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Abstract

:

Cyanobacteria blooms have been reported to be increasing worldwide. In addition to potentially causing major economic and ecological damage, these blooms can threaten human health. Furthermore, these blooms can be exacerbated by a warming climate. One approach to monitoring and modeling cyanobacterial biomass is to use processed satellite imagery to obtain long-term data sets. In this paper, an existing algorithm for estimating cyanobacterial biomass previously developed for MERIS is validated for Green Bay using cyanobacteria biovolume estimates obtained from field samples. Once the algorithm was validated, the existing MERIS imagery was used to determine the bloom phenology of the cyanobacterial biomass in Green Bay. Modeled datasets of heat flux (as a proxy for stratification), wind speed, water temperature, and gelbstoff absorption along with in situ river discharge data were used to separate bloom seasons in Green Bay from bloom seasons in nearby cyanobacteria bloom hotspots including western Lake Erie and Saginaw Bay. Of the ten-year MERIS dataset used here, the highest five years were considered “high bloom” years, and the lowest five years from biomass were considered “low bloom” years and these definitions were used to separate Green Bay. Green Bay had a strong relationship with gelbstoff absorption making it unique among the water bodies, while western Lake Erie responded strongly with river discharge as previously reported. Saginaw Bay, which has low interannual bloom variability, did not exhibit a largely influential single parameter.
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1. Introduction


Green Bay, described as the world’s largest freshwater estuary [1], is a 190 km-long, 15–30 km-wide sub catchment of Lake Michigan (Figure 1). The Bay constitutes 7% of the surface area and 1.4% of the total volume of Lake Michigan [2]. The Green Bay watershed accommodates approximately one third of the total drainage of Lake Michigan [3]. As a direct consequence, it has been estimated that approximately one third of the total nutrient input in Lake Michigan originates from Green Bay [4]. Green Bay has a long history of diminished water quality, low oxygen levels, invasive mussels, and increased nutrient loading that make this waterbody susceptible to dense cyanobacteria blooms [3,5,6,7,8].



Cyanobacteria present a significant public health threat in freshwater systems through the production of various types of toxins [9], including hepatotoxins, namely microcystins [10,11], via recreational exposure and contamination of public water supplies that require substantial treatment to reduce the threat of toxin contamination (such as what happened in Toledo, Ohio in the summer of 2014 [12]. Cyanobacteria hepatotoxins also present a risk to wild and domestic animals [13]. Finally, pervasive cyanobacteria blooms cause the public to perceive the water as “polluted” and can lower property values in affected areas [14,15]. Collectively cyanobacteria blooms have led to impaired water uses for recreation and fishing as well as diminished quality in public drinking water supplies that have direct impacts on local economies [16].



The primary cause for the degraded condition of Green Bay is directly attributable to nutrient pollution via the northward flowing Fox River [17]. The Fox River is the largest tributary into Green Bay and into all of Lake Michigan, draining a land area of 16,000 km2 [18]. The lower Fox River extends from the hypereutrophic Lake Winnebago in the south to the southwestern portion of Green Bay in the north. The Fox River contributes to an annual discharge of 60% of the phosphorus (P) load into Green Bay, and 30% of the total P load into Lake Michigan [19]. The two other major eutrophic catchments in the Great Lakes, Saginaw Bay and western Lake Erie, also receive substantial nutrient loads from a single river source, the Saginaw River and the Maumee River, respectively [20,21]. Historically, the Fox River has also experienced extensive industrial use having a strong papermill industry dating back to as early as the 1920s [18].



The eutrophic water of the Fox River entering the oligotrophic water of Lake Michigan establishes a marked nutrient gradient in Green Bay. Consequently, available nutrient levels are much higher in the southern portion of the bay where the Fox River enters the system. As a direct outcome of the nutrient loading regime in Lake Michigan, the majority of cyanobacteria blooms occur in the southernmost portion of the bay where the Fox River meets Green Bay. In this region, satellite-derived imagery has revealed chlorophyll concentrations in excess of 126 mg m−3 at the Fox River mouth [22]. This is due not only to the input of nutrients via the Fox River, but also the possible export of cyanobacteria populations from the hypereutrophic Lake Winnebago [22].



This study is part of a larger effort to use high-resolution satellite imagery to better understand the environmental factors responsible for cyanobacteria blooms in the Great Lakes and any commonalities in bloom dynamics among the eutrophic catchments in the region [20,23]. High temporal resolution color satellite imagery has previously proven effective in monitoring cyanobacteria blooms in other systems [5,24,25]. The project specifically utilized remotely sensed imagery from the MEdium Resolution Imaging Spectrometer (MERIS). To ensure the Cyanobacteria Index (CI) algorithm developed by Wynne et al. [25,26] accurately quantified cyanobacterial biomass, it was validated using cyanobacteria cell volume estimates from Green Bay field samples taken during cyanobacteria blooms from 2004, 2005, 2006, 2007, 2010 and 2011 at five locations. Once the algorithm was validated, it allowed for the production of a high-resolution cyanobacterial biomass time-series. The time-series data sets were paired with corresponding environmental data to investigate the relationship between the cyanobacteria bloom phenology and environmental factors such as volumetric river discharge, temperature, heat flux, wind speed, and gelbstoff absorption. Given the similarities Saginaw Bay and western Lake Erie have with Green Bay, the same factors that accounted for the phenology of cyanobacteria blooms in Green Bay were also examined in these adjacent systems. Average annual start dates for blooms in Green Bay were determined along with maximum bloom estimates, and annual bloom variabilities for Green Bay, Saginaw Bay, and western Lake Erie.




2. Materials and Methods


2.1. Study Site


The Laurentian Great Lakes, located in central North America, are a series of interconnected lakes that connect to the Atlantic Ocean through the Saint Lawrence River. Together the five Great Lakes contain 21% of the Earth’s freshwater by volume. There are three sub-basins of the Great Lakes that routinely have cyanobacteria blooms: western Lake Erie, Saginaw Bay, and Green Bay [5]. The three sub-basins each have one river that delivers the preponderance of nutrients: the Maumee River into western Lake Erie, the Saginaw River into Saginaw Bay, and the Fox River into Green Bay. This paper primarily looked at the cyanobacteria bloom phenology of Green Bay, which is a sub-basin of Lake Michigan (Figure 1). Saginaw Bay and western Lake Erie were considered for comparative purposes. Wynne and Stumpf [20,23] and Wynne et al. [19] previously examined the bloom phenologies in western Lake Erie and Saginaw Bay, respectively.




2.2. Satellite Imagery


Satellite imagery has long been shown useful for monitoring and describing the abundance of cyanobacteria blooms and is a key component of the data presented in this manuscript. The algorithm used in this study to estimate the cyanobacterial biomass is a derivation of the Cyanobacterial Index (CI), initially developed by Wynne et al. [24,25], for use with MERIS imagery. The CI is calculated following Equation (1).


