard protocol of the CBMN assay with minor modifications was applied [22]. Following the addition of the appropriate volumes of whole blood, Ham’s F-10 medium, foetal bovine serum, and phytohaemagglutinin (0.5, 6.5, 1.5, and 0.3 mL, respectively) in culture flasks, 1, 2, and 5% of filtrated surface water samples were added 24 h after culture initiation. Cytochalasin-B was added at 44 h, at a final concentration of 6 μg mL−1, in order to hinder dividing cells cytokinesis. Cultures were incubated for a total of 72 h at 37 °C and 5% CO2 supply, followed by harvesting and collection of cells via centrifugation. Cells were treated with a hypotonic solution (Ham’s medium and milli-Q water; ratio 3:1) and left for 3 min at room temperature. Subsequently, cells were fixated for 10 min (×3) with a methanol and acetic acid solution (ratio 5:1). Cell staining was conducted for 10 min with 7% Giemsa [31]. MN frequency was assessed via the scoring of 2000 binucleated (BN) cells with preserved cytoplasm in each concentration according to standard criteria [32,33]. Furthermore, 1000 cells with one (M1), two (M2), three, and/or four (M3/4) nuclei were counted for the evaluation of the CBPI for each concentration [34] according to the following equation:


  C B P I =    (  M 1 + 2 × M 2 + 3 × M 3 / 4  )   N   








where N is the total number of cells.





2.7. Aliivibrio Fischeri Toxicity Test (Microtox Assay)


Surface water samples’ toxicity from both lakes was determined using the marine luminescence bacteria Aliivibrio fischeri. A Microtox Model 500 Toxicity Analyzer was utilized for the analysis and the 81.9% Basic Test of the Microtox program was selected. Recording of luminescence took place after 15 and 30 min of incubation at 15 °C. All samples were analysed in triplicate, while the results represent the % inhibition of Aliivibrio fischeri bioluminescence.




2.8. Statistical Analysis


CBMN results are expressed as the mean frequency ± standard error. A G-test for independence on 2 × 2 tables was used for MN data analysis, whereas the chi-square (χ2) test was used to analyse CBPI data. The statistical decisions were based on a significance level of 0.05. The Statistical Package for Social Sciences (SPSS) for Windows, version 17.0, was used for data analysis.





3. Results


3.1. Physicochemical Analysis


The physicochemical analysis of the surface water samples from the two lakes is presented in Table 1. The mean values of three different measurements are provided. The pH was neutral in the samples from lake MP in both time periods, while conductivity, TSS, and SO42- were found at relatively low and/or normal levels and had similar values. PO43−, NO3−, NO2−, F−, Br−, and NH4+ were not present in any of the samples of S1 and S2. The concentration of Cl− was higher during S2.



As far as lake K is concerned, the samples had a slightly acidic pH value, i.e., 5.74, during S1, whereas the pH of the samples from S2 was neutral. Conductivity was significantly greater during S1 in comparison with S2 with the values being 193.27 ± 1.27 and 42.64 ± 2.01 μS cm−1, respectively. TSS values were relatively low in both cases. In the case of PO43−, NO3−, NO2−, NH4+, and F−, high values were measured in samples during S1, while none were present during S2. SO42− and Cl− were found in samples from both time periods, but they were also higher during S1. Br- ions were found in samples of S1 at a concentration of 0.25 ± 0.84 mg L−1 but were not present in S2.



Comparing the parameters from both lakes, it is clear that values of the different physicochemical parameters are higher in the surface water samples from K lake.




3.2. Element Concentration via ICP-MS/MS


The elements identified in surface water samples from the two lakes are presented in Table 2. According to the results, magnesium and calcium were found at the highest concentrations in both MP and K lakes, with the values being higher during S1. A similar pattern was observed for silica and potassium, while phosphorus had similar concentrations for MP surface water in both sampling periods and slightly lower values were recorded for K samples in S2. Copper was not present in either lake in S1 sampling, while it was found at low concentrations during S2. Finally, zinc had small values in MP in S1 and S2, whereas it was only found in K lake during S1.




