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Abstract: Microcystis-dominated cyanobacterial harmful algal blooms (cyanoHABs) are a reoccurring
problem globally, resulting in widespread economic and health impacts. As public awareness of
the risks of blooms increases, there is an urgent need for studies on both short-term and long-
term management of cyanoHABs. In order to provide science-based best management practices and
treatment options, we tested various concentrations and combinations of USEPA-registered algaecides
and herbicides on a Microcystis wesenbergii-dominated bloom. The bloom material was exposed to
fifteen different algaecides, herbicides, or combinations, using four different concentrations. Cell
abundance and morphology as well as microscopic analyses were undertaken at the time of collection
and 72 h post-treatment. Overall, the effectiveness of the chemicals varied with the most efficacious
treatments being SeClear®, and a combination of Hydrothol® 191 and GreenClean® Liquid 5.0, both of
which resulted in a significant decrease at all tested concentrations after 72 h. Interestingly, Microcystis
wesenbergii is more resistant to algaecides than M. aeruginosa. Results from this study provide valuable
data for treating cyanoHABs and show the varied efficacy of different algaecidal formulations.

Keywords: cyanobacteria; Microcystis; harmful algal blooms; management; treatment

1. Introduction

Cyanobacteria are photosynthetic bacteria essential in the functioning of aquatic
systems and notorious for their ability to form cyanobacterial harmful algal blooms
(cyanoHABs). In many inland waters, cyanoHABs have increased in frequency and in-
tensity because of rising global temperatures and cultural eutrophication [1–3]. These
cyanoHABs are detrimental to fresh waters due to the production of several toxic bioac-
tive compounds (cyanotoxins) [4,5] and taste and odor compounds, that depreciate the
quality of drinking and recreational waters and may aerosolize [6,7]. While the drivers of
these blooms are well-studied, i.e., [1,8,9], methods of their mitigation and control warrant
more investigation.

While long-term preventive mitigation and management efforts (i.e., nutrient reduc-
tion) are desired, results on cyanoHABs may not be observed or achieved for several
decades. Therefore, in many waters experiencing blooms threatening public and environ-
mental health, short-term solutions for immediate control are warranted, including the
application of USEPA-registered chemical algaecides. Copper- and hydrogen peroxide-
based formulations are commonly used chemical algaecides to treat cyanoHABs [10], while
other active ingredients are sometimes used to target eukaryotic algal groups. The applica-
tion of algaecides is a well-established practice supported by many peer-reviewed studies,
i.e., [11–22]. However, much of these works are centered on the treatment of toxigenic
cyanobacteria such as Microcystis aeruginosa (Kützing) Kützing and Microseira wollei (Farlow
ex Gomont) G.B. McGregor and Sendall ex Kenins and few treatment efforts and studies
have targeted other, nontoxic, nuisance bloom-forming cyanobacteria.
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Microcystis is the most common cyanoHAB-forming genus across the globe. Though
much focus is on the toxic species M. aeruginosa, other species of the genus can dominate
and form blooms, e.g., Microcystis flos-aquae (Wittrock) Kirchner, M. panniformis Komárek,
Komárková-Legnerová, Sant’Anna, M.T.P. Azevedo, and P.A.C. Senna, M. protocystis W.B.
Crow, and M. wesenbergii (Komárek) Komárek ex Komárek [23–26]. In south Florida,
M. wesenbergii can dominate blooms during the dry season (winter), but these do not have
significant toxin levels (pers. obs.; <0.1 ppb). However, the presence of nontoxigenic
cyanoHABs can negatively impact aquatic systems through light reduction for aquatic veg-
etation, oxygen depletion, taste and odor compound production, and decreased aesthetic
value [27]. Therefore, their impact remains problematic and requires mitigation options
and solutions.

The aim of this research was to test different chemical treatment methods for the control
of a nuisance M. wesenbergii-dominated bloom. Site field bloom material was exposed to
label-rate concentrations of algaecides and aquatic herbicides, and combinations thereof, to
quantify the effects on cyanobacterial abundance and colony integrity. Understanding the
effects of algaecides and herbicides on cyanobacteria at various concentrations will allow
for the establishment of improved science-based management practices.

