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Abstract
Three copper-based algaecide products were investigated for use in a drinking water source to address cyanobacteria 
growth. Bench-scale experiments were used to determine the optimal dose of each product given Lake Rockwell’s 
indigenous population and reservoir-specific characteristics. The optimal dose of Cutrine Ultra was determined to be a 
quarter dose (corresponding to 0.125 mg/L Cu) as it decreased 55% of the cyanobacteria population with limited release 
of microcystin and minimal rebound in the cyanobacteria population. The optimal dose for EarthTec was determined 
to be a half dose (i.e., 0.5 mg/L). The full dose was optimal for SeClear (1 mg/L Cu). The optimal doses had extracellular 
microcystin levels of 0.99 ± 0.09 µg/L (quarter dose Cutrine Ultra), 3.69 ± 0.43 µg/L (half dose EarthTec) and 0.92 ± 0.26 µg/L 
(full dose SeClear) by day 2. EarthTec and Cutrine Ultra facilitated a similar overall response, and the cyanobacteria popula-
tion was predominately suppressed in the initial 2 days following treatment and then increased between 7 and 14 days 
after treatment (i.e., rebound). Both the suppression within the first 2 days and the rebound between 7 and 14 days 
after treatment were a function of dose (e.g., lower dose, larger increase in rebound). Although SeClear suppressed the 
cyanobacteria population during the initial 2 days after treatment (42,000 ± 3240 cells/mL at the baseline to 4822 ± 841), 
the cyanobacteria population rebounded significantly (p < 0.05) between 2 and 7 days after treatment.
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1 Introduction

Cyanobacteria-dominated harmful algal blooms (cHABs) 
are growing in frequency in freshwater systems, especially 
in the Great Lakes region. cHABs pose a threat to human 
health through the biosynthesized toxins commonly asso-
ciated with Microcystis and Dolichospermum (formerly 
identified as Anabaena) [26, 33]. The ability of these and 
other strains of cyanobacteria to synthesize cyanotoxins 
poses a significant threat leading the US Environmental 
Protection Agency (EPA) to place cyanotoxins on the con-
taminant candidate list. Although not all HABs are toxic, 

the excess biomass is still problematic for the aquatic 
system [7, 12, 33]. The frequency, magnitude, and toxicity 
of blooms are expected to increase as the impacts from 
climate change worsen [20, 26, 31, 35], indicating a criti-
cal demand to increase the understanding of cHABs and 
provide best management practices to ensure safe access 
to potable water. It is important to know the site-specific 
system parameters (i.e., nutrient levels, pH, phytoplank-
ton population dynamics, etc.) in order to provide effective 
decisions on managing a cHAB [24, 26].

Immediate responses to cHABs are aimed at mitigat-
ing the impacts of an existing bloom or rising population 
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with minimal adverse effect to the remaining biotic com-
munity. Algaecide treatment in source water is a com-
mon short-term management strategy [23, 37] to lessen 
the burden on the water treatment plant. There are many 
new and modified copper-based algaecides entering the 
market to meet the demand for mitigating cHABs. The EPA 
limits the maximum amount of copper (1 mg/L) that can 
be applied as the active ingredient as it is toxic to non-
target aquatic organisms [4, 20]. The exact time that the 
copper will remain in the applied area and water column 
will depend on many factors (water chemistry, weather, 
etc.). Laboratory and field studies have found that the 
 Cu2+ concentration is elevated within the water column 
for only 2–3 h [20, 21]. The  Cu2+ ion interacts with aque-
ous carbonate and biocarbonate ions to form a copper 
carbonate precipitant that drops out of the water column 
[9, 30]. Once aqueous copper concentrations return to 
background (i.e., pretreatment) levels, planktonic growth 
resumes. The algae killed by the algaecide will release 
nutrients from decaying cells or by reducing oxygen that 
release nutrients from sediments [3, 5] that can promote 
growth of other algae and phytoplankton. The new algae 
can promote subsequent zooplankton growth, which act 
as a natural algal and cyanobacterial suppressant. How-
ever, these zooplanktons are 10 times more sensitive to 
copper than phytoplankton [14].