3.3. Genotoxic and Cytotoxic Effects Assessment


According to the results (Figure 4 and Figure 5), the samples from the surface water of MP lake increased the induction of MN, compared with the control cultures, which was not, however, statistically significant. On the other hand, all samples collected from K lake during S1 demonstrated a significant increase in MN frequencies, while those collected in the S2 did not exert genotoxic effects. Regarding the cytotoxic potential of the samples, statistically significant diminution of the CBPI was detected for the two highest doses of surface water from MP lake, i.e., 2 and 5% (v/v), and the highest dose of surface water from K lake (5% v/v) collected in S1, in relation to the negative control. However, none of the samples of either lake collected in the S2 sampling were cytotoxic.




3.4. Ecological Assessment


Based on the results of the Microtox test, the percentage inhibitory effect of water samples from MP lake was relatively low for both time periods, i.e., 11% for S1 and 14% for S2 (Figure 6). On the other hand, the inhibition percentages exhibited by the samples from K lake for both S1 and S2 sampling periods were significantly higher. Most notably, 78% inhibition of the bacteria luminescence was recorded for S1 water samples, whereas the percentage for S2 was 23%.





4. Discussion


In the present study, a concise analysis was performed in surface water samples from two Greek lakes, i.e., Mikri Prespa and Kastoria, both known for their high biodiversity and ecological value. Specifically, a physicochemical analysis was conducted entailing essential physicochemical parameters as well as a determination of elements via ICP-MS/MS, followed by the assessment of their potential genotoxic, cytotoxic, and toxic potential via a CBMN assay and Microtox test, respectively.



According to the results from the physicochemical analysis, the samples from Lake Mikri Prespa showed normal or low, even negligible, levels of the tested parameters in both time periods (S1 and S2). A similar pattern was noticed for the samples of Lake Kastoria collected in S2. On the other hand, samples from S1 had conductivity values > 100 μS cm−1, which suggest impairment of the aquatic environment. Moreover, PO43−, NO3−, NO2−, NH4+, SO42−, Cl−, and F− demonstrated high values which could be attributed to domestic, industrial, and agricultural waste, including organic and inorganic pesticides and fertilizers [26]. It could be classified as a point source of pollution due to the mixed land use (industrial/urban/agricultural) in the study area. As shown in Figure 2, industrial or commercial units are located near the sampling point as well as discontinuous urban fabric and agricultural land use. The above observation is reinforced by the fact that in a short sampling period with a one-year difference, the values of the analysed physicochemical characteristics were different between the first and second samples.



Regarding the structure of the agricultural sector of the study area, cereals, beans, apples, and maize occupy approximately 50%, 6%, 5%, and 3%, respectively, of the total cultivated area in the prefecture of Kastoria. Usually, sowing and the subsequent application of agrochemicals to spring crops such as beans, maize, etc., take place in the period from 15 April to 30 May depending on the weather conditions. In addition, during the same period, agrochemicals are applied to tree crops such as apple trees, peach trees, etc., while winter cereals are subjected to basic fertilization in autumn and the remaining nitrogen is added in spring. According to the nutrient requirements in kilograms per hectare for cereals, roughly 120–160 Kg ha−1 of nitrogen (N), 30–50 Kg ha−1 of phosphorus (P2O5), and 30–50 Kg ha−1 of potassium (K2O) are added. However, smaller amounts (Kg ha−1) of nitrogen fertilizers are applied to bean cultivation (20–50 Ν, 40–70 P2O5, 50–60 K2O) and greater in maize (200–300 N Kg ha−1, 60–120 P2O5 Kg ha−1, 40–80 K2O Kg ha−1) compared with cereals. Furthermore, in apple trees, approximately 80–150 Kg ha−1 of nitrogen (N), 50–100 Kg ha−1 of phosphorus (P2O5), and 150–250 Kg ha−1 of potassium (K2O) are added. All the above cropping practices under conditions of heavy rainfall seem to have affected the variation, mainly of nitrate concentrations, in spring between the sampling years and, in general, the pollutant load of Lake Kastoria. Usually, in the agricultural land, the arbitrary application of agrochemicals such as N-P-K fertilizers and pesticides, when followed by heavy rainfall, usually leads to a run-off event, especially on sloping land such as the study area [35]. Lassaletta et al. reported that although the use of synthetic N fertilizers has increased enormously, only 47% of the reactive nitrogen applied to crops worldwide is converted into harvested products, compared with 68% in the early 1960s [36]. In addition, there is often a lack of drainage infrastructure and connection to biological purification units in a discontinuous urban fabric. As a result, house sewage ends up directly in water receivers [37]. Finally, industries without or with poorly maintained biological wastewater treatment are the most common point sources of pollution in water receivers such as lakes.



