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ARTICLE INFO ABSTRACT

Keywords: Cyanobacterial harmful algae blooms (cyanoHABs) are a global threat to water resources, and lake managers
CyanoHABs need effective strategies to suppress or control them. Algaecides may have negative environmental impacts, and
Control strategies their use is becoming restricted. Nanobubble ozone technology (NBOT) is an emerging water treatment option
g:;fg?;ﬁitginMarys with potentially fewer negative impacts. We assessed the effectiveness of NBOT in treating Planktothrix cyano-
Microcystin HAB from Grand Lake St Marys (GLSM, Ohio USA) in a mesocosm (2,000L) experiment and two 4-week trials in a
Nanobubble ozone treatment GLSM embayment (Sunset Beach, SBE; ~4.7%107 L). In mesocosms, the medium (1.21 =+ 0.08 ozone to dissolved
Planktothrix organic carbon ratio, 03:DOC) and high (2.04 £+ 0.07 O3:DOC) doses decreased both chlorophyll a (chl-a) and

phycocyanin by 98-99% and microcystins by 62% and 92%, respectively. The low dose (0.68 + 0.05 03:DOC)
decreased chl-a and phycocyanin by over 70%. No effect was observed for chl-a nor microcystins in both oxygen-
only nanobubble mesocosm treatments and the SBE NBOT trial. The average O3:DOC at SBE was less than the low
NBOT mesocosm experiment dose, and the percentage of water treated was lower. DOC chemistry, as indicated
by SUVAs4, was more oxidized at the NBOT outlet than the inlet in the SBE trial, suggesting interaction with
ozone. However, no differences were observed 3m from the outlet, indicating minimal treatment reach. The
mesocosm experiment highlighted NBOT’s ability to control cyanoHABs, but the limited effectiveness of NBOT at
SBE was likely due to high cyanobacteria biomass and DOC at the onset of treatment, low O3:DOC, and low
percentage of lake water instantaneously treated.

1. Introduction eutrophication (O’Neil et al., 2012; Paerl and Huisman, 2008; Zepernick

et al., 2023). Many cyanobacterial species produce toxins, often called

Freshwater cyanobacterial harmful algal blooms (cyanoHABs) have
become a worldwide issue because of a warming climate and anthro-
pogenic nutrient sources from humans (e.g. poor sewage treatment and
heavy fertilizer applications) that increase the delivery of growth-
stimulating nutrients (phosphorus and nitrogen) leading to
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“cyanotoxins,” that have harmful effects on humans and wildlife
(Carmichael, 1992; Carmichael and Boyer, 2016). CyanoHABs affect
sources of drinking (Qin et al., 2010; Steffen et al., 2017) and recrea-
tional waters (World Health Organization, 2020), and cyanotoxins may
become aerosolized (Plaas and Paerl, 2021; Shi et al., 2023).

Received 6 August 2024; Received in revised form 14 October 2024; Accepted 15 November 2024

Available online 22 November 2024

0301-4797/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:chaffin.46@osu.edu
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2024.123406
https://doi.org/10.1016/j.jenvman.2024.123406
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2024.123406&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.D. Chaffin et al.

Additionally, the high biomasses of blooms negatively affect aquatic
ecosystems (Backer et al., 2013; Tillmanns et al., 2008) and local
economies (Dodds et al., 2009; Smith et al., 2019; Wolf et al., 2022).
Therefore, to protect human health and ecological integrity, we must
investigate methods to combat cyanoHABs.

The ideal method to deal with cyanobacterial blooms is prevention
by minimizing external nutrient loads into waterways (Kibuye et al.,
2021). However, many lakes continue to have high external nutrient
loading from point and non-point sources that are often difficult to
control. For example, agricultural fields often have a buildup of legacy
phosphorus (Osterholz et al., 2020) and it may take years to decades for
lakes to realize improvements in water quality following nutrient
abatement practices (Jeppesen et al., 2005). Even if external loads can
be greatly reduced, after decades of excessive anthropogenic nutrient
loading lake bottom sediments often become nutrient-rich and recycle
nutrients between the sediments and water column, continuing to fuel
cyanobacterial blooms even after external loads are reduced
(Sgndergaard et al., 2003). Therefore, in search of quicker solutions,
many lake managers opt for algaecides (copper or hydrogen peroxide
based) to treat algae and flocculants (e.g., alum or lanthanum) to bind
phosphorus in the water column and inhibit phosphorus release from
lake sediments (Kibuye et al., 2021; Osgood et al., 2017). However,
chemical-based treatment options have significant disadvantages to
their use such as affecting non-target algae and organisms (e.g.,
zooplankton and fish kills), altering pH, accumulation of metals in the
lake sediments, and the need for repeated applications (Kibuye et al.,
2021). Moreover, many authorities are banning and discouraging al-
gaecides like copper sulfate (Burford et al., 2019); therefore, other op-
tions should be explored to control blooms.

Nanobubble ozone technology (NBOT) is an emerging technology
with the potential to control cyanoHABs while reducing the putative
negative factors associated with traditional control strategies (Atkinson
et al., 2019; Batagoda et al., 2019). Ozone has been used since the early
1900s to treat drinking water and wastewater (Lee et al., 2013),
including -more recently-treatment for microcystins (He et al., 2016;
Rositano et al., 1998). Compared to macrobubbles, the buoyancy force
of nanobubbles is small, which results in bubbles persisting in the water
column for longer periods of time. Additionally, nanobubbles have a
strong surface charge which is speculated to decrease the diffusion rate
of ozone from the gaseous bubble (Meegoda et al., 2019). Therefore, by
incorporating ozone into nanobubbles, it is not released from the water
to the air during treatment and may persist for a longer time (Soyluoglu
et al., 2023). In aquaculture, NBOT has been shown to decrease het-
erotrophic bacteria abundances while not impacting fish (Huang et al.,
2023; Jhunkeaw et al., 2021; Thanh Dien et al., 2021). While NBOT
shows promise for treatment of bacterial infections in aquaculture, the
application of NBOT to lakes for cyanoHAB mitigation is novel and an
assessment of NBOT for the treatment of cyanoHABs is needed. In
drinking water and wastewater treatment, the degradation of micro-
pollutants or viruses by ozone can be predicted by the mass ratio of the
ozone to dissolved organic carbon dose (mg of O3 to mg C of DOC, O3:
DOC) with higher amounts of ozone required as the DOC increases
(Czekalski et al., 2016; Lee et al., 2013; Wolf et al., 2019). However,
ozone decay rate increases by roughly an order of magnitude per pH unit
above pH 8 (Gardoni et al., 2012), and cyanobacterial blooms often
create high pH (Verspagen et al., 2014). One limitation of ozone use in
drinking water systems is the potential formation of bromate, which can
be a concern if source water bromide concentrations exceed 50 pg L™?
and pH is elevated (Morrison et al., 2023; Rakness, 2011; von Gunten
and Pinkernell, 2000).

The objective of this study was to evaluate the effectiveness of NBOT
at treating a high biomass cyanoHAB. Grand Lake St. Marys (GLSM),
Ohio, USA, is one of the most hypereutrophic lakes in North America
(Mishra et al., 2019). GLSM is a large (89 kmz), shallow (average depth
1.5-2.0 m), human-made canal-feeder lake with persistent cyanoHABs
dominated by Planktothrix argardhii and year-around microcystin
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detections that frequently exceed recreational guideline concentrations
of 8 pug Lt (Filbrun et al., 2013; Jacquemin et al., 2018, 2023b). Uti-
lizing a GLSM sourced cyanoHAB, NBOT treatment was assessed based
on affects to total phytoplankton biomass (measured as chlorophyll a
concentration), total concentration of microcystins and the phase of the
toxins (intracellular vs. extracellular), microbial community structure,
DOC concentration, and cell viability. A mesocosm study tested the
effectiveness of NBOT at different dosing levels in a small-scale, high-
ly-controlled environment and a field trial tested the effectiveness of
NBOT and zone of influence of treatment in-situ at the lake scale. In both
studies, the O3:DOC ratio and how it impacted treatment was evaluated,
in order to be consistent with how ozone is used in water and wastewater
treatment plants (Lee et al., 2013).

