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INTRODUCTION 

The Laurentian Great Lakes are arguably one of the most valuable natural resources in 

North America, if not the world. This system represents roughly 20% of the world’s available 

freshwater, a resource that is expected to become increasingly valuable in the near future 

(Schottler and Eisenreich 1994). Lake Erie alone provides millions of dollars in revenue each 

year from tourism and fishery industries (USDA 2005).  For the last two decades, however, Lake 

Erie has again been threatened by annual blooms of toxic cyanobacteria during summer months. 

Despite intensive research and management efforts, the duration and toxicity of the blooms 

appears to be expanding in recent years. The goals of this review are to highlight recent scientific 

efforts and policy practices regarding these bloom events in Lake Erie and describe potential 

future research needs and directions. 

 

HISTORICAL PERSPECTIVE 

 Among the Laurentian Great Lakes, shallow Lake Erie is best suited for recurring large 

scale blooms, due to both physical morphology of the lake, its location in a temperate climate 

with warm summer temperatures, and extensive anthropogenic inputs to the system. At an 

average depth of 19 m, Lake Erie has a relatively short retention time of less than three years, 

and consistently reaches temperatures above 25° C during summer months (Burns et al. 2005; 

Nws 2012; Stumpf et al. 2012). The lake receives extensive input from agricultural and industrial 

runoff, despite decades of international efforts to reduce nutrient loading (Waples 2008). 

Phosphorus (a key component in detergents, industrial chemicals and in the common herbicides) 

and nitrogen (increasingly being applied within the Lake’s watershed as ammonia and urea 

fertilizers) remain of particular concern (Saxton et al. 2011; Solomon et al. 2010). In addition to 
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industrial and agricultural waste, residential and commercial detergents remain a substantial 

source of these pollutants. 

The formation of large swaths of cyanobacterial biomass across Lake Erie is not a new 

phenomenon.   Beginning in the early twentieth century, a marked increase in phytoplankton 

biomass and decline in dissolved O2 was primarily thought to be a result of phosphorus loading 

via point sources into the system (Charlton et al. 1993). While largely comprised of diatoms, the 

Lake Erie phytoplankton community was also found to contain cyanobacteria from the genera 

Microcystis and Anabaena (Davis 1958; Nicholls et al. 1977). During the 1950s, studies 

indicated a peak in cyanobacterial biomass during the months of September and October, 

referred to as the “autumnal maximum.” Both filamentous genera (Anabaena spp., 

Aphanizomenon spp., Lyngbya spp., and Oscillatoria spp.) and the unicellular Microcystis were 

observed to follow this pattern, with Aphanizomenon being most abundant (Davis 1954). A 

survey of the phytoplankton community during 1956 and 1957 reported Microcystis spp. as the 

most abundant blue-green alga, followed in quantity by the filamentous Aphanizomenon flos-

aquae and Oscillatoria spp. (Davis 1962). Despite the presence of these potentially toxic 

organisms, the focus remained on reduction of overall nuisance algal biomass and restoration of 

dissolved O2 levels throughout the lake. In the mid-twentieth century, the eutrophication of Lake 

Erie was described by the scientific community with increasing frequency and urgency. This 

scientific “call to action” resulted in a flurry of studies looking to identify the cause of the 

eutrophication of such an important ecological and economically important water source. 

Phosphorus was identified as the key nutrient contributing to eutrophication, which led to the 

implementation of the Great Lakes Water Quality Agreement (Hasler 1969; IJC 1986; Schindler 

1977). This joint effort by the Canadian and American governments resulted in an effective 
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reduction of phosphorus loading into the lake by 50% within ten years of the peak levels 

observed in 1968 (Figure 3) (Charlton et al. 1993; Makarewicz and Bertram 1991). 

