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The results showed that Diquat dibromide was more effective than commonly used algaecides in 
controlling toxin forming Microcystis aeruginosa and Aphanizomenon flos-aquae. Irrespective of 
the algaecide used and the dosage applied, Microcystis aeruginosa was able to reestablish itself 
over time.
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ABSTRACT

Cyanobacterial harmful algal blooms (HABs) are an emerging problem worldwide, 

affecting many important freshwater systems. The use of chemical algaecides can 

provide an effective short-term mitigation measure to control HABs. In this study, the 

efficacy of Diquat dibromide was examined under laboratory conditions to control two 

problematic toxin-releasing cyanobacteria, namely Aphanizomenon flos-aquae and 

Microcystis aeruginosa. Its performance was then compared to that of Copper sulfate 

(CuSO4) and Potassium permanganate (KMnO4), two commonly used algaecides. The 

results suggest that while all three algaecides were effective in controlling 

Aphanizomenon, the highest inhibition rates achieved were associated with the 

application of Diquat dibromide. Aphanizomenon exhibited a half-life of 0.48 days with 

Diquat dibromide dosages of 0.5 and 1 mg/L. Both Diquat dibromide and CuSO4 

exhibited more effectiveness in controlling Microcystis aeruginosa as compared to 

KMnO4. Reductions achieved by applying 0.5 mg/L of Diquat dibromide or 1 mg/L of 

CuSO4 exceeded 95% after 48 hrs of treatment. Nevertheless, Diquat dibromide 

suppressed the net regrowth of Microcystis aeruginosa up to 70 hrs, while suppression 

with CuSO4 did not exceed 64 hrs even with the highest applied dosage. Irrespective of 

the algaecide and the application dosage, regrowth was observed for Microcystis 

aeruginosa but not for Aphanizomenon flos-aquae. Statistical models were proposed to 

simulate inhibition rates and estimate net algal regeneration. 

Keywords: Algaecide, cyanobacteria, HAB, Diquat dibromide, Copper Sulfate, 

Potassium Permanganate, Microcystis aeruginosa, Aphanizomenon flos-aquae
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1 INTRODUCTION

Anthropogenic eutrophication is a global problem affecting many important aquatic systems. 

Excessive nutrient loading has been a main driver for Harmful Algal Blooms (HABs) 

proliferation 1-3. Cyanobacteria are the major algae type associated with the proliferation of 

HABs and impairments of freshwater systems 4-7. Microcystis, Anabaenopsis, Aphanizomenon, 

Oscillatoria, Nostoc, and Planktothrix are some common genera that are known to form blooms 

and produce cyanotoxins. 

Blooms of Micrococystis aeruginosa are a major concern, given that they can be associated with 

the release of microcystin, a known hepatotoxin 8, 9. Micrococystis blooms have been responsible 

for the impairment of important lake systems around the world, such as Lake Okeechobee in 

Florida 10, Lake Erie 11, 12, and Lake Taihu in China 1, 13. Another pervasive toxin producing 

cyanobacteria genera is Aphanizomenon flos-aquae. It is known to release cylindrospermopsins, 

a hepatoxin that can cause gastrointestinal damage 9, 14, 15, along with anatoxins and saxitoxin, 

which are known to affect neurological activities and can lead to death through respiratory 

paralysis 16, 17. Several freshwater bodies in the Mediterranean region along with Lake Dianchi in 

China, Lake Erie, Utah Lake, and the Upper Klamath Lake in Oregon have been negatively 

affected by Aphanizomenon blooms 14, 18-20. 

Mitigation measures have been tested to control excessive algal blooms including algaecides 

applications, mechanical mixing, food web manipulations, and/or nutrient regulation 21-30. 

Nutrient enrichment has been strongly linked to increased eutrophication and the stimulation of 

harmful algal blooms 3. Examples of the success of nutrient management in reducing HAB 

events include the decline of HAB events in Lake Washington and the Potomac River following 
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the removal of sewage discharges into these systems 31, 32. Similar successes have also been 

reported in Lake Erie, where improved wastewater treatment and the ban on phosphate 

detergents in the early 1980s significantly reduced HAB events 33. In 2003, the US 

Environmental Protection Agency concluded that managing nutrient inputs to the watershed can 

lead to significant reduction in HABs 34. Nevertheless, there is evidence to show that the overall 

effect of nutrient load reductions on harmful algal proliferation tends to be species specific 3. 