CI = [ρs(681) − ρs(665) − (ρs(709) − ρs(665))((681 − 665)/(709 − 665)] (−1)



(1)




where CI, when positive, is the dimensionless Cyanobacterial Index, ρs is the Rayleigh corrected bi-directional reflectance, and the parenthetical is the MERIS wavelength expressed in nanometers. The CI is a metric of the chlorophyll-a (chla) absorption around 681 nm. Cyanobacteria have the majority of their chla in non-fluorescing photosystem I, whereas most phytoplankton have the majority of their chla in fluorescing photosystem II [27]. The algorithm is constructed so that if chla is estimated to be present but fluorescence is low (or absent), it indicates a predominance of cyanobacteria. In this case, the algorithm returns a positive CI value. When chla fluorescence is present, Equation (1) is negative, and the value is assumed to represent a bloom not dominated by cyanobacteria. There are, however, some cases where fluorescence is low and chla estimates are high even though no cyanobacteria are present. This typical occurs when very small sized eukaryotic phytoplankton, such as chlorophytes, comprise a significant component of the phytoplankton assemblage and/or when mixed blooms (e.g., diatoms, green algae, cyanobacteria, and others) are present and is associated with increased light scattering that can lead to false positives in the CI algorithm [25]. This may be a major challenge for Green Bay as it commonly experiences mixed blooms [6]. In contrast, western Lake Erie blooms are consistently dominated by cyanobacteria, primarily of the species Microcystis [6,28] indicating there may be differences in model outputs for these two systems.



This issue of false positive cyanobacterial estimates was addressed by including an additional spectral condition. Lunetta et al. [29] separated the CI into two component parts; The CI due to the cyanobacteria population (CIcyano) and the CI due to the biomass that is not comprised of cyanobacteria (CInoncyano) using spectral evidence of phycocyanin. This separation was based on the second derivative around the 665 nm band according to Equation (2).


   S  2 d     665   =  ρ s    665   −  ρ s    620   −    ρ s    681   −  ρ s    620         665 − 620       681 − 620      



(2)







If the quantity of S2d(665) is positive, phycocyanin, an indicator for cyanobacteria was present. The rationale behind using S2d(665) is based on the 620 nm band being near the absorption peak of phycocyanin, which is a key photosynthetic pigment unique to cyanobacteria [30]. Without phycocyanin, the S2d(665) is negative, indicating a population of low fluorescing non-cyanobacteria plankton. The presence of phycocyanin will depress ρs(620), causing S2d(665) to be positive, which would indicate cyanobacteria. Consequently, if the S2d(665) is negative, phycocyanin is assumed to be absent and the CI value is set to be zero. Mathews and Odermatt [31] used an equivalent algorithm for determining cyanobacteria biomass. It should be noted that the separation using S2d(665) is not possible using ocean color sensors that lack the band at 620 nm (such as the Moderate Resolution Imaging Spectroradiometer [MODIS]). This limits the analysis of mixed populations to the MERIS satellite data, and its replacement, the Ocean Land Color Imager (OLCI).



MERIS satellite data was processed in methods detailed in Wynne et al. [32]. Clouds were masked and 10-day composites were made for each year during the bloom period using the maximum value of the CIcyano at each pixel. The CIcyano algorithm was then used to create 15 separate 10-day composites from the bloom season [21,23], which is defined here as the time period between June 1 and October 31. Each month contains three 10-day composites, with the final composite of a 31-day month being an 11-day composite (Table 1). When a metric of annual bloom intensity was needed the maximum integrated value of that year’s 10-day composite was used to represent the annual CIcyano. The integrated CIcyano was calculated by summing up all of the pixel values with a CIcyano > 0 [33]. There are several advantages to utilizing maximum value 10-day composites. The first advantage is that the composite reduces cloud interference, and therefore, reduces the data to a systematic set of generally cloud-free images [21]. The second key advantage is that the composites facilitate estimation of areal biomass. When winds are strong (>7.7 m s−1, or stress of 0.1 Pa), the bloom is mixed through the water column, diluting the surface concentration [25,34]. Under calm winds, however, Microcystis floats upward forming dense accumulations visible on the surface of the lake [35]. It should be noted that other genera of cyanobacteria can regulate their cell density, which effects their vertical distribution in the water column, as noted by Brookes et al. [36] for Anabaena circinalis. The surface concentration of the CIcyano estimated from satellite during calm conditions therefore represents the cyanobacteria that is present in the water column [26], whereas the concentration detected during high winds underestimates the water column biomass. Typically, during any 10-day period in the summer, there is a period of calm and clear weather [37], which allows an estimate of total cyanobacteria biomass. The cells return to the surface within 24–48 h following a wind event. The bands used for the algorithm quantify concentration within one meter of the surface in the clearest water [38], and less as turbidity increases (usually because of the bloom), therefore any material less than the optical depth will not be visible by satellite. Finally, using a 10-day composite makes biological sense, as the doubling time for Microcystis (the dominant genus of cyanobacteria in the Great Lakes) can be as low as 10 days in the Great Lakes region [39]. Wilson et al. [40] reported growth rates of 0.13 to 0.46 day−1.



Because chlorophyll-a absorbs more strongly than phycocyanin, Equation (1) algorithm has a larger dynamic range compared to Equation (2) and is a more sensitive metric for detecting cyanobacteria, particularly when cyanobacteria dominate the assemblage with little contribution by other phytoplankton groups [32].




2.3. Environmental Data


2.3.1. Biovolume Enumeration


The performance of the CIcyano algorithm (Equation (2)) for estimating cyanobacterial blooms in Green Bay was validated using field samples collected during the summers of 2004, 2005, 2006, 2007, 2010, and 2011 at five locations. These locations have been determined during previous studies to adequately sample the trophic gradient from the mouth of the Fox River to just south of Sturgeon Bay, where the waters from Green Bay mix with those of Lake Michigan proper (Figure 1; [41]). Surface phytoplankton samples were collected approximately biweekly each year from June through August. Duplicate integrated samples were collected from the top 4 m of the water column using a submersible pump (or to just above the bottom at sites shallower than 4 m). Samples were transported in opaque bottles kept on ice in the dark until returned to the laboratory later the same day, and then preserved in 1% Lugol’s solution. In the laboratory replicate subsamples (15–50 mL, depending on sample concentration) for phytoplankton identification and enumeration were examined using settling chambers viewed on an inverted microscope or on permanent slides made by filtering subsamples onto membrane filters (0.45 µm pore size) under low vacuum. Filters were cleared with immersion oil, sealed with Permount and enumerated at 100–500 × magnification. Cell linear dimensions were determined with an ocular micrometer and used to estimate cell biovolume based on published relationships between linear dimensions and volume [42]. Biovolume data were obtained for three classes of algae: diatoms, green algae, and cyanobacteria, as well as an “other” category. These data where then used to validate the CIcyano algorithm for Green Bay.




