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Abstract

:

River floodplains are sites of extremely high environmental and ecological value due to high biodiversity. Floodplain lakes (FPLs) are essential parts of complex floodplain ecosystems’ biological and hydro-chemical processes. Clear seasonal cycles, determined by the regime of the parent river and closely linked to climatic conditions, are observed in these lakes. Both the quantity and the quality of water are determined by the functional phases of a floodplain lake; limnophase, when the lake is isolated from the river, and potamophase (inundation), when the floodplain lake is overflowed by the river waters. These phases highly modify lake bathymetry, water balance, chemistry, and biology. Human pressure, mostly dam construction and land use changes, alter the frequency, duration, and intensity of natural cycles of inundation. The majority of large rivers in the Northern Hemisphere have been impacted by human activity. Floodplain lakes are also affected by continuous climate change, due to the alterations of the hydrological regimes. Cyanobacterial blooms in floodplain lakes are often characterized by high qualitative and quantitative annual and long-term variability. The main forces driving cyanobacterial blooms can be found in the flooding dynamics and intensity influencing hydraulic residence time and the concentration of biogenic compounds in lake water. Cyanotoxin production and seasonal dynamics in floodplain lakes have been rarely studied, particularly in connection with the hydrological regime. Moreover, the effects of cyanobacterial blooms and their toxicity to organisms inhabiting floodplain lakes, connected rivers, and floodplains are poorly understood. Therefore, knowledge of the processes controlling floodplain lakes’ ecological conditions is crucial to implementing water management and restoration practices, protecting those fragile and precious ecosystems from degradation and possible extension.
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1. Introduction


Floodplains, especially those of natural or quasi-natural rivers, are exceptionally valuable areas, from both environmental and economic points of view, due to their extremely high biodiversity potential [1,2]. Floodplain terraces may be a sink of nutrients and sediments, thus they provide diversified ecological services [3,4]. Floodplain lakes [FPLs] are a basic part of the multidirectional floodplain ecosystems’ biological and hydro-chemical processes [5,6]. However, small FPLs are one of the least studied components of river floodplains [7].



Junk et al. [8] were the first to point out that the dynamic of river water levels (so-called flood pulses) determines the functioning of floodplain ecosystems [9]. This is commonly known as the flood pulse concept. The seasonal fluctuations of hydrological factors (water levels and discharge), affecting pulses of matter and energy, are typical for all natural floodplains [10,11]. They also result in dynamic changes in the bathymetry of a floodplain lake [12,13]. River flood regimes are mostly shaped by the climatic conditions of the drainage system [14]. The significance of the fluctuation of river flood periods in shaping both fauna and flora has been well documented in tropical floodplains [15]. Unfortunately, it is estimated that over 90% of rivers in Europe and North America have been altered due to human impact [16]. Human pressure on river valleys has modified the duration, frequency, and intensity of natural floods [17], disturbing the natural functional phases of the floodplain ecosystems (potamophases and limnophases).



Floodplain lakes (FPLs) may represent lentic or lotic environments, or both in different sections of the lake basin. Both the quantity and quality of water are determined by the cyclically occurring functional phases of the floodplain lake. Generally, four annual or multiannual functional phases may be observed: periods of filling, inundation, drainage, and isolation [18,19]. However, the two-phase cycles (limnophase and potamophase; or inundation and isolation) are also commonly distinguished [20]. The repeatability of those periods is responsible for maintaining FPLs’ hydro-sedimentological regime [10]. During the potamophase period, due to the excess water input as fluvial supply, precipitation, and surface runoff, the bathymetric features of FPLs rapidly change, lake basins can be beyond 10 m deep at that time, whereas during the limnophase, the same lakes significantly lose water due to hydrological isolation from the parent river [21]. Flood periods not only remodel lake morphology (maximum depth, volume, surface area), but also water balance, chemistry, and biology. A significant similarity between the physical-chemical composition of river and floodplain waters is usually observed in the potamophase period. When river waters enter FPL, the lake’s drainage area equals the parent river catchment to the point of the overbank crevasse. During extreme floods (Figure 1), floodplain lakes are unidentifiable, being merely a cavity in the flooded terrace. On the other hand, during prolonged drought periods, floodplain lakes significantly shrink, and many of the small water bodies periodically dry out. The duration, amplitude, and frequency of occurrence of potamophases and limnophases shape the functioning and integrity of the environment of the adjacent floodplain area [22].



