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ABSTRACT  

16 Saginaw Bay and western Lake Erie basin (WLEB) are eutrophic catchments in  the Laurentian  

Great Lakes that experience annual,  summer-time cyanobacterial blooms. Both basins share 

many features including similar size, shallow depths, and equivalent-sized watersheds. They  are 

geographically close and both basins  derive  a preponderance  of their nutrient supply from a  

single river. Despite these  similarities,  the  bloom  phenology in each basin is quite different. The  

blooms in Saginaw Bay occur at the same time and place and at the same moderate severity level  

each year. The WLEB, in contrast, exhibits  far greater interannual variability in  the timing,  

location, and severity of the bloom than Saginaw Bay, consistent with greater and more variable  

phosphorus  inputs. Saginaw Bay has bloom biomass that corresponds to relatively mild blooms  

in WLEB, and also has  equivalent phosphorus loads. This result suggests that if inputs  of P into  

the WLEB were reduced to similarly sized  loads as Saginaw Bay the most severe blooms would  

be abated. Above 500 metric tons P  input, which occur in WLEB, blooms  increase non-linearly  

17 

18 

19 

21 

22 

23 

24 

26 

27 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30

35

40

45

50

55

28 indicating any reduction in P-input at the highest inputs levels currently occurring in the WLEB, 

would yield disproportionately large  reductions in cyanobacterial bloom intensity. As the  

maximum phosphorus loads in Saginaw Bay lie  just below this inflection point, shifts in the  

Saginaw Bay watershed  toward greater agriculture uses and less wetlands may substantially  

increase the  risk of more intense cyanobacterial blooms than presently occur.   

29 

31 

32 

33 1. Introduction  

34 Harmful Algal Blooms  (HABs) are  increasing worldwide (Smayda, 1990; Hallegraeff, 1993; 

Paerl and Paul, 2012; Ho et al., 2019). In freshwater systems  these blooms are dominated by 

cyanobacteria, which adversely affect public health, water quality, and the  normal food webs  

found in healthy aquatic  ecosystems  (Brooks et al., 2016). In the Great Lakes, cyanobacteria  

frequently produce potent hepatotoxins, such as  microcystins (Watson et  al., 2008; Brooks et al., 

2016). Additionally, they can make organic  compounds, such as geosmin, that cause taste and 

odor issues in municipal  water supplies, a potential problem  for residents that rely  on Lake  Erie  

(USA) for drinking water. Since 2002, two drinking water  advisories were issued due to 

cyanotoxins, the most notable of these occurred in 2014, when the metropolitan area of Toledo, 

Ohio went several days  under a “Do not drink” order (Steffen et al., 2017). Cyanotoxins can also 

cause mortalities in domestic animals as well as  wildlife, primarily through ingestion of 

cyanobacterial scums (Hilborn and Beasley, 2015). The cyanobacterial blooms in the western  

basin of Lake Erie (WLEB) have been the focus  of many studies using remotely sensed imagery 

(Bosse et al., 2019; Gorham et  al., 2017; Sayers et al., 2016; Stumpf  et al., 2012; Stumpf et al. 

2016; Wang et al., 2018; Wynne et al. 2008, 2010; Zhang et al., 2017). In contrast, relatively few  

remote sensing studies have focused on Saginaw Bay, Michigan, USA (Budd et al., 2001; Sayers  

et al., 2016).   

Given this  lack of information on bloom phenology in Saginaw Bay and the lower intensity 

blooms relative to the WLEB, whose watersheds  share many  morphological similarities, the  

current study was undertaken to address two primary objectives. The first  was to describe the 

bloom phenology of Saginaw Bay using satellite  data. The second was to compare the remotely 

sensed bloom phenology in Saginaw Bay with that of the  more intensively studied  WLEB to  
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56 determine  if the same or different environmental and anthropogenic factors govern  the  

magnitude and timing of cyanobacterial bloom phenology in both systems. To accomplish these  

objectives, 20-year time  series of satellite derived cyanobacterial bloom biomass  estimates for 

both systems were calculated and used to produce bloom phenologies. The roles of phosphorus  

(P) load,  land use practices, water residence  times, and other environmental factors  in regulating 

the observed cyanobacterial bloom phenologies were then evaluated. The input of phosphorus  

into WLEB has been identified as  critical to bloom size (Stumpf et al., 2012; Kane et al., 2014; 

Obenour et  al., 2014; Manning et  al., 2019), while nitrogen (N) limitation has been identified as  

a key factor  in bloom  toxicity (Horst  et al., 2014;  Gobler et  al., 2016; Chaffin et al., 2018) and in 

constraining the growth  of late summer cyanobacterial blooms in Lake  Erie (Chaffin et al., 2013,  

2018). Saginaw Bay has not been as  extensively studied as western  Lake Erie. The  Saginaw  

River  has phosphorus load measurements, but   lacks measurements on nitrogen loading and  as 

such, the role of phosphorus on cyanobacterial  biomass is the topic  investigated here.   
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69 2. Materials  and methods  

A twenty-year time series of satellite  derived  cyanobacterial bloom estimates from the WLEB  

and Saginaw Bay was calculated and used to characterize bloom phenology in each  system. The 

role of nutrient inputs, land use practices, water  residence times, as well as other  environmental  

factors in governing the  observed variability, timing and intensity of  the  cyanobacterial blooms  

were examined. This comparison allowed assessment of whether  the factors controlling bloom  

dynamics appeared similar or different between  the two systems. The spatio-temporal dynamics  

of cyanobacterial blooms in Saginaw Bay were also examined in greater detail as these blooms 

have been previously  less well characterized compared  to the WLEB.   

71 

72 

73 

74 

76 

77 

78 2.1. Western Lake Erie basin characteristics  

79 The WLEB, west of Pelee Point  to Avon Point (Fig. 1, lower panel), is  located approximately 

215 kilometers south of  Saginaw Bay (Fig. 1, middle panel). It occupies  the westernmost portion 

of the 25,740 km2  surface area of Lake Erie and  encompasses the area where cyanobacterial  

blooms in the region develop. The WLEB has a surface area  of 3,375 km2. It is relatively warm,  
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83 shallow (mean depth of  7 m), and productive  relative  to the  other Great  Lakes. Approximately 12 

million people, 1/3 of the population of the Great  Lakes basin, reside within the Lake Erie  

watershed. In addition to supporting the largest  fisheries  stocks, it is the  most anthropogenically-

impacted portion of the  Great Lakes  (Steffen et al., 2014).  The Maumee River watershed is the 

largest watershed in the  Lake Erie  region covering 21,538 km2  with a population of 278,000 

residents.   

In the 1970s, the chlorophyll levels  in the WLEB were often extremely high, exceeding the 50 

µg L-1  range (Rockwell et  al., 2005). The Maumee River is the main supply of nutrient-enriched 

waters into the WLEB (Stumpf et al., 2012). The Detroit River, though having a much larger  

discharge (~35 times), has much lower phosphorus concentrations than the Maumee River. In 

addition to these low nutrient levels, the high dilution rates  caused by the  larger outflow  

precludes development of significant cyanobacterial blooms within  the Detroit River plume itself 

(Wynne and Stumpf, 2015). As a result, the outflow of the Detroit River  does not contribute  

significantly to cyanobacterial blooms in the  WLEB other than by transporting a portion of the  

cyanobacterial population in Lake St. Clair  to the  WLEB via the Amherstburg Channel (Davis  et  

al., 2014). The predominant land use  in the watershed (78%) is agricultural, primarily row crops.  

Nearly the entirety of  the WLEB watershed was  once home  to the approximately 4000 km2, 

Great Black  Swamp, which was drained for agriculture in the  mid-19th  century leaving the  

WLEB nearly devoid of  wetlands (Mitsch, 2017).   

The Maumee River plays a primary role in regulating cyanobacterial bloom intensity in 

WLEB through delivery of nutrients  (Fig. 1; Stumpf et al., 2012; Kane et al., 2014; Obenour et  

al., 2014;). Some lacustrine systems are limited by nitrogen (N) or phosphorus (P) or  a  

combination of both (Xu et al., 2009; Paerl and Otten, 2013; Paerl  et al. 2016). In the  case of  

western Lake Erie,  the literature  indicates  that the development and overall magnitude of 

cyanobacterial blooms is  primarily dependent  on P-loading (Stumpf  et al., 2012, 2016; Kane et  

al., 2014, Obenour et  al. 2014; Bertani et al., 2016; Manning et al., 2019). While, neither Stumpf  

et al. (2012)  nor Kane et  al. (2014)  found a relationship between N loads and cyanobacterial  

bloom size in the WLEB, this does not eliminate  the importance of nitrogen. Newel et  al. (2019 
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111 implicated an increase in the ratio of annual loads of reduced  N (Total Kjeldahl nitrogen; TKN) 

to NO -3  in the Maumee River  to annual cyanobacterial bloom  biomass, although they did not  

examine the  nitrogen loads for either form, and  this time period also corresponded to an increase  

in DRP load. However, other studies have examined the bloom response to nutrient enrichment  

and found that N limitation occurs in the developed bloom  in WLEB, (Chaffin et al., 2013;  

Gobler et  al., 2016; Chaffin et al., 2018). N-limitation also regulates bloom toxicity  in WLEB,  

constrains  the growth of  late  summer cyanobacterial blooms, and likely influences bloom  

duration and termination (Chaffin et al. 2013; Horst et  al. 2014; Gobler et al. 2016; Chaffin et al. 

