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ARTICLE INFO ABSTRACT

Keywords: The societal, economic, geographic, and environmental impacts from marine harmful algal blooms (HABs) have
HAB Control increased in many regions around the world. The growing array of impacts is large and varied, threatening
Marine

human health, marine and freshwater wildlife, and ecosystems upon which many nations rely on for food,
recreation, tourism, and a plethora of other goods and services. Although the HAB burden has grown substan-
tially over the past few decades, marine and estuarine HAB control remains one of the least developed areas of
HAB science. The disconnect between HAB control needs and solutions stems in part from public, stakeholder,
and scientific uncertainties about the balance between benefits and potentially undesirable environmental
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consequences. Other more practical challenges can include substantial regulation of in situ testing, scaling up
laboratory-proven technologies to attack widespread blooms that can move in three dimensions in open marine
waters, and an immature commercial market. Here we describe the status of control strategies targeting marine
coastal and estuarine HABs, in particular those few approaches that have been tested in mesocosm or field ap-
plications. We identify the regulatory support, targeted science, investments, and public outreach that will be
needed to accelerate the availability of applications for controlling HABs in marine waters worldwide.

1. Introduction

Harmful algal blooms (HABs) are a growing societal problem caused
by the proliferation of algae that cause harm in diverse ways. Only a
fraction of the many thousands of species of microscopic and macro-
scopic algae are considered HAB species, and the nature of their impacts
vary widely. Many species, such as the dinoflagellate Alexandrium cat-
enella and the diatom Pseudo-nitzschia australis, produce potent neuro-
toxins that can be concentrated in fish or shellfish (Anderson et al.,
2021; Bates et al., 2018). Exposure to HAB toxins also can occur through
inhalation when fragile cells, such as Karenia brevis or Ostreopsis ovata,
release their toxins into marine waters and sea spray, causing respiratory
issues in people (Ciminiello et al., 2014; Lim et al., 2023). Certain spe-
cies in the diatom genus Chaetoceros possess barbed setae that can lodge
in fish gill tissues and lead to fish mortalities (GlobalHAB, 2023). Other
HAB species such as Margalefidinium polykrikoides, Heterosigma akashiwo,
Chattonella spp. kill fish through mechanisms that remain poorly un-
derstood. Dense blooms of cyanobacteria and brown algae (e.g., Aur-
eococcus anophagefferens) can shade submerged vegetation, impede the
feeding of benthic organisms, impede recreational activities, and cause
odor and oxygen-depletion problems (Gobler and Sunda, 2012). A va-
riety of freshwater cyanobacteria genera also produce highly potent
toxins that are a growing threat in estuarine and marine waters (Burford
et al., 2019).

Over the last 30 years, a rich body of international research has
enabled advance warning of some HAB threats and provided knowledge
to support decision-making to avoid or minimize some HAB impacts.
During this period, the freshwater HAB research community has moved
forward to generate several commercially available methods for con-
trolling HABs (e.g., Kibuye et al., 2021; Tullos et al., 2025) and sup-
ported the development of a robust freshwater algae control industry. In
contrast, there has been far less progress in HAB control solutions for
estuarine and marine systems (Anderson, 1997). At the same time, many
regions have experienced increasing societal, economic, geographic,
and environmental impacts from marine HABs (Hallegraeff et al., 2021)
while societies continue to rely on marine and estuarine ecosystem
benefits to sustain tourism, protect coastal property, and meet expand-
ing global food demand. Further, mounting HAB-related losses have
made aquaculture industry insurers more reluctant to provide coverage
(Trainer et al., 2020). As a result, there is great pressure to accelerate the
development of effective marine and estuarine HAB control.

Bloom control is controversial because of its invasive nature
(Anderson, 1997). HAB species are often a minor component of a highly
diverse, beneficial planktonic community supporting estuarine and
marine ecosystems, and the challenge is how to control or suppress only
those problematic species. Achieving an acceptable balance between
benefits and perceived negative environmental consequences of control
methods is an understandable concern. Adding to this challenge are the
logistical hurdles of targeting control treatments within the dynamic,
three-dimensional hydrographic environment of blooms that can span
hundreds of kilometers.

Thirty years ago, many in the HAB science community believed that
the challenges of control were too large and complex and that better
understanding of these blooms and their impacts was needed, as were
advances in HAB observing and forecasting capabilities (Anderson,
1997). However, there has been a growing demand among many
stakeholders for HAB science to produce acceptable, effective, and

scalable HAB control approaches that can be transitioned to commercial
partners. A staged, precautionary approach that advances only the most
promising control strategies, through laboratory, mesocosm, and field
studies, is showing that the benefits of control could outweigh potential
undesirable ecosystem impacts (HAB RDDTT, 2008). This realization
leads to the central questions of this paper:

1. What progress has been made over the last several decades in the
field of marine and estuarine HAB control?

2. What bloom control efforts have been implemented over large scales
in natural waters, and how successful (and transferrable and scal-
able) were those efforts?

3. What can we learn from the countries and regions implementing
HAB control that might help advance the field even further?

The focus of this paper is on control strategies targeting marine and
estuarine (hereafter, marine) HABs, in particular those approaches that
have been tested on larger scales, from mesocosm tanks to direct field
applications in marine waters. A review of the state of science for
different control methods and case studies is presented to highlight
successes and promising approaches. Also included is an overview of
some regulatory requirements for HAB control in some regions,
including those governing in situ testing and deployment, an evaluation
of types of HAB events that are more amenable to control, considerations
of relevant societal and scientific challenges, and identification of
several government funding programs and a novel U.S. public-private
accelerator program that advances HAB control. Although large-scale
control treatments in marine waters are on-going in parts of Asia, they
are rare in Europe and South America, and even less so in North
America, where HAB scientists and engineers struggle with regulatory
issues. We highlight here some of those regulatory issues in the U.S. to
help inform those in other countries who wish to work towards bloom
control but may face similar hurdles. We use this assessment to identify
regulatory challenges, targeted science, and investments needed to
advance the availability of marine HAB bloom control worldwide.

2. Prevention, control, and mitigation

Strategies to manage HABs typically fall under the headings of pre-
vention, control, and mitigation (PCM), each having different goals and
approaches (Boesch et al., 1997). Prevention strategies reflect a priori
environmental management actions that reduce the incidence and
extent of HABs. These schemes often are slow to have noticeable effects
on bloom frequency and magnitude. For example, nutrient reduction is
widely considered the most effective means of preventing some types of
HABs, yet even when there is a solid link between anthropogenic
nutrient loadings and specific HABs, effective remediation through
improved watershed management or discharge policies can take years to
decades to reduce HABs. Moreover, the majority of marine HABs are not
related to cultural eutrophication in many nations (e.g., Anderson et al.,
2008). Alternate ecosystem restoration efforts such as re-establishing
bivalves, fish, and benthic macrophytes also can have bloom preven-
tion benefits (Park et al., 2013; Imai et al., 2021), as can methods
limiting the dispersal of non-native species (e.g. ballast water treatment;
Gregg and Hallegraeff, 2007).

Mitigation strategies comprise approaches to limit or delay unde-
sirable ecosystem, human health, or economic and social impacts
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associated with HABs. The most effective mitigation strategies reduce
HAB risks through detection, monitoring, forecasting, and event
response. An additional benefit of sustained monitoring of cells and
toxins, along with oceanographic and ecological parameters, is that it
provides data to help understand HAB ecology - how HABs are impacted
by changes in temperature, weather patterns, and other drivers. It also
enables development and testing of new management strategies,
including bloom control.

Control strategies on the other hand directly kill HAB cells or destroy
their toxins, physically remove cells or toxins from aquatic systems, or
limit cell growth and proliferation. These strategies are typically short-
term (days) with fast response times (< 24 hrs) compared to bloom
prevention and mitigation efforts. Control strategies must “thread the
needle” to avoid unintended consequences to other ecosystem elements.
Although challenging, HAB control strategies are becoming increasingly
important for protecting human and ecosystem health given a growing
world population, existing widespread HAB challenges, and forecasts
that climate and global change may lead to greater prevalence of HABs
in the coming years (Hallegraeff, 2010; Wells et al., 2015).

3. Feasibility of bloom control

HAB species are as diverse as the many habitats in which they occur,
and HAB events may have minor to severe impacts. Due in part to this
complexity, not all HABs are suitable candidates for control. The
development, testing and implementation of HAB control strategies
depend on four considerations: 1) the value or importance of the
impacted resource, 2) the characteristics of the species, its regional
scale, and bloom dynamics, 3) the feasibility and cost of implementa-
tion, and 4) societal support or resistance to action (Fig. 1).

The value of the impacted resource can vary dramatically, from
small-scale artisanal fisheries to industrial-scale ocean aquaculture (e.g.,
salmon farms) and water-dependent infrastructure (e.g., power or
desalination plants). Some impacts are more difficult to quantify, such as
the extent to which tourism or recreation industries are affected by
blooms, or the extent to which threatened or endangered species or
critical habitat are episodically impacted.

Important species and bloom characteristics to consider when
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implementing control methods include hydrographic location and
spatial extent, cell densities and swimming behavior, and the nature of
the harmful species (fragile, rigid, colonial, solitary) and its life cycle.
Yet another consideration is the nature of the impact associated with
that bloom (e.g., production of toxins versus large but non-toxic
biomass).

The feasibility and costs of implementation depend on the
geographic scale of the outbreak, the match between a specific control
technology and the susceptibility of the HAB species being targeted, the
potential adverse environmental impacts of the treatment, the expense
and proximity of resources and infrastructure needed for full imple-
mentation, and the extent of regulatory compliance that is needed,
which often can be the greatest feasibility challenge. An additional
consideration is whether management strategies such as shellfish har-
vesting closures can mitigate impacts and protect valuable industries
without the need for complex and potentially controversial control
strategies.

Societal priorities and public perception of these three factors are
critical aspects. That is, does the combined weight of these elements
balance favorably against the perceived environmental consequences of
treatment (Kidwell, 2015)? Public resistance to HAB control tends to
stem from a fear of avoiding significant environmental harm, while
supporters may prioritize managing the bloom to achieve a desired
outcome (e.g., protecting fisheries, tourism, human health). This bal-
ance differs greatly among societies and often has determined where
HAB control strategies have or have not been implemented. Where
concerns over action are high, it is important that these (largely envi-
ronmental) concerns be balanced against the environmental and socio-
economic costs of no action (hereafter termed the no-treatment option).

4. Phases of bloom control research and implementation

There typically are four sequentially executed phases for developing
a HAB control method: 1) evaluation of a preliminary product or proof of
concept, 2) research and development on the product and application
strategy, 3) demonstration and validation, and 4) full scale imple-
mentation for routine use (Table 1). These phases are sequential but also
iterative. For example, products that have demonstrated efficacy and
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Fig. 1. Societal perspectives influencing decision-making on strategies and suitable candidates for HAB control implementation. Not all HABs are suitable for control
but for those that are, methods need to be scaled according to the size of the HAB (shaded circle). Created in https://BioRender.com.
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Table 1

Phases of HAB control technology development and implementation.
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1) Evaluation of

2) Research and

3) Demonstration and Validation

4) Full-scale Implementation

Operational permit

Application license

Product registration

Local permitting

Formalize standards of practice and
periodically update

Operational guidance
Commercialization

Law enactment

Quality control

Long-term field monitoring of potential
side effects

Technology Development
Assessment Efficacy optimization =~ Matrix effects Federal approvals/regulations
Criteria Specificity Efficacy State/local permits
Toxicology Environmental impacts Large-scale confined evaluations
Local Environment Scalability
biogeochemistry biogeochemistry Cost
Toxin release Storage stability Societal engagement
Application timing Application licensing
Application duration & Criteria for success
frequency Standards of practice
Contingency plans
Commercialization potential
Special Considera- Cost Regulatory requirements Ease of use
tions Scalability Supply chain/resource Transport and storage of large volumes of product

Resource availability  availability

Delivery mechanism Direct and indirect impacts to

Environmental public

impacts health

Permitting Application licensing
Societal perceptions/impacts

Technology

comparison

Hazards/safety around obtaining & storing large
amounts of product

Near real-time HAB alert system to locate
bloom

Personnel and organization for field
operation

Training for field operation

safety will undergo re-evaluation after technological modifications to
enhance efficacy or to optimize deployment strategies. Preliminary
products or concepts generally need to meet specific requirements to
advance to subsequent phases. These often include cost, environmental
impacts, and efficacy against target species, among other factors.