2. Materials and Methods
2.1. Field Collection, Water Chemistry, and Maintenance of Bloom

A crude algal bloom, along with site water, was collected from south Lake Okee-
chobee (Belle Glade, FL, USA) in early December 2018 and stored in food-safe high-density
polyethylene 5-gallon buckets. Water quality was recorded using a YSI EXO3 multiparame-
ter water quality sonde (YSI Inc., Yellow Springs, OH, USA) (Table 1). Bloom material was
transported to the Fort Lauderdale Research and Education Center, University of Florida-
IFAS (Davie, FL, USA) and placed into a large 66 L plastic tote, diluted to 1 × 106 cells·mL−1

with source water (verified by counting aliquots using Sedgwick-Rafter), and aerated us-
ing an industrial air pump with several bubbling stones during the experimental setup;
the bloom material was maintained at 25 ◦C under light using white fluorescent lighting
(2.0 k LUX).

Table 1. Water characteristics measured in situ before experimental algaecide applications.

Parameter

Temperature (◦C) 19.8
Dissolved Oxygen (%) 83.3
Conductivity (µS/cm) 321.3

pH (S.U.) 7.94

2.2. Cyanobacterial Exposures to Algaecides and Herbicides

Exposure treatments were prepared by adding 200 mL of homogenized bloom ma-
terial to 400 mL Pyrex sterile glass beakers at a concentration of 1 × 106 cells·mL−1. Ten
individual algaecide formulations and five combinations of algaecide/herbicide formu-
lations were evaluated at 4 exposure concentrations (n = 3) within legal label rates using
relative field concentrations (i.e., application rates) (Table 2). The individual evaluated for-
mulations included five copper-based algaecides (Algimycin® PWF, Argos, Captain® XTR,
Cutrine® Ultra, and SeClear®), four hydrogen peroxide-based algaecides (GreenClean®

Pro, GreenClean® Liquid 5.0, PAK® 27, and Phycomycin® SCP), and one endothall-based
algaecide (Hydrothol® 191). The combination algaecide/herbicide evaluated included
Algimycin® PWF and Clipper® SC, Algimycin® PWF and TradeWind® SC, Cutrine® Ultra
and Tribune™, GreenClean® Liquid 5.0 and Hydrothol® 191, and Hydrothol® 191 and
Tribune™ (Table 2). Untreated controls consisted of site water at the same cell density
(1 × 106 cells·mL−1) without product added (n = 3). Treatments were applied by aliquoting
appropriate volumes of algaecides and herbicides from stock solutions into the beaker, then
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stirring to homogenize with a sterile glass rod. Beakers were maintained between 21–23 ◦C
in 12:12 h light:dark period illuminated with cool white fluorescent bulbs.

Table 2. Algaecide and herbicide formulations and concentrations evaluated.

Product Name Active Ingredient (s)
Range of Concentrations

Evaluated as
Active Ingredient

Concentrations in Terms of
Application Concentration

of Product

Cutrine® Ultra
Copper

ethanolamine Complex 0.3, 0.5, 0.7, 1.0 mg Cu·L−1 0.9, 1.5, 2.1, 3.0 gallons·acre-ft−1 as
Cutrine® Ultra

Algimycin® PWF
Copper citrate and
copper gluconate 0.3, 0.5, 0.7, 1.0 mg Cu·L−1 1.59, 2.66, 3.72, 5.31 gallons·acre-ft−1

as Algimycin® PWF

Phycomycin® SCP
Sodium carbonate

peroxyhydrate 2, 5, 7, 10 mg H2O2·L−1 20, 49, 69, 100 lbs·acre-ft−1 as
Phycomycin® SCP

GreenClean® Pro
Sodium carbonate

peroxyhydrate 2, 5, 7, 10 mg H2O2·L−1 20, 49, 69, 100 lbs·acre-ft−1 as
GreenClean® Pro

GreenClean® Liquid 5.0
Hydrogen peroxide and

peroxyacetic acid 4, 10, 15, 22 mg H2O2·L−1 5, 13, 20, 28.5 gallons·acre-ft−1 as
GreenClean® Liquid 5.0

