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Abstract

:

Shallow lakes, particularly those in low-lying areas of the subtropics, are highly vulnerable to changes in climate associated with global warming. Many of these lakes are in tropical cyclone strike zones and they experience high inter-seasonal and inter-annual variation in rainfall and runoff. Both of those factors strongly modulate sediment–water column interactions, which play a critical role in shallow lake nutrient cycling, water column irradiance characteristics and cyanobacterial harmful algal bloom (CyanoHAB) dynamics. We illustrate this with three examples, using long-term (15–25 years) datasets on water quality and plankton from three shallow lakes: Lakes Okeechobee and George (Florida, USA) and Lake Taihu (China). Okeechobee and Taihu have been impacted repeatedly by tropical cyclones that have resulted in large amounts of runoff and sediment resuspension, and resultant increases in dissolved nutrients in the water column. In both cases, when turbidity declined, major blooms of the toxic CyanoHAB Microcystis aeruginosa occurred over large areas of the lakes. In Lake George, periods of high rainfall resulted in high dissolved color, reduced irradiance, and increased water turnover rates which suppress blooms, whereas in dry periods with lower water color and water turnover rates there were dense cyanobacteria blooms. We identify a suite of factors which, from our experience, will determine how a particular shallow lake will respond to a future with global warming, flashier rainfall, prolonged droughts and stronger tropical cyclones.
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1. Introduction


Global climate change will significantly warm the atmosphere and hydrosphere by the mid-century, resulting in: (a) an increase in extreme precipitation events; (b) an increase in the duration of droughts; and (c) a likely increase in the peak wind velocity during tropical cyclones [1]. These changes are expected to have profound effects on the structure and function of lake ecosystems. Shallow lakes are highly sensitive to these forces, especially lakes occurring in lowland regions of the subtropics and tropics where cyclone activity is high. In shallow lakes, there is strong interaction between the sediments and overlying water driven by wind mixing, and these lakes may have alternative equilibria where extreme events can push them from a clear to a turbid state that is resistant to recovery [2]. Shallow eutrophic lakes also may experience CyanoHABs that are stimulated when perturbations liberate nutrients from the sediments and/or when meroplanktonic algae colonies or filaments are carried up into the water column [3,4].



The most-studied effects of climate change on lakes are those related to warming, and the effects are predicted to be substantial. For example, a comparison [5] was made of lakes in Denmark, where winter air temperatures do not drop below 0 °C, with lakes in Canada, where winter air temperatures drop below −10 °C and there is winter ice cover on the lakes. The Danish lakes had a four-fold higher ratio of Chlorophyll-a (Chl-a) to total phosphorus (TP), and a strong relationship between the biomass of zooplankton to phytoplankton that was not observed in the Canadian lakes. Furthermore, comparison of phytoplankton community structure data from lakes along a latitudinal gradient from northern Europe to the tip of South America [6] indicated that percentage dominance of cyanobacteria increases steeply with increasing temperature. Other studies using experimental mesocosms, long-term data analysis, paleoecology and modeling have similarly shown that warming can influence the plankton of shallow lakes [7,8,9].



A second factor that will affect shallow lakes, the projected increase in intensity of tropical cyclones [10], can only be discerned by evaluating contemporary data from highly-monitored lakes. Much of this research comes from Florida and China, where there are large low-lying shallow lakes in places that are frequently impacted by such storms. In Florida, long-term datasets and modeling have demonstrated that major impacts of tropical storms include: resuspension of lake sediments [11,12]; uprooting and/or inundation of submerged vegetation [13]; and the stimulation of CyanoHABs [14]. Similar responses have been observed in shallow estuaries [15,16,17]. Recently, evaluation of the effects of tropical cyclones on nutrient and phytoplankton dynamics in Lake Taihu, China [4] has added to this understanding; specifically, how these events affect the occurrence and magnitude of CyanoHABs.



Climate change also may alter the oceanic circulation patterns that influence properties of distant shallow lakes. For example, water column stability and phytoplankton growth are affected by the state of the El Niño Southern Oscillation (ENSO) in Lake Victoria, Africa [18]; the extent of ice cover in the Laurentian Great Lakes is reduced during strong El Niño years [19]; there is deeper warming of lakes in Europe during years with warm phase North Atlantic Oscillation [20]; and the mixing regime of Lake Tahoe in the USA is influenced by the condition of the ENSO [21]. In Lake Okeechobee, Florida, 60% of the variability in winter rainfall can be explained by the condition of the ENSO [22]. Global warming may substantively alter oceanic climate cycles, increasing their amplitude [23] and therefore their potential to impact lakes. Fewer studies of climate variability have focused on shallow lakes, although Havens et al. [24] recently documented that ENSO-related variation in rainfall, inflow and depth affect both the intensity of summer cyanobacteria blooms and the peak biomass of cladocerans during winter in Lake Harris in central Florida.