2.3.2. Quantifying Cyanobacterial from Other Planktonic Groups and Algorithmic Validation


The field collected samples were matched with the closest clear overflight image. The difference in the time the field sample and satellite sample were collected was plus or minus one day. It should be noted that the locations of surface blooms are highly dynamic depending on wind and current speed even at the scale of minutes to hours. For example, Kutser [43] took two samples on either side of a research vessel and the cyanobacteria enumeration varied by an order of magnitude. This patchiness can become even more pronounced in imagery as there is approximately 12 orders of magnitude in a satellite pixel (1100 m by 1100 m by 0.5 m) relative to a 5 mL water sample used for field enumeration. Another issue is that the satellite may be mis-navigated. The actual geolocation of a pixel may be off and the water sample may not be from the exact spot sampled by the satellite. Finally, the error of the field sampling techniques must be kept in mind. For these data the error in the biovolume was given to be approximately 30% [44]. All these factors can introduce variation in the perceived relationship between algorithm results and the field-collected biovolume data.



Next, a 3 × 3 satellite pixel box around the biovolume sample point was extracted. The median of this 3 × 3 pixel wide box (3300 m × 3300 m) was then calculated as long as there was at least one suitable pixel available. Any pixels that were suspected of land contamination, sun glint, or cloud/cloud shadow were removed from further analysis. Overall, there were 69 different samples that met these criteria. The percentage of each of the four functional groups (Cyanobacteria, Greens, Diatoms, and others) were calculated.





2.4. Climatology


The Green Bay CIcyano climatology was created from the 10-day composites listed in Table 1. All data was extracted from Green Bay, and all pixels that had a positive CImax value were summed, to yield an integrated CIcyano value. The CImax was calculated as the maximum integrated 10-day composite from each year. The CImax for each region (Green Bay, Saginaw Bay, and western Lake Erie) were calculated in the same fashion over the 10 years of the MERIS timeseries. The mean, median, mode and standard deviation of the bloom initiation date were also calculated for Green Bay, as well as for Saginaw Bay and western Lake Erie. The bloom initiation date was defined as when the integrated CIcyano from a 10-day composite was above a value of one. In the event that the CIcyano did not achieve a value of one in any given year the CImax was used in its place. The interannual variability was estimated for Green Bay, western Lake Erie and Saginaw Bay by dividing the highest CImax by the lowest CImax for each basin.




2.5. Model Building in Green Bay


Building empirical models using available and routinely monitored environmental data that can predict cyanobacterial blooms in the Laurentian Great Lakes can have a number of positive benefits. These include the reduction in the detrimental economic and environmental impacts of the blooms and a better understanding of bloom dynamics which will help guide future mitigation efforts to reduce bloom intensities. Toward this end the previously described satellite derived cyanobacterial bloom (CIcyano) time series was used in conjunction with river discharge data from the United States Geological Survey (USGS) and corresponding modeled environmental datasets from NASA’s Giovanni database (Giovanni is an acronym for the GES-DISC [Goddard Earth Sciences Data and Information Services Center] Interactive Online Visualization ANd aNalysis Infrastructure) to identify the most informative environmental factors upon which bloom models could be based [45].




2.6. River Discharge


The first environmental factor extracted for analysis was river discharge (river_Q), which has been shown to be a good estimate of P-loading, one of the primary nutrients limiting phytoplankton growth in these systems [46,47]. Because Green Bay has the majority of P-loading from the Fox River it is reasonable to hypothesize a strong correlation between the discharge of the Fox River and cyanobacterial biomass in Green Bay. The river discharge for the Fox River was obtained from the USGS station 04,084,445 at Appleton, Wisconsin. The monthly option for the discharge statistics was selected and mean monthly flow rates were calculated. The four monthly combinations that were investigated were (1) water year (1 October–30 September); (2) March–June; (3) March–May; and (4) March–July. These combinations of months were used to test for correlation between annual CIcyano concentrations and mean monthly flow rates.




2.7. Other Environmental Data from NASA Giovanni


Various additional modeled environmental factors were considered. These parameters were from the NASA Giovanni database. Many parameters were considered but the four that were selected for further analysis were Gelbstoff and detrital absorption (adg), meridional wind speed (vgrd), latent heat flux (lhtflsfc), and night-time sea surface temperature (nsst). Each parameter was downloaded as an area averaged monthly product for Green Bay (−87.9375, 44.5625, −87.6042, 44.9375), western Lake Erie (−83.55, 41.45, −82.55, 42.05), and Saginaw Bay (−84.0625, 43.5625, −83.2292, 44.3125). The gelbstoff +and detrital absorption product was downloaded as 8-day composites from Giovanni, as the monthly mean product was unavailable, and the monthly mean was estimated from the available 8-day composites instead. The Giovanni data corresponding to the bloom year (defined here as June–October) were considered. The raw data downloaded from Giovanni for each region can be found in the Supplementary Materials. The NASA Giovanni variables are described in Section 2.7. The monthly Giovanni data were correlated with the monthly CIcyano data product. The annual data were used in a Principal Components Analysis (PCA) in an effort to determine the factors that may lead to bloom formation.



2.7.1. Water Temperature


Water temperature (nsst) was selected as it is a well-documented driver of cyanobacteria blooms [48,49]. Wynne et al. [25] showed that blooms of Microcystis in western Lake Erie ended once water temperature dipped below 15 °C, and it would be logical that the Microcystis blooms in Green Bay would follow similar trends.




2.7.2. Wind Speed


Wind speed can be used as a proxy for vertical mixing and turbulence. Vertical mixing and turbulence have been shown to have negative impacts on cyanobacteria bloom abundance and that blooms are more prevalent under low turbulence [48,49,50]. The meridional wind speed (vgrd) was used as a proxy for wind mixing/turbulence. The meridional wind (v-direction) more closely follows the axis of Green Bay relative to the zonal wind speed (u-direction; Figure 1). However, increased turbulence and wind stress is not necessarily detrimental to the formation of cyanobacteria blooms. In fact, it has been suggested that an increase in turbulence may actually promote cyanobacteria blooms [51], as under turbulent conditions cyanobacteria may form larger colonies which can counteract some of the turbulence effects on buoyancy. Furthermore, it has been suggested that under high turbulence cyanobacteria can produce an increase in toxin production which can negatively affect other algae thereby giving cyanobacteria a competitive advantage [52].




