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Abstract

:

The formation of algal and cyanobacterial blooms caused by the eutrophication of water bodies is a growing global concern. To examine the impact of extreme weather events on blooms, eutrophication-related parameters (e.g., water temperature, nitrate, ammonium, nitrite, and soluble reactive phosphate (SRP)) were quantitatively assessed monthly over three years (2017–2019) at Lake Seeburg (Central Germany), a shallow eutrophic lake with regular cyanobacterial blooms. In addition, SRP concentrations in sediment pore water were assessed monthly for one year (2018). The monitoring period included a three-day extremely heavy rain event in 2017 as well as a severe drought in summer 2018. No such extreme weather conditions occurred in 2019. After the heavy rain event in 2017, anoxic water containing high levels of ammonium and SRP entered the lake from flooded upstream wetlands. This external nutrient spike resulted in a heavy but short (3 weeks) and monospecific cyanobacterial bloom. A different situation occurred during the exceptionally hot and dry summer of 2018. Especially favored by high water temperatures, SRP concentrations in sediment pore waters gradually increased to extreme levels (34.4 mg/L). This resulted in a strong and sustained internal SRP delivery into the water column (69 mg/m2·d−1), which supported the longest-lasting cyanobacterial bloom (3 months) within the three-year monitoring period. Subsequent biomass decay led to oxygen-depleted conditions in the bottom waters, elevated ammonium, and, later, nitrate concentrations. Our observations demonstrate the particular effects of extreme weather events on nutrient dynamics and the phytoplankton composition in the lake. As the frequency and intensity of such events will likely increase due to climate change, their impacts need to be increasingly considered, e.g., in future remediation strategies.
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1. Introduction


Anthropogenic eutrophication of lake waters is a matter of growing global concern. The overabundance of nutrients leads to effects such as phytoplankton blooms and oxygen deficiency, which negatively impact lake ecosystems. Furthermore, cyanobacterial blooms can pose an immediate threat to animals and humans due to their production of hazardous toxins [1,2,3]. Climate change and the associated increase in extreme weather events such as heavy rainfalls or heat waves will likely exacerbate negative eutrophication phenomena in lakes in the future [4,5,6,7].



Various changes in lake water bodies due to extreme weather events have been described in the literature. Heavy rain events can contribute to significant short-term changes such as nutrient inputs from soil erosion in the catchment [8] or increased turbidity in the waterbody itself [9]. Hot and dry periods can result in declining water levels, which is often associated with increased conductivity [10] and increased nutrient release from the sediment [7]. Both heavy rain events and dry periods can change the organism composition of lake waterbodies, often with a competitive advantage for cyanobacteria [11].



Well-studied examples of lakes exhibiting these problems are the shallow lakes of Taihu (China) and Lake Okeechobee (FL, USA). Lake Taihu, the third-largest freshwater lake in China, with high concentrations of anthropogenic nutrients, recently experienced its largest cyanobacterial bloom, exacerbated by high rainfalls and a subsequent much warmer winter due to the El Niño effect [12]. In Lake Okeechobee, the third-largest lake in the USA, three hurricanes caused increased nutrient loads, water levels, and turbidity that lasted two years and had a significant impact on the phytoplankton community and submersed aquatic vegetation [13].



To better protect vulnerable lake environments and design proper management strategies, it is necessary to understand how and in what time frames different lake ecosystems may be affected by, and respond to, such external forcing. Here, we report on nutrient and microorganism dynamics at Lake Seeburg, a small (0.89 km2) and shallow (average depth 2 m) unstratified lake in central Germany. As a result of ongoing eutrophication, the lake has been suffering from recurrent cyanobacterial blooms in recent decades. The frequency and intensity of these blooms tend to increase, similar to various other inland lakes around the world [14].



Small lakes, such as Lake Seeburg, are particularly exposed to nutrient inputs due to their low water volume and proximity to adjacent agricultural land [15]. Although they account for the largest share of inland water bodies in central Europe in terms of surface area, small lakes are strongly underrepresented in environmental studies. For example, more than 90% of all water systems in Germany have a catchment area of ≤10 km2 and are, therefore, not considered by the European Water Framework Directive (WFD). This contrasts with the fact that small lakes often harbor even greater biodiversity than larger water bodies and, thus, play a particularly important ecological role [16,17]. Likewise, the high value of many small lakes to residential populations in terms of nature experience, recreation, and local economy makes it worthwhile to develop appropriate management and remediation strategies.



