


AMERICAN UNIVERSITY OF BEIRUT

CONTROLLING CYANOBACTERIAL BLOOMS BY
ULTRASONIC IRRADIATION — LESSONS LEARNED FROM
A REAL-WORLD APPLICATION IN A HYPEREUTROPHIC
RESERVOIR

by
DANIA BAHIJ HAMZEH

A thesis
submitted in partial fulfilment of the requirements
for the degree of Master of Environmental Engineering (MEN)
to the Department of Civil and Environmental Engineering
of the Maroun Semaan Faculty of Engineering and Architecture at the American
University of Beirut

Beirut, Lebanon
July 2020



AMERICAN UNIVERSITY OF BEIRUT

CONTROLLING CYANOBACTERIAL BLOOMS BY
ULTRASONIC IRRADIATION — LESSONS LEARNED FROM
A REAL-WORLD APPLICATION IN A HYPEREUTROPHIC

RESERVOIR
by
DANIA BAHIJ HAMZEH
Approved by:
VAP
& /ééi}/
Dr. Ibrahim Alameddine, Assistant Professor Advisor

Department of Civil and Environmental Engineering

7

d
//f,/m% ozt

Dr. Mutasem El Fadel, Chairperson and Professor Member of Committee
Department of Civil and Environmental Engineering

Ghanem Oweis 14 Sept. 2020

Dr. Ghanem Oweis, Associate Professor Member of Committee
Department of Mechanical Engineering

Date of thesis/dissertation defense: July 27, 2020



AMERICAN UNIVERSITY OF BEIRUT

THESIS, DISSERTATION, PROJECT RELEASE FORM

Student Name:
Hamzeh Dania Babhij
Last First Middle
@ Master’s Thesis (O Master’s Project O Doctoral
Dissertation

[ ] I authorize the American University of Beirut to: (a) reproduce hard or electronic
copies of my thesis, dissertation, or project; (b) include such copies in the archives and
digital repositories of the University; and (c) make freely available such copies to third
parties for research or educational purposes.

i I authorize the American University of Beirut, to: (a) reproduce hard or electronic
copies of it; (b) include such copies in the archives and digital repositories of the
University; and (c) make freely available such copies to third parties for research or
educational purposes
after:
One -—- year from the date of submission of my thesis, dissertation, or project.
Two years from the date of submission of my thesis, dissertation, or project.
Three ---- years from the date of submission of my thesis, dissertation, or project.

16-09-2020

Signature Date

This form is signed when submitting the thesis, dissertation, or project to the University
Libraries



ACKNOWLEGMENTS

I would like to convey my sincere appreciation to my academic supervisor Dr. Ibrahim
Alameddine for his continuous support throughout all stages of my research. His
guidance and advice have expertly oriented my work.

In addition, I extend my gratitude to the rest of my committee, Dr. Mutasem Fadel and
Dr. Ghanem Oweis for their assistance and helpful suggestions.

I would like to thank the University Research Board at the American University of
Beirut for funding my research. I also express my gratitude to the Litani River Authority
(LRA) management represented by Director General Dr. Sami Alawieh and Eng. Fadi
Doumit for facilitating access to the lake, and to all the LRA Qaraoun team for their
help and support throughout my sampling visits.

I am also grateful to my friends and family for their understanding and help, especially
to my caring mother and supporting father.

Finally, the greatest credit goes to my husband Khalid. He has consistently encouraged
me to achieve my goals.



AN ABSTRACT OF THE THESIS OF

Dania Bahij Hamzeh  for Master of Engineering (ME)
Major: Environmental and Water Resources Engineering

Title: Controlling Cyanobacterial Blooms by Ultrasonic Irradiation — Lessons Learned
from a Real-World Application in a Hypereutrophic Reservoir

Excessive nutrient loading and climatic changes have increased the frequency and
intensity of harmful algal blooms (HABs) in freshwater systems globally. These blooms
are responsible for the impairment of many water bodies. The use of ultrasonic
treatment has been proposed as a novel environmentally friendly technology to control
HABs. While results from laboratory-based experiments have shown promise, there has
been little work conducted towards assessing the efficacy of the technology at the field-
scale. In this study, we quantify and assess the efficiency of one of the largest field-
deployed systems of ultrasonic transmitters (10 ultrasound emitting floating buoys)
deployed in a large (220 Million m?) hypereutrophic semi-arid reservoir. The collected
ultrasonic recordings indicated that the transmitters were continuously emitting
ultrasonic waves with dynamic frequencies, ranging between 27 and 47 kHz. An
analysis of the propagation of waves in the water suggests that the ultrasonic influence
of the system was largely confined to a radial distance of 30 m and to a depth of 5 m.
Water quality data collected from the reservoir showed no statistically significant
improvements in terms of chlorophyll-a, secchi disk depth, turbidity, and Microcystin-
LR (MC-LR) levels in the treated areas as compared to a control site on the same lake.
Moreover, water samples collected in close proximity to the ultrasonic buoys showed
that algal concentrations tended to have a uniform distribution over the first 2 m below
the water surface. Meanwhile, samples collected at the control site showed a typical
drop in concentration with depth as a result of light limitation. Treated regions also
tended to have a higher ratio of (MC-LR) toxin to chlorophyll-a in comparison to the
control site. This suggests that the ultrasonic buoys impacted the buoyancy of the
cyanobacteria and may have increased their environmental stress, leading to higher
toxins levels. Our results provide a cautionary note to many water establishments that
are currently planning to deploy commercially available ultrasonic buoys on their HAB-
affected freshwater systems.

Keywords: ultrasound, cyanobacteria, eutrophication, chlorophyll, MC-LR, reservoir
treatment
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CHAPTER I

INTRODUCTION

Anthropogenic pollution has deteriorated the water quality and promoted the
eutrophication of many freshwater systems globally (Rolle Longley et al. 2019, Wang et
al. 2019). As eutrophication rates accelerated with increased nutrient loading and a
warming climate, a sharp rise in the incidence of harmful algal blooms (HAB) has
become evident (Gobler 2020, Huang et al. 2018, Su et al. 2017, Wolf et al. 2017).
HABs are drawing the attention of water and environmental agencies all across the
globe due to their adverse effects on human health, the environment, and the economy
(Fang et al. 2019, Qin and Shen 2019). Among the many risks associated with HABs,
one of the most alarming is their ability to release cyanotoxins during blooms (Moore et
al. 2019, Weirich and Miller 2014). Elevated toxins levels in water have been linked to
many skin diseases and to liver cancers (Fang et al. 2019, Sakai et al. 2007, Xiang et al.
2019).