2.7.3. Gelbstoff and Detrital Absorption


Gelbstoff is also called Colored Dissolved Organic Material (CDOM; [53]). The absorption of gelbstoff and non-algal particles (detrital absorption) is commonly measured in the blue wavelengths and can be used to partially describe the apparent optical properties of a body of water [54,55]. Kirk [53] found that gelbstoff absorption was the dominating optical influence in inland waters, with gelbstoff absorbing 60–80% of photosynthetically active radiation. Here, we employed the gelbstoff and detrital absorption at 443 nm (adg) as a measure of light attenuation. Calculated phytoplankton absorbance was 2–3 times smaller than gelbstoff absorption during the whole time series in Green Bay, therefore gelbstoff absorption was found to be a more suitable parameter to evaluate. Gelbstoff absorbs blue light strongly and it is hypothesized that an increase in Gelbstoff absorption will lead to a competitive advantage of cyanobacteria relative to diatoms, their primary competitor. This is because cyanobacteria have phycocyanin, which absorbs light in the red-orange wavelengths, while diatoms generally absorb light strongly between 400–500 nm (blue light) with carotenoids and chla [56]. Cyanobacteria can also regulate their buoyancy and can migrate up or down the water column under calm conditions to find optimal light conditions whereas diatoms are negatively buoyant and sink.




2.7.4. Latent Heat Flux


The latent heat flux (lftflsfc) is determined by the latent heat of vaporization, the stability turbulent exchange coefficient at 2 m above the surface, the saturation humidity, and the specific humidity of the air 2 m above the surface [57]. Latent heat flux has been shown to affect the phytoplankton community structure, by affecting the stratification of water [58,59,60,61], as cyanobacteria are affected by water stratification [62].





2.8. Statistical Comparisons between Basins


2.8.1. Differences in Green Bay Relative to Western Lake Erie and Saginaw Bay


In an effort to examine and quantify potential differences in these three catchments, a Principal Components Analysis (PCA) was performed using the ggbiplot package in R. The ggbiplot is a bi plot as it delivers information on loadings (which are shown as vectors or arrows) as well as scores (which are the points or years as is the case of the PCAs shown here). The origin represents the average across each variable and for each object across all variables. The length of the arrows in the plot are directly proportional to the variability of the two shown principal components. The angle between the vectors represents the correlation of those two vectors (e.g., if the angle is zero or 180 degrees the vectors are colinear, whereas if they are 90 degrees they are orthogonal and show lack of correlation) [63]. The ellipses that are shown in the PCA are the 68% confidence intervals of a point (i.e., any given year) falling into a certain class [64].



The input variables in the PCA are those listed in Section 2.7 along with the river discharge from the USGS gage stations at the Maumee (USGS station 04193500), Saginaw (USGS station 04157005), and Fox (USGS station 04084445) Rivers. The Maumee River is the main source of P to the western basin of Lake Erie [47], while the Saginaw River is the main source of P to Saginaw Bay [65]. Various means from the river discharge out of the Fox River were calculated, including: the mean from March–June, the mean from March–July, and the mean for the water year.




2.8.2. High Bloom Years vs. Low Bloom Years


Further PCAs were run to determine if high bloom years could be separated from low bloom years. The input data into the PCA was the river discharge and all the Giovanni parameters in Section 2.7. Two separate bloom scenarios were considered. In the first scenario two classes: high bloom and low bloom, were considered where the 5 years with the highest annual CIcyano values were considered as high bloom years, and the 5 years with the lowest CIcyano values were considered low bloom years. In the second scenario, a final PCA was considered to separate the extremely small CIcyano years of 2009 and 2010 from the remaining years in Green Bay. These were parsed out from the other years in attempt to determine what characteristics led to essentially no blooms in those two years. These analyses were run for Green Bay and then for comparison purposes they were run for western Lake Erie. Saginaw Bay was not considered as there was very little interannual variability in bloom sizes [5,20].






3. Results


3.1. Estimating Cyanobacteria Using CIcyano


If a system is consistently dominated by cyanobacteria during the bloom season, using the CI rather than the CIcyano allows detection of a broader range of cyanobacterial biomass [20]. In Saginaw Bay, and particularly in western Lake Erie, false positives from eukaryotic phytoplankton were not an issue, and CI has been the preferred metric [20]. Figure 2 shows the relationship between the CI and the CIcyano (estimated using Equation (2)) for western Lake Erie, Saginaw Bay, and Green Bay derived from the 10-year MERIS timeseries of 10-day composites. Figure 2A shows that the relationship between CI and CIcyano from western Lake Erie had both the tightest fit (i.e., the highest R2) and a slope that was the closest to unity (i.e., 1), consistent with the assemblages being mostly dominated primarily by cyanobacteria. Figure 2B shows that the relationship from Saginaw Bay is weaker, indicating that the observed blooms more often represent a mixed assemblage with significant contributions by other non-cyanobacterial planktonic groups. Figure 2C shows the relationship in Green Bay which exhibited the weakest correlation, which necessitates the use of the CIcyano algorithm.




3.2. Algal Diversity in Green Bay


Summer blooms in Green Bay are not necessarily dominated by cyanobacteria like they are in western Lake Erie and Saginaw Bay [5]. There were 69 biovolume samples that had a corresponding remotely sensed image. Percent community composition by phytoplankton class was determined for each sample with corresponding imagery (Figure 3). Figure 3 shows that generally there is a competition between cyanobacteria and diatoms, with greens and other algae contributing a smaller percentage of the overall algal assemblage. Of the 69 samples with imagery, 36 had a positive CIcyano relationship. Least squares regression was done with the samples that had a positive CIcyano against the cyanobacteria biovolume (Figure 4), giving a resultant R2 = 0.46.



The CI versus CIcyano regressions suggest that there were mixed blooms of phytoplankton in Green Bay, whereas in Saginaw Bay and western Lake Erie where cyanobacteria blooms were generally more dominated by cyanobacteria (Figure 2, [5,20]). The biovolume data per phytoplankton class (Figure 3) further reinforces this observation. This suggests that there is something fundamentally different in the physical and/or biogeochemical environment in Green Bay relative to western Lake Erie and Saginaw Bay.




3.3. Algorithmic Validation


The CIcyano algorithm was validated from the satellite imagery described in Section 2.2 and the environmental data described in Section 2.3. Green Bay appears to have a predominately mixed planktonic community assemblage (Figure 3), which argues for the use of the CIcyano algorithm over the CI algorithm. To estimate the efficacy of the CIcyano algorithm the linear regression was performed between the biovolume (Section 2.3.1) and the CIcyano algorithm (Section 2.2).