In addition to meteorological conditions, both the duration and frequency of functional periods are derivative of lateral connectivity. Thus, in recent years, numerous studies on the subject have been published [23,24,25,26,27]. Worldwide, there are floodplain lakes permanently connected with the main river, others are permanently isolated from the river, and the majority in which annual and/or multi-annual cycles of potamophases and limnophases occur [28]. The connectivity pattern is a primary factor determining floodplain lakes’ biodiversity and water quality [29]. Both matter and energy transferred by the rivers’ water [30] affect the biomass and abundance of plants and animals in the aquatic system of the FPL [31]. Increases in the amount of nitrogen and phosphorus concentrations in freshwater bodies, as well as the increased concentration of organic matter, accelerate eutrophication. Furthermore, the eutrophication process may cause excessive cyanobacterial and algal growth (so-called water blooms), altering color and light penetration in the water column, depleting dissolved oxygen (DO), and even producing toxins and other biologically active algal and, mostly, cyanobacterial compounds [32]. Cyanobacterial blooms (CyanoHABs) alter the relative importance of neutral and selective processes in assembling freshwater biocenoses such as, for instance, the bacterioplankton community [33]. The connection of the floodplain lake and the parent river may be influenced by both natural and anthropogenic factors, among which climate, hydrology, industry, and agriculture, play key roles [34,35]. However, estimations of the impact of these factors on water quality are very difficult, particularly in floodplain lakes, due to a significant seasonal variation in hydrological conditions [36,37]. These hydrologic conditions, representing either the presence or absence of flow-paths between aquatic ecosystems among floodplains, have been defined as hydrologic connectivity [38]. Four types of connectivity may be distinguished: longitudinal (channel-channel), lateral (channel-floodplain), vertical (channel-groundwater), and temporal (in time) [39].



The aim of this paper was to gather, on the basis of the available literature data, the present knowledge regarding the occurrence of cyanobacterial blooms and cyanotoxin production in floodplain lakes. The selection conditions of the lakes were the classification of lakes as floodplain lakes and the availability of data on the abundance and/or biomass of cyanobacteria, chlorophyll-a concentration (as an equivalent of phytoplankton biomass), the share, as well as the occurrence and seasonal dynamics, of particular cyanobacterial bloom-forming species. We also analyzed the available literature data pertaining to toxin production (including seasonal cyanotoxin dynamics) in analyzed lakes and compared them with lake hydrology, where possible.




2. Hydrological Connectivity


River valleys represent both terrestrial and aquatic environments, connected and interdependent due to the fluvial impulse. The exchange of matter (both mineral and organic), energy, and/or wildlife between a river and its floodplain is called ‘hydrological connectivity’. Fours dimensions of the connectivity may be distinguished: longitudinal, lateral, vertical, and temporal [40]. FPLs may be hydrologically isolated from the river, or permanently or temporarily connected to the parent river [41]. Flooding periods are extremely environmentally important, maintaining the ecological integrity of the river valley ecosystems [42]. Obolewski et al. [43] believe that lakes’ morphometry is the main factor driving the process of matter exchange in the river valley. During the potamophase period, river waters reach the floodplain, homogenizing both the physical-chemical and biological conditions of water bodies [44,45]. Thus, it has been observed that the water of frequently inundated floodplain lakes shows similarity to the river water quality [46]. The role of connectivity in shaping biodiversity and maintaining rare species has also been widely recognized [47]. Higher connectivity (favoring a shorter water residence time) allows species to spread within the floodplain ecosystems [48]. Wang et al. [49] observed that flooding increased phytoplankton abundance and diversity. Similarly, Fonseca and Rodrigues [50] found the highest number of phytoplankton species in the Parana River occured during the inundation period. On the other hand, during the drainage phase, after the connection to the river is severed, a heterogeneity in water quality increases among the lakes, influenced by the autochthonous catchment conditions; i.e., geology, soil properties, land cover. Precipitation, groundwater supply, wind, and sedimentation also modify the physical and chemical processes of an isolated floodplain lake [44]. Organic matter in water originates from the in situ processes during that stage [51]. Frequently isolated lakes usually experience massive macrophyte growth [52]. In the last century, the natural connectivity of numerous floodplain lakes has been altered due to human activity [53].




3. Cyanobacterial Blooms in Floodplain Lakes


In floodplain lakes, the quantity and quality of water are determined by the functional phases that highly modify lake functioning, including cyanobacterial proliferation. Many studies have pointed out hydrological phases of floodplain lakes as the main factor influencing changes in phytoplankton communities ([49,54] and references therein), showing that some general trends can be featured (Figure 2). During low water (i.e., isolation phase or dry phase), phytoplankton has an autogenic successional sequence with high productivity and biomass, usually with the occurrence of cyanobacterial blooms, whereas during the flooding phase (i.e., high water period), hydrological conditions cause the water column mixing and phytoplankton characterizes higher richness and species diversity. Therefore, in floodplain lakes, which are an integral part of floodplains, phytoplankton composition and biomass frequently change, which reveals the environmental instability of these lakes. Floodplains can be defined as disturbance-dominated systems (harsh ecosystems). What is more, a time shift or the reduction of the disturbance regime, frequency, and magnitude of pulses, can be seen as stress [55]. There is a hypothesis that proposes that a lake’s productivity is driven by the water level based on the “flood pulse” concept, suggesting that seasonally occurring flooding is a major factor in the biotic productivity of the river-floodplain system [56].