2. Material and methods
2.1. NanoBubble ozone treatment (NBOT) units

Ozone nanobubbles were generated using NBOT units provided by
Green Water Solutions, LLC (Brookfield, Ohio, USA). First, an Onyx
Ultra PSA Oxygen Generator (AirSep Corporation, Buffalo, New York,
USA) creates a dry oxygen feed gas to Atlas 30 ozone generator(s)
(Absolute Ozone, Edmonton, AB, Canada). The gaseous ozone concen-
tration was monitored using a Model 106-L Ozone Monitor (2B Tech-
nologies, Broomfield, Colorado, USA). The ozone gas is infused into the
reacting solution via a venturi injector. Then, effluent ozonated water
flows into an internal contact tank equipped with a gaseous ozone
destruct unit to eliminate any released gaseous ozone. Water is pumped
through the NBOT unit under constant pressure through a patented
nozzle that breaks larger bubbles into smaller nanobubbles. An ozone
sensor with alarm was used to monitor ambient ozone. Also, the unit was
equipped with emergency shut-offs in the event of an ozone leak or
equipment failure.

2.2. Mesocosm experiment

GLSM water (~13,000 L) was hauled to Ohio State University’s
Stone Lab with three Ohio Division of Wildlife fish-hatchery trucks on
July 26, 2023. The mesocosm facility at Stone Laboratory has 15 2200-L
tanks (1.8 m diameter, 0.91 m deep in the center of the tank, 0.86 m
deep on the edge of the tank). Each tank was filled with GLSM water
(40%) and filtered (1 pm) Lake Erie water (60%) with the mesocosm
facilities pumps and filters. To prevent nutrient limitation, sodium
phosphate dibasic and sodium nitrate were added to the tanks to in-
crease concentrations by 5 and 100 pmol L™}, respectively. The tanks
were covered with a screen that reduced surface sunlight by 55%. Tanks
were exposed to natural sunlight (i.e., no artificial lights) and ambient
temperature (no temperature control) throughout the initial incubation
and the experiment. The algae incubated for 3 days before the experi-
ment began, and the tanks were stirred and aerated twice a day. Initial
samples (hour 0) were collected from all 15 tanks on July 30, 2023
before NBOT treatment began. Three tanks that did not receive NBOT
served as control. Three other tanks served as oxygen-only nanobubble
controls in which lake water passed through the NBOT unit pump, but
the ozone generators were not on. The three NBOT ozone dosage
treatments were 4.9 + 0.4 mg O3 L1 (mean =+ 1 standard error) (“low™),
8.9 + 0.4 mg O3 L ! (“medium”) and 14.9 + 0.4 mg O3 L1 (“high”) and
each dosage was replicated with three tanks. In all treatment tanks,
100% of the water passed through the NBOT unit. To confirm and
quantify ozone generated by the NBOT units, we measured the flow rate
and gas phase ozone.

Samples from the tanks were collected prior to treatment and at 1, 4,
8, 24, 48, 72, and 96 h after treatment. The tanks were aerated
throughout the experiment and thoroughly mixed prior (minutes) to
grab sample collection and data recording to ensure a homogenous
water column. A Yellow Springs Instruments (YSI) EXO2 multi-



J.D. Chaffin et al.

parameter sonde was used to collect data on cyanobacteria biomass,
measured as phycocyanin relative fluorescence, at each time point. Grab
samples from the tanks were collected with four equal-volume sub-
samples (one each from the four cardinal directions) with a 1-m-long
integrated tube sampler and deposited and mixed into a clean bucket
which had been rinsed with sample water. For chlorophyll (chl) a con-
centrations, ~2 L of water was poured into 2.4-L dark polycarbonate
bottles and placed in a cooler with ice for immediate delivery to the
laboratory (adjacent to mesocosm facility). Samples for cell viability and
microscopy were taken from the 2.4-L dark bottle. For total microcystins
(MCs), ~25 mL of water was poured into 60-mL amber glass vials and
placed in a cooler on ice. For extracellular microcystins, 60-mL poly-
ethylene terephthalate glycol (PETG) bottles were rinsed three times
with filtered lake water (0.7 pm glass fiber filter syringe filter; which
also rinsed the filter) and then 40 mL of additional filtered lake water
was saved in the PETG bottle and placed on ice. For dissolved organic
carbon (DOC), 40-mL pre-combusted amber glass vials were rinsed three
times with sample water filtered with 0.2-um PES syringe filters and
then filled without air space. Analytical methods are provided in the
following section.

2.3. In situ lake trial

The in-situ NBOT trial at GLSM took place in a small artificial
embayment, called the Sunset Beach Enclosure (SBE; also known as Dog
Tale Lake), that is isolated from the main lake by the construction of two
break walls that partially encircle SBE (Fig. 1). SBE has an area of ~3.2
x 10*m? an average depth of ~1.5 m, and an estimated volume of 4.8
x 10* m®. NBOT units were deployed for two 4-week periods that were
separated by a 4-week period without NBOT treatment during summer
2023 (NBOTs on 12 June to 10 July and 7 August to 4 September). Two
NBOT units were deployed at the east and west ends of SBE where the
beach and break walls intersect (Fig. 1). Given the pump rate of the
NBOT units (4.1 x 10° L d! per NBOT; 8.2 x 10° 1. d~! total for both
NBOT units) and assuming perfect circulation and no water exchange
from the main lake, only 1.7% and 48% of the SBE (~4.8 x 107 L) could
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be directly treated during a 24-h period and during each 4-week trial,
respectively. Each NBOT unit had four ozone generators, and the total
ozone load to SBE was determined as the sum of ozone from each ozone
generator. To confirm and quantify ozone generated by the NBOT units,
we measured the flow rate and gas phase ozone on seven dates during
the 2023 SBE trial (14 June, 27 June, 5 July, 8 August, 16 August, 22
August, 29 August). The two NBOTs generated a combined average of
0.21 kg of ozone per hour (5.1 O3 kg d ™) with a flow rate of 3.4x 10*L
per hour (8.2 x 10°L d’l), or 6.31 mg O3 L1 in the outlet.

Initial water samples were collected on May 31, 2023 and then
weekly from June 6, 2023 to September 19, 2023 from 15 total locations
(Fig. 1). Samples were collected near the NBOT inlets, from the NBOT
outlet hose, and 3.3 m, 10 m, 33 m, and 100 m from the NBOT outlet (the
100-m sample was the mid-point between the two NBOT units). The
samples were collected by wading to hip-depth water. Water was
collected at elbow depth using a Nalgene bottle to fill a clean and lake-
water-rinsed 20-L bucket. The NBOT outlet samples were collected only
when the NBOTs were deployed. The NBOT inlet samples were collected
weekly near the NBOT inlet when NBOTSs were deployed and where the
inlets were when NBOTs were not deployed. Control site samples were
collected in the main lake from the breakwall adjacent to the NBOT units
and in the main lake outside of the curtain that partially separates SBE
from the main lake. Samples from the break wall were collected by using
a Nalgene bottle attached to a sampling stick to collect water just
beneath the surface and poured into the bucket. An additional sample
was collected in SBE inside the curtain from the break wall. Sample
buckets with water were carried to the beach and sample processing
began immediately as stated in the mesocosm experiment section,
except DOC samples were filtered with pre-combusted 47-mm, 0.7-pm
GFF filters. Additionally, samples for total nitrogen and total phosphorus
were stored in 250-mL PETG bottles, and the filtered samples were
analyzed for dissolved reactive phosphate, nitrate and nitrite, and
ammonium. Samples were transported to the laboratory on ice and
further processing occurred within 6 h of sample collection.

Additionally, a YSI EXO2 multi-parameter sonde was attached to a
YSI DB600 buoy deployed in the center of SBE (~100 m from the east
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Fig. 1. Sample locations in the Sunset Beach Enclosure during 2023 (circles), the nanobubble ozone generators (stars) location, and the data buoy (triangle). I =
inlets, O = outlet, A, B, C, and K are 3, 10, 30, and 110 m from the NBOT outlets. The NBOT inlets were facing to the south and parallel with the breakwalls, and the
NBOT outlets faced the beaches. Sunset Beach enclosure is in the northeast corner of Grand Lake St. Mary’s, as shown in the inset figure.
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NBOT and ~130 m from the west NBOT; Fig. 1). The sonde recorded
water temperature, pH, turbidity (Formazin Nephelometric Units, FNU),
dissolved oxygen (mg L' and temperature-corrected percent satura-
tion), phycocyanin fluorescence (relative fluorescence units, RFU), chl
fluorescence (RFU), and fluorescent dissolved organic matter (fDOM,
RFU) at 15-min intervals.