Our 3-year monitoring study of key nutrients allowed us to gain insight into the complex biogeochemical processes that govern the ecology of Lake Seeburg. In two of the three years of observation, extreme weather conditions occurred in the study area. Between 24 and 26 July 2017, a heavy rain event with precipitation of ~120 L/m2 (almost twice the normal rainfall in a month) was recorded, leading to widespread floodings in the catchment area of Lake Seeburg [18]. The total sum of rain for the month of July reached about 200 L/m2 in the study area and was, thus, 2.7 times higher than average [19]. In 2018, in contrast, there was a severe drought with very little rainfall between February and October (49% of the long-term average) and high average temperatures (+1.1 °C compared to the long-term average) [19]. In this study, we report on the effects of these events on the seasonal and interannual nutrient dynamics and the associated varying microorganism composition of Lake Seeburg. Knowledge of the expected ecological consequences of such events enables early recognition of the resulting environmental impact and initiation of appropriate countermeasures.




2. Materials and Methods


2.1. Sampling Location


Lake Seeburg is located in central Germany, about 15 km E of the city of Göttingen (51°33′52″ N, 10°09′52″ E). It covers 0.89 km2 and has a water volume of 2 million m3, a mean water depth of 2 m, and a maximum water depth of 4 m [20]. The lake is a water-filled sinkhole and was formed by subsurface leaching of Permian evaporites about 10,000 years ago [20]. The lake has been a natural reserve since 1973 and is classified as a special flora–fauna habitat area and an EU bird reserve.



Lake Seeburg is used for non-commercial fishing and as an official swimming lake in summer (R13A50002403152002, EU Bathing Directive). The area surrounding the lake is only sparsely populated with small villages, and no industry is located in the catchment. Residential wastewater is not allowed to be discharged into the lake, nor the inflow; the absence of such contamination has been recently confirmed [21]. Most of the catchment area is used for agriculture; the resulting inputs of pesticides and their metabolites into the lake have recently been characterized [21].



The lake has only one significant inflow, the Aue creek. Before entering the lake, about 1.5 km upstream, the Aue creek passes the so-called Seeanger, a wetland with a central, few-decimeter-deep pond (Figure 1; see also Figure S1 in Supplementary Materials). The Seeanger wetland was formerly drained and used for agriculture but re-established in 2003 to renature the ecosystem. Other intentions were to reduce the nutrient input into Lake Seeburg and to create a flood plain and sediment trap for the Aue creek, reducing the particle load, especially after heavy rainfall events. Due to high nutrient inputs over the last decades, Lake Seeburg is currently considered to be strongly eutrophic to polytrophic, with recurring algal (i.e., cyanobacterial) blooms recorded since 2005 [22,23].



To assess the nutrient dynamics of the lake, especially for N and P, we conducted a long-term monitoring campaign. Water sampling and analyses were carried out monthly at the main inflow (Aue creek), in the western part of the lake (pier), and in the eastern part near the main outflow over a period of 36 months between January 2017 and December 2019. Sediment sampling for pore water analysis was performed simultaneously with water sampling in the western part of the lake in 2018. The sampling locations are shown in Figure 1.




2.2. Analytical Methods


At each sampling location, 100 mL of water was collected from the water surface using Zinsser Polyvials (Purell) from Zinsser Analytic. Push cores from lake sediments were taken and sectioned in 1–2 cm sub-samples. The top two centimeters were used as “surface sediments” in this study. Pore water was obtained by centrifuging, and subsequent analyses were identical to those of the lake water described below.



Pore- and lake-water samples were stored at 4 °C and analyzed within days after sampling. To fix the ammonium for later measurements, 5 mL of each sample was acidified with 5 µL of concentrated nitric acid. Temperature and pH were analyzed in situ using a multi-parameter portable meter (Multiline 3630 IDS, WTW GmbH, London, UK) with a corresponding SenTix 940 electrode. Conductivity was measured in situ with a TetraCon 925 electrode, and oxygen concentration was measured with an FDO 925 electrode. For the calibration of the conductivity electrode, a 0.01 mol/L KCl calibration standard was used, and for the pH electrode, a technical buffer, according to ISO 7888 (both from WTW). The runoff measurements of the Aue creek were performed in situ using an OTT C2 hydrometric measuring blade with an OTT Z400 flowmeter from OTT HydroMet and a transverse distance of 10 cm.



Our study focused on bioavailable macronutrient fluxes, particularly soluble nitrogen and phosphorus species. Nitrite and soluble reactive phosphate (SRP) were analyzed via photometry according to EN ISO 6878 for SRP and EN ISO 26777, using a UviLine 9400 photometer by SI-Analytics. Nitrate and ammonium were analyzed by ion chromatography (IC) using an 883 Basic IC plus chromatograph by Metrohm. Prior to measurement, water samples were filtrated with 0.45 µm nylon filters by Carl Roth GmbH. For separation, a Metrosep A. Supp. 5, 250 × 4.0 mm was used. The separation was performed at 25 °C, and the injection volume was set to 20 µL at a flow rate of 0.7 mL/min. The eluents were 3.2 mmol/L Na2CO3 and 1.0 mmol/L NaHCO3.