4.1. Evaluation of new technology

New or improved technologies or products are tested at the lab scale
in this phase (from test tubes to ex situ mesocosms), under controlled,
isolated conditions so that response variables can be tested indepen-
dently. Key considerations in this phase are product efficacy against
target HAB species (based on variable application rates) and specificity
(including species-specific considerations), contact-exposure time,
impact on non-target organisms, potential release of intracellular toxins
following treatment, the effects of natural water biogeochemistry (e.g.,
pH, salinity, temperature, dissolved organic carbon and other chemical
compounds) on product performance, as well as how the product and
process affects these parameters. Experiments are designed to support
specific permitting data requirements for successive testing strategies.

4.2. Research and development

Products or technologies showing promise in preliminary evalua-
tions move to the next stage of testing, which occurs in mesocosms or at
smaller (< 1 acre) limited duration, confined field scales (sometimes
termed pilot studies). These larger scales enable evaluation of more
complex matrix effects, weather impacts, community-level non-target
impacts, application timing and methods, product storage stability/
viability, geographic and habitat differences, and means to increase
overall effectiveness. These are all major challenges, and thus large and
well-financed team efforts are often required. Limited-use permits are
usually necessary prior to these field trials and may include safety pro-
tocols to modify or discontinue a trial in the event of unforeseen nega-
tive environmental impacts. Limited-use permits are often site-specific
and require coordination with local, tribal, national, or international
rules and regulations.

4.3. Demonstration and validation

In this transition phase the product or technology is tested for longer

durations in larger settings. Trial designs are informed by results from
the Research and Development phase. Early societal engagement is
critical in this phase to build trust with the community and foster an
understanding of, need for, acceptance of, and willingness to see HAB
control products tested locally. Regulatory evaluation and approval are
centerpieces of this phase, and may require product testing permits or
permit exceptions, as well as registration, application permits, or
licensing depending on site-specific requirements. There is significant
variability in regulatory processes among nations and sub-national ju-
risdictions. The regulatory approval process is often lengthy (months to
years) and can have multiple criteria and timelines for implementation
due to this variability. Engagement with all governing bodies is neces-
sary to build support for large scale or longer duration trials.

Scalability and cost effectiveness are particularly important consid-
erations during this phase to best inform on the potential for large-scale
applications and broad commercialization. For example, some highly
effective strategies may be cost-prohibitive to treat large areas but may
be appropriate to protect highly valued resources at smaller scales.
Alternatively, cost-effective and highly efficacious strategies for larger
blooms may still face supply chain issues for raw materials or logistical
constraints to large-scale dispersal that limit the possible scales for
application. Additional considerations relate to the complexity and
feasibility of product application, including availability of trained
personnel, transport and deployment vehicles (aircraft, watercraft,
trucks), protective equipment, spray drift, dispersal equipment, etc.
Logistical considerations include availability of the product(s), long-
term storage, transportation to treatment sites, dispersal methodolo-
gies, disposal of excess or spent product, etc. Managing the aerial or
aquatic dispersal to maximize HAB exposure while limiting impacts to
unaffected areas is a major consideration that may require engaging
industry partners or professionals with relevant expertise, such as those
with oil spill dispersant experience. Indeed, some product registrations
that may be applicable to control methods require the use of licensed
applicators to deploy the product. Lastly, the ease of access to the
treatment sites needs to be considered, which may also require permits
in restricted areas.

A feasibility study is typically conducted during the transition phase
to establish the preliminary metrics for success. These include deter-
mining thresholds which include, but are not limited to, upper product
limits for sensitive species or bloom phases, criteria to determine min-
imal effective concentrations, and benchmarks for termination or
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modification of a trial if adverse environmental impacts are observed.
An open line of communication is typically established with the local
community, resource managers, and health officials to share metrics of
success and potential concerns and to detail what to expect during a
trial. Assistance can also be requested from interested parties to help
monitor for potential adverse effects.

4.4. Implementation

A product can only move to the implementation phase once it has
been proven to be effective and has all necessary product registration,
regulatory approvals, and operational permitting. At this point products
can be transitioned into routine use by governments or the private
sector. Resource managers and product applicators need to follow local
and national regulations, formalized standards of practice, and any
related reporting requirements. Additional operational guidance may be
needed, and should be periodically updated, to support appropriate and
safe use of products to reflect technological advances.

5. Approaches to bloom control

Bloom control approaches are diverse but can be broadly grouped
into biological, chemical and physical methods (Boesch et al., 1997;
Table 2), although some bridge across these boundaries. No single
approach is universally applicable, and each has unique short-term
impacts relative to longer-term benefits. The balance among these
must be compared against the consequences of the no-treatment option
before implementation recommendations are possible.

We present here a brief review of each category, along with a few
unique case studies of successful and promising applications to control
marine HABs in several nations. These case studies highlight several
approaches but do not represent all current bloom control efforts.

The case studies here span from experimental through pilot studies to
full implementation strategies. In many (most) situations these studies
have focused on the scientific demonstration of efficacy and ecological
consequences but have not considered the ethical aspects. Given the
broad variability in ethical standards among nations and regions, it is
beyond the scope here to include these assessments in the following case
studies. However, local ethical guidelines should be assessed within the
strategies to gain public acceptance of bloom control approaches.

5.1. Biological bloom control

Biological control uses microorganisms, including pathogens, vi-
ruses, parasites, or their excreted products, to kill, inhibit, or remove
HAB cells or toxins (see reviews: Anderson et al., 2017; Sellner and
Rensel, 2018; Anabtawi et al., 2024; Balaji-Prasath et al., 2022; Coyne

Table 2

Overview of selected marine HAB control methods with current status of their use.
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etal., 2022; Imai et al., 2021; Pal et al., 2020). There can be overlap with
some chemical control methods (e.g., use of algaecidal compounds iso-
lated from live organisms) but here we group these approaches under
biological control.

Biological methods are increasingly recognized as environmentally
sustainable options for controlling HABs (reviewed by Gallardo-Ro-
driguez et al., 2019). These methods can reduce biosafety concerns
when native species (or their secreted or extracted compounds) are used.
A benefit of biological approaches is that agents may target specific HAB
groups or species, thereby reducing collateral effects on non-target or-
ganisms. An added advantage is that some bioagents may have the po-
tential to both control HAB species and degrade released toxins (Coyne
et al., 2022). An example is the algaecidal bacterium, Rhizobium strain
AQ_MP, that lyses Microcystis aeruginosa and contains functional genes
and metabolic pathways that can degrade microcystin toxins in fresh-
water environments (Li et al., 2021). The benefits of such approaches are
likely to increase acceptance of biological control of HABs by the public
and natural resource managers, which is crucial for the widespread
application of these methods.

A common concern surrounding biological control is the potential
that it may not solely target the problem organism but instead affect a
broad range of species. Even if shown to be well focused in early field
trials, there is concern that this specificity might shift after prolonged
use, or when the background planktonic assemblages change, poten-
tially leading to long-term and significant environmental consequences.
Another concern is that environmental factors may affect the efficacy of
bioagents. For example, Grasso et al. (2022) reviewed how temperature,
nutrients, and irradiance can affect various facets of cyanophage ecol-
ogy, including burst size, latent period, and infectivity, among others,
which in turn impact the success of viruses in HAB control. Similarly,
Coyne et al. (2022) discuss how temperature, grazing pressure, and
bacterial densities influence the efficacy of algaecidal bacteria in
open-water trials.

Yet other issues are scalability and deliverability, as there are sig-
nificant challenges with producing the volumes of organisms or their
extracts necessary for economically and logistically feasible applica-
tions, even over moderate spatial scales. Most HABs occur sporadically
in time and space so applications using live bio-treatment organisms
would require a means to maintain enough healthy organisms to make
usage-on- demand feasible. Extracts may be amenable to extended
storage without significant loss of potency, but storage adds more testing
steps and cost to the overall development process. Furthermore, most
current research on biological control methods has primarily focused on
their effects on algal species, with far fewer studies quantifying their
impacts on higher trophic levels. More studies on non-target organisms
at multiple trophic levels are required to ensure the biosafety and
selectivity of bioagents for HAB control, e.g. Fernando et al., 2025;

Control method Current Scale of Nations Status of methodology
treatment
Biological Control
Seaweeds Microcosms, Japan, USA Experimental
mesocosms
Virus 5 km? Japan Routine in one prefecture
Algaecidal bacteria Mesocosms USA Experimental
Chemical Control
Hydrogen peroxide 0.12 km? Netherlands One successful application, but none since
Copper 40 km? USA Two field applications successfully removed Karenia brevis, but not tried
again due to collateral lethality and cost
Plant-based chemicals 4000 m? USA Early experimental field testing at select sites
Physical Control
Deep-water upwelling 10,000 m? Canada, USA, Scotland, Norway, Chile, Operational at fish farms in Canada, USA, Scotland, Norway, Chile,
Tasmania/Australia Tasmania/ Australia
Clay flocculation 100 km? China, South Korea, Malaysia, Vietnam, Routine operational use in China and Korea; still under evaluation in other

Turkey

countries




D.M. Anderson et al.

Simons et al., 2021, 2025.

In the following sections, three biocontrol case studies are high-
lighted - one using a virus, one an algaecidal bacterium, and a third
using a cultivable and allelopathic seaweed. In terms of other biocontrol
options, no large-scale treatments have been attempted using parasites,
but that approach should not be ruled out as studies suggest that para-
sites may play a role in the termination of some natural HAB outbreaks.
Current research primarily focuses on parasitic dinoflagellates, such as
Amoebophrya spp. (Bai et al., 2007; Long et al., 2021; Velo-Suarez et al.,
2013; Park et al., 2004) and Parvilucifera spp. (Alacid et al., 2020; Park
et al., 2004), which infect other dinoflagellates and contribute to the
termination of their blooms. These parasites are less specific than vi-
ruses, with some being capable of infecting over 50 HAB species across
various genera (Alacid et al., 2020; Bai et al., 2007; Park et al., 2004;
Velo-Suarez et al., 2013). Parasitic fungi such as chytrids from the
phylum Chytridiomycota infect both marine and freshwater HABs,
including cyanobacteria, dinoflagellates, and diatoms (Gleason et al.,
2015). Chytrids have shown potential in controlling freshwater cyano-
bacterial blooms (e.g., Gerphagnon et al., 2013; McKindles et al., 2023)
and marine HAB species, including Pseudo-nitzschia (Hanic et al., 2009;
Gleason et al., 2015). However, their effects on other marine HAB spe-
cies are less studied (Lepelletier et al., 2014). Non-parasitic fungi have
been applied for HAB control in freshwater ecosystems. Anabtawi et al.
(2024) provide a detailed review of this and other strategies in fresh-
water environments.

Likewise, another type of biocontrol involves bacterial communities
associated with seagrasses and macroalgae. Substrates like seagrass and
macroalgal beds attract natural algaecidal bacteria that kill or inhibit the
growth of various HAB species (Imai et al., 2006b, 2021; Inaba et al.,
2017,2018,2020; Onishi et al., 2020; Mehrotra et al., 2021; Mayali and
Azam, 2004; Meyer et al., 2017). Types of seagrasses and macroalgae
reported as sources range across multiple taxonomic groups, including
two seagrass species (Zostera marina and Z. japonica), four green algae
(Cladophora ohkuboana, Ulva australis, U. lactuca, and Ulva sp.), five red
algae (Chondrus ocellatus, Corallina pilulifera, Gelidium elegans, Gelidium
sp., and Gloiopeltis furcata), and three brown algae (Saccharina japonica,
Sargassum duplicatum, and S. thunbergii.), with the detected bacterial
densities ranging between 10* and 10% CFU (or MPN) g wet weight
(reviewed by Inaba, 2024). Bloom suppression can be substantial, e.g.,
the growth of a Chattonella marina var. antiqua culture was terminated
when filtered seawater containing natural antagonistic bacteria from a
Z. marina bed was added (Inaba et al., 2019).