3.4. Climatological Analysis


Green Bay blooms typically show an increase in area and extent through June and July (Figure 5 and Figure 6). Climatological means from 10-day composites with CIcyano were averaged across 10 years of input data from 2002–2011 in image format (Figure 5) and were extracted to create a time series (Figure 6). Generally, blooms peak in late July to early August in Green Bay. The blooms in Green Bay reach their maximum value, on average, during composite number 6.7 (~July 28) (Table 2). In 2009 and 2010, very little signal from the CIcyano algorithm was detected.



One further analysis focusing on the interannual variability between Green Bay, Saginaw Bay, and western Lake Erie was done to look at variability within each system. The results from this analysis are shown in Table 3:



Western Lake Erie exhibited the largest range of interannual variability of the three basins considered here (Table 3). Saginaw Bay experienced the lowest interannual variability using the methods described in Section 2.4. Figure 7 shows the timeseries of the annual CIcyano values from the three basins. The blooms in Green Bay tended to reach their peak on average 23 days before those in Saginaw Bay and 36 days before those in western Lake Erie using the methods described in Section 2.4.




3.5. Model Building


In an effort to build a predictive model, the first thing was to correlate the CImax with river discharge. The best river discharge model was March–June, which corresponded to results by Stumpf et al. [20]. However, the correlation between the CImax in Green Bay and the Fox River discharge (R2 = 0.14) was approximately five times lower than in western Lake Erie (Maumee River; R2 = 0.75 [20]) and was roughly equivalent to the relationship in Saginaw Bay (Saginaw River; R2 = 0.2 [19]).



With the river discharge model not having sufficient power to predict cyanobacteria blooms in Green Bay, the monthly averaged area NASA Giovanni data products were directly associated with the average monthly CIcyano product. To clarify the data source for each parameter used in model building is as follows: the CIcyano originated from the MERIS satellite imagery being used as an input into Equation (2), the river discharge data was directly measured by USGS discharge stations near each of the respective river mouths and downloaded directly from the USGS (see Section 2.6), and the NASA Giovanni output data (gelbstoff-absorption, Nighttime Sea-Surface Temperature, meridional windspeed, and latent heat flux) were downloaded directly from the NASA Giovanni project page and the downloaded data are available in the Supplemental Materials (see Section 2.7). The best relationship was with the gelbstoff absorption (adg), where R2 = 0.6. Unfortunately, this parameter is no easier to predict than the cyanobacteria blooms making the development of a predictive model challenging. The maximum CIcyano (i.e., the highest 10-day composite for each year) never occurred in June or October during the 10-year timeseries considered. Rerunning the correlations with those two months taken out of the Giovanni dataset, so the only remaining months were July, August, and September, yielded no better results with the average monthly CIcyano relative to the entire bloom season (June–October). Unlike in western Lake Erie, there was no reliable model between any variable and the annual CIcyano.




3.6. Comparisons with Western Lake Erie and Saginaw Bay


To compare the three different basins, a PCA was run. The purpose here is to see if it is possible to use previously discussed environmental parameters (Section 2.6 and Section 2.7) to separate the three basins from each other. The seasonal (June–October) averages were calculated using all the Giovanni parameters listed in Section 2.7 and were entered into a Principal Components Analysis (PCA), with a goal of separating Saginaw Bay, western Lake Erie, and Green Bay based on these data. The PCA can be used as a data elimination technique, and was run with three variables: the nsst, river_Q, and adg. This provided the best separation among the three water bodies (Figure 8A) without the risk of overfitting the data. The PCA was rerun using just the adg and the nsst (Figure 8B) and still had good separation of the water bodies. This indicates that Green Bay is colder and more turbid relative to western Lake Erie and Saginaw Bay. Saginaw Bay and western Lake Erie have similar Gelbstoff absorption, and water temperatures with western Lake Erie being slightly warmer than Saginaw Bay. The PCA was rerun a third time using River_Q and adg and showed excellent separation between Green Bay and the two other water bodies, but no real separation between western Lake Erie and Saginaw Bay (Figure 8C). This indicates that the river discharge shows very little contribution to Green Bay relative to Saginaw Bay and western Lake Erie, and that adg is perhaps the defining characteristic of Green Bay water based on the parameters examined.




3.7. Separating High Bloom Years from Low Bloom Years


An additional set of PCAs were run to illustrate the differences between the high bloom years and low bloom years in Green Bay and then the analysis was repeated for comparison sake for western Lake Erie. The data were reduced as much as possible for this analysis, while still giving some measure of separation between the high bloom years and the low bloom years. Two separate PCAs were developed using the Giovanni parameters in Section 2.7, along with river discharge. The goal of the first PCA was to show the best separation for high bloom and low bloom years for Green Bay. The goal of the second PCA was to separate high bloom years and low bloom years for western Lake Erie. The PCA that effectively separated high and low bloom years in Green Bay was then run in western Lake Erie for comparison purposes, and likewise the PCA that separated high and low blooms in western Lake Erie was also run in Green Bay. Figure 9A shows the best separation between the high bloom and low bloom classes for Green Bay, and shows reasonable separation between the two classes. The same model shows poor separation between the high bloom and low bloom years in western Lake Erie (Figure 9B). The model uses lhtflsfc, adg, and vgrd. The vgrd is the meridional wind speed and aligns much better with the central axis of Green Bay than does western Lake Erie (Figure 1). The adg term has already been discussed in Section 2.7.3. The latent heat flux, a surrogate for stratification, shows importance in Green Bay. This may be as a result of Green Bay being both bathymetrically and optically deeper relative to western Lake Erie. Western Lake Erie has very little stratification [66] leading to the conclusion that latent heat flux is negligible in the formation of cyanobacteria blooms in western Lake Erie.



The best western Lake Erie model to separate high bloom years from low bloom years uses just two parameters: river discharge and nsst (Figure 10A). The same parameters used to separate the high bloom years from the low bloom years in western Lake Erie (Figure 10A) showed essentially no separation in Green Bay (Figure 10B). Of the five parameters selected for all of the PCAs run in this study (river_Q, nsst, vgrd, adg, and lhtflsfc), the two models in Figure 8 and Figure 10 showed no commonality, meaning that the blooms in Green Bay are governed by different parameters than the blooms in western Lake Erie.



A final PCA was used in an attempt to understand why there were very low blooms in Green Bay in 2009 and 2010. In this PCA high bloom class years were 2002–2008 and 2011, and very low bloom class years were 2009 and 2010. These two classes separated reasonably well with vgrd and adg. This implies that low meridional wind and low gelbstoff absorption led to years without blooms.





4. Discussion


In Green Bay, while cyanobacteria are relatively small in biomass, they show a high degree of interannual variability. However, there was considerable difficulty determining a useable model to predict annual cyanobacteria biomass from the suite of environmental parameters considered here. The three main issues preventing such a statistical model were: (1) a lack of annual data as the MERIS sensor only provided a 10-year dataset, (2) relatively small cyanobacterial biomasses, and (3) that cyanobacteria can co-occur with other phytoplankton.