Several mitigation measures have been proposed and adopted to control HAB
across the globe. While reducing nutrient loads is key towards any restoration plan, such
actions take time and some have not proven to be successful, especially in large and
shallow lakes, such as lake Taihu in China (Qin et al. 2019). This is possibly due to the
resuspension of nutrients from the lake sediments (Yu et al. 2016). Several physical,
chemical and biological treatments have been proposed over the years to limit the scale
and intensity of HABs events in the presence of elevated levels of nutrients. Algal

skimming has been a commonly adopted low-cost mitigation measure. Nevertheless,



concerns remain over the disposal/use of the collected biomass, with recent work
criticizing skimming for shifting the problem from the water system to other
environments (Eckersley and Berger 2018, Zeng et al. 2010, Zhong et al. 2012). The use
of chemical algaecides, such as the application of copper-sulphate, hydrogen peroxide,
luteolin and diquat, to restrict the growth and development of the cyanobacterial blooms
is also a widely adopted and effective practice (Iwinski et al. 2017, Li et al. 2020, Zhou
et al. 2020). Yet, several studies have highlighted the side-effects of using chemical
algaecides, including the increase in the risks of toxin release to the environment as a
result of algal cell lysis (Kinley et al. 2017, Tsai 2015, Zhang et al. 2019, Zhou et al.
2013) and potential impacts on non-target species (Jancula and MarSalek 2011). The
modification of a system’s food-web has also been proposed as a possible
eutrophication mitigation; yet these methods have often been shown to negatively
influence biodiversity and their success was marginal in oxygen-deficit media, typical
of hypereutrophic systems (Sun et al. 2018).

The use of ultrasonic treatment has been proposed as an environmentally safe
and novel HAB control method for freshwater systems (Rajasekhar et al. 2012a, Techer
and Banas 2018, Tekile et al. 2017, Wu et al. 2019). The ability of ultrasound to damage
microorganisms was first reported in the 1920s; yet the mechanism by which these
organisms were damaged remained unclear. In the 1960s, acoustic cavitation caused by
the ultrasound treatment was reported as the main inhibitive pathway (Greenly and
Tester 2015, Kurokawa et al. 2016). Since then it became apparent that applying
ultrasonic irradiations on cyanobacteria was able to inhibit their growth largely through
rupturing their gas vacuoles and thus changing their buoyancy and limiting their

photosynthetic capacity (Li et al. 2019). Gas vacuole collapse occurs due to the shear



forces of the generated waves (Cameron et al. 2008). More recently, the collapse of
cavitation bubbles was also shown to have a chemical impact (Joyce et al. 2003, Wu et
al. 2012). High temperatures and pressures generated through ultrasonic treatment were
found to produce free radicals from the water vapour that had a chemical inhibitive
impact on the targeted cyanobacteria (Koda et al. 2009).

The effectiveness of ultrasonic treatment is a function of the adopted frequency
and power (Dehghani 2016, Park et al. 2017a, Rajasekhar et al. 2012b). Several
laboratory-based studies have focused on finding the optimal combination of frequency
and power to control HABs (Table 1.1). In addition to the adopted ultrasonic frequency
and power, the duration of sonication appears to play an important role towards the
suppression of algal growth (Tan et al. 2018a). Longer exposure periods were shown to
increase the rate of cyanobacterial colony degradation (Yamamoto and Shiah 2015).
While sonication has proved to be successful at the laboratory scale, uncertainties
remain regarding the basic core operational mechanisms. These uncertainties have made
it difficult to determine its potential for upscaling (Tan et al. 2018b). Table 1.1 provides
a summary of lab-scale studies conducted to assess the efficacy of ultrasonic treatment

on the Microcystis cyanobacteria.

Table 1.1 Lab-scale studies assessing the efficacy of ultrasound treatment on Microcystis

Study Volume Frequencies Power Time Temperature
(ml) (kHz) (W/ml) (sec) (°C)

(Kong et al. 2019) 500 120,430,740,1120 [0.023-0.121 600 25+3

(Duan et al. 2017) 500 35 0.043 5,30,60,300 25

(Liu et al. 2016) 400 20,40,60,80,120,150 | 0.1-1.5 120 -

(Fan et al. 2014) 50 580 2 300 20

(Zhang et al. 2006) 250 25 0.32 300 2542

2((1;04‘§rigueZ‘M°lares ctal 600 215 0.014 600 22 41




Field-based assessment of the efficacy of the technology in large freshwater
systems has been limited with inconclusive results (LaLiberte and Haber 2014, Liirling
and Tolman 2014). The first field-scale ultrasonic transmitter to control cyanobacterial
HABs was developed in Belgium in 1999 (Chen et al. 2020). Since then few
experiments attempted to test the efficacy of ultrasonic treatment on inhibiting blooms
at the pilot-scale and at the field-scale. A study conducted by Yu et al. (2013) subjected
a pond dominated with Microcystis aeruginosa to ultrasonic irradiations of 28 kHz/900
W for 5 minutes. They reported that chlorophyll-a concentrations did not change
significantly, with concentrations even increasing in some cases. In the shallow
(average depth 1 m) lake of Senba in Japan (surface area = 0.32 Km?), it was found that
deploying 10 floating ultrasound emitting devices, each with an irradiation of 200
kHz/100 W, along with a water jet circulator module for two years was able to reduce
the chlorophyll-a concentrations in the lake (Lee et al. 2002). A study conducted in a
400 m? enclosed section of Lake Taihu (China) assessed the efficacy of ultrasonic
transducers fixed on a boat that emitted ultrasound waves with an irradiation of 20
kHz/800 W. The results showed that the ultrasonic system was able to lower the algae
density in the targeted area of the lake (Lihong and Wei 2009). Ahn et al. (2007)
reported the first successful field-scale application of ultrasonic treatment towards HAB
control. Their ultrasonic device (22 kHz/630 W) combined with two water pumps was
deployed on a 9,000 m® pond in South Korea for seven weeks. They reported the total
algae and Chl-a concentrations decreased by around 50% and 40% respectively as
compared to a nearby control pond (7,000 m*). More recently, Schneider et al. (2015)
reported that the deployment of four LG Sonic MPC buoys (similar to the one deployed

in this study) for six months in Canoe Brook Reservoir Number 1 in New Jersey



(volume = 2,860,000 m?) was successful in controlling algal growth. Yet, their
conclusions were based on comparisons with historical data as their study lacked a
control site. On the other hand, several studies have reported no significant
improvements in water quality following the deployment of ultrasonic devices. As study
conducted in Golden Ham bay in the Netherlands found that Microcystis densities post—
treatment remained similar to those in a neighbouring untreated location (Kardinaal et
al. 2008). Another study in the Netherlands also reported a low efficiency of the
ultrasound towards controlling cyanobacteria (Lurling et al. 2016). Additionally, Purcell
et al. (2013b) reported that the mean Chl-a concentrations following the deployment of
ultrasonic devices (40-50 kHz/ 40 W) in three drinking water reservoirs in the United
Kingdom (volume ~ 900,000 m?) were comparable to the levels measured in a nearby
similarly sized reservoir.

In this study, we assess the efficiency of a full-scale implementation of an
integrated ultrasonic treatment system deployed in a semi-arid hypereutrophic reservoir
over the entire summer growing season. The efficiency of the treatment system was
evaluated in terms of its ability to control HAB formations in the reservoir as well as
alter MC-LR toxin release. We think that this work is the first long-term and large-scale
scientific assessment that has examined systematically the efficacy of ultrasonic
irradiation towards the inactivation of cyanobacteria in eutrophication-impaired water
bodies, while assessing changes in MC-LR toxin release. Furthermore, we think that
this work provides a timely opportunity to close the existing gap between the bench-
scale assessments of the technology and its real-world application potential as an

effective HAB control measure.