Regarding the genotoxicity and cytotoxicity of the samples from S1, Mikri Prespa surface water samples induced cytotoxic activity at the two highest concentrations, while lacking any genotoxic potential. All concentrations from Lake Kastoria were genotoxic and the highest dose, i.e., 5% v/v, was cytotoxic. The aforementioned negative effects may not be solely due to the agricultural and urban discharges but could also be related to other environmental stresses including increased temperature due to global warming, which is predicted to increase proliferation of cyanobacterial blooms and eutrophication [7]. In fact, it has been previously mentioned that the Mediterranean climate favours the spreading of cyanobacterial blooms, especially in eutrophic freshwaters, during extended periods of time. Thus, toxic cyanobacterial blooms have been found in most of the lakes in Greece. Microcystins, which are produced from cyanobacteria, could pose a significant health hazard to wildlife, livestock, and humans [38]. It is noteworthy to mention that cyanobacteria including Microcystis aeruginosa and Microcystis wesenbergii have been previously found in Lake Mikri Prespa, especially during the warmer periods of the year [39]. Bean farming constitutes the main agricultural activity in the proximity of Mikri Prespa lake, which, coupled with the frequent use of fertilizers, caused its progressive eutrophication [16]. In addition, populations of waterbirds have been found to enhance algal production through their excrements, which are rich in N and P [39]. Furthermore, samples from Lake Kastoria possessed the highest variety of cyanotoxins, according to Christophoridis et al. [40], among the Greek lakes tested, including saxitoxins, which are known as the cyanotoxins with the most acute toxicity [41]. Human intoxications have been previously recorded due to saxitoxins, while the exposure can take place via inhalation, contaminated food, and contaminated drinking water [42,43]. Agriculture, livestock farming, and human activities increase the annual quantities of fertilizers and pesticides to the soil, which finally end up in the lake as well [44]. Similarly, a significantly high level of % inhibition in the bioluminescence of Aliivibrio fischeri was noted for the samples from Lake Kastoria, especially during S1.



The differences observed between the samples collected during S1 and S2 time periods could be due to different weather conditions either enhancing or hindering the proliferation of cyanobacteria blooms, respectively. In addition to that, more intensive agricultural and urban activities during the first time period might have taken place leading to the observed results. As far as the variations between the two lakes are concerned, considering the fact that Lake Kastoria is an urban lake, having approximately 17,000 inhabitants on its shoreline and 35,000 in the whole catchment, it is apparent that the specific lake is significantly affected by anthropogenic activities [20]. Furthermore, before the establishment of a sewage treatment plant in 1990, sewage was disposed of in the lake without proper handling. Even though the water quality has since improved, pesticides are used, presently, on a large scale affecting the soil and enhancing the eutrophication and the degradation of the lake [44].