SeClear® Copper sulfate pentahydrate 0.3, 0.5, 0.7, 1.0 mg Cu·L−1 1.95, 3.25, 4.55, 6.5
gallons·acre-ft−1 as SeClear®

PAK® 27
Sodium carbonate

peroxyhydrate 2, 5, 7, 10 mg H2O2·L−1 20, 49, 69, 100 lbs·acre-ft−1 as PAK® 27

Captain® XTR
Copper

ethanolamine complex 0.3, 0.5, 0.7, 1.0 mg Cu·L−1 0.9, 1.5, 2.1, 3 gallons·acre-ft−1

as Captain® XTR

Hydrothol® 191 Amine salt of endothall 0.15, 0.3, 0.5, 1.0 mg acid
equivalents endothall·L−1

2.25, 4.5, 7.5, 15 gallons·acre-ft−1

as Hydrothol® 191

GreenClean®

Liquid 5.0 + Hydrothol®

191

Hydrogen peroxide with
peroxyacetic acid + Amine

salt of endothall

4, 10, 15, 22 mg H2O2·L−1

each with 0.3 mg acid
equivalents endothall·L−1

mixed at the same time

5, 13, 20, 28.5 gallons·acre-ft−1 of
GreenClean Liquid 5.0 and 4.5

gallons·acre-ft−1 as Hydrothol® 191

Argos Copper
ethanolamine complex 0.3, 0.5, 0.7, 1.0 mg Cu·L−1 0.9, 1.5, 2.1, 3 gallons·acre-ft−1

as Argos

Algimycin®

PWF + Clipper® SC
Copper citrate and copper
gluconate + Flumioxazin

0.1, 0.3, 0.5, 0.7 mg Cu·L−1

each mixed with
200 µg·L−1 flumioxazin

0.53, 1.59, 2.66, 3.72 gallons·acre-ft−1 as
Algimycin® PWF with 1.1

pounds·surface acre−1 of Clipper® SC

Algimycin®

PWF + Tradewind®

Copper citrate and
copper glu-

conate + bispyribac sodium

0.1, 0.3, 0.5, 0.7 mg Cu·L−1

each mixed with 45 µg·L−1

bispyribac sodium

0.53, 1.59, 2.66, 3.72 gallons·acre-ft−1

as Algimycin® PWF with
0.15 pounds·acre-ft−1 of Tradewind®

Cutrine®

Ultra + Tribune™
Copper ethanolamine

complex + Diquat dibromide

0.3, 0.5, 0.7, 1.0 mg Cu·L−1

each mixed with 0.37 mg
diquat cation·L−1

(equivalent to 0.69 mg
diquat dibromide·L−1)

0.9, 1.5, 2.1, 3 gallons·acre-ft−1 of
Cutrine® Ultra mixed with

0.5 gallons·acre-ft−1 of Tribune™

Hydrothol®

191 + Tribune™
Amine salt of endothall + Di-

quat dibromide

0.15, 0.3, 0.5, 1.0 mg acid
equivalents·L−1 as

Hydrothol® 191 and 0.37 mg
diquat cation·L−1

(equivalent to 0.69 mg
diquat dibromide·L−1)

2.25, 4.5, 7.5, 15 gallons·acre-ft−1 as
Hydrothol® 191 and

0.5 gallons·acre-ft−1 of Tribune™
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After a 72 h (3 days after treatment [DAT]) exposure period, treatments were stirred
and 40 mL of each treatment was pipetted into a 50 mL sterile falcon tube with the addition
of 3 mL of Lugol’s solution. Cyanobacterial abundance was evaluated using cell counts
performed on a Sedgewick–Rafter chamber. All images of cyanobacteria were captured on
a compound light microscope (Amscope, United Scope LLC, Irvine, CA, USA). All data
were graphed using “ggplot2” package v.3.3.5 [28] in R version 4.0.0 [29].