In some other aquatic ecosystems, sporadically surprisingly large shifts can occur and they can be attributed to alternative stable states [57]. Water-level fluctuations (WLFs) are considered an important driver not only for the functioning of floodplain lakes [58,59,60], but also for some other shallow lake ecosystems [61], and therefore, extreme levels of water may cause shifts between the turbid and the macrophyte-dominated state [62]. Consequently, dilution and washout can result in significant phytoplankton loss. For instance, Mihaljević and Stević [63] showed that the switch from turbid to a clear state of the Kopački Rit floodplain, one of the largest natural floodplains in the middle section of the Danube River (Europe), occurred in high water levels and nutrient concentrations. This shift was closely related to incidents of extremely high and long-lasting flooding observed during the whole vegetation season. Thus, the hydraulic residence time is one of the main driving forces that shape phytoplankton and its seasonal dynamics in floodplain lakes. It has been determined as a steering force in the phytoplankton dynamics of this type of lakes [64,65]. The massive inflow of floodwater into a lake, (e.g., in the Danube River, the water level increased by 5 m) [63] causes the volume of the lake to rapidly increase, and as a consequence, it overflows, and therefore, a low residence time can be expected [65]. Therefore, dilution and washout significantly affect phytoplankton losses. Among planktonic photosynthetic organisms, cyanobacteria are particularly sensitive to flushing due to the inherently slow rates of cell growth [66], and after flushing they are replaced by smaller and fast-growing algae, mainly diatoms and small chlorococcal species [67].



Harmful cyanobacterial blooms (CyanoHABs) occurring in different fresh and brackish water bodies are of increasing interest to researchers around the world. Cyanobacteria are microscopic and photosynthetic organisms that play an essential role in various, particularly eutrophicated aquatic environments [68,69,70,71]. CyanoHABs, toxins, and other cyanobacterial biologically active metabolites in surface waters are growing global problems escalated by water eutrophication and climate change [69,70]. Huisman and co-authors [32] determined a ‘bloom’ as “a marked visible discoloration of the water that is caused (predominantly) by cyanobacteria” and, for example, according to Nebaeus [72], a chlorophyll-a (Chl-a) concentration over 20 µg/L is treated as a bloom. Bloom-forming cyanobacteria belong to multiple taxa within the coccoid genera Microcystis (Chroococcales), as well as within filamentous genera Dolichospermum (previously Anabaena), Aphanizomenon, Cylindrospermopsis (Nostocales), Planktothrix, and Oscillatoria (Oscillatoriales) [73]. Most of them are capable of producing a wide range of cyanotoxins and other biologically active and potentially harmful metabolites [74,75,76]. In floodplain lakes, blooms of cyanobacteria are mostly created by filamentous species (Table 1) [14,54,63,77,78,79,80,81]. Long-term studies of floodplain lakes located in South America (Argentina) and Europe (Croatia) have revealed very high seasonal and annual variability of cyanobacterial species [54,63,77,78]. Cyanobacteria mostly occurred in combinations of two or three species (Table 1) [14,54,63,77,78].



The success in the predomination of filamentous cyanobacteria may be explained by several competitive characteristics, such as high water temperature, high nutrient concentrations, low water transparency, and mostly by the hydrological regime (Table 1). Cyanobacteria have a high preference for higher water temperatures and concentrations of biogenic compounds, however, these preferences differ among species [82] and among particular functioning groups [83]. For example, nitrogen deficiency was found to favor the occurrence of common N-fixing Nostocales, such as Dolichospermum (previously Anabaena) and Aphanizomenon [83]; on the other hand, Wang et al. [84] showed that N-rich water was also found to support N-fixing Anabaena. Cylindrospermopsis raciborskii, which is an invasive cyanobacterium in Europe, has a particularly high preference for phosphorus and, simultaneously, it has high P-storage capacities [85], whereas Planktothrix agardhii prefers high orthophosphate levels [82]. Oscillatoriales such as P. agardhii and Limnothrix spp., which seasonally co-dominated (often in winter periods) in most of the analyzed floodplain lakes (Table 1) [54,63,77,78,80], prefer turbulent conditions [86]; however, according to Reynolds [83], they are sensitive to flushing. Interestingly, Toporowska and co-authors [71] showed that P. agardhii seemed to be resistant to flushing at very high loads and concentrations of nutrients (mostly P-PO4 and N-NO3). Microcystis spp. were mostly observed as accompanying species [14,77,78] or predominated or co-dominated in large Chinese floodplain lakes [6,58,60]. Large, buoyant Microcystis colonies gain an advantage in the stable water column. For instance, the M. aeruginosa abundance and biovolume negatively correlated with the rate of water flushing in the shallow Mediterranean Spanish Lake Albufera [87]. On the other side, in Poyang Lake, which is one of the few remaining lakes that is freely connected with the Changjiang (Yangtze) River and exhibits highly variable water level fluctuations, Microcystis spp. predominated among cyanobacteria during high water levels (summer seasons); however, the exact cyanobacteria biomass is unknown [58].



Nutrients, both nitrogen and phosphorus, are considered major factors shaping the cyanobacterial abundance and biomass in lakes worldwide. Mihaljević and Stević [63] showed that concentrations of nitrate were significantly lower when the studied floodplain lake was in a turbid state. Thus, very low nitrate concentrations can support the proliferation of species that produce heterocysts [88]. Taxa belonging to the low nitrogen group, such as Dolichospermum, were successful in their blooms in the studied Lake Sakadaš for a short period of time. The blooms usually started with the development of Dolichospermum spp. and Aphanizomenon flos-aquae, and the bloom lasted one month. In the summer, C. raciborskii was dominant or co-dominant. The authors explained that C. raciborskii might produce allelopathic metabolites that could have a strong inhibitory influence on the photosynthetic activity of other phytoplankton species [89]; however, neither cyanotoxins nor other bioactive metabolites were studied [63]. L. redekei accompanied by P. agardhii predominated during the winter bloom. The phenomenon was associated with the low-temperature tolerance of these species [82].