5. Conclusions


Freshwater pollution constitutes a serious issue for public health as well as various aquatic organisms, affecting the general status of the aquatic ecosystem. In the present study, two Greek lakes of high ecological importance were investigated, i.e., lakes Mikri Prespa and Kastoria. After physicochemical analysis and determination of elements of surface water samples from both lakes during S1 and S2 sampling periods, their genotoxic, cytotoxic, and toxic potential were assessed in vitro, showing the differences between the two time periods as well as the lakes. The land use and the intensity of the anthropogenic impact, depending on the population density and various agricultural and urban activities, could lead to the observed differentiation. Furthermore, the increased MN frequencies recorded in this research represent the first evidence of the presence of genotoxic compounds in the studied lakes.







Author Contributions


Conceptualization, D.V.; methodology, D.V. and M.A.; software, I.E. and M.A.; validation, I.E., M.A., D.V. and V.T.; formal analysis, I.E. and M.A.; investigation, D.V. and M.A.; resources, I.E., M.A., D.V. and V.T.; data curation, I.E. and M.A.; writing—original draft preparation, I.E., M.A., D.V. and V.T.; writing—review and editing, I.E., M.A. and D.V.; visualization, I.E., M.A. and D.V.; supervision, M.A., D.V. and V.T.; project administration, M.A., D.V. and V.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The experimental usage of human lymphocytes was carried out in accordance with international bioethics criteria, after the permission/approval of the Research Ethics Committee of the University of Patras (Ref. No: 19686/27-05-2015).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors would like to thank Akrokeramos Sewerage Laboratory of Athens Water Supply and Sewerage Company (EYDAP SA) for ICP-MS/MS analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sánchez-García, J.Y.; Ramírez-Gutiérrez, A.G.; Núñez-Ríos, J.E.; Cardoso-Castro, P.P.; Rojas, O.G. Systems thinking approach to sustainable performance in RAMSAR sites. Sustainability. 2019, 11, 6469. [Google Scholar] [CrossRef]

	



Kosma, C.; Triantafyllidis, V.; Zotos, A.; Pittaras, A.; Kouneli, V.; Karydogianni, S.; Mavroeidis, A.; Kakabouki, I.; Beslemes, D.; Tigka, E.L.; et al. Assessing Spatial Variability of Soil Properties in Mediterranean Smallholder Farming Systems. Land 2022, 11, 557. [Google Scholar] [CrossRef]

	



Romanelli, A.; Esquius, K.S.; Massone, H.E.; Escalante, A.H. GIS-based pollution hazard mapping and assessment framework of shallow lakes: Southeastern Pampean lakes (Argentina) as a case study. Environ. Monit. Assess. 2013, 185, 6943–6961. [Google Scholar] [CrossRef]

	



Gezie, A.; Anteneh, W.; Dejen, E.; Mereta, S.T. Effects of human-induced environmental changes on benthic macroinvertebrate assemblages of wetlands in Lake Tana Watershed, Northwest Ethiopia. Environ. Monit. Assess. 2017, 189, 152. [Google Scholar] [CrossRef] [PubMed]

	



Paerl, H.W.; Fulton, R.S. Ecology of harmful cyanobacteria. In Ecology of Harmful Algae. Ecological Studies; Granéli, E., Turner, J.T., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 95–109. [Google Scholar]

	



Sivonen, K.; Jones, G. Cyanobacterial toxins. In Toxic Cyanobacteria in Water, 1st ed.; Chorus, I., Bartram, J., Eds.; E. & F.N. Spon: London, UK, 1999; pp. 41–110. [Google Scholar]

	



O’Neil, J.M.; Davis, T.W.; Burford, M.A.; Gobler, C.J. The rise of harmful cyanobacteria blooms: The potential roles of eutrophication and climate change. Harmful Algae 2012, 14, 313–334. [Google Scholar] [CrossRef]

	



Paerl, H.W.; Paul, V.J. Climate change: Links to global expansion of harmful cyanobacteria. Water Res. 2012, 46, 1349–1363. [Google Scholar] [CrossRef] [PubMed]