Understanding how extreme events and climate variability affect properties of shallow lakes allows us to predict how those ecosystems might be affected by a higher frequency and greater magnitude of such events in a future with a climate that is more variable and extreme. In this study, we use long-term datasets on physical, chemical and biological attributes of two shallow eutrophic cyanobacteria-dominated lakes in Florida (Lakes George and Okeechobee) and a similarly large, cyanobacteria-dominated shallow hypertrophic lake in China (Taihu) to identify effects from: (a) tropical cyclones; and (b) variability in water level, flushing and color associated with changes in rainfall. Using the available data, we develop conclusions and hypotheses about the underlying mechanisms whereby climate change-related changes in extreme events and rainfall/drought could affect shallow subtropical lakes, with a focus on nutrient dynamics and cyanobacteria blooms.




2. Materials and Methods


2.1. Description of the Study Lakes


The three lakes (Figure 1) have long-term (15−25 year, monthly to quarterly sampling frequency) datasets of physical, chemical and biological parameters, including Chl-a, nitrogen (N) and P concentrations in total and dissolved forms, Secchi disk transparencies, and both phytoplankton and zooplankton species abundances.



Lake Okeechobee (27°00′ N, 80°50′ W, 1730 km2 surface area, 2.7 m mean depth) is the largest lake in the southeast United States. It has been impacted repeatedly by tropical cyclones, including three hurricanes (Hurricanes Frances on 5 September 2004, Jeanne on 24 September 2004; and Hurricane Irene on 24 October 2005) during the 15-year period covering the dataset. This lake has distinct zones that differ in their ecological conditions. The pelagic zone is turbid, underlain by flocculent mud sediment, is high in TP, does not support any submerged plants, and phytoplankton production is often limited by light availability [25]. The near-shore zone lies on a higher elevation shelf along the west and south areas of the lake. It has sand and peat sediments, lower turbidity, and can support a large spatial extent of submerged plants when water levels in the lake are relatively low. Phytoplankton production often is limited by N and sometimes by co-limited by N and P [26]. The lake’s littoral zone is a wetland of emergent plants around the lake’s south and west shores, occupying about 500 km2. We examined data from the pelagic and near-shore zones separately, given the major differences in ecological conditions and responses to stressors [12].



Lake George (29°17′ N, 81°35′ W, 190 km2 surface area, 2.8 m mean depth) is located in northeast Florida. The lake is a part of the Lower St. Johns River that flows from south to north and empties into the Atlantic Ocean 173 km downstream near Jacksonville, FL. The lake is located in a shallow-gradient basin, which results in relatively long water residence time and slow water turnover rates (less than 1–6 times per season) [27]. The peak flushing season in the lake is the fall and early winter, during which color levels can be very high (up to 500 platinum-cobalt units, PCU) in high rainfall years [28]. The shallowness of the lake results in polymictic conditions. The lake is eutrophic and regularly experiences blooms of cyanobacteria [27,29]. We examined data taken from one sampling location near the major outlet of this lake into the St. Johns River.



Lake Taihu (30°56′–31°33′ N, 119°53′–120°36′ W, 2338 km2 surface area, 1.9 m mean depth) is the third largest lake in China. Located 150 km west of Shanghai and the coast of the East China Sea, Lake Taihu typically experiences tropical cyclones originating in the western Pacific Ocean every summer. There are distinctly different ecological zones in Lake Taihu: phytoplankton-dominated northern and western zones; and macrophyte-dominated eastern and southeastern zones. The open water parts of the lake are hypertrophic and turbid. Prior studies focused on the impacts of tropical cyclones have been conducted near the mouth of Meiliang Bay [4], in the lake’s northern zone where cyanobacteria-dominated (Microcystis spp.) blooms have been occurring regularly since the 1980s. Data for evaluating effects of tropical cyclones were taken from that sampling site.




2.2. Sampling and Laboratory Methods


2.2.1. Lake Okeechobee


Samples were collected at two locations in the pelagic zone and two locations in the near-shore zone from January 2002 to July 2015. At each location, water samples were collected from 50 cm off the lake bottom to the water surface with a 3-cm diameter PVC tube. Samples were collected for analysis of total suspended solids (TSS), Chl-a, ammonium (NH4), nitrate and nitrite (NOx) and soluble reactive P (SRP). Water samples were analyzed following standard USEPA protocols [30,31], including use of reference standards and blanks. Samples for dissolved nutrients were vacuum-filtered through Whatman GF/F filters (0.7 μm nominal porosity) before analysis. The total dissolved inorganic N (DIN) concentration was determined as the sum of NH4 and NOx.