Ammonium was analyzed via IC using an 820 IC separation unit, an 818 IC pump unit, an 837 IC degasser unit, and an 819 IC detector by Metrohm. Before measurement, filtered (mesh 0.22 µm) and acidified (0.1% HNO3) water samples were diluted 1:2 with 3.0 mM HNO3. For separation, a Metrosep C3, 250 × 4.0 mm was used. The column oven was performed at 40 °C; the injection volume was set to 20 µL at a flow rate of 1.0 mL/min. The eluent was 4.5 mmol HNO3. IC-Standard tables are attached in the supplementary information (Table S1).



Identification of microorganisms in the lake was performed microscopically using a Carl Zeiss Axio Scope.A1.





3. Results and Discussion


The seasonal course of temperature, nitrite, ammonium, nitrate, and SRP between 2017 and 2019 is shown in Figure 2. The minimum, maximum, and average concentrations at the sampling points are presented in Table 1. For detailed data, see Table S2. Due to the mostly high similarity of the data obtained from the western part (pier) and the eastern part (outflow) of Lake Seeburg, the results are jointly reported as “lake” in the following text unless otherwise noted.



3.1. Temperature, Precipitation, and Runoff Measurements


Temperatures in the inflow (Aue creek) varied between 2.4 °C in winter and 19.5 °C in summer. In the lake, temperatures ranged from 2.6–26.0 °C. While the peak temperatures in the inflow were relatively similar between the years, they differed in the lake. The hottest year was 2018 (26.0 °C in June), followed by 2019 (25.6 °C in June) and 2017 (23.0 °C in August). The annual means were 10.9–11.6 °C in the inflow and 13.7–15.3 °C in the lake. Again, the highest temperatures were observed in 2018. While the inflow and lake temperatures were similar during the winter, the lake water was consistently warmer from April through October.



Between April 2018 and December 2019, additional runoff measurements were taken in the Aue creek (Figure 2, for detailed data, see Table S3). The inflow steadily decreased from 225 L/s in April to 84 L/s in October 2018. Over the winter months, the inflow increased to 315 L/s in February 2019 before it declined again with rising temperatures, stabilizing around 100 L/s between June and October 2019.



The observation period covered a year with a multi-day heavy rain event (2017), a very dry and hot year (2018), as well as a year with no major weather-related events (2019). After the 2017 heavy rain event, the slow drainage of the upstream Seeanger wetland resulted in continued flooding that lasted for several weeks. Concomitantly, the inflow into the lake increased and remained high until the following winter (own visual observations, measurements started later in 2018). The flooding of the Seeanger wetland was also associated with pronounced oxygen depletion in the flooded area and, consequently, in the inflow. Indeed, oxygen levels observed in the Aue creek were typically >6 mg/L throughout the three years but dropped to 0.22 mg/L in August 2017 (Table S2).



Unlike in 2017, there were no major rain events in the summers of 2018 and 2019, and thus, no large-scale flooding occurred in the Seeanger wetland. Instead, in 2018, a severe drought, with very little rainfall, between February and October (49% of the long-term average [19]) resulted in an ever-decreasing inflow into the lake throughout the summer (Figure 2). Apart from a short cold snap in July, which was reflected in a temperature drop of the inflow and the lake water (Figure 2), it was mostly warmer than average (+1.1 °C compared to the long-term average [19]). In comparison, 2019 represented a year with less extreme weather conditions. Again, it was warm (+0.9 °C compared to the long-term average); annual precipitation was slightly below the long-term average, with occasional light rain spread over the summer, as reflected by low inflow volumes with sporadic minor increases (Figure 2).




3.2. Microorganisms and Related Biogeochemical Processes


Cyanobacterial blooms were visually and microscopically observed at Lake Seeburg in all three years of monitoring (Figure 3A,B) but showed varying durations and intensities. In August and September 2017, blooming cyanobacteria dominated above all other species (own observations, see also [25]). Additionally, 2018 was the year with the longest and most intensive bloom, which began early in July and lasted for nearly three months until the first days of October. The shortest and least noticeable cyanobacterial bloom occurred in 2019 during the first two weeks of September. While Nostocales (Anabaena sp., Figure 3C) and, subordinately, Oscillatoriales (Planktothrix agardhii, Pseudanabaena limnetica) were predominant in 2017, the following two years showed a more mixed composition, with diverse forms of Oscillatoriales (Planktothrix agardhii, Microcystis, etc.) and Nostocales (Anabaena species) (own observations, see also [25]). In addition to the cyanobacteria, green algae (Chlamydomonadales, Chlorococcales) and diatoms (Centrales) occurred in increased abundance in the lake from May to October 2017, and accounted for about a quarter of the cyanobacterial biovolume. The maximum growth phase of the green algae was during May, August, and September (Cryptophyceae, Chlorococcales) and July/August (Centrales) [25]. Whereas in (early) summer, green algae and diatoms are the dominant phytoplankton in the lake, cyanobacteria are typically most abundant in August/September. At this time of the year, their cell numbers can be >10 times higher than those of green algae [25].