	



Cook, C.M.; Vardaka, E.; Lanaras, T. Toxic cyanobacteria in Greek freshwaters, 1987-2000: Occurrence, toxicity, and impacts in the Mediterranean region. Acta Hydrochim. Hydrobiol. 2004, 32, 107–124. [Google Scholar] [CrossRef]

	



Vardaka, E.; Moustaka-Gouni, M.; Cook, C.M.; Lanaras, T. Cyanobacterial blooms and water quality in Greek waterbodies. J. Appl. Phycol. 2005, 17, 391–401. [Google Scholar] [CrossRef]

	



Crivelli, A.J.; Catsadorakis, G.; Lake, P. Northwestern Greece: A Unique Balkan Wetland; Springer Science and Business Media: Berlin/Heidelberg, Germany, 1997; Volume 351. [Google Scholar]

	



Wagner, B.; Vogel, H.; Zanchetta, G.; Sulpizio, R. Environmental change within the Balkan region during the past ca. 50 ka recorded in the sediments from lakes Prespa and Ohrid. Biogeosciences 2010, 7, 3187–3198. [Google Scholar] [CrossRef]

	



Hollis, G.E.; Stevenson, A.C. The physical basis of the Lake Mikri Prespa systems: Geology, climate, hydrology and water quality. In Lake Prespa, Northwestern Greece. Developments in Hydrobiology; Crivelli, A.J., Catsadorakis, G., Eds.; Springer: Dordrecht, The Netherlands, 1997; pp. 1–19. [Google Scholar]

	



Tryfon, E.; Moustaka-Gouni, M. Species composition and seasonal cycles of phytoplankton with special reference to the nanoplankton of Lake Mikri Prespa. Hydrobiologia 1997, 351, 61–75. [Google Scholar] [CrossRef]

	



Strid, A.; Bergmeier, E.; Fotiadis, G. Flora and Vegetation of the Prespa National Park, Greece; Society for the Protection of Prespa: Agios Germanos, Greece, 2020. [Google Scholar]

	



Karteris, M.A.; Pyrovetsi, M. Land Cover/Use Analysis of Prespa National Park, Greece. Environ. Conserv. 1986, 13, 319–324. [Google Scholar] [CrossRef]

	



Moustaka-Gouni, M.; Vardaka, E.; Tryfon, E. Phytoplankton species succession in a shallow Mediterranean lake (L. Kastoria, Greece): Steady-state dominance of Limnothrix redekei, Microcystis aeruginosa and Cylindrospermopsis raciborskii. Hydrobiologia 2007, 575, 129–140. [Google Scholar] [CrossRef]

	



Frogley, M.R.; Griffiths, H.I.; Martens, K. Modern and fossil ostracods from ancient lakes. In The Ostracoda: Applications in Quaternary Research; Holmes, J.A., Chivas, A.R., Eds.; Wiley: Washington, DC, USA, 2002; pp. 167–184. [Google Scholar]

	



Kagalou, I.; Psilovikos, A. Assessment of the typology and the trophic status of two Mediterranean lake ecosystems in Northwestern Greece. Water Resour. 2014, 41, 335–343. [Google Scholar] [CrossRef]

	



Papanikolaou, A.; Panitsa, M. Plant species richness and composition of a habitat island within Lake Kastoria and comparison with those of a true island within the protected Pamvotis lake (NW Greece). Biodivers. Data J. 2020, 8, e48704. [Google Scholar] [CrossRef] [PubMed]

	



Touka, A.; Vareli, K.; Igglezou, M.; Monokrousos, N.; Alivertis, D.; Halley, J.; Hadjikakou, S.; Frillingos, S.; Sainis, I. Ancient European lakes: Reservoirs of hidden microbial diversity? The case of Lake Pamvotis (NW Greece). Open J. Ecol. 2018, 8, 537–578. [Google Scholar] [CrossRef]