While controlling nutrients emerging from point and non-point sources at the river-basin level 

remains the most effective approach on the long term, effective implementation is often hindered 

by socio-economic constraints and/or lack of regulatory enforcement. As a result, short-term 

mitigation measures are needed. Of these measures, algaecides application remains the most 

commonly adopted.

Copper Sulfate (CuSO4) remains to date the most commonly used algaecide in freshwater 

systems 35-37. It has been in use since the early 1900’s, with early application recorded in the 

Fairmont lakes 38, 39. Its wide use was promoted by the fact that it is inexpensive, accessible, and 

effective against cyanobacteria 5, 40-44. It acts by interrupting electron transport through 

photosystem II, increasing oxidative stress, and competing with magnesium in the chlorophyll 

molecule 35, 45-47. Potassium Permanganate (KMnO4) is another commonly used algaecide that 

was promoted by its low environmental hazard 48-53. Its use has been documented across many 

freshwater systems including storm-water retention lakes in Canada, fish ponds in the United 

States, Lake Biwa in Japan, and to lakes and ponds in China 54-58. KMnO4 is an oxidant that 

releases hydrated manganese dioxide (MnO2), which stimulates oxidation-enhanced coagulation 

of surface algae cells 59-62. A less commonly used algaecide is Diquat dibromide (IUPAC name: 

6,7-dihydrodipyrido (1,2-a:2',1'-c) pyrazinediium dibromide), which has been commercially 
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available since the early 1950s 63, 64. It was registered with the United States Environmental 

Protection Agency (USEPA) in 1986 65 and shown to be effective on a wide spectrum of 

cyanobacteria 64, 66-70. It disrupts the electron transport in photosynthetic tissues by changing 

Nicotinamide Adenine Dinucleotide Phosphate (NADP) 71, 72. 

In this study, we examined the efficacy of Diquat dibromide in controlling Microcystis 

aeruginosa and Aphanizomenon flos-aquae blooms through a series of laboratory-based 

inhibition tests conducted under different dosages. Efficacy was determined in terms of the 

measured decrease in chlorophyll-a concentrations over 96 hours of the inhibition test. The 

performance of Diquat dibromide was then compared to that of CuSO4 and KMnO4. 

Mathematical decay models were then developed to quantify the net change in cyanobacteria 

over time for the three algaecides using the measured chlorophyll-a concentrations. The adopted 

decay models permit a temporally variable rate of change. A positive net change value indicates 

a net regrowth of the algae, while a negative value represents a net drop in their levels. The 

residual concentrations of the three algaecides at the end of the 4-day experiment were measured 

and compared to the World Health Organization drinking water quality standards 8, 16.

2 MATERIALS AND METHODOLGY

2.1 Sample collection

Surface water samples were collected 10 cm below the water surface of the Qaraoun Reservoir, 

Lebanon’s largest freshwater body (Figure 1). The reservoir is hypertrophic due to excessive 

point and non-point pollution loading 73, 74. Microcystis blooms have been consistently occurring 

over the summer season, while Aphanizomenon blooms tend to occur between late winter and 

early summer 75. Cyanobacteria were collected from the reservoir during algal bloom events. 
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Blooms are often characterized by the dominance of a single nuisance algal community 76-78. 

Collected samples were transported to the lab on ice and observed under the microscope to 

assess the dominance of the targeted species. Microscopic observations were repeated throughout 

the culturing (2 weeks) and inhibition tests (5 days) to ensure that no other algae type other than 

the one targeted was observable under the microscope. In the event that multiple species were 

observed, the entire batch was discarded and the inhibition tests were aborted.

