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Abstract

:

The ancient lakes Mikri Prespa and Megali Prespa are located in SE Europe at the transnational triangle and are globally recognized for their ecological significance. They host hundreds of flora and fauna species, and numerous types of habitat of conservational interest. They also provide a variety of ecosystem services. Over the last few decades, the two lakes have been interconnected through a surface water channel. In an attempt to explore whether such a management practice might alter the ecological properties of the two lakes, we investigated a series of community metrics for phytoplankton by emphasizing cyanobacteria. Our results demonstrate that the cyanobacterial metacommunity structure was affected by directional hydrological connectivity and high dispersal rates, and to a lesser extent, by cyanobacterial species sorting. Cyanobacterial alpha diversity was twofold in the shallow upstream Lake Mikri Prespa (Simpson index average value: 0.70) in comparison to downstream Lake Megali Prespa (Simpson index average value: 0.37). The cyanobacterial assemblage of the latter was only a strict subset of that in Mikri Prespa. Similarly, beta diversity components clearly showed a homogenization of cyanobacteria, supporting the hypothesis that water flow enhances fluvial translocation of potentially toxic and bloom-forming cyanobacteria. Degrading of the water quality in the Lake Megali Prespa in anticipation of improving that of the Lake Mikri Prespa is an issue of great concern for the Prespa lakes’ protection and conservation.
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1. Introduction


One can view lakes as islands in a terrestrial world. In lakes connected to each other by direct water flow, the physical transport through water is unidirectional, resulting in a dominance of colonization from the upstream lake [1]. This way, the drift of phytoplankton, and particularly of cyanobacteria (both the resting stages and the individuals of active populations), are very effective means of dispersal and are not accidental episodes [2]. For cyanobacteria, high dispersal levels and global warming are emergent drivers of their community assembly in lakes [3]. In a lake that is already populated by a given phytoplankton species, competition and predation by zooplankton makes it difficult for a new invader to establish. However, this “priority effect” sensu De Meester et al. [4] does not hold in cases where local communities are not saturated [5]. Recent invasions and proliferation of toxic cyanobacteria in diverse aquatic habitats, a well-known worldwide phenomenon [6], shows that new invaders can establish in a populated lake. Studying the species’ dispersal patterns, recognising species’ replacements (i.e., turnover) and recognising losses/additions of species in an ecosystem (nestedness) [7], could serve as critical steps towards implementing management practices [8].



The increase and dominance of cyanobacteria in a water body is indicative of water quality degradation, since cyanobacteria are implicated in food-web disturbances, oxygen depletion and animal mortality; and they have adverse effects on human health and on ecosystem services in general [9]. Furthermore, cyanobacterial species with allelopathic characteristics can alter phytoplankton composition and biodiversity [10]. It is, therefore, globally acknowledged that the management of lakes should aim at maintaining environmental heterogeneity while preventing further eutrophication and expansion of toxic and allelopathic cyanobacteria. This management practice could favour the maintenance of high phytoplankton beta and gamma diversity [11].



The ancient neighboring lakes Megali Prespa and Mikri Prespa, SE Europe, are connected by a man-made surface water channel with temporal flow. Over the period of 1984–2011, the two lakes had an almost identical range in water isotope composition, reflecting their hydrological connection [12]. The inflow from Lake Mikri Prespa is about 9% of the water inflows into the Lake Megali Prespa [13]. Thus, the community properties and water quality of both lakes could be driven by the plankton species of the Lake Mikri Prespa [14]. Still, no study exists on the impacts of the inflows from the Lake Mikri Prespa on the cyanobacteria and phytoplankton assemblages and the water quality of the Lake Megali Prespa. Notwithstanding, the Lake Mikri Prespa has a history of cyanobacterial blooms formed by potentially toxic species [15,16]. In 2014, microcystins were measured in lake water at a concentration that posed a high risk of adverse human health effects [17].



In the present work, we examined past hydrological connectivity’s cumulative effect on the Prespa lakes’ cyanobacteria assemblages and the lake’s water quality. Towards those ends, we studied the two lakes’ phytoplankton communities over a year without water transfer, focusing on cyanobacteria. We examined temporal variation in composition, biomass, alpha diversity, total beta diversity and the species’ turnover and nestedness as the means to delineate the potential role of hydrological connectivity upon the phytoplankton assemblages. Species network interactions within each lake were also explored as the means to identify co-occurrence patterns and negative interactions, while the multimetric index PhyCoIGP [18] was applied to compare water quality of the two lakes.




2. Materials and Methods


2.1. Study Site


The lakes Mikri Prespa and Megali Prespa are of two the oldest lakes on earth, both with an estimated age of 2–5 million years [19]. These two lakes are European endangered monuments hosting high richness of endemic and internationally important endangered species. The two lakes are also included in the Natura 2000 network that constitutes the cornerstone of the conservation policy of the European Union. Since 1975, Lake Mikri Prespa was also designated as a Ramsar Site. Both lakes are situated at the northwestern part of Greece, SE Europe (Megali Prespa: 40°45′ N, 21°01′ E, Mikri Prespa: 40°46′ N, 21°05′ E) at an altitude of ≈850 m above sea level (Figure 1). The Lake Mikri Prespa is also a transboundary lake between Greece and Albania. The Lake Megali Prespa is located at the southernmost tip of the Alpine biogeographical region of Europe [20], and is shared by three countries: Greece, Albania and North Macedonia.