The taxonomic groups of the antagonistic bacteria isolated from
seagrass and macroalgal beds are mostly from two phyla, Bacteroidetes
and Proteobacteria. Although the specific algaecidal mechanism is not
known, both groups appear to be related to bacteria known for
decomposition of polysaccharides (Inaba, 2024), constituents of the cell
surfaces of dinoflagellate and raphidophyte species (Yokote and Honjo,
1985; Wang et al., 2020).

In addition to hosting antagonistic bacterial communities, macro-
algae and seagrass also are known to produce allelopathic substances to
suppress the growth of HAB species (Tang and Gobler, 2011; Tang et al.,
2014; Sylvers and Gobler, 2021; Diaz-Alonso et al., 2024). These find-
ings suggest that protection and restoration of macrophyte beds may
enhance nearshore coastal resilience against HABs.

5.2. Case studies of biological control of HABs

5.2.1. Case study: use cultivatable seaweeds to mitigate blooms of
Alexandrium catenella

Background: Annual global seaweed aquaculture production exceeds
32 million metric tons and is worth >13 billion USD per annum with
Asian nations dominating this global market (FAO, 2020; Ferdouse
et al., 2018). While North America is not currently a major contributor
to global seaweed aquaculture production, there is vast potential for
growth, particularly in the cultivation of phaeophyte Saccharina
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latissima, also known as sugar kelp (Kim et al., 2015; Augyte et al., 2017,
2019). Seaweeds can be a primary component of integrated multitrophic
aquaculture (IMTA) systems (Chopin et al., 2001; Neori et al., 2004;
Park et al., 2018), as many cultivated seaweeds have a high assimilative
capacity for nitrogen and phosphorus (Ahn et al., 1998; Kim et al., 2015;
Marinho et al., 2015), allowing for effective nutrient control. There is
also emerging evidence that aquaculture of macroalgae has the potential
to mitigate coastal acidification via rapid CO assimilation (Wahl et al.,
2018; Young and Gobler, 2018; Fernandez et al., 2019; but see Hurd
et al.,, 2024). The nutrient control and potential pH elevation from
open-water seaweed aquaculture both have potential for mitigating
HABs. The incidence of HABs may decrease as nutrient management
strategies are established to reduce eutrophication (Heisler et al., 2008;
Imai et al., 2006a; Paerl et al., 2018) and it has also been shown that
many microalgae, including harmful dinoflagellates, may experience
reduced growth rates in higher pH waters (Hansen, 2002). Additionally,
there are many studies documenting the allelopathic activity of several
seaweeds and seaweed extracts towards HABs (Tang and Gobler, 2011;
Tang et al., 2014; Gharbia et al., 2017).

Implementation: For this case study (Sylvers and Gobler, 2021) a
series of experiments were performed that scaled in complexity and
realism, ranging from simple culture experiments to mesocosm experi-
ments that simulated IMTA with bivalves and seaweeds exposed to
Alexandrium. Culture experiments were performed with multiple strains
from the Northeast U.S. and Canada. Mesocosm experiments were per-
formed using cultures and bloom water. Seaweeds assessed included
Ulva spp., Chondrus crispus, and Saccharina latissima (a.k.a. sugar kelp),
all of which have been used in an aquaculture setting in the U.S. and/or
elsewhere. While Ulva spp. and C. crispus were collected from the wild
across New York, USA, estuaries, S. latissima was obtained from the
Great Gun oyster farm in Moriches Bay, NY, USA. Prior to deployment
on the oyster farm, the sugar kelp was cultivated in a laboratory with
reproductive tissues collected from Montauk, NY, and spores released
from this tissue set on seed string that was subsequently deployed onto
ropes on the oyster farm after six weeks of laboratory cultivation.
Alexandrium strains and wild bloom populations were co-cultured with
and without each seaweed over one-week periods and changes in cell
densities, nutrients, pH, and photosynthetic efficiency were monitored.
Mesocosm experiments with 300 L of Alexandrium bloom water were
similarly performed (Fig. 2). Finally, mesocosm experiments with
Alexandrium cultures, seaweeds and blue mussels (Mytilus edulis) were
performed to assess how seaweed exposure might mitigate saxitoxin
accumulation during a HAB. In all cases, seaweeds were administered at
the range of densities (grams per liter) found on the Great Gun oyster
farm, ensuring environmental realism. While smaller scale culture ex-
periments utilized pieces of seaweeds excised from larger blades
(S. latissima, Ulva spp.) or branches (C. crispus), larger volume mesocosm
experiments used intact blades and stipes of S. latissima and Ulva spp.

Application Evaluation: Co-culture growth assays of A. catenella
exposed to environmentally realistic concentrations of each macroalgae
showed that all species except low levels of C. crispus caused cell lysis
and significant reductions in A. catenella densities relative to control
treatments of 17-74 % in 2-3 days and 42-96 % in ~one week (p < 0.05
for all assays). Bottle incubations of field-collected, bloom populations
of A. catenella experienced significant reductions in cell densities of up to
95 % when exposed to aquaculture concentrations of all three macro-
algae (p < 0.005 for all). The stocking of aquacultured S. latissima within
mesocosms containing a bloom population of A. catenella (initial den-
sity: 3.2 x 10 cells 1) reduced the population of A. catenella by 73 %
over 48 h (p < 0.005) while Ulva addition caused a 54 % reduction in
A. catenella over 96 h (p < 0.01). In a toxin accumulation experiment,
S. latissima significantly lessened (p < 0.05) saxitoxin (STX) accumula-
tion in blue mussels (Mytilus edulis), keeping levels (71.80 + 1.98 ug STX
100g™) below U.S. closure limits (80 pg STX 100g™!) compared to the
untreated control (93.47 + 8.11 pg STX 100g™}). Among the three sea-
weeds, S. latissima was the most effective at inhibiting A. catenella
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Fig. 2. Three-dimensional ocean farming of seaweeds deployed vertically with bivalves and/or fish in an aquaculture setting; image from Sustainia with permission.

followed by Ulva spp. In contrast, C. crispus was less effective. Careful
monitoring and manipulation of nutrients, pH, and bacteria during ex-
periments indicate that the seaweeds’ primary anti-A. catenella activity
was the release of allelopathic chemicals. Nutrient competition, pH
elevation, and macroalgae-attached bacteria may have played a
contributory role in some experiments and in an ecosystem setting all
factors would contribute to mitigating HABs. Collectively, these results
suggest that the integration of seaweeds with bivalve aquaculture
establishment should be considered as a non-invasive, environmentally
friendly, and potentially profit-generating measure to mitigate
A. catenella-caused damage to the shellfish aquaculture industry.

Large Scale Treatments: To date, the large-scale deployment of sea-
weeds to mitigate HABs has not been purposely evaluated. In New York,
4000 m? kelp deployments have been established in regions that

experience Alexandrium blooms (e.g., Violet Cove oyster farm, Moriches
Bay, NY, USA; C. Gobler, pers. obs.). In southeast Alaska, the Seagrove
Kelp Company has cultivated 0.5 km? of S. latissima. The seaweed
farming region near Rongcheng city in east China’s Shandong Province
is purported to cover 100 km? of the Yellow Sea (Cheng et al., 2022).
Such large-scale deployments of seaweeds hold the promise to provide
‘natural experiments’ to evaluate the efficacy of seaweeds in mitigating
HABs in an ecosystem setting.

Environmental Impacts: Unlike most HAB control approaches, sea-
weeds are naturally occurring components of coastal ecosystems. The
environmental impacts of seaweed farming are largely positive. Sea-
weeds such as kelp provide habitat and a predation refuge for marine
animals (Norderhaug et al., 2005; Teagle et al., 2017; Smale et al., 2013)
while concurrently sequestering significant amounts of carbon (Chung
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et al., 2013; Laurens et al., 2020; Hurd et al., 2022) and mitigating
eutrophication and deoxygenation (Gao et al., 2022). Extensive kelp
deployments can be important for nutrient control and can serve as the
basis for symbioses with marine organisms (Duggins, 1980; Teagle et al.,
2017). Seaweeds are also a food source for some marine organisms
(Norderhaug et al., 2005; Vanderklift et al., 2008) and are known to
moderate temperature fluctuations and reduce seabed erosion (Lgvas
and Tgrum, 2001; Rothausler et al., 2011). Studies have shown kelp
aquaculture can regionally mitigate ocean acidification and subse-
quently increase the growth rates of bivalves (Young et al., 2022) and
may even serve as a supplemental food source for some bivalves. When
deployed at scale, negative environmental impacts of seaweed farming
could include occlusion of light reaching submerged aquatic vegetation
and creation of a navigation hazard for vessel traffic in coastal zones.
Successes and challenges: While the success of the case study
described here is fully consistent with peer-reviewed studies of other
HABs being mitigated by seaweeds (Tang et al., 2011, 2014; Sylvers and
Gobler, 2023, 2025), presently the largest challenge for the seaweed
control of HABs is understanding and executing it at ecosystem scale. In
an ecosystem setting, all control mechanisms including allelopathy,
nutrient control, pH elevation, and algaecidal bacteria will be active in
mitigating HABs. The spatial sphere of influence of these factors around
seaweed aquaculture locations, however, is currently unknown. Most
aquaculture farms that deploy seaweed and bivalves use a
three-dimensional (3D) farming approach whereby seaweeds are
deployed vertically along the horizontal deployment of bivalves, with
seaweeds often in physical contact with bivalve aquaculture gear
(Fig. 3). In some cases, seaweeds are deployed within aquaculture bags
containing bivalves, assuring physical contact. Still, in an open water
aquaculture setting, allelochemicals, algaecidal bacteria, high pH / low
nutrient waters created by seaweeds will be continually exchanging with
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ambient seawater, diluting the impacts of seaweeds. Ultimately, the
effectiveness of seaweed aquaculture for mitigating HABs will be
determined by this dilution, suggesting that success will be maximal for
larger scale seaweed deployments that have minimal tidal/seawater
exchange, and therefore that small-scale deployments in regions with
strong water movement will be less likely to impact regional HABs.

Regulatory, social, and application issues; scalability and breadth of
applicability: Seaweed farming is common practice in many coastal
zones across the globe including the U.S.. As such, it is somewhat unique
among HAB control approaches in that it is already being used globally
at significant scale (e.g. >100 km? in China) and, therefore, the regu-
latory structure for permitting such activities already exists and there is
already broad social acceptance for seaweed farming. Moreover,
seaweed farming is a revenue-generating practice and is often adapted
into bivalve farms by vertically deploying seaweeds across regions
where bivalve aquaculture already exists, meaning bivalve farms need
not compromise the spatial extent of their existing bivalve crops when
incorporating seaweed aquaculture. And beyond bivalve farms, sea-
weeds have also been shown to mitigate the ichthyotoxicity of HABs
caused by Margalefidinium polykrikoides (Sylvers and Gobler, 2023)
demonstrating that seaweed aquaculture could also be used to mitigate
HABs on fish farms. Among the HAB control options available, it would
seem seaweed aquaculture may be considered the least invasive and
easiest to implement due to the ability to generate revenue and the
ubiquity of its current use globally.