2.4. Analytical methods

2.4.1. Chlorophyll

Three metrics were used to quantify total phytoplankton and cya-
nobacteria biomass specifically: 1) filter-extracted chl a concentration,
2) a FluoroProbe, which determines the amount of chl a associated with
green algae, diatoms, cyanobacteria, and cryptophytes, and 3) a YSI
EXO2 sonde equipped with the total algae sensor the measures chl and
phycocyanin RFU. For filter-extracted chl a concentrations, 250-400
mL, depending on phytoplankton biomass, was filtered onto a 47-mm
glass fiber filter (GF/F; 0.7 nominal pore size, Cytiva, 1,825,047). The
filters were stored on silica gel in mini-petri dishes at —80 °C until
analysis. Chl a was extracted from the filters and quantified following
the methods listed in Golnick et al. (2016). In the laboratory, water
samples warmed to room temperature were analyzed with a FluoroP-
robe (BBE Moldaenke) equipped with a bench-top cuvette reader, as
previously described (Chaffin et al., 2013). The YSI EXO2 was used to
record spot location Chl a and phycocyanin RFU data adjacent to the
grab sample (approximately 0.25 m depth).

2.4.2. Cyanotoxins

Total MCs (lake water subject to three freeze-thaw cycles) and
extracellular MCs (prefiltered with GMF, 0.45 pm pore) were quantified
following the Ohio EPA protocol (Ohio EPA, 2021) with Gold Standard
Diagnostics enzyme-linked immunosorbent assay (ELISA) Kkits
(#520011; Warminster, PA, USA) on an Eurofins Abraxis automated
Cyanotoxin Automated Assay System (CAAS Cube) instrument
(#475006). All total MCs samples exceeded the working ELISA range of
5 pg L1 and therefore were diluted 10x to 20x with deionized water.
Extracellular MCs were quantified in the field-filtered samples with
ELISA.

For a subset of samples (n = 12) from the mesocosm experiment,
variants of microcystins, cylindrospermopsin, anatoxin-a, and anabae-
nopeptins were evaluated following the United States Environmental
Protection Agency (US EPA) Method 544 sample collection and handling
protocols (Shoemaker et al., 2015) for liquid chromatography-high
resolution mass spectrometry (LC-HRMS) was performed on a Thermo
QExactive Orbitrap, equipped with electrospray ionization (ESI) source.
Both online-SPE loading and analytical separation utilized a Thermo
Vanquish LC system equipped with a Vanquish C Quaternary Loading
Pump and a Vanquish H Binary Elution Pump. A TriPlus RSH Auto-
sampler (Thermo, USA) was used for sample handling. Targeted
microcystin analyses included microcystin variants not included in
Method 544 but which had commercially available standards. Cylin-
drospermopsins, anatoxin-a, and anabaenopeptins with commercially
available standards were analyzed with microcystins on the same
combined analytical run. Non-targeted analysis was performed to
identify both microcystin variants not included in targeted analysis and
possible transformation by-products. MS/MS fragmentation patterns
were monitored to identify the typical ADDA fragment m/z = 135.08.

2.4.3. Dissolved organic carbon concentration and chemistry

Samples for dissolved organic matter analysis were stored at 4 °C
until analysis, which occurred within 7 days of sample collection. DOC
concentration was measured as non-purgeable organic carbon on a
Shimadzu TOC-L Analyzer. UV-Vis absorbance was measured on a
Horiba Jobin Yvon Aqualog. Then, the specific UV absorbance at 254 nm
(SUVA,s54) was calculated by dividing the absorbance at 254 nm by the
DOC concentration (in mg L’l) (Weishaar et al., 2003). SUVAys4 has
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units of L¥mg C '*m™! and increases linearly with the percentage of
aromaticity of water samples (Weishaar et al., 2003). Oxidation of DOM
by ozone will result in a lower bulk aromaticity, and thus lower
SUVAgs4,

2.4.4. Nutrients

Total phosphorus (P) and nitrogen (N) were measured on unfiltered
samples following an alkaline persulfate digestion and quantified as
phosphate and nitrate, as in Patton and Kryskalla (2003). Nitrate, nitrite,
ammonium, and dissolved reactive P were quantified on the filtered
water (same samples as the extracellular MCs) following standard
methods, as listed in Chaffin et al. (2019). All nutrient analyses were
conducted on a SEAL Analytical QuAAtro segmented flow auto-analyzer.

2.4.5. Cell viability by fluorescence microscopy

Samples from the mesocosm were stained with SYTOX™ Green
(Invitrogen) to determine cell viability. SYTOX™ Green cannot cross
intact cell membranes, but it will easily penetrate compromised mem-
branes of dead cells and binds with nucleic acids (Hazlett et al., 2007).
SYTOX™ Green results in dead cells fluorescing bright green, peak at
523 nm, and alive cells do not fluoresce. The samples were treated with
1 pmol L7t syTox™ green stain, incubated in the dark for 5 min, and
then viewed at 400x magnification with a M837FLR Series Trinocular
Epi-Fluorescence Microscope with 18 MP USB 3.0 Digital Camera.

2.4.6. Aqueous ozone

First, the molar absorptivity of indigo (ejnq) was determined as
described by Gordon and Bubnis (2002). Ozone absorbance at 258 nm
was measured using a Shimadzu UV-2401PC spectrophotometer. The
absorbance of indigo solutions at 600 nm was measured using a Genesys
20 spectrophotometer (Thermo Scientific, Waltham, Massachusetts,
USA). Both measurements used a 1-cm quartz cell and a reference cell
containing deionized water. Ozone demand was determined as
described by Richard (1994). Total ozone was measured using a modi-
fied indigo method (Kuhn, 2024). Indigo Stock Solution (ISS) was pre-
pared according to Bader and Hoigné (1981). Indigo Reagent RIII and
RIV were prepared according to Kuhn (2024).

Ozonated samples were prepared by adding 90 mL of NBOT effluent
solution collected directly from the effluent nozzle to a 100-mL volu-
metric flask containing 10 mL RIII or RIV. The indigo method relies on a
change in absorbance due to bleaching of indigo by ozone. Therefore,
blank samples were collected outside of the enclosed location and pre-
pared by adding 90 mL of untreated lake water to a 100-mL volumetric
flask containing 10 mL RIII or RIV to account for matrix effects on indigo
decolorization. Samples were filtered using a 0.45-pm polytetrafluoro-
ethylene (PTFE) syringe filter prior to measuring absorbance. All sam-
ples were covered with aluminum foil and stored in the dark to prevent
photodegradation of indigo.

The absorbances (600 nm) of each blank and ozonated sample were
measured within 2 min of indigo addition. Replicate measurements of
each ozonated and blank sample were taken for up to 10 days following
the initial sampling date until indigo decolorization was negligible.
Separately, ambient bromide and manganese concentrations in lake
water were measured to confirm concentrations would not interfere
with the indigo method. Total ozone measured was determined as
described by Bader and Hoigné (1981).

2.5. Bacteria community analyses

2.5.1. DNA extraction, 16S rRNA and 18S rRNA Amplification and
sequencing

Water samples were collected in sterile 1-L Nalgene bottles and
stored on ice and at 4 °C before processing within 24 h of collection.
Samples were filtered on 0.22-ym mixed cellulose filters (Milli-
poreSigma, Burlington, MA, USA) and stored at —80 °C. Samples
collected near the east NBOT were chosen for sequencing. The sites
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selected were: N (NBOT inlet), T (NBOT outlet), A (3 m from outlet) and
site E (main lake control). DNA was extracted using the QIAGEN (Qia-
gen, Hilden, Germany) DNeasy Blood & Tissue kit with modified pro-
tocols established by (Djurhuus et al., 2017). The V4-V5 hypervariable
regions of the 16S rRNA were amplified using 515FY-926R primer pair
described in Parada et al. (2016). The 16S rRNA amplicon libraries were
prepared and sequenced using paired-end (2 x 250 bp) Illumina
NovaSeq (Novogene, Beijing, Peoples Republic of China).