Samples for macro-zooplankton (calanoids, cyclopoids and cladocerans) were obtained by vertical tows of a 30-cm diameter 153 μm mesh plankton net. Animals were preserved in 40% (final concentration) chilled formalin-sucrose solution. Micro-zooplankton (rotifers and nauplii) was sampled with the integrated sampling tube. Approximately 20 L of that water was placed into a polyethylene carboy. The water was then poured through a 35 μm mesh plankton net to collect the micro-zooplankton, which were preserved as above. Phytoplankton was collected in the same manner, and aliquots of whole water (100 mL) were preserved with Lugol’s solution and kept in amber plastic bottles. All microscopic counts were done by enumerating at least 400 individuals in order to achieve a counting accuracy of 90%. Phytoplankton, nauplii and rotifers were counted with the inverted microscope technique [32] after 24 h of settling. The biovolume of individual phytoplankton cells, including those in filaments and colonies, was determined by measuring dimensions and then calculating the volumes of similarly-shaped geometric solids. Biomass of phytoplankton was determined using the factor of 0.11 pg C μm−3 [33]. Dry weights of micro-zooplankton were determined from published length–weight relationships and then converted to biomass using a factor of 0.075 pg C pg−1 wet weight and assuming that wet weight is 10 times dry weight. Aliquots of macrozooplankton samples were counted at 100× magnification until 400 individuals had been enumerated, and then the entire sample was scanned at a higher magnification for large rare animals. Dry weights were determined and converted to carbon units in the same manner as was done for micro-zooplankton. There are many different ways to calculate carbon biomass of plankton. In this study, we applied widely used conversion factors [34,35] to maximize the comparability of our data.



Submerged aquatic vegetation (SAV) was mapped in late summer each year from 2002 to 2015. The near-shore zone of the lake was divided into 1 × 1 km2 grid cells that were put into a Trimble Pathfinder GPS. We sampled cells towards the deeper center of the lake at least two cell units beyond any prior observation of submerged plants. During a one-week sampling campaign, we visited the center point of each grid cell by airboat and using a pair of modified oyster-tongs, sampled submerged vegetation and classified the cell as vegetation present or absent. Data also were obtained regarding presence/absence of particular species-those data are not shown here. The data were plotted in GIS (maps are available for every year on the web site of the South Florida Water Management District www.sfwmd.gov). The total spatial extent of SAV in each year was taken as the sum of 1 km2 grid cells with presence of plants. This approach was shown to provide a sufficient estimate of SAV coverage to assess long-term trends, when compared to an earlier approach of sampling many more 0.25 km2 cells [13].




2.2.2. Lake George


Mean of water levels were retrieved from a USGS station in Silver Glen Springs from October 1995 to December 2010, and were expressed as cm above the NAVD 1998 (National Geodetic Vertical Datum of 1998) reference point. The station has very similar water level to that in Lake George. Monthly average water levels from this station had a significant positive relationship to monthly total precipitation in nearby Crescent City, FL with 2-month lag (p < 0.0001, r2 = 0.28). Monthly average river discharge rates were obtained from a USGS monitoring station in Astor, FL, approximately 15 km upstream from the lake. Physical and chemical data for this study were obtained from the St. Johns River Water Management District.



Water samples for phytoplankton analysis were taken on a monthly basis with a vertical integrating sampler that captured water from the surface to approximately 0.1 m above the sediment. Water samples were preserved with Lugol’s solution and used to quantify phytoplankton abundances and carbon biomass. Phytoplankton was enumerated using the inverted microscope method [32]. The enumerations were done at 400× to identify and count to a minimum of 100 cells of a single taxon within 30 random grids. A maximum of 100 grids were counted if 100 cells were not counted within the first 30 grids. Whole-bottom counts at 100× were also done for quantifying larger-sized phytoplankton (>30 μm). Biovolume and wet weight of phytoplankton were calculated by assigning combinations of similar geometrical shapes to each phytoplankton taxon and assuming that the densities of phytoplankton were similar to that of water (1 g·cm−3) [36]. Wet weight estimates were converted to carbon biomass using conversion coefficients of 0.22 for cyanobacteria, 0.16 for chlorophytes and 0.11 for all other phytoplankton, which included diatoms, dinoflagellates, cryptophytes and other minor groups of phytoplankton [33,37,38].