2.3. Chemical Concentration Validation

Water samples were collected from each prepared chemical stock solution and mea-
sured to verify exposure concentrations (Table 3). Copper concentrations were confirmed
using analysis of acid-soluble copper using inductively coupled plasma mass spectrometry
(ICP-OES; PerkinElmer Avio™ 200, Waltman, MA, USA) according to USEPA Method
200.7 [30]. Hydrogen peroxide concentrations were confirmed using a colorimetric method
following Klassen et al. [31] in Kinley et al. [32]. Flumioxazin concentrations were evaluated
using a liquid–liquid extraction technique using deionized water and ethyl acetate and
measured using a GC/MS following Ferrell and Vencill [33].

Table 3. Average (n = 3) measured stock concentrations for each formulation or combination thereof.
nd = not determined.

Active Ingredient Algaecide/Herbicide Targeted Stock
Concentration (mg·L−1)

Measured Stock Concentration (mg Active
Ingredient·L−1 ± Standard Deviation)

Flumioxazin Clipper® SC 100 103.10 ± 6.05

Endothall Hydrothol® 191 100 nd

Copper (Cu)

SeClear® 100 96.81 ± 0.80
Algimycin® PWF 100 148.8 ± 0.59

Cutrine® Ultra 100 100.23 ± 1.4
Argos 100 96.45 ± 0.59

Captain® XTR 100 99.94 ± 1.46

Peroxide (H2O2)

GreenClean® Liquid 5.0 2200 2154.83 ± 20.75
GreenClean® Pro 1000 822.42 ± 28.81

Phycomycin® SCP 1000 803.98 ± 1.25
PAK® 27 1000 793.98 ± 12.98

2.4. Statistical Analysis

A two-way analysis of variance (ANOVA) was used to analyze cell count differences
based on two factors—herbicide and herbicide concentrations. A Tukey’s HSD post-hoc
test was used for multiple comparison of treatments and treatment concentrations. All data
were analyzed using “multcomp” package v 1.4-14 [34] in R version 4.0.0 [29].

3. Results

The bloom was dominated by M. wesenbergii (>90%) (Figure 1A,B) with few M. aerug-
inosa colonies (Figure 1C). Initial bloom microcystin concentration was evaluated using
ELISA (Eurofins Abraxis, Warminster, PA, USA) and determined to be too low (<0.1 ppb)
for analysis during this experiment.
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3.1. Control 

At 72 h after treatment (HAT), the control decreased in abundance from 1 × 106 

cells·mL−1 to 6.25 × 105 cells·mL−1 as determined through cell counts. Although there was 

a decrease in abundance in the control, this decrease did not mask the effects of algaecide 

treatments on the bloom (Figure 2). At 72 h post-exposure, the control group presented 

healthy colony formations of M. wesenbergii, with Pseudanabaena sp. also present in the 

exposure chambers at low abundance (Figure 1D); although it was not detected in the 

initial microscopic investigation (Figure 1A–C). 

Figure 1. Microscopic images of the control at 0 h (A–C) and 72 h (D–F). (A) Microcystis wesenbergii
colonies stained with ink, (B) M. wesenbergii colonies, (C) M. aeruginosa colony, (D) M. wesenbergii
colonies with Pseudanabaena sp., (E) M. aeruginosa colony, and (F) M. wesenbergii colony stained
with ink.

Bloom response to algaecide application:

3.1. Control

At 72 h after treatment (HAT), the control decreased in abundance from 1 × 106 cells·mL−1

to 6.25 × 105 cells·mL−1 as determined through cell counts. Although there was a decrease
in abundance in the control, this decrease did not mask the effects of algaecide treatments
on the bloom (Figure 2). At 72 h post-exposure, the control group presented healthy colony
formations of M. wesenbergii, with Pseudanabaena sp. also present in the exposure chambers
at low abundance (Figure 1D); although it was not detected in the initial microscopic
investigation (Figure 1A–C).
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Figure 2. Cell counts of Microcystis spp. at 72 h. Error bars represent standard error. Dotted
vertical line represents control mean with solid bars representing standard error. Asterisks represent
significance where * = p < 0.05, ** = p <0.01, *** = p < 0.001.