CHAPTER II

METHODOLOGY

2.1 Study area

The study was implemented on the Qaraoun Reservoir, Lebanon’s largest
freshwater body (Figure 2). It has a storage capacity of 220 million m®. The lake volume
fluctuates significantly by season and across years, due to changes in river inflow,
precipitation, water use, and to a lesser extent evaporation and infiltration. The
reservoir’s surface area fluctuates between 4 and 11 km?. Reservoir depths vary
spatially, with the deepest section (near the dam) exceeding 45 m. The reservoir is a
warm monomictic lake that stratifies between June and August, with temperature
difference between the epilimnion and the hypolimnion exceeding 10°C (Fadel et al.
2015). The reservoir is categorized as a hypertrophic aquatic system due to the
excessive point and non-point pollutant loading that it receives from the Litani River
(ELARD 2011, Jurdi et al. 2002, USAID 2005). As a result, the reservoir experiences
consistent harmful cyanobacteria blooms throughout the growing season (late spring to
early autumn). Although the lake had turned eutrophic in 1984, its water quality has
significantly deteriorated post 2005 (Deutsch and Alameddine 2018). Starting in 2009,
the reservoir has experienced toxic blooms of two cyanobacterial species (Microcystis
aeruginosa and Aphanizomenon ovalisporum) (Fadel and Slim 2018). These blooms
have been known to clog sprinkles and irrigation canals (canal 900) and negatively

affect the touristic sector in the area. The Carlson trophic state index (CTSI) of the lake



up until 2013 was less than 70 (eutrophic), post 2015 the CTSI exceeded 70
(hypereutrophic), pointing to the continuous deterioration of the lake’s quality with time
(Fadel et al. 2016). Chl-a concentrations in the reservoir have been regularly reported to
exceed 5,000 pg/l during the growing season (Deutsch et al. 2018).

The Litany River Authority (LRA) is the governmental entity responsible for
managing the entire Litani basin including Qaraoun reservoir. In an effort to control
HAB in the lake, the LRA through the technical and financial support of the Dutch
government have recently implemented a reservoir-scale algal bloom control and
monitoring system that uses ultrasound treatment to suppress HAB events in the
hypereutrophic reservoir. The system is composed of 10 solar-powered ultrasound
emitting buoys (MPC-Buoys), refer to Figure 1, that were also instrumented with water
quality sensors to provide a continuous overview on the water quality in the reservoir
(LGSONIC 2020a). Each buoy was fitted with four ultrasound emitting transducers and
three solar panels; the solar cells are monocrystalline and each panel has a size of 1,580
x 808 x 35 mm, providing 200 Wp rated power (Figure 1). The ultrasonic supplier
claims that each buoy has a 250 m radius of influence and emits low-power ultrasound
waves ranging between 5 and 10 W (LGSONIC 2020b). The frequencies that are
emitted by the ultrasonic units are variable and tend to be tuned by LG Sonic on a
regular basis based on the information they receive on the lake condition from the
deployed in situ sensors as well as from remotely sensed data. Yet, the ultrasonic
emitters have a maximum frequency of 50 kHz.

The majority of the 10 buoys were placed in the shallower northern part of the
reservoir in the vicinity of the point of discharge of the Litani River (Figure 2). Only

one device, buoy 37B, was placed in the middle section of the reservoir. No buoys were



deployed in the deeper southern part of the reservoir, next to the dam. The objective of

the system is to provide an opportunity to control the HABs, while minimizing the risks

associated with algal toxin release.

Side view Top view

860mm
218mm

Total weight: 200kg (excl. anchor) 2540mm

\/

Figure 1 Side and top view of MPC buoys from LG Sonic webpage showing the dimensions of the
device, a sample device deployed in lake Qaraoun and the transducers before being attached to the

floating buoys
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Figure 2 Buoy locations with reported area of influence, sampling locations and the control site



2.2 Sampling Plan

In an effort to assess the efficacy of the ultrasonic treatment, a sampling plan
was developed to quantify the spatio-temporal variations of cyanobacterial and toxin
levels at different locations influenced by the ultrasound treatment and to compare these
levels with those measured concurrently at a control site within the same reservoir. This
approach can block potential confounding effects such as changes in reservoir depth,
surface temperature, thermocline strength, wind speed and direction, solar irradiation,
dam release, and river flow. These factors are known to vary in space and/or time and
are known to play an important role in modulating algae levels in the absence of
ultrasonic treatments (Larson et al. 2016, Miller et al. 2013, Sinang et al. 2013).

Thirteen field-sampling campaigns were conducted between August and
October 2019. During that period, algal blooms were regularly encountered. Blooms of
Microcystis dominated up until mid-September, while Aphanizomenon blooms were
observed in late September and early October. Microcystis dominated whenever water
temperatures exceeded 25°C (Fadel et al. 2015, Fadel and Slim 2018). On each
sampling date, water quality samples were collected at station 29B (representative of the
shallow regions of the lake), station 34B (representative of the deep regions of the lake),
and at a control site that was located > 500 m away from any of the existing ultrasonic
buoys (Figure 2). At each of the monitored locations, samples were collected at four
radial distances away from the buoy, namely 5 m, 15 m, 30 m, and 60 m from the buoy.
Additionally, water samples were collected at surface and over depth to assess potential
changes in quality over the water column. Samples were thus taken at the surface (10

cm below surface), at 2 m, and at 5 m below the water surface.
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Concurrently with the water quality sampling, the intensity and frequency of
ultrasound were recorded at a depth of 10 cm, 2 m, 5 m and 7 m below surface water.
Furthermore, continuous sound recordings were taken radially from the buoy up to a
distance of 60 m away from the ultrasonic transmitters. Ultrasonic recordings at
different radial distances and depths were conducted to determine the influence
envelope produced by the ultrasonic buoys. In total, 23 water samples and 36 sound
recordings were collected and analysed during each field visit. Table 2.1 summarizes
the adopted monitoring plan with regards to the different locations and depths at which

the water quality sampling and sound recordings were conducted.
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Table 2.1 Summary of water samples and sound recordings locations and depths

Area Distance from Buoy (m) Depth (m) | Water Sample | Sound Recording
0.1 v
2 v

. 5 v
N

< |2

7
0.1
2
5
7
Shallow 0.1

2
30 5
7
0.1
2
5
7
Continuous from buoy up to 60 m 0.1
0.1
2
5
7
0.1
2
5
7
Deep 0.1
2
30 5
7
0.1
2
5
7
Continuous from buoy up to 60 m 0.1
0.1
2
5
7

15

60

2 |2 |2 2|2 |2

W
< 2|2 | <2

15

60

2 |2 | <2 <2 |2 | <2

Control >500

2|2 | <2

2|2 |2 (2|2 |2 |2 |2 |22 (2|2 |2 |2 |2 |2 |2 |2 2|2 2|2 |2 |2 |2 |2 |2 |22 (2 |2 |2 |2 |2 |2 |2

2.3 Water Quality Parameters

Water samples were collected via a horizontal Van Dorn water sampler. In
addition, vertical profiles of temperature, total chlorophyll, and in vivo phycocyanin (by
fluorometry) were recorded by deploying an EXO2-Y SI Multiparameter 6-port water

quality sonde at each location. Secchi disk depth (SDD), water temperature, pH, as well

12



as the ratio of phycocyanin to total chlorophyll were recorded directly in the field. SDD
was used to assess water clarity, using a 20 cm diameter black and white disk that was
submerged in the water until it became invisible to the human eye. Low SDDs are a sign
of eutrophic systems (Nishijima et al. 2018), which tend to have low transparency (Lee
et al. 2015, Lei et al. 2020, Patel et al. 2020, Zou et al. 2020). Meanwhile, the EXO2
YSI sonde was used to collect complete vertical profiles of water temperature, pH, and
the phycocyanin to total chlorophyll ratio. Collected water samples were also
transported on ice to the laboratory for further chemical analysis; all analyses were
completed within 48 hours of sample collection.