5.2.2. Heterocapsa circularisquama virus in Japan

Background: Viruses have the potential to be effective agents for
controlling HABs in both marine and freshwater systems (reviewed by
Grasso et al., 2022; Ibrahim et al., 2022; Pal et al., 2020). Viral treatment
relies on species-specific interactions leading to viral lytic or lysogenic

Fig. 3. Deployment of A. catenella bloom water in 300-liter mesocosms with and without kelp at the Stony Brook — Southampton Marine Science Center, South-
ampton, NY. Exposure to kelp significantly reduced A. catenella after 48 h. Image from Laine Sylvers.
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life cycles (reviewed by Anabtawi et al., 2024; Grasso et al., 2022). Most
studies on viral control of HABs have focused on cyanophages, which
specifically target cyanobacteria (e.g., Grasso et al., 2022; e.g., Lin et al.,
2020; Rong et al., 2022; Zhang et al., 2020a). Cyanophages display
varying levels of host specificity, from infecting a single strain within a
species to multiple genera. For example, cyanophage Ma-LMMO1 spe-
cifically infects a toxic strain of Microcystis aeruginosa (Yoshida et al.,
2006), while cyanophage A-CP1, isolated by Deng and Hayes (2008),
can infect multiple species of Microcystis, Anabaena, and Planktothrix.

Fewer studies have explored the use of viruses to control marine
eukaryotic HABs. Notable examples include the viruses HaV (Nagasaki
and Yamaguchi, 1997) and HaNIV (Lawrence et al., 2001), which infect
the raphidophyte Heterosigma akashiwo, and the virus HCRNAV, which
lyses the dinoflagellate Heterocapsa circularisquama (Mizumoto et al.,
2007; Nakayama and Hamaguchi, 2022; Nakayama et al., 2020) - see
below. These marine eukaryotic HAB-infecting viruses are highly
species-specific. For instance, the virus HaV, isolated from Japan’s
coastal waters, infects and lyses H. akashiwo without affecting other
raphidophytes or phytoplankton in other classes (Nagasaki and Yama-
guchi, 1997). Additionally, two types of HCRNAV (UA and CY) have
been described based on their intra-species host specificity and the
amino acid sequence of the major capsid protein, highlighting the
complexity of the HAB host-virus system (Nakayama et al., 2013).

Case Study: Lake Kamo, Japan is a saltwater lake on Sado Island,
Niigata Prefecture, with a shore length of 17 km, an area of 5 km?, and a
maximum depth of 9.7 m. The Lake was originally a freshwater lake fed
by four rivers. Approximately 120 years ago, a channel was excavated to
connect it to the open sea to make it a saltwater lake. The channel is
small, with a width of 28 m, a length of 200 m, and an average depth of
1.7 m, leading to poor seawater exchange. Operations of cultured oys-
ters in Lake Kamo suffered the first serious bloom of the marine dino-
flagellate Heterocapsa circularisquama in the fall of 2009, resulting in
economic losses estimated at over 2 million USD. This dinoflagellate
specifically kills bivalves, including cultured Pacific oysters and pearl
oysters. To address this problem, a biological control method was
developed using the H. circularisquama RNA virus (HcCRNAV).

Routine monitoring demonstrated that HCRNAV proliferates during
the declining phase of H. circularisquama blooms, followed by virus
accumulation in the sediment (Tomaru et al., 2007; Nakayama and
Hamaguchi, 2016). The virus is generally host-specific and has high
replication rates, and therefore has limited effects on co-occurring or-
ganisms, allowing high viral titers to be used. One significant benefit is
that the method uses natural sediment containing HcRNAYV, instead of
HcRNAV alone, as adding natural sediment to surface waters is more
acceptable to the public than the introduction of cultured viruses. Sed-
iments are also abundant and can be easily collected whereas culture
facilities to produce pure virus can be expensive and time-consuming.

Implementation: From 2019-2023, this method was implemented
three times in Lake Kamo in collaboration with local officials and fish-
ermen but has not yet been used in other areas where H. circularisquama
occurs. The safety and effectiveness of the sediment containing HCRNAV
was first demonstrated under laboratory and field conditions, revealing
the amount of sediment required to kill H. circularisquama, the envi-
ronmental impact of sediment dispersal, and the effects of the HCRNAV
in the sediment on other aquatic organisms (Nakayama et al., 2020).
These data were required for the approval and cooperation of fishermen
and the city, local, and prefectural governments. From the start of this
research in 2011, it took almost 8 years to receive permission for the
practical use of sediment-containing virus as a HAB control method in
2019, as detailed below.

Application Evaluation: The permitting process began with a small-
scale microcosm experiment (closed-bottle test) conducted in 2011 to
verify the effect of virus-containing sediment on a natural
H. circularisquama population. When H. circularisquama increased to
about 8000 cells mL! in Lake Kamo, bottles were filled with bloom
water. Then, virus-containing sediment (frozen in 2009, then thawed
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before use) was added to the treatment bottles and autoclaved sediment
was added to the control bottles. The effect of the added sediment was
assessed after 5 days of exposure. To incubate the bottles in as natural a
state as possible, they were immersed in the lake at a depth 50 cm from
the surface (Nakayama et al., 2013).

Field demonstrations were essential to move this biological method
to larger-scale use, but such experiments had never been conducted in
Japan. The regulatory and social permissions for a mesocosm field trial
took 5 years after the first successful bottle test (Table 3). Permission
was needed from the Fisheries Agency (under the Ministry of Agricul-
ture, Forestry and Fisheries of Japan), the Niigata Prefectural govern-
ment, the Niigata city office, the fishing association, and local fishermen.
Among these, Prefectural government permission was most critical.
Prolonged consultations with local fishermen led them to eventually
request approval of the trials. As a result, the prefectural government
recognized the potential effectiveness and environmental acceptability
of this method and responded positively to the request. This decision, a
first for Japan, led to the de facto approval by the Fisheries Agency and
Sado City Hall, which enabled the 2016 field trials to begin in Lake
Kamo (to be followed later by a larger-scale application in 2019).

Two floating cage mesocosm experiments were used for the first field
trials. The mesocosms were made with canvas sheets used for aquacul-
ture and each was filled with 15,000 L of ambient lake water containing
ca. 3800 cells mL? of H. circularisquama. Control and treatment sedi-
ments were added to the respective mesocosms as was done for the
earlier bottle experiments. There was a 99 % decrease in
H. circularisquama cell density in the treatment relative to the control
mesocosm (from ca. 3000 to ca. 40 cells mL'l) within five days
(Nakayama et al., 2020).

Large-scale treatment: The field treatment in Lake Kamo in 2019
(Fig. 4a) was preceded by collection of sediment containing HCRNAV
(Fig. 4b) from the Lake in 2018, after the termination of a
H. circularisquama bloom. In July 2019, a H. circularisquama bloom was
detected in its early stages (760 cells mL!). The prefectural government
immediately approved the application of sediment. First, the bloom
water and the sediment containing HCRNAV were mixed in a small
container and incubated for 3-4 h to increase HcRNAV abundance
before dispersal. Because this approach effectively creates water that is
highly enriched with HcRNAYV, only a very small amount of sediment
was needed to treat the entire lake. Specifically, ~ 5 kg of bottom
sediment was used in this way, with the resulting enriched water used to
treat 5 km? (Fig. 5). The spraying was carried out every month from July
to September in 2019, effectively limiting H. circularisquama cell pro-
liferation to low densities. It was decided that additional treatments
would be done if a H. circularisquama outbreak returned, but the bloom
declined to low densities after the application in 2020, and treatment
has not been necessary since 2021. In recent years, however,
H. circularisquama blooms have been occurring at other locations in
Japan, so local governments are preparing to spread sediment contain-
ing HcRNAV in these areas. The success of the treatment at Lake Kamo
has led to an acceptance of this method in Japan.

Environmental Impacts: Two steps were taken to minimize the po-
tential environmental impacts of dispersing water and sediments

Table 3
Timeline for approval of virus use as a method of HAB control in Japan.

2009  Heterocapsa circularisquama bloom outbreak occurred.
Efficacy and protocols of virus control were studied in the lab.

2011 A closed-bottle test was conducted in Lake Kamo. Field test permits were
negotiated with the Niigata prefectural government and local authorities.

2014  Niigata prefectural government approved field testing of the method.

2016  An open field trial using floating mesocosms was conducted in Lake Kamo.
Practical application permits were negotiated with the prefectural
government.

2019 In a full field implementation of the method, all of Lake Komo was
successfully treated with HCRNAV. The prefectural government provided the
permit.




D.M. Anderson et al.

Harmful Algae 150 (2025) 102989

Fig. 4. (a) Spreading sediment containing HCRNAV and (b) negative staining image of HCRNAV by transmission electron microscopy.

containing HCRNAV on marine life such as shellfish and plankton. The
first was to minimize the impact of sediment -linked nutrients and
turbidity by using a two-stage process. As noted above, small amounts of
sediment containing HCRNAV were incubated with seawater containing
H. circularisquama in a ~50 L tank to increase viral abundance, after
which the solution was sprayed onsite (Nakayama et al., 2020). This
method reduced the amount of sediment to be spread while enriching
the abundance of HcCRNAV in the application. A 2016 field demonstra-
tion revealed the effectiveness of this two-stage application (Nakayama
et al., 2020). Second, the sediment was frozen to ensure that the cysts of
harmful or toxic species were non-viable, which was confirmed by
testing (unpublished data). Furthermore, the sediment was tested
against bivalves and the findings show that sediment dispersal did not
affect their survival (N. Nakayama, unpubl. data). The combination of
these steps confirmed that the spreading of sediments containing
HcRNAV would have negligible effects on the environment and other
aquatic organisms.

Successes and challenges: The public generally views the word
“virus” as a synonym for a pathogen, so it is difficult to obtain social
approval for the practice of spraying viruses in the natural environment.
Of benefit here was the planned use of natural materials from the local
sediments (i.e., not from other regions). Regular project outreach was
conducted at a variety of biannual meetings with local officials,
including workshops that explained efforts to improve the local marine
environment in addition to the control of H. circularisquama blooms. In
parallel, outreach was conducted at biannual local community meetings
to explain this method and to present research results. The current
challenge is to replicate the treatment success demonstrated in Lake
Kamo at other coastal locations in Japan that are impacted by
H. circularisquama blooms. As a cautionary note, care will be needed
with routine testing to ensure that the host range of natural viral batches
isolated for treatment do not expand through viral recombination or
horizontal gene transfer.

Regulatory issues: The Japanese government had no official regula-
tions concerning the spreading of organisms in the environment and was
thus reluctant to permit these unprecedented activities. In Niigata Pre-
fecture, where Lake Kamo is located, fishermen and the local community
gradually came to understand this method and sought approval from the
local government. The local prefectural government granted a permit to
conduct a mesocosm test four years after communications began, and a
total of nine years was needed to receive a permit for an open-water
application of the virus-containing sediment in the Lake.

Social Issues: Researchers were proactive in explaining to fishermen
and local communities how HABs were contributing to poor oyster
growth in Lake Kamo. This effort helped to develop a relationship of
trust between the researchers and local communities. In Japan, even if
most people agree, no major change will occur unless a local leader or
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government official approves. For example, permits were also requested
from another prefectural government for a different region, but approval
has yet to be granted due to the negative social perceptions about
spreading viruses. If a H. circularisquama bloom occurs in a different
area, it will be easier to obtain permission from the local government if
sediment (containing HCRNAV) from that specific area is used for bloom
treatment. Therefore, outreach activities will be conducted in each area
where treatment is needed, and the manual describing the detailed
technique will be shared.

Scalability and breadth of applicability: A review by Grasso et al.
(2022) argues that scalability is the most significant challenge to the use
of viruses as bloom control agents. This may be true for many applica-
tions, but in the case of HCRNAV, the presence of virus in bottom sedi-
ments and the ability to amplify those abundances in a seawater slurry
immediately before dispersal, as described above, have eliminated this
concern. Given the small amount of sediment (5 kg) needed to treat a 5
km? lake, the HCRNAV bloom control method is well suited for treat-
ment of large areas when necessary. Treatment of a 100 km? area might
only require 100 kg of sediment, which would be quite easy and inex-
pensive to collect, amplify, and disperse. In terms of the applicability of
the method to other HAB species, viruses coinciding with blooms of
Karenia mikimotoi and Heterosigma akashiwo (Nagasaki and Yamaguchi,
1997; Lawrence et al., 2001) have been isolated but have not yet been
used in targeted control efforts. The characteristics of these viruses and
their relationships to their hosts are currently being investigated. Note
also that high levels of virus specificity as well as differing environ-
mental conditions (Grasso et al., 2022) might result in an effective
biocontrol agent from one coastal region not being effective in another.