	



Organization for Economic Cooperation and Development (OECD). Test No. 487: In Vitro Mammalian Cell Micronucleus Test, OECD Guidelines for the Testing of Chemicals, Section 4; OECD Publishing: Paris, France, 2016. [Google Scholar]

	



Kirsch-Volders, M.; Fenech, M.; Bolognesi, C. Validity of the Lymphocyte Cytokinesis-Block Micronucleus Assay (L-CBMN) as biomarker for human exposure to chemicals with different modes of action: A synthesis of systematic reviews. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2018, 836, 47–52. [Google Scholar] [CrossRef]

	



Charalampous, N.; Kindou, A.; Vlastos, D.; Tsarpali, V.; Antonopoulou, M.; Konstantinou, I.; Dailianis, S. A multidisciplinary assessment of river surface water quality in areas heavily influenced by human activities. Arch. Environ. Contam. Toxicol. 2015, 69, 208–222. [Google Scholar] [CrossRef]

	



Yu, J.; Dong, H.W.; Shi, L.T.; Jiang, H.L.; Yu, J.W.; Zhao, Q.W.; Cai, S.C.; Han, D.; Tang, X.Y.; Liu, J.R. Re-Examination of the genotoxic activity of water taken from the Songhua River in P. R. China. Arch. Environ. Contam. Toxicol. 2013, 65, 78–88. [Google Scholar] [CrossRef]

	



Konstantinou, I.K.; Hela, D.G.; Albanis, T.A. The status of pesticide pollution in surface waters (rivers and lakes) of Greece. Part I. Review on occurrence and levels. Environ. Pollut. 2006, 141, 555–570. [Google Scholar] [CrossRef]

	



Standard Methods for the Examination of Water and Wastewater-2540 Solids. Available online: https://www.standardmethods.org/doi/10.2105/SMWW.2882.030 (accessed on 15 September 2018).

	



Solorzano, L. Determination of ammonia in natural waters by the phenolhypochlorite method. Limnol. Oceanogr. 1969, 14, 799–801. [Google Scholar]

	



17294-1:2004; Water Quality Application of Inductively Coupled Plasma Mass Spectrometry (ICP-MS)-Part 1: General Guidelines. International Organization for Standardization (ISO): Geneva, Switzerland, 2004. Available online: https://www.iso.org/standard/32957.html (accessed on 15 September 2020).

	



17294-2:2016; Water Quality-Application of Inductively Coupled Plasma Mass Spectrometry (ICP-MS)-Part 2: Determination of Selected Elements Including Uranium Isotopes. International Organization for Standardization (ISO): Geneva, Switzerland, 2016. Available online: https://www.iso.org/standard/62962.html (accessed on 15 September 2020).

	



Vlastos, D.; Skoutelis, C.G.; Theodoridis, I.T.; Stapleton, D.R.; Papadaki, M.I. Genotoxicity study of photolytically treated 2-chloropyridine aqueous solutions. J. Hazard. Mater. 2010, 177, 892–898. [Google Scholar] [CrossRef] [PubMed]

	



Fenech, M. The advantages and disadvantages of the cytokinesis-block micronucleus method. Mutat. Res. 1997, 392, 11–18. [Google Scholar] [CrossRef] [PubMed]

	



Fenech, M.; Chang, W.P.; Kirsch-Volders, M.; Holland, N.; Bonassi, S.; Zeiger, E. HUMN project: Detailed description of the scoring criteria for the cytokinesis-block micronucleus assay using isolated human lymphocyte cultures. Mutat. Res. 2003, 534, 65–75. [Google Scholar] [CrossRef]

	



Surrallés, J.; Xamena, N.; Creus, A.; Catalan, J.; Norppa, H.; Marcos, R. Induction of micronuclei by five pyrethroid insecticides in whole-blood and isolated human lymphocyte cultures. Mutat. Res. 1995, 341, 169–184. [Google Scholar] [CrossRef] [PubMed]