2018; Boedecker et al. 2020). However, factors  driving toxicity or duration are not part of  this  

study. Also, as a practical matter, there are no data sets  for nitrogen loads  to Saginaw  Bay, 

restricting us to examining phosphorus influence  on bloom size or biomass. Given how close the  

Saginaw Bay and WLEB are to one  another, and their similarities in geomorphologies, we can 

reasonably hypothesize that P-inputs  play a similar role governing cyanobacterial bloom biomass  

in Saginaw  Bay as in WLEB.  
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2.2. Saginaw Bay characteristics   

126 Saginaw Bay (Fig. 1, upper panel) is a large catchment  in the southwestern portion of  Lake  

Huron in the  Laurentian Great  Lakes encompassing approximately 2,650 km2. The Saginaw Bay 

watershed  is primarily drained by the Saginaw River. This watershed  is  the largest in the U.S.  

state of Michigan and includes one of America’s most extensive contiguous freshwater wetland 

systems. Fifteen percent  of the land in Michigan lies within the Saginaw Bay watershed, and is 

home to approximately 1.5 million people. Most of these  residents get their water from the  

northwest side of Saginaw Bay about 50 km southwest of Au Sable Point  (Saginaw 2020). The  

land use within the watershed consists of 45%  agriculture, 22% forest, 16% open water/wetland, 

10% residential, 6% grassland, and 1% high density residential. Nearly the entire shoreline of the  

bay is lined with dense stands of  three square bulrush, (Schoenoplectus  pungens). The  

bathymetry of the bay is complicated (Fig. 1, upper panel), and makes for a complex circulation 

pattern. The  water enters  Saginaw Bay from Lake Huron on the western side of the basin and 

mixes  with output from  the Saginaw River before flowing along the eastern side of the bay and 

127 

128 

129 

131 

132 

133 

134 

136 

137 

138 

4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

140

145

150

155

160

139 returning to  Lake Huron. This predominant flow  is reinforced by a small island located in the  

south central portion of  the Bay that  helps channel flow into and out of  the Bay. The bottom  

substrate  in Saginaw Bay consists primarily of limestone and dolomite bedrock and large cobble. 

The deeper  outer portion of the bay, which mixes more completely with Lake Huron water, is  

more oligotrophic, clearer, and colder relative  to the inner  bay.   

Beginning in the early 1990s, Saginaw Bay was invaded by both zebra mussels  

(Dreissena polymorpha) and quagga mussels (Dreissena bugensis) (Pillsbury et al., 2002;  

Vanderploeg et al., 2001). Both species became well established and were a fundamental  

component  of the food web during this study period (Heath et al., 1995; Pillsbury et al., 2002). 

Their presence is important because these species  likely promote cyanobacterial blooms by  

differentially consuming diatoms and other competing organisms  (Vanderploeg et al., 2001). The  

cyanobacterial blooms, though favored by differential grazing, are generally reported to be less  

severe  in Saginaw Bay (Fig. 1 upper  panel, Sayers et al., 2016). The role of nutrients in  

controlling cyanobacterial  biomass  in this system  cannot be addressed with the same accuracy as 

in the WLEB because only TP data  are available for comparison (Cha et  al., 2010; Stow et al., 

2014).  
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2.3. Satellite data  

156 Imagery from the Moderate-resolution imaging  spectroradiometer (MODIS) used  to assess 

cyanobacterial biomass was acquired from NASA. The MODIS sensor is onboard two separate 

spacecraft:  Aqua and Terra.  Imagery from both  satellites was used in this study. The MODIS  

imagery was used to detect and quantify cyanobacteria blooms by applying the Cyanobacterial 

Index (CI).  This algorithm was originally derived for the  Medium Resolution Imaging  

Spectrometer (MERIS) (Wynne et al., 2008; Wynne et al., 2010; Wynne et al., 2013b), and is  

described in Equation 1.  

 (eq. 1)     CI = (- SS(678))*1.33  

Where SS is the spectral  shape (or  curvature; Stumpf and Werdell, 2010)  and is determined as   
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(eq. 2)    

Where Rho_s  is the  top of atmosphere reflectance corrected for Rayleigh radiance  (NASA, 2019)  

and 1.33 in eq. 1 is a correction factor originating from Wynne et al. (2013b). Rho_s  allows  

potential data retrieval in conditions  where the atmospheric correction  might fail, such as areas 

of high glint or aerosols  (Gower and King, 2007). The standard cloud flagging procedure was  

used to mask clouds (L2 flags; NASA, 2019, Wynne et al., 2018). Wynne et al. (2013b) showed 

that the CI could be calculated  from MODIS and that with proper corrections the MODIS CI is  

equivalent to the MERIS CI. A similar correction should be  possible with the relatively newly 

launched Ocean Color Land Imager (OLCI). This will ensure  data continuity to build a  

climatological time series of cyanobacteria blooms in the Great Lakes when MODIS, which is  

well beyond its mission life, fails. The CI algorithm has been  used extensively in disparate water  

bodies, including the WLEB (Wynne et al., 2010;  Wynne and Stumpf, 2015; Wynne et al., 

2008), Saginaw Bay (Wynne et al., 2008); and various lakes  in New England (Lunetta et al., 

2015), Ohio, and Florida  (Mishra et  al., 2019). More recently the algorithm has been applied to 

lakes across the continental U.S.  with successful results  (Clark et al., 2017; Urquhart et al., 2017;  

Schaeffer et  al., 2015, 2018).  

The red bands used in this algorithm penetrate pure water to about two meters due  to red light 

being strongly absorbed by water (Pope and Fry, 1997). The addition of material  into the water  

column  will lessen the depth penetration of the algorithm to under a meter (and shallower still in 

a cyanobacteria bloom). The spectral shape corrects for total  albedo of shallow water, however,  

it may detect benthic cyanobacteria  (“algal mats”). Bottom effects were problematic in the very 

shallow waters in areas of emergent  land in eastern Saginaw  Bay, near the Wildfowl  Bay State 

Wildlife Area. Whether due to actual interference or benthic cyanobacteria in this  region the  

wildlife area was included as part of the land mask to  avoid potential  interference due  to benthic  

cyanobacteria (Fig. 1). Sediment does not typically cause  false positives  in the CI. Hawley et al. 

(2014) did an in-depth analysis on sediment resuspension in Saginaw Bay. A MODIS image with 

particularly high  resuspension was used as an example in their manuscript. The same image 
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192 showed no false positives with the  algorithm employed in equation 1. The CI product has been 

used for years in Lake Erie without evidence of impact due to resuspended sediments (Wynne et  

al., 2012; Stumpf et al., 2016).  

To analyze the data set,  we partitioned the composites at 10-day intervals starting June 1 and 

extending through October 31 (Table 1). This follows the convention used by Stumpf  et al. (2012)  

and Wynne  and Stumpf  (2015) and is based on the assumptions that  the cyanobacteria are relatively  

slow growing (estimated at ~0.295 day-1) and that during at least one day within the 10-day 

window, winds will be  low and atmospheric  conditions will  be cloud free. This growth rate estimate 

is consistent with Wilson et al.  (2006). They measured the maximal growth rates of numerous  

Microcystis aeruginosa  isolates and found an average of 0.27 ± 0.02 day-1  (range 0.14 to 0.46 day-

1). Prevailing low winds allow cyanobacteria  to accumulate at  the  surface, providing a better  

estimate of  overall cyanobacteria concentrations within the water column. Wynne et  al. (2010)  

showed that  wind speeds where stress exceeds 0.1 Pascal (generated by  winds > 7.7 m s-1) were 

enough to mix the bloom through the  water column so that  the  majority of the bloom  material was  

out of the detection limit  of satellite  (roughly a depth of 0.5 meters  in bloom conditions). 

Approximately 24 hours after the  stress was removed cyanobacterial cells were able  to redistribute  

to the surface of the water, where accurate bloom biomass estimations from satellite could be made.  

Because cyanobacteria prefer warm  water temperatures, and  Saginaw Bay often freezes in the 

winter, the CI values  were  calculated only from satellite images obtained during the  warmer 

months.  

For each 10-day period  the maximum CI value at each pixel observed in any of the satellite images 

for that time were retained to form a  final “composite” image of maximum CI values  at each pixel.  