Chlorophyll-a concentrations were measured by filtering 50 mL samples
through glass microfiber filter papers (Whatman 47 mm GF/C). The filter papers were
then sonicated in 3 mL of boiled ethanol solution (90%). Extracts (filter papers together
with ethanol) were seeped in 10 mL 90% ethanol solution overnight to be later clarified
using centrifugation (15 mins at 3000-5000 G). Chlorophyll-a concentrations were
determined based on absorbance (Standard Method 10200 (HS2)) (Rice et al. 2012)
using a HACH DR 3900 spectrophotometer (Eaton and Franson 2005). The

chlorophyll-a concentration was calculated as in Equation 1.

29.62x(665a—665b)*Ve
Vs*L

Chlorophyll a = (1)
where: V.: Volume of ethanol extract (mL)

V;: Volume of water sample (L)

L: Path length of vial (cm)

665a: corrected 665a absorbance = 665-750

665b: corrected 665b absorbance after adding 0.01 ml of 1 mol/L HCl= 665-750

13



Algal cell diversity was also assessed by observing and counting algal species
under an Upright Fluorescence microscope (Leica DFC 7000T). Since measuring algal
biomass and diversity is a time consuming task (Sadeghian et al. 2018) and has been
shown to correlate well with chlorophyll-a concentrations, the latter is more typically
considered as the parameter of choice to assess the status of eutrophication (Binding et
al. 2018). Meanwhile, the levels of total suspended solids (TSS) were determined by
taking a known volume of the sample and filtering it through a pre-dried and pre-
weighed glass fiber filter paper. The filter papers were then dried again in a 105°C oven
for at least an hour and re-weighed with the TSS residual. Under HAB events, TSS is
mainly composed of alive and dead algae cells. Accordingly, Chl-a and TSS levels tend
to have a strong positive correlation (Borkman and Smayda 2016).

Intracellular and extracellular MC-LR concentrations were determined using
the Enzyme Linked Immunosorbent Assay (ELISA) technique (Liirling et al. 2014),
which is a USEPA approved method (USEPA Method 546). The ELISA kits were
procured from Eurofins Abraxis, INC (Part Number 52001 10H). Collected water
samples were divided into two sub-volumes. The first sub-volume was filtered through
a GFC filter (Whatman, UK) and was immediately analysed; it represents the
extracellular MC-LR levels. The second sample was exposed to three freeze/thaw
cycles before filtration to lyse and to release the toxins from the cells. These represent
the total MC-LR concentrations (i.e the intra and extra cellular toxins). In the absence of
cell membrane damage, MC-LR is supposed to remain entrapped within the algal cells
as intra-cellular MC-LR. Extra-cellular MC-LR is released to the water post algal cell

lysing (Sengiil et al. 2018).
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Microcytin-LR concentrations were determined by fitting a semi-log curve of
B . . .
% Bo (E X 100) versus toxin concentrations, where B is the mean absorbance value

for each standard, while By is the mean absorbance value for the zero standard. A six
standards ELISA kit ranging between 0.0 ppb and 5 ppb was used to calibrate the semi-
log curve according to the procedure developed by Eurofins Abraxis, INC (Abraxis
2020). A preprogramed Excel-based optimization macros developed by Eurofins
Abraxis, INC was used to estimate the MC-LR levels and to validate the results. Note
that the samples that resulted in concentrations higher than the highest standard (5.0
ppb) were flagged and subsequently diluted with the sample diluent (provided with the
Eurofins Abraxis Kit) before they were reanalysed. Most samples were either twice or
four times diluted. Few extra-cellular concentrations were below the detection limit
(0.006 pg/l) and were reported as 0.003 pg/l. Four total MC-LR concentrations were

higher than the detection range even after dilution. These were reported as (> 350 pg/l).

2.4 Ultrasound Measurements

The frequency and intensity of the ultrasonic waves emitted by the buoys were
recorded by deploying a factory calibrated AS-1 hydrophone from Aquarian Scientific.
The AS-1 hydrophone has an omnidirectional response for a wide range of frequencies
in the horizontal axis. It has a linear range between 1 Hz to 100 kHz +2dB and a
receiving sensitivity of -208 dB relative to 1V per 1uPa (40 uV/Pascal). The
hydrophone has a passive piezo sensor that is connected to a pre-amplifier (PA4) that is
operated by an external 9V DC power source. The PA4 is characterized by a high gain,
wide dynamic range, and low noise. The signals from the PA4 were recorded on a

Zoom HS5 sound recorder. The recorder is capable of recording signals with a sampling
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rate of up to 96,000 Hz in a .wav format file (Hydrophones 2020, ZOOM 2020).
Accordingly, sound frequencies up to 48 kHz can be captured by the adopted recording
setup. Sound recordings were collected at the control site on each sampling date to
account for natural differences in the sounds within the reservoir.

The analysis of the ultrasonic waves emitted from the buoys requires the
determination of both their frequencies as well as their amplitudes. The sound
frequency, which is the rate that sound pressure waves repeat themselves per second, is
measured in Hertz (Hz) (EPA 1978, NPS 2018). While a typical human ear is sensitive
to sounds with frequencies between 20 and 20,000 Hz, values beyond 20 kHz are not
audible. Ultrasound is made of sound waves with frequencies above 20 kHz (Bilek and
Turantas 2013, Leighton 2007, O’Brien 2007). The hydrophone converted the sound
wave pressure into electrical charges and stored them on a digital recorder in the form
of audio samples after being augmented by an amplifier. The collected audio samples
thus represent the energy of the sound waves (Christensson 2006, MicroPyramid 2017)
and are thus proportional to Pascal (Betten et al. 2006, Pike 1998). The energy content
held in a sound wave is measured in terms of its amplitude. A high amplitude implies a
louder sound with higher energy carried in the audio pressure wave. Because averaging
amplitudes of symmetrical waves, like the sine wave, results in a value of zero, the root-
mean-square (RMS) method was used instead to estimate the amplitude of a wave. The
RMS method squares the instantaneous amplitudes for every single unit of time, finds
the arithmetic mean of the squared values, and then takes the square root of that average