Application issues: Viruses accumulate at the sediment surface, so
manpower, special equipment, and a vessel are needed to collect sedi-
ments prior to freezing and HAB treatment.

A manual is currently being prepared, describing the series of op-
erations, including collection of sediment containing HcCRNAV, sediment
preservation, and sediment spreading. This will be published on the
Japan Fisheries Research and Education Agency website and local offi-
cials will be trained to implement this method using the manual as a
guide.

5.2.3. Shewanella sp. IRI-160 in the United States

Background: The interaction between phytoplankton and bacteria in
aquatic ecosystems is diverse and complex (Fei et al., 2025; Amin et al.,
2015; reviewed by Coyne et al., 2022; Durham et al., 2017; Seymour
et al.,, 2017). While some bacteria generate beneficial effects for
phytoplankton (e.g., Burgunter-Delamare et al., 2020; Cruz-Lopez and
Maske, 2016; Cruz-Lopez et al., 2018; Yarimizu et al., 2018), many
exhibit algaecidal activity by inhibiting algal growth or lysing algal cells
(e.g., Dungca-Santos et al., 2019; Hare et al., 2005; Shi et al., 2023;
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Fig. 5. Method for concentrating and storing naturally-occurring H. circularisquama RNA virus (HcRNAV) from sediment following a bloom, then dispersing it into
the natural environment to control subsequent blooms. Created in https://BioRender.com.

Zhang et al., 2020b). These algaecidal activities occur through two
primary modes: direct attachment and attack on algal cells (Coyne et al.,
2022; e.g., Imai and Kimura, 2008; Roth et al., 2008; Shi et al., 2023) or,
more commonly, the secretion of active compounds causing cell death
(e.g., Chen et al., 2022; Pokrzywinski et al., 2012; Shi et al., 2022; Zhang
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etal., 2020b; Coyne et al., 2022; Wang, 2021; Fernando et al., 2025). For
instance, Tenacibaculum sp. GD3 exhibits strong algaecidal activity
against Karenia mikimotoi by direct contact, while utilizing algal me-
tabolites for growth (Shi et al., 2023). Conversely, Shewanella sp. strains
IRI-160 (Pokrzywinski et al., 2012), Y1 (Chen et al., 2022), and Lzh-2 (Li
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et al., 2014a) secrete algaecidal compounds, with strains IRI-160 and Y1
targeting dinoflagellates and Lzh-2 inhibiting cyanobacteria, high-
lighting the specificity and complexity of these interactions - see below.
Recent research has focused on developing strategies for algaecidal
bacterial application, which include direct dispersal of bacteria or their
compounds, immobilized algaecidal bacteria for targeted dispersal (e.g.,
Wang et al., 2025, 2020; Mao et al., 2022; Ruangrit et al., 2025),
multi-functional systems (e.g., co-immobilized algaecidal bacteria and
microalgae, co-immobilized bacteria with different functions, and bio-
engineered bacteria with multiple functions). The variability among
habitats and the diversity of HAB species means no single approach is
suitable for all cases.

Case study: Shewanella sp. IRI-160 is an algaecidal bacterium isolated
from the Delaware Inland Bays, USA, with algaecidal activity that has
high specificity for dinoflagellates (Hare et al., 2005; Pokrzywinski
et al., 2012). This bacterium secretes water-soluble bioactive com-
pounds (referred to as IRI-160AA) and does not require direct attach-
ment for effect (Pokrzywinski et al., 2012). Toxicological studies
demonstrated there were no negative effects of this algaecide on
non-target organisms, including non-dinoflagellate phytoplankton,
zooplankton, invertebrates, or juvenile finfish tested at levels required
for dinoflagellate control, and only transient effects on activity of crab
zoeae (Callinectes sapidus) (Pokrzywinski et al., 2012; Simons et al.,
2021,2025; Tilney et al., 2014a). Over a decade of study has been
conducted to understand the mode of action of this product on model
dinoflagellate species. The algaecide directly targets the dinoflagellate
nucleus by destabilizing chromosomes resulting in the translocation of
nuclei and subsequent cell cycle arrest (Pokrzywinski et al., 2017a,b).
The algicide also secondarily impacts photobiology by damaging chlo-
roplasts and causing their displacement within the cells (Tilney et al.,
2014b; Pokrzywinski et al., 2017a; Grasso 2018). Collectively, these
initial cellular reactions induce stress responses and related pro-
grammed pathways resulting in cell death (Pokrzywinski et al., 2017b).
Confirmation of these processes at the molecular level has been obtained
through transcriptomic (Wang, 2021; Wang and Coyne, 2023) and
metabolomic studies (Wang, 2021; Wang and Coyne, 2022). Recent
work has focused on elucidating the active compounds in IRI-160AA,
which include ammonium and polyamines (e.g., putrescine), that
work synergistically against dinoflagellates resulting in reduced growth
or mortality (Johnson, 2023; Ternon et al., 2018; Wang, 2021; Wang
and Coyne, 2024).

Implementation: Field trials of Shewanella sp. IRI-160 are in the
preliminary stages and are awaiting the necessary regulatory approval.

Application Evaluation: While effective, the direct dispersal of large
quantities of bacteria or their algaecidal compounds may cause biosafety
concerns (Coyne et al., 2022). To address this issue, alternative ap-
proaches were explored to limit the need for high-dose and frequent
re-applications by concentrating and immobilizing algaecidal bacteria
or their algaecides for controlled release. algaecidal bacteria have been
demonstrated to be effective at controlling algal growth after immobi-
lization in porous matrices (Coyne et al., 2022). Therefore, current work
on Shewanella sp. IRI-160 application is investigating novel deployment
methods (including immobilization in alginate hydrogels), for both the
Shewanella sp. IRI-160 bacteria and their algaecidal compounds in field
applications. Several matrices have demonstrated high retention of
Shewanella sp. IRI-160, including alginate hydrogel (Wang and Coyne,
2020). Alginate is a natural polymer produced by bacteria and brown
algae, and is non-toxic, highly biodegradable, and low-cost (reviewed by
Lapointe and Barbeau, 2020), characteristics that make it a good carrier
matrix for applications of Shewanella sp. IRI-160 and its algaecidal
compounds (Wang and Coyne, 2020; Wang et al., 2025). Collectively,
alginate beads prepared with Shewanella sp. IRI-160 or IRI-160AA are
termed DinoSHIELD (Fig. 6). DinoSHIELD may be strategically deployed
in areas that are experiencing, or at risk for, HABs, and then removed
when no longer needed.

Large-scale treatment: DinoSHIELD is currently in the Demonstration
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and Validation phase (see Section 4.3) where researchers are working to
optimize DinoSHIELD efficacy, stability, and scalability in preparation
for larger-scale field demonstrations. The goal of this work is to
demonstrate that DinoSHIELD can be used to control blooms caused by
the toxic dinoflagellate K. brevis along the Florida Gulf Coast. Before
moving into field trials, to ensure the safety of DinoSHIELDs in natural
environments, a study was conducted at the mouth of the Broadkill
River, Lewes, DE, USA, treating over 2900 L of site water (Wang et al.,
2025; Fig. 7). This study assessed DinoSHIELDs embedded with live
Shewanella sp. IRI-160 under non-bloom conditions, showing negligible
effects on non-target microbial communities. A series of field demon-
strations are now planned along the U.S. Gulf Coast of Florida that will
use both turbidity and bubble curtains to confine the trial in the native
environment. The goal of the field studies is to optimize the delivery of
the algaecide from DinoSHIELDs containing either the immobilized
Shewanella sp. IRI-160 or cell-free algaecidal product and demonstrate
the utility of this technology for continuous red-tide management in
Florida and other states that experience blooms of K. brevis.

Successes and Challenges: The in-situ mesocosm findings (Wang
et al,, 2025) indicated that DinoSHIELD minimally affected water
quality parameters such as pH, salinity, and dissolved oxygen at levels
shown to be effective against K. brevis in lab settings. Shewanella sp.
IRI-160 release from DinoSHIELDs was limited, and the overall bacterial
density did not increase in the treated mesocosms. DinoSHIELDs did not
affect the overall photosynthetic biomass of the algal community but did
increase species diversity and richness. These findings support the po-
tential of DinoSHIELDs as an environmentally neutral method for
managing dinoflagellate blooms.

There remain two primary challenges for implementation of
DinoSHIELD products for HAB control. The first are the complex regu-
latory issues for obtaining permits for full field testing, for which societal
acceptance is vital. The second relates to scalability issues for both
producing sufficient product on relevant time scales and application of
these products at temporal and spatial scales that enable effective bloom
control.

Regulatory issues: The permitting process for DinoSHIELD, including
the initial field tests, has been particularly challenging (see above)
because it involves federal, state and county regulations which vary
considerably. Two examples highlight the diversity of permitting needs.
Federal requirements are needed for any U.S.-based application. At the
local level, in Delaware, where the initial mesocosm trials were con-
ducted, the regulatory process is relatively straightforward. A single
permit from the Delaware Department of Natural Resources and Envi-
ronmental Control (DNREC) (https://dnrec.delaware.gov/) is sufficient
for applying DinoSHIELD in all natural waters of Delaware for several
years. However, this permit does not allow use of dissolved agents iso-
lated from Shewanella sp. IRI-160 (IRI-160AA). Additional permits will
be needed because deploying the product from mesh bags throughout
the water column could cause potential navigational hazards.

Social issues: A notable challenge with any biological control method
is managing public perception and societal acceptance. A major
component of the DinoSHIELD development process is to inform and
engage representative stakeholders on the use of DinoSHIELD, as well as
assess the risks and benefits of this technology. Several strategies are
being used to communicate research findings and garner support and
feedback early and often. These include technical bulletins, informa-
tional videos, surveys, and technical workshops involving critical
stakeholders, including state, regional, and local water resource man-
agers, representatives from the aquaculture community, technical ex-
perts, and the public. This also provides an opportunity for the
community to give feedback on the technology and request further in-
formation or to voice lingering concerns that they may have before
implementation.

After years of engaging with stakeholders, there has been a growing
acceptance of DinoSHIELD and other biological control methods. This
shift is particularly evident when stakeholders are informed about the
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Shewanella sp.
IRI-160 DinoSHIELD: immobilized live Shewanella or Dinoflagellates
= IRI-160AA in alginate hydrogel

Algicidal compounds
(IRI-160AA)

Non-target organisms

Fig. 6. DinoSHIELD is a biocontrol technology that embeds either the algaecidal bacterium Shewanella sp. IRI-160 or its secreted algaecidal compounds (collectively
referred to as IRI-160AA) in non-toxic, biodegradable alginate hydrogel. The algicide specifically targets dinoflagellates (red X) without causing negative effects on
non-target aquatic organisms (green check mark). The porous alginate matrix enables a passive continuous slow release of IRI-160AA into the surrounding water,
maintaining algaecidal activity over time while limiting the need for frequent high dose applications. The DinoSHIELD formulation is currently undergoing testing to
confirm no effect on higher trophic levels; due to its simple formulation and non-toxic hydrogel it isn’t believed to have major non-target impacts. Created in htt
ps://BioRender.com. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 7. DinoSHIELD in action in the field. A. In situ mesocosm study in Delaware, USA showing deployed DinoSHIELDs in B. suspended bags conducted under non-
blooming conditions to assess potential impacts to non-target species in the microbial community (Wang et al., 2025).

native characteristics of the bacterium and their safety to non-target
organisms. Garnering this stakeholder and public support will be crit-
ical components to successfully transitioning this control strategy to
implementation and routine use.