All subsequent references to CI will indicate a composite image containing these pixel-specific 

maximum CI values  for  each 10-day period (Stumpf et al., 2012). CI values are useful for showing 

the spatial distribution of maximum CI values for a given 10-day composite. Each month contained 

three ten-day composites, so the third 10-day composite of a 31-day month was extended to 

encompass 11-days. For simplicity, these 11-day  composites are also referred to  as “10-day”  

193 

194 

196 

197 

198 

199 

201 

202 

203 

204 

206 

207 

208 

209 

211 

212 

213 

214 

216 

217 

218 

7 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

220

225

230

235

240

245

219 composites (see Table 2 for details). In any CI data comparisons between Saginaw Bay and WLEB  

the same 10-day periods  were used.  

221 2.4. Interannual variability in bloom biomass   

222 To address interannual variability of  cyanobacteria biomass in Saginaw Bay the following steps 

were taken.  Initially, for each available 10-day composite, the maximal CI values from every 

pixel were summed to provide an overall or “integrated” biomass estimate  (Stumpf  et al. 2012). 

This procedure produced 15 integrated CI estimates for each year between June  1 - October 31 

(Table 1) from 2000 to 2019 in both Saginaw Bay and the WLEB. The largest of the  15 

integrated CI biomass values each year was selected to represent the maximal annual  biomass 

value (Stumpf et al., 2016). Cyanobacterial blooms in Saginaw Bay were retained within the Bay 

and only the pixels  covering the 2,650 km2  surface area were included in  each scene.  In contrast,  

blooms originating in the WLEB are sometimes transported into the central basin to the area near  

Avon Point (Fig. 1, lower panel). To  capture this  transport, satellite surveillance of blooms was  

extended beyond WLEB proper to include the areas west of a  line between Pelee Point  and Avon 

Point. This  region has a  surface area  of 4,983 km2 . Hereafter,  bloom in ''the WLEB'' will refer  to 

cyanobacterial blooms that originated in the shallow basin proper plus biomass exported out of  

the basin captured  in the satellite imagery. The goal was to encompass all  the biomass 

originating within WLEB proper, but to exclude  any blooms  developing independently in the  

central basin of Lake Erie.    
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238 2.5. B loom maxima in Saginaw Bay and western Lake Erie Basin  

239 Given the similarities between Saginaw Bay and WLEB, a logical question to address is whether  

blooms in each develop and peak at  the same or different times during the  summer. To  address  

this question, statistics (mean, standard deviation, mode, and median) describing the time period  

where the maximum CI  value occurred were then determined  for the integrated CI values for  

each 10-day period (e.g., June 1 to June 10) over  all 20 years  (Table 1).   

241 

242 

243 

244 2.6. Relationship of total phosphorus (TP) inputs and subsequent cyanobacterial bloom biomass  

in Saginaw  Bay and the  western Lake Erie basin  
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246 Total bioavailable phosphorus (TBP), which consists of DRP and the fraction of the particulate  

phosphorus  that  is bioavailable, is the primarily P-source used by cyanobacteria  in the WLEB  

(Baker et al., 2014) and what regulates bloom biomass (Stumpf et al., 2016; Manning et al., 

2019). Because TBP and TP are highly autocorrelated (Supplementary Fig. 1; r2=0.91), both P  

measurements have been successfully used to predict P-loading and cyanobacterial bloom  

biomass  in the WLEB (Stumpf et al., 2012; Obenour et al. 2014; Kane et al., 2014; Bertani et  al., 

2016). For Saginaw Bay TP, but no DRP, data are available. For this reason, TP was used as the 

comparable measurement of P-loading in both Saginaw Bay and the WLEB allowing the  

subsequent  examination of the relationship between P-inputs and cyanobacterial biomass  

production. Total phosphorus is also generally used to set limits for eutrophication because it is  

the form most commonly and readily measured so the results can be directly related to existing 

water quality standards (GLWQANAS, 2019).  

247 
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258 2.6.1. River discharges  

259 The Saginaw River, and the Maumee River are  the primary  sources of nutrients driving  

cyanobacterial growth in both systems (Newell et  al., 2019; Baker et  al., 2014; Stumpf  et al., 

2012; Withers and Jarvie, 2008). Within the Saginaw Bay watershed, the  Saginaw River  is  by far 

the largest source of water flowing into the bay contributing ~70% of the freshwater input (Stow  

et al., 2014)  and ~90% of the nutrient load (Bierman et  al., 1984). Likewise, the Maumee River  

is a key source of the nutrients entering WLEB, and along with the much smaller Cuyahoga and 

Sandusky Rivers contribute 50% of  the P load into Lake Erie  (Baker et al., 2014). Consequently, 

any differences in  the magnitude in timing of water discharges from  the Saginaw and  Maumee 

Rivers can potentially affect  timing and magnitude of cyanobacterial blooms. To document any 

differences in discharge patterns between the two rivers, Saginaw River flow measurements were 

obtained from the United States Geological Survey’s (USGS) gage station 04157005 at Holland 

Avenue at Saginaw, MI, and those for the Maumee River from the USGS gage station 04193500 

at Waterville, Ohio. The resulting data were utilized as described in the  sections 2.6.2 and 2.6.3.  
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272 2.6.2. Estimating what period of river flow best correlated with the 10-day maximum CI value in 

Saginaw Bay  273 

274 Research on cyanobacterial blooms in the WLEB demonstrated flow and  TP inputs from March  - 

June best predicted maximum cyanobacterial biomass later in the summer (Stumpf, 2012; 

Obenour et  al. 2014). Stumpf et al. (2016)  found that July loads also  mattered when  the mean  

water temperature in June was greater than 20 °C. It is not known which  period of river flow best 

correlates with cyanobacterial biomass in Saginaw Bay. To address this question, we examined  

four different in tegrated  periods of river discharge (m3  x 109). These were: (1) The water year  

(October - September), (2)  March  - June, (3) March - July, and (4) January-April. The October  - 

September time period reflects the TP input starting from the termination of cyanobacterial  

blooms by early October of the previous year through the bloom maximum the next summer as  

well as  the termination of the bloom in September. Outflow for these various time periods each  

year were  compared  to the corresponding maximal integrated 10-day CI (maximal biomass) 

value for that year  (section 2.4). This made it possible  to perform regression analyses  to 

determine  if the volumetric out flow from the Saginaw River for any of the different time periods  

better correlated with  maximal cyanobacterial biomass.  

Additionally, a direct comparison of  the average  river discharge patterns  in Saginaw Bay 

and the WLEB was also undertaken to establish how similar  or different the pattern of monthly 

discharge was in the two water bodies.  This was accomplished by determining the  mean 

monthly water discharge  volume  for  both rivers from 2000-2019. The data were analyzed from  

October to September which corresponds with the annual bloom progression observed in 

Saginaw Bay and Lake  Erie.  
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294 2.6.3. TP loading in Saginaw Bay and Western Lake Erie Basin  

TP loads for the Maumee River are available from Heidelberg University’s National Center for 

Water Quality Research (NCWQR) (Heidelberg University, 2019) from  1975 to the  present. For  

Saginaw Bay, the only TP-loading d ata available  are from  the study by Cha et al. (2010), which 

modeled the TP from 2000-2008. That study utilized known phosphorus concentrations, river  
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300

305

310

315

320

299 flow rates, and loading estimates directly measured by Michigan Department of Environmental  

Quality or obtained from other sources from 1974 - 1991 and 2001 - 2005 (MDEQWB, 2010). 

Those data allowed development of a Bayesian model predicting the TP loads from flow rates. 

This model,  along with  flow rates from the USGS allowed continuous estimation of loading from 

1968-2008, despite the  lack of measured nutrient concentration data in some years. The last 9 

years of  the  Cha et al. (2010) data set overlap with the first 9 years of  this study. As a  result, it  

was only possible  to obtain estimates of TP concentrations  for the period between 2000-2008. 

How P-loading drives cyanobacterial blooms in both Saginaw Bay and the WLEB was therefore  

limited  to this nine year time period.  