As predicted, total phytoplankton biomass (g/m
3
) was observed to decline during the 

1970s and 1980s, with reports suggesting an 89% total reduction in biomass in some areas of the 

lake (Makarewicz 1993). However, the dissolved O2 levels did not recover, despite substantial 

efforts to limit further eutrophication of the lake by regulation of phosphate loading. By the early 

1990s, trends in fishery populations, algal biomass decline, and sediment quality suggested a 

possible recovery of the system. The reasons for lack of total recovery from anoxia is unknown, 

but have been tied tightly to the morphology of the lake and the orientation of the central basin. 

The combination of these effects results in a typically narrow (~4m) hypolimnion at the lake’s 

bottom, which is supplied with carbon from primary producers in the much larger epilimnion 

(Rao et al. 2008; Wilhelm et al. 2006). Combined with carbon input from spring diatom growth 

as well as mid-winter blooms that do not appear to be totally consumed by bacteria during winter 

months, dissolved O2 constrained to the hypolimnion in summer months is rapidly consumed 

(Twiss et al. 2012; Wilhelm et al. 2006).  

After multiple decades of reduction in P loading, target levels had been reached by the 

1980s and total P inputs remained relatively static (Figure 3). Beginning in the mid-1990s, 

however, a period of annual increase in dissolved reactive phosphorus (DRP) loading to the lake 

was observed. This trend is considered a potential threat to the trophic status of Lake Erie due to 

its highly bioavailable nature (EPA 2010). Despite an apparent improvement in the overall health 

of the lake, cyanobacterial blooms returned beginning in the mid-1990s (Conroy et al. 2005). 

The identification of toxic Microcystis aeruginosa in Lake Erie in 1995 marked the beginning of 

a second substantial decline in Lake Erie water quality (Brittain et al. 2000). Today, annual 
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Microcystis blooms occur in Lake Erie, and the duration of these blooms has been expanding 

during the last decade. The goal of this review is to underscore recent information we have 

amassed to help answer the question, “What makes Microcystis bloom?” Additionally, we will 

highlight gaps in current research and potential obstacles toward moving forward in addressing 

toxic Microcystis blooms in Lake Erie. 

 

CURRENT STATUS OF CHABS IN LAKE ERIE 

After initial observation of toxic Microcystis aeruginosa in Lake Erie in 1995, blooms of 

this toxic cyanobacterium and others have formed annually in the western basin, and have been 

identified across the lake. In the last decade, the blooms have begun to form earlier in the year 

and extend later than in the past; the 2011 Lake Erie bloom was visible from satellites until mid-

October (Figure 1). Due to the potential ecological and public health impacts of the toxins 

produced in association with these blooms, scientists and government agencies have been 

working to identify potential causative factors. These endeavors may contribute to eventual 

mitigation of annual blooms events.  

 

STATE OF THE CYANOBACTERIAL COMMUNITY IN LAKE ERIE  

Blooms of unicellular and filamentous cyanobacteria have been observed in Lake Erie 

since the mid-1990s. These blooms are typically dominated by the genera Microcystis spp. and 

Anabaena spp., with other filamentous genera often found in conjunction (Figure 2). Microcystis 

aeruginosa is a colonial, bloom-forming cyanobacterium that has been identified in freshwater 

systems worldwide (Sant′Anna et al. 2011; Van Gremberghe et al. 2011; Ye et al. 2009). Blooms 

of Microcystis have generally been relegated to the western basin of Lake Erie. The potentially 
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toxic Planktothrix and Anabaena have also been observed with increasing frequency in this 

region of the lake (Davis et al. 2012; Rinta-Kanto et al. 2005; Saxton et al. 2012). While 

Anabaena had been observed in Lake Erie prior to 1960 (Davis 1954), the potentially toxic 

Cylindrospermopsis was first observed in the mid-2000s (Conroy et al. 2007; Davis 1954). 