The long-term use of copper-based algaecides in large 
quantities increases the risk of eco-toxicological affects 
and copper accumulation in the sediment [20, 28]. Cop-
per accumulation in sediment can be problematic, since 
concentrations as low as 40 μg/L exhibit a toxic effect on 
fish [20] and 60 mg/kg copper was toxic to 22 different 
prokaryotes [29]. The adverse risks of copper accumula-
tion in sediments from algaecide applications are greatly 
influenced by site-specific sediment characteristics (sedi-
ment type, biogeochemistry, organic content quantity/
quality, available ligands, etc.). For instance, a reservoir 
in southern USA that received algaecide copper-based 
algaecide treatments for decades depicted no significant 
ecological risks attributable to copper due to the limited 
bioavailability of copper in the sediments [15]. Algaecide 
dose should consider both controlling cHABs and the eco-
logical impact. Bench-scale testing is a cost-effective way 
to assess different algaecide products and optimize dose 
to achieve the desired suppression of cyanobacteria while 
cost effectively minimizing adverse ecological effects. 
The objectives of the bench-scale experiments were to: 
(1) assess the efficiency of three copper-based algaecide 
products at a full dose (based on the product label), half 
dose, and quarter dose for use in a local drinking water 
reservoir. The hypothesis is that lower doses will prove to 
be viable options and equally effective as the manufactur-
er’s full recommended dose in addressing cyanobacteria 

population. (2) Investigate the potential release of intra-
cellular microcystins as a result of algaecide application 
with respect to product and dose. It is hypothesized that 
the specific algaecide type and dose will induce different 
rates of release of toxins.

2  Materials and methods

2.1  Algaecide sources and doses

All three of the algaecides used in the study are approved 
for drinking water (e.g., NSF/ANSI certified). In addition, 
two of the algaecides, Cutrine Ultra and EarthTec, have 
been used by several drinking water utilities in Ohio.

Cutrine Ultra (Arch Chemicals, Inc.) is 27.8% mixed cop-
per ethanolamine emulsified complex which provides 9% 
metallic copper. The ethanolamine is used to prevent the 
precipitation of copper by carbonates. At the full manu-
facture’s recommended dose of 1.2 gallons per acre-ft, 
the 0.4 mg/L copper concentration will effectively con-
trol filamentous, colonial algae and maintain proper cop-
per concentration for minimum 3 h contact time [21]. It 
is very viscous (396 mPa s at 24 °C) and requires dilution 
prior to application. A 10:1 dilution was used based on 
the spray method used by the participating watershed. 
For this experiment, 76 μL, 38 μL, and 19 μL of Cutrine 
Ultra was used for the diluted full (i.e., 0.5 mg/L Cu), half 
(0.25 mg/L Cu), and quarter dose (0.125 mg/L Cu) reactors, 
respectively.

The active ingredient in EarthTec (Earth Science Labo-
ratories, Inc) is 19.8% of chelated copper sulfate pentahy-
drate (5% metallic copper). The full dose corresponds 
to 0.1 gallon of EarthTec per 6,000 gallons of water for 
1.0 mg/L metallic copper concentration [8]. For this experi-
ment, EarthTec was diluted 10:1 for spray application to 
yield a 270 μL, 135 μL, and 67.5 μL for the full (correspond-
ing to 1 mg/L Cu), half (0.5 mg/L Cu), and quarter dose 
(0.25 mg/L Cu) reactors, respectively.

The SeClear (SePro Corporation) active ingredient is 
16.2% copper sulfate pentahydate (4.1% metallic copper). 
SeClear also includes a proprietary ingredient said to bind 
reactive phosphorus. The application rate for planktonic 
species is 1–6.5 gallons/acre-foot [27]. This corresponds 
to non-diluted application of 27 µL, 13.5 µL, and 6.75 µL 
for the full (i.e., 1 mg/L Cu), half (0.5 mg/L Cu), and quarter 
dose (0.25 mg/L) reactors, respectively.

2.2  Reservoir description and cyanobacteria 
collection

Lake Rockwell is a two billion gallons drinking water reser-
voir on the Cuyahoga River in northeast Ohio. The reservoir 
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is used to produce ~ 35 million gallons/day of drinking 
water. A Wisconsin Phytoplankton sampler (Model WILDCO 
40-A37, 53 μm mesh) was used to collect and physically 
concentrate the phytoplankton throughout the reservoir. 
Source water was collected from 1 foot below the water 
surface at the same time to account for reservoir-specific 
characteristics as water chemistry will impact algaecide 
effectiveness [10]. In addition, Lake Rockwell has an aver-
age turbidity unit of 3.22. Suspended solids/silt concen-
trations would not interfere subsequent algaecide effec-
tiveness by binding the copper ions. Nutrient enrichment 
was not done to minimize abiotic changes (i.e., iron and 
carbonate concentrations) of the water which may alter 
the efficiency of treatment and to minimize changes in 
indigenous cyanobacteria [13].