Lake Mikri Prespa is a shallow (maximum depth: 9 m), moderately large (surface: 46.7 km2) polymictic, eutrophic lake experiencing toxic cyanobacterial blooms [17,21]. Lake Megali Prespa is a large (surface 256 km2), deep (maximum depth 55 m), warm momomicitc lake, less impacted by humans [22,23]. The two lakes (Figure 1) are connected by a man-made channel which used to be narrow and quite shallow until the 1950s, but was re-constructed in 1969. Since 2005, the Prespa Park Management Body controls the water level by regulating the outflow discharge to the Lake Megali Prespa in order to sustain the Lake Mikri Prespa’s good ecological status and the local economy [24]. During the twelve years of controlled discharge (2005–2016), a total of 212.6 × 106 m3 of surface lake water of the Lake Mikri Prespa was discharged to the Lake Megali Prespa based on the water level adjustments [25].




2.2. Field Work—Microscopy Analysis


Phytoplankton samplings were conducted in the lakes Mikri and Megali Prespa, from September 2015 to August 2016, on a monthly basis. Water samples were collected at the deeper parts of the lakes in the vicinity of the connection points of the lakes to the water channel (Mikri Prespa outlet, Megali Prespa inlet; Figure 1) using a Niskin sampler. The samples were taken at discrete depths every one meter from the surface of the lakes to the bottom of the euphotic zone (defined as 2.5× Secchi Depth). The set of these samples in each sampling site were mixed in a plastic container, and an integrated sample from the euphotic zone was thus obtained. Subsamples of 500 mL for phytoplankton analysis were preserved immediately after sampling with Lugol’s solution and were kept in the dark till microscopy analysis. Also, fresh (non-preserved) sub-samples were kept in the dark in a portable refrigerator. The fresh samples were transported immediately at the laboratory and checked (within 4–6 h from sampling) for the microscopic identification of species with limited diagnostic features.



The phytoplankton data were based on the microscopic analysis of the preserved samples. For this, sub-samples were placed in sedimentation chambers of Hydrobios of different volumes (3, 5, 10 and 25 mL) based on phytoplankton density according to the inverted microscope method. These were examined using an inverted microscope (Nikon Eclipse TE 2000-S, Melville, NY, USA). Species identification was carried using appropriate taxonomic keys [26]. Phytoplankton counting was performed using Utermöhl’s sedimentation method. At least 400 individuals were counted in each sample. For biomass estimation, the dimensions of 30 individuals of dominant species were measured using the relevant tools of a digital microscope camera (Nikon DS-L1, Melville, NY, USA). Mean cell or filament volume estimates were calculated using appropriate geometric formulae [27].




2.3. Data Analysis


Alpha diversity estimators (i.e., species richness and the Simpson index) for the whole phytoplankton community and for cyanobacteria were calculated with the PAST3 software [28]. To compute beta diversity of the whole phytoplankton community and of the cyanobacteria assemblages in each sampling, we used the “betapart” R package, version 1.5.1 [29]. Beta diversity was portioned into its spatial turnover and nestedness components, following Baselga’s approach [30]. This approach [7,30] suggests that Sorensen pair-wise dissimilarity (bSOR) should be partitioned into two components: spatial turnover in species composition, measured as Simpson pair-wise dissimilarity index (bSIM); and variation in species composition due to nestedness (bNES) measured as the nestedness-fraction of Sorensen pair-wise dissimilarity. The above analyses were run in the R 3.5.3 environment (R core team 2018).



We performed network analysis for each lake to explore significant relationships (positive, which indicate co-occurrence patterns; or negative, which provide evidence of exclusion) among cyanobacterial and other phytoplankton species. The relationships were characterized through Maximal Information-based Nonparametric Exploration (MINE) statistics by computing the Maximal Information Coefficient (MIC), based on the species biomass per sample, in species pairwise comparisons (see Supplementary Table S1 for the species included) [31]. The matrix of MIC values corresponding to a p-value < 0.01, based on pre-computed p-values of various MIC scores at different sample sizes, was used (MIC > 0.68 in this case) in order to visualize networks of species’ associations with Cytoscape 3.5.1 [32]. We identified the negative or positive type of relationship between each pair of species included in the network according to Hernández-Ruiz et al. [33].




2.4. Water Quality Assessment


The phytoplankton modified PhyCoIGP index [18] was used to assess ecological water quality of each lake. For the index calculation, we combined six metrics/sub-indices; i.e., the total phytoplankton biomass, the cyanobacterial biomass (according to World Health Organization Guidelines), the modified Nygaard sub-index based on the biomass of indicator taxonomic groups, the modified Nygaard sub-index based on species richness of indicator taxonomic groups, the quality group species Index and the grazing potential of zooplankton. The ecological water quality assessment was based on the data of the sampling period June–September. This period is used for the lake ecological water quality assessments based on phytoplankton in the Greece/Mediterranean region [18].