While the reasons for the recent resurgence of nitrogen fixing filamentous cyanobacteria like 

Anabaena spp. are unknown, algal succession events favoring diazotrophs may indicative of 

shifting seasonal nutrient loading patterns (Paerl and Fulton 2006). While cyanobacteria are 

known to produce a number of secondary metabolites, the hepatotoxic microcystins are of 

particular concern. Microcystins are cyclic heptapeptides with two variable amino acid positions 

that result in the existence of over 80 variants (Dietrich and Hoeger 2005). The genes encoding 

the nonribosomal synthesis of microcystins (mcyA-J) have been well-characterized genetically, 

and as a result are often used as a means of identifying toxin producers in the environment 

(Ouellette and Wilhelm 2003; Rinta-Kanto and Wilhelm 2006). Filamentous genera such as 

Anabaena and Planktothrix are also capable of producing microcystins, and are often found in 

conjunction with Microcystis during bloom events. 

The mechanism of toxicity in animals and humans involves inhibition of type 1 and 2A 

protein phosphatases in the liver (Dawson 1998). Microcystins have been involved in numerous 

animal intoxications, and have proven fatal to both animals, and in limited cases, humans 

(Azevedo et al. 2002; Jochimsen et al. 1998). Despite the risk, microcystin-associated fatalities 

have yet to be reported in the Laurentian Great Lakes. Potential carcinogenic properties of 

microcystins are thought to be caused by their inhibitory effect on DNA repair mechanisms 

(Žegura et al. 2011a; Žegura et al. 2011b). Additional secondary metabolites produced by 

Microcystis spp. have also been found to act as synthetic estrogens in zebra fish exposure 
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experiments (Oziol and Bouaïcha 2010; Rogers et al. 2011). Moreover, an abundance of 

phytoplankton biomass can lead to aquatic plant die offs and hypoxia and jeopardize tourism 

industries (Paerl et al. 1998).  

During the last decade, Microcystis and other potential toxic cyanobacteria have been 

identified in Lake Erie using a variety of microscopic, molecular, and imaging techniques 

(Becker et al. 2009; Ouellette et al. 2006; Rinta-Kanto et al. 2005; Saxton et al. 2012).  Early 

detection of cHAB formation is critical to formation of a proper response, and available 

detection methods have greatly improved in sensitivity and speed in recent years. Microscopic 

identification of cHAB cells in environmental samples has progressed toward the usage of image 

cytometry through devices such as the FlowCAM (Lavrentyev et al. 2004). Sensitivity and 

predictive ability of remote sensing data has extended warning periods before large scale blooms 

in Erie (Becker et al. 2009; Binding et al. 2012; Strong 1974). Traditional methods such as 

fluorescence, microscopy, and pigment analysis are still employed in the field (Saxton et al. 

2012). 

The mcy gene cluster is often employed as a marker for molecular detection of toxin 

producers in environmental samples. The development of PCR-based detection methods have 

substantially impacted the ability of scientists and environmental managers to effectively identify 

potential toxin producers in Lake Erie (Wilhelm 2008). Such methods have determined that 

Microcystis is not localized to near shore areas, but can be found in each basin across the lake 

(Dyble et al. 2008; Ouellette et al. 2006; Rinta-Kanto and Wilhelm 2006). Sequencing of 16S 

rRNA and mcyA gene libraries allows for the identification of potentially toxic cyanobacteria 

within the context larger bloom community and aids in identification of the source of high 

microcystin levels during bloom events (Ha et al. 2008; Rinta-Kanto and Wilhelm 2006). These 
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techniques have been employed to track historical existence of Microcystis in the lake; results 

indicate its presence dating to the 1970s. Furthermore, the current population is genetically 

indistinguishable from the historical population surveyed. This suggests that it is environmental 

or anthropogenic influences that have resulted in a surge in the Microcystis population in recent 

years, not an invasion of a distinct population (Rinta-Kanto et al. 2009). As technology continues 

to develop, detection methods become more comprehensive. Next generation sequencing 

techniques are currently being employed to examine the structure of bloom communities, in 

addition to identifying function of bloom community members in Lake Erie (Steffen et al. 2012). 

The well-established record of Microcystis in Lake Erie has resulted in a large body of 

work dedicated to environmental factors that may contribute to bloom formation. Despite 

established dogma suggesting P as the key factor limiting cyanobacterial biomass in freshwater, 

recent efforts have suggested an important role for other nutrients (i.e., nitrogen), trace element 

availability, climate change, and the co-occurring heterotrophic community. An understanding of 

the collective impact of these factors will lead to more accurate mathematical modeling and 

prediction of future bloom events. 