2.3  Experimental setup

Although the Ohio EPA recommends applying algaecide 
in drinking water when cell counts reach 10,000 cells/mL 
[25], each algaecide source and dosage were conducted 
using triplicate glass reactors with initial cyanobacteria 
populations of 40,000 cells/mL in 1.6 L of raw source water. 
The 40,000 cells/mL represents the maximum in-reservoir 
concentration that the specific watershed personnel will 
treat by algaecide due to the threat of release of intracellu-
lar organic matter associated with lysis or cell death. Base-
line readings (i.e., before algaecide treatment) were taken 
prior to by amending the treatment reactors with either 
a full, half, or quarter dose of the algaecide. Control (no 
algaecide) and treatment reactors were quantified again 
at 1.5 h, 2, 7, and 14 days. Specific analysis conducted at 
each time step is described below. Experiments were con-
ducted at room temperature (25 °C), under natural lighting 
conditions (~ 14 h of light). A YSI Sonde (YSI 6600 V2) was 
equipped with two optical probes: phycocyanin (cells/mL) 
chlorophyll-a (μg/L) at each time step. The Sonde was also 
used to track temperature (°C), DO (mg/L), pH, conductiv-
ity (μS/cm), and total dissolved solids (TDS, g/L).

2.4  Visual quantification and identification 
of cyanobacteria

Plankton counts with a Palmer–Maloney counting cham-
ber (400×) were performed to obtain the genera-based 
composition of the population at baseline, day 2, day 7, 
and day 14. After gentle mixing, a sterile pasture pipette 
was used to draw 5 mL from the middle of the water col-
umn. One and a half mLs was transferred to the self-clos-
ing chamber and left to settle for 15 min. Once settled, 
four transects were counted per chamber [19] using an 
Olympus microscope (Model: BX50F, eyepiece: 10x/22). 
It is important to note that evaluating algal assemblages 

can be difficult. Therefore, multiple algal cell methods (e.g., 
phycocyanin and chl-a from the sonde) were used in con-
junction with hand counts as tools to discern differences 
in the treatment methods. As samples were not stained, 
viability of cells was limited to identifying “dead cells” as 
those that had lysed. A more rigorous determination of cell 
viability can be addressed in future experiments in order to 
correlate algal population and microcystin concentration.

2.5  Quantification of extracellular microcystin

Extracellular microcystin concentration (μg/L) was quanti-
fied using a laboratory certified in the Ohio EPA-approved 
ELISA method. Ten mL sample was filtered through a 
0.45 µm filter and placed in an amber vial with thiosul-
fate to quench any residual oxidant before being sent for 
analysis. Extracellular microcystin was quantified baseline 
(i.e., pre-algaecide) and 1.5 h and 2 days after algaecide 
was applied.

2.6  Correlating phycocyanin µg/L, cells/mL, 
and hand counts

The YSI Sonde does an internal calibration using data from 
phycocyanin, chlorophyll-a, temperature, and conductiv-
ity probes. The specific YSI Sonde used in this study pro-
vided output for cyanobacteria in cells/mL. Hand counts 
[19] were performed to evaluate which organisms were 
present and to assess population changes throughout the 
experiments, as the sonde does not distinguish between 
species. Although the sonde can distinguish cells higher 
than 250,000 cells/mL, the correlation between the sonde 
and hand counts was conducted only for ≦35,000 ± 5000 
cells/mL for this experiment. Supplemental Figure 1 con-
tains the correlation between the hand count cell units 
(CU)/mL and sonde cells/mL. It was found that the sonde 
can underestimate cells/mL when Aphanizomenon was the 
dominant species present when the colony was not disag-
gregated before measurement. Changes in cyanobacterial 
population are reported in cells/mL to remain consistent 
with the unit used by the Ohio EPA to measure algal bloom 
intensity. The World Health Organization also expresses 
alert levels of the severity and probability of health effects 
in terms of cells/mL [17].

2.7  Statistical analysis

The main factors are dose (mg/L—active ingredient 
at 4 levels) and time (5 levels—baseline, 1.5 h, 2, 7, and 
14  days). Each response (cyanobacteria, extracellular 
microcystin, and chlorophyll-a) was evaluated by a two-
way ANOVA (Type III SS) coupled with Tukey’s compari-
sons. A Pearson’s correlation coefficient was also obtained 
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for cyanobacteria and extracellular microcystins to assess 
the strength of the relationship between the two variables.