3.2. Hydrogen Peroxide-Based Algaecides

The liquid peroxide-based formula, GreenClean® Liquid 5.0 showed a decrease at all
concentrations with a significant decrease at both high and max concentrations (15 and
22 mg H2O2·L−1, respectively). Of the peroxide-based algaecides, GreenClean® Pro
at a maximum concentration (10 mg H2O2·L−1) proved most efficacious at decreasing
M. wesenbergii concentration 72 HAT. Macroscopically, all treatments induced bleaching at
high and max concentrations. Microscopic examinations revealed decaying and colony
breakdown of M. wesenbergii (Figure 3B) and dead M. aeruginosa colonies (Figure 3A) at
high and maximum concentrations of all products. For the granular peroxide-based al-
gaecides (PAK® 27, Phycomycin® SCP, and GreenClean® Pro), there was a significant
reduction in cell abundance at the maximum concentration of PAK® 27 and GreenClean®

Pro (Figure 2) only; with several other concentrations of these two algaecides causing a
non-significant decrease. Treatments with GreenClean® Pro decreased cell abundance at
all concentrations, however, a significant decrease was only observed at the maximum
concentration. Bleaching of cells and colony breakdown and distribution of M. wesenbergii
cells were observed microscopically (Figure 3C,D). PAK® 27 proved to be effective at high
and maximum concentrations (7 and 10 mg H2O2·L−1, respectively), with a significant
decrease at maximum concentrations. Microscopically, dead colonies of M. aeruginosa and
M. wesenbergii were seen (Figure 3E,F). Phycomycin® SCP did not lead to a significant
decrease at any concentration. Microscopic evaluations of the maximum concentration re-
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vealed bleaching and colony breakdown of M. wesenbergii and dying M. aeruginosa colonies
(Figure 3G,H).
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Figure 3. Microcystis colonies 72 h post-treatment with peroxide-based algaecides. GreenClean® Liq-
uid 5.0: (A) dead M. aeruginosa colonies, (B) M. wesenbergii colony breakdown and death. GreenClean®

Pro: (C) M. wesenbergii colony bleaching, arrow indicates bleached cells, (D) M. wesenbergii colony
breakdown and cell bleaching, arrow indicates colony breakdown. PAK® 27: (E) dead M. aeruginosa
colony, (F) dead M. wesenbergii colony. Phycomycin® SCP: (G) M. wesenbergii colony breakdown and
bleaching, (H) dead M. aeruginosa colony.
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3.3. Copper-Based Algaecides

The copper-based algaecide treatments (Algimycin® PWF, Captain® XTR, Cutrine®

Ultra, SeClear®, Argos) decreased abundance in at least two concentrations each, while
SeClear®, Captain® XTR, and Argos each led to a significant decrease in abundance in at
least one concentration (Figure 2). SeClear® significantly decreased cell abundance in all
concentrations while Captain® XTR and Argos led to a significant decrease at maximum
concentrations (1.0 mg Cu·L−1). The macroscopic evaluation showed bleaching of bloom
material for all algaecides at high and maximum concentrations, 0.7 and 1.0 mg Cu·L−1,
respectively (Supplementary Material). Microscopically, dead cells and degrading colonies
were observed in all formulations (Figure 4). In those colonies that were degrading, live cells
could still be observed (Figure 4D,E,J). Increased mucilage was seen for both M. aeruginosa
and M. wesenbergii in the high and maximum concentrations of Algimycin® PWF, Cutrine®

Ultra, and SeClear® (Figure 4A,G,I), each a different formulation of copper (Table 2). Dying
M. aeruginosa could be seen in all treatments (Figure 4A–C,F,H). However, M. wesenbergii
colonies were discolored and individual cell dissipation from colonies was observed at
maximum exposure to SeClear® (Figure 4J).
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Figure 4. Microcystis colonies 72 h post-treatment with copper-based algaecides. Algimycin® PWF:
(A) dead M. aeruginosa colony with increased mucilage and (B) decaying M. aeruginosa colony. Argos:
(C) decaying M. aeruginosa colony, (D) decaying M. wesenbergii colony with live cells. Captain® XTR:
(E) degrading M. wesenbergii colonies, (F) decaying M. aeruginosa colony. Cutrine® Ultra: (G) decaying
M. wesenbergii colony with increased mucilage, (H) dead M. aeruginosa colony. SeClear®: (I) dead
M. aeruginosa colony with increased mucilage, (J) decaying M. wesenbergii colony with bleached cells.