From this study, it was clear that Green Bay has lower cyanobacteria concentrations relative to Saginaw Bay, which in turn has lower cyanobacteria concentrations relative to western Lake Erie. In spite of the very high variability of cyanobacteria blooms shown in Table 4, it has been noted that there is little interannual variability in respiration and gross primary productivity in Green Bay [67]. The average gross primary production of Green Bay is 288 mmol O2 m−2 day−1 [67] This is a factor of five higher than the gross primary production in Saginaw Bay of 40.6–65.1 mmol O2 m−2 day−1 reported by Fahnenstiel et al. [68]. While Saginaw Bay has higher cyanobacteria biomass relative to Green Bay, the primary production is higher in Green Bay further indicating the confounding issues of mixed phytoplankton assemblages present in Green Bay. Much of this variability in the cyanobacteria bloom is a result of having essentially little to no blooms in 2009 and 2010. Despite a lower standing stock of chlorophyll, it is still possible that the primary production exhibits similar rates in 2009 and 2010 than it is for the remaining years as the production was most likely based on increased concentrations of diatoms and green algae which are grazed more heavily than cyanobacteria [69]. The PCA shown in Figure 11 indicates that clearer waters with more wind stress invoked an ecological switch giving a competitive advantage to other functional types of phytoplankton (diatoms) over cyanobacteria.



The cyanobacterial biomass is much lower in Green Bay relative to Saginaw Bay and western Lake Erie, despite all three basins being similarly sized (Figure 1 and Figure 7). Cyanobacteria often co-occur with other classes of algae in Green Bay, whereas cyanobacteria generally form monospecific blooms in western Lake Erie and Saginaw Bay. The biovolume data from Green Bay presented in Figure 3 show that cyanobacteria can co-occur with diatoms and green algae. Figure 2 shows that the CI often flags blooms of non-cyanobacteria in Green Bay, whereas it does not in Saginaw Bay and western Lake Erie, further indicating that Saginaw Bay and western Lake Erie generally have monospecific blooms of cyanobacteria while Green Bay does not.



It remains unclear as to why there are mixed assemblages of phytoplankton when cyanobacteria are blooming in Green Bay and not in Saginaw Bay or western Lake Erie. The PCA analysis in Figure 8 shows that there are consistently higher temperatures in western Lake Erie and Saginaw Bay than there are in Green Bay. It has been well documented that cyanobacteria have an affinity for warm water. Downing et al. [65] used just sea surface temperature (SST) to predict cyanobacterial dominance in freshwater systems, with warmer lakes being generally dominated by cyanobacteria and cooler lakes being generally dominated by diatoms. The increased SST in western Lake Erie and Saginaw Bay relative to Green Bay is most likely a key contributor to the ability of other planktonic groups to successfully compete against cyanobacteria. It may be that Green Bay occurs in a “sweet spot” in water temperature where both cyanobacteria and diatoms potentially can co-exist in similar concentrations or switch from one to the other over short time scales. Kahru et al. [70] noted that cyanobacteria blooms can warm the water surface up to 1.5 °C, which may induce a positive feedback in Saginaw Bay and particularly in western Lake Erie giving cyanobacteria blooms a competitive advantage over other phytoplankton.



The PCA analysis in Figure 8 shows that Green Bay has a higher gelbstoff absorption relative to the other two basins, leading to higher light attenuation and ultimately differences in phytoplankton community composition [71]. As cyanobacteria have an affinity for high light environments this may lead to an increase in competition with other phytoplankton functional groups. Furthermore, it has been suggested [71,72] that colored lakes have a relatively low heat content, due to a shoaling of the hypolimnion, meaning that clearer lakes (such as Saginaw Bay and western Lake Erie) have a higher heat content, further providing warmer conditions for the proliferation of cyanobacteria blooms.



The meridional wind is also higher in Green Bay than in the other catchments. The meridional wind was a significant contributor in Green Bay, which is reasonable as the bay is mostly oriented in a north–south direction. Increased wind speeds add turbulence and turbulence is generally beneficial to diatoms and a hindrance to the formation of cyanobacteria blooms [73,74].



Although Saginaw Bay and western Lake Erie receive a major portion of their nutrients from single source rivers, namely the Saginaw and Maumee Rivers, respectively, they do not originate within hypereutrophic lakes. Green Bay, receives 60% of its nutrients from the upper Fox River [19] which originates from the hypereutrophic Lake Winnebago. However, although there is substantial nutrient input from this system, it remains unclear if cyanobacteria cells/blooms originate in Lake Winnebago and are transported to Green Bay. In the current literature, there does not appear to be evidence supporting (or not supporting) a connection between Lake Winnebago and Green Bay’s cyanobacterial blooms, however it was suggested, but not shown, by Gons et al. [22] that there was a linkage between cyanobacteria populations of Green Bay and Lake Winnebago. Insights on the linkage may be gained by performing a set of simplistic calculations based on the volume of Green Bay and the discharge of the Fox River. The average July flow of the Fox River is approximately 0.01 km3 day−1, or 0.3 km3 for the month of July. Assuming the area of lower Green Bay is about 100 km2, with an average depth of 3 m, the approximate volume of Green Bay would be 0.3 km3. So, the volume of Green Bay is roughly equal to the cumulative volume of water discharged by the Fox River in July. It would only take a few days on average for water to flow from Lake Winnebago to Green Bay. Some linkage is suggested by the seasonal totals. For the two years when Green Bay had no bloom, in 2009 and 2010, Lake Winnebago had a small or negligible bloom (Table S1). Excluding these two years, there is a weak relationship (R2 = 0.24). As such, it seems highly likely that there is a linkage between the systems. This remains to be elucidated, underlying climate factors may alter both blooms, and importantly, the Fox River discharge has a relatively weak correlation with Green Bay CIcyano values (Table 4). A thorough investigation on this question is warranted but is outside the scope of the current study.