Figure 1 (a) Geographical location of the Qaraoun reservoir; (b) a Landsat 8 satellite image on July 4, 
2013 showing from space a developing cyanobacteria bloom; and (c) an image captured during a 

Microcystis aeruginosa bloom observed on September 22, 2015.
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2.2 Cyanobacteria culturing

Collected cyanobacteria water samples were cultured under laboratory conditions in 20 L glass 

containers under a 12:12 light:dark cycle with a light intensity ~74 Lux. Cultures were enriched 

with nutrients, air bubbled to enhance mixing and ensure no carbon limitation, and maintained at 

25 oC water temperature for Microcystis and 21 oC for Aphanizomenon 79. In an effort to ensure 

no nutrient limitation, an F/2 medium based on the Guillard’s formulation 80 of essential 

nutrients was used. Samples were routinely sub-cultured to achieve a cell density >1.0×106 

cells/ml; this ensures that the algae maintains the logarithmic growth phase 79. For the algaecide 

inhibition experiments, the algae were extracted and diluted by adding filtered lake water to 

reach ~10,000 cells/ml 79. The cell density was determined with a hemocytometer using a 

fluorescence microscope. Note that the culturing of the cyanobacteria under laboratory 

conditions guaranteed that: 1) all experiments were run with monocultures; 2) the algae were 

acclimatized and able to achieve a logarithmic growth phase prior to exposing them to the 

algaecides; and 3) that all experiments were started with the same initial cell density.

2.3 Experimental procedures

Selected algaecide concentrations represented concentrations previously used for algae control. 

All tested algaecide concentrations were prepared using reagent grade quality and ultra-pure 

water freshly provided by a water filter system (MilliQ, Millipore). Diquat dibromide1 was 

prepared from analytical standard grade Diquat dibromide monohydrate (SUPELCO N11816). 

Its efficacy was tested under two concentrations, namely 0.5 and 1 mg/L as Diquat. High-

1 Diquat dibromide will be referred to as Diquat in the remaining of the manuscript
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performance liquid chromatography (HPLC) with a C18 Column provided by SUPELCO 

(Z226033), based on USEPA method 549.2, was used to measure Diquat concentrations 

(Hodgeson et al. 1997). When Diquat concentrations were below the detection limit (<0.72μg/L), 

a solid-phase extraction 81 was carried out with C8 (500 mg)–6 ml cartridges obtained from 

SUPELCO (52714-U). All solvents for the mobile phase and extraction procedure were HPLC 

grade. For CuSO4 (Sigma Aldrich 209198 ACS reagents) and KMnO4 (Merck and Co. M5080), 

stock solutions were used to achieve the desired chemical dosages (0.2, 0.5, 0.8, and 1 mg/L as 

CuSO4 and 1, 2, and 3 mg/L as KMnO4) following USEPA method 200.9 82. 

The experimental chambers for inhibition tests were 250 ml Erlenmeyer flasks with a 

cyanobacteria density of ~10,000 cells/ml. All experiments were conducted according to the 

USEPA method with all chambers irradiated by florescent lamps providing 4306 Lux 83. 

Triplicate tests were run for each algaecide dose. In addition, cyanobacterial concentrations were 

monitored in three control flasks. The duration of the inhibition test was set to 96h, with the 

analysis of 50 ml samples collected every 24h. Daily analysis included for pH, DO, temperature, 

chlorophyll-a, and cell counts. The physio-chemical analysis for the Microcystis and 

Aphanizomenon tests are summarized in Tables S1 and S2 in the Supplemental Material. 

Chlorophyll-a concentrations were measured by collecting samples with known volumes 

buffered using magnesium carbonate before being filtered through membrane filter papers. They 

were stored overnight at -20 oC. Chlorophyll-a was extracted in liquid chromatography grade 

acetone (90%) solution followed by sonification. Extracts were seeped in the acetone solution 

overnight and then clarified using centrifugation. Chlorophyll-a concentrations were evaluated 

based on absorbance readings (Standard Method 10200 (HS2)) 84 on a HACH DR3900 

spectrophotometer 85. For cell counts and cell density, cells of Aphanizomenon flos-aquae and 
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Microcystis aeruginosa were microscopically monitored using a Zeiss Fluorescence microscope 

(Axiovert 200) with an improved hemocyatometer (Marienfeld), with emphasis on recording 

whether they were colonial or unicellular. Chlorophyll-a concentrations were used as the 

response endpoint to test algaecide potency. Calomeni and Rodgers 86 identified chlorophyll-a as 

a suitable surrogate to assess algal viability.