3.4. Endothall-Based Algaecide

Hydrothol® 191 decreased cell abundance at all concentrations except the low con-
centration, with a significant decrease at the maximum concentration. Based on macro-
scopic observations, adverse effects occurred at the maximum concentration (1 mg·L−1),
as the color of the cells changed from blue-green to pale green (Supplementary Material).
In the maximum concentration, cells of M. aeruginosa were bleached (Figure 5E), while
M. wesenbergii showed some colony breakdown and clumping of the mucilage (Figure 5F).
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Figure 5. Microcystis colonies 72 h post-treatment with herbicides and herbicide + algaecide com-
bination treatment. Clipper® SC + Algimycin® PWF: (A) dead M. aeruginosa colony, (B) decaying
M. aeruginosa colony with released cells. Tradewind® SC + Algimycin® PWF: (C) new growth of
M. wesenbergii, indicated by arrow, (D) discolored M. aeruginosa colony. Hydrothol® 191: (E) bleaching
of M. aeruginosa colony, (F) breakdown of M. wesenbergii colony with clumping mucilage, indicated
by arrow. Tribune™ + Cutrine® Ultra: (G) breakdown and bleaching of M. wesenbergii colony,
(H) breakdown of M. wesenbergii colony. Hydrothol® 191 + GreenClean® Liquid 5.0: (I) breakdown
of M. wesenbergii colony, (J) dead M. aeruginosa colony. Tribune™ + Hydrothol® 191: (K) breakdown
of M. wesenbergii colony with clumping mucilage, (L) bleaching of M. wesenbergii cells.



Water 2022, 14, 1739 10 of 14

3.5. Combination Treatments

For the Hydrothol® 191 and GreenClean® Liquid 5.0 combination treatment, all con-
centrations resulted in a significant decrease in cell abundance (Figure 2). Macroscopically,
there was no discernable difference between the combination of algaecides and the algae-
cides alone (Supplementary Material). At the maximum concentration rate, all M. aeruginosa
colonies appeared dead (Figure 5J), while the M. wesenbergii cells had shrunk in size with
decreased mucilage and some colony breakdown (Figure 5I).

For the Tradewind® and Algimycin® PWF combination treatment, no exposures
resulted in a significant decrease in cell abundance compared to the control. Macroscopi-
cally, bloom material in exposures of high and maximum concentrations was discolored
(Supplementary Material). Conversely, new growth was observed microscopically in min-
imum concentrations (Figure 5C), while discolored colonies of both M. aeruginosa and
M. wesenbergii were observed at the maximum concentration (Figure 5D).

For the Tribune™ and Cutrine® Ultra combination treatment, all exposures resulted
in a decrease in cell abundance, with significant decreases at high and maximum con-
centrations. Macroscopically, bleaching occurred at maximum concentration. Based on
microscopic observations, at minimum concentrations, many M. wesenbergii colonies were
discolored and cells were degraded or separated from colony sheaths (Figure 5G). At maxi-
mum concentrations, M. wesenbergii colonies appeared to break down, leaving mucilage
void of cells (Figure 5H).

For the Clipper® SC and Algimycin® PWF combination treatment, all exposures
resulted in reduced abundance with a significant decrease at high and maximum con-
centrations. Macroscopically, bleaching occurred at high and maximum concentrations.
Microscopic observations showed degradation of colonies of M. aeruginosa at the minimum
concentration (Figure 5A), as well as some breakdown of M. wesenbergii colonies (Figure 5B).
At the maximum concentration, increased degradation of mucilage was observed for both
species (Figure 5F).

In the case of the Tribune™ and Hydrothol® 191 combination treatment, exposures
resulted in varying effects. The combination led to greater decreases in abundance when
compared to Hydrothol® 191 alone at low concentrations, while minimum and high con-
centrations were not significantly different from the control group. Microscopically, at the
minimum concentration, colonies of M. wesenbergii were observed with open spaces within
the mucilage, as well as nearly empty mucilage. Additionally in the minimum concen-
tration, M. aeruginosa increased mucilage production. Within the highest concentration
evaluated, discoloration of M. wesenbergii cells and colony breakdown were observed with
mucilage degradation similar to that of the Hydrothol® 191-only treatment (Figure 5K,L).