 

THE IMPACT OF NUTRIENTS ON LAKE ERIE CHABS 

 Eutrophication has long been acknowledged as a driver for freshwater phytoplankton 

biomass. Phosphorus has historically been accepted as the key limiting nutrient in freshwater 

systems (Schindler 1977). Indeed, this was the motivation for cleanup efforts in Lake Erie 

mediated by the Great Lakes Water Quality Agreement, which substantially reduced phosphorus 

loading to the lake. This international effort was renewed as an amendment in 2012 with 

continued emphasis on restoration of Great Lakes water quality. Nutrient measurements across 
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Lake Erie during the last decade have confirmed that the lake remains P limited, as defined by 

TN:TP > 22 (Guildford and Hecky 2000). Lake Erie phosphorus amendment studies confirm that 

high P levels stimulate algal biomass production (Debruyn et al. 2004; Wilhelm et al. 2003). 

Based on size-fractionated chl a measurements, however, it appears that biological speciation 

across the lake does not respond in a consistent matter to P-additions (DeBruyn 2004; Wilhelm 

et al. 2003). Reduction of phosphorus loading to Lake Erie remains a serious concern, with a 

focus on non-point sources emerging in recent years (Joosse and Baker 2011).  

More recently other influences have been discovered that may be shaping photosynthetic 

populations within this system.  For example, agricultural runoff results in seasonal presence of 

the herbicides containing glyphosate, which has recently been shown to impact algal succession 

in favor of Planktothrix spp. over Microcystis spp.  It is likely the associated heterotrophic 

bacterial population responsible for the breakdown of this compound, suggesting a role for both 

P and the microbial population in the structure of the phytoplankton community (Saxton et al. 

2011). 

A growing body of evidence is providing support for the hypothesis that while 

phosphorus may control total phytoplankton biomass in freshwater systems, the chemical 

speciation of nitrogen shapes algal community structure (Debruyn et al. 2004; Dolman et al. 

2012; Wilhelm et al. 2003). This in turn has led to a call for dual nutrient management practices, 

although these management practices are currently under debate (Conley et al. 2009; Lewis et al. 

2011; Schindler 2012). Total nitrogen levels have recently been shown to be particularly 

important in highly P-enriched systems, although contradictory evidence has been reported 

(Debruyn et al. 2004; Dolman et al. 2012; Schindler 2012). Orihel et al. (2012) found a 

correlation between microcystin concentration and low TN:TP ratio based on a statistical 
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examination of Canadian lakes (Orihel et al. 2012). However, actual concentrations of TN:TP 

were not taken into account when calculating the ratios and the corresponding differences in 

cyanobacterial community composition based on the suggested P-limited nature of the systems in 

question remain unaddressed (Scott 2012).   Despite previous experimental evidence suggesting 

that biomass production in Lake Erie is P-limited, comprehensive nutrient data suggest that 

tributary inputs to the system are often N-deplete (Figure 4). There is additional mounting 

evidence suggesting specific chemical species of nitrogen such as urea may act as a driver for 

Microcystis blooms in the environment, as it is an energetically favorable nutrient source (Davis 

et al. 2010; Finlay et al. 2010). 

The global use of urea based nitrogen fertilizers has escalated since the 1920s (Finlay 

2002). In the last several decades, global urea consumption has increased at an average of 3.3% 

annually, with North America contributing 8.8% of total usage ((Ifa) 2011). While the use of 

urea as a fertilizer is an effective and economical agricultural practice, urea present in runoff can 

harm neighboring aquatic systems (Finlay et al. 2010; Glibert et al. 2006). The entrance of urea 

to aquatic systems is augmented through the use of urease inhibitors applied in conjunction with 

fertilizers.  Urease inhibitors reduce nitrogen losses via microbial degradation after field 

application, and thus increase the likelihood urea enters aquatic systems via runoff (Glibert et al. 