2.2.3. Lake Taihu


Monthly sampling for water quality parameters (temperature, conductivity, turbidity, dissolved oxygen, Secchi disk transparency, N, P and Si, and particulate plus soluble N and P) has been conducted for 25 Years. For examining specific effects of tropical cyclones, high-frequency measurements were carried out before, during and after the passage of Typhoons Muifa (from 5 to 9 August 2011) and Haikui (from 6 to 16 August 2012) [4] at the Meiliang Bay site. Lake water at the sediment-water interface was sampled every hour to determine NH4 and SRP concentrations during Typhoon Muifa, and lake water at the surface, middle and bottom layers of the lake water column was sampled twice (6:00 and 18:00) every day to determine TN, TP, NH4 and SRP concentrations; during Typhoon Haikui, lake water was sampled to determine NH4, NOx and SRP concentrations every three hours. Wind speed was recorded every 10 or 15 min by a monitoring buoy operated by the Global Lake Ecological Observatory Network (GLEON). Physical-chemical indicators, including water temperature, turbidity, phycocyanin (PC) concentration and dissolved oxygen (DO) saturation in the middle layer of the lake water column were measured every 10 min with a Yellow Springs Instruments (YSI) 6600 V2 multi-sensor sonde.



Nutrient and Chl-a concentrations in the water of the entire lake are determined every month by the Taihu Laboratory for Lake Ecosystem Research (TLLER). In total, 32 sites are chosen in the lake to make regular observations in February, May, August and November, with 14 sites (observed every month) located in the northern part of the lake, where phytoplankton blooms occurred much more frequently.





2.3. Data Analysis


2.3.1. Lake Okeechobee


Fine-scale temporal trends in DIN, SRP, TSS, Chl-a, and SAV were examined to observe the dynamics of these attributes following passages of tropical cyclones. We also divided the data into before hurricane (January 2002 to July 2004) and after hurricane (July 2005 to February 2007) periods and compared SRP, DIN, SD and the biomass of zooplankton and phytoplankton between those two periods of time using one-way ANOVA. We also compared the mean daily irradiance in the mixed layer (Im) using an established method [39]. Im is more suitable than SD with respect to light availability for phytoplankton because it takes into account seasonal variations in incident PAR, in addition to attenuation in the water column. For calculating Im, because we did not have data on underwater irradiance, we determined the light attenuation coefficient (Kt) from the relationship SD = 1.7/Kt [40] and we assumed that surface PAR followed a seasonal pattern identified by [41] for this lake zone.




2.3.2. Lake George


Principal component analysis (PCA) of phytoplankton and hydrological factors in Lake George were performed on a z-scale monthly data from October 1995 to December 2010 by hmisc and vegan packages in R programming 3.0.2 to visualize sample ordinations between cold (October to April) and warm (May–September) months. Student’s t-test was performed using JMP® version 11 to compare means between above- and below-average water levels. Annual means between 1996 and 2010 of water chemistry variables and phytoplankton were calculated from monthly means from samples.




2.3.3. Lake Taihu


For Lake Taihu, we assessed both short term and long-term effects of typhoons on phytoplankton in the lake. High-frequency data during the passage of two typhoons were analyzed using Microsoft Excel 2010 and SPSS 13.0 software. For the longer term effect study, we noted all the typhoons that passed over Lake Taihu in the last eight years (from 2005 to 2012), and calculated monthly Chl-a amount in the entire lake based on the monthly Chl-a concentration at the 32 sites over the eight years. The entire lake was divided into 32 parts using the Tyson polygon method, and the Chl-a concentration (μg·L−1) in each polygon was multiplied with water volume (L) to estimate Chl-a mass (g). The monthly Chl-a mass (metric tons) was the summation of Chl-a mass in each polygon. Cyanobacteria, which accounted for a large fraction of bloom biomass, was assessed by measuring both Chl-a and PC pigment concentrations using a Yellow Springs Instruments (YSI) 6600 V2 multi-sensor sonde [4].



Algal bloom areas in Lake Taihu calculated through satellite imagery were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) Floating Algal Index [42] and implemented to process MODIS data for Taihu. MODIS Level-0 data were obtained from the National Aeronautics and Space Administration (NASA) [42].






3. Results


3.1. Lake Okeechobee


The three hurricanes that passed over or near Lake Okeechobee in 2004 and 2005 had major effects on both the pelagic and near-shore zones of the lake (Figure 2). Phytoplankton biomass was reduced by three-fold in both zones; SD transparency and Im were cut in half; and there was nearly a three-fold increase in the amounts of DIN and SRP in the water column following storm passage. In contrast to the phytoplankton response, zooplankton biomass increased significantly in both lake zones, due almost entirely to a response by one species of copepod, Arctodiaptomus dorsalis, which is the dominant crustacean in the lake. Looking more closely at these changes with the historical time series (Figure 3), one can observe sharp increases in DIN and SRP immediately after the two September 2004 storms, a decline in DIN during summer 2005 (while SRP remained high) and then a second spike in DIN following the October 2005 storm.