3  Results and discussion

3.1  Bench‑scale results of cyanobacteria 
suppression with Cutrine Ultra

The recommended action level provided by the OEPA is 
10,000 cells/mL; therefore, the goal of algaecide treatment 
is population suppression below 10,000 cells/mL [25]. At 
the start of the Cutrine Ultra experiment, the dominant 
species (i.e., > 70%) present in each reactor were Plankto-
thrix and Pseudanabaena (see Supporting Table 1 for visual 
quantification of genera at each sampling interval). After 

treatment with Cutrine Ultra (Fig. 1a) the cyanobacteria 
population was below the 10,000 cells/mL action level; 
with the larger dose yielding a larger observed decline. 
From the baseline to 2-day interval, reactors treated with a 
full dose (0.5 mg/L Cu) declined 91% from 39,986 (± 3478) 
cells/mL to 3,519 (± 354) cells/mL (p < 0.05). The cyano-
bacteria in half dose (0.25 mg/L Cu) reactors declined 
64% from 37,324 (± 490) cells/mL to 13,386 (± 4102) cells/
mL (p < 0.05), and quarter dose (0.125 mg/L Cu) reactors 
declined 53% from 40,427 (± 3528) cells/mL to 18,957 
(± 1,761) cells/mL (p < 0.05). However, the control increased 
by 2% from the baseline to 2-day (p > 0.05). From the base-
line to 2-day time interval, the genera-based dominance 
did not change. From these results, the decline in the 
cyanobacteria population was attributed, and propor-
tional to, the dose given.

Fig. 1  Changes in a cyanobac-
teria versus time and b chl-a 
versus time with respect to 
dose of Cutrine Ultra. Full, half, 
and quarter dose corresponds 
to 0.5 mg/L Cu, 0.25 mg/L Cu, 
and 0.125 mg/L Cu, respec-
tively. Data were collected 
from an YSI Sonde. Error 
bars ± one standard deviation 
of triplicate samples
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The cyanobacteria level in reactors treated with a full 
dose of Cutrine Ultra declined an additional 87% from 2 
to 7-day. Half (p < 0.05) and quarter (p < 0.05) dose reac-
tors also continued to decline 89% and 88%, respec-
tively, from 2 to 7 days. The Cutrine Ultra manual states 
full impact of treatment should be observed 7 days after 
application, and this was observed in the bench-scale 
experiments. The composition of the cyanobacteria pop-
ulation remained partially dominated by Planktothrix sp. 
in the full dose reactors. The composition in the half and 
quarter dose reactors, as well as control reactors, shifted 
from Planktothrix sp. and Pseudanabaena sp. to largely 
Raphidiopsis sp. and Pseudanabaena sp.

The cyanobacteria content in the control reactors 
did decrease over the 14 days. This was expected as the 
batch reactors were not amended with nutrients. The 
reactors treated with a full dose depicted a rebound 
(i.e., increase in cyanobacteria concentration attributed 
to new growth) in cyanobacteria of approximately 315% 
from 7 to 14 days. Cyanobacteria levels in the half dose 
reactors increased 1414% (p < 0.05) and quarter dose 
reactors increased 827% (p < 0.05) from 7 to 14 days. The 
genera that were dominant at 14 days were of a lower 
cell density in comparison with the commonly cited gen-
era, such as Planktothrix, Anabaena, and Microcystis [33]. 
This may be a result of the controlled conditions and 
batch reactors. Calomeni et al. [4] also reported a signifi-
cant increase in the algal mass between 7 and 14 days 
after treatment, which differed from the untreated 
control.

At 14 days, the dominant species were Raphidiopsis sp., 
Planktothrix sp., and Pseudanabaena sp., with Planktothrix 
sp. declining the most in all reactors. The reactors treated 
with half (0.25 mg/L Cu) and quarter dose (0.125 mg/L Cu), 
as well as the control showed a dominance of Raphidi-
opsis sp. at 14 days. A shift in dominance is a function of 
batch reactors as no additional cyanobacteria entered the 
treated volume of water; unlike field conditions. However, 
a shift in dominance to Raphidiopsis sp. is ideal as it has not 
been identified as a toxin producer [33].

The chlorophyll-a (chl-a) content in reactors (Fig. 1b) 
treated with a full dose of Cutrine Ultra did not change 
significantly from 7 to 14 days (p > 0.05). Conversely, chl-a 
in reactors treated with half and quarter dose Cutrine Ultra 
increased 1,050% (p < 0.05) and 1421% (p < 0.05) from 7 to 
14 days, respectively. It is difficult to directly compare the 
chl-a results to other research as chl-a is present all pho-
tosynthetic phytoplankton (e.g., target cyanobacteria and 
non-target green algae). Nonetheless, the increase is con-
sistent with the trend observed by other researchers [1, 4]. 
Bishop et al. [2] attributed the trend to the mode of action 
in ethanolamine-chelated copper algaecide being more 
selective toward cyanobacteria than non-target species.