2.5.2. Sequencing analysis

The 16S rRNA amplicon sequences were demultiplexed and assigned
to specific sample IDs based on their multiplex identifier at Novogene
using in-house bioinformatic pipelines. DADA2 (Callahan et al., 2016)
was used to process raw sequences in R v4.0.0 (R Core Team). Briefly,
paired-end reads were filtered, trimmed, and merged prior to der-
eplication and then analyzed for detection and removal of potential
chimeras. Non-chimeric sequences were pooled together to define
amplicon sequence variants (ASVs). Taxonomic assignment of ASVs was
based on naive Bayesian classifying method (Wang et al., 2007) using
the 16S rRNA databases CyanoSeq (Lefler et al., 2023) for cyanobacteria
and SILVA 138.1 (Quast et al., 2013) for bacteria. ASVs assigned to
archaeal, chloroplast, eukaryotic, and mitochondrial taxa removed
before being rarified to an even depth (Schloss, 2023), using the phy-
loseq package (McMurdie and Holmes, 2013). The vegan package
(Oksanen et al., 2024) was used for statistical analyses, calculation of
diversity indices, and generation of ordinations in combination with
ggplot (Wickham, 2016) and MicroViz (Barnett et al., 2021). Alpha di-
versity was calculated using Shannon index; a Wilcoxon test was used to
compare indices between each time point. The “adonis2” function of the
vegan package was used to conduct a permutational multivariate anal-
ysis of variance (PERMANOVA) on robust Aitchison distances to test the
effect of NBOT, date, and site on bacterial and cyanobacterial commu-
nity composition.

2.6. Data analysis

The mesocosm data were analyzed by a repeated measure two-factor
analysis of variance (RM-ANOVA) with time after NBOT treatment as
the within-subject variables and NBOT treatment as the between-subject
factor. The Greenhouse-Geisser statistic was interpreted for the within-
subject effects (time after treatment and the interaction). Statistical
analyses were conducted with IBM SPSS version 29. Contour plots for
the SBE grab samples data for concentrations of chl a, total MCs, and
SUVAy54 were made in Sigma Plot version 15 to display changes
throughout the trial and distance of sample from the NBOT units. To
determine the zone of influence of NBOTSs, a subset of data from sites
inlets, outlets, and 3.3 m were used and the percent relative difference
(%RD) was calculated between the inlet and outlet and 3.3-m samples
as:

%RD = (G, - C;) / C; *100%

Where C, is the concentration measured at the outlet or the 3.3-m
sample and C; is the concentration measured at the inlet. The %RD
were then plotted against the O3:DOC ratio measured at the NBOT inlet.

3. Results
3.1. Mesocosm experiment

DOC concentration in the mesocosm tanks before NBOT ranged be-
tween 6.88 mg CL ™! and 7.91 mg CL~! (average of 7.20 mg CL™1). The
low, medium, and high applied ozone doses were 4.8 + 0.6, 7.1 + 0.8,
and 15 + 1 mg O3 L, respectively. The specific ozone to DOC ratios
(03:DOC) were 0.68 + 0.05, 1.21 + 0.08, and 2.04 + 0.07 in the low,
medium, and high NBOT doses.
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Chl a concentrations in all 15 tanks were 200 + 20 pg L™! (mean of
all 15 tanks + 1 standard error) immediately before NBOT treatment
(Fig. 2A). The within-subjects interaction between time after treatment
and NBOT treatment was significant (p < 0.001), which indicates that
how chl a concentration changed across the time points depended on
NBOT treatment, and the between-subject effect of NBOT treatment was
significant (p < 0.001), which indicates that chl a concentration differed
among NBOT treatments. In the control tanks Chl a concentrations were
stable and similar to initial concentrations during the first 72 h and then
decreased at hour 96. Tukey test indicated that there was no significant
difference of chl a concentrations between the control and oxygen-only
nanobubble control throughout the experiment. The low NBOT had in-
termediate chl a concentrations, and the medium and high NBOT had
the lowest chl a concentrations. The decrease of chl a concentrations
occurred the fastest in the high NBOT treatment, but then the medium
and high NBOT treatments had similar chl a concentrations 24 h after
treatment. Chl a concentrations in all three NBOT treatments increased
on the final day of the experiment by 2X to 3X from the concentrations
measured on hour 72.

Cyanobacteria biomass (measured as phycocyanin relative fluores-
cence units, PC-RFU) was 16.6 + 0.1 immediately before NBOT treat-
ment (Fig. 2B). PC-RFU followed a similar decline as chl a
concentrations in response to the NBOT treatments, but PC-RFU did not
rebound like chl g, indicating the chl a response was not due to cyano-
bacteria rebound. The within-subjects interaction between time after
treatment and NBOT treatment was significant (p < 0.001) and the
between-subject effect of NBOT treatment was significant (p < 0.001).
The medium and high NBOT treatments both decreased PC-RFU to less
than 0.1 units by hour 24. Low NBOT treatment decreased PC-RFU to 2.6
units. The oxygen-only control resulted in PC-RFU intermediate to the
low NBOT and control.

Total MCs concentrations were 23 + 2 pg L™! and the extracellular
MCs were 0.8 + 0.1 pg L™! (4.1% of MCs were extracellular) prior to
NBOT treatment (Fig. 2C and D). The within-subjects interaction be-
tween time after treatment and NBOT treatment was significant (p <
0.001) but the between-subject effect of NBOT treatment was not sig-
nificant (p = 0.470). Total MCs in the control increased throughout the
experiment and peaked at 40 + 10 pg L™! at hour 72, while the extra-
cellular fraction accounted for less than 6% of total MCs throughout the
experiment. Total MCs in the oxygen-only control was stable and similar
to initial concentrations throughout the experiment but had a slightly
higher fraction of extracellular MCs than the control (up to 15 + 7 % of
total). Total MCs in all three NBOT treatments decreased throughout the
experiment and the high NBOT treatment had the lowest total MCs
among the NBOT treatments. Despite the lack of a between-subject effect
significant difference, there were large differences among treatments at
96 h after treatment; total MCs were 3 + 1 pg L™}, 9 + 3 pg L™}, and 16
+ 9 ug L~ in the high, medium, and low NBOT treatments, respectively.
MCs were 100% in the extracellular phase after just 4 h in the high NBOT
treatment and after 8 h in the medium NBOT treatment. MCs were also
shifted to extracellular in the low NBOT treatment but peaked at only 80
+ 10% at hour 72.

The dominant MC variant present in all samples was [D-Asp3] MC-
RR (89.6%-92.7% of total MCs), and [D-Asp3] MC-LR and [D-Asp3-(E)-
Hhb7] MC-HphR were detected at lower concentrations (Supporting
Information Table S1). Anabaenopeptin A and B were detected in all
samples, with concentrations in initial (time 0) mesocosm samples from
2.01 pg L™! for anabaenopeptin A and 4.17 pg L™! for anabaenopetin B.
Cylindrospermopsins and anatoxin-a were not detected. Total micro-
cystins by targeted variant analyses were between 24 and 60% of totals
determined by ELISA. This discrepancy may be explained by the pres-
ence of multiple unknown microcystins identified through non-targeted
analyses, including potential isomers of [D-Asp3] MC-RR and [D-Asp3]
MC-LR, and variable cross-reactivity of different variants in ELISA. In
the mesocosm trial, anabaenopeptin A decreased by 65.0% and ana-
baenopeptin B decreased by 68.6% 24 h after treatment in the low and
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Fig. 2. The concentrations of A) chlorophyll (ug L’l), B) phycocyanin (relative fluorescence units, RFU), C) total microcystins (pg L’l), and D) the percentage of
extracellular microcystins of total microcystins 96 h after NBOT treatment in the mesocosm experiment. Initial, hour 0, samples were collected prior to treatment.

medium NBOT dose treatments, respectively. The oxygen-only treat-
ment only reduced anabaenopeptin A and anabaenopeptin B by 8.3%
and 8.7%, respectively, after 24 h. The high NBOT dose treatment
samples were lost in shipment and samples were not collected for LC-MS
analyses at later time steps.