3. Results


In total, 119 species were identified in the phytoplankton communities of the Prespa lakes; 111 species were found in Lake Mikri Prespa and 75 phytoplankton species were identified in Lake Megali Prespa. Sixty-seven (67) phytoplankton species were found in both lakes (Supplementary Figure S1). Chlorophytes were the richest phytoplankton taxonomic group (47 species). A total of 30 species of Cyanobacteria were detected in both lakes (20 species in Lake Megali Prespa and 30 in Lake Mikri Prespa) (Supplementary Table S1). The cyanobacterial assemblage in Lake Megali Prespa was a strict subset of the cyanobacterial assemblage of Lake Mikri Prespa. All nostocalean species (Dolichospermum cf. flos-aquae, D. lemmermannii, D. viguieri, Aphanizomenon gracile) were found in both lakes. Most of the cyanobacteria that were not observed in the Lake Megali Prespa (eight out of 10) were chroococcalean; two of them were Microcystis species (M. flos-aquae and M. wesenbergii). The maximum cyanobacteria richness was detected in September and the minimum in February (Table 1).



During the study period, the phytoplankton biomass ranged from 0.10 to 4.1 mg L−1 in the two lakes (Figure 2). The highest value was recorded in Megali Prespa in June 2016, whereas in Lake Mikri Prespa the maximum biomass reached 3.07 mg L−1 in September 2015. The cyanobacterial biomass reached 2.47 mg L−1 in Lake Mikri Prespa and 2.63 mg L−1 in Lake Megali Prespa. The highest annual contribution of cyanobacteria to phytoplankton biomass was observed in Lake Mikri Prespa (58.6%). We found that the cyanobacterium Dolichospermum lemmermannii was forming water blooms in both lakes, but in different periods, and contributed up to 23.1% of the annual cyanobacterial biomass in Lake Megali Prespa (Figure 2). The cyanobacterium Microcystis aeruginosa, was rarely detected in Lake Megali Prespa, but dominated the cyanobacterial biomass in Lake Mikri Prespa (34.6% annual contribution, which was followed by D. lemmermannii (14.0%) and Microcystis panniformis (5.4%), another rarely recorded species in Lake Megali Prespa where the second species in terms of biomass was Aphanizomenon gracile (2.4% annual contribution).



Phytoplankton alpha diversity (Simpson index) varied between 0.18 and 0.90 in both lakes, and the cyanobacterial assemblage alpha diversity during their growth period (September–November 2015 and April–August 2016) varied between 0.004 and 0.73 in Lake Megali Prespa (average 0.37) and 0.57 and 0.77 (average 0.7) in Lake Mikri Prespa. Phytoplankton beta diversity (bSOR) ranged from 0.43 to 0.63 (Figure 3) and cyanobacterial beta diversity ranged from 0.38 to 0.7. Phytoplankton community compositional variation was attributed equally to the species turnover (50.1%) and nestedness (49.9%) while cyanobacterial variation during their growth period was mostly attributed to nestedness (77.4%) rather than species turnover (22.6%). For total phytoplankton, both components had substantial monthly fluctuations, while for cyanobacteria, nestedness was always higher (Figure 3).



The strong connections between cyanobacterial/phytoplankton species according to MIC correlation coefficients (MIC values corresponding to p-values < 0.01) are visualized in networks (Figure 4). Several negative and positive connections between cyanobacteria and other phytoplankton taxa were observed. The observed links were attributed to Cyanobacteria and Chlorophyta. In particular, the dominant cyanobacteria in Lake Mikri Prespa, M. aeruginosa and D. lemmermannii were negatively connected. In Lake Megali Prespa, D. lemmermannii had negative connections both with the other nostocalean species Dolichospermum viguieri and Aphanizomenon gracile and the oscillatorealean Planktolyngbya limnetica.



The values of the water quality index PhyCoIGP ranged from 2.6 to 4.3 in Lake Megali Prespa and from 2.7 to 3.7 in Lake Mikri Prespa (Table 1). Ecological water quality assessment indicated a similar level for both lakes; i.e., around the good–moderate boundary. In particular, Lake Megali Prespa was classified in moderate water quality (average index value 2.9) and Lake Mikri Prespa was classified in the good class (average index value 3.3).




4. Discussion


Our focus on cyanobacterial species spatial distribution and community properties in two hydrologically connected ancient European lakes was motivated by the scarce information on hydrological connectivity as an emergent driver for cyanobacterial species homogenization in global expansion studies of toxic and non-toxic species [3,34]. The species pool of phytoplankton communities was found different in the two lakes with the average value of Simpson index almost double in the shallow, eutrophic Lake Mikri Prespa [21]. This result was rather expected because of the different typology (i.e., depth, surface area, stratification type) of the two lakes as well as their different trophic states, all significant determinants of phytoplankton alpha diversity [22,35]. However, we detected a high similarity in cyanobacterial diversity between these two different lakes: the cyanobacterial species of Lake Megali Prespa were a strict subset of the species pool inhabiting the shallow Lake Mikri Prespa. The increased similarity in cyanobacterial composition could be explained, to some extent, by the high occurrence of nostocalean species, bearing akinetes, cyanobacteria. These dormant cells survive long and extreme dispersion routes, assuring perennial germination and proliferation of toxic and non-toxic blooms [36].