Strikingly, in August 2017, after the heavy rain event, the Aue creek developed a severe lack of oxygen. This was obviously due to the intensified microbial decomposition of organic matter within the flooded organic-rich soils and overlying waters of the upstream Seeanger wetland. After the consumption of the available oxygen, anaerobic respiration processes took over, and, as a result, H2S was formed via microbial sulfate reduction. The sulfide released caused a massive odor nuisance in the adjacent village of Seeburg. It also enabled the buildup of vast amounts of whitish feather-like biofilms of sulfide oxidizing bacteria (SOB) in the Aue creek over the entire distance between the Seeanger wetland and Lake Seeburg (Figure 3D–F). SOB typically thrive at suboxic/anoxic boundaries showing elevated H2S concentrations [26]. These conditions were toxic to all other oxygen-depending organisms and wiped out higher life in the creek for several weeks.




3.3. Nutrient Characterization


3.3.1. Nitrate


In the inflow (Aue creek), nitrate ranged from 8.3–21.5 mg/L, apart from a three-year low in August 2017 of 1.2 mg/L. In the lake, nitrate varied from below the detection limit to 8.2 mg/L (Figure 2). The annual means ranged between 14.1–18.2 mg/L in the inflow and between 1.4–2.6 mg/L in the lake. Nitrate was, thus, the most significant nitrogen contributor during the observation period (Table S2, see Table S5 for water quality classifications according to [27]).



The high and fairly steady nitrate inputs reaching the lake via the inflow (Figure 2) can be attributed to discharges from the intensively farmed catchment area. The heavy rainfalls in July 2017 could have caused a dilution effect that may explain the notable drop of nitrate concentrations in the inflow in August 2017 (however, increased nitrate discharges from farmland surface runoff often level up the dilution effect of rainfalls [28]). In addition, nitrate levels in the inflow may have been attenuated by the intense microbial nitrate reduction that occurred in the oxygen-depleted flooded Seeanger wetlands upstream. This could also have contributed to the high ammonium levels observed during this period (Section 3.3.2) [29].



Low nitrate concentrations in the lake compared to the inflow can be explained by the fact that nitrate is an essential nutrient for all aquaphytes, especially for green algae and diatoms [30]. Consequently, the lake becomes nitrate-limited from about June to October, coinciding with the maximum growth phase of these algae [4]. In turn, the subsequent aerobic remineralization of phytoplankton biomass can plausibly explain the pronounced accumulation of nitrate in the lake during the autumn and winter of 2018 and 2019 (Figure 2).



Different observations on external nitrate inputs after rain events have been reported in the literature. In a study of Lake Belau in northern Germany, which is similar in size to Lake Seeburg, a two-day storm event was recorded with twice the normal rainfall in a month. The storm caused major short-term changes in the lake, but increased allochthonous N inputs were not observed. One reason could be the constantly high nitrate load via the inflow (similar to Lake Seeburg), which could make additional input peaks less noticeable. Further aspects are the smaller catchment area and possible buffering by two upstream lakes [31]. Unlike Lake Belau and Lake Seeburg, a positive correlation between precipitation and nitrate concentrations was reported for the eutrophic Lake Vico (Italy), where nitrate increased up to 20 mg/L after rain events [32]. The differences between these studies confirm that it is difficult to make sweeping statements about different, albeit similar, lake systems.




3.3.2. Ammonium


During the three years of monitoring, ammonium concentrations varied between 0.01–0.71 mg/L in the inflow and 0.01–0.63 mg/L in the lake (Figure 2). The annual means were between 0.06–0.22 mg/L and 0.05–0.20 mg/L, respectively (Table S2, see Table S5 for water quality classifications).



Our data reveal that the extreme rain event in July 2017 had a strong impact on the ammonium concentrations of the lake system. From background levels near zero in July 2017, concentrations increased to peak concentrations as high as ~0.7 mg/L in August 2017 in both the tributary and lake (Figure 2). This can be interpreted as a result of the abovementioned anaerobic remineralization processes in the flooded upstream Seeanger wetlands (Section 3.2 and Section 3.3.1). Evidently, this led to a high ammonium discharge via the Aue creek (along with sulfide, see above) and resulted in a temporarily increased ammonium concentration in the lake. In the two following years, however, no such heavy rainfall events occurred, and thus, no comparable ammonium peaks were recorded.