The water temperature is an extremely important environmental factor for most of the bloom-forming cyanobacterial species and their successful proliferation [80], confirmed by CCA analysis for the floodplain of Lake Sakadaš [60]. Mihajevic and Srevic [60] described that the temperature is a very important factor for the development of invasive species, as in shallow and warm floodplain lakes, the highest biomass of C. raciborskii was found at a temperature of 27 °C, which is close to the cyanobacterium temperature requirement in subtropical and tropical areas [90]. On the other hand, a high abundance and biomass of P. agardhii may be observed throughout the whole year, even in winter, despite a preference for this species for higher temperatures, but due to the mentioned tolerance to lower water temperatures [82].
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Table 1. Cyanobacterial blooms in floodplain lakes (the selected examples).
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	Lakes Trophy, Names and Location, the Study Period
	Cyanobacterial Taxa Creating Blooms
	Maximal Cyanobacterial Abundance and/or Biomass, Share or Total Phytoplankton Biomass Expressed as the Concentration of Chl-a
	Cyanotoxins and Their Concentrations
	Factors That Favored Blooms
	References





	Eutrophic/hypertrophic Laguna Grande Lake, floodplain

Ramsar Paraná de las Palmas and Luján Rivers (Argentina)

1998–2013
	Very high variability of cyanobacterial species from year to year:

Planktothrix agardhii and Raphidiopsis mediterranea;

Dolichospermum spp. and Anabaenopsis cf. elenkinii;

A. cf. elenkinii and Sphaerospermopsis cf. aphanizonemoides accompanied by M. aeruginosa;

M. aeruginosa, S. torques-reginae, D. cf. bituri, Cuspidotrix issatschenkoi, S. cf. aphanizonemoides, and R. mediterranea;

M. aeruginosa and P. agardhii
	8.5 × 105 colonies/filaments/mL,

670 µg Chl-a/L
	l.s.
	Extremely low water levels: the effect of water depth, mainly on the acquisition of light and nitrogen. Extreme drought and flood events related to the El Niño Southern Oscillation, which is linked to discharge anomalies in the Paraná River
	O’Farrell et al. [77], O’Farrell et al. [78].



	Eutrophic/hypertrophic Lake Sakadaš

Kopački Rit

Danube Floodplain

(Croatia)

2003–2008
	Blooms beginning from the development of Nostocales (dominants Dolichospermum spp. and Aphanizomenon flos-aquae) and lasting one month. High variability in patterns of blooming taxa was the main feature of blooms that occurred in summer–autumn periods. C. raciborskii dominanted or co-dominanted in summer. P. agardhii, Pseudanabaena limnetica, L. redekei, Planktolyngbya limnetica was dominant in winter, summer, and autumn. Pseudanabaena limnetica co-occurred with P. agardhii. L. redekei, P. agardhii, and Ps. limnetica were co-dominants or dominants in winter bloom. Only occasionally Merismopedia punctata.
	The highest cyanobacterial biomass 61.8 mg/L in the seasons without spring flooding (2003) in comparison with biomass of 10.8 mg/L after the brief spring flood (2007). The bloom absent under conditions of prolonged spring floods (till June 2004 and 2008). The highest biomass equal to 246.6 mg/L
	l.s.
	High-nutrient concentrations and water column stability, the turbid state during the long-term dry conditions without flooding.

The flooding dynamic and intensity as the controlling factor for cyanobacterial blooms in the dynamic river-floodplain system.
	Mihaljević, M., and Stević, F. [63].

Stević, F., et al. [54].



	Eutrophic/hypertrophic Lakes Dongting and Poyang connected with the river and Lakes Chao and Tai (Taihu) isolated from the river,

Yangtze River floodplain (China)

2000–2010
	n.d.

* Microcystis spp.
	16.8 µg of Chl-a/L in Poyang Lake

10.0 µg of Chl-a/L in Donting Lake

108 µg of Chl-a/L in Tai Lake

98 µg of Chl-a/L in Poyang Lake
	* Dongting Lake: intracellular MC-RR and -LR concentrations were the highest in East Donting Lake

* MC-producing Microcystis strains isolated from Lakes Chao and Tai

* Lake Tai: First complex study: cyanotoxins predominated by MCs—the highest concentrations were found in November (mean 2.21 µg/L), whereas the lowest amounts were found in February (mean 0.049 µg/L). Cylindrospermopsins concentrations were the highest in May (max. concentration 0.623 µg/L). Saxitoxins only occurred in May (mean concentration 0.019 µg/L) and November (mean 0.199 µg/L). The amount of extracellular T&O was the highest in August—β-cyclocitral predominated (mean 0.241 µg/L) followed by 2-methylisoborneol (mean 0.147 µg/L).
	Concentrations of Chl-a considerably higher when relative lake level fluctuations (RLLF) < 100, precipitation < 2.6 mm, wind speed > 2.6 m/s, air temperature > 17.8 °C;

Chl-a concentration in river-isolated lakes was more significantly affected by water level amplitude, precipitation, wind speed, and air temperature than in the river-connected lakes
	Wu et al. [6].