5. Conclusions


Although Green Bay, Saginaw Bay, and western Lake Erie have commonalities, namely they all receive large nutrient inputs from a single river, the cyanobacteria bloom dynamics are quite different in Green Bay than they are in Saginaw Bay and western Lake Erie, which both behave similarly. The cyanobacteria dynamics in Green Bay are heavily impacted by the absorption of gelbstoff. When the adg is low, it can be hypothesized that greens, and particularly diatoms outcompete cyanobacteria. The standing stock of phytoplankton in 2009 and 2010 correspond to the low seasonal adg. It is also hypothesized that the primary production was the same throughout the study [67] and that diatoms and/or green algae classes outcompeted cyanobacteria in 2009 and 2010, and that increased grazing rates by zooplankton ultimately reduced the standing stock of chlorophyll. Gelbstoff absorption is not a key driver in the blooms in western Lake Erie or Saginaw Bay (Figure 8), where summer blooms are generally dominated by cyanobacteria. One unique feature to Green Bay in comparison to the other systems is that the single river nutrient source (Fox River) originates in a hypereutrophic lake (Lake Winnebago), that could potentially transport algal populations in addition to nutrients, but this remains to be explored in detail.
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Figure 1. Line map of the Study area showing locations of Green Bay within Lake Michigan, Saginaw Bay in Lake Huron, and the western Lake Erie Basin. The rivers of interest are highlighted. 
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Figure 2. Linear regression analysis between the CI and the CIcyano algorithms for each basin. The relationship between the dimensionless CI and CIcyano for western Lake Erie (A), Saginaw Bay (B), and Green Bay (C) are shown from 10-day composites obtained from June through October from the MERIS timeseries. Points indicate individual 10-day composite match-ups for each algorithm, the black line indicates the linear regression, and the blue line denotes a hypothetical line of 1 indicative of no difference between algorithms. The relatively high frequencies of zero points along the x-axis indicates that there are a number of non-zero values in the CI that were zero in the CIcyano algorithm. 
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Figure 3. Cumulative percentage of each defined phytoplankton class. Each bar represents percent composition of in situ biovolume data for one of 69 samples that were available where at least one pixel in a 9 × 9 box around a sampling point exhibited a CI value greater than zero. Cyanobacteria are represented in blue, green algae in green, diatoms in tan, and unclassified (other) algae in yellow. 
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Figure 4. Linear regression between field-based cyanobacteria biovolume and the remotely sensed based CIcyano algorithm. 
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Figure 5. Shows the 15 climatological means from the CIcyano 10-day composites. These were constructed over the 10-year MERIS timeseries from 2002–2011 between June and October. Warmer colors indicate higher cyanobacteria biomasses, while cooler colors indicate lower cyanobacteria biomasses. 
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Figure 6. Aggregated CIcyano biomass for each 10-day composite over the 10 years of the study for Green Bay showing a high degree of interannual variability. 
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Figure 7. Timeseries for the annual CIcyano for each of the three basins: Green Bay (Green), western Lake Erie (red), and Saginaw Bay (blue). The annual CIcyano presented here is a cumulative sum of the maximum 10-day composite of the CIcyano for each respective basin, from each year. Three basins were presented for comparative purposes. The graph was cropped at 15 to remove outliers from Lake Erie in 2010 and 2011, to show variations in the plot. 
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Figure 8. Principal Components Analysis (PCA) by year (2002–2011) for each basin. Three-parameter PCA for Green Bay (red), western Lake Erie (green), and Saginaw Bay (blue) (A) using night sea surface temperature (nsst), river discharge (river_Q) from each of the three respective rivers (Maumee River, Saginaw River, and Fox River), and gelbstoff absorption. Two-parameter PCA for each basin using either nsst/adg (B) or adg/river_Q (C) also for Green Bay (red), western Lake Erie (green), and Saginaw Bay (blue). 
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Figure 9. Principal Components Analysis (PCA) by year (2002–2011) for the separation between the top five high and bottom five low bloom years for 2003–2011 using best models for Green Bay. Three-parameter PCA for Green Bay (A) and western Lake Erie (B) showing the separation between high (green) and low (blue) bloom years. The three input parameters were gelbstoff absorption (adg), the meridional wind speed (vgrd), and latent heat flux (lhtflsfc) as having been identified as drivers for blooms in Green Bay. 






Figure 9. Principal Components Analysis (PCA) by year (2002–2011) for the separation between the top five high and bottom five low bloom years for 2003–2011 using best models for Green Bay. Three-parameter PCA for Green Bay (A) and western Lake Erie (B) showing the separation between high (green) and low (blue) bloom years. The three input parameters were gelbstoff absorption (adg), the meridional wind speed (vgrd), and latent heat flux (lhtflsfc) as having been identified as drivers for blooms in Green Bay.



[image: Water 14 02636 g009]







[image: Water 14 02636 g010 550] 





Figure 10. Principal Components Analysis (PCA) by year (2002–2011) for the separation between the top five bloom years (high bloom) and bottom five bloom years (low bloom) for 2003–2011 using best models for western Lake Erie. Three-parameter PCA for western Lake Erie (A) and Green Bay (B) showing the separation between high (green) and low (blue) bloom years. The two input parameters were river discharge (river_Q) and night time sea surface temperature (nsst) as having been identified as drivers for blooms in western Lake Erie. 
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Figure 11. Principal Components Analysis (PCA) by year (2002–2011) physically separating very low bloom years (2009 and 2010; as having CIcyano values near zero) shown in red, from other years (2002–2008, 2011; as having CIcyano values near 1), shown in green, in Green Bay. The two input parameters that resulted in the greatest separation were v-wind and adg. 
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Table 1. The 10-day composite numbering system used for each year.
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	Composite Number
	Start Date
	End Date
	Mean Date





	1
	June 1
	June 10
	June 5



	2
	June 11
	June 20
	June 15



	3
	June 21
	June 30
	June 20



	4
	July 1
	July 10
	July 5



	5
	July 11
	July 20
	July 15



	6
	July 21
	July 31
	July 25



	7
	August 1
	August 10
	August 5



	8
	August 11
	August 20
	August 15



	9
	August 21
	August 31
	August 25



	10
	September 1
	September 10
	September 5



	11
	September 11
	September 20
	September 15



	12
	September 21
	September 30
	September 25



	13
	October 1
	October 10
	October 5



	14
	October 11
	October 20
	October 15



	15
	October 21
	October 31
	October 25
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Table 2. The 10-day composite periods (dates in parentheses) exhibiting the highest mean, median, and mode integrated CIcyano values during the 10-year MERIS time series. Details on how values were calculated are given in Section 2.4.






Table 2. The 10-day composite periods (dates in parentheses) exhibiting the highest mean, median, and mode integrated CIcyano values during the 10-year MERIS time series. Details on how values were calculated are given in Section 2.4.





	Year
	Green Bay
	Saginaw Bay
	Western Lake Erie





	Mean ± SD
	6.7 ± 2.8 (July 21–31)
	9 ± 2.4 (August 11–20)
	10.3 ± 1.2 (September 1–10)



	Median
	6.7 (August 1–10)
	9 (August 21–31)
	10 (September 1–10)



	Mode
	8 (June 21 –30)
	12 (August 21–31)
	10 (September 1–10)
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Table 3. The 10-day composite periods (dates in parentheses) exhibiting the start date of the blooms. This was given as the time when the integrated CIcyano value (that is a summed CIcyano from every pixel within a basin) reached a value of one. If a basin never achieved an integrated value of one in a given year, the CImax was used as the start date for that particular year.