The cumulative TP loading for each year for the  Saginaw from 2000-2008 was calculated from  

the Cha et al. (2010) data  using the  following equation:  

 

(eq. 3)                       𝑇𝑇𝑇𝑇 = ∑𝑛𝑛=𝐽𝐽𝐽𝐽𝑛𝑛𝐽𝐽  30  
𝑖𝑖=𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ  (TPT  x qi/QT) 

Where TP is the total phosphorus  input from March to June, TPT  is the TP load for the year in  

metric tons, qi  is the discharge for the month i,  and QT  is the total discharge for the year for the  

Saginaw River calculated from sources described in section  2.4.1, and i is  month (Sigleo and 

Frick, 2003).  
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309 

311 
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314 

316 2.7 Changes in TP concentrations in the Saginaw River over time   

317 Baker et al.  (2014) showed a decrease in TP loads from  the Maumee River over  time from  the 

1970s to 1990s as abatement  measures were put into effect. The degree  to which P-loading in 

Saginaw Bay has declined over the same time,  if  any, has been less well studied. To determine if  

a corresponding decline in TP inputs also occurred in Saginaw Bay, two studies done almost a  

decade apart were analyzed. Specifically,  the regression equation for  the relationship between 

annual volumetric discharge from  the Saginaw River and annual TP loading for the periods 1974 

- 1991 and 2001 - 2005, respectively, were analyzed. The data used in the analysis were collated  

from different sources  by the Michigan Department of Environmental Quality Water Board 
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330

335

340

345

350

(MDEQWB, 2010; Supplementary Fig. 2). The slope of each regression line corresponded to the  

average  flow weighted mean concentration (FWMC) for each period. Changes in the FWMC  

were indicative  of how loading has changed in response to abatement efforts. The relationship of  

annual output from the  Saginaw River versus TP loading from 1974 - 1991 shows an average  

FWMC of 0.27 mg L-1  (from the slope) versus 0.17 mg L-1  for the  2001 - 2005 period 

(MDEQWB, 2010) (Supplementary Fig. 2). This difference indicates a 37% drop in average  

FWMC of TP in response to efforts to reduce  loading as of 2005, which shows the efficacy of P-

reduction  efforts in  the Saginaw  Basin.  It also indicates  the relationship between TP load and 

discharge (FWMC) changed such that the same  models may not be applicable to both current  

and historical conditions.   
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331 
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333 

334 

2.8. Modeled maximum, cumulative  10-day CI predicted from total phosphorus (TP)  loading  

336 To assess the similarity  or differences in response to P-inputs in Saginaw Bay and WLEB, we  

used a modified version of the  model previously developed for western Lake Erie by Stumpf et  

al. (2016). That model predicts cyanobacterial biomass based on a given  March to June TP input.  

Using the model and annual March to June TP loading values  for 2000-2008, it is possible  to 

calculate expected  maximal cyanobacterial biomass for  each  year of  the study. A comparison of  

the modeled versus actual maximal  biomass estimates can be used to evaluate if  equivalent TP  

loading  in Saginaw Bay produces the same amount of cyanobacterial biomass as occurs in the 

WLEB and if the modeled results agree well with the measured maximal cyanobacterial biomass 

estimated from satellite imagery. The modeling procedure is given below.  

The model developed by Stumpf et al. (2016) equating phosphorus load to total cyanobacterial  

biomass in CI “units”  (CIMERIS) using the existing MERIS and adjusted MODIS data is:  

(eq. 4)                   𝐶𝐶𝐶𝐶 𝑀𝑀×𝑋𝑋 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  𝑚𝑚𝑚𝑚𝑚𝑚𝐽𝐽𝑚𝑚 = 𝐵𝐵 × 10  

Where CI  = modeled CI value, a =  7.48x10-4 Meris model , B = 0.57 and X  = total phosphorus load in 

metric tons for March-June estimated in section 2.6.3. As the MERIS sensor failed  it  was 

replaced by the MODIS sensor. This  transition required recalibration of the MERIS algorithm 

from Stumpf et al. (2016) to fit the MODIS data used in this study because the MERIS  
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 2.9. Effects  of other  forcing functions on bloom dynamics in Saginaw Bay   

 

 

 

 

 

 

 

 

 

 

355

360

365

370

375

352 composited imagery had CImax  values slightly  lower than the MODIS CImax  values for  

overlapping  scenes. This was particularly true of the 2011 bloom in which MODIS experienced 

saturation of the sensor in scum areas (Wynne et  al., 2013b). The algorithm that was used to 

estimate the  CI in the scum areas most likely overestimated the CI relative to MERIS, which  

does not have a saturation issue (Wynne et al., 2018). Equation 4 needed to be recalibrated to 

account  for these differences. The CI MERIS from Stumpf et al. (2016) was plotted against with 

the CIMODIS  in this  study (Supplementary Fig. 3)  and the resultant equation was  

(eq. 5)                    𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.81  ×  𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 1.3   

Combining equations 4 and 5 yields  the following equation for CIMODIS model   

(eq. 6)                     𝐶𝐶𝐶𝐶 = 𝐵𝐵 𝑀𝑀×𝑋𝑋 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  𝑚𝑚𝑚𝑚𝑚𝑚𝐽𝐽𝑚𝑚 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 10 +1.6  

where a  remains = 7.48x10-4 , BMODIS  = 0.70, with X = total phosphorus load in metric tons. For  

Saginaw Bay and WLEB, the March-June TP loading values previously determined in section 

2.4.3  were inserted into eq. 6 to calculate  maximal 10-day CImodeled  values for  both Saginaw Bay 

and WLEB from 2000 - 2008.  
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366 

367 Other environmental factors besides P-input can modulate cyanobacterial bloom intensity in the  

two systems. The factors that were considered in this study included cloud cover, incoming 

shortwave irradiance (proxy for incoming photosynthetically  active radiation), water 

temperature, and wind stress (intensity and direction). Differences in average light availability  

are associated with latitude and cloud cover, both of which may affect the  growth of  

cyanobacteria that often  prefer high  light. Water  temperature was chosen  because cyanobacteria 

growth is strongly influenced by temperature (Paerl and Huisman, 2008). Wind stress  was  

chosen because it can affect the vertical distribution of cells and vertical migration directly  

affecting CI values  that only come  from the  top meter or so of the water column (Reynolds et al.,  

1987; Wynne et al., 2010).  
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385

390

395

400

377 To examine how well these environmental factors correlated with bloom  biomass, the June-

October data for the factors listed  above were downloaded as climatological monthly  means 

from NASA’s Giovanni  reanalysis dataset (Giovanni, 2020)  for the years 2000 to 2019.  These  

included products from  the AIRS 1-degree  cloud fraction, the MERRA-2 model (incoming 

shortwave flux, surface  wind stress), and  the water temperature from the MODIS  nighttime 11-

micron 4 km data.  The corresponding CI scenes  were binned to create  monthly composites  

instead of the 10-day i ntegrated CI composites used elsewhere in this study. Once the June-

October monthly values  were calculated, single parameter correlations were then performed  

using the  monthly CI and environmental data.  

378 

379 

381 

382 

383 

384 

386 2.10. Bloom phenology in Saginaw Bay  

387 The following analyses were performed to provide a more detailed resolution regarding the 

temporal and spatial distribution of Saginaw Bay cyanobacterial blooms, which have  been less  

well investigated than those in western Lake Erie. The analyses were begun by first segregating 

all  the scenes from 2000-2019 into 15 datasets each containing the scenes  for the  same 10-day 

period each  year (Table 1). Each of  the 15 datasets was then  analyzed  separately. CI  values from  

each corresponding pixel from all 20 scenes (2000-2019)  in each data set  were identified,  

averaged and plotted as  a single composite  image showing the average CI  distribution across  

Saginaw Bay for that 10-day period. The resulting 15 composite plots of average CI values  

across Saginaw Bay for each 10-day period were  then presented in chronological order to show  

the seasonal bloom progression from the summertime  initiation to the  final demise in the fall.  

This analysis included any bloom where the CI is above the  detection limit, i.e. > 0, which is  

estimated to  be ~10,000 - 20,000 cells mL-1  (Davis et al., 2018).  

In addition, two frequency analyses  previously used to investigate bloom  severity in WLEB were  

performed (Wynne and Stumpf, 2015). The 2000-2019 MODIS imagery were used to illustrate  

the bloom phenology de scribed above and were partitioned into the same  15 datasets containing 

the scenes for specific 10-day composite  images from  the first 17 years of the study. However, 

instead of using the data  to calculate  an average composite pixel CI value, the data for each year  

was examined to determine how many years during the time series the CI value for each pixel  
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405

410

415

420

425

430

exceeded a  defined threshold value. The number  of years where the  threshold exceeded the  

prescribed threshold value was then divided by 17 and multiplied by 100 to provide a  frequency 

estimate ranging from 0 to 100 percent. In the first frequency analysis, the threshold value was  

CI = 0 as defined above. The resulting 15 frequency plots  for  each 10-day period were presented 

in chronological  order to show  how frequently a bloom with CI>0 was present in each section 

from spring (June 1)  to fall  (Oct 31). The second analysis was performed in exactly the same  

manner, but  used a threshold value CI ≥ 0.001, equivalent to a concentration of ~105  cells mL-1  

(Stumpf  et al., 2012). This is  the concentration recommended by the World Health Organization 

as the upper  limit  for recreational exposure to cyanobacteria  (Chorus and Bartram, 1999) and 

represents  the frequency of severe blooms throughout Saginaw Bay on average over the bloom  

season. By analyzing the frequency of severe blooms only, the noise  in the data  is reduced.  