The spread of nostocalean species from Lake Mikri Prespa to Lake Megali Prespa can be supported by the fluvial immense seeds of their cells (dormant and vegetative). Planktic nostocalean cyanobacteria have the ability to produce most types of cyanotoxins [37] and are frequently referred to as successful invaders [6]. Dolichospermum lemmermannii, the dominant nostocalean species in both lakes in terms of biomass, is known for its ability to produce various toxins (e.g., microcystins, anatoxins, saxitoxin) [38]. Also, D. lemmermannii has widened its geographic distribution across temperate lakes. Moreover, its ability to fix nitrogen underlies its competitive advantages in a lake with low inorganic nitrogen [39]. It has been reported to flourish in Lake Mikri Prespa since 1990 [15]. In this lake, in 2014, when D. lemmermannii and Microcystis aeruginosa formed a bloom, microcystins were measured at a concentration that posed a high risk of adverse human health effects [17]. Successful dispersal of nostocaleans could be favoured by their large population sizes reaching bloom densities [40].



However, all cyanobacteria species were not nostocalean nor identical in both lakes. The differences in cyanobacterial composition could be explained to some extent by the lakes’ environmental filtering and species traits. For example, the other bloom-forming toxic cyanobacterium in Lake Mikri Prespa, M. aeruginosa, was found in low numbers in Lake Megali Prespa, whereas other Microcystis species (M. flos-aquae and M. wesenbergii) were not detected. M. aeruginosa is differentiated from the co-existing nostocalean species by its preference for higher phosphorus concentrations and for higher mixing depth/euphotic depth and nitrogen/light conditions ratios in the neighboring Lake Kastoria [41]. It seems that the lower trophic state and different lake typology characteristics are the environmental barriers for the Microcystis population increase in Lake Megali Prespa. The negative connection between M. aeruginosa and D. lemmermannii, shown in the network of Lake Mikri Prespa, may suggest that these species have temporally separated niches, indicating different species traits and preferences [1]. Lake environmental filtering and cyanobacterial species traits (dispersal abilities and competitive advantages), as described above, may play an important role in determining the Prespa lakes’ metacommunity structure [42]. Geographic expansion of chroococcalean cyanobacteria has been frequently reported, as intensive blooms of toxic Microcystis have been attributed to global warming and regional eutrophication [6]. In addition, the influence of hydrological connectivity on toxic Microcystis spreading between two drowned river mouth lakes resulted in Microcystis dominance in both lakes [43]. Nevertheless, local conditions in each lake were important in determining which cyanobacterial species could maintain a viable population. The other chroococcalean species did not co-occur in the Prespa lakes. This might indicate different environmental preferences and habitat checkboards [44].



Phytoplankton, and particularly, cyanobacteria, are subjected to directional dispersal (water flow), a regional factor leading different habitat communities to be highly connected [45]. Thus, habitat connectivity and dispersal interact to structure metacommunity. The cyanobacterial dispersal because of the directional water flow could potentially override habitat control leading to species occupying unfavourable habitats [46]. Our analyses demonstrated a moderate to low dissimilarity in phytoplankton and cyanobacteria in the Prespa lakes. This is in contrast with results from other lakes and reservoirs of the world with strong environmental heterogeneity [11,47]. High beta diversity in these freshwaters was mainly explained by species turnover. In the Prespa lakes, beta diversity was explained equally by the species turnover and nestedness, while cyanobacterial assemblage beta diversity was mainly attributed to nestedness. In an analysis of freshwater plankton, bacteria were found to have a higher degree of nestedness than phytoplankton did, whereas the degree of nestedness was related mainly to habitat quality [44]. A meta-analysis of nestedness and turnover components of beta diversity across organisms and ecosystems by Soininen et al. [48] showed that passively dispersed organisms (e.g., phytoplankton) had lower turnover and total beta diversity than flying organisms but still much higher values than in the Prespa lakes.



In the Prespa lakes, different typologies and trophic states would initially lead to an assumption of low cyanobacterial nestedness. However, long-term hydrological connectivity of the two lakes appears to override habitat control through source-sink dynamics, leading to cyanobacterial species also occupying unfavourable habitats [46]. Furthermore, the higher cyanobacteria nestedness in relation to other phytoplankton taxa found in our study might also show the cyanobacteria’s ability to adapt to unfavourable conditions. Kraus et al. [49] studying hydrological variations and ecological phytoplankton patterns in Amazonian floodplain lakes, explained the absence of phytoplankton dissimilarities to the ability of cyanobacteria to adapt to contrasted ecological conditions. No dispersal limitation and high levels of stochastic cyanobacterial establishment with a weak influence of phosphorus has been found in peri-Alpine lakes [3]. Cyanobacterial biodiversity patterns over one century of eutrophication and climate change showed clear signs of beta diversity loss with homogenization across sites in recent decades. This suggests that potentially toxic and bloom-forming cyanobacteria can widen their geographic distribution in the European temperate region [3]. Monchamp et al. [3] also found that Dolichospermum species were able to colonize a wide range of lakes. Dolichospermum species’ distribution in the Prespa lakes agrees with these findings. The expansion of the bloom-forming, potentially toxic D. lemmermannii in several deep southern subalpine lakes has also been recently reported [40]. The species is considered as one of the most problematic algae in the subalpine Lake District, raising serious concerns because of the impacts on the tourist economy and the potential toxigenic effects. There is also an interesting expansion of this species between the 40th parallel and the Arctic Circle, which is in contrast to the prevailing south to north dispersion paths typical of other Nostocales [40]. In this case, our study provides important information about D. lemmermannii’s southernmost distribution in a deep and large lake (i.e., Lake Megali Prespa).