Unlike Lake Seeburg, no elevated ammonium inputs were observed for Lake Belau after a two-day storm event (see Section 3.3.1) [31]. However, it has to be considered that its inflow, before entering Lake Belau, discharges into two other lakes, which may, therefore, act as a buffer for ammonium. In the western Lake Superior in North America, two heavy rain events in 2012 (250 mm of rainfall in two days) and 2016 (220 mm of rainfall in two days) resulted in additional ammonium inputs that accounted for only up to 1% (2016) of the total annual inputs [33]. The much greater ammonium increase at Lake Seeburg after a similar rain event may point to a major role of the flooded Seeanger wetland as a source of reduced nitrogen species.



Our data further indicate a regular increase in ammonium concentrations in Lake Seeburg in the aftermath of cyanobacterial blooms, i.e., in autumn and winter (Figure 2). This may be explained by the release of ammonium from the decaying cyanobacterial biomass under oxygen-limited conditions. Similarly, in column experiments with lake water from Lake Taihu (China), strongly elevated ammonium concentrations (up to 53.3 mg/L) were recorded during the anaerobic degradation of cyanobacterial blooms [34].



Numerous cyanobacteria have the ability to fix atmospheric nitrogen and convert it into bioavailable modifications [35,36]. Whereas eukaryotic phytoplankton require bioavailable nitrogen as well as phosphorus, nitrogen-fixing cyanobacteria are limited only by the latter. In late summer 2017, cyanobacteria from the nitrogen-fixing order Nostocales (especially Anabaena sp.) were the dominant aquatic organisms in Lake Seeburg ([25], see also Section 3.4). The decay of these blooms released major amounts of ammonium into the lake water. Subsequent microbial ammonium oxidation (i.e., nitrification) most likely contributed to the elevated nitrate concentrations in the lake over the winter months of 2017/2018 (Section 3.2; Figure 2).




3.3.3. Nitrite


The nitrite concentrations varied between 0.01–0.48 mg/L in the inflow and near-zero to 0.08 mg/L in the lake. The mean values were between 0.11–0.13 mg/L and 0.02–0.04 mg/L, respectively. In the inflow, maximum concentrations occurred as annually repeating peaks in late spring or early summer. With one exception (February 2018), nitrite concentrations in the lake were lower than those in the inflow (Table S2, see Table S5 for water quality classifications). No data were available during the heavy rain event.



A noteworthy feature of the nitrite distributions at Lake Seeburg is annual peaks in the inflow occurring in early summer (Figure 2). These nitrite distributions might result from the increased microbial decomposition of dead plant material accumulated in the upstream Seeanger wetland, where the high availability of such material in spring is evident (own observation). As the first step in nitrification, ammonium resulting from the decay of organic material is aerobically oxidized to nitrite [37]. The energy so obtained is more than four times higher than for the subsequent aerobic oxidation of nitrite to nitrate [38]. Consequently, oxygen deficiency arising in wetland environments as a result of intense decomposition processes would hamper the (energetically less favorable) oxidation of nitrite to nitrate. Notably, the marked nitrite spike is only observed in the inflow but not in the lake itself (Figure 2). This can plausibly be explained by the lower availability of organic matter and a higher amount of available oxygen in the lake water, which would promote a more rapid turnover of nitrite and, thus, complete oxidation of ammonium to nitrate.




3.3.4. Soluble Reactive Phosphate (SRP)


SRP in the inflow ranged from 0.02–0.50 mg/L, apart from a strikingly high peak observed in August 2017 after the rain event (1.36 mg/L). In the lake, concentrations varied widely from 0.01–0.78 mg/L. Mean values were between 0.21–0.29 mg/L and 0.14–0.23 mg/L, respectively. Concentrations in the lake were typically lower than in the inflow; however, higher values regularly occurred around September in all three monitoring years (Figure 2, Table S2, see Table S5 for water quality classifications).



The remarkably high SRP peak observed in the inflow in August 2017 most likely resulted from the extreme rain event in July 2017 (Figure 2, Section 3.1). The enhanced biodegradation processes in the upstream flooded Seeanger wetland resulted in oxygen-depleted conditions, leading to the release of high amounts of SRP from the degraded organic matter and formerly iron-bound phosphate. Phosphate speciation analyses of the wetland soils showed almost equal proportions of organically bound phosphate and mineralized (iron-bound) phosphate in the sample fractions. It can be estimated that approximately 64.3 kg/day of SRP entered the lake during the rain event (see Table S6 for calculations). In the absence of further major flooding events, SRP concentrations in the inflow consistently remained at much lower levels for the rest of the observation period (e.g., 2.1 kg/day one year later in July 2018).