SUVAgss was 1.41 + 0.02 L*mg C '*m™! in the initial samples
(Fig. 2E). The within-subjects interaction between time after treatment
and NBOT treatment and the between-subject effect of NBOT treatment
were both significant (p < 0.001). SUVA2s4 in the control and oxygen-
only control increased to values ~1.5 by hour 24 and remained at 1.5
to 1.6 for the remainder of the experiment. SUVAjs4 in the medium and
high NBOT treatments decreased to ~0.9 by hour 24 and remained at
0.9 to 1.0 for the remainder of the experiment. SUVAgs4 was slower to
reach ~1.0 in the low NBOT (hour 72).

In the initial samples (Fig. 3A and C), Planktothrix filaments appeared
red with SYTOX green stain fluorescence microscopy, indicating living
cells. Planktothrix filaments in the control were red after 24 h of incu-
bation (Fig. 3B), but there were a few small areas of green, likely from
dead heterotrophic bacteria. All Planktothrix filaments were bright green
in the high NBOT treatment, indicating dead cells (Fig. 3D). Many
smaller heterotrophic bacteria were also dead.

3.1.1. In-situ lake trial: ozone generation

Gas phase ozone was measured on seven dates during 2023. The
measured flow rate was 1.7 x 10* L h™! per NBOT throughout the two 4-
week in-situ trials. The ozone generated by the East NBOTs ranged from

58 g O3 hr ! to 158 g O3 hr™! (100 + 10 g O3 hr 1), the West NBOTs
ranged from 49 g O hr ! to 154 g O3 hr ! (110 + 20 g Os/hr). An ozone
dose through the NBOT unit was determined using the average unit
flowrate of 280 L min ! (East: 3.4 mg O3 L 't09.3 mg O3 L7, and West:
2.9 mg O3 L 1t09.1 mg O3 LY (Table 1). Both NBOTs generated the
lowest measured ozone on August 8, 2023, while the East NBOT
generated the most ozone on June 14, 2023 and the West on July 5,
2024.

Readily degradable compounds react rapidly with and consume
ozone before a residual is measured (Rakness, 2011). Ozone demand is
the ozone dose added before any ozone residual is measured, corre-
sponding to the amount of ozone consumed during these rapid reactions.
The ozone demand at GLSM was determined with representative GLSM
water to be 3.3 mg O3 L™! but will vary as DOC levels vary.

Aqueous ozone was measured on eight dates during 2023. The
average initial aqueous ozone concentration in the outlet was 110 +
110 pg L7! reflecting variability in the ozone demand due to varying
ozone gas phase concentrations and varying DOC. After the initial
consumption of ozone due to the ozone demand, aqueous ozone con-
centration can be detected. Ozone diffusion from nanobubbles occurred
and total ozone concentration was reached within 2 or 3 days after in-
digo addition. Average total ozone measured was 460 + 270 pg L™1. The
difference between the initial and total concentration is bubble ozone, or
ozone released from the diffusion of bubbles. The average bubble ozone
was 65 + 26% of the total ozone measured.
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Fig. 3. Representative fluorescent micrographs of Planktothrix filaments stained with SYTOX green. Red indicates alive cells and green indicates dead cells. A)
Control initial; B) Control after 24 h; C) NBOT high dose treatment prior to treatment; D) NBOT high dose 24 h after treatment. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Ozone generated by the NBOTs used in the 2023 Sunset Beach enclosure (SBE)
trial. A flow rate of 1.7 x 10* L/h was used to calculate mg L. Dissolved organic
carbon (DOC) are the average concentrations measured at all sites. The ozone to
DOC dose were calculated by averaging the ozone dose from the two NBOTs. ND
= no data.

East NBOTs West NBOTs SBE average

Ozone Ozone DOC

gO0s/hr  mgOsL™' gOshr mgOsL™! mgCL™' O

DOC

14 June  157.63 9.28 111.10 6.54 12.90 0.61
20 June ND ND ND ND 13.13 ND
27 June  ND ND 20.83 1.22 12.23 0.10
5 July 87.32 5.14 154.40 9.09 12.64 0.56
8 Aug. 57.60 3.39 49.16 2.89 9.13 0.34
16 Aug. 124.99 7.36 142.70 8.40 9.17 0.86
22 Aug.  87.32 5.14 154.40 9.09 9.12 0.78
29 Aug.  106.24 6.25 139.22 8.20 9.08 0.80

3.1.2. In-situ lake trial: high temporal resolution data

Water temperature of SBE was ~25 °C on May 31, 2023 when the
data buoy was deployed (Fig. 4A). Water temperature decreased to
17.7 °C throughout the first half of June. Water temperature steadily
increased from ~18 °C to 31 °C throughout the first NBOT treatment,
ranged from 25.0 °C to 31.1 °C during the NBOT-off period, and was
variable during the second NBOT treatment with declines and increases
of several degrees. Diel patterns of temperature are visible.

pH was basic and ranged from 8.0 to 9.6 throughout 2023, and there
was no association with NBOT treatments (Fig. 4B). Diel patterns in pH
were observed with increased pH during the daytime and decreased pH
at night.

Turbidity decreased from ~60 FNU to ~20 FNU during the first half
of June (Fig. 4C). Turbidity steadily increased from ~20 FNU to ~70
FNU throughout June, July, August, and September and no association
was observed with NBOT treatments. FNU measurements were highly
variable over a short time window (<1 h) as FNU often deviated by up to

20 FNU.

Dissolved oxygen concentration corrected for temperature (percent
saturation, DO%) showed wide diel fluctuations from 50% saturation at
nighttime to over 300% during the daytime (Fig. 4D)

Phycocyanin relative fluorescence (PC RFU) decreased from ~17.5
to 10.5 RFU during the first week of NBOT treatment, but then increased
to ~25.5 RFU during the second week of treatment, and then decreased
to ~16 RFU by the end of the first treatment (Fig. 4E). PC RFU increased
to ~23.5 RFU during the NBOT-off period. PC RFU was variable during
the second NBOT treatment as PC RFU ranged from ~18.0 to 25.5 RFU.
The highest PC RFU of ~29.1 were recorded in mid-September, one
week after the second NBOT treatment ended.

Chlorophyll RFU was much lower than PC RFU and ranged between
2 and 3 RFU all of 2023 (Fig. 4F).

Fluorescence dissolved organic matter (fDOM) RFU increased from
10.8 to 21.5 RFU during the first half of the first NBOT treatment, and
then fDOM decreased to ~13 RFU by the end of the first NBOT treatment
(Fig. 4G). fDOM was stable and ranged between 12 and 13 RFU for the
remainder of 2023 and no difference was recorded during the second
NBOT treatment.

3.1.3. In-situ lake trial: grab samples

There was no apparent spatial or temporal association of filtered-
extracted chl a concentrations and the NBOT deployments. Across all
sites, filter-extracted chl a concentrations averaged 171 =+ 10 pg L7}
(mean =+ standard error) and 178 + 6 pg L™! on 3 May and 6 June,
respectively, prior to NBOT deployment (Fig. 5). During the first two
weeks of NBOT deployment, chl a concentrations decreased to 161 + 3
pg LY and 139 + 3 pg L™! on 14 June and 20 June, respectively, but
then increased to 220 + 10 pg L™} on 26 June during the third week of
NBOT deployment. These temporal patterns were observed at all sites
within the SBE treatment zone and at the control sites in the main lake
(Fig. 5). During the NBOT-off period between 10 July and 6 August, chla
concentrations ranged from 174 + 4 pg L™! to 214 + 5 pg L1, Chlo-
rophyll a concentrations in August and September were greater than
that observed during June and July, and this pattern was observed at all
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Fig. 4. High temporal resolution dataset recorded from a buoy deployed in the center of Sunset Beach enclosure (~100 m from the east NBOT and 130 m from the
west NBOT). The shaded gray areas represent when the NBOT units were deployed.