Based on the results of the application of the PhyCoIGP index for Mediterranean lakes, the water quality of Lake Megali Prespa cannot be considered good. The water quality of Lake Mikri Prespa showed considerable improvement characterized by much lower total phytoplankton and cyanobacterial biomas than during the period of 1990–2010 [15,22]. Moreover, based on phytoplankton biomass data of the period 2012–2014 and using the Alpine classification system for lake types L-AL3 and L-AL4, Lake Megali Prespa was also classified at lower than good ecological class [22]. The use of Alpine classification system was based on the location of Lake Megali Prespa at the southernmost tip of the Alpine biogeographical region of Europe [20].



We conclude that the Prespa lakes’ cyanobacterial metacommunity structure was mainly affected by directional hydrological connectivity and high dispersal rates (Mikri Prespa source—Megali Prespa sink), a mass effect paradigm. Furthermore, it was affected to a less extent by species sorting (mostly for chroococcalean species) reflected by low beta diversity and high nestedness. The hydrological connectivity is an emergent driver for cyanobacterial species homogenization, water quality homogenization and potentially toxic bloom expansion. The degrading of the water quality in Lake Megali Prespa in anticipation of improving that of Lake Mikri Prespa is an issue of great concern for lakes management. Our study supports the fact that the management of the Prespa lakes should aim at maintaining environmental heterogeneity while preventing the species of Lake Mikri Prespa, which include potentially toxic cyanobacteria, flooding into Lake Megali Prespa.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4441/12/1/18/s1. Figure S1: Venn diagram showing the number of unique and common phytoplankton and cyanobacterial species between the lakes Mikri and Megali Prespa. Table S1: Phytoplankton species list that was recorded from the lakes Mikri and Megali Prespa during the period September 2015 to August 2016. X indicates presence; $ indicates participation in the networks.





Author Contributions


Conceptualization, M.K., A.D.M. and M.M.-G.; data curation, M.K., S.G. and N.S.; resources, E.M. and M.M.-G.; writing—original draft, M.K., S.G., N.S., A.D.M. and M.M.-G.; writing—review and editing, M.K., S.G., N.S., A.T., E.M., A.D.M. and M.M.-G.; visualization, M.K., S.G., N.S., A.T., I.G. and G.S.; supervision, A.D.M., E.M. and M.M.-G.; project administration, A.D.M. and M.M.-G.; funding acquisition, A.D.M., E.M. and M.M.-G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by ProLife, a project co-funded by the European Union and by national funds of the participating countries under the IPA Cross-Border Programme “Greece—The Republic of North Macedonia 2007–2013.” The views expressed in this publication do not necessarily reflect the views of the European Union, the participating countries and the Managing Authority.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lampert, W.; Sommer, U. The Ecology of Lakes and Streams, 2nd ed.; Oxford University Press: Oxford, UK, 2007; p. 32. [Google Scholar]

	



Chrisostomou, A.; Moustaka-Gouni, M.; Sgardelis, S.; Lanaras, T. Air-dispersed phytoplankton in a Mediterranean river-reservoir system (Aliakmon-Polyphytos, Greece). J. Plankton Res. 2009, 31, 877–884. [Google Scholar] [CrossRef]

	



Monchamp, M.-E.; Spaak, P.; Pomati, F. High dispersal levels and lake warming are emergent drivers of cyanobacterial community assembly in peri-Alpine lakes. Sci. Rep. 2019, 9, 7366. [Google Scholar] [CrossRef] [PubMed]

	



De Meester, L.; Gómez, A.; Okamura, B.; Schwenk, K. The Monopolization Hypothesis and the dispersal-gene flow paradox in aquatic organisms. Acta Oecol. 2002, 23, 121–135. [Google Scholar] [CrossRef]

	



Whittaker, R.J.; Willis, K.J.; Field, R. Scale and species richness: Towards a general, hierarchical theory of species diversity. J. Biogeogr. 2001, 28, 453–470. [Google Scholar] [CrossRef]

	



Sukenik, A.; Quesada, A.; Salmaso, N. Global expansion of toxic and non-toxic cyanobacteria: Effect on ecosystem functioning. Biodivers. Conserv. 2015, 24, 889–908. [Google Scholar] [CrossRef]

	



Baselga, A.; Orme, C.D.L. Betapart: An R package for the study of beta diversity. Methods Ecol. Evol. 2012, 3, 808–812. [Google Scholar] [CrossRef]

	



Baselga, A. Partitioning the turnover and nestedness components of beta diversity. Glob. Ecol. Biogeogr. 2010, 19, 134–143. [Google Scholar] [CrossRef]

	



Moustaka-Gouni, M.; Sommer, U.; Katsiapi, M.; Vardaka, E. Monitoring of Cyanobacteria for Water Quality: Doing the Necessary Right or Wrong? Available online: http://www.publish.csiro.au/mf/MF18381 (accessed on 18 December 2019).