The concentration of SRP remained elevated for nearly a year after the hurricanes, especially in the pelagic zone, while DIN more quickly returned to pre-hurricane concentrations. The temporal dynamics of Chl-a and TSS concentrations indicate the important role that light limitation plays in this shallow lake, where there is seasonal resuspension of surface sediments, which was considerably amplified by the hurricanes (Figure 4). After the storms in 2004 and again in 2005, TSS concentrations spiked to high levels in both the near-shore and pelagic zones. Between the two storm periods, in summer 2006, TSS dropped back to a low level and there was a large increase in Chl-a, coinciding with the observed reduction of DIN concentrations. This bloom was dominated by the CyanoHAB M. aeruginosa, which covered a large portion of the lake, and was also observed in downstream rivers. The bloom was one of the most intense ever observed on the lake, had very high levels of the cyanotoxin microcystin associated with it (SFWMD, unpublished data), but was short-lived because of high levels of suspended inorganic solids and greatly reduced irradiance that were created immediately after the third hurricane (Wilma; 2005). A second bloom did not happen after this particular hurricane, indicating that hurricane effects may not be predicted in a simple manner, at least not in lakes with high inorganic sediment loads to the water column.



The hurricanes that affected water quality and plankton dynamics in the open water zones of Lake Okeechobee also had a major impact on SAV (Figure 5). In August 2004, just one month before the first two hurricanes impacted the lake, the annual survey indicated a coverage of more than 40,000 hectares of SAV. This was reduced to 8000 hectares from the direct damaging impacts of the first two storms and then to 3000 hectares from the third storm. Yet, in subsequent years, water levels in the lake were sufficiently low and suspended solids declined to a low enough level that SAV quickly regained its coverage, to nearly 30,000 hectares in the year after the last hurricane and then up as high as 50,000 hectares by 2009. There have not been land-falling hurricanes in Florida since 2005 and SAV has remained at high levels in the lake.




3.2. Lake George


Time series of daily monthly phytoplankton biomass indicated overall seasonal patterns over the years, with some fluctuations (Figure 6). Cyanobacteria dominated the phytoplankton community in the lake most of the year while other phytoplankton (dominated by diatoms, chlorophytes and euglenophytes) increased in biomass during cold months compared to warmer months. Phytoplankton biomass levels during the warm seasons of 1995, 1998, 2002–2005, and 2009 were relatively low compared to other years in the time-series. The latter years were El Niño periods characterized by above-average rainfall and water levels.



Relationships among groups of phytoplankton and hydrological factors were revealed in PCA ordinations (Figure 7). Cyanobacteria biomass was negatively related to water levels and discharge, while other phytoplankton showed a positive relationship to the two hydrological factors.



Trends in phytoplankton biomass and related water chemistry were compared for periods of above-average and below-average water levels (Figure 8). The averaged biomass of cyanobacteria in years with above-average water levels were significantly lower than in years with below-average water levels. Other eukaryotic phytoplankton showed a contrasting trend, with higher averaged monthly biomass in years with higher water levels. In terms of other environmental parameters, average TN concentrations did not differ between periods of high and low water levels, but TP and color (CDOM) were significantly higher during years of high rainfall and elevated water levels.




3.3. Lake Taihu


In Lake Taihu, CyanoHABs occurred in most parts of the northwestern and central lake following the passage of both Typhoons Muifa and Haikui, according to satellite imagery [4]. Turbidity increased when the wind speed increased (up to 54 km·h−1 during Muifa and 68 km·h−1 during Haikui), and water temperature and PC concentration were well-mixed in the water column during the large wind period. One day after the passage of Typhoon Muifa, wind speed decreased to less than 18 km·h−1, and dense CyanoHABs accumulated in Meiliang Bay, while temperature and DO exhibited vertical gradients in the stratified water column. The greatest variation of water temperature between the surface and bottom layer of the water column was 3 °C. The phytoplankton blooms were dominated by buoyant M. aeruginosa colonies, which accumulated at the water surface under the elevated surface temperature and calm conditions. The peak value of PC concentration at the surface of the lake water during the bloom period was over 200,000 cells·mL−1.