The experiments with Cutrine Ultra all contained simi-
lar extracellular microcystin concentrations at the base-
line condition (p < 0.05). The control reactors exhibited a 
decline from the baseline to the 2 days (p > 0.05, Table 1). 
The extracellular microcystin concentration increased 
254% from the baseline to 2 days after treatment in reac-
tors amended with a full dose of Cutrine Ultra (p < 0.05). 
The reactors treated with a half and quarter dose of 
Cutrine Ultra also had significant increase in extracellular 
microcystin from the baseline to 2 days, of 177% (p < 0.05) 
and 171% (p < 0.05), respectively.

The trend of extracellular toxins increasing with algae-
cide dose was expected. Microcystins are produced dur-
ing the exponential growth phase and are stored in the 
intracellular organic matter (IOM) (~ 90–95% of total con-
centration) under favorable growth conditions with cyano-
toxin release occurring during cell senescence, death, and 
lysis [34, 37]. From these results, Cutrine Ultra application 
released IOM and increased extracellular microcystin con-
centration. Pearson correlation coefficient for cyanobacte-
ria and extracellular microcystins showed a strongly, nega-
tive correlation of − 0.869 (Supporting Figure 2a). Kinley 
et al. [18] also observed the release of intracellular micro-
cystins upon exposure to copper-based algaecide product. 
Iwinski et al. [15] observed the same strong negative cor-
relation between cyanobacteria population and release of 
intracellular microcystin, thus increasing the extracellular 
microcystin concentration.

The highest dose cannot be arbitrarily chosen to treat 
the cyanobacteria population, as it greatly impacted the 
amount of microcystin released, which places an addi-
tional burden on the water treatment plant and ecologi-
cally on non-target organisms. The half dose had less of an 
impact of the remaining photosynthetic community and 
lower extracellular microcystin concentration. However, 

Table 1  Extracellular Microcystin (µg/L) obtained during batch 
algaecide experiments

Cutrine Ultra EarthTec SeClear

Control Baseline 0.53 ± 0.12 0.36 ± 0.02 0.50 ± 0.19
1.5 h 0.50 ± 0.10 0.34 ± 0.07 0.45 ± 0.19
2 days 0.40 ± 0.17 0.41 ± 0.05 0.41 ± 0.10

Full Baseline 0.42 ± 0.02 0.27 ± 0.07  < 0.3
1.5 h 0.43 ± 0.001 0.72 ± 0.08 0.30 ± 0.07
2 days 1.49 ± 0.45 3.69 ± 0.43 0.92 ± 0.22

Half Baseline 0.39 ± 0.19 0.28 ± 0.03 0.58 ± 0.25
1.5 h 0.43 ± 0.20 0.55 ± 0.15 0.45 ± 0.27
2 days 1.03 ± 0.24 3.47 ± 0.49 0.93 ± 0.26

Quarter Baseline 0.37 ± 0.004 0.27 ± 0.03 0.70 ± 0.17
1.5 h 0.37 ± 0.03 0.36 ± 0.08 0.59 ± 0.11
2 days 0.99 ± 0.09 2.77 ± 0.19 1.04 ± 0.43
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it had the highest rebound at 14 days. Despite half and 
quarter dose being similar, quarter dose of Cutrine Ultra 
was chosen as it exhibited the smallest 14-day rebound.

3.2  Bench‑scale results of cyanobacteria 
suppression with EarthTec

Dolichospermum, Microcystis sp., Planktothrix sp., and 
Pseudanabaena sp. were the dominant species at the 

start of the experiment. (Supporting Table S2 has the list 
of top four genera.) Significant differences were observed 
in the cyanobacteria content for all conditions (Fig. 2a). As 
anticipated, the reactors treated with a full dose of Earth-
Tec (1 mg/L Cu) declined significantly (p < 0.05) from the 
baseline to 2-day time interval. The cyanobacteria levels 
in the control reactors showed minimal changes from the 
baseline population of 44,371 ± 648 cells/mL to the 2-day 
cyanobacteria population of 42,646 ± 1,134 cells/mL 

Fig. 2  Changes in a cyanobacteria versus time and b chl-a ver-
sus time with respect to dose of EarthTec. Full, half, and quarter 
dose corresponds to 1.0  mg/L Cu, 0.5  mg/L Cu, and 0.25  mg/L 

Cu, respectively. Data were collected from an YSI Sonde. Error 
bars ± one standard deviation of triplicate samples
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(p > 0.05). Therefore, the algaecide treatment attributed 
to decline in the cyanobacteria populations.