2006). 

Reports of total urea concentration in freshwater systems vary. Total urea concentrations 

are generally estimated to be between 1.0 and 10 µM (Berman and Chava 1999; Finlay et al. 

2010; Park et al. 1997). Urea amendments have been shown to stimulate Microcystis biomass 

preferentially over inorganic forms of nitrogen, although in vitro culture studies suggest 

inorganic N may favor growth of nontoxic strains of Microcystis over toxin producers (Davis et 
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al. 2010). Published data on urea and its role as a driver of Microcystis blooms in Lake Erie 

remains limited, and further study will be required to determine its impact. Comparative analyses 

of dual nutrient amendment experiments on field samples may also prove useful in parsing out 

the function of both N and P in governing phytoplankton biomass and toxicity in Lake Erie and 

other important freshwater systems. The relationship between nutrient levels and biomass and 

toxicity is further complicated by the impact of additional biotic and abiotic factors. Both 

invertebrate grazers and viruses contribute to biogeochemical cycling in aquatic systems, which 

also contributes to total available N and P (Anderson et al. 2013; Ej et al. 2012). 

Additional consideration should be given to the impact of zebra mussels when looking at 

nutrient effects on toxic cyanobacteria. A myriad of work suggests that filter feeding zebra 

mussels may shift freshwater communities toward Microcystis by selective feeding (Vanderploeg 

et al. 2001). Toxic strains of Microcystis have been shown to be emitted from mussels as 

pseudofeces, while other forms of phytoplankton are digested. This may contribute to potential 

algal succession patterns in favor of toxic Microcystis. Additional evidence suggests zebra 

mussels may be an important factor in phosphorus cycling in the lake (Arnott and Vanni 1996): 

for decades they have acted as a biological sink for phosphorus. However, a recent decline in 

population numbers may have led to a reversal in this phenomenon, as mussels are now thought 

to act as a source of phosphorus in Lake Erie sediments, rather than a sink.. 

 

ABIOTIC FACTORS AND THE SUCCESS OF MICROCYSTIS IN LAKE ERIE 

Microcystis and other toxin producing cyanobacteria are most successful at temperatures 

above 25º C (Paerl and Huisman 2009). IPCC models for changes in climate predict temperature 

increases that would favor cyanobacterial dominance in freshwaters and may contribute to an 
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extension of annual bloom durations (IPCC 2007). Warmer temperatures have already resulted in 

an earlier deterioration of ice cover on Lake Erie, with recent temperature data showing above 

freezing (0º C) temperatures for the entire month of March 2012. How shorter ice seasons will 

affect cyanobacterial proliferation remains and unanswered question: shifts in community 

succession and nutrient cycles will no doubt occur and need to be considered in future studies.  

With rising temperatures, there is also a risk for invasion of toxic cyanobacteria to Lakes 

Huron and Superior. Previous work has shown Microcystis and Anabaena spp. are transported to 

these lakes via ship ballast (Doblin et al. 2007). However, bloom formation in Superior and 

Huron is thought currently be constrained by temperature. Warming temperatures trends may 

however remove this constraint and encourage bloom events farther north, as temperatures are 

predicted to warm by 0.2°C per year over the next two decades (IPCC 2007). Climate change is 

projected to affect not only temperature trends, but also precipitation patterns, irradiance, and the 

number of storm events, all of which may potentially impact the success of cHABs in Lake Erie. 

 

THE CONTINUING SAGA: CURRENT RESEARCH TRENDS IN LAKE ERIE 

The science of toxic blooms in Lake Erie has evolved from detection and identification to 

more comprehensive study of the factors influencing bloom success and toxicity. While current 

trends mirror a historic focus on the role of nutrients, the importance of climate change and total 

microbial community contribution are now being recognized. Exploitation of model organisms 

and in vitro culture studies continue to prove useful for baseline knowledge of bloom causing 

organisms. Design and interpretation of such studies are enhanced by the availability of detailed 

genomic information of model organisms (Frangeul et al. 2008; Kaneko et al. 2007; Rounge et 

al. 2009; Sugita et al. 2007). To date, relatively few freshwater cyanobacterial genomes are 
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publically available, which when resolved may provide a plethora of knowledge useful to 

understanding bloom formation and persistence and provide for biomolecular tool sets that will 

allow for more in depth studies of populations within the background of natural communities.  