(Hansen 1995, Hass 2018).
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The R software was used in this study to analyse the collected sound .wav files.
The frequency spectrum for each file was first generated and plotted using the
“meanspec” function from the seewave package (Sueur et al. 2008). This function
converts the time basis sound wave to frequency basis plots by applying Fast Fourier
Transformation (FFT) (DataQ 2020, rdrr 2019a). The RMS method is then implemeted
to caclualte the amplitudes using the “rms” function from the same package (rdrr
2019b). Sound intensities are commonly reported in dB. As such, the amplitudes
calculated by the RMS were converted to a ratio by dividing them with the lowest
measured lake noise across all sampling trips. The obtained ratio was then log

transformed to obtain the dB based sound amplitudes as shown in equation (2):

Amplitude (dB) = 10 * log,, 22PRMS )

Ampyef

where Amprer = 76.716 (least amplitude recorded at control site across all sampling

trips)

2.5 Statistical analysis

The impact of the ultrasonic system on cyanobacteria and cyanotoxin levels
was assessed by comparing the SDD, chlorophyll-a, TSS, and MC-LR concentrations
measured next to the two ultrasonic units on a given day to their corresponding levels at
the control station. Given that most environmental variables are log-normally
distributed, it is typical to log transform (Ott 1995). Accordingly, all water quality
variables were natural log-transformed based on the original data structure to meet the
assumptions of parametric regression. A linear mixed-model was adopted instead of a
conventional ANOVA to account for the repeated measurement experimental design

(Kherad-pajouh and Renaud 2015). The mixed-model approach blocks the effect of the
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sampling date. The models were fit using the “/me” function from the nlme package
(Pinheiro et al. 2020) in R (R Core Team 2019). The fitted linear mixed-effects model is
based on the formulation of Laird and Ware (1982), but with nested random effects. The
homogeneity of variance was assessed through the Levene Test under the car package
(Fox and Weisberg 2011). Normality was assessed through the Shapiro-Wilk test prior
to applying the mixed-model. In the event that the linear mixed-model showed
statistical significance, the “Ismeans” function in R under the /smeans package (Lenth
2016) was used to conduct pairwise multiple comparisons.

Statistical comparisons were conducted on the water quality parameters with
regards to assessing differences along the radial distance from the ultrasonic
transmitters (Figure 3) as well as over depth (Figure 4). The statistical assessment was
also conducted to determine if the efficacy of the system varied between the deep (34B)
and shallow (29B) buoys deployed in the lake. Similarly, the radial variations of sound
amplitude were evaluated both in the deep and shallow areas and compared to readings
collected at the control site. All statistical analysis were conducted in the R software (R

Core Team 2019).
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Figure 3 Radial locations of collected water samples and sound recordings
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Figure 4 Vertical locations of collected water samples and sound recordings
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CHAPTER III

RESULTS AND DISCUSSIONS

3.1 Reservoir’s water quality

The physical conditions of the lake varied significantly over the sampling
period that extended from mid-August to early October 2019. Figure 5 illustrates the
vertical temperature profile of the lake down to a depth of 11 m. The surface
temperature cooled by around 3 C between August and early October. Prior to
September 18", a 3°C difference existed between the surface and 11 m below.
Following that date, the difference between the two depths did not exceed 1 C. Casting
the sonde for depths exceeding 30 meters showed that the lake was stratified prior to the
18 of September (Figure 5). Following that date, the thermocline started to weaken and
disappeared in the shallow sections of the lake; yet it persisted in the deeper parts.
Changes in water temperature play a key role in modulating the intensity of algal
blooms, the quantity of toxins they released, and algal diversity (Fang et al. 2018, Wells

et al. 2020).
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Figure 5 Lake averaged vertical profile of water temperature over the sampling period

Over the entire sampling period and irrespective of the meteorological
conditions, the reservoir consistently experienced algal blooms. Prior to the 9" of
September, Microcystis aeruginosa was the dominant cyanobacteria in the reservoir.

1™ Aphanizomenon ovalisporum started to appear and to

Starting on September 1
dominate the total cyanobacterial community (Figure 6). More than 75% of all SDD
measurements were lower than 1.1 m (Figure 7). The highest SDD recorded was 1.4 m
and it occurred on the 18™ of September. Surface Chl-a levels ranged between 36.1 and
1,363 pg/l, while one measurement at 60 m away from buoy 29B (shallow area)
exceeded 5,000 pg/l on the 23™ of September. Similar to the findings of Chawla et al.
(2020), Chl-a had a strong negative correlation with SDD (Spearman correlation = -
0.76, p-value < 2.2*107'%) (Figure 8). Chl-a levels had a positive correlation with
temperature (Spearman correlation = 0.38, p-value < 2.02*10) and pH (Spearman

correlation = 0.30, p-value < 3.68*10°%). The correlation with pH is probably due to the

high consumption of CO» from surface water by the algae (Rarrek et al. 2018, Singh
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2019), while the correlation with surface temperature is typical of cyanobacteria blooms
(Gonzélez and Puntarulo 2020, Rijal Leblad et al. 2020). As expected, the Chl-a
concentrations decreased smoothly with depth. Only on September 3™ and October 1%,
the median concentrations at a 2 m depth were slightly higher than those measured at
the surface; yet these differences were not statistically significant at the 95% confidence
level. Figure 7 traces the development of Chl-a concentrations over time at the surface
and at 2 m and 5 m below the surface. TSS levels largely mirrored those of Chl-a
(Spearman correlation = 0.76, p-value < 2.2*107'%) (Figure 8). TSS concentrations
ranged between 5 and 30 pg/l. Overall, TSS, like Chl-a, showed a smooth consistent

drop with depth with only a few exceptions.

22



Figure 6 Cyanobacterial blooms observed in the reservoir. (a) September 6th: stable lake conditions with

low winds and dominance of granular-like green cyanobacterial colonies; (b) September 11th: stable lake
conditions with low winds and dominance of mats of blue-green colonies; (c) September 26th calm lake
conditions with low winds and scattered green colonies; (d) October 1st: windy conditions with waves,

algae appear dispersed and not clumped
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Figure 7 Temporal changes in (a) Secchi disk depth (SDD) and (b) chlorophyll-a levels. The circle
represents the median level measured on a given day across the lake, while the vertical segments

represent the first and third quartiles
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The PC:Chl ratio is a metric that has been used to predict cyanobacterial
blooms (Yacobi et al. 2015, Yan et al. 2018). It tends to be high during bloom events
(Gobler et al. 2013). As can be seen in Figure 9, the ratio was consistently above 0.7
prior to September 18 indicating that cyanobacteria constituted a high proportion of the
measured total phytoplankton community. It also appears from the PC:Chl ratio that the
cyanobacterial community peaked in dominance towards September 6. Post September
18 the PC:Chl ratio dropped below 0.6. The ratio appears to decrease rapidly with
depth and reaches zero between 5 and 8 m across all dates. This highlights the strong
light limitation that the algae experiences in the reservoir during blooms. Moreover, the
ratio appears to show a strong correlation with temperature (Spearman correlation =
0.58, p-value < 2.2*107!6) and pH (Spearman correlation = 0.38, p-value < 1.08*10™)
(Figure 8).