Huang, J., et al. [60].

Min, et al. [91]. Krüger, et al. [92].

Li, et al. [93]



	Find floodplain

eutrophic lakes including Lake Waaienstein and Lake Ewijk,

lower Rhine,

(The Netherlands)

1990–1991
	A. flos-aquae predomination in August (summer) only in Lake Waainestein and Lake Ewijk
	110 µg Chl-a/L in Lake Ewijk

55 µg Chl-a/L in Lake Waainetein
	l.s.
	More frequent events of flood in Lakes Waainestein and Ewijk than in three other studied lakes; floods in winter with river water rich in nutrients
	Van den Brink et al. [79].



	Eutrophic Iyieke and Ehoma Lakes Cross River floodplain

(Nigeria)

March 2005–August 2006
	A higher abundance of cyanobacteria during the wet season. Oscillatoria limnetica predominant, O. splendida, Phormidium subcylindrica, Anabaena cylindrica, Aph. flos-aquae, Microcystis flos-aquae, and M. aeruginosa as accompanying taxa
	1.7 × 105 cells/L
	l.s.
	Nutrient enrichment, water velocity, width, and depth positively influenced cyanobacteria abundance
	Okechukwu and Ugwumba Alex O [14].



	Smal Winnica 1, Winnica 1a and Martówka Lakes, Larger Lake Port Drzewny, Vistula River (Poland)

July and August 2009—before the flood and in July and August 2010-after the flood
	Port Drzewny Lake (connected to the river)—annual summer blooms of Aph. flos-aquae, M. wesenbergii and P. agardhii
	The highest abundance (17.9 × 106 ind./L) and biomass (4.7 mg/L)in Lake Port Drzewny

before the flood
	l.s.
	Massive flood favored cyanobacterial development in three macrophyte-dominated lakes isolated from the river, but caused a decrease in the cyanobacteria abundance and biomass in lakes that were connected to the river
	Dembowska [80].



	Eutrophic Lake Poyang

Yangtze River floodplain

(China)

May 2012 to November 2013
	Cyanobacterial dominance in periods of high water levels (from July to August);

Microcystis spp. predominated

Accompanying taxa: Anabaena spp. Phormidium spp.

Planktothrix sp.
	45–93% of the total phytoplankton biomass, the highest peak in August 2013 (93%)
	* from January to December 2012: MC-RR was the dominant variant, followed by two isoforms: MC-LR, MC-YR detected in low concentrations. The total concentration of MC (intracellular and extracellular MCs) ranged from 0.0013 to 9.92 µg/L, with an average of 0.47 ng/L. Seasonal variations of MC concentrations. MCs at low concentrations from January to April, then, from June to August, MC concentration rapidly increased and rapidly decreased thereafter.
	Large WLFs; high water level observed from April-May to July-August
	Liu, X. et al. [58].

Zhang, et al. [94].



	Amazonian floodplain eutrophic lakes,

Curuai floodplain

(Brazil)

2013–2014
	The highest biovolume of cyanobacteria during HW (high water), FL (flushing), and LW (low water) periods. The dominants during HW were Phormidium spp. The dominants during the FL were Dolichospermum spp. and Gleiterinema splendidum. During LW, Oscillatoria spp. and Phormidium spp. predominated. The proportion of cyanobacteria increased along the hydrological cycle from RS to LW
	Ca. 98% of the total phytoplankton biomass
	l.s.
	Nutrient increment in rising periods favored phytoplankton development and increased biomass, which became predominated by cyanobacteria during the low-water period.
	Kraus, et al. [81].







Note: n.d.—not demonstrated, l.s.—lack of studies, *—data from papers that did not include the impact of hydrology.











Low transparency indicates low light levels as a general habitat template of floodplain lakes during a turbid state. Filamentous cyanobacteria, particularly belonging to Oscillatoriales, can more or less tolerate lower light levels and also create higher turbidity [82,86]. Therefore, a competitive advantage is observed among species, and those with tolerance to high light deficiency, such as Planktothrix, Limnothrix, and C. raciborskii, may be more successful than Aphanizomenon and Dolichosmermum species, which are sensitive to a deficiency of light [54,63,83].



In addition to the influence of in-lake variables on cyanobacteria, the tendency toward cyanobacterial equilibrium in floodplain lakes was pronounced after the extremely long-lasting and high flooding [63,79,80]. Moreover, all cases of steady-state observed in the Bulgarian floodplain lakes were found after drastic changes in the hydrological regime combined with extremely high temperatures [95]. Other studies [54,81] have also indicated that one of the most important environmental factors that controlled the cyanobacterial blooms in floodplain lakes is flooding events, providing the inputs of nutrients that favored cyanobacterial blooms during low-water periods. This also indicates the importance of sediments and their influence on phytoplankton assemblages in wetlands, as the steady state incidents can be associated with it [96] because sediments are part of a lake where the cyanobacterial resting stages survive [97]. Akinetes of Nostocales species (Dolichospermum, Aphanizomenon, Cylindrospermopsis) play a double role as they are inocula for cyanobacterial growth in the following year, and they may assimilate phosphorus (P) during their sedimentary stage which can be used as a P pool of the initial growth [98]. Moreover, for instance, C. raciborskii can form much higher amounts of akinetes per biomass unit than other N-fixing cyanobacteria, which allows its environmental resistance and easy dispersal [94]. In summary, during extremely high flooding occurring in floodplains, the success of cyanobacteria species can be supported by strong interactions between sediments and water [99].