406 
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408 

409 

411 

412 

413 

414 

416 2.11. Spatial distribution of blooms in Saginaw Bay relative  to the prevailing circulation pattern  

417 Another understudied aspect of  the cyanobacterial blooms  in  Saginaw Bay is their spatial 

distribution. The predominant  flow in Saginaw Bay consists of water entering from Lake Huron 

along the western side of the Bay and exiting along the eastern shore. This  flow is reinforced by 

an island located in the approximate  center of the Bay that helps channel  flow into and out of the  

Bay. To determine how this flow pattern might  influence spatial differences in the bloom  

intensity, Saginaw Bay was divided into five different subregions. These  included: (1) the  area  

closest to the river mouth at the  southern end of  the Bay, (2) the inner  and (3) outer regions on 

the eastern side of  the Bay and (4)  the inner  and (5) outer  regions along the western side. 

Previous studies have similarly partitioned  the Bay into  these same subregions as a means of  

documenting spatial differences in various biological  measurements associated with  differences 

in depth and circulation patterns (Bierman et al., 1984; Fishman et  al., 2010). The integrated CI  

for each subregion for each 10-day composite period (Table  1) were then determined  from the  

MODIS data and shown as a separate time series from 2000-2019.  

To further quantify interannual variability in bloom intensity among the  different subregions of 

Saginaw Bay, an integrated CI value for each year between 2000-2019 for each subregion was  
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435

440

445

450

455

432 determined. The annual subregional, integrated CI values were then normalized to the surface  

area of each corresponding subregion (integrated CI km-2).  433 

434 3. Results  

3.1. Satellite-derived interannual variability  

436 Every year during the 2000-2019 study period Saginaw Bay experienced a cyanobacterial bloom  

(Figs. 1 and 2A). The magnitude of these blooms, as indicated by the largest integrated CI value  

(biomass) during a 10-day period, showed relatively little  interannual variation. The largest 10-

day integrated biomass estimate for  the entire Bay occurred from 1-10  September, 2017. The  

smallest bloom maximum occurred  between 1-10 August, 2016. These maximum and minimum  

bloom biomasses indicated blooms varied by no more  than 4.25-fold interannually. If the  2017 

maximum biomass value is excluded, the interannual variation drops to a 1.6-fold  difference. In  

contrast, blooms in the  WLEB exhibited a  much higher degree of  interannual variability during 

the same period. Maximal 10-day  biomass  estimates  in this system ranged from an integrated  CI 

of 1.5 in 2005 to CI of 40 in 2011, corresponding with a 27-fold interannual difference in bloom 

concentrations. If 2011 (which was the largest annual bloom, according to the methods described 

here)  is excluded, the interannual variation was still 15-fold. Figure 2B shows the maximum  

integrated CI values for  the same 10-day composites in Saginaw Bay superimposed over the  

WLEB integrated CI. Blooms in WLEB during “minor bloom years” (2000-2002; 2005-2007)  

were of similar  magnitude to those in Saginaw Bay. Starting in 2008, the  magnitude of the  

cyanobacterial blooms in the two systems diverged. While  the magnitude  of blooms  remained 

relatively stable in Saginaw  Bay, much larger blooms began to develop in WLEB during the  

years 2008-2009, 2011, 2013-2015 and 2017. This divergence corresponded to a shift from drier, 

more low  flow  years  on average (2000-2008) to  wetter years  with generally higher flow rates  

(2009-20017, 2019; Figs. 2B, 3).  
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454 

456 3.2. T iming of bloom maxima in Saginaw Bay and western Lake Erie Basin  

457 The mean, median, and mode of  integrated CI values for each of the 10-day periods  

(Table 1) over the course of the times series were determined,  as was the 10-day period having 
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465

470

475

480

485

459 the highest  mean, median, and mode values over  the time series (Table 2). The mean, median, 

and mode results all showed that the blooms peaked in Saginaw Bay about 20 days before  those  

in WLEB. Corresponding mean monthly water temperature estimates  for 2002-2019 from the  

USGS discharge stations from  the Maumee River and the Saginaw River indicate the warmest  

10-day period in both rivers occurred from 21 July - 31 July. The maximal temperatures, 

however, were slightly different between the two systems. Mean monthly  water temperatures for  

WLEB were 24.0 °C in July, 24.2 °C in August and 21.6 °C in September, compared to 21.7 °C  

in July, 22.0 °C in August and 19.4 °C in September for Saginaw Bay. Supplementary Fig. 4 

shows the tight correlation and a slope near unity of the  mean monthly surface water  

temperatures between  WLEB and Saginaw Bay.  

461 

462 

463 

464 

466 

467 

468 

469 3.3. Flow period that  best corresponds with maximum 10-day integrated CI value   

The Saginaw River was weakly correlated with the Saginaw Bay annual  cumulative CI  among 

the time periods of March - June, March-July, January - April, and the water year (Fig. 3; R2  

~0.2). Consequently, flow rate and associated nutrient loading estimates for Saginaw  Bay were  

integrated from March  - June.  This timeframe is as good as any other for  predicting 

cyanobacterial biomass in Saginaw Bay and is the period where river flow  and TP loading best  

correlate with maximal cyanobacterial biomass in  the WLEB from 2000-2009 (Stumpf et al., 

2012). Integrating loading and flow over  the same March  - June period  also simplified  

comparisons of the  mechanisms driving cyanobacterial blooms in both systems.  

The average annual discharge pattern for the Saginaw and Maumee Rivers were similar with  

peak flow occurring in April in the  Saginaw  River and March in the  Maumee River  (Fig. 3). 

Though the pattern was similar, average discharge volumes from the Maumee River in March  

were substantially higher than from  the Saginaw River. April  and May discharges  from both 

rivers were equivalent while those in June were  again substantially higher from the  Maumee  

River. As a result, on  average the overall discharge volume from the Maumee River  is higher  

than that from the Saginaw River. Another major difference  between the  two rivers was the  

larger interannual variation relative  to mean flow in the Maumee River,  particularly  between  

March and July (Fig. 4).  
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490

495

500

505

510

487 3.4. Relationship between the estimated March-June TP loading versus  subsequent  maximal 10-

day composite CI values  488 

489 The relationship between TP loading from  the Saginaw and  Maumee Rivers versus resultant  

maximal cyanobacterial biomass was calculated  as detailed in section 2.5. The volumetric  

discharge of the Saginaw and Maumee Rivers  during the drier period from 2000-2008, for which 

TP data for the Saginaw River are available, were similar. In contrast, the  amount of 

cyanobacterial biomass produced for  the same amount of river discharge was not equivalent. As 

March  - June outflow increased in the Saginaw Bay, the cyanobacterial biomass rose in a linear  

fashion. In contrast, as discharge  exceeded about  2 x 109  m3, cyanobacterial  biomass in  WLEB  

increased  in a  non-linear  fashion with the linear  increases in flow producing progressively and 

disproportionately more  intense blooms compared to Saginaw Bay (Fig. 5A).  

The plot of  March - June TP inputs versus maximal cyanobacterial biomass showed  a different  

pattern  than observed for river discharges (Fig. 5B). TP inputs between 110 to 400 metric tons  

caused similar, linear  increases  in maximal bloom intensity in both Saginaw Bay and WLEB. TP  

input into Saginaw Bay for 8 of the 9 years examined fell below this cut off point. The  remaining 

year received TP inputs  of only 450 metric  tons. TP inputs into WLEB exceeded 400 metric  tons  

for 7 of  the  9 years with maximal  loading exceeding 1,050 metric  tons. As loading levels  

exceeded 450 metric tons of TP in the WLEB, linear  increases in TP produced a non-linear  

response of  progressively more  intense cyanobacterial blooms (Fig. 5B).  
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504 

506 3.5. Modeled CI as a function of TP   

507 The modeled cyanobacterial biomass based in March  - June  TP input fell along a 1:1 line  for  

both Saginaw Bay a nd WLEB (Fig. 6). This is  consistent with the model  having been developed 

for WLEB, which takes  into account the non-linear response with increased TP loading. Because 

the Saginaw Bay loading values were low, they fell in the more linear portion of the  model  

consistent with the observations  in Fig. 5B. The tight clustering of points  in Saginaw Bay are  

also consistent with the low interannual variation in bloom  intensity compared to the  much larger  

dynamic  range for the WLEB. When interpreting these data, it should be noted that the Maumee  
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535

514 River Basin entered a wet phase  in 2008 (Fig. 2B) and that  is the only wet  year included in this  

analysis. As a result of  this wet phase, TP loading for 2009 - 2019 for the Maumee River was 

much greater, however, the corresponding TP measurements were not available for the Saginaw  

River (Stumpf et al., 2016).  