sites. During the second 4-week NBOT deployment, chl a concentrations
ranged from 264 + 4 pg L7! to 293 + 4 pg L1, Following the NBOT
deployment, chl a concentrations ranged from 253 + 4 pg L™! to 308 +
7 ug L%

YSI EXO2 PC-RFU and FluoroProbe cyanobacteria-chl a gave similar
patterns as filter-extracted chl a concentration (Supporting Information
Fig. S1), and these variables were strongly correlated with filter-
extracted chl a (r = 0.869, 0.863, respectively; Supporting Informa-
tion Table S2). The FluoroProbe did not detect any green algae nor di-
atoms in any SBE sample, and the ratio of PC-RFU to chl-RFU exceeded
1.0 in every sample and was greater than 5.0 in 89% of samples.
Collectively, these data indicated that eukaryotic phytoplankton were
very minor component of the SBE plankton community. Because the
fluorescence sensors can have interferences due to the physiological
state of plankton (Beardall et al., 2001; Chang et al., 2012), colonies vs.

single cells (Hodges et al., 2017), the presence of extracellular PC
(Bastien et al., 2011), which is likely following NBOT and algaecides
(Tsai et al., 2024), we use the filter-extracted chl a concentration as the
surrogate for cyanobacteria biomass in SBE throughout this report.
There was no apparent spatial or temporal association of total MC
concentrations and the NBOT deployments. Total MC concentrations
were 23 + 4 pg L ! and 24 + 5 pg L ™! on 3 May and 6 June, respectively,
prior to the first NBOT deployment (Fig. 6). Total MC concentrations
increased during the first 4-week NBOT deployment with ranges from 34
+ 2 g L7} to 67 + 3 pg L. These temporal patterns were observed at
all sites within the SBE treatment zone and at the control sites in the
main lake (Fig. 6). Total MC concentrations decreased from 36 + 3 pg
L~! on 12 July (2 days after NBOTs were turned off) to 20 = 1 uyg L™ on
2 August. Total MCs increased again during the second NBOT deploy-
ment with ranges from 49 + 2 pg L™! to 58 + 2 pg L. The highest total
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MCs concentrations, 83 + 3 pg L™}, were measured on the last sample
date of 19 September when the NBOTs were off. The majority of MCs
were intracellular as extracellular MCs accounted for less than 10% of
total MCs following the NBOT deployments (Supporting Information
Fig. S1).

Dissolved organic carbon decreased from 16 + 2 mg C L™! measured
on 6 June to concentrations that ranged between 9.1 + 0.05 to 10.2 +

rab samples were collected. (For interpretation of the references to color in this

0.03 mg C L~ during August and September (Supporting Information
Fig. S4). The lowest average SUVAys4 was measured on 20 June at 1.14
+0.01 L* mg C"'*m ™! and was greater than 1.26 + 0.07 L*mg C ™ 1*m™!
for the rest of June (Supporting Information Fig. S5). SUVAgs4 increased
throughout July and August (peaked at 1.80 + 0.02 on 8 August) and
decreased during September (Supporting Information Fig. S5). There
was no apparent spatial or temporal association of SUVAys4 and the



J.D. Chaffin et al.

NBOT deployments.

The weekly averages of total P, DRP, and total N ranged from 271.5
to 430.6 pg P L1, 18.4-90.6 pg P L™}, and 3091.8 to 4704.1 pg NL 7},
respectively (Supporting Information Figs. S6, S7, S8), indicating a
hypereutrophic environment. There was no association with the timing
of NBOT treatments. The majority of the total N was in the organic
fraction because concentrations of nitrate and nitrite were frequently
less than the method detection limit of 10 pug N L™}, and ammonium/
ammonia was frequently less than 20 pg N L2,

3.1.4. In situ lake trial: zone of influence

Analysis of all SBE data indicated there was no association with the
variables we measured and the timing of NBOT deployments. Therefore,
we analyzed a subset of sites (NBOT inlet, outlet, and 3.3-m from the
NBOT outlet) and the 8 weeks of data when the NBOTs were deployed to
determine if there was a finer spatial scale of NBOT influence. Chloro-
phyll a concentrations at the outlet and 3.3 m from the outlet were
within +£10% relative difference (%RD), but one outlet sample that had
a relatively high 03:DOC (0.93) had a chl a %RD of —34.3% (Fig. 7A).
Total MCs showed a similar pattern as chl a and the sample with O3:DOC
of 0.93 had the largest negative %RD of —94.9% (Fig. 7B). However, two
other samples had higher O3:DOC (0.96, 1.03) and their %RD for chl a
and MCs were less than £10% and £20%, respectively. For extracellular
MCs, three outlet samples had higher %RD than the inlet, but one these
samples was observed at the lowest O3:DOC (Fig. 7C). The outlet sample
highlighted for chl a and total MCs with O3:DOC of 0.93 had a very high
%RD for extracellular MCs. SUVAys4 had a clearer pattern of outlet
samples having a lower %RD than the 3.3 m sample, and this pattern
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was observed across the entire range of 03:DOC (Fig. 7D).

3.1.5. In situ lake trial: community composition

A total of 1,789,040 high-quality reads were generated after low-
quality reads were filtered, a total of 5061 unique ASVs were recov-
ered after removal of non-target taxa, 339 of the total ASVs were cya-
nobacterial. As expected, the most abundant cyanobacterial genus was
Planktothrix, which frequently comprised >90% of the cyanobacterial
relative abundance (Fig. 8A). Other bloom-forming genera were present
(e.g., Aphanizomenon, Dolichospermum, Raphidiopsis, etc.) although their
abundances were lower and only began to increase in August and
September. Overall, cyanobacterial communities showed no significant
differences between NBOT on or off (PERMANOVA: R? = 0.02, F = 1.06,
p = 0.29) nor between sampling site (PERMANOVA: RZ= 0.06,F =0.92,
p = 0.56). There was no significant difference in alpha diversity of
cyanobacteria when the NBOT was on or off (Fig. 8B), nor between
sampling location (Fig. 8C) (ANOVA: p > 0.05). There were significant
differences between cyanobacterial communities based on date (Fig. 8D)
(PERMANOVA: R? = 0.18, F = 7.6, p < 0.0001) increasing through the
course of the treatment.

Likewise, the total bacterial communities were similar when NBOT
was turned on or off (Supporting Information Fig. S9A). Class Cyano-
phyceae, was the most dominant bacterial class, followed by Actino-
bacteria and Gammaproteobacteria. There were no significant
differences between communities when NBOT was on or off (PERMA-
NOVA: R% = 0.03, F = 1.41, p = 0.10) nor site (PERMANOVA: R? = 0.05,
F = 0.84, p = 0.74). There were no significant difference in alpha di-
versity of bacterial communities when the NBOT was on or off, nor
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diversity of each sampling date.

between sampling locations (Supporting Information Fig. S9B, C)
(ANOVA: p > 0.05) There was a significant difference based on date
(PERMANOVA: R% = 0.22, F = 10.2, p < 0.0001) and alpha diversity
increased throughout the course of the treatment (Supporting Informa-
tion Fig. S9D).

4. Discussion
4.1. NBOT efficacy for cyanoHAB control

GLSM is one of the most hypereutrophic lakes in North America with
near year-round high-biomass (chl @ > 100 pg L) and high MC con-
centration (>20 pg L™1) cyanoHABs (Jacquemin et al., 2023b; Mishra
et al., 2019), and lake managers are searching for viable cyanoHAB
control options. NBOT was effective at treating the high-biomass
Planktothrix-dominant cyanoHAB sourced from GLSM in the 2200-L
mesocosm trials, with clear indicators of 98-99% reductions in chl-a
and phycocyanin and reduced microcystins and anabaenopetin con-
centrations. NBOT was ineffective at treating the Planktothrix-dominant
cyanoHAB at the 4.76 x 107-L SBE field scale. The mesocosm cyanoHAB,
however, was diluted with 60% filtered Lake Erie water and resulted in a
lower DOC concentration and biomass and reduced oxidant demand
than in the SBE field trial. The failure of the limited duration NBOT trial
in SBE does not mean the technology does not hold promise in other
lakes with less severe cyanoHABs, lower DOC, or smaller volumes.
Additionally, it is recommended by the US EPA and others to treat a lake
when harmful cyanobacteria cell counts are low (<10,000 cells mL Dor
before the bloom fully develops (US EPA, 2015; Ohio EPA, 2020;
Sukenik and Kaplan, 2021). The NBOT lake trial was initiated after
cyanobacteria biomass had already reached a high concentration (>100
chl a pg L™Y) and elevated pH (pH > 9). In a prior study conducted in
2011 and 2012, chl a concentrations in GLSM in June ranged from 93 to
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283 pg L7 with corresponding Planktothrix agardhii cell counts of
3.25-5.40 x 10° cells mL™}, concentrations well above recommended
treatment levels (Dumouchelle and Stelzer, 2014). Thus, NBOT treat-
ment efficacy in GLSM may have been increased if treatment was initi-
ated earlier when biomass was lower (as is typically recommended)
and/or if additional treatment units were utilized to try to increase both
volume treated and O3:DOC. It remains to be determined at what lake
volume and/or O3:DOC NBOT should not be considered a viable cya-
noHAB treatment option, as both factors appear to be important pre-
dictors of success.