Scalability and breadth of applicability: Scalability poses a signifi-
cant challenge for DinoSHIELD. Expanding field applications of
DinoSHIELD will require an effective supply chain for the substantial
amounts of reagents necessary for both hydrogel fabrication and bac-
terial culturing. This scale-up also demands a considerable workforce
and extended time frames for production. To improve the scalability of
DinoSHIELD products, the research team is optimizing bacterial growth
and algaecide production, aiming to identify more cost-effective pro-
duction protocols. The team also is working to maximize algaecide de-
livery rates by testing different concentrations of bacteria or extracted
algaecide to reduce the hydrogel quantities needed to achieve effective
treatment. Additionally, the team is determining the stability of
DinoSHIELD under various storage and transportation conditions to
establish thresholds for production lead times and product shelf life.

Several related challenges have been identified including efficient
management of funds for sufficient reagent purchase (especially chal-
lenging for the U.S. federal government), creating reliable supply chains,
and maintaining large quantities of bacteria or algaecide while ensuring
matrix stability of the DinoSHIELD products. Current thinking is that
this control method is most applicable to HABs in relatively protected
systems like canals or embayments. Large-scale treatments in the more
dynamic open marine environment would currently be challenging for
this methodology.
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5.3. Chemical bloom control

Chemical bloom control refers to methods that rely on the release of
dissolved organic or inorganic algaecides that kill, inhibit, or remove
algal species or their toxins. In many cases the distinction from other
control methods is clear—a direct impact of a substance on cell
metabolism—while in other instances, the relationship is more complex.
For example, the addition of clays and dissolved polymers (see below)
act by chemically inducing cell flocculation, but “control” depends on
physical transport processes to remove these flocs from surface waters.
Another example is ozone nanobubbles, yet to have documented use in
marine environments. Nanobubbles are generated to physically disrupt
and kill cyanobacterial cells and degrade their toxins (Chaffin et al.,
2024). Generally speaking, chemical control strategies tend to have
rapid response times, less specificity for target organisms, and a range of
environmental impacts that are unique to each approach.

Perhaps the best example of chemical control for HABs is the use of
copper sulfate and other algaecides to regulate phytoplankton blooms in
reservoirs and other freshwaters. While higher levels of copper can cause
decreases in primary production and biodiversity, and increases in
nutrient stress, deoxygenation, and impacts at higher trophic levels
(Watson, 2024), there are few data available on the effects of
copper-containing algaecides in controlling marine HABs beyond two
1950s large-scale field studies that tested the efficacy of copper sulfate
for controlling offshore K. brevis blooms in the U.S. (Case Study 5.2.3).
This situation is primarily due to the heightened chemical regulatory
environment and increased public awareness of the importance of pro-
tecting marine ecosystems.

This regulatory setting, while crucial for safeguarding of coastal
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waters, is at the same time problematic because in most cases it prevents
the small-scale field trials essential for evaluating the safety and effec-
tiveness of control strategies. While there is some overlap with biolog-
ical and physical control strategies, these regulations are most restrictive
to the study of chemical methods of HAB control. Perhaps the most well-
developed regulatory structures among countries and regions are in the
U.S. and Europe, which we review before presenting three case studies
of chemical control strategies. Building an understanding of the varia-
tion in national regulatory schemes that govern the evaluation and
adoption of marine control HAB strategies will help promote interna-
tional collaboration and a more globalized marketplace for solutions.

5.3.1. Regulatory issues in the U.S. and Europe

In the U.S., new chemical algaecides have strict review,
manufacturing, and labeling requirements under the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) that set maximum application
rates and identify use restrictions. The review process is long (years) and
costly for manufacturers and has limited the availability of new products
but has protected the environment from unintended negative effects
from new and untested chemicals. A new “pesticide” (the term in the U.
S. that describes any chemicals used to control HABs) cannot be used or
marketed for algae control on waters of the U.S. without being registered
(licensed) by the U.S. Environmental Protection Agency (EPA). Before
EPA can register a pesticide under FIFRA, the applicant must show it will
not cause unreasonable adverse effects on the environment. This means
there cannot be: 1) any unreasonable risk to man or the environment,
considering the economic, social, and environmental costs and benefits
of its use; or 2) a human dietary risk from residues that result from a use
of a pesticide in or on any food.

The U.S. Federal Food, Drug and Cosmetic Act (FFDCA) authorizes
EPA to set tolerances, or maximum residue limits, for pesticide residues
on foods. In setting tolerances, EPA must make a finding that the
tolerance is "safe," defined as meaning that there is a "reasonable cer-
tainty that no harm will result from aggregate exposure to the pesticide
residue." To make the safety finding, EPA considers: 1) the toxicity of the
pesticide and its break-down products; and 2) aggregate exposure to the
pesticide in foods and from other sources of exposure. Since HAB control
treatments will be tested or eventually implemented in marine waters
that contain fish, shellfish, and other animals that are considered food,
FFDCA represents another set of regulatory constraints or hurdles to
developing a chemical HAB control strategy. Not only must developers
demonstrate that their product does not negatively impact benthic an-
imals, for example, but they must also show that there are no dangerous
residuals from their product in fish or other potential human foods living
at the treatment site. In practical terms, the foregoing means that those
developing HAB control methods for U.S. marine systems that are based
on chemicals, or chemically modified substrates (see below) need to
carefully consider the regulatory pathway for testing approval and
eventual product registration under FIFRA and FFDCA. A result is that
some choose chemical constituents from the “exempted” minimum risk
pesticide lists rather than trying to evaluate novel and potentially more
effective compounds.

The European Union also regulates the application of chemicals in
natural waters, and approval must follow the procedure outlined in the
Biocidal Products Regulation (EU) No 528/2012 (Regulation E.U.
(2012)). In this regulation, algaecides are classified as biocidal products,
specifically under Product-type 2 (PT2). To gain approval, the active
substance must first be evaluated and approved at the EU level by the
European Chemicals Agency (ECHA), based on evidence of efficacy and
safety for human health and the environment. Once the active substance
is approved, the algaecide product itself must be authorized—either
through a national authorization in a single member state or a Union
authorization for EU-wide use. Products intended for use in aquatic
environments must undergo a detailed environmental risk assessment,
particularly to evaluate impacts on water quality and non-target
organisms.
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5.3.2. Case study - chemical control using hydrogen peroxide in the
Netherlands

Background: Hydrogen peroxide (H203) is a naturally occurring
reactive oxygen species (ROS) known to induce oxidative stress in cells,
leading to physical damage and a reduction in photosynthetic yield
(Mittler, 2002). A key advantage of HoO5 over many other chemicals is
its rapid breakdown into water and oxygen within hours to days,
depending on aquatic conditions, form and formulation of the product.

Liquid and granular HyO,-based algaecides are commonly used in
the U.S. to control cyanobacterial HABs (cyanoHABs) in freshwater
systems (e.g., Kinley-Baird et al., 2021, Pokrzywinski et al., 2022; Lefler
et al., 2022,2024), with recent studies looking at their effectiveness in
marine species (e.g., Hu et al., 2022) and/or modifications in Hy0>
based algaecide labels. Controlling the activity of harmful eukaryotic
algae such as dinoflagellates requires higher concentrations of H-02> due
to both instability of peroxides in marine waters (Hu et al., 2022) and
lower sensitivity of eukaryotic algae (Weenink et al., 2022). Effective
concentrations thus have the potential to harm other algae and
zooplankton. Despite this drawback, H202 can be an optimal choice for
treating isolated HABs in confined areas. HoO5 has been investigated for
treating dinoflagellates in the ballast water of ships (Ichikawa et al.,
1992; Bolch and Hallegraeff, 1993; Gregg et al., 2009). Its effectiveness
has also been tested on the brown tide HAB species Aureococcus ano-
phagefferens (Randhawa et al., 2012) and red tide HAB species K. brevis
(Hu et al., 2022). The effective dosage of H20: varies significantly
among different species. For example, A. anophagefferens is highly sen-
sitive to H202, and a bloom of this species could be eradicated by a final
concentration of 1-2 mg 11 of H50, (Randhawa et al., 2012). Hu et al.
(2022) found that concentrations between 4.89-7.08 mg I of Hy0,
killed K. brevis in 24 h. In contrast, Ichikawa et al. (1992) found that
concentrations up to 30 mg 1! were needed to render the cysts of
Alexandrium catenella non-viable. Cysts of Gymnodinium catenatum from
ballast water were highly insensitive and required concentrations up to
5000 mg 1" to eliminate them (Bolch and Hallegraeff, 1993).

Implementation: A notable example of using HyO, to mitigate
harmful dinoflagellates in the field is the treatment of an Alexandrium
bloom in the Netherlands (Burson et al., 2014). A very dense bloom of
Alexandrium ostenfeldii, exceeding 1 million cells I, occurred in the
brackish Ouwerkerkse Kreek in The Netherlands. The bloom produced
both saxitoxins and spirolides, and was implicated in the death of a dog
with high saxitoxin stomach content. Since the Ouwerkerkse Kreek
regularly discharges its water into the nearby Oosterschelde estuary,
prompt action was necessary to avoid contaminating extensive shellfish
beds there. Treating the water with a concentration of 50 mg 1" of Hy0,
effectively eradicated the bloom, marking the first successful field
application of HyO; to eliminate a dinoflagellate bloom.

Application Evaluation: The treatment to eradicate A. ostenfeldii in
the Ouwerkerkse Kreek followed a three-step approach. First, the
required HyO5 dosage was determined through laboratory experiments
with A. ostenfeldii. A concentration of 50 mg 1! H,0, was needed to
effectively kill the dinoflagellate. Second, the method was then tested in
a small, isolated canal adjacent to the Ouwerkerkse Kreek to evaluate its
effectiveness in a controlled, natural environment. Finally, after being
successful in the canal, the treatment was scaled up to the entire creek
system with a surface area of 0.12 km?, an average depth of 5 m, and a
maximum depth of 8 m. The creek was partitioned into a southern
section of 317,000 m® and a northern section of 107,000 m® through
construction of a temporary sand-filled dam along the bridge which
crosses the creek. Another temporary sand-filled dam isolated the creek
from the agricultural canals and ditches at the northern end. A 15,000 L
tank with a 50 % (v/v) H205 concentration was placed on a raft in the
water. The HpO4 was prediluted with water from the creek in an inter-
mediary tank to arrive at a 1 % (v/v) HyO, concentration which was
injected in the water using a specially designed injection system called a
“water harrow’ (Matthijs et al., 2012). The target concentration of 50
mg 1! HyO, was achieved after 8 h of injection in the entire creek.
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Following this, the HyO, injection was halted, and the concentration
gradually declined to natural background levels within 50 h.

The photosynthetic yield of the Alexandrium ostenfeldii population in
the creek decreased to <5 % of its initial value within 8 h after the H,O5
treatment (Burson et al., 2014). This decline was similar to the response
in the laboratory and canal tests. The number of A. ostenfeldii cells and
cysts declined from about 1.1 million cells 17! before the treatment to
<2000 cells I'! (> 99.8 % removal) after 48 h, while green algae and
euglenophytes became dominant. Concentrations of 13-desmethyl spi-
rolide C and saxitoxin were reduced below local regulatory levels of 15
mg 1! after 96 h. The numbers of zooplankton decreased from over 40,
000 individuals 1! at the start to <15 individuals I'* after 50 h. The
zooplankton community consisted mainly of rotifers and copepod
nauplii.

Scalability: There have been no steps to date to expand H,0 treat-
ments to larger scales for bloom control in the Netherlands. However, as
mentioned earlier, both liquid and granular H,O-based algaecides are a
common management tool to control cyanoHABs in fresh waters around
the USA. In this context, small ponds and lakes (< 1 km?) are regularly
treated with HyO5 algaecides for HAB control. Whole lake treatments up
to 4.6 km? have also occurred, and larger lakes, >6 km?, are also
commonly treated, but in these cases, the treatment occurs mostly in the
littoral areas (e.g., beaches where there is accumulation of HABs due to
winds) to restore recreational activities or prevent contamination in
drinking water intakes (for cyanoHABs). Thus, large scale treatment
using HyOo-based algaecides is feasible, pending the ability to move
sufficient product to the location and having enough boats, helicopters
or planes in place for dispersal.