At Lake Belau, heavy rain resulted in additional P inputs of 5 kg/day, about 3–4 times the pre-event levels [31]. At Lake Gollin, another north German lake with similar characteristics, SRP concentrations increased to nearly 0.3 mg/L (annual mean 0.004 mg/L) after a heavy rain event with flooding [39]. Similar observations were also made at two shallow eutrophic lakes in Spain, where SRP concentrations increased to maximum concentrations of up to 0.28 mg/L after heavy rain events (annual mean 0.04 g/L) [40]. These findings, as well as our results from Lake Seeburg, demonstrate that high external phosphorus inputs after heavy rain events are a widespread problem in lake environments worldwide.



Unlike in 2017, the marked late summer SRP peaks in Lake Seeburg were not related to major external input events in 2018 and 2019. Obviously, high SRP concentrations in Lake Seeburg may build up independently from short-term inputs.



Increased SRP concentrations in the water column of lakes are generally observed during the final stages of cyanobacterial blooms in late summer [41,42]. One explanation discussed in the literature is the release of sedimentary phosphorus by carps [43,44]. However, the fish population in Lake Seeburg is controlled by the local anglers’ club through stocking (walleye, pike, trout) and selective removal (carp, whitefish). Therefore, bottom-dwelling fish should not have a crucial effect on sedimentary nutrient release. As Lake Seeburg is very shallow and used as a swimming lake, it is also possible that human activity may cause some sediment disturbance and promote nutrient release, but this should be limited to small areas of the lake during the summer season. Overall, therefore, the sedimentary release of phosphorus through chemical processes [45,46,47] and the degradation of phytoplankton biomass are most likely to be of critical importance [48]. Both processes contribute to the late summer SRP maximum in Lake Seeburg, which is shown by pore water analyses in parallel with the water sampling in 2017 and during the warm and dry year of 2018.



In 2017, a constant increase in pore water SRP was observed from 0.15 mg/L in April to 8.3 mg/L in August, which later dropped significantly to 0.3 mg/L in October. In the following year, 2018, the pore water SRP concentration increased markedly, with its annual maximum in the water column. During the peak cyanobacterial bloom, pore water values were raised to an extreme 34.4 mg/L (Figure 4); note that there was hardly any SRP present in the lake water earlier in summer because of a direct uptake by green algae and diatoms [25,49].



The observed sedimentary SRP release is probably coupled to benthic biodegradation, which leads to the remineralization of biomass-bound nutrients and the depletion of pore water oxygen. Under fully oxic conditions (such as in oligotrophic lakes), phosphorus released from decaying organic material is typically bound to sedimentary iron hydroxides and, thus, removed from the lake cycle for a long period of time [50]. However, the iron-bound phosphorus association becomes unstable as soon as suboxic to anoxic conditions emerge [51]. As a consequence, iron-bound sedimentary SRP is released.



In addition to the O2 concentration (↓) and temperature (↑), further drivers for the transformation of dissolved, organic, and inorganic phosphorus species (and thus, the SRP levels) are pH value (especially pH > 8) and redox conditions [52,53,54,55]. In summer, high lake water temperatures favor the growth of cyanobacteria [6]. Due to the particularly high maximum water temperatures during the 2018 drought (Figure 2), the growth of cyanobacteria was enhanced. Phytoplankton (e.g., green algae, cyanobacteria) increase the pH value in the water body during their maximum growth phase through their CO2/HCO3− consumption, and their photosynthetic activity can lead to oxygen oversaturation [56,57,58]. Due to the sheer amount of cyanobacteria in late summer, we consider them to be primarily responsible for the significant increases in pH and oxygen in Lake Seeburg (late summer pH~9; oxygen > 12 mg/L; Table S2). In the decay stage, the decomposition of the cyanobacterial biomass requires large amounts of oxygen, resulting in oxygen depletion in the water column and the sediment. Similar to the bloom formation, the decay of the cyanobacteria was certainly promoted by high water temperatures in 2018. Consequently, oxygen concentrations in the surface water of Lake Seeburg regularly decreased to values < 7 mg/L immediately after cyanobacterial blooms (Table S2). Close to the sediment–water interface, the oxygen concentrations are considerably lower (ca. 2–3 mg/L). The calculated amount of sediment-released SRP during the cyanobacterial bloom in 2018 was 69 mg/m2·d−1, corresponding to 61.4 kg/day in the whole lake (see Table S7; calculations according to [59]). In a comparison of core incubations from seven small and shallow eutrophic lakes under oxic and anoxic conditions, the P release rate ranged from 0.02 to 83 mg/m2 per day [60]. In the shallow eutrophic Lake Hiidenvesi (Finland), a maximum sedimentary release rate of 57.6 mg/m2 per day, a value very similar to Lake Seeburg, was observed for two weeks in summer [61]. This internal phosphorus release from the sediment, caused by cyanobacteria, plays a major role in maintaining the lake’s eutrophic status [5,48,50,62,63,64,65].