There are differences in how NBOT and traditional chemical-based
algaecides are typically applied to a lake. These differences must be
recognized when interpreting our data from the mesocosm and SBE trial.
In this discussion, we use the term “lake” in reference to either an area of
the lake to be treated (i.e., SBE in our study) or the entire body of water.
First, NBOT treatments in our in-situ trial were confined to the lake
shoreline relying on diffusion and advection of the ozone nanobubbles to
reach other areas of the lake. Secondly, NBOT typical mode of operation
is to run continuously, similarly to traditional aeration systems. For
example, in our SBE in-situ trial, NBOTs operated continuously for two
4-week periods. On the other hand, algaecides are typically spread
across the entire lake surface (or a more targeted area) by boat or from a
sprayer on shore within a short period of time (hours to days) but with
repeated periodic applications (Matthijs et al., 2012). While fixed
location NBOT units were utilized in the SBE trial, there have been a few
cases where boat mounted NBOT units were used to more quickly cover
a larger surface area, however, that delivery mechanism was not eval-
uated here. Similarly, water systems sometimes continuously dose al-
gaecides from a point location (near an intake, for example), instead of
attempting to treat the entire lake surface.

The application of ozone in water and wastewater treatment has
been used for decades. Because organic matter is present in much larger
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concentration than constituents such as micropollutants and microor-
ganisms, specific ozone dose, the concentration of ozone (mg L™1) to
DOC (mg C LY is an important design parameter (Czekalski et al.,
2016; Lee et al., 2013; Wolf et al., 2019). Therefore, the O3:DOC dose is
also an important consideration in cyanoHAB and cyanotoxin control by
NBOT. For example, the oxidation of 500 pg L~! microcystin-LR
(MC-LR) in pure water (DOC 0.3 mg C L’l) by an ozone concentration
of 0.2 mg O3 L ™! resulted in complete degradation of the MC-LR within
2 min (Shawwa and Smith, 2001); but, when DOC concentration was
increased to 5 mg C L™}, MC-LR degradation by 0.2 mg O3 L™! dropped
by 90% (Shawwa and Smith, 2001). In these two examples, the
ozone-to-DOC ratio (03:DOC) was 0.66 and 0.04, respectively.

Furthermore, there are two different scales of O3:DOC to consider: 1)
03:DOC ratio of cyanoHAB water flowing through the NBOT unit as
ozone is injected into the water, and 2) the ozone mass dose to the total
mass of DOC in the receiving body of water. The Os:DOC ratio is affected
by several factors. On the inlet and outlet scale, O3:DOC is only affected
by the amount of ozone generated and the DOC concentration in the
influent water. On the lake scale, the total ozone generated is a function
of the number of NBOT units, how much ozone each NBOT generates,
and how long the NBOT units are operating. The total mass of DOC in the
lake is a function of the DOC concentration and the lake volume. Hence,
as lake volume increases and/or as biomass or DOC increases, the Os:
DOC ratio will decrease, and the effectiveness of NBOT will decrease
unless there is a corresponding increase in the number of NBOT units. In
our SBE in-situ trial, the average combined ozone generated per hour by
the two NBOT units was 210 g h ™! and the combined flow rate 3.4 x 10*
Lh~!, which gives an ozone dose 6.1 mg O3 L~ ! on a volume basis, and
this dose per volume was in between the low (4.8 mg O3 L™1) and me-
dium (7.1 mg O3 L) dose treatments of the mesocosm experiment. The
average DOC concentration in SBE was 11.2 + 0.1 mg C L™}, and
therefore the O3:DOC ratio at the NBOT’s inlet and outlet were 0.54. Due
to the higher DOC concentration in SBE than the mesocosm, the average
03:DOC ratio at the SBE NBOT units was less than the low NBOT dose of
the mesocosm. However, this ozone dose (6.1 mg Os L’l) and per DOC
(0.54) at the NBOT inlet/outlet in SBE was also rapidly diluted by the
rest of SBE.

To calculate the total ozone load to SBE, the average ozone per hour
(210 g h™Y) resulted in 5.1 kg d~!. Based on the average DOC concen-
tration (11.2 + 0.1 mg C L’l) and the volume of SBE (4.76 x 107 L), 531
kg DOC was present in SBE. Therefore, the ratio of the cumulative ozone
load SBE to the total mass of DOC in SBE was 0.0097, which is two or-
ders of magnitude lower than the O3:DOC of the low NBOT treatment
(0.68) in the mesocosm study. Throughout a 28-day NBOT trial, a total
of 143 kg of ozone were generated, and assuming a stable DOC con-
centration, the O3:DOC ratio would be 0.27, less than half both the low
NBOT dose in the mesocosm experiment (O3:DOC 0.68) and the dose
Shawwa and Smith (2001) observed complete MC-LR degradation at Og:
DOC of 0.66. This helps explain why a decrease in chl a and MCs in SBE
was not observed.

The data from the mesocosm experiment clearly indicate that NBOT
has the ability to kill Planktothrix cells from a high biomass bloom,
decrease chl a concentrations, and oxidize DOC (decrease SUVAgs4)
within hours and days after treatment. Additionally, total MCs concen-
trations decreased by 62% and 92% of initial concentrations by hour 96
in the medium and high NBOT treatments, respectively, although MCs
were released from the cells within 4-8 h of NBOT treatment. The
degradation of MCs in the experiments may be attributed to ozone
because the higher ozone dose decreased MCs (Shawwa and Smith,
2001). Ozone has also been shown to enhance biological degradation of
contaminants (Peterson and Summers, 2021). Furthermore, the decrease
in SUVAgs4 in the NBOT outlet compared to inlet from the SBE trial
confirms ozone reaction with organic matter passing through the unit.
However, besides SUVAs4 from the outlet, there was no evidence that
NBOT affected the cyanoHAB in SBE. In the mesocosm setting, the DOC
concentrations were lower and all of the treated water was contained in
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a small volume where the ozone continued to react for 96 h. Whereas in
SBE, the treated water was very quickly mixed with untreated water and
the high pH in SBE increased ozone decay (i.e., decreased the O3:DOC),
and no effect was observed further than 3 m from the outlet. For
example, in SBE the two NBOT units only treated 1.71% of the SBE
volume in a 24-h period. While it may not be necessary to treat the entire
volume in 24 h, it remains unknown what percentage of a lake should
pass through NBOT units to be effective at decreasing bloom biomass
under varying DOC and lake volume conditions. Additional controlled
mesocosm experiments and field trials under varying DOC and percent
water treated scenarios are needed to develop NBOT operational guid-
ance for cyanoHAB control.