	



Muhl, R.M.W.; Roelke, D.L.; Zohary, T.; Moustaka-Gouni, M.; Sommer, U.; Borics, G.; Gaedke, U.; Withrow, F.G.; Bhattacharyya, J. Resisting annihilation: Relationships between functional trait dissimilarity, assemblage competitive power and allelopathy. Ecol. Lett. 2018, 21, 1390–1400. [Google Scholar] [CrossRef]

	



Maloufi, S.; Catherine, A.; Mouillot, D.; Louvard, C.; Couté, A.; Bernard, C.; Troussellier, M. Environmental heterogeneity among lakes promotes hyper β-diversity across phytoplankton communities. Freshw. Biol. 2016, 61, 633–645. [Google Scholar] [CrossRef]

	



Leng, M.J.; Wagner, B.; Boehm, A.; Panagiotopoulos, K.; Vane, C.H.; Snelling, A.; Haidon, C.; Woodley, E.; Vogel, H.; Zanchetta, G.; et al. Understanding past climatic and hydrological variability in the Mediterranean from Lake Prespa sediment isotope and geochemical record over the last glacial cycle. Quat. Sci. Rev. 2013, 66, 123–136. [Google Scholar] [CrossRef]

	



Hadjisolomou, E.; Stefanidis, K.; Papatheodorou, G.; Papastergiadou, E. Assessment of the eutrophication-related environmental parameters in two Mediterranean lakes by integrating statistical techniques and self-organizing maps. Int. J. Environ. Res. Public Health 2018, 15, 547. [Google Scholar] [CrossRef] [PubMed]

	



Hollis, G.E.; Stevenson, A.C. The physical basis of the Lake Mikri Prespa systems: Geology, climate, hydrology and water quality. Hydrobiologia 1997, 351, 1–19. [Google Scholar] [CrossRef]

	



Tryfon, E.; Moustaka-Gouni, M.; Nikolaidis, G.; Tsekos, I. Phytoplankton and physical-chemical features of the shallow Lake Mikri Prespa, Macedonia, Greece. Arch. Hydrobiol. 1994, 131, 477–494. [Google Scholar]

	



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]

	



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] [PubMed]

	



Stamou, G.; Katsiapi, M.; Moustaka-Gouni, M.; Michaloudi, E. Grazing potential—A functional plankton food web metric for ecological water quality assessment in Mediterranean lakes. Water 2019, 11, 1274. [Google Scholar] [CrossRef]

	



Hampton, S.E.; McGowan, S.; Ozersky, T.; Virdis, S.G.P.; Vu, T.T.; Spanbauer, T.L.; Kraemer, B.M.; Swann, G.; Mackay, A.W.; Powers, S.M.; et al. Recent ecological change in ancient lakes. Limnol. Oceanogr. 2018, 63, 2277–2304. [Google Scholar] [CrossRef]

	



European Environment Agency. Biogeographical Regions. Available online: http://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-in-europe-1 (accessed on 5 November 2019).

	



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]

	



Moustaka-Gouni, M.; Sommer, U.; Economou-Amilli, A.; Arhonditsis, G.B.; Katsiapi, M.; Papastergiadou, E.; Kormas, K.A.; Vardaka, E.; Karayanni, H.; Papadimitriou, T. Implementation of the Water Framework Directive: Lessons learned and future perspectives for an ecologically meaningful classification based on phytoplankton of the status of Greek lakes, Mediterranean region. Environ. Manag. 2019, 64, 675–688. [Google Scholar] [CrossRef]

	



Katsiapi, M.; Michaloudi, E.; Moustaka-Gouni, M.; Pahissa López, J. First ecological evaluation of the ancient Balkan Lake Megali Prespa based on plankton. J. Biol. Res. 2012, 17, 51–56. [Google Scholar]

	



Parisopoulos, G.; Sapountzakis, G.; Georgiou, P.; Giamouri, M.; Malakou, M. Development of rule curves for sluice gate operation and water level management in lake Micro Prespa. In Proceedings of the 4th Conference on Water Observation and Information System for Decision Support (BALWOIS), Ohrid, Republic of Macedonia, 25–29 May 2010. [Google Scholar]

	



Parisopoulos, G. Review of the Sluice Gate Operation and Water Level Management in Lake Micro Prespa; Technical Report; Society for the Protection of Prespa: Agios Germanos, Greece, 2016. [Google Scholar]

	



Komárek, J.; Anagnostidis, K. Cyanoprokaryota 1. Chroococcales. In ‘Süsswasserflora von Mitteleuropa; Ettl, H., Gärtner, G., Heynig, H., Mollenhauer, D., Eds.; Spektrum Akademischer Verlag: Heidelberg, Germany, 1998; pp. 1–548. [Google Scholar]

	



Hillebrand, H.; Dürselen, C.-D.; Kirschtel, D.; Pollingher, U.; Zohary, T. Biovolume calculation for pelagic and benthic microalgae. J. Phycol. 1999, 35, 403–424. [Google Scholar] [CrossRef]