3.4. Influences of Extreme Weather Events on the Nutrient and Phytoplankton Community Composition in the Lake


Due to the heavy rainfall event in 2017, anoxic water enriched with ammonium and, especially, SRP (64.3 kg/day) entered the lake through the inflow (Section 3.3.4 and Table S6). The strong nutrient inputs obviously induced a cyanobacterial bloom that was relatively short-lived (≈3 weeks) but very intense, showing high cell densities of Nostocales (Anabaena spiroides, 168.000/mL, 63% of the biovolume of the lake) and Oscillatoriales (Planktothrix agardhi, 78.000/mL; Pseudanabaena limnetica, 48.000/mL) [25]. The intensity of the cyanobacterial bloom in the wake of the 2017 heavy rain event was considerably higher and much less diverse, as previously observed in Lake Seeburg. Anabaena species, which dominate the overall phytoplankton community, are typical for eutrophic to hypertrophic lakes. As A. spiroides is neurotoxin-producing (anatoxin-a(s)), toxic to all kinds of wildlife in the lake (e.g., zooplankton, fishes, and crabs; Figure 3B), there is a clear tendency towards worse conditions [1]. A phytoplankton monitoring study conducted in September 2006, which may be taken as a background reference, reported a broader diversity of cyanobacteria, where the abovementioned species were also present but in much lower cell densities (Anabaena compacta and Anabaena sp., 13.000/mL; Planktothrix agardhii, 41.000/mL; Pseudanabaena limnetica, 26.000/mL) and in co-occurrence with other phytoplankton communities such as Chlorophyceae (cryptophyceae, Bacillariophyceae, and euglenophyceae [66]).



In the hot and dry year of 2018, the water volume of the inflow decreased significantly during summer, and, thus, only small amounts of nutrients entered the lake (Section 3.1). On the other hand, the warm weather conditions influenced early-blooming Bacillariophyceae in May and enhanced degradation and remineralization processes in the lake; thus, a remarkably high SRP re-dissolution from the sediment (61.4 kg/day) was observed (Section 3.3.4 and Table S7). This sustained re-dissolution fostered a cyanobacterial bloom that was more diverse than in the year before and lasted much longer (≈3 months).



In 2019, in the absence of extreme weather events, only a minor cyanobacterial bloom occurred, whose impact was significantly smaller than in previous years. The bloom was the shortest (only a few days) and had a lower total number of organisms and a higher diversity.





4. Conclusions


Like many other lakes worldwide, Lake Seeburg suffers from severe eutrophication. Our long-term (3 years) observation of bioavailable nutrients revealed, as expected, steady background inputs of bioavailable nitrogen and phosphorous species from the farmed catchment area. In addition, our data indicate a critical role of weather extremes in the dynamics of these nutrients and the formation of hazardous phytoplankton blooms. Following a three-day very heavy rain event in July 2017, high amounts of ammonium and SRP were discharged into the lake from the upstream Seeanger wetland, which has been restored as a nutrient retention trap for Lake Seeburg. In this case, the wetland even represented a strong nutrient source and failed to serve its intended purpose. In addition to such exogenous inputs, internal dynamics between the surface sediment and the water column exert significant control over nutrient distribution in Lake Seeburg. In particular, the release of sediment-bound phosphorus in late summer promotes the additional growth of cyanobacteria. Again, extreme weather conditions can be an important driver of this process, which becomes particularly intense under very hot and dry weather conditions, such as those experienced during the severe drought of the summer of 2018. Our observations also suggest that the duration and composition of the resulting cyanobacterial blooms depend on the nature of the nutrient input involved (short-lived and monospecific after spike-like external inputs; long-lived and more diverse with sustained internal release), but this requires further investigation. As the frequency and intensity of heat waves and heavy rain events are expected to increase due to climate change, their effects on the nutrient dynamics of lake ecosystems will need to be understood in more detail. Only with accurate knowledge of the potential impacts can appropriate and sustainable management strategies be implemented in the future.
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Figure 1. Map of Lake Seeburg showing the catchment area and the sampling locations (arrows) at the main inflow (Aue creek), the western part of the lake (bathing pier), and the eastern part near the outflow. The shaded area represents the Seeanger wetland upstream of the main tributary (Aue creek). Simplified after NLWKN [24]. For an enlarged map of the sampling points, see Figure S1. 
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Figure 2. Seasonal variability (2017–2019) of temperatures and nutrient concentrations for the inflow (Aue creek), western (pier), and eastern (near the outflow) parts of Lake Seeburg. The water volume in the inflow, measured between April 2018 and December 2019, is given in the top figure (green line). Episodes of cyanobacterial blooms are shaded in grey. For detailed concentration data, see Table S2. Dotted lines, no data available. 
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Figure 3. (A,B), Massive cyanobacterial bloom in Lake Seeburg (pier) in July 2018, with dead fish due to cyanobacterial toxins; (B), see planks (~12 cm) and dead fish (~15 cm) for scale; (C), Anabaena sp., dominating species in bloom 2017; (D,E), microbial filaments (D) and thick biofilms (E) of sulfide oxidizing bacteria (SOB), which covered all available substrates in the Aue creek in August 2017 (image widths ~15 cm); (F), high abundance of sulfur-cycling microorganisms (SRB, SOB, including proteobacteria (purple sulfur bacteria)) in the sulfidic creek water after the rain event 2017. SOB with S-globules (observed via confocal laser scanning microscope); according to the size and surface pattern of the large bacterium (right corner), it can be assigned to purple sulfur bacteria. 
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Figure 4. Seasonal variability of soluble reactive phosphate (SRP) in the pore water of Lake Seeburg surface sediments compared to the Aue creek (inflow), the western part (pier), and the eastern part (outflow) in 2018. Note the different scales of surface and pore water. For detailed concentrations, see Table S4. 