3.6. Statistical Analyses

There was an overall significant difference in cell abundance among treatments and
treatment concentrations (p < 0.001; p < 0.001) (Figure 2). Multiple comparisons showed
only Hydrothol® 191 with GreenClean® Liquid 5.0 and SeClear® were significantly differ-
ent in cell abundance compared to the control at all treatment concentrations (p ≤ 0.001).
Argos, Capitan® XTR, GreenClean® Pro, PAK® 27, GreenClean® Liquid 5.0, Hydrothol®

191, Clipper® SC with Algimycin® PWF, and Tribune™ with Cutrine® Ultra were signif-
icantly different in cell abundance compared to the control at the maximum treatment
concentration (p ≤ 0.01). GreenClean® Liquid 5.0, Clipper® SC with Algimycin® PWF, and
Tribune™ with Cutrine® Ultra were significantly different in cell abundance compared to
the control at a high treatment concentration (p ≤ 0.05). Lastly, Tribune™ with Hydrothol®

191 was significantly different in cell abundance compared to the control at a low treatment
concentration (p ≤ 0.001). Among the copper treatments, SeClear® had the lowest cell
densities at all concentrations at 72 HAT.
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4. Discussion

Many abiotic and biotic factors affect the efficacy of algaecides, including pH, dis-
solved organic matter, temperature, hardness, algal/cyanobacterial species, and initial cell
concentrations [21,35,36].

In our study, we found that the efficacy of the different chemical formulations in
question varied on M. wesenbergii and that this species was more difficult to control than M.
aeruginosa colonies occurring in the bloom. The treatments that were effective at all appli-
cation rates include SeClear® and the combination of Hydrothol® 191 with GreenClean®

Liquid 5.0. Similarly, Argos, Capitan® XTR, GreenClean® Pro, PAK® 27, GreenClean®

Liquid 5.0, Hydrothol® 191, a combination of Clipper® SC with Algimycin® PWF, and
a combination of Tribune™ with Cutrine® Ultra significantly decreased cell abundance
compared to the control at the maximum treatment concentration (p ≤ 0.01). Since some
chemicals were unable to significantly decrease cell abundance at any concentration in
comparison to the control, we found that Cutrine® Ultra, Phycomycin® SCP, Algimycin®

PWF, and a combination of Tradewind® SC with Algimycin® PWF are not effective options
for the treatment of this M. wesenbergii-dominated bloom.

All peroxide-based algaecide products elicited a bleaching effect at maximum ap-
plication rates. While the results of the peroxide-based algaecides are promising for the
treatment of this M. wesenbergii-dominated bloom (except for Phycomycin® SCP), there
was only a significant decrease in abundance at the maximum concentrations after 72 HAT.
Peroxide-based algaecides are seen as relatively benign and a safer alternative to other
chemical algaecides as they quickly decay, breaking down into water and oxygen products
within 24 h and have little effect on non-target organisms [22,37–39]. However, due to fast
decay, sequential applications may be required to achieve maximum control, especially at
high initial cell concentrations [22]. The lower peroxide concentrations would likely prove
more effective at a lower initial cell concentration, over longer periods of time, or after
repeated application (i.e., pulses) [20,22,35,36,40].