516 

517 

518 3.6. Additional forcing functions  effects on bloom dynamics in Saginaw Bay  

519 The single regression analyses of cloud cover, incoming shortwave irradiance, mean  water  

temperature and wind stress (intensity and direction) versus CI were conducted. Results revealed  

that no single input parameter had a  correlation above 0.05 to the integrated CI value.  521 

522 3.7. Bloom phenology and intensity  in Saginaw Bay  

523 The average CI patterns from each 10-day composite for the entire  20-year time series is shown in  

Fig. 7 for Saginaw Bay. The blooms peak in August, and subside  relatively quickly in early  

September. This differs  from the WLEB, where  a similar analysis showed peak concentrations in 

mid-September (Wynne  and Stumpf, 2015). Blooms are primarily distributed along the shoreline  

every year forming a halo that does not fully extend into the center of  the  bay. Nguyen et al. (2014)  

showed the  prevailing current  field in Saginaw  Bay has strong divergent currents  in the center  

portion of the bay that  move water away from the center  of the bay towards the  shore, which  

prevents the cyanobacterial cells from accumulating there. These currents are particularly strong  

in July and August, when the blooms are at  their peak. The  frequency of  all blooms (CI > 0) per  

10-day composite are shown in Fig.  8A, and the  severe blooms (CI > 0.001) are shown in Fig. 8B.  

These analyses also show the same pattern as observed in Fig. 7 with nearshore areas clearly 

experiencing more  blooms  on average. In combination these results  show blooms reliably initiating  

in July, reaching peak in mid-August, fully dissipated by October and disproportionately  impacting  

areas adjacent to shore.  
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537 3.8. Quantifying magnitude of cyanobacterial blooms in subsections of Saginaw Bay  

538 To examine  differences in bloom intensity along various segments of the shoreline in Saginaw  

Bay, the integrated CI values were  calculated for 5 different subregions of Saginaw Bay for the  539 
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550

555

560

565

entire 20-year time series (Fig. 9B).  The time series again revealed  the same relatively invariant  

pattern of annual blooms across  the entire study period (Fig. 9A). The subsection where the  

Saginaw River enters Saginaw Bay exhibited the highest composite CI  values and the  inner Bay  

had generally higher CI  values  than the outer Bay. There was  also an across Bay gradient in CI  

values with Regions 2 (inner Bay) and 4 (outer  Bay) along the western shore exhibiting lower CI  

values  than the corresponding subregions 3 (inner) and  5 (outer) along the  eastern shore  (Fig. 

9C). This general pattern in cyanobacterial bloom  intensity again corresponds with inflowing 

oligotrophic waters from Lake Huron preferentially diluting the cyanobacteria bloom  along the  

western shore and outflowing c urrents differentially transporting bloom populations from near  

the mouth of the Saginaw River along the eastern shore. A minor portion of the observed CI  

differences  may also be  partially due to regions on the western side of  the Bay having a lower  

percentage of coastal adjacent pixels relative to the two regions on the eastern part of  the bay.  

Pixels immediately along the shoreline can sometimes have bottom reflectance or other 

adjacency issues that cause overestimated CI values.   
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553 

554 4. Discussion  

4.1. Factors  governing severity and variability of cyanobacterial blooms  in Saginaw Bay and the  

western Lake Erie Basin (WLEB).  556 

557 The interannual differences in the variability and intensity of cyanobacterial blooms  observed in 

the WLEB relative to Saginaw Bay were ex treme given both watersheds are similarly sized and  

have a close geographic  proximity. Saginaw Bay experienced relatively moderate, similarly 

sized, cyanobacterial blooms each year between 2000-2019. In contrast, blooms in the WLEB  

ranged from the intensities observed in Saginaw  Bay to an order of magnitude higher (Figs. 1, 2). 

Many of the larger WLEB blooms caused significant adverse impacts (Michalak et al., 2012;  

Stumpf et al. 2016). The differences  in bloom  intensity were largely driven by two factors: the 

greater flow weighted mean concentrations (FWMC) of TP in the Maumee River and the higher  

and more variable volumetric discharge from the  Maumee River (Figs. 3-5). The estimated  

FWMC for  TP in the Maumee  is 0.36 mg L-1  from 2000-2008 based on Stumpf  et al. (2016) and 

only 0.17 mg L-1  for Saginaw Bay (Supplementary Fig. 2B). The impact  of the differences in 
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568 FWMC of TP on cyanobacterial bloom formation was evident in comparing the influence of  

discharge and TP on the maximal summertime biomasses in  Saginaw Bay and the WLEB (Fig.  

4). During this relatively dry 9-year period, the range in annual discharge  volumes was  

equivalent for these two similarly sized watersheds. Yet the same volumetric discharge from  the 

Maumee River produced more intense cyanobacterial blooms than equivalent discharges by the  

Saginaw River (Fig. 5A). In contrast, when maximal biomasses in Saginaw Bay and the WLEB  

were plotted versus the total March-June TP loading for both the Saginaw and Maumee Rivers, 

comparable  loading produced equivalent cyanobacterial biomass in both systems  (Figs. 4B, 5A). 

Blooms in Saginaw Bay clustered at the low end of the TP input range  and were tightly grouped 

reflecting the small interannual variation in TP inputs and resulting blooms. The largest variation  

in cyanobacterial biomass occurred in the WLEB during the  wetter period from 2009-2019, and 

was again driven by much greater variations in May-June phosphorus loads from  the P-enriched 

Maumee River compared to the  less  enriched Saginaw River (Figs. 2B, 4; 5B, 6; Stumpf et al. 

2016).  

The  higher nutrient load in the Maumee River  is due to approximately 78% of the  land use being 

devoted to agriculture compared to 45% in the Saginaw Bay watershed (Ohio EPA, 2008). Most  

of the agriculture in both watersheds  is devoted to cultivation of row crops (corn and soybeans). 

The soil types in both basins require  drainage to  make them agriculturally productive.  As  

fertilizers became commonly utilized, excess P was released  into streams and rivers connected  to  

these drainage systems.  Historically, efforts were undertaken in the 1970s and 1980s to reduce  

the total load of TP into  Great Lakes  watersheds  as a means of reducing the intensity of 

cyanobacterial blooms. Significant progress was  made toward meeting this goal during this  

period (Baker et  al., 2014). Then, in  the 1990s a  major shift in agricultural practices occurred in  

the Maumee and Saginaw River watersheds with the widespread adoption of no-till farming with  

fertilizer being directly applied  to the soil surface  (Smith  et al., 2015a; Jarvie et al., 2017). A  

major goal achieved using this approach was to stabilize or reduce export  of particulate P to  

streams and lakes (Jarvie et al. 2017). Adoption of the no-till farming practices required large-

scale installation  of  tile drainage systems in  the Saginaw and Maumee watersheds as a way to  

maintain  more optimal soil moisture  levels. A major unintended consequence documented the  
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597 Maumee River was a doubling in dissolved reactive phosphorus (DRP) load from  the  mid-1990s  

to early 2000s while particulate phosphorus (PP)  remained relatively constant (Baker et al., 

2014; King et al., 2015a; Smith et al., 2015a; Stow et al., 2015; Williams  et al., 2016;  Baker et al. 

2017; Jarvie et al. 2017). The DRP export from  tile drainage systems  accounted for  >90% of all  

measured concentrations exceeding recommended levels for  minimizing cyanobacterial blooms  

(King et al., 2015b). This increased DRP input, which is  immediately utilizable by 

phytoplankton for growth, more  than any other  factor resulted in a re-eutrophication of the  

WLEB and contributed greatly to increased cyanobacterial  biomass  in the WLEB (Young et al., 

1985; Kane et al., 2014;  Smith et al., 2015b; Verhamme  et al., 2016). It should be noted that not  

all nutrient loading is  from row crop  agriculture,  and that  Concentrated Animal Feeding 

Operations (CAFOs) are on the rise.  We chose to focus on the larger and  better documented  

source of nutrients  into the system, which is row crop agriculture.  

In contrast,  measured TP levels in the Saginaw River Basin  where forests and wetlands account  

for 22% and 16% of land cover, respectively, remain relatively low (Fig. 5B). Maintenance of  

relatively low P concentrations over time in the Saginaw River is further supported by  the 37% 

drop in TP observed from the 1974-1991 period versus the 2001-2005 period (MDEQWB, 2010;  

Supplementary Fig. 2). While DRP was not measured directly in the Saginaw River, the  

modeling work done in this study indicates DRP concentrations for the Saginaw River are low in 

comparison to those  in the Maumee  River, consistent with the lower TP levels (Figs. 5B, 6). The  

higher proportion of wetlands  and forest also help buffer the flow from the Saginaw River. The  

combination of lower FWMC of P and less variable flow caused cyanobacterial blooms in 

Saginaw Bay to be more consistent  from year to year. Though reduced, there is  still  sufficient P  

input to cause Saginaw Bay to be classified as eutrophic with blooms comparable to years with 

low loading in the WLEB (Fig. 2B).  