The treated reactors did not exhibit significant activ-
ity from 2 to 7  days. From 7 to 14 days, the controls 
(23,982 ± 4651 to 6602 ± 970 cells/mL, p < 0.05) and reac-
tors treated with a full dose of EarthTec (518 ± 132 cells/mL 
to 374 ± 132 cells/mL, p < 0.05) continued to decline. The 
declining population in the control was attributed to a lack 
of sufficient nutrients Conversely, cyanobacteria in reac-
tors treated with a quarter dose (0.25 mg/L Cu) increased 
approximately 880% (1580 to 15,038 cells/mL, p < 0.05). 
The cyanobacteria population in the half dose Earth-
Tec (0.5 mg/L Cu) reactors increased from 741 at 7 days 
to 3570 cells/mL at 14 days after treatment. At 14 days, 
the dominant species (i.e., > 70%) present in each reactor 
were Dolichospermum, Microcystis sp., Planktothrix sp., and 
Pseudanabaena sp., which was comparable to the baseline 
composition.

In comparison with the control at 2 days (Fig. 2b), there 
was a significant difference observed for chl-a concentra-
tion in full (p < 0.05), half (p < 0.05), or quarter (p < 0.05) 
dose groups. Considering the treated reactors declined 
significantly in a trend proportional to dose, the algae-
cide treatment might have impacted other members of 
the photosynthetic community. The impact of algaecide 
on non-target species is a largely understudied topic; 
however, eco-toxicological impact from copper sulfate 
has been well documented [6, 20, 22, 29]. Reactors treated 
with half and quarter dose EarthTec depicted a rebound in 
chl-a of 254% (p < 0.05) and 544% (p < 0.05), respectively, 
from 7 to 14 days (Fig. 2b).

The extracellular microcystin concentration increased 
as the dose of EarthTec increased (Table 1). The content 
in control reactors was significantly different from each 
of the treated reactors (p < 0.05). From the baseline to the 
2-day, the concentration within reactors treated with a full 
dose increased approximately 1347% (p < 0.05). Extracellu-
lar microcystin concentration in reactors treated with half 
(p < 0.05) and quarter (p < 0.05) dose also increased, 1157% 
and 946%, respectively. Pearson’s correlation coefficient 
for extracellular microcystin and cyanobacteria was deter-
mined to be − 0.984 (Supporting Figure 2b). Iwinski et al. 
[16] reported that 0.5 mg/L Cu released more intracellular 
microcystin than copper ethanolamine complex, with the 
difference attributed to the chelating agent. The results 
here demonstrated the copper delivery mechanism used 
could play a key role in release of intracellular microcystin.

A quarter dose of EarthTec (0.25 mg/L Cu) was least suc-
cessful in suppressing of cyanobacteria within 2 days of 
treatment and had the highest rebound from 14 days after 
treatment, despite not receiving additional nutrients. The 
full dose of EarthTec (1 mg/L Cu) had the largest decline 
of the cyanobacteria and chlorophyll-a at 2 days as well 

as the largest extracellular microcystin concentration at 
the 2-day time interval. Therefore, it appeared the half 
dose was the most effective given the bench-scale data 
of EarthTec.

3.3  Bench‑scale results of cyanobacteria 
suppression with SeClear

SeClear also has copper sulfate pentahydrate (16.2%) as 
the active ingredient and contains a proprietary ingredi-
ent said to bind reactive phosphorus. The full dose was 
the maximum dose of 1 mg/L and was the EPA permit 
maximum. Dolichospermum, Microcystis sp., and Pseudana-
baena sp. were the dominant species in each of the reac-
tors at the start of the experiment. The full list of cyano-
bacteria species for at each time interval is provided in 
Supplemental Table S3.

There was a strong decline in cyanobacteria cells/mL 
after algaecide application in the treated reactors, which 
appears proportional to the dose (Fig. 3a). The cyanobac-
teria in reactors treated with a full dose SeClear declined 
from 42,000 cells/mL at the baseline to 4822 cells/mL at 
2 days after treatment (p < 0.05). Cyanobacteria level in the 
half dose reactors decreased 80% (41,980–8283 cells/mL) 
2 days after treatment (p < 0.05), while the cyanobacteria 
in the quarter dose declined approximately 61% between 
the baseline and 2-day time interval (p < 0.05). At day 2, a 
significant difference was found between the control and 
full (p < 0.05), half (p < 0.05), or quarter (p < 0.05) doses. 
These results suggest a proportional dose impact of algae-
cide on the cyanobacteria population.