Dissolved inorganic nutrients at the sediment–water interface increased with wind speed. During Typhoon Muifa, NH4 concentrations increased over two times and phosphate increased five times, and both had significant correlation with wind speed. During Typhoon Haikui, NH4, NOx and SRP all increased nearly 70% (Figure 9). When the CyanoHABs occurred following Typhoon Muifa, total N and P at the surface water increased strongly and significantly, by 260% and 300% respectively, while NH4 and SRP at the sediment–water interface increased markedly, by 50% and 130%, respectively. Both the large wind events and subsequent bloom events stimulated dissolved nutrient release from sediments, largely due to the disturbance of surface sediments and presence of low oxygen concentrations at the sediment-water interface.



Tropical cyclones also had lasting effects on nutrients and phytoplankton in Lake Taihu, based on the storm passages and monthly in situ water quality data in the lake. Chl-a calculated from 32 sampling sites was comparatively higher in the month following the passage of the storms (Figure 10). Satellite imagery data also indicated that, throughout the lake, the bloom areas were larger at the end of August in 2009, 2011 and 2012, years when typhoons passed over the lake at the beginning of August, in contrast with 2010, in which year no typhoons occurred.





4. Discussion


Global climate change is expected to result in a variety of environmental changes [1] that will directly affect the structure and function of lake ecosystems. The severity and/or duration of droughts may be enhanced, leading to periods of extreme low water levels [1,10,43]. Rainfall may be concentrated as intense episodic events that could transport high loads of nutrients and solids to lakes, as well as resulting in deep water that could directly affect nutrient cycling, light availability and submerged vegetation in shallow lakes [13]. The frequency of occurrence of high intensity tropical cyclones is predicted to increase with a warming atmosphere [43,44] and it is further predicted that there will be an increase in “peak wind intensities” because of ocean warming [1]. As an example, it recently was predicted [45] that incidences of grey swan tropical cyclones, defined as high impact storms that cannot be predicted based on past history, will increase considerably. Such intense and unpredictable storms for Tampa, Florida currently have a probability of occurrence in any given year of 1 in 10,000. By the end the century, the predicted probability drops to 1 in 700.



Shallow lakes have attributes that make them particularly susceptible to these climate-related changes because there is an intimate connection between the water column and sediments, and in the subtropics these shallow lowland lakes often occur in proximity to coastal areas that experience both tropical storms and high variability in rainfall and runoff. External forcing (wind, drought, or high rainfall) can change sediment-water interactions, and this in turn can affect nutrient recycling, CyanoHABs, submerged vegetation and fisheries [46]. Some nutrient-enriched shallow lakes also have alternative states [47]: a clear state with macrophytes and turbid state with phytoplankton. A major disruption of submerged vegetation due to a hurricane, a drought, or a period of increased water depth could transform a lake to a turbid phytoplankton-dominated state and it may be very difficult for it to return to a clear-water plant-dominated state [48].



The present study provides examples indicating that major changes can occur in water chemistry, light availability, phytoplankton, zooplankton and SAV as a result of both extreme weather events and cyclical changes in water level. In all three lakes, large-scale changes in weather or climate resulted in changes in water chemistry and plankton that were extreme compared to typical seasonal or year-to-year variability that is caused by other environmental factors. The hurricanes that passed over or near Lake Okeechobee had wind velocities at mid-lake of 87, 108 and 120 km·h−1, respectively [12]. The generated large wind seiches and waves collectively uplifted 6–12 cm of mud sediment into the water column [49], which corresponded to 2.1, 0.7 and 1.4 million metric tons of solids in the water [50]. Light limitation resulted in a sharp decline in the biomass of phytoplankton and led to a period of excess DIN and SRP availability in the water column. This led to one of the most intense CyanoHABs ever observed on the lake when solids settled in 2005, and before they were again increased after the third hurricane. At the same time that phytoplankton were reduced as a result of light limitation, crustacean zooplankton increased, perhaps because of reduced predation pressure by sight-feeding fish in the turbid water [12]. After passage of a strong typhoon over Lake Taihu, suspended sediment and nutrient concentrations were greatly increased [4]. Nutrient release from sediments, increased water temperature and thermal stratification immediately after the event resulted in an intense CyanoHAB bloom (M. aeruginosa). It was postulated that, in this shallow lake, algal colonies from the sediments were a direct contributor to the blooms, and that after tropical cyclones, which have occurred 11 times since 2005, blooms occur and then crash, leaving behind an inoculum of cyanobacteria and nutrients at the sediment surface that seeds subsequent cyclone-driven CyanoHABs [4].



If global climate change results in a greater frequency of droughts and more intense hurricanes (that generate more energy and resuspend more sediments), it is reasonable to expect an exacerbation of these stochastic events that will need to be incorporated into long-term lake management plans. This will be particularly important in tropical and subtropical locales on eastern margins of continents in the Northern hemisphere, where lakes are subjected to hurricanes, and in regions of the world where oceanic cycles such as ENSO and their teleconnections to distant wet and dry periods are disrupted.