Successes and Challenges: The results indicate that HoO5 treatment is
an effective emergency management option for mitigating toxic Alex-
andrium blooms, particularly when immediate action is necessary. To
date, there has been no reported follow-up or adoption of this method in
other countries for Alexandrium, though some Hy0,-based algaecides are
now labeled for use in marine waters in the USA and in usage. In the
Netherlands, while it remains a viable option for future use, high-density
blooms requiring such intervention have not reoccurred since 2012.

While H20: can effectively control toxic dinoflagellate species, its
broader ecological effects raise concerns about unintended lethality
towards non-toxic dinoflagellates (Mardones et al., 2023). One major
risk is the potential for oxidative stress-induced lipid peroxidation in
microalgal blooms, which can trigger the formation of aldehydes that
may further exacerbate toxicity, such as in mortalities of farmed fish
(Dorantes-Aranda et al., 2015). The ecological implications of reactive
oxygen species (ROS)-mediated toxicity remain insufficiently under-
stood, highlighting the need for further research to elucidate the un-
derlying mechanisms. Given these uncertainties, the application of H20:
for HAB control should be approached with caution near aquaculture
sites. To mitigate potential risks, environmental impact assessments (i.
e., real-time in situ cytotoxicity assays) should be conducted before
large-scale application, considering species-specific responses and
possible secondary toxic effects.

Regulatory issues. In the Netherlands, adding HoO» to natural sys-
tems requires a license from the Dutch Board for the Authorisation of
Plant Protection Products and Biocides (Ctgb). The urgency for treat-
ment was high due to a threat to human health at a nearby campsite, the
death of a dog, and the risk of contaminating mussel beds in the Oos-
terschelde estuary if the brackish water containing toxic dinoflagellates
was discharged from Ouwerkerkse Kreek. Due to this emergency, the
license for H,0O application was expedited.

Social Issues: The public was informed about the background find-
ings and plans for treatment with H202 through local community
meetings, and the community was supportive of the planned bloom
control under the extreme circumstances caused by this bloom.
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5.3.3. Case study - chemical control using copper in the United States

Background. Blooms of the red tide-forming organism K. brevis can
readily cause massive mortality of fish and other marine organisms, as
well as produce aerosols in the surf environment that impact humans
(Landsberg et al., 2009; Pierce and Henry, 2008). Based largely on HAB
control successes using copper compounds in freshwater systems, early
work in the 1950s and 1960s examined the use of copper and other
chemical algaecides for use in marine systems. Two lab studies were
conducted in the early 1960's to find chemicals that could kill or inhibit
K. brevis with low-level doses. >4306 compounds were screened (Marvin
and Proctor, 1964a) with the goal to achieve 100 % lethality after 24 h at
doses between 0.01 and 1.0 ppm. Marvin and Proctor (1964b) found
only five compounds that could achieve these goals, and of these, copper
sulfate was determined to be the most promising.

Application Evaluation: More recently, the efficacy of three copper-
based, EPA-registered algaecides were tested in the lab for potential use
as emergency HAB treatments for K. brevis control: copper citrate and
copper gluconate, copper ethanolamine complex, and copper sulfate
pentahydrate (Hu et al., 2022). The authors found that their lowest
tested concentration, ~0.3 mg Cu 11, killed K. brevis within 24 h but did
not test its effects on non-target species. More work is needed on the
broader ecological treatment effects, the longer-term fate and persis-
tence of the copper substrates, and the effects of site characteristics
(particularly water chemistry) on the efficacy of copper-based HAB
control.

Large Scale Treatment: There have been no recent studies using large
scale treatments of copper-based algaecides in marine waters. However,
two large-scale field trials conducted in the 1950s tested the efficacy of
copper sulfate for HAB control, the first along the west Florida coast
(Rounsefell and Evans, 1958) and the second in a man-made lagoon near
Galveston, TX USA (Marvin et al., 1961). The first field trial in 1957 used
CuSO4 pentahydrate (5H50) to mitigate an outbreak of K. brevis on the
Florida Gulf Coast in open waters 4.5 km offshore and ~50 km along-
shore near St. Petersburg (Rounsefell and Evans, 1958). The treated area
covered ~40 km?. The initial bloom density was ~10 million cells 1"\,
Using an estimated copper concentration of 0.18 mg Cu 1, a total of 95 t
of CuSO4 was dispersed in the bloom by dragging burlap sacks con-
taining CuSO4 behind ships, and over broader areas, using crop-dusting
aircraft. K. brevis concentrations became undetectable in most areas
immediately following the treatments and reports of respiratory irrita-
tions decreased, signifying the rapid success of the treatment. In
contrast, a similar copper treatment did not kill K. brevis in Galveston
Bay, TX, despite applying copper twice (Marvin et al., 1961). The dif-
ference in response was likely due to the large amount of suspended
matter and organic chelators (e.g., humic matter) in the shallow bay
water, which would have reduced concentrations of copper in its freely
available state (Sengco, 2009). Therefore, the use of copper was not
recommended as a viable control mechanism for K. brevis blooms in
enclosed bays, despite being successful against K. brevis (Sengco, 2009).

Successes and Challenges: Following these early applications of
CuSOy4, bloom concentrations in the Florida Gulf Coast trial increased
again after <2 weeks in two of the five monitoring areas. It is not clear if
this re-appearance was due to currents advecting new bloom-containing
waters into these areas, or if it was attributable to resurgent growth of
cells that remained after copper treatment. Estimates for the treatment
(in the 1960s) were considered too costly for routine applications over
large areas (though are cheaper than many current efforts), particularly
given that it provided only temporary relief from the bloom and aero-
sols. The collateral damage to the ecosystem would be of concern due to
the broad toxicity of copper sulfate; however, the presence of large
blooms mitigates the toxicity of copper so this can vary substantially
(Bishop et al., 2018).

Regulatory and social issues: The mixed results of the early field
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trials led to the method never being recommended for widespread use in
marine systems. Some believe that this failure stifled progress in
chemical HAB control in the U.S. for many years (Sengco, 2009). Social
issues were generally a small consideration at the time, beyond the
simple assessment of treatment effectiveness and costs. The increasing
awareness of environmental issues in the following decades was an
additional impediment. Only recently have there been efforts to
re-examine the potential use of copper-based compounds as a “backup”
for marine HAB control. It is noteworthy that similar environmental
concerns are much less prevalent for copper-based HAB control in many
freshwater systems used for drinking water or recreational activities. For
these applications, the permitted concentrations in the U.S. have been
shown to be below levels that would have minimal impacts on
non-target organisms.

5.3.4. Case study - chemical control using plant-based chemicals in the
United States

Background: As discussed in Section 5.2.1, the U.S. FIFRA regula-
tions specify a list of “minimum risk” pesticides that require minimal
regulatory oversight. The majority of these are plant-derived. Many
plants produce secondary metabolites, such as polyphenolics, N-con-
taining compounds, fatty acids/esters, and terpenoids (Zhu et al., 2021),
which act as chemical defenses against herbivory, pathogens, or can
negatively influence the growth, survival, or reproduction of nearby
plants and microorganisms. Perceived advantages of plant-derived
chemicals include biodegradability, history of use in humans and agri-
cultural animals which informs occupational and wildlife safety, and
less aggressive off-target effects. Examples include lysine and malonic
acid, which were shown to be successful against a Microcystis aeruginosa
bloom in experimental enclosures (Kaya et al, 2005), and the
plant-derived flavone, 5,4-dihydroxyflavone, which has been shown to
inhibit M. aeruginosa and Phaeocystis globosa (Xu et al., 2022). Several
herbs and spices also have been tested against algae blooms, including
curcumin, the bioactive phytochemical produced by turmeric, was
shown to reduce K. brevis cell and toxin concentrations in flask and
mesocosm experiments (Hall et al., 2024; Devillier et al., 2025).

Application evaluation: An example of a minimum risk, plant-based,
chemical formula for HAB control is Xtreme-RT, a commercially-
available anti-microbial and anti-viral product for food-use and non-
food use surfaces. All ingredients within Xtreme-RT are listed as
exempt active or inert ingredients (40CFR152.25; 40CFR180.950).
Xtreme-RT has been tested in lab-scale culture experiments against the
Florida red tide dinoflagellate, K. brevis, and was found to reduce cell
concentrations, presumably by inducing cell lysis.

Approach: Laboratory and mesocosm-scale studies were performed
with Xtreme-RT and cultured K. brevis to evaluate the effects on cells and
brevetoxins and to determine the effective concentration. In 1.5 L beaker
experiments with K. brevis cultures diluted with filtered seawater to ~
1.0 x 10 cells I, additions of Xtreme-RT at 10 pl 1! and 50 pl I'!
concentrations reduced cells within 4 h by 88.8 % and 100 %, respec-
tively. Scaling up to 1400 L mesocosms with an initial concentration of
~1.2 million cells I'! of K. brevis, dosing at 25 ul 1" reduced cells by 87.6
% within 4 h and by 99.6 % within 24 h. No direct effect on toxin
reduction was shown in either test.

A near-shore bloom in 2025 presented the opportunity to test
Xtreme-RT deployment in the field. Site selection for field deployment
and testing was accomplished through a modified survey sampling of
likely bloom areas in coastal waters within a three-day window imme-
diately prior to application. A residential canal adjacent to the Venice,
Florida, USA inlet was chosen for testing due to the elevated K. brevis
concentrations present (>4 x 10° cells 1'1), the canal size and configu-
ration with a single access area, and nearby available boat access. Target
dosage (25 pl 'Y of Xtreme-RT was calculated for the estimated volume
of the one-acre area of the canal. The depth of the canal at high tide is
roughly 2 m, and so 48.9 gallons of product were required to achieve a
25 ul I'Y level in the canal.
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Product delivery was achieved by a small barge equipped with a
multi-nozzle sprayer on an adjustable arm which can deploy product
across a 10-ft wide area and down to 6 feet below the water surface.
During delivery, 50 gallons of Xtreme-RT was applied to the canal in a
lap formation, dispersed approximately one foot below the surface.
Xtreme-RT is heavier than water and will sink, making surface appli-
cation feasible. The use of subsurface spraying was intended to disperse
the product to the final target concentration quickly, without the need of
high surface concentrations.

Water was sampled at two depths (~0.5 and 1 m) within the canal at
four sites, both immediately prior to product application, and then 1 and
2 h after. Initial K. brevis cell concentrations were highest near the closed
end of the canal (Site 1; Fig. 8) and lower towards the mouth of the canal
(Site 4; Fig. 8). Initial cell concentrations averaged 1.7 x 10 cells I'! at
the four sites. K. brevis cell concentrations decreased on average 31.4 %
1 h after treatment and 51.4 % two hours after treatment. The per-
centage of abnormal spherical shaped K. brevis cells, an indicator of
stress (Owen, 2015; Novoveska and Robertson, 2019), increased from
2.2 % initially, to 22.4 % across all sites after 2 h, indicating that further
cell reduction may have occurred after testing. As in previous lab tests,
effects on toxins were minimal. Total analyzed brevetoxin concentra-
tions were reduced by 20 % and 19 % at sites 1 and 2, respectively, while
site 3 showed no change in brevetoxins and site 4 had an increase of 8 %
toxin concentration (Fig. 8).

Successes and Challenges: This field study was the first test of a plant-
derived formula on a K. brevis bloom in situ. Removal efficacy had not
previously been tested in such a short time frame or on a high-density
natural bloom. Results demonstrated that a plant-based liquid can be
quickly deployed by boat, and that multiple vessels can be used to
conduct synchronized sampling and dispersal. Dispersal of 50 gal of
Xtreme-RT applied at a rate of 3-gal min"! was achieved in under 20 min
over a one-acre area (4047 rn2).