The population in reactors treated with a full dose 
declined only 12% from 2 to 7-day (p > 0.05), while the 
cyanobacteria levels in half dose reactors increased 
approximately 186% and the population in the quarter 
dose reactors increased 145% (p < 0.05). The half and quar-
ter dose of SeClear may enable cyanobacteria to rebound 
sooner than the other copper-based products. The com-
position of the cyanobacteria population shifted to 
Pseudanabaena sp. dominant in all reactors and remained 
at 14 days.

Treated and control reactors did not exhibit any signifi-
cant changes from 7 to 14 days. The minimal increase in 
the cyanobacteria level in reactors treated with a full dose 
of SeClear was similar to the rebound trend observed in 
half and quarter doses of both EarthTec and Cutrine Ultra. 
From 7 to 14 days, the cyanobacteria concentration in 
full dose Cutrine Ultra reactors increased 315% and full 
dose of EarthTec reactors decreased 21%. This comparison 
was intriguing because the copper concentration in a full 
dose of either SeClear or EarthTec is 1 mg/L Cu and shares 
the same active ingredient: copper sulfate pentahydrate. 
The copper concentration in a full dose of Cutrine Ultra 
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is 0.5 mg/L Cu as copper ethanolamine complex. These 
results suggested that a full dose of SeClear might be less 
effective than a full dose of EarthTec. The difference in the 
cyanobacteria community could play a role. While there 
are a lot of similarities between the dominance, Plankto-
thrix was not present during the SeClear experiments but 
was present in the EarthTec experiments. This was attrib-
uted to an artifact of when the samples were collected. 
Due to fluctuations across reactors, no significant changes 
in chl-a concentration were observed in the treated or con-
trol reactors (p > 0.05). For instance, from the baseline to 

2-day time interval the control increased approximately 
14%, full dose declined 44%, half increased 1%, and quar-
ter dose declined 14% (Fig. 3b).

The extracellular microcystin in the reactors treated 
with SeClear appears to be moderately proportional to the 
dose given (Table 1). From the baseline to the 2 day, the 
reactors treated with a full dose of SeClear had an extracel-
lular microcystin concentration increase of 222% (p < 0.05). 
The reactors treated with half and quarter dose did not 
have significant increases (p > 0.05) nor did the control 
reactors change significantly change from the baseline 

Fig. 3  Changes in a cyanobacteria versus time and b chl-a ver-
sus time with respect to dose of SeClear. Full, half, and quarter 
dose corresponds to 1.0  mg/L Cu, 0.5  mg/L Cu, and 0.25  mg/L 

Cu, respectively. Data were collected from an YSI Sonde. Error 
bars ± one standard deviation of triplicate samples
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to 2 days. The Pearson’s correlation coefficient was deter-
mined to be − 0.73 (Supporting Figure 2c). This same trend 
was observed in Cutrine Ultra and EarthTec experiments: 
EarthTec (− 0.98), Cutrine Ultra (− 0.87), SeClear (− 0.73). 
SeClear’s phosphorous binding agent could play a key 
role in the release of intracellular microcystin. For instance, 
Vezie et al. [32] found that in nitrogen rich water, intracel-
lular microcystin concentration decreased when phospho-
rous concentration was low. Conversely, the binding agent 
may interact with the copper, which may minimize the bio-
availability of the copper. The impact of the binding agent 
could not be discussed as it is a proprietary ingredient.

The quarter dose was least effective at 2-, 7-, and 14-day 
time intervals. The cyanobacteria population in half dose 
reactors showed a higher rebound than the full dose reac-
tors. Therefore, the full dose of 1.0 mg/L was selected as 
the optimal dose and is the highest allowed concentration.