PC/Total Chlorophyll
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Figure 9 Vertical profile of the PC:Total chlorophyll ratio over the sampling period at the control site

Across all sampling dates, the extra-cellular MC-LR concentrations both at the

surface and at a depth of 5 m were below the 1 pg/l provisional WHO guideline (WHO
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2003) (Figure 10). Yet, several intra-cellular concentrations (Figure 10) exceeded the 1
pg/l limit, especially for surface samples. More than 45% of the total MC-LR levels
exceeded the WHO set guideline. The median concentrations of extra-cellular MC-LR
at the surface and at a depth of 5 m were relatively similar, except for the period
stretching between September 9 and 13. This pattern mirrors the vertical variability
observed in Chl-a concentrations between surface and Sm deep during that period
(Figure 7). Intracellular MC-LR concentrations at the surface were consistently higher
than those at Sm deep, except on the first two sampling dates. Similar to the findings of
Rinta-Kanto et al. (2009), the intracellular MC-LR levels were highly correlated (Figure
8) to the measured Chl-a concentrations (Spearman correlation = 0.47, p-value =

3.36%10719),

(a) Depth —e— 01m -©- 5m
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Figure 10 Temporal variability of (a) extra-cellular MC-LR and (b) intra-cellular MC-LR concentration
(ng/l). The circle represents the median level measured on a given day across the lake, while the vertical

segments represent the first and third quartiles.
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3.2 Ultrasound measurements in the reservoir

3.2.1 Ultrasonic sound waves

Given that the effectiveness of the ultrasonic treatment depends on the
frequency emitted, period of exposure, as well as the intensity (power) of the ultrasound
wave, we analysed the recorded sound files at different locations over all sampling
dates. Sound levels along the radial distance from the ultrasonic transmitters dampened
continuously and became unidentifiable after 30 m. Figure 11 presents a sample of the
sound level recordings that show the fast decay of the sound levels with radial distance
away from the ultrasonic device. Note that the same pattern was observed for both
buoys (deep and shallow areas) and during all sampling dates except on September 13,
when it appeared that the ultrasonic device in the deep area (34B device) was not
operational during the time of sampling. Park et al. (2019) have also reported a rapid
drop in sound pressure away from the ultrasound source (36 kHz/300 W) along the
Geum River, South Korea. They estimated that the sound pressure decreased by ~80%

in the first meter.
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Figure 11 Surface sound wave recordings on September 6 (buoy 29B)

Prior to September 23, all sound recordings, regardless of their radial distance

tended to have a clear repetitive pattern that regularly recurred in time. The ultrasonic
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waves recorded at different water depths showed that the repetitive pattern was apparent
in all surface and 2 m depth recordings. At Sm, these patterns became more difficult to
detect, while recordings at 7 m showed no clear pattern as natural lake noises
dominated. Figure 12 shows how the ultrasonic pattern deteriorated with depth. The
period of the repeating pattern ranged between 3.8 and 4.9 seconds. Figure 13 shows a
sample of the repetitive pattern that was measured near Buoy 29B on September 6. The
period on that date was determined to be 4.25s. Post September 23, no clear recurring
pattern could be observed across all sampling locations over the 20 second recordings
(Figure 13). The observed change in the audio recordings between the two dates may
indicate a possible change in the emission settings of the ultrasonic devices in response
to changes in water quality. Note that throughout the field sampling campaign, the
ultrasound units were emitting continuously with the exception of device 34B that was
off on September 13. The continuous operation of the ultrasonic devices at low sound
pressures has been reported to be the most cost effective practice for field applications
(Park et al. 2017b).

Given that the ultrasonic emitting devices use low power (5 to 10 W)
(LGSONIC 2020a), the average power per unit volume of water in a hemi-sphere with a
1 m radius from the centre of the buoy was calculated and found to be 4.77x10° W/ml.
Power per unit water volume is expected to decrease even further with increased radial
distances. These values are significantly lower than any of the reported field-based (Lee
et al. 2002, Lihong and Wei 2009, Ahn et al. 2007, Yu et al. 2013) or laboratory-based

power values (Table 1.1).
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Figure 13 Surface Recording next to Buoy 29B on (a) September 6" and (b) September 24"

3.2.2 Ultrasonic frequencies and amplitudes
Frequency spectrums were generated to determine the frequencies of emitted
sound waves. The summary of the highest harmonic frequencies revealed that most

emissions occurred between 27 and 47 kHz, regardless of the site and sampling date.
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This indicates that the ultrasonic units were not emitting one frequency but instead a set
of frequencies (27, 28, 30, 31, 33, 34, 35, 36, 37, 38, 42, 44 and 46 kHz) in all recorded
spectrums (Figure 14 a). Three additional frequencies (29, 43 and 47 kHz) were also
observed starting on September 23" (Figure 14 b). This provides further evidence of a
possible modification in the emission program of the ultrasound devices. Prior to
September 23, the frequencies 37 and 44 kHz had the highest energy content next to
buoy 34B (deep section). Post September 23, frequencies between 30 and 34 kHz had
the highest energy. On the other hand, the highest harmonic frequencies at the shallow
buoy (buoy 29B) ranged between 27 and 34 kHz during all sampling dates, indicating
that the two ultrasonic devices operated independently and did not necessarily function
with similar settings.

Overall, the recorded frequencies were consistent with what has been
recommended for field-scale ultrasonic treatment systems (20 to 50 kHz), as emissions
in these frequencies are both economical and safer than emitting higher ultrasonic
frequencies (Li et al. 2014, Park et al. 2017b). Analysing the sound spectrum at the
control site showed similar frequencies to those near the operating buoys but with
significantly lower amplitudes. This is expected since the ultrasound waves reaching the

control sites would have lost their intensity as they travel away from the transmitters.
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Figure 14 Mean relative amplitude of the frequencies recorded at 10 cm below water surface

(a) next to buoy 34B on September 9 and (b) next to buoy 29B on October 3

3.2.3 Efficiency of the ultrasound along radial distances

The mixed-model results indicated that there were no statistically significant
difference between the SDD, TSS, and Chl-a levels measured at the control site on one
hand and all sampling locations in close proximity to the ultrasonic buoys (5 m, 15 m,
30 m and 60 m away from the buoys). As shown in Figure 15, the medians of the Chl-a
concentrations normalized by the concentrations at the control did not significantly vary
between the different radial distances across all depths. Yet, it appears that the surface
Chl-a levels tended to be slightly lower than the control across all radial distances. This
was consistent for both the shallow and deep buoys. These reductions were no longer
apparent for samples collected at a depth of 2 and 5 m. The only statistically significant
difference in water quality was a marginal drop in the median TSS level measured 60 m