A critical factor that lake managers will need to quantify for particular lake types is resilience. In the present study, all lakes displayed a high degree of resilience, in that they returned to pre-hurricane or pre-drought conditions within months of the storm events, however, with just a limited number of storms and only three lakes, it is not possible here to quantify the relationship between storm intensity and recovery time. That will require a substantially larger global sampling network with coordinated data collection methods.



In Okeechobee, the resilience reflected a rather quick settling of suspended material back to the sediment surface, and/or redistribution back towards mid-lake from the near-shore zone, and perhaps the fact that the SAV was not entirely eliminated and, hence, was able to come back quickly and help to prevent algal blooms in the near-shore area. CyanoHABs are also short-lived in Lake Taihu following tropical cyclones, and it is postulated that this occurs because of rapid uptake and depletion of available nutrients from the water column [4].



There are other examples where similar environmental drivers have brought about long-term changes. Lake Annie, a relatively deep lake in Florida, had historically been a clear-water lake, since data were collected starting in 1983, although in more recent years it had been displaying a decline in transparency [51]. Between 1993 and 2005, there were multiple years of high rainfall and a large input of dissolved organic C into the lake. The lake switched and became a dark water lake and has only slowly recovered its transparency. Lake Apopka, Florida was by a variety of indicators a clear-water lake with vast coverage of SAV until 1946, when a hurricane tore up the SAV and pushed the lake into a phytoplankton-dominated condition that persists today [48]. What sets Lake Apopka apart from Okeechobee are two factors: (1) Okeechobee sediments contain a large percentage of inorganic solids that result in extreme light-limitation when they are suspended into the water column, preventing CyanoHABs from occurring or persisting; and (2) available information suggests that, in Apopka, all of the SAV was torn up and pulverized into particulate organic C and nutrients that fueled algal growth lake-wide. In Okeechobee, the SAV was not totally lost, and its spatial extent is only up to 25% of the lake surface.



Lake George is another large shallow eutrophic lake in Florida that is subject to intense CyanoHABs, particularly during the warmer months of the year (i.e., May–October) [27]. However, in contrast with Lake Okeechobee, the most intense blooms have occurred during years of below average rainfall and lower water levels [52]. In part, this pattern is attributable to the flow-through character of the lake, which has a major river inflow at the southern end (i.e., upper St. Johns River) and discharge into the lower St. Johns River at the northern end of the lake. The flow-through regime results in overall shorter water turnover rates in Lake George than Lake Okeechobee, and larger differences in water turnover rates between high rainfall/high discharge periods versus low rainfall/low discharge periods [27]. Low discharge and water turnover rates in Lake George during lower than average rainfall periods increase the potential for the buildup of phytoplankton biomass in several ways [52]. The most direct effect relates to the need for sufficient time for relatively slow-growing filamentous (e.g., Anabaena flos-aquae, Planktothrix spp.) and colonial cyanobacteria (e.g., M. aeruginosa) to reach bloom levels of biomass. This relationship is supported by the observation that periods of above average rainfall or strong tropical storm activity (i.e., 1995, 1998, 2002–2005, 2009) exhibited relatively low bloom intensities during the warm seasons, compared to years when rainfall levels were lower.



A secondary issue related to the effects of water turnover rates is the propensity of Lake George to exhibit N limitation of phytoplankton growth [53,54]. The recurring presence of N-limited conditions in the lake is reflected in the strong presence of N2-fixing cyanobacteria in the lake [27,55]. Recent estimates of the N budget and N2 fixation rates for Lake George suggest that N2 fixation contributes over 50% of external loads of N to the lake [54]. It is therefore likely that N2 fixation plays a major role in supporting phytoplankton blooms, both directly (i.e., biomass of N2-fixing cyanobacteria) and indirectly through re-cycling of fixed N. Periods of below average rainfall and low water turnover rates likely enhance the latter processes by providing additional time for non-fixing cyanobacteria to take advantage of re-cycled N.



In evaluating the degree to which climate change may affect the long-term management or restoration plans for a shallow lake, resource managers might address a number of questions, which loosely follow a hierarchy [46] to determine the management strategies that shallow lakes might best respond. Here, we have raised similar questions in terms of more extreme weather events and more variable climate cycles, within the context of the observations of the three ecosystems included in this study. Because of the small sample size, both in terms of number of lakes and number of storm events, the points made here are necessarily general.