	



Hammer, Ø.; Harper, D.A.T.; Ryan, P.D. Past: Paleontological statistics software package for education and data analysis. Palaeontol. Electron. 2001, 4, 9. [Google Scholar]

	



Baselga, A. Partitioning abundance-based multiple-site dissimilarity into components: Balanced variation in abundance and abundance gradients. Methods Ecol. Evol. 2017, 8, 799–808. [Google Scholar] [CrossRef]

	



Baselga, A. Multiplicative partition of true diversity yields independent alpha and beta components; additive partition does not. Ecology 2010, 91, 1974–1981. [Google Scholar] [CrossRef] [PubMed]

	



Reshef, D.N.; Reshef, Y.A.; Finucane, H.K.; Grossman, S.R.; McVean, G.; Turnbaugh, P.J.; Lander, E.S.; Mitzenmacher, M.; Sabeti, P.C. Detecting novel associations in large data sets. Science 2011, 334, 1518–1524. [Google Scholar] [CrossRef]

	



Smoot, M.E.; Ono, K.; Ruscheinski, J.; Wang, P.-L.; Ideker, T. Cytoscape 2.8: New features for data integration and network. Bioinformatics 2011, 27, 431–432. [Google Scholar] [CrossRef]

	



Hernández-Ruiz, M.; Barber-Lluch, E.; Prieto, A.; Alvarez-Salgado, X.A.; Logares, R.; Teira, E. Seasonal succession of small planktonic eukaryotes inhabiting surface waters of a coastal upwelling system. Environ. Microbiol. 2018, 20, 2955–2973. [Google Scholar] [CrossRef]

	



Monchamp, M.-E.; Spaak, P.; Domaizon, I.; Dubois, N.; Bouffard, D.; Pomati, F. Homogenization of lake cyanobacterial communities over a century of climate change and eutrophication. Nat. Ecol. Evol. 2018, 2, 317–324. [Google Scholar] [CrossRef]

	



Stomp, M.; Huisman, J.; Mittelbach, G.G.; Litchman, E.; Klausmeier, C.A. Large-scale biodiversity patterns in freshwater phytoplankton. Ecology 2011, 92, 2096–2107. [Google Scholar] [CrossRef]

	



Moustaka-Gouni, M.; Hiskia, A.; Genitsaris, S.; Katsiapi, M.; Manolidi, K.; Zervou, S.-K.; Christophoridis, C.; Triantis, T.M.; Kaloudis, T.; Orfanidis, S. First report of Aphanizomenon favaloroi occurrence in Europe associated with saxitoxins and a massive fish kill in Lake Vistonis, Greece. Mar. Freshw. Res. 2017, 68, 793–800. [Google Scholar] [CrossRef]

	



Cirés, S.; Wörmer, L.; Ballot, A.; Agha, R.; Wiedner, C.; Velásquez, D.; Casero, M.C. Phylogeography of cylindrospermopsin and paralytic shellfish toxin-producing Nostocales cyanobacteria from Mediterranean Europe (Spain). Appl. Environ. Microb. 2014, 80, 1359–1370. [Google Scholar] [CrossRef] [PubMed]

	



Lepistö, L.; Kauppila, P.; Rapala, J.; Pekkarinen, M.; Sammalkorpi, I.; Villa, L. Estimation of reference conditions for phytoplankton in a naturally eutrophic shallow lake. Hydrobiologia 2006, 568, 55–66. [Google Scholar] [CrossRef]

	



Salmaso, N.; Capelli, C.; Shams, S.; Cerasino, L. Expansion of bloom-forming Dolichospermum lemmermannii (Nostocales, Cyanobacteria) to the deep lakes south of the Alps: Colonization patterns, driving forces and implications for water use. Harmful Algae 2015, 50, 76–87. [Google Scholar] [CrossRef]

	



Finlay, B.J. Global dispersal of free-living microbial eukaryote species. Science 2002, 296, 1061–1063. [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]

	



Pujoni, D.G.F.; Barros, C.F.D.A.; Dos Santos, J.B.O.; Maia-Barbosa, P.M.; Barbosa, F.A.R. Dispersal ability and niche breadth act synergistically to determine zooplankton but nor phytoplankton metacommunity structure. J. Plankton Res. 2019, 41, 479–490. [Google Scholar] [CrossRef]

	



Xie, L.; Hagar, J.; Rediske, R.R.; O’Keefe, J.; Dyble, J.; Hong, Y.; Steinman, A.D. The influence of environmental conditions and hydrologic connectivity on cyanobacteria assemblages in two drowned river mouth lakes. J. Gt. Lakes Res. 2011, 37, 470–479. [Google Scholar] [CrossRef]

	



Soininen, J.; Köngäs, P. Analysis of nestedness in freshwater assemblages-patterns across species and trophic levels. Freshw. Sci. 2012, 31, 1145–1155. [Google Scholar] [CrossRef]

	



Moritz, C.; Meynard, C.N.; Devictor, V.; Guizien, K.; Labrune, C.; Guarini, J.-M. Disentangling the role of connectivity, environmental filtering, and spatial structure on metacommunity dynamics. Oikos 2013, 122, 1401–1410. [Google Scholar] [CrossRef]