4. Role of Hydrology in the Occurrence of Cyanobacterial Blooms in the Floodplain Lakes


In various water bodies, cyanobacterial predomination and blooms are mostly favored by physical-chemical conditions, including high nutrient concentrations and higher water temperatures [32]. However, in floodplain lakes, except for the abovementioned parameters, the main drivers that affect cyanobacterial blooms are hydrological factors (Table 1). The factors that favor blooms, mainly in less-frequently river-connected lakes, are extremely low water levels, [77,78] a long water residence time, and the stability of the water column [54,63]. On the other hand, in frequently connected lakes, the nutrient enrichment of lakes supplied by river water at simultaneously higher water levels can also drive cyanobacterial blooms in some large floodplain lakes [14,58,79], and particularly in those that are macrophyte-dominated [80]. Nevertheless, in general, both in floodplain lakes and in other non-floodplain lakes, as well as in different flow-through artificial and natural water bodies [70,100,101], eutrophication, high temperatures, and poor mixing are the main factors driving water blooms. For example, in eutrophicated large water bodies with poor vertical mixing [101,102,103] and high water temperatures (>20 °C), the Microcystis abundance can rapidly increase within a few days.



Hydrology, including WLFs, flushing, and water retention time, after eutrophication and temperature conditions, is a very important factor that negatively influences cyanobacterial bloom development and positively influences bloom depletion not only in floodplain lakes (Table 1), but also in flow-through lakes and reservoirs [61,104]. In lakes without outlets, where physical-chemical conditions and area (favoring mixing) are the main drivers of cyanobacterial blooms, the hydrological role is relevant in light of supplying nutrients from the catchment; however, complex lake-catchment processes, rather than single variables, decide the functioning of water bodies, the phytoplankton qualitative and quantitative structure, and water blooms [105].




5. Cyanotoxins in Floodplain Lakes


MCs are toxins that are the most commonly occurring and studied cyanobacterial metabolites [70,71], and they can be supposed to be present in water during the bloom of MC-producers such as Microsycrtis spp., Planktothrix spp., or Dolichospermum spp. [97], observed as dominants in eutrophicated floodplain lakes (Table 1) [91,92,93,94]. MCs are heptapeptides with hepatotoxic properties, but they also exhibit neurotoxicity and nephrotoxicity, and can cause cardiovascular disease, endocrine disruption, and immunomodulation, and they may reveal both reproductive and developmental toxicity [106]. A total of 279 MC variants have been described [106], out of which MC-LR, MC-RR, and MC-YR are the most frequently producing and extensively studied, highly toxic variants. The potential evolutionary roles of cyanotoxin production may be grouped into “competitive advantage” or “physiological aid” [107]. The first is a theory that cyanobacterial toxins and other harmful compounds may play a role in cellular defense mechanisms, in response to grazing pressure and/or resource competition. However, since cyanotoxins were synthetized much earlier than the competitors evolved [108], it seems that the second theory is more possible. It says that cyanobacterial secondary metabolites are produced to improve cellular physiology, through benefits to homeostasis, photosynthetic efficiencies, and accelerated growth rates [107,109].



Studies on the production of cyanotoxins in floodplain lakes are extremely rare [91,92,93,94] and, to the best of our knowledge, there is no information regarding research on the production and seasonal dynamics of cyanobacterial toxins in floodplain lakes in connection with the lake hydrological regime. Zhang and co-authors [94] revealed the seasonal variations of MCs in the floodplain of Poyang Lake (China) in 2012 (Table 1), but they did not study the influence of hydrology. A predominance of microcystin-RR (MC-RR) isoform, followed by MC-LR and MC-YR variants were found, and a maximal total concentration was equal to 9.92 µg/L, but the authors did not include this in their study WLFs and suggested that TN, pH, cyanobacterial biomass, and water temperature might be regulating factors for MC production. MC concentrations were at a low level from January to April, but quickly increased from June to August and dramatically decreased thereafter [94] just after the decrease in water level [58], which suggests that this phenomenon could be an important factor both for cyanobacterial development and MC production. Okechukwu and Ugwumba [14] discussed the possible production of cyanotoxins in the floodplain lakes on the Cross River floodplain in Nigeria (Africa); however, the cyanotoxins were not studied there. Similarly, Affonso et al. [110] suggested that cyanobacterial blooms may be toxic in Amazonian floodplain lakes.