	
Is the lake located in a region that experiences tropical cyclones? If yes, this increases the risk of highly disruptive impacts from cyclones that likely will be exacerbated in a future with cyclones of greater intensity due to global warming. The data presented here indicate that all of the lakes are resilient to the effects of tropical cyclones and recover on time scales of months. But what if in the future those storms are more intense or they follow one-another in close sequence? That could lead to a situation where there is insufficient time for the system to recover before being hit by another storm (Figure 11).



	
Is the lake located in a region where oceanic cycles and their teleconnections result in year-to-year or decadal variation in rainfall, which applies to both Lakes Okeechobee and George? If yes, and those ocean cycles are changed as a result of climate change [23], it could markedly alter the dynamics of the lake ecosystems and their long-term response to management actions.



	
Does the lake have a high dynamic ratio, which indicates a large surface area relative to mean depth, which characterize all three lakes in this study? If yes, then for a given amount of wind action on the water surface, a greater amount of energy will shear the sediments, making these lakes more prone to disruption by wind events.



	
Do the sediments contain a high proportion of inorganic solids? If yes, these lakes may recover more quickly because those inorganic solids will block light, limiting phytoplankton development while also not supporting bacterial growth. This appears to be what happened in Lake Okeechobee, especially after the impact of a third hurricane.



	
Are concentrations of TP and TN high in the sediments? If yes, then there is a source of nutrients that can be carried into the water column to stimulate algal and bacterial production. This occurred in Lake Taihu, where dissolved nutrients were released from the sediments into the overlying water during the strong wind period, followed by a bloom period. It also occurred in Lake Okeechobee, and it likely is what stimulated the long-term dominance of cyanobacteria blooms in Lake Apopka, Florida [48].



	
Are cyanobacteria, including bloom-forming species, dominant, as observed in all three lakes in this study? If yes, then it is more likely, considering the factors listed above, that extreme events or changes in water depth and global temperature might stimulate CyanoHABs. Here, we have considered the effects of global climate change on the management of shallow lakes only from the perspective of wind and flushing events. There also is evidence that, in a warmer future, cyanobacteria will be favored over other algae in lakes based on optimal growth rates at elevated temperatures and stronger vertical stratification [56] and that lakes with high TP and TN concentrations that undergo warming could experience a non-linear and unpredictable rise in bloom frequency [6]. When combined with the above-mentioned factors, it may render some lakes beyond the reach of any currently available rehabilitation methods, and it supports the view that nutrient reduction is critical now, rather than later when these various effects of global climate change amplify nutrient effects [57,58].
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Figure 1. Map of the world showing locations of the three study lakes and inset maps of the lakes and the sampling sites from which data were collected for this study. 
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Figure 2. Conditions in Lake Okeechobee before and after the hurricanes of 2004–2005. Data are presented as means with standard error bars. In every case, the differences are statistically significant at p < 0.05. 
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Figure 3. Time series of DIN and SRP concentrations in the near-shore (a) and pelagic zones (b) of Lake Okeechobee, in the context of impacts of two hurricanes in 2004 and one hurricane in 2005. The two hurricanes in 2004 were so close together in time that they are represented by a single triangle indicating the timing. 
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Figure 4. Time series of Chl-a and TSS concentrations in the near-shore and pelagic zones of Lake Okeechobee, in the context of impacts of two hurricanes in 2004 and one hurricane in 2005. The two hurricanes in 2004 were so close together in time that they are represented by a single triangle indicating the timing. 
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Figure 5. Time series of yearly estimates of the spatial extent of SAV in Lake Okeechobee in the context of three hurricanes that impacted the lake in 2004 and 2005. 
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Figure 6. Time series of cyanobacteria (black) and all other (grey) phytoplankton carbon biomass in Lake George. 
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Figure 7. PCA Biplot showing negative relationships between cyanobacteria and water levels and discharge rates while other phytoplankton showed positive relationships to the two hydrological factors. 
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Figure 8. Comparisons of mean values of key parameters between years of above- (i.e., high) and below-average (i.e., low) water level in Lake George from 1996 to 2010. All comparisons are significantly different (p < 0.05) except TN. Bars represent one standard deviation. 
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Figure 9. Wind speed (a,d) and nutrient concentrations (b,c,e,f) at the sediment-water interface at the sampling site in Meilaing Bay, Lake Taihu during Typhoons Muifa (a,b,c) and Haikui (d,e,f). 
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Figure 10. Monthly Chl-a mass in Taihu from 2005 to 2012, based on data from 32 sampling sites. Black columns represent Chl-a mass in the next month after tropical cyclones passed. 
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Figure 11. Conceptual diagram illustrating recovery of shallow lakes from hurricanes relative to the frequency of recurrence of events. 
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