	



Tonkin, J.D.; Stoll, S.; Jähnig, S.C.; Haase, P. Contrasting metacommunity structure and beta diversity in an aquatic-floodplain system. Oikos 2016, 125, 686–697. [Google Scholar] [CrossRef]

	



Wojciechowski, J.; Heino, J.; Bini, L.M.; Padial, A.A. Temporal variation in phytoplankton beta diversity patterns and metacommunity structures across subtropical reservoirs. Freshwater Biol. 2017, 62, 751–766. [Google Scholar] [CrossRef]

	



Soininen, J.; Heino, J.; Wang, J. A meta-analysis of nestedness and turnover components of beta diversity across organisms and ecosystems. Glob. Ecol. Biogeogr. 2018, 27, 96–109. [Google Scholar] [CrossRef]

	



Kraus, C.N.; Bonnet, M.-P.; Miranda, C.A.; de Souza Nogueira, I.; Garnier, J.; Vieira, L.C.G. Interannual hydrological variations and ecological phytoplankton patterns in Amazonian floodplain lakes. Hydrobiologia 2019, 830, 135–149. [Google Scholar] [CrossRef]








[image: Water 12 00018 g001 550] 





Figure 1. Study area and sampling sites, the lakes Mikri and Megali Prespa, indicated with red circles. 
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Figure 2. Total phytoplankton biomass, cyanobacterial assemblage biomass and Dolichospermum lemmermannii and Microcystis aeruginosa biomasses in the lakes Mikri and Megali Prespa during the period from September 2015 to August 2016. M. aeruginosa biomass was counted only in the samples of Lake Mikri Prespa. 
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Figure 3. Phytoplankton and cyanobacterial assemblage beta diversity (bSOR), and their turnover and (bSIM) and nestedness (bNES) components values in the lakes Mikri and Megali Prespa. 
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Figure 4. Network diagrams of the phytoplankton species (nodes) showing correlations (edges) with highly significant connections (p-values < 0.01) based on the maximal information coefficient (MIC) scores in the lakes Mikri and Megali Prespa. A positive relationship between each pair of phytoplankton species is depicted with grey edges while negative with red edges. Different node colors represent different taxonomic groups according to the color key. 
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Table 1. Total phytoplankton biomass (TB), cyanobacterial assemblage biomass (CB), species richness of phytoplankton community (SR-ph), species richness of cyanobacterial assemblage (SR-cy), Simpson index of phytoplankton community (SI-ph), Simpson index of cyanobacterial assemblage (SI-cy) and the modified phytoplankton water quality index (PhyCoIGP) in the lakes Mikri and Megali Prespa during the period from September 2015 to August 2016. Values for Lake Megali Prespa are in bold.
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Date

	
TB (mg L−1)

	
CB (mg L−1)

	
SR-ph

	
SR-cy

	
SI-ph

	
SI-cy

	
PhyCoIGP






	
September 2015

	
3.07

	
1.18

	
2.47

	
0.29

	
64

	
36

	
26

	
12

	
0.80

	
0.69

	
0.70

	
0.73

	
2.7

	
3.1




	
October 2015

	
2.37

	
1.72

	
1.93

	
0.07

	
57

	
28

	
19

	
9

	
0.84

	
0.65

	
0.77

	
0.55

	
2.7

	
2.7




	
November 2015

	
1.18

	
1.46

	
0.86

	
0.03

	
56

	
28

	
20

	
9

	
0.81

	
0.54

	
0.67

	
0.26

	
3.0

	
3.1




	
December 2015

	
0.92

	
0.89

	
0.67

	
0.003

	
43

	
19

	
15

	
2

	
0.78

	
0.18

	
-

	
-

	
3.3

	
3.6




	
January 2016

	
0.23

	
0.10

	
0.08

	
0.001

	
36

	
17

	
11

	
3

	
0.90

	
0.69

	
-

	
-

	
3.5

	
4.2




	
February 2016

	
0.72

	
0.12

	
0.17

	
0.001

	
33

	
19

	
9

	
2

	
0.57

	
0.45

	
-

	
-

	
3.5

	
3.8




	
March 2016

	
0.70

	
0.58

	
0.11

	
0.002

	
51

	
18

	
17

	
3

	
0.78

	
0.20

	
-

	
-

	
3.6

	
4.3




	
April 2016

	
1.54

	
0.41

	
0.38

	
0.05

	
46

	
18

	
17

	
4

	
0.63

	
0.75

	
0.72

	
0.19

	
3.3

	
3.9




	
June 2016

	
0.87

	
4.10

	
0.54

	
2.63

	
66

	
27

	
22

	
5

	
0.86

	
0.53

	
0.71

	
0.004

	
3.7

	
2.6




	
July 2016

	
1.07

	
0.72

	
0.43

	
0.10

	
54

	
15

	
19

	
6

	
0.85

	
0.72

	
0.77

	
0.43

	
3.5

	
2.9




	
August 2016

	
1.93

	
0.76

	
0.91

	
0.23

	
54

	
20

	
19

	
8

	
0.81

	
0.75

	
0.57

	
0.43

	
3.4

	
3.2
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