2.4 Statistical Analysis

The effect of dosage and potential changes in efficiency over time were assessed across the two 

cyanobacteria species. Two-way Analysis Of Variance (ANOVA) tests were used to evaluate the 

potential for an interaction between dose and time. In the event that the 2-way ANOVA showed 

statistical significance, Tukey Honest significant differences multiple comparisons were used. 

Note that chlorophyll-a concentration of Microcystis and Aphanizomenon were square root-

transformed to achieve normality. ANOVA and multiple comparisons analysis were conducted 

in the R software 87. 

Dose-dependent algaecide specific cyanobacterial decay models were developed to predict the 

rate of change in chlorophyll-a concentrations as a function of time (measured in hours) for the 

two cyanobacteria. Two decay model structures were considered for this purpose. The first 

modeled the drop in chlorophyll-a concentrations as a first order exponential decay (Equation 1), 

while the second was based on a second order polynomial model (Equation 2). Note that the later 

model structure allows for the occurrence of an inflection point beyond which regrowth 

surpasses the residual algaecidal inhibition. The adopted quadratic concave formulation has been 

reported to account for decreasing proportional pressure, which can ultimately lead to net 

regrowth 88. The exponential decay model was fist linearized and both models were fit using 
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linear regression that minimizes the sum of squared errors. The adjusted R2 ( ) was used as a 𝑅2
𝑎𝑑𝑗

measure of model fit. Models were fit using the linear model lm function in R 87.

(1)𝐶ℎ𝑙𝑎 = 𝐶0 × 𝑒𝛽1 × 𝑇𝑖𝑚𝑒ℎ𝑟𝑠

𝐿𝑜𝑔𝑒(𝐶ℎ𝑙𝑎) = 𝛽0 + 𝛽1 × 𝑇𝑖𝑚𝑒ℎ𝑟𝑠 + 𝜀; 𝜀~𝑁𝑜𝑟𝑚(0,𝜎2)𝐶0 = 𝑒𝛽0

 (2)𝐶ℎ𝑙𝑎 = 𝛽0 + 𝛽1 × 𝑇𝑖𝑚𝑒ℎ𝑟𝑠 + 𝛽2 × 𝑇𝑖𝑚𝑒2
ℎ𝑟𝑠 + 𝜀; 𝜀~𝑁𝑜𝑟𝑚(0,𝜎2)

Where  is the measured chlorophyll-a concentration in µg/L over time, C0 is the initial 𝐶ℎ𝑙𝑎

chlorophyll-a concentration at time t=0, Time is time in hours following algaecide application,  𝛽0

represents the intercept of the model,  are the slopes on the predictors,  is the model error 𝛽1 ― 2 𝜀

term, and  is the standard error of the model. The predictive model uncertainties were 𝜎

quantified using a Monte Carlo simulation in the “arm” package in R 89. Note that the use of 

Monte Carlo simulations helps address re-transformation biases 90.  

3 RESULTS

3.1 Descriptive statistics

3.1.1 Diquat

Diquat was highly effective in controlling both cyanobacterial species under the tested dosages. 

During the first 24 hrs, Microcystis colonies were no longer visible under the microscope for 

both the 0.5 and 1 mg/L applications. Yet after the first 24 hrs, chlorophyll-a concentrations were 

still around 50 to 65 % of their original levels for both dosages. After 48 hrs of treatment, 

unicellular Microcystis became hard to observe and inhibition approached 100%. Recovery of 

some unicellular cells was observed after 96 hrs, with measured chlorophyll-a concentrations 
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reaching 17 and 11% of their initial concentrations for the 0.5 and 1 mg/L doses respectively 

(Figure 2.a). Measured chlorophyll-a concentrations at 48, 72, and 96 hrs were found to be 

statistically similar indicating that the net regrowth of Microcystis was slow. 