It is important to note that cyanobacteria are able to produce a wide range of toxins different from MCs, and are potential producers of other biologically active compounds. For instance, neurotoxic alkaloids, such as anatoxins and hepatotoxic cylindropsermopsins, are, after MCs, the next very well-known and most common groups of cyanobacterial toxins [74,75]. Cyanotoxins are harmful to aquatic ecosystems as they can exert severe negative effects on ecosystems and organisms belonging to microorganisms, plants, animals, and humans [74]. Since many surface water bodies are used as a source of drinking water and food, and/or are used for recreation, the human health problems connected with cyanotoxicity have been well documented [74,111,112,113,114]. Some planktonic cyanobacteria can produce biologically active metabolites other than well-known cyanotoxins. Some of these compounds, similarly to MCs, mostly belong to non-ribosomal oligopeptides. Cyanobacterial aeruginosins, anabaenopeptins, aerucyclamides, cyanopeptolins, and microviridins are mostly enzyme inhibitors [75]. Other metabolites such as dermatotoxins (lyngbyatoxin-a, aplasiotoxin, debromoaplysiatoxin, lipopolysaccharides), or taste and odor compounds (T&O), that were found for example in the floodplain of Tai Lake (China) [93] may also be harmful to living organisms, the environment, and/or humans [115,116]. Moreover, Miller and co-authors [117] confirmed the deaths of sea otters caused by MC intoxication and suggested that the most probable route of exposure was the MC land–sea flow with trophic transfer through marine invertebrates. This finding indicates that cyanotoxins and/or other bioactive compounds may negatively affect aquatic ecosystems, even far downstream from their origin, because of fluvial transport. Okechukwu and Ugwumba [14] showed that the interaction between the lentic and lotic ecosystems of floodplains during the limnophase and the potamophase leads to river inoculation, with cyanobacteria blooming in the floodplain lakes. In general, in some lakes, phytoplankton can rapidly develop for one or two months following the flood [80,118]. For example, extreme floods occurring in floodplain lakes usually isolated from the river can increase the abundance and biomass of phytoplankton, including cyanobacteria, particularly in less eutrophic, macrophyte-dominated lakes; whereas, in eutrophicated lakes connected with the rivers, the reverse situation can be observed [80]: the phytoplankton abundance and biomass (often predominated by filamentous cyanobacteria) decrease. However, the dynamics of cyanotoxins and other cyanobacterial metabolites in floodplains remain unknown.




6. Role of Hydrology in Cyanotoxin Production in the Floodplain Lakes


Both in floodplain lakes and non-floodplain lakes, there is one main factor that decides the production of cyanotoxins: the presence and development of cyanobacterial strains able to produce MCs and other biologically active metabolites [103,108]. On the other hand, it seems that, in floodplain and non-floodplain lakes, the environmental factors influencing cyanotoxin production and concentration may be different, and mostly depend on hydrology. The role of hydrology has been illustrated in a study [61] carried out in four lakes modified into water storage reservoirs (with periodically regulated water levels) and included in the river drainage canal system (Wieprz-Krzna). The obtained result showed that in two larger lakes, into which nutrient-rich river water was supplied once a year, lower cyanobacterial species diversity, higher biomass of cyanobacteria belonging to Microcystis, Aphanizomenon, and Dolichospermum, and higher MCs concentrations were found. In two other lakes, with several irregular water-level manipulations per year (alternating outputs and inputs), higher species diversity and lower cyanobacterial biomass and MC concentrations were observed. There were also differences in MC variants observed. Intracellular MC-LF, -LR, and -RR produced by Microcystis spp. predominated in the more stable lakes, whereas in the lakes with frequent water manipulations, different Oscillatoriales also produced other MC isoforms (MC-LA, -LY, -LW, and -WR). This study showed that the frequency of water manipulations was the most significant factor for the composition of cyanobacterial communities and that a higher frequency of WLFs, which increases the flushing rate, was beneficial to nutrient-rich water reservoirs. The study carried out in the Mediterranean Lake Albufera [87] also showed that longer water residence time increased total cyanobacterial (M. aeruginosa) biomass, and MC concentrations in the lake water, as well as in seston. Moreover, flows lower than 10 m3/s raised toxicological risk from low to moderate-high. The same phenomena may occur in floodplain lakes, and further studies in this field are urgently required. Data showing low concentrations (in comparison with other water bodies [61,70,100,101]) of cyanotoxins in large Chinese floodplain lakes (Table 1) suggest that the environmental conditions in these lakes are not favorable for high toxin production and concentrations. Moreover, frequent WLFs, which are stress factors, may cause cell breakdown and the release of extracellular toxins. This phenomenon may be dangerous in water bodies which are reservoirs of drinking water, and needs to be explored in floodplain lakes connected to the rivers.




7. Water Management Practices in Floodplain Lakes


The hydrological functioning of floodplain lakes significantly differs from other types of lakes. Thus, the proportion of water balance elements remarkably varies. Regardless of the type of floodplain lake connection to the main river, horizontal water balance elements (fluvial input and output) prevail over the vertical ones, such as precipitation and evaporation [119,120].