Table 3. The 10-day composite periods (dates in parentheses) exhibiting the start date of the blooms. This was given as the time when the integrated CIcyano value (that is a summed CIcyano from every pixel within a basin) reached a value of one. If a basin never achieved an integrated value of one in a given year, the CImax was used as the start date for that particular year.





	Year
	Green Bay
	Saginaw Bay
	Western Lake Erie





	Mean ± SD
	5.7 ± 2.2 (July 11–20)
	4 ± 1.5 (July 1–10)
	7.3 ± 2.1 (August 1–10)



	Median
	5.7 (July 11–20)
	4 (July 1–10)
	8 (August 11–20)



	Mode
	5 (July 11 –20)
	4 (July 1–10)
	8 (August 11–20)
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Table 4. Shows the results of the Maximum annual CIcyano and the Minimum annual CIcyano between Green Bay, western Lake Erie and Saginaw Bay.
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	Region
	Max Annual CI
	Year
	Min Annual CI
	Year
	Variability (Max Annual CI/Min Annual CI)





	Green Bay
	3.27
	2004
	0.12
	2010
	27.25



	Western Lake Erie
	37.9
	2011
	0.5
	2002
	75.8



	Saginaw Bay
	9.2
	2008
	2.2
	2003
	4.1
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
ﬁﬁ-@ﬁia@ai@ﬂﬁéié :

T





media/file4.png
0.92x-0.2
0.99
12

10

Western Lake Erie

¥
Rz

T
A e e % w A
(558 |UOISUBLL P oueia|)

0.94

0.84x - 0.14

Saginaw Bay

Rz

¥

cl

(558 |UD|SUBLLP) OURAD|D)

(558 |UO|SUBL P ouRAI|





media/file18.png
= High Bloom

— Low Bloom

—
]

o
[

N
Ve
o
=N

—_—
1

Standardized PC2 (36.6% explained varience)
N

I I I

-2 -1 0 1

Standardized PC1 (43.2% explained varience)

— High Bloom

— Low Bloom

—
1

(35.6% explained varience)

I
—
1

-2-

Standardized PC2

2 T 0 1
Standardized PC1 (44.1% explained varience)





media/file21.jpg
2010

— High Bloom 2009
— Very Low Bloom

ZDJ'I

)

N
-]
]
<

Standardized PC2 (43.5% explained varience)

= 0 1
Standardized PC1 (56.5% explained varience)





media/file3.jpg





media/file22.png
Standardized PC2 (43.5% explained varience)

ik

o

I
—
|

2010
*

— High Bloom 2009
— Very Low Bloom

2011
*

2007
*

2004
*

1 0 1
Standardized PC1 (56.5% explained varience)





media/file19.jpg
Standardized PC2 (29.4% explained varience)

‘Standardized PC1 (70.6% explained varience)

Standardized PC2 (36.3% explained varience)

‘Standardized PC1 (63.79% explained varience)

— HighBloom
— LowBioom





media/file7.jpg
Clcyano (dimensionless)

0.025,

0.02]

0.015]

0.01

0.05]

.5x10x + 0.004
0.46

2 7 6 8
Cyanobacteria Biovolume (x10)





media/file10.png
0601_0610 0611_0620 0621_0630 0701_0710 0711_0720

I- :'j .:II .'_I'. H A
. ’ w

0811_0820 . 0821_0831
n

e

0721_0731 0901_0910

&

1021_1031

0911_0920 0921_0930 1001_1010 1011_1020

0.00008 0.002

Clcyano (dimensionless)






media/file14.png
Clcyano (dimensionless)

15~

_cs
—
s
10 o
5L
o
gl ol:
o
0 — EE] =
2002 2003 2004 2005

2006

Ta

O
2007

n

2008

00 O

2009

2010

2011






media/file11.jpg





media/file6.png
Percent of algae

100

90

80

70

60

50

40

30

20

i g | [ n
| — s L ICyanos
i EEGreens
M | | | Diatoms
= | [Others
10 20 30 40 50 60

Sample number





media/file15.jpg
]
Standardized PC1 (77.1% explained varience)

me C

i
H
3
i
H
g
'
g
H
3
H
&

1 -

—we

205 =
—a

2 a9 1
Standardized PC1 (608% explained varience)

Standardized PC2 (39% explained varience) Standardized PC2 (229% explained varience

y 3
‘Standarchzed PC1 (55 5% axplained variance)





nav.xhtml


  water-14-02636


  
    		
      water-14-02636
    


  




  





media/file16.png
Standardized PC2 (28.8% explained varience)

1
="
]

2011

river Q

2006

2008

2010 2003
#*

2005
*

-1 0 1
Standardized PC1 (55.99% explained varience)

Standardized PC2 (39.29 explained varience) Standardized PC2 (22.9% explained varience

-1 0 1 2

2004 C
#*

-2 -1 0 1 2
Standardized PC1 (60.8% explained varience)





media/file2.png
Green Bay

Fox River
Lake Winnebago Saginaw Bay
Saginaw River
Lake Michigan
N
western
Maumee River take Erie
9—50 100 200 300 400

e e e el Kilometers






media/file20.png
Standardized PC2 (29.4% explained varience)

@
hJ
*O

I
i
1

— High Bloo
— Low Bloom
-2 -1 0 1
Standardized PC1 (70.6% explained varience)

]
—
]

2009
— High Bloom

Standardized PC2 (36.3% explained varience)

3.~ Low Bloom

2 -1 0 1
Standardized PC1 (63.7% explained varience)





media/file5.jpg
Percent of algae

e

o

o n e

Sanilirmiber:






media/file1.jpg
Green Bay

Fox Rwu'

Lake Winnebago Saginaw Bay

Saginaw River
Lake Michigan

western

Maumee River Laks e
0 50 100 200 300 400

e e e Ko eters





media/file12.png
M L

A

Clcyano (dimensionless)

[ —

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011






media/file9.jpg
0601_0610 0611.0620 gum 0621_0630 0701_0710 0711_0720

b

0721_0731 0801_0810 gosn,om loszn,oszw

0901_0910

-

= o y

L

1021_1031

&

v 5

0.00008 0.002 0.001
Clcyano (dimensionless)





media/file0.png





media/file8.png
Clcyano (dimensionless)

0.025

0.02

0.015

0.01

0.05

y = 1.5x107x + 0.004
R2=0.46

] ] ':*-; ] 1 l ]

2 - 6

Cyanobacteria Biovolume (x108)






media/file17.jpg
‘Standaydized PC2 (36.6% explained varience)

2 i 0 i
Standardized PC1 (43.2% explained varience)

(35.6% explained varience)

Standardized PC2

2

— High 8loom
— Low Bloom

2 k] [ i
‘Standardized PC1 (44.1% explained varience)