Similarly, the effect of Diquat on Aphanizomenon colonies was immediate with colonies 

disappearing after 24 hrs; the drop in chlorophyll-a concentrations ranged between 40% and 68% 

in the first 24 hrs. Nevertheless, the inhibiting action of Diquat accelerated in the next 24 hrs 

whereby chlorophyll-a concentrations dropped by more than 95 to 99% after 48 to 72 hrs of 

treatment (Figure 2.b). Chlorophyll concentrations achieved at 48, 72, and 96 hrs were 

statistically similar indicating a lack of net regrowth. Note that while previous work reported 

100% inhibition of Aphanizomenon at Diquat dosages in excess of 0.75 mg/L 66, our results 

indicated that complete inhibition can occur at a lower dosages (0.5 mg/L).

3.1.2 CuSO4

CuSO4 proved to be effective in controlling Microcystis across all dosages. Microscopic 

observations showed that Microcystis colonies broke down into individual cells within the first 

24 hrs. Chlorophyll-a concentrations decreased on average by 20 % at the lowest tested dose of 

0.2 mg/L (Figure 2.c). Yet, reductions exceeded 75% after 24 hrs of treatment at higher dosages 

(0.5, 0.8, and 1 mg/L). These results show that CuSO4 has a faster inhibition action as compared 

to the Diquat concentrations used. After 48 hrs of being subjected to the highest dose (1 mg/L), 

chlorophyll-a concentrations dropped to 5 % of their original values. Similar removal 

efficiencies were reported by Fan et al. 91. The net regrowth of Microcystis following CuSO4 

application occurred earlier than Diquat. Recovery following CuSO4 treatment started at 72 hrs 

versus 96 hr for Diquat. Moreover, the recovery rate of Microcystis following CuSO4 treatment 
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was higher than that observed for Diquat, with measured concentrations at 96 hrs statistically 

similar to those observed at 24 hrs (p-value = 0.99).

CuSO4 was also found to be potent in controlling Aphanizomenon flos-aquae; yet its efficacy 

was lower than that of Diquat (Figure 2). Under microscopic observations, the decolonization of 

Aphanizomenon was apparent following the first day of treatment. Reductions after 48 hrs of 

contact time did not exceed 75% of the original chlorophyll-a concentration at the lowest tested 

dose (0.2 mg/L). At higher dosages, reductions reached 87%, 90% and 95% after 48 hrs of 

contact to 0.5, 0.8, and 1 mg/L respectively. No regrowth was evident across all tested dosages 

(Figure 2.d).

3.1.3 KMnO4

KMnO4 was less effective than Diquate and CuSO4 in controlling Microcystis. Overall, measured 

chlorophyll-a concentrations following the application at the two lower dosages (1 and 2 mg/L) 

were found to be statistically similar to the control (p-values = 0.99 and 0.11 respectively). At 

the highest dosage of 3 mg/L, the removal rate after 48 hrs did not exceed 80% on average 

(Figure 2.e). Chlorophyll-a concentrations appeared to rebound after 72 hrs and on day 4 (96 hrs) 

were statistically similar to levels in the control across all dosages (Figure 2.e). While KMnO4 

proved to be ineffective in controlling Microcystis, it proved to be a good inhibitor of 

Aphanizomenon. Colonies of Aphanizomenon declined significantly even after 24 hrs of 

treatment across all dosages. Dosages of 2 mg/L and higher achieved removals in excess of 98% 

at 72hrs. Previous studies suggested the need for a higher (5 mg/L) dosage for controlling 

Aphanizomenon 57. Reductions in chlorophyll-a concentrations of more than 90% were observed 

after 48 hrs of treatment with KMnO4 dosages of 2 and 3 mg/L. Both dosages achieved more 
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than 98% reductions at 96 hrs (Figure 2.f). No net regrowth was apparent, with measured 

chlorophyll-a levels largely stable at 72 and 96 hrs (p-value = 0.17). 
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Figure 2. Changes in chlorophyll-a concentrations following algaecide treatment for Microcystis and Aphanizomenon
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3.2 Modeling algaecidal potency

3.2.1 Microcystis

One the main features observed in this study was the ability of Microcystis to recover and regrow 

following algaecide application. Recovery rates and timing varied across dosages and algaecide 

type. The recovery of Microcystis auerginosa post algaecide application was reported in 

previous studies 40, 92. Yet, the dynamics of regrowth have not been discussed nor modeled. The 

proposed quadratic model proved to capture the dynamics of Microcystis auerginosa, especially 

under high algaecide dosages (Figure 3). Yet, an artifact of the quadratic model is its potential to 

predict concentrations lower than zero at high dosages. This was evident in the case of Diquat 

and CuSO4 (Figure 3).