Another difference between the two systems is  the extent of remaining wetland  along their 

shorelines. Saginaw Bay is bordered by 18,000 acres of wetlands (~73 km2), the  largest coastal 

freshwater  wetlands system  in the USA (USFWS, 2019). An important  component of this  

wetlands network is the  wide  swath of the three-square bulrush, Schoenoplectus pungens. This  
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645

650

species  is known to act as a nutrient  sink preventing large pulses of phosphorus from reaching 

the open waters of  the bay (Kohler et  al., 2004). A review of 203 North American and European  

wetlands reported median removal rates of 93 g m-2  year-1  for total nitrogen and 1.2 g m-2  year-1  

of total phosphorus (Land et al., 2016). Assuming the median total phosphorus removal rates  

reported by Land et al. (2016), Saginaw Bay’s surrounding wetlands should remove 88 metric  

tons (29%)  of total phosphorus per year, compared to the  average spring input of 300 metric  tons  

(IJC, 2019). This is sufficiently high to have a  further ameliorating impact on reducing the  

severity of cyanobacterial  blooms in Saginaw  Bay. Approximately 5,100 acres (20.6 km2) of 

Lake Erie’s original wetlands remain  in the WLEB. Using the same uptake assumptions, these 

marshes could remove 25 metric  tons P which is  a small amount (~2%) compared  to the average  

1,126 metric tons discharged between March and June into the WLEB (Stumpf et al., 2016).  

626 

627 

628 
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631 

632 

633 

634 

636 4.2 Nonlinear response  to phosphorus loading in western Lake Erie  

637 A critical feature of the  response of TP loading in the WLEB that warrants consideration from a  

management perspective is the non-linear response of cyanobacterial bloom intensity versus TP  

input over 500 metric  tons (Stumpf et al., 2012;  Obenour et  al. 2014; Bertani et al. 2016; Stumpf  

et al., 2016;  Verhamme  et al., 2016;  Ho et al. 2017). At TP loads less  than 500 metric tons, 

Saginaw Bay and the WLEB experience similar sized blooms  (Fig. 2B, 5B, 6). In addition at  

these  lower  TP loading levels  there  is a linear  response of bloom size to the amount of TP input  

(Fig. 5B). This raises  the question of why TP loading exceeding 500  metric tons causes maximal  

summertime cyanobacterial biomass to rise in a steep non-linear fashion (Fig. 5B). The  

mechanism  accounting for the non-linear response, however, has not been identified. A logical  

hypothesis  is that  there is an internal cycling  mechanism  that  causes the recent P inputs to be 

utilized  more effectively as loading increases (Gächter and  Mares, 1985). A likely possibility is 

that blooms  of diatoms and other phytoplankton occurring in early summer are capable  of  

effectively sequestering incoming nutrients even in high flow years (Stoermer and Theriot, 1985;  

Butts and Carrick, 2017; Reavie et  al. 2018; O’Donnell et al., 2019). As water temperatures  

increase in  these shallow systems,  the water column stabilizes, nutrients taken up by  the initial 

blooms can  be remineralized directly via grazing  or bacterial  degradation  as blooms senesce later  
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653 in the season (Kreusad et al., 2015;  Bartoli et al. 2018; Depew et al. 2018; Null et al., 2020). In 

essence,  early blooms may provide a time release  mechanism for initially capturing,  then  

supplying, highly utilizable DRP to support more intense cyanobacterial  blooms later in the  

season. This hypothesis  is consistent  with the cyanobacterial  biomass pattern observed in WLEB  

for the wetter years  in 2011, 2013, 2015, 2017, and 2019 (Fig. 2B).  

654 

656 

657 

658 4.3 Management implications for controlling cyanobacterial blooms in the WLEB   

659 From a management perspective, the Saginaw Bay watershed  provides a realistic model for  

further cyanobacterial abatement efforts in  the  WLEB. The results show that TP inputs into  the  

WLEB would have to drop below 500 metric  tons to regularly produce cyanobacterial blooms  

with comparable intensity to those observed in Saginaw Bay. This 500-metric ton  threshold is  

less than the current loading target of 860 metric  tons for the  WLEB (GLWQANAS, 2019). 

Particular attention should be paid to reducing TP and DRP inputs as reflected  in the Great Lakes 

Water Quality Agreement Nutrients  Annex (GLWQANAS, 2019). These reductions  are  

particularly important given the trend in increasing annual precipitation in the region over the  

past several  decades, which has the potential to escalate nutrient loading and bloom size (Stow et 

al., 2015; Fig. 2). Consequently, target TP and DRP reductions may have to be even more drastic  

than the 40% recommended in the  GLWQANAS to achieve the desired reduction in bloom  

intensity (Scavia  et  al. 2014; 2016; 2017; Iho et al., 2017; Smith et al. 2018; Wilson et  al., 2018;  

Baker et al., 2019). Numerous approaches for reducing P inputs have been proposed, but are  

beyond the scope of this  manuscript  (e.g. Baker et al., 2017; King et al., 2018; Xia  et al., 2020). 

The non-linear response observed with loading in the WLEB means  that  initial reductions in the  

highest P-loading rates  will have  the greatest benefit in terms of reducing bloom biomass (Fig.  

5B). The largest loading observed in Saginaw Bay is just below the threshold where nonlinear 

intensification of blooms would be expected to begin (Fig. 5B). Accordingly, increases in 

agricultural  land use or  continued loss of wetlands in the Saginaw Bay watershed or surrounding 

the Bay will significantly  increase potential  for severe cyanobacterial blooms (Mitsch and Wang,  

2000; USFWS, 2019).  
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4.4. Secondary influences on bloom intensity, retention time  and water temperature   
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 Cyanobacteria blooms are caused by a combination of factors. The best documented of these  are  

temperature  (Paerl  and Huisman, 2009), residence (retention) times  (Romo et al., 2013) and 

eutrophication (Paerl, 1998). Michalak et  al. (2013) showed that  the large bloom present in  the  

WLEB in the summer of 2011 was partially a result of  longer than usual residence times. 

Summer mean residence time in the  WLEB is reported  to be  51 days (Millie et al., 2009). This is  

a little less than half of the average summer  residence time in Saginaw Bay, which is estimated  

to be about  115 days for the entire bay and 62 days for the inner bay (Nguyen et al., 2014). 

Therefore, residence times would indicate that Saginaw Bay should have larger blooms relative 

to WLEB if all other factors were equal. This  reinforces  the  importance of the relatively low TP  

and estimated DRP concentrations  in producing consistently moderate annual blooms in Saginaw  

Bay where advective losses are lower. It also argues that any  future increases in nutrient loading 

will cause a  more rapid and intense eutrophication of Saginaw Bay than occurs in the WLEB.  

Temperatures in the  two systems are  similar to one another throughout the  year and show little  

interannual  variability (Sayers et  al., 2016; Supplementary Fig. 4).  While there may  be small  

scale regional variability in the temperature data there was not sufficient  temperature data to  

work out differences from the  time period encompassed in this study.  Regression analysis failed  

to show a correlation between temperature and maximum CI concentrations. Similarly, other 

climatic drivers such as  wind stress  and light availability were not correlated with  maximum CI 

values. Temperature may, however, have affected the timing of the bloom which peaks 20 days  

earlier  in Saginaw Bay (Aug 11 - Aug 20) compared to the WLEB (Sep 1 - Sep 10) (Table 2). 

Temperatures of 21.7 °C to 24 °C produce maximal potential  Microcystis growth rates of 0.6 d-1  

to 0.69 d-1 . The average July temperatures for  the WLEB and Saginaw Bay are 24.0 °C and 21.7 

°C, respectively. In August the  temperatures are  24.2 °C in the WLEB and 22.0 °C in Saginaw  

Bay, and in September they decrease to 21.7 °C in the WLEB and 19.4 °C in Saginaw Bay. 

Maximal  Microcystis growth would correspondingly decrease  to ~0.62 d-1  in WLEB and ~0.5 d-1  

in Saginaw  Bay. The continued warm temperatures in the WLEB support stronger growth into 

September, which may explain why blooms peak later in WLEB compared to Saginaw Bay. 

However, we cannot discount the possibility that  another  factor, such as nitrogen limitation could 

be a factor  in duration. Blooms in the WLEB generally switch from P-limitation to N-limitation  
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735

in August and September, possibly Saginaw Bay may experience nitrogen limitation earlier  than 

WLEB, which could pr omote bloom  decline. However, this  result  could not be tested due to lack 

of N data.  

711 

712 

713 4.5. Temporal and geographic variation in bloom  intensity in Saginaw Bay  

714 On average the cyanobacterial bloom  initiates during June and begins intensifying along the  

southern and eastern shore in early July (Figs. 7, 8). The bloom fully develops mid-July though 

the end of August, begins to dissipate in early September, and is gone by mid to late  October. 

The prevailing currents  cause the bloom to be  most intense along the  shoreline with  the middle  

of the Bay relatively free of cyanobacteria. During the blooms, cyanobacterial concentrations are  

highest  along the southern shore adjacent  to where the Saginaw River enters the bay (Fig. 9). 

Concentrations along the eastern shore are also higher  than those along the western shore, 

consistent with the prevailing currents.  