3.4  Comparison of copper products

Copper concentration was held constant at 0.25 mg/L 
Cu to compare the copper-based products. The half dose 
of Cutrine Ultra corresponded to 0.25 mg/L Cu, whereas 
0.25 mg/L was the quarter dose for EarthTec and SeClear. 
Differences among the cyanobacteria communities may 
play a role in the differences in averages and stand-
ard deviations. The main factors of time (p < 0.05) and 
presence of copper at 0.25 mg/L Cu in treated reactors 
(p < 0.05) and interaction (< 0.05) were determined to sig-
nificantly impact the cyanobacteria population. The prod-
uct (p < 0.05) used also significantly impacts the observed 
response in cyanobacteria (Fig. 4). The ability of these 
products to suppress cyanobacteria was not surprising as 

bioavailable copper has several modes of action. Depend-
ing on the specific organism, copper toxicity denatures 
enzymes, affects the permeability of the cell membrane, 
and can substitute magnesium in chlorophyll to decrease 
photosynthetic activity, phosphorous uptake, and nitro-
gen fixation [14, 22]. The products cyanobacteria suppres-
sion from baseline to 2 days was EarthTec (90%), Cutrine 
Ultra (64%), SeClear (61%). Cutrine Ultra (half dose) and 
EarthTec (quarter dose) possess very similar trends with 
respect to suppression by day 7. The effectiveness of 
Cutrine Ultra was attributed to its surfactant and etha-
nolamine complexes to alter copper ion properties to 
permit passive transport across biological membranes 
and be less reactive with water chemistry [3]. EarthTec is 
also chelated to reduce impacts to water chemistry and 
exerts toxicity by affecting cell membrane permeability 
and resulting in loss of potassium ions [8]. The functional 
group on the surfactant within Cutrine Ultra could have 
acted as a biotic ligand to enhance copper transport into 
the cell that could have interfered with cellular func-
tions prior to cell death [11], temporarily leaving more 
viable cells than in reactors treated with EarthTec. Both 
Cutrine Ultra (1414%) and EarthTec (880%) had a similar 
trend in rebound (i.e., 7–14 days), whereas SeClear (145%) 
rebounded sooner (i.e., 2–7 days) than the other products 
(Fig. 4). EarthTec and SeClear have the same active ingre-
dient (copper sulfate pentahydrate) and were held at the 
same copper concentration for this analysis. This compari-
son suggested that SeClear’s proprietary compound may 
hinder efficiency, particularly if the mode of action posed 
by copper to the specific cyanobacteria present interfered 
with the uptake of phosphorous. Although Cutrine Ultra 
and EarthTec behaved similarly during the rebound period 

Fig. 4  Cyanobacteria versus time with respect to copper-based product, with the copper concentration held constant at 0.25 mg/L Cu. Data 
were collected from an YSI Sonde. Error bars ± one standard deviation of triplicate samples
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with respect to timing (i.e., 7–14 day) and both exhib-
ited a larger rebound compared to SeClear, the rebound 
occurred before the algaecide could be reapplied [27]. The 
EPA mandates a 14-day minimum interval between cop-
per algaecide applications [36]. The fact that the cyano-
bacteria rebounded a week before potential reapplication 
when treated with SeClear would have significant impact 
on HAB management at quarter dose. In addition, SeClear 
was the most expensive of the algaecides even at a quarter 
dose. As shown in Table 2, using an 11-acre area and 4-foot 
depth for comparison a quarter dose of SeClear cost $1463 
for the 35.9 gallons needed. Cutrine Ultra, which was very 
effective at quarter dose, only costs $551 for the needed 
17 gallons.

4  Conclusions

Increasing frequency and intensity of cHABs have required 
research as to how much algaecide is needed to effectively 
suppress the bloom. Selection of the optimal dose was 
based on effective cyanobacteria suppression within two 
weeks, minimal rebound of cyanobacteria, limited release 
of extracellular microcystin, least reduction in Chl-a, and 
lower expected residual copper. Lower residual copper 
was based on the percent active ingredient applied at 
each dose and the possible need for reapplication. It is 
important to recall that although the same reservoir was 
used, reactors did contain the exact same population. For 
these experiments, the optimal dose of Cutrine Ultra was 
determined to be a quarter dose (0.125 mg/L Cu). The 
optimal doses for EarthTec and SeClear were determined 
to be half dose (0.5 mg/L Cu) and full dose (1 mg/L Cu), 
respectively. EarthTec and Cutrine Ultra facilitated a similar 
overall response of the cyanobacteria population predom-
inately suppressed in the initial 2 days following treatment 
and then increased between 7 and 14 days after treatment 
(i.e., rebound). Although SeClear effectively suppressed 
cyanobacteria, population rebounded after seven days, a 
week before reapplication would be permitted. Overall, 

the quarter dose of Cutrine Ultra was determined the most 
effective-based cost and treatment performance.

5  Supporting Information

Correlation between hand counts to sonde cells/mL, visual 
identification of cyanobacteria at each time step, and Pear-
son’s correlations.
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