	



Triantafyllidis, V.; Hela, D.; Dimopoulos, P.; Albanis, T. Imidacloprid losses in surface runoff from plots cultivated with tobacco. Int. J. Environ. Anal. Chem. 2006, 86, 185–194. [Google Scholar] [CrossRef]

	



Lassaletta, L.; Billen, G.; Grizzetti, B.; Anglade, J.; Garnier, J. 50 year trends in nitrogen use efficiency of world cropping systems: The relationship between yield and nitrogen input to cropland. Environ. Res. Lett. 2014, 9, 105011. [Google Scholar] [CrossRef]

	



Stamatis, N.; Triantafyllidis, V.; Hela, D.; Konstantinou, I. Occurrence and distribution of selected pharmaceutical compounds on sewage-impacted section of River Acheloos, Western Greece. Int. J. Environ. Anal. Chem. 2013, 93, 1602–1619. [Google Scholar] [CrossRef]

	



Carmichael, W.W. Health effects of toxin producing cyanobacteria: ‘The cyanoHABs’. Hum. Ecol. Risk. Assess. 2001, 7, 1393–1407. [Google Scholar] [CrossRef]

	



Maliaka, V.; Verstijnen, Y.J.M.; Faassen, E.J.; Smolders, A.J.P.; Lürling, M. Effects of guanotrophication and warming on the abundance of green algae, cyanobacteria and microcystins in Lake Lesser Prespa, Greece. PLoS ONE 2020, 15, e0229148. [Google Scholar] [CrossRef]

	



Christophoridis, C.; Zervou, S.K.; Manolidi, K.; Katsiapi, M.; Moustaka-Gouni, M.; Kaloudis, T.; Triantis, T.M.; Hiskia, A. Occurrence and diversity of cyanotoxins in Greek lakes. Sci. Rep. 2018, 8, 17877. [Google Scholar] [CrossRef]

	



Rodgers, K.J.; Main, B.J.; Samardzic, K. Cyanobacterial Neurotoxins: Their Occurrence and Mechanisms of Toxicity. Neurotox. Res. 2018, 33, 168–177. [Google Scholar] [CrossRef] [PubMed]

	



Testai, E.; Scardala, S.; Vichi, S.; Buratti, F.M.; Funari, E. Risk to human health associated with the environmental occurrence of cyanobacterial neurotoxic alkaloids anatoxins and saxitoxins. Crit. Rev. Toxicol. 2016, 46, 385–419. [Google Scholar] [CrossRef] [PubMed]

	



Ibelings, B.W.; Backer, L.C.; Kardinaal, W.E.A.; Chorus, I. Current approaches to cyanotoxin risk assessment and risk management around the globe. Harmful Algae. 2014, 40, 63–74. [Google Scholar] [CrossRef]

	



Ellina, G.; Papaschinopoulos, G.; Papadopoulos, B. The use of fuzzy estimators for the construction of a prediction model concerning an environmental ecosystem. Sustainability 2019, 11, 5039. [Google Scholar] [CrossRef]








[image: Land 12 00119 g001 550] 