The rates at which Microcystis concentrations dropped across the three algaecides under the 

different dosages are shown in Figure 4. Diquat had the lowest Microcystis recovery rate among 

all tested algaecides, thus potentially requiring the least frequent application (Figure 4.a). Net 

regrowth tended to occur at least after 70 hrs of treatment. As for CuSO4, the model predicted 

that regrowth will exceed inhibition between 55 and 64 hrs following treatment across the four 

tested dosages (Figure 4.b). Given the fact that Microcystis aeruginosa exhibited resilience 

against KMnO4 treatment at the lower dosages, it was difficult to separate the inhibition phase 

from regrowth. This manifested in the absence of a second order regression term in the algae 

dynamics model for the 1 mg/L dose (Figure 4.c). At the 2 and 3 mg/L dosages, the KMnO4 

treatment did show evidence of an initial net inhibition phase that was followed by a new 

recovery phase (Figure 3 and Figure 4.c). Clearly, the use of KMnO4 is not suitable for the 

control of Microcystis aeruginosa blooms. 
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Figure 3 Drop in Chlorophyll-a concentration of Microcystis after the application of (a) Diquat = 0.5 
mg/L, (b) Diquat = 1 mg/L, (c) CuSO4 =0.2 mg/L, (d) CuSO4 = 0.5 mg/L, (e) CuSO4 = 0.8 mg/L, (f) 
CuSO4 =1 mg/L, (g) KMnO4 = 1 mg/L, (h) KMnO4 = 2 mg/L, and (i) KMnO4 = 3 mg/L. The dashed 
horizontal line shows initial conditions; solid circles represent median concentrations; dashed vertical 

lines show the range of observed concentrations. Solid thick vertical grey segments and solid light grey 
vertical segments represent the 50% and 95% model predicted chlorophyll-a concentrations respectively.
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Figure 4 Rates of inhibition and recovery of Microcystis over time for (a) Diquat; (b) CuSO4; and (c) 
KMnO4. Rates below the solid black horizontal line (y= 0) indicates dominance of inhibition with a net 
decrease in concentrations, while rates above (y= 0) represent dominant regrowth dynamics with a net 

increase in concentrations

3.2.2 Aphanizomenon

Given the absence of net regrowth following treatment across the three tested algaecides, the first 

order decay models were suitable to explain the change in Aphanizomenon over time (Figure 5). 

Diquat exhibited the highest chlorophyll-a decay rate of all three algaecides, with a rate of 

1.44/day for both dosages. The decay rate for KMnO4 was 0.96/day across the three tested 

dosages, while the rate for CuSO4 ranged between 0.72 and 0.96/day depending on the dosage 

used. Thus while the applied dosages of KMnO4 and CuSO4 proved to be effective in 

suppressing the Aphanizomenon levels, the use of Diquat was able to achieve a similar 

suppression in a shorter time interval. As can be seen in Figure 5, the adopted first order decay 

models had a tendency to underestimate the initial drop in chlorophyll-a concentrations across 

the applied Diquat dosages. This was also true under the high dosages of CuSO4 and KMnO4. 

The mismatch between the model and the data indicates that the initial (first 48 hours) removal 

rates appear to be faster than what can be predicted by the first order decay model, which 

assumes that the rate is temporally invariant.
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Figure 5 Drop in Chlorophyll-a concentration of Aphanizomenon after the application of (a) Diquat =0.5 
mg/L, (b) Diquat =1 mg/L, (c) CuSO4 =0.2 mg/L, (d) CuSO4 =0.5 mg/L, (e) CuSO4 =0.8 mg/L, (f) CuSO4 
=1 mg/L, (g) KMnO4 =1 mg/L, (h) KMnO4 =2 mg/L, and (i) KMnO4 =3 mg/L. The dashed horizontal line 

represents initial conditions; black solid circles represent average measured concentrations; dashed 
vertical lines show the range of observed concentration (minimum and maximum). Solid thick vertical 

grey segments and solid light grey vertical segments represent the 50% and 95% model predicted 
chlorophyll-a concentrations respectively.
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4 CONCLUSIONS