Figure 4. Seasonal variability of soluble reactive phosphate (SRP) in the pore water of Lake Seeburg surface sediments compared to the Aue creek (inflow), the western part (pier), and the eastern part (outflow) in 2018. Note the different scales of surface and pore water. For detailed concentrations, see Table S4.



[image: Water 14 02032 g004]







[image: Table] 





Table 1. Minimum, maximum, and average temperatures and nutrient concentrations for the inflow (Aue creek), western (pier), and eastern (near the outflow) parts of Lake Seeburg.
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2017

	
2018

	
2019




	

	

	
Min.

	
Max.

	
Average

	
Min.

	
Max.

	
Average

	
Min.

	
Max.

	
Average






	
Temperature [°C]

	
inflow

	
2.4 (January)

	
19.5 (August)

	
10.9

	
3.1 (January)

	
18.9 (August)

	
11.2

	
4.2 (February)

	
18.6 (September)

	
11.6




	
lake (W), pier

	
2.5 (December)

	
22.5 (June)

	
15.1

	
2.5 (February)

	
25.9 (August)

	
13.7

	
3.7 (February)

	
25.6 (June)

	
14.0




	
lake (E), outflow

	
2.6 (December)

	
23.0 (August)

	
15.3

	
2.6 (February)

	
26.0 (June)

	
13.5

	
3.8 (February)

	
25.3 (June)

	
14.0




	
Nitrate [mg/L]

	
inflow

	
1.22 (August)

	
21.47 (February)

	
14.78

	
14.81 (December)

	
21.55 (March)

	
18.23

	
8.25 (July)

	
21.40 (February)

	
14.08




	
lake (W), pier

	
0.90 (October)

	
4.69 (February)

	
1.99

	
0.02 (July)

	
8.24 (March)

	
2.60

	
0.00 (September)

	
5.41 (January)

	
1.42




	
lake (E), outflow

	
1.00 (October)

	
3.66 (December)

	
1.67

	
0.03 (July)

	
6.98 (March)

	
2.46

	
0.00 (July/December)

	
6.27 (February)

	
1.54




	
Ammonium [mg/L]

	
inflow

	
0.01 (July)

	
0.71 (August)

	
0.22

	
0.01 (November)

	
0.21 (May)

	
0.07

	
0.02 (February)

	
0.25 (June)

	
0.06




	
lake (W), pier

	
0.01 (July)

	
0.63 (August)

	
0.18

	
0.01 (February)

	
0.33 (December)

	
0.08

	
0.02 (February)

	
0.22 (December)

	
0.06




	
lake (E), outflow

	
0.01 (July)

	
0.58 (August)

	
0.20

	
0.01 (February)

	
0.36 (November)

	
0.09

	
0.01 (February)

	
0.21 (December)

	
0.05




	
Nitrite [mg/L]

	
inflow

	
0.01 (January)

	
0.37 (June)

	
0.11

	
0.04 (February)

	
0.48 (May)

	
0.13

	
0.03 (September)

	
0.42 (July)

	
0.11




	
lake (W), pier

	
0.00 (May)
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