716 

717 

718 

719 

721 

722 5. Conclusions  

723 Saginaw Bay has less variable, lower biomass cyanobacterial blooms than the WLEB. This 

difference is driven by  lower and less variable P-inputs from the Saginaw River compared to  the  

Maumee River. Equivalent P-loading in both systems produced similar intensity blooms. A key 

difference between the  two systems  is that the  WLEB has TP loads exceeding 500 metric tons. 

TP inputs into Saginaw  Bay ranged from ~120-450 metric  tons and overlapped levels observed 

in the WLEB in lower input years. In this range, equivalent  phosphorus  loads produce equivalent  

biomass blooms. Above 500 metric  tons, cyanobacterial bloom biomass in the WLEB increases  

rapidly in a  non-linear fashion (Fig. 5B).   

From a management perspective, these results indicate that reductions in  TP loading,  particularly  

the DRP component, below the current maximal loading values in the WLEB will  

disproportionately reduce boom intensity (Fig. 5B). If loading into the WLEB were reduced to  

approximately 500 metric tons, blooms would be expected to be equivalent to those observed in 

Saginaw Bay. Conversely, if P-inputs in Saginaw Bay are increased because of some factor, such  

as a shift  toward more intense agricultural land use, or additional destruction of wetlands, the  
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760

737 blooms are likely to intensify significantly. The  highest P-inputs into Saginaw Bay are already 

near the 500 metric  tons  P threshold and it  is reasonable to predict  loads above this  threshold will  

begin to produce non-linear intensification of cyanobacterial blooms.   
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Figure Legends  

1091 Figure 1. Maps of the  two study areas. (Top) Bathymetry and other relevant features  of Saginaw  

Bay. (Middle) Geographic location of Saginaw Bay and the  WLEB relative to one  another. The  

Saginaw and Maumee  Rivers supply a majority of the nutrients to Saginaw Bay and the WLEB  

respectively. (Bottom) The bathymetry and other  relevant features of  the  WLEB. 

Figure 2. Monthly variations in cyanobacterial biomass in Saginaw Bay and the WLEB. (A) The  

maximal cumulative cyanobacterial index (CI) values from every 10-day composite (see Table 1)  

available  for Saginaw Bay for 2000-2019. (B) The maximal commutative  CI values for the  

WLEB (light bars) and Saginaw Bay (dark bars) allowing comparison of relative differences in  

the biomass of the cyanobacterial blooms in the two systems. The vertical black lines delimit  the 

bloom season for each year, which starts on June  1 – June 10 and ends October 20-October 31 

(See Table 1). Each bloom year was  divided into the same 15, 10-day composite periods.  

 Figure 3. Relationship between the  maximal annual CI value (*) in Saginaw Bay and cumulative  

volumetric output from the Saginaw River for the time periods. Circles (-o-) indicate volumetric  

output per water year which is October previous  year to September of the current year. This  

encompasses the progression of annual blooms from their demise  in October in one year through 

the summertime bloom and late  summer/early fall decline  the following  year. Symbols (...+...) 

represents volumetric output of the Saginaw River from March  - June  and (–x–)  the March  - July  

output.  
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1109 Figure 4. Monthly discharge from  the Saginaw and Maumee  Rivers. (A)  Mean and standard 

deviation for monthly discharge  from the Saginaw River between 2000-2019. The data are  

plotted from October 1 to September 30 to correspond to the  end of the bloom the previous year  

and the decline of the bloom the  following September. (B) Same data for the Maumee River 

processed as d etailed  in A.   

Figure 5. Relationship between (A)  March - June discharge from the Saginaw and Maumee 

Rivers from 2000-2008 and (B) March - June total phosphate loading (from 2000-2008)  from the  

Saginaw and Maumee Rivers versus the corresponding maximal 10-day Cyanobacterial Index in 

Saginaw Bay (*) and the WLEB (o), respectively.   

Figure 6. Observed annual maximum 10-day, Cyanobacterial Index (CI)  values vs  modeled 

maximal CI  based on total phosphorus (TP) input from the  Maumee  (o) and Saginaw (*) Rivers. 

The models  used for predicting CI from TP were originally developed using data available for  

the WLEB (Stumpf et al.  2016). The diagonal  line indicates  a 1:1 correspondence between actual  

and modeled maximum  CI values.  

Figure 7. Time series showing the average  maximal Cyanobacterial Index (CI) values for every  

pixel  in Saginaw Bay obtained for each of the 15, ten-day periods in a bloom season (Table 1). 

Warmer colors indicate higher  levels of cyanobacteria, while cooler  colors indicate lower levels.  

The composited images  for each 10-day period were then arranged in chronological  order to 

show development and decline of the bloom. Data for each image were determined by extracting 

the maximal CI values for the same  pixel  in every corresponding 10-day period between 2000 

and 2019 and then averaging those data to provide a mean pixel value for  a given 10-day period 

across all  years. The center of  the bay has lower  cyanobacterial concentrations relative to the 

shoreward areas due  to prevailing circulation within the bay. The inner bay also has higher  

concentration relative  to the outer bay.  

Figure 8. Time series showing the percent of the years in  the  study maximal Cyanobacterial 

Index (CI) values for every pixel in Saginaw Bay exceeded one of two thresholds. (A)  The  

percent of time a pixel exceeded a (CI) of 0 in each of the 15, ten-day periods  in a bloom season  
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1136 over the 20 year cyanobacterial time series from  Saginaw Bay. A CI=0 is estimated to be 

~20,000 cells mL-1  (Stumpf et al., 2012). This graphic provides a probability estimate of a  

cyanobacterial bloom being present  in a given location in each of the 15 of the 10-day periods  

from June 1 to October 31. (B) Same  as A except  it is percent  of time the  CI value was ≥ 0.001, 

which is equivalent to a  concentration of 105  cells mL-1 .  

Figure 9. (A) Saginaw Bay was subdivided into 5 regions  to examine geographic variation in 

bloom intensity. The cumulative  maximal CI values for each  10-day composites from each of  

these five  regions was then plotted as time series  from 2000 to 2019. (B) Map showing the  

different subregions of the Bay. (C) The average of the cumulative  maximal CI values for each  

subregion over all 20 years of  the study normalized to surface area. Region 1, closest to the  

primary nutrient source, the Saginaw River, had the highest CI value. The  inner bay (R2, R3), 

had a higher CI value than the outer  bay subregions (R4, R5). Values for the eastern shore  

subregions  (R3, R5) were higher  than the corresponding ones on the eastern shore  (R2, R4).  

 

Supplementary Fig. 1. March to July loads of  total phosphorus load versus total bioavailable  

phosphorus for  the Maumee  River.  

Supplementary Fig. 2. (A) Regression analysis  of the relationship between annual volume of  

water from  the Saginaw River and total annual phosphorus load from  the 1974- 1991 

(MDEQWB, 2010) (B) Same as for (A) except for the 2001-2005 time period (MDEQWB, 

2010). The slope of  the regression lines represents the flow weighted mean concentration 

(FWMC) of TP (mg mL-1) for both time periods. The differences in the FWMC concentrations  

during the two periods  are consistent  with phosphorus abatement strategies begun in the  1970s  

having reduced TP loading into Saginaw Bay from the Saginaw River by 37% in the  early to 

mid-2000s.  
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 Composite Number  Start Date  End Date 

 1  June 1  June 10 

 2  June 11  June 20 

 3  June 21  June 30 

 4  July 1  July 10 

 5  July 11  July 20 

 6  July 21  July 31 

 7  August 1  August 10 

 8  August 11  August 20 

 9  August 21  August 31 

 10  September 1  September 10 

1160 Supplementary Fig. 3. Regression analysis of the  CI from  the  Stumpf et al. (2016) model on 

western Lake Erie against the CI from the MODIS data used in the current study. The slope (m)  

and the slope intercept (b) of the  relationship shown here was used to adjust equation 6.  

Supplementary Fig. 4. Relationship between mean monthly water temperature in the  WLEB  

versus Saginaw Bay from  2002-2019.  

 

Tables  

Table 1: The 10-day composite numbering system used for each year in both Saginaw Bay and 

western Lake Erie basin.   
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 11  September 11  September 20 

 12  September 21  September 30 

 13  October 1  October 10 

 14  October 11  October 20 

 15  October 21  October 31 

  

 

 

 

 Statistic  western Lake Erie Basin  Saginaw Bay 

 Mean ± SD   9.7 ± 2.4 (Sep 1 - Sep 10)   7.75± 1.7 (Aug 11 - Aug 20) 

 Median 10.0   (Sep 1 - Sep 10) 7.5   (Aug 11 - Aug 20) 

 Mode 10.0   (Sep 1 - Sep 10) 9.0   (Aug 21 - Aug 31) 

  

  

  

  

  

1169 

1170 Table 2: The 10-day composite periods (in parentheses) exhibiting the highest mean, median, 

and mode integrated CI  values during the 20-year MODIS time series. Details on how values 

were calculated are given in section  2.3.  
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