away from buoy 29B and at a depth of 2 m as compared to the median concentration
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measured at the same depth at the control site. The results clearly indicate that the
ultrasonic devices were not successful in supressing cyanobacterial growth or their
proliferation within their supposed areas of influence. Interestingly, the water quality
improvements that were observed at a distance of 5 m from the buoys were only
marginal and not statistically significant. This suggests that the emitted ultrasonic waves
were unable to collapse the gas vacuoles of the Microcystis cells. These results concur
with the findings of Park et al. (2019), who reported a marginal reduction (drop of 15%)
in Chl-a levels within 1 m away from their deployed ultrasonic device after sonicating
for 5 minutes in a small 4 m* pond. Yet, our results disagree with the findings of Inman
(2004), who reported that deploying an ultrasonic emitter operating at 28 kHz and with
a low power intensity (40 W) resulted in a marginal, yet statistically significant drop in
chlorophyll-a concentrations in a small pond with an area of 300 m. It should be
stressed though that the scale of our studied system (area = 12 Km?; volume = 220
MMC) is several orders of magnitude larger than the systems assessed in both of these

studies.
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Figure 15 Boxplots of Chl-a concentration ratios to control over radial distances at surface, 2m and 5m

deep

Concerning the MC-LR levels at the surface and at a depth of 5 m, the mixed-
model analysis showed that there were no statistically significant differences in the
extra and intra-cellular MC-LR concentrations measured in the regions that were
irradiated with the ultrasound as compared to those at the control site. Median toxin
concentrations at 5, 15, 30, and 60 meters away from the ultrasonic devices were largely
similar in magnitude. This indicates that the ultrasonic waves did not result in a
significant rupture of the cells, as that would have led to increased extracellular MC-LR
levels and a drop in the intracellular levels. This is supported by the findings of Lee et
al. (2001), who reported that low frequency ultrasonic irradiation (28 kHz), like the one
used in Qaraoun Reservoir, are unable to cause cell rupture that leads in turn to toxin
release. While several studies (Ma et al. 2005, Song et al. 2006, Song et al. 2005) have

reported that the emitted ultrasounds are able to degrade extracellular MC-LR; our
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results show that this degradation process was ineffective. Measured extracellular MC-
LR levels in the vicinity of the ultrasound emitting devices were not lower than those
measured at the control site. This could be due to the low frequencies used in the
deployed devices. Note that previous work has reported that marginal toxin degradation
is expected with the use of low ultrasound frequencies; frequencies as high as 640 kHz
were found to be needed to degrade at least 50% of the extracellular toxin under
laboratory conditions (Song et al. 2006, Song et al. 2005).

The ineffectiveness of the deployed low frequency ultrasound treatment system
to control HABs concurs with several laboratory-based studies that have concluded that
higher ultrasonic frequencies are needed (Peng et al. 2020, Yamamoto et al. 2015).
Joyce et al. (2010) reported that the optimal frequency needed to control Microcystis
aeruginosa was 580 kHz. Their results showed that emitting at 40 kHz was only able to
declump the Microcystis colonies. Wu et al. (2012) reported that opting for a frequency
as low as 20 kHz can be effective only if it is accompanied with the use of high
intensity (0.0403 W/ml), which appears to be impractical to secure in solar powered
units like the ones we assessed where the power within the first 1 m drops to 4.77x10°
W/ml. Hao et al. (2004b) also reported that high frequency ultrasounds (frequencies as
high as 1.7 MHz) were 50% more effective in controlling Spirulina platensis growth as
compared to 20 kHz. The increased efficiencies of high ultrasonic frequencies (>100
kHz) in controlling cyanobacteria is probably due to the fact that these frequencies are
closer to the resonance frequencies of algal gas vacuoles; resonance promotes gas
vesicles rupture and helps to inactivate cyanobacterial growth (Hao et al. 2004a, Li et al.
2019). It should be noted that several studies have concluded that the effectiveness of

ultrasound treatment in controlling algal proliferation is species specific (Park et al.
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2017b). Tang et al. (2004) reported that the effectiveness of the ultrasound appears to be
more selective to cyanobacteria with gas vacuoles, like Microcystis aeruginosa. Yet,
Jachlewski et al. (2013) later showed that cyanobacteria lacking gas vacuoles were
equally susceptible to the effects of sonication, while Purcell et al. (2013a) found that
ultrasound affected filamentous species more than uni-cellular and colonial
cyanobacteria. In our study, we found no statistically significant differences in the
effectiveness of the deployed ultrasounds with regards to the two cyanobacterial species
encountered in the lake, namely Microcystis aeruginosa (colonial and with gas
vacuoles) and Aphanizomenon ovalisporum (filamentous and without gas vacuoles).
Finally our assessment of the radial variations in the ultrasound amplitude
showed that the rate at which the amplitudes degraded varied significantly as a function
of water depth (Table 3.1). At surface, the recorded amplitudes experienced a sharp
drop between 5 to 15 m (around 25% drop in the amplitude). Beyond 15 m, the drop
was largely insignificant. These findings indicate that the ultrasonic irradiations had a
short propagation range (Heng et al. 2009). At a depth of 2 m, the drop in the amplitude
was more gradual and occurred across the entire 60 m radial distance. The measured
amplitudes at a depth of 5 m showed a significant drop between 15 and 30 m.
Amplitudes before 15 m were largely similar as were those after 30 m. The amplitudes
at a depth of 7 m did not significantly vary with radial distances. At all depths, the
amplitude at the control site was much lower than all those recorded within a 60 m
radius of the ultrasonic buoys. Figure 16 shows the variability of median amplitudes
normalized to the amplitude at the control site as a function of radial distances. The
normalization of the amplitudes allows for cancelling out the impact of background lake

noise. The audio amplitudes next to both devices follow similar decaying patterns, yet
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the initial intensity at surface in the shallow area seems higher than those recorded in
deep areas. However, the amplitude attenuated faster next to buoy 29B and the intensity
at 60 m maintained less of the initial value. Heng et al. (2009) stated that ultrasonic
irradiations had short propagation ranges, which supports the rapid decrease in the

observed amplitude.

Table 3.1 Statistical results of the amplitudes radial variation at different lake depths

Buoy Water depth Radial distances with statistically significant
differences in amplitude
Deep Area Surface 5m with all distances
(next to buoy 34B) Control with all distances
2m 5 with all distances

15 m with 60 m
Control with all distances

Sm 5 m with distances except 15 m
15 m with 30 and 60 m
Control with all distances

Tm S5m with 60 m
15m with 60 m
Control with all distances

Shallow Area Surface Sm with all distances
(next to buoy 29B) Control with all distances

2m 5 m with distances except 15 m
15 m with 60 m
Control with all distances

Sm Sm with 60 m

15m with 60 m

Control with all distances
Tm 15 m with 60 m

Control with all distances
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3.2.4 Efficiency of the ultrasound over depth

The results indicated that the changes in Chl-a levels over depth differed
significantly between the control site on one hand and all sampling locations in the
vicinity of the ultrasonic buoys on the other. At the control site, Chl-a concentrations
consistently decreased with depth; surface concentrations were significantly higher than
those measured at 2 m (p-value=0.0044) and at 5 m (p-value=0.0003) (Figure 17). This
is to be expected given the strong light limitation during HAB events. Sampling
locations in the vicinity of the ultrasonic units showed a different pattern;
concentrations at the surface and at a depth of 2 m were found to be largely similar in
magnitude and statistically higher than levels observed at a depth of 5 m. This pattern
was consistently observed at 5 m, 30 m, and 60 m away from the ultrasonic buoys

(Figure 17). This could possibly suggest that the ultrasound may have been able to alter
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the cyanobacterial buoyancy and push the cells deeper into the water column. This

behaviour has been reported previously, whereby observed cyanobacterial cells tend to

sink when exposed to ultrasonic waves (Kotopoulis et al. 2009, Li et al. 2014, Wu et al.