For waters used as a drinking water source, NBOT operational
guidance would also have to consider potential for release of extracel-
lular cyanotoxins and plan to subsequently degrade the extracellular
cyanotoxins. Lab experiments have demonstrated the efficacy of ozone
for microcystins oxidation at varying O3:DOC and many drinking water
plants rely on ozone as an effective treatment barrier for microcystins
(via both direct oxidation and enhanced biological filtration). The City
of Celina, Ohio, which utilizes GLSM as a source water and has some of
the highest inlet microcystins concentrations (>100 pg L7!) in the
United States (Newell et al., 2024), relies on two-stage ozone treatment
as an extracellular microcystins treatment barrier. In Celina’s drinking
water treatment facility ozone is dosed after dissolved air flotation (first
stage) and again after sand filtration (second stage) prior to granulated
activated carbon treatment (GAC), with ozone enhancing the biological
filtration through the GAC. Since water has already been pre-treated
prior to ozonation, the O3:DOC is increased. The mesocosm experi-
ments demonstrated the potential for NBOT for both cyanoHAB treat-
ment and subsequent degradation of extracellular microcystins in source
waters. The O3:DOC ratio and percent source water treated would be
critical for understanding if treatment was adequate for toxin destruc-
tion. Algaecide treatments pose a similar risk of release of extracellular
toxins and that is why many states and countries place use restriction on
algaecide applications to cyanoHABs within drinking water sources,
including limiting applications to early-stage low biomass and/or lower
cyanotoxin concentration blooms. Similar guidance might be prudent
for NBOT treatment within drinking water sources. Unlike algaecides,
however, NBOT has a greater potential to reduce extracellular toxins as
part of combined treatment and may be a superior treatment option
within drinking water sources. Furthermore, NBOT should only be an
option for lakes that have bromine concentrations less than 50 pg L ™" to
avoid bromate formation, especially at high pH associated with cyano-
HABs (Morrison et al., 2023). The City of Celina’s drinking water
treatment plant has utilized ozone as a primary treatment barrier for
MCs destruction for over a decade. The plant was required to test GLSM
for bromide prior to receiving plan approval for an ozone system and
samples drinking water for bromate monthly. Bromide was not detected
in GLSM above the reporting limit and bromate was not detected in the
drinking water above the reporting limit in 2022 and 2023 (City of
Celina, 2022; City of Celina, 2023; Ohio EPA, 2024).

Copper and hydrogen peroxide-based algaecides are commonly used
to control cyanoHABs and the concentrations of copper and hydrogen
peroxide applied range between 0.3 and 1.0 mg Cu L™! and 2-22 mg
H50, Lt (Kinley-Baird et al., 2021; Lefler et al., 2022). Given the vol-
ume of SBE, a one-time copper algaecide application would range from
14.3 kg to 47.6 kg, and a hydrogen peroxide application would range
from 95.1 kg to 1046 kg. However, note that multiple one-time doses of
algaecides may be required to control cyanoHABs and historic algaecide
treatments have been ineffective at cyanoHAB control in SBE (Section
4.2). Use of algaecides is also becoming restricted, due to potential
impacts on non-targeted organisms (Burford et al., 2019). The 28-d
cumulative ozone load to SBE was 144 kg and is within the active
ingredient application of the traditional algaecides. However, a single
algaecide application can occur within hours, whereas the NBOT
application was spread out over 28 days. The low percentage of lake
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volume treated (1.7% d ! over 28 days) and lower O3:DOC factors into
the lack of effect NBOTs had on cyanoHABs in SBE during 2023.

4.2. History of GLSM treatments

GLSM has a long history of failed or low efficacy in lake treatments
spanning from simple compressed air aeration to algaecides to P binding
chemicals, demonstrating the difficulty in treating the perennial high
biomass Planktothrix-dominated GLSM bloom. Among the most wide-
spread of these treatments include attempts to reduce available P
through application of aluminum sulfate (alum). There is a history of six
small scale pilot projects (2010-2011) attempted in localized embay-
ments (e.g. Harmon’s Channel, Otterbein Channel, West Bank Marina,
Kozy Marina, Windy Point Marina, State Park Bay) as well as larger
partial lake treatments (2011-2012), such as the one conducted by the
State of Ohio which dosed between 30 and 40% of the lake area (Nogaro
et al., 2013). More recently, an alum application was conducted in the
SBE during 2020 which, similar to others in the past, saw immediate
declines in algal biomass (up to 65% decreases in chlorophyll), however
these numbers began to rebound within a week, reaching pre applica-
tion levels within a few weeks (Davidson et al., in press). At the same
location in 2021 the SBE received multiple doses of a copper-based
algaecide followed by a lanthanum-based clay P binding treatment
(Phoslock), exhibiting similar levels of immediate effect with a gradual
leveling off and ramping up days later (in most cases) reaching non
detectable efficacy levels within a few weeks (Davidson et al., in press).
There are many examples where algaecides and alum treatments are
successful at controlling cyanoHABs (ITRC, 2020; Osgood et al., 2017),
and it is unclear what conditions led to the failure of these traditional
control strategies in GLSM. The high Planktothrix abundance, year-round
multi-year persistence of the bloom, elevated nutrients, and shallow
water depths may all be contributing factors. Despite this long history of
trial and error it should be mentioned that water quality in the water-
shed has improved tremendously over the past decade as a result of a
combination of voluntary and obligatory conservation practices
(Jacquemin et al., 2018). Perhaps most significantly, there have been
strides towards restoring natural wetland habitat across the watershed
with many of these sites demonstrating impressive improvements to
water quality entering GLSM (Jacquemin et al., 2023a).

4.3. Oxygen-only nanobubble treatment

The mesocosm trials demonstrated that oxygen-only nanobubble
treatment was ineffective for cyanoHAB control. Unlike the NBOT
treatments, there was no significant difference in chl-a concentration
between oxygen-only nanobubble treatments and controls and there was
only a slight reduction in PC-RFU, with high variability between oxygen-
only nanobubble treatment tanks. This is consistent with results from
replicated small pond trials using oxygen-only nanobubble treatment
(Laughinghouse IV et al., 2024). One of the purported modes of action
from oxygen-only nanobubble treatment is production of hydroxyl
radicals and hydrogen peroxide during nanobubble collapse; however,
hydrogen peroxide concentrations did not differ from controls in the
previously mentioned pond study (Laughinghouse IV et al., 2024). The
slight differences in PC-RFU between controls and oxygen only nano-
bubble treatments in the mesocosm experiments (Fig. 2) could poten-
tially be explained by mechanical shearing of cyanobacteria filaments
within the NBOT unit and/or increased oxygen concentrations in the
treatment tanks. These findings are important since there is limited peer
reviewed literature on efficacy of oxygen-only nanobubble treatment,
yet numerous companies are marketing the technology for cyanoHAB
control. There is, however, some laboratory data on the potential for
oxygen nanobubble treatment to enhance traditional alum and
clay-based phosphorus treatments in sediments, but field data are
limited and more research on potential for enhanced phosphorus control
is needed (Waters et al., 2022).
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5. Conclusion

The NBOT experiment in the mesocosm highlights the potential
application of NBOT to control cyanoHABs, even at high initial biomass
concentrations. However, the NBOT trial in SBE did not show an impact
on cyanoHABs. Future applications of NBOT to control cyanoHABs
should account for 1) DOC concentration, 2) phytoplankton biomass,
and 3) the volume of cyanoHAB-affected water in the lake intended for
treatment. Further research is needed to optimize the NBOT dosage
based on 03:DOC, determine the percentage of a lake that needs to pass
through the NBOT unit(s), and determine the effectiveness and appro-
priate dosage for different cyanoHAB genera. Once an optimum dose is
determined, one can estimate the energy costs needed to run NBOT (i.e.
electrical energy per order). Furthermore, the potential cascading im-
pacts of NBOT on lake ecology must be assessed because the change in
DOC chemistry (i.e., SUVAy54) may affect the food resources for het-
erotrophic microbes. There is also a need to review the efficacy of
existing cyanoHAB control strategies (i.e. algaecides and phosphorus
binding agents) to help determine what lake conditions (DOC, volume,
cyanoHAB biomass, water chemistry, temperature, light levels) and the
right dose when they will be effective or ineffective and wasteful. Given
the ineffectiveness of multiple, diverse, cyanoHAB control treatments in
GLSM, there may be some conditions where lake managers should not
waste resources attempting to control an existing high biomass bloom.
In these instances, lake managers could focus on longer-term cyanoHAB
prevention approaches, including nutrient reduction strategies, and
consider treating future cyanoHABs earlier in a bloom season before
DOC and biomass become elevated.
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