This study established the efficacy of Diquat as an efficient chemical algaecides that can be used 

to control two important nuisance cyanobacteria that are known to form HABs and produce 

toxins. The results showed that Diquat and CuSO4 outperformed KMnO4 in controlling 

Microcystis aeruginosa and both were able to inhibit and retard its regrowth. Microcystis 

aeruginosa levels after 72 hrs of algaecidal treatment with the highest tested dosage of Diquat (1 

mg/L) were found to be statistically lower that the levels achieved with the highest tested dose of 

CuSO4 (1 mg/L). Microcystis levels after 96 hr of treatment rebounded across all algaecides. Yet, 

the lowest average chlorophyll-a concentrations achieved after 96 hrs of contact time with the 

highest dosage across the three algaecides was found to be associated with Diquat (8.9 µg/L of 

chlorophyll-a as compared to 16.4 and 92.1 µg/L for CuSO4 and KMnO4 respectively); yet these 

levels were not found to be statistically different from the levels achieved with the 1 mg/L 

CuSO4 treatment at the 95% confidence level due to variability observed between the triplicates. 

KMnO4 proved to be ineffective in controlling Microcystis; yet it performed satisfactory with 

Aphanizomenon. While the applied dosages of KMnO4 and CuSO4 proved to be effective in 

suppressing Aphanizomenon, the use of Diquat was able to achieve similar suppressions in a 

shorter time interval. As such, the results underscore the need for proper algae characterization 

during a bloom event prior to algaecide selection and application. While the efficacy of Diquat 

has been shown to vary by species (e.g. 64, 68), previous studies have shown that CuSO4 tends to 

have a broad spectrum of action 40, 93, 94. Changes in diversity can have a cascading effect on the 

freshwater food web 35. The study also showed that the algaecidal impact on Microcystis 

aeruginosa was best described by a concave quadratic decay model that is capable of capturing 
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the effect of decreasing proportional pressures. This is in contrast to the first order decay model 

structure that to a large extent captured the Aphanizomenon flos-aquae dynamics over time. 

Note that this study did not explore the confounding effects that ambient environmental 

conditions may have on the effectiveness of the three tested algaecides. In the case of Diquat, the 

presence of high levels of suspended particulates in the water column can cause Diquat to bind to 

these sediments, reducing its bioavailability 63, 95. For CuSO4, the degree of chelation in the water 

column can affect its residence time and thus may change its efficacy 42, 43, 96, 97. As for KMnO4, 

increased hardness of the water has been linked to better algal removal rates 59. Future work 

should also examine the scalability and transferability of the results to the lake level, where algal 

densities can be more than two orders of magnitude higher (~ 1-2 million cells/ml) than those set 

by the EPA algal inhibition test guidelines 83. 

While algaecide applications were shown to be effective, in the absence of real mitigation 

measures that aim to reduce the true promoters of algal blooms, repeated application of 

algaecides may result in reduced efficacy over time due to the development of algaecide-resistant 

mutant strains. Several studies have reported the development of resistant strains of nuisance 

algal species following exposure to water contaminants 46, 98, 99. As such, initiating an algaecide 

application program in a given water body should only be a short-term measure that cannot be a 

permanent replacement of enacting long-lasting watershed-level management actions. Moreover, 

while there is no reported health concerns regarding the residual levels of the algaecides in the 

treated water, the possibility of toxin release upon cell lysis following the use of algaecides is a 

serious concern that needs attention 92, 100, 101. Tests conducted on the residuals levels of Copper, 

Permanganate, and Diquat after 96 hrs of treatment (summarized in the online Supplemental 

Material), showed that all concentrations, irrespective of dose, were within the standards set for 
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drinking water 8. Yet, the long-term ecotoxicty associated with these residual levels of algaecides 

may be of concern. Ecological stresses have been documented even at low dosages of copper 102, 

103 and Diquat 104.
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