Figure 1. Geographical sites of Mikri Prespa and Kastoria lakes (maps by Google earth). 
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Figure 2. Map and sampling site (black mark) of Lake Mikri Prespa (40°47′23.2″ N 21°04′35.6″ E). 
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Figure 3. Map and sampling site (black mark) of Lake Kastoria (40°30′46.8″ N 21°15′49.8″ E). 
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Figure 4. Frequencies of MN (histograms) and CBPI values (solid black line) in cultured human lymphocytes treated with different concentrations of surface water (1, 2, and 5%, v/v) from Mikri Prespa (MP) and Kastoria (K) lakes (S1). MN, micronuclei; CBPI, cytokinesis-block proliferation index; mean MN frequencies, expressed as number of MN (‰) ± standard error per 2.000 binucleated cells per experimental point; mean CBPI values, expressed as number of CBPI ± standard error per 1.000 binucleated cells per experimental point [G-test for MN; χ2 for CBPI]. The significant difference from control is indicated by the asterisks in each case (* p < 0.01; ** p < 0.001). 
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Figure 5. Frequencies of MN (histograms) and CBPI values (solid black line) in cultured human lymphocytes treated with different concentrations of surface water (1, 2, and 5%, v/v) from Mikri Prespa (MP) and Kastoria (K) lakes (S2). MN, micronuclei; CBPI, cytokinesis-block proliferation index; mean MN frequencies, expressed as number of MN (‰) ± standard error per 2.000 binucleated cells per experimental point; mean CBPI values, expressed as number of CBPI ± standard error per 1.000 binucleated cells per experimental point [G-test for MN; χ2 for CBPI]. 
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Figure 6. Percentage inhibition of Aliivibrio fischeri after exposure in water samples collected during different time periods (S1 and S2) from Mikri Prespa (MP) and Kastoria (K) lakes. 
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Table 1. Physicochemical analysis of the collected samples during different time periods (S1 and S2) from Mikri Prespa (MP) and Kastoria (K) lakes.
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	Site
	
	pH
	1 Cond
	2 TSS
	2 PO43−
	2 SO42−
	2 Cl−
	2 NO3−
	2 NO2−
	2 F−
	2 Br−
	2 NH4+





	MP
	S1
	7.14 ± 0.20
	55.82 ± 3.10
	1.18 ± 0.45
	0.00 ± 0.00
	1.12 ± 0.21
	5.42 ± 0.26
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00



	
	S2
	7.22 ± 0.12
	47.63 ± 2.05
	1.24 ± 0.12
	0.00 ± 0.00
	0.64 ± 0.32
	10.34 ± 0.27
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00



	K
	S1
	5.74 ± 0.12
	193.27 ± 1.27
	5.72± 0.18
	15.34 ± 0.56
	10.37 ± 0.39
	31.67 ± 0.44
	20.32 ± 0.37
	12.67 ± 0.66
	10.56 ± 0.72
	0.25 ± 084
	2.47 ± 0.26



	
	S2
	7.01 ± 0.18
	42.64 ± 2.01
	1.05± 0.64
	0.00 ± 0.00
	2.24 ± 0.27
	20.43 ± 0.38
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.08 ± 0.03







1 μS cm−1. 2 mg L−1.
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Table 2. Concentration of elements measured in samples collected during different time periods (S1 and S2) from Mikri Prespa (MP) and Kastoria (K) lakes.
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	MP S1
	MP S2
	K S1
	K S2





	Mg 1
	14,981.69
	9749.36
	15,903.18
	9922.45



	Al 1
	-
	-
	-
	-



	Si 1
	4187.58
	2380.99
	4835.98
	4199.23



	K 1
	1598.09
	1254.79
	3495.23
	1961.03



	Ca 1
	10,696.50
	5518.65
	6405.31
	6003.50



	P 2
	6.47
	6.47
	7.11
	6.35



	Cr 1
	-
	-
	-
	-



	Mn 1
	-
	-
	-
	-



	Fe 1
	-
	-
	-
	-



	Co 1
	-
	-
	-
	-



	Ni 1
	-
	-
	-
	-



	Cu 1
	-
	3.51
	-
	5.44



	Zn 1
	3.62
	8.90
	-
	7.58



	As 1
	-
	-
	-
	-



	Se 1
	-
	-
	-
	-



	Mo 1
	-
	-
	-
	-



	Ag 1
	-
	-
	-
	-



	Cd 1
	-
	-
	-
	-



	Sn 1
	-
	-
	-
	-



	Hg 1
	-
	-
	-
	-



	Tl 1
	-
	-
	-
	-



	Pb 1
	-
	-
	-
	-







1 μg L−1. 2 mg L−1.
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