Moving forward, a shift to the study of entire bloom communities rather than single model 

organisms will provide a more comprehensive (and holistic) picture of bloom dynamics. 

Toxic bloom communities are complex systems comprised of microbes other than 

cyanobacteria; the role of heterotrophic bacteria in the success of autotrophs has recently been 

highlighted in Lake Erie  as well as aquatic systems worldwide (Morris et al. 2008; Saxton et al. 

2011; Sher et al. 2011; Steffen et al. 2012). Because new evidence suggests heterotrophs shape 

nutrient dynamics and subsequently the toxicity and physiology of cyanobacteria, it is becoming 

increasingly apparent that to fully understand the dynamics of toxic blooms, the entire bloom 

community as a whole must be examined (Dziallas and Grossart ; Steffen et al. 2012; Wilhelm et 

al. 2011). This “systems biology” approach to studying bloom events moves beyond the study of 

a single organism, and will provide insight on the relative contributions of  biotic and abiotic 

driving forces behind massive bloom events. This in turn will allow for a more comprehensive 

approach to modeling and forecasting efforts and may eventually lead to novel management 

practices in the field. 

The implementation of high throughput techniques, including sequencing of nucleic acids 

and spectrophotometric analyses of proteins has greatly aided in efforts to identify community 

structure and function at high resolution in aquatic systems. Data generated in this manner may 

illuminate heretofore unknown activity of particular chemical pathways that may prove 

imperative to understanding toxic bloom community success. In order to most accurately model 

and predict Lake Erie blooms, comprehensive knowledge of environmental and sampling 
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conditions is critical. Cataloguing of multiple environmental parameters associated with bloom 

events will also foster the effort to establish the interactions of the different environmental and 

biological factors that influence freshwater blooms.  

 

CURRENT POLICY AND IMPLICATIONS 

 A critical role for science within Lake Erie is to inform both lake and land management 

practices. Efforts to improve lake quality and address trophic status are underway at local, state, 

national, and international levels in both Canada and the United States. Current focus on 

reduction of nonpoint source loading of phosphorus and in escalating DRP levels remains a 

priority for national and state level organizations (Epa 2010). An ongoing debate within the 

scientific community as to the best method for nutrient management has yet to be resolved. 

Evidence exists to support a focus on a single nutrient (P) and a dual-nutrient management 

strategy (both N and P) (Lewis et al. 2011; Schindler 2012). Further efforts to resolve this debate 

will advance both management practices and the science of freshwater cHABs. Continued 

sponsorship of monitoring and scientific endeavors to track changes in the status of cHAB events 

in Lake Erie and gain insight into the forces contributing to events is also an important goal of 

provincial, state and national organizations.  It should remain a priority, however, to continue to 

engage in experimental science along with monitoring and modeling efforts as such efforts create 

context and validation. 
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Figure 1. Images of Lake Erie showing the 

formation of algal blooms and our ability to 

document these by satellite.  Top: Landsat 

image of bloom from Aug 2004. 

Middle (2006) and Bottom (October 2011)  

MODIS images of Lake Erie showing 

biomass in the western basin.  

Figure 2. Light microscope images of 

Microcystis aeruginosa NIES 843 (Top) 

and Planktothrix spp. (Bottom) 
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Figure 3. Total nitrogen (left) and total phosphorus (right) measurements (mg/L) from Maumee Bay taken from 

1975-2012 (top). Bottom panels depict data from 1995 to present. Figures based on the Heidelberg data set. 
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Figure 4. Calculated TN:TP ratios for Maumee Bay from 1975-2012. Lines indicate levels of 

expected TN (solid) and TP (dashed) limitation (Guildford and Hecky 2000). 