2011). Yet, our findings imply that while the ultrasonic devices may have been able to

push some of the cyanobacterial cells down by at least 2 meters and promote their light

limiting conditions, the fact that the lake was hypereutrophic probably resulted in new

cyanobacterial cells readily replacing the ones submerged. This is supported by the fact

that surface concentrations of Chl-a near the buoys were statistically similar to those

measured at the control site.
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Figure 17 Chl-a concentrations at different locations compared to control over depths

The effect of the ultrasound on the vertical distribution of MC-LR (extra and

intra-cellular) was statistically analysed by comparing surface toxin levels to those

measured at 5 m depth. The mixed-linear model applied to the extracellular MC-LR
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concentrations did not show any statistically significant difference between surface
toxin levels and those measured at a depth of 5 m; moreover, the toxin levels were
largely similar to those measured at the control site (Figure 18). This largely indicates
that the ultrasonic treatment did not lead to increased cell lysing nor to elevated toxin
release. Our results concur with the findings of Li et al. (2014), who reported that
sonicating at low frequency (20 kHz) and with low power does not promote toxin
release. Note that other studies have reported that ultrasonic irradiations at low
frequencies (< 40 kHz) can induce cell lysing and increase toxin concentrations in the
water (Huang et al. 2020, Park et al. 2019). Moreover, our results did not indicate that
the ultrasonic treatment had any significant role in degrading the toxin levels. This is to

be expected given the low power used for the ultrasound devices (Park et al. 2019).
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Figure 18. Variability of extracellular MC-LR levels by depth as compared to the control site: (a) shows

the differences 5 m away from the buoy, (b) shows the differences 30 m away from the buoy

Regarding the intracellular MC-LR levels, we found that their natural

variability at a given location was higher than their variability over depth. As such,
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surface levels were statistically similar to those measured at 5 m, with the exception of
buoy 29B (5 m radial distance from the buoy) that had significantly higher surface intra-
cellular MC-LR levels as compared to those measured at a depth of 5 m. Nevertheless,
the median ratio of Chl-a levels to the intracellular MC-LR concentrations was lower
(Wilcoxon rank sum test; p-value = 0.084) and close to the shallow ultrasonic buoy as
compared to the control station (Figure 19). At a depth of 5 m (Figure 19), the sites in
close proximity to the buoys maintained largely the same ratio of Chl-a to intracellular
MC-LR, while the control site showed a significant drop in the ratio (Wilcoxon rank
sum test; p-value = 0.03). These results suggest that the ultrasonic treatment may have
increased the generation of intracellular toxins in the affected cells up to 5 m. Several
studies have reported that the rate of MC-LR generation is amplified when the
cyanobacteria are stressed (Brand et al. 2010, Kumar Rai et al. 2013, Zilliges et al.

2011).
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Figure 19. Variability of the ratio of Chl-a to intracellular MC-LR as a function of depth and distance to

ultrasonic buoy
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CHAPTER IV

CONCLUSION

This study is by far the most extensive and systematic assessment of the
performance of ultrasonic treatment under real-time field conditions to date. It also
reports the results from the largest freshwater system (220 million m?) to have been
fitted with one of the most extensive deployments of ultrasonic treatment systems (10
solar-powered ultrasonic buoys, each fitted with 4 transmitters) in the world. It is also
the first attempt to assess concurrently how Chl-a concentrations, cyanotoxin levels, and
ultrasonic wave frequencies and amplitudes changed over radial distances and depth,
while concurrently comparing them to a control site on the same water body.

Our results showed that the ultrasonic transmitters were operational and
emitting at frequencies ranging between 27 and 47 kHz. The sound emissions from the
buoys was found to be dynamic over time and provides evidence that the operators were
fine-tuning their transmitters based on data collected from the water quality sensors
deployed in the lake and from satellite images. The ultrasonic recordings from the
reservoir indicates that the influence of the deployed buoys was limited to a radial
distance of 30 m and to a depth of 5 m. Moreover, analysing the collected water quality
data from the lake showed no major improvements within the buoys’ regions of
influence as compared to a control site on the same lake. Nevertheless, we observed a
statistically significant difference in the vertical distribution of Chl-a levels over depth
in the regions that were in close proximity to the emitting devices. In these regions,

elevated algal levels were found up to 2 m in depth, which may suggest that the
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buoyancy of the cyanobacteria may have been altered by the emitted frequencies.
Regarding toxin levels, the concentrations of extracellular MC-LR in the treated zones
were found to be similar in magnitude to those in the control site and did not show a
decline over depth. This highlights that the ultrasonic treatment did not promote cell
lysing, toxin release, nor toxin breakdown. Yet, the results showed that intracellular
toxin levels per unit of Chl-a tended to be higher near the ultrasonic transmitters as
compared to the control site. This suggests that the emitted ultrasonic waves may have
increased the stress levels on the cyanobacteria and thus accelerated their toxin
transcription rates or promoted toxin-producing cells over their non-toxic forming cells
(Brand et al. 2010, Kumar Rai et al. 2013, Zilliges et al. 2011).

We think that our results provide strong evidence that highlights the limitations
that the current ultrasonic treatments suffer from regarding HAB management and
control in the field. The inability of the ultrasonic devices to control HABs is probably
due to many factors, including the short radial range over which the ultrasound can
effectively influence the cyanobacterial cells as well as the inability of the deployed
devices to emit high ultrasonic frequencies with enough high power. Higher power will
require supplementing the buoys with electrical power to complement the power
generated from the existing solar panels. Additionally, it is important to note that the
ultrasonic devices were deployed in the reservoir in early summer when minor algal
blooms started to be observed. As such, it is not possible to conclusively deduce how
the HAB dynamics would have developed had the ultrasonic buoys been deployed
earlier in the year. Similarly, the impact of having the buoys cover only half of the

entire reservoir’s surface area could not be properly quantified.
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There is a need for additional field-based studies to better assess and
understand the full potential of ultrasonication as an effective HAB control measure
across different water systems. Additionally, more work is needed at the laboratory
scale to resolve differences in proposed setup and reported performance. Future efforts
need to focus on optimize the frequency(ies), power, and duration of the ultrasonic
treatment and to assess if and how these change with the targeted cyanobacterial
species. Additionally, there is a need to better understand the exact mechanism(s)
(mechanical/chemical) by which the sonication inhibits HABs. In conclusion, we think
that this work provides water establishments, who are considering the deployment of
commercially available ultrasonic buoys on their HAB-affected freshwater systems as a
new and environmentally safe mitigation measure, much needed guidance and a

cautionary note about the limitations and risks of such an endeavour.
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