Nearly all applied rates of the copper-based formulations decreased the abundance
of M. wesenbergii cells, though many rates were not significant. The maximum applied
concentrations of Argos and Captain® XTR and all concentrations of SeClear® resulted in
a significant decrease from the untreated control. This difference in efficacy could partly
be due to the chemical formulations of the products, as SeClear® was the only copper
sulfate pentahydrate formulation analyzed and studies have shown that the efficacy of
copper formulations can differ [15,19,41]. Some studies have indicated that chelated copper
formulations are more effective at lower copper concentrations than copper sulfate pentahy-
drate, for example, in Planktothrix agardhii (Gomont) Anagnostidis and Komárek [15] and
Microseira wollei [41]. However, in M. aeruginosa-dominated blooms, Kinley-Baird et al. [19]
found that all copper formulations evaluated had a similar effect, but SeClear® had a
lower minimum effective concentration compared to other copper formulations, similar
to what we observed in the present study. Generally, higher application rates resulted in
a greater decrease in abundance and in bleaching. Both SeClear® and Algimycin® PWF,
copper sulfate and copper citrate + copper gluconate, respectively, increased the mucilage
of the colonies of M. wesenbergii, which is likely a physiological response to protect the
organism from the algaecide [42,43]. This increase in mucilage was not observed in treat-
ments with Argos, Cutrine® Ultra, and Captain® XTR, namely all copper ethanolamine
products. However, these formulations led to colony degradation for both M. aeruginosa
and M. wesenbergii.

The endothall-based formulation, Hydrothol® 191, significantly decreased the cyanobac-
teria at maximum exposure concentration, though this product is usually used to control
filamentous green algae (e.g., Cladophora, Pithophora) and is not suggested for widespread
usage above 0.3 mg·L−1 due to potential fish toxicity. Given this density-dependence and
potential for adverse effects on non-target organisms at high application rates that may be
necessary to achieve control in the field, it might not be practical to consider Hydrothol®

191 for in situ treatment of this M. wesenbergii-dominated bloom.
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The combination treatment of Hydrothol® 191 and GreenClean® Liquid 5.0, presented
a significant decrease in abundance compared to the control, and an overall greater de-
crease compared to endothall alone. The combination of Tribune™ and Hydrothol® 191
had varied efficacy, with a significant decrease seen at the low concentration only. Micro-
scopic examination showed colony breakdown and a cell discoloration in both treatments
(i.e., with and without the addition of Tribune™) (Figure 5E,F,K,L). It does appear that
the addition of Hydrothol® 191 improves the efficacy of GreenClean® Liquid 5.0 at all
concentrations, while GreenClean® Liquid 5.0 showed a decrease in all concentrations, the
addition of Hydrothol® 191 led to a greater decrease at all concentrations. The combinations
of Clipper® SC and Algimycin® PWF also resulted in a significant decrease in abundance
at maximum and high concentration, which was greater than that of Algimycin® PWF
alone, while Tradewind® SC and Algimycin® PWF resulted in no change from the control.
Microscopically, these treatments resulted in cell discoloration, as well as some colony
breakdown (Figure 5D) while macroscopically, loss of cell pigments of the bloom material
occurred (Supplementary Material). The combination of Tribune™ and Cutrine® Ultra
resulted in a significant decrease in abundance for high and maximum concentrations.
Microscopic evaluations show cell discoloration, colony degradation, as well as mucilage-
lacking cells of the M. wesenbergii colonies (Figure 5H). While combination treatments of
herbicides and algaecides may currently be unrealistic for in situ application due to label,
these results indicate that for cyanobacteria with thicker sheaths, combination treatments
may be required for better control, as was shown for tough aquatic vascular plants, such as
Hydrilla verticillata (L.f.) Royle [44].

In summary, SeClear® proved to be the most efficacious algaecide overall, leading to a
significant decrease at all concentrations within 72 h, while the combination of Hydrothol®

191 and GreenClean® Liquid 5.0 at the low concentration resulted in the greatest decrease
in abundance (Figure 2). Compared to studies on Microcystis aeruginosa and mesocosm
studies on natural blooms using some of the same products (e.g., Kinley-Baird et al. [19],
Buley et al. [18], Pokrzywinski et al. [22]), M. wesenbergii seems to be a hardier species and
more difficult to control as cell counts even in exposures to the best-performing products
remained relatively high (Figure 2). These data shed light on viable treatment methods
of nuisance cyanoHABs in both recreational and potable waters and indicate that species
are also important to consider when determining best practices for the chemical control
of cyanoHABs. The authors suggest that products should be used in accordance with
directions on the manufacturer’s label and by federal or state law (e.g., application rates,
recreational vs. potable waters, lotic vs. lentic waters, etc.).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14111739/s1, File S1: Macroscopic images of cyanobacteria in
untreated controls 72-h post exposures.
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