Studies have shown that maintaining hydrological connectivity is a key factor in the survival of floodplain lakes [121]. The natural inundation cycles have been disturbed as a result of climate change and human activities. Thus, floodplain areas are shrinking on a global scale, and a large number of FPLs have become permanently isolated from the parent river [122]. The loss of fluvial input within the floodplain may result in a fragmentation of habitats and a decrease in biodiversity [123], as well as a decrease in within-lake habitat heterogeneity [124]. Thus, the remediation of floodplain lakes is usually focused on the preservation of hydrological connectivity (water, matter, and organisms exchange) between lakes and the parent river [125]. Water management practices may result in the creation of open, partial, or closed ecosystems in terms of their connection within the floodplain [126]. The strengthening hydrological link between the water bodies of the floodplain area, by re-establishing flood channels and/or the re-connection of floodplain lakes, is the primary goal of the remediation processes [43,47]. Environmental gains of controlled inundation are equalized WLFs, preventing extreme water shortage and floods of high magnitudes. Furthermore, as a result, the capacity of water and matter storage in floodplain ecosystems is increased, strengthening connections between biotic and abiotic elements of the system [127] and ecosystem services [128]. Regulation techniques aim to increase the self-regulation ability of floodplain sites [129] and their perseverance against human pressure [130]. Studies have shown that restoration practices bring about an increase in the diversity of many groups of organisms; e.g., macroinvertebrates. Maintaining frequent flooding is also crucial for fish sprawling [131], and enables FPLs to act as a filter of phosphorus and nitrogen for the river [132]. On the other hand, the higher the connectivity, the easier the transport of sediments and nutrients [126] and the more increased the mobility of the invasive species [133]. Fruitful and cost-effective management practices have to be controlled with long-term environmental monitoring [134]. Each ecosystem is an individual, and no universal practices have been developed to date [135]. Increasing flood risk and continuous climate change make management practices very difficult.




8. Future Changes of Floodplain Lakes Due to Climate Changes


Many studies of floodplains worldwide have focused on climate change [136], mostly on the dynamic of precipitation and temperature [137]. Usually, small and shallow floodplain lakes have been considered to be extremely sensitive to climate change [7]. Large-scale analyses [138], as well as smaller-scale and regional studies [139,140], have focused on flooding pattern alterations due to climate change, which has already been observed at the macro-scale [141]. Disturbances of natural potamophase and limnophase patterns, prolonged periods of isolation, and extreme floods may be destructive for floodplain lake ecosystems [142]. Estimations of the influence of climate change on extreme hydrologic events is very difficult, due to their interdependence and the impact of other natural factors: ice or snow cover formation, soil conditions, or catchment water resources (soil moisture, surface and ground-water levels) [138]. It is expected that changes in the sea level also influence river inundation cycles [143,144].



A more frequent occurrence of extreme floods and droughts has been observed worldwide [145,146,147]. Studies have shown that altered connectivity patterns increase CO2 and CH4 emissions from floodplains [148]. Barbosa et al. [149] observed high fluxes of methane after a prolonged drought period in the Amazon catchment as a result of disturbed biological processes. In the last two decades, the frequency of occurrence of extreme floods and droughts in the world’s largest river basin has increased, and the far-reaching ecological implications of the process are impossible to predict. An improvement in water quality following periods of extreme floods was observed in some floodplain lakes with regard to the regular flooding cycle [150]. The process of sediment resuspension during extreme floods was also observed [151]. The water quality of the FPLs is also a derivative of lake volume and temperature distribution in the water column [152]. The increased volume may cause a dilution effect, a decrease in cyanobacterial biomass [138], and an increase in the phytoplankton diversity index [152]. On the other hand, low lake volumes bring about higher concentrations of nutrients in the water solution [153]. Furthermore, fluctuations in river water discharge and patterns of potamophases change the water residence time of floodplain lakes [154], a key factor driving the phytoplankton dynamic [155].



Changes in water temperature may have a far-reaching effect on aquatic life [156]. The extension of thermal optima may accelerate cyanobacteria blooms [157]. Increasing global air temperature is expected to cause more rapid precipitation [158] due to the higher water-holding capacity of the atmosphere [159]. Therefore, the increase in sediment load and nutrient load, favoring cyanobacterial occurrence, is expected [160]. Higher surface runoff and matter transport will, in turn, negatively impact light penetration in the water column, favoring cyanobacteria domination [161].




9. Conclusions


The structure and dynamics of cyanobacterial communities and blooms occurring in floodplain lakes have been rarely studied, but it has been well documented that cyanobacterial blooms in floodplain lakes are regulated (next to high levels of nutrients and high temperatures) by the hydrological regime, and the blooms are mostly predominated by filamentous species, which are common cyanotoxin producers. However, to the best of our knowledge, there has been no research carried out on the influence of functional phases on cyanotoxins production and dynamics in floodplains. Consequently, the risk of the negative effects of cyanobacterial blooms on FPLs, their biota, and humans, as well as ecosystems located downstream, seasonally fed by waters containing cyanobacteria and cyanotoxins, is unknown. Therefore, intensive multidisciplinary studies in this field are strongly required. Water level control (e.g., projects like dams), by altering natural potamophases and limnophases cycles, may affect phytoplankton and cyanobacterial biomass and assemblage structure patterns. However, all management activities must be safe for floodplains and planned in accordance with good practices of adaptation to climate change and wetland conservation. Floodplain environments, historically impacted by human pressure (reclamation, eutrophication, drainage) are extremely sensitive to climate changes, especially to more frequently observed major droughts and floods. Extreme flooding usually results in water quality improvement in the FPLs, but extreme and prolonged droughts give converse results.
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Figure 1. Floodplain lake during extreme hydrological events (drought and flood). 
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Figure 2. Common groups of phytoplankton in the limnophase and potamophase periods. 
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