Removal of K. brevis averaged 51.4 % across all sampling sites and
depths. Efforts are underway to enhance efficacy since the population of
K. brevis could readily rebound to the initial population density just a
few days after the initial dispersal, requiring further treatment. Higher
concentrations of 50 ug 1-1 removed nearly 100 % of cells in flask
studies, but cost and potential non-target toxicity concerns encouraged
the use of lower concentrations in this field study.

Toxins were not reduced during the field trial. Studies have shown
brevetoxins transform in water due to bacterial, chemical, and photo-
lytic degradation (Shetty et al., 2010; Abraham et al., 2006; Baden et al.,
2005; Hardman et al., 2004). Thus, removal of cells is expected to lead to
toxin removal over time and expedite the restoration of the impacted
area.

Although the effect of treatment with Xtreme-RT on the broader
ecosystem was not measured in this preliminary study, there were no
apparent negative impacts on the abundance of the diatom Skeletonema
costatum, the next most abundant phytoplankton species at the start of
the experiment. Future studies would benefit from comprehensive
ecosystem monitoring to evaluate effects on marine animals, submerged
vegetation, and aerosolized toxins.

The cost of Xtreme-RT to treat an acre with 50 gallons was 3000 USD,
which scales to approximately 741,000 USD per km?. Clearly, additional
work is needed to determine how economies of scale can reduce costs
and how these balance against impacts. Furthermore, a challenge,
especially for biodegradable formulas, is to confirm chemical concen-
trations during in situ testing.

5.3.4.1. Regulatory and social issues. Regulatory issues for pesticides in
the U.S. are minimized using “minimum risk” ingredients, but the level
of social acceptance is not yet known for these types of chemicals
dispersed into coastal waters with sensitive resources present (e.g., coral
reefs, manatees, seagrasses). Though FIFRA registration is not required
for Xtreme-RT, determination of the concentration, frequency, and
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Fig. 8. Karenia brevis control field trial near Venice, Florida USA. Location of canal and test sites (top). Barge equipped with mobile sprayer arm (left). Total K. brevis

cell concentrations before and after treatment, average of 2 depths per site (right).

optimal sites for potential large-scale control activities must be informed
by additional investigations into off-target toxicities, residues, changes
in water quality, and long-term ecosystem effects.

5.3.4.2. Scalability and breadth of applicability. Xtreme-RT already has a
commercial market and thus the inventory, production, and distribution
capability for the product is large enough to treat a 100 km? area. Tests
show the product degrades or dilutes within 24-48 h. Biodegradation is
attractive for preventing residue accumulation, but it remains unknown
if multiple treatments would be required to sustain bloom suppression,
particularly if an organism migrates through the water column. A liquid
plant-based bloom control tool could be applied by land- or boat-
mounted sprayers in canals and near-shore areas and in theory, aerial
spraying could cover large bays.

5.4. Physical bloom control

Physical control methods for blooms span methods that physically
harvest, settle and bury algal cells, as well as methods that limit or block
the spatial extent or impact area using booms or other barriers. Me-
chanical means of managing algal blooms include dredging of sedi-
ments, sonication, aeration, oxygenation, deep-water upwelling, and
clay dispersal.

Physical removal of sediment through dredging can effectively
eliminate HAB resting stages, including akinetes, diatom resting cells,
and cyst beds. Sediment disturbance or deposition of sand or other
material (e.g., offshore sediments; Brown et al., 2019) can bury these
cells below the oxygenated surface layer, inhibiting germination
(Kidwell et al., 2015; Anderson, 2017; Brown et al., 2019; Sellner and
Rensel, 2018). Tilling or plowing of bottom sediments also may help
control HABs by resuspending non-harmful, fast-growing algae species
(e.g. diatoms) along with nutrients, helping to rapidly form blooms of
non-harmful species that competitively outnumber HAB species (Imai
et al., 2021; Ohara et al., 2023; McClimans et al., 2010).

Ultrasonic technologies have been investigated as a management
option for freshwater cyanobacterial HABs but not yet for marine HAB
control. The method is based on longitudinal ultrasonic waves forming
cavitation bubbles that potentially lyse or inactivate cells when they
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collapse (Suslick and Flannigan, 2008; Wu and Nyborg, 2008). How-
ever, the effects are not restricted to HAB species and there are con-
flicting results in its application (Li et al., 2014b; Park et al., 2017;
Liirling and Tolman, 2014a,b; Liirling et al., 2014; Klemenci¢ and
Klemencic, 2021; Bohrerova et al., 2023; Purcell et al., 2013). Bubble
curtains (or direct aeration) have been used to form physically protec-
tive rings around fish enclosures during marine HAB events, which can
significantly improve survival over that in non-treated cages (Sellner
and Rensel, 2018; Gallerado-Rodrieguez et al., 2019). Although
exploratory work continues using all these approaches, the two most
widely used physical control methods are deep-water upwelling and clay
dispersal.

Other than potentially restricting nutrient inputs (Lapointe et al.,
2021), there are no documented approaches for controlling harmful
macroalgal blooms (e.g., Sargassum, Ulva). Control of these events
include a variety of physical approaches, including collection at sea,
physical barriers to contain blooms, and manual or mechanized removal
of macroalgal biomass from beaches and sensitive habitats.

5.4.1. Case study - deep-water upwelling at Canadian fish farms

Background: Deep-water upwelling or airlift aeration is one of the
most widely used and efficient methods to protect fish aquaculture net
cages from HABs (Sellner and Rensel, 2018), though this method might
be characterized as a mitigation strategy rather than bloom control or
suppression. The goal of airlift upwelling is to replace surface water
occupied by high concentrations of HAB cells with deep water where few
cells are present. The bottom water functions as a dilution mechanism
but also creates lateral advection at the surface that can transport HAB
cells away from the fish cage. Results are improved using perimeter
skirts. Fish-killing HABs act by damaging fish gills through either
exposure to toxins or other harmful compounds, or to mechanical
damage from diatom spines. While reduced feeding of the fish (less
respiratory demand) helps to mitigate these impacts, deep-water up-
welling also can help by increasing the dissolved oxygen saturation,
particularly when the airflow is combined with oxygen.

Fish farms in British Columbia, Canada, are large, typically produc-
ing 2500-5000 tons of salmon and are sites where HABs can have major
economic impacts (Trainer et al., 2020). The primary HAB threat in
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British Columbia is Heterosigma akashiwo, a raphidophyte, though a few
other HAB species also are of concern (e.g., species of the genera
Chaetoceros and Pseudo-nitzschia).

Implementation: Deep-water upwelling systems currently are uti-
lized across all aquaculture farms in British Columbia, with growing
interest and adoption by other countries as they face increasing occur-
rences of annual plankton blooms and associated fish mortalities. The
decision process for activating upwelling relies on high quality phyto-
plankton monitoring of the surrounding waters, with a focus on prob-
lematic species. Companies rely primarily on manual microscopy
techniques, and some have adopted automated microscopy (e.g., the
FlowCam or the Imaging FlowCytobot), or both (D. Trethewey, pers.
comm.), with qualitative and quantitative sampling being done during
each tidal cycle during the elevated risk months. Characterizing both the
spatial and vertical distributions of HAB species with discrete sampling
and net tows (for low-density HABs) is important as it informs whether
the depth of water drawn for upwelling will decrease or exacerbate the
HAB impacts. It is also critical that the farmers capture and enumerate
all HAB species, as each has a different threshold for triggering the
bloom control protocol.

For implementation, a compressed air hose is lowered below and in
the middle of the fish cages to allow the drawing of deep water upwards
into the cages. In British Columbia, many fish farm sites are in areas with
strong current velocities, and the net cages are large enough to receive
the upwelled water without excessive lateral dispersion. If the cages are
placed in a side-by-side configuration parallel to the current (Fig. 9),
adjacent cages can share the upwelled water, reducing the need for
additional pumping systems.

Application Evaluation: The use of deep-water upwelling has been
optimized by fish-farm personnel through a long interval of trial and
error. What follows is the best practice approach that has evolved at
Grieg Seafoods in British Columbia.

Dispersing compressed air at depth with a surface pumping system
requires substantial energy. Finding the right balance between air
pressure and volume of transport is a constant challenge to farmers, with
the effectiveness of these systems being constrained by their capacity.
For instance, a system generating 90 PSI can push air down to a
maximum depth of 14 m, which may not be deep enough for water to be
HAB-free. Modern systems often feature multiple compressors—up to
six, providing a total of 72 cubic meters per minute—and can reach
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depths of ~25 m. These systems use a network of aeration disks, com-
bined with precise control over the direction of airflow, to target areas
with high plankton concentrations within the cages. Integration of ox-
ygen into the aeration system also helps farms maximize dissolved ox-
ygen concentrations, a particularly important feature to reduce the
stress on cultured fish when upwelled deep waters have low oxygen
concentrations.

Large Scale Treatments: Farms typically use a combination of leased
compressors and purchased (capitalized) assets. The financial invest-
ment for a comprehensive aeration system on such farms generally falls
within the range of 200,000 to 400,000 Canadian dollars. This cost
primarily depends on the number of fish pens that need coverage, and
the complexity of the distribution channels required to ensure effective
air or oxygen delivery throughout the system. At maximum operational
capacity, each compressor consumes approximately 400 L of fuel per
day. It’s common for farms to operate between two to five compressors
simultaneously, depending on the scale of the operation and the im-
mediate environmental challenges faced, such as the intensity of the
HAB. If air compressors or suitable air blowers are already available,
capital costs for airlift aeration will be restricted to air lines and dif-
fusers. In regions where HABs are typically seasonal events (spring to
early fall), fish farmers may utilize rental compressors to further reduce
capital costs (Fig. 9).

Site selection and the use of proper equipment are critical concerns.
Depending on water clarity, some shallower sites may contain algal
populations throughout the water column, rendering the method inef-
fective. If bottom waters or sediments are rich in H,S, mixing of this gas
into surface waters could cause mortalities of the densely packed fish.
Another concern is high nutrient (N, P, Si) concentrations in the upw-
elled waters will promote algal production, potentially exacerbating
HAB conditions.

Successes and challenges. Currently, deep-water upwelling systems
are utilized with successful results across all aquaculture farms in British
Columbia, and there is growing interest and adoption by other countries
as they face increasing occurrences of HABs and associated fish mor-
talities. One of the challenges is obtaining timely data on phytoplankton
species abundance and composition. In the past, salmon farmers had to
submit water samples for phytoplankton analysis, which took several
days. This has been overcome by employing their own algae experts who
have built image libraries of local species of algae. These in turn have

Fig. 9. Deep water upwelling system used during a Heterosigma akashiwo bloom at a British Columbia, Canada, fish farm on the west side of Vancouver Island. Photo

credit: CPI Equipment, Inc.
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facilitated the use of automation and machine learning in surveillance.
In 2019, Grieg Seafoods had fewer mortalities from HABs than they
would have experienced without the combined deep-water upwelling
and automated monitoring. They also avoided starving the fish unnec-
essarily when algae were not toxic. The number of hunger days in 2018
were reduced by 41 % on their facilities in the Esperanza area, where
harmful algae can be a challenge.

Although deep-water upwelling generally has good results for British
Columbia fish farms (Sellner and Rensel 2018), it was not effective
against a bloom of the raphidophyte, Pseudochattonella, in Chilean
salmon farms during a major outbreak in 2016 (Clement et al., 2016).
This may be because fish farms were too shallow, such that the up-
welling brought HAB cells to the surface, rather than the desired
cell-free water. However, deep water upwelling and monitoring has
become the preferred approach of global fish aquaculture companies
with the approach now operational on fish farms in Canada, USA,
Scotland, Norway, Chile, and Tasmania/Australia (Table 2). It’s unclear
whether the impetus stems from an actual increase in HAB detection on
farms, an insurance industry requirement due to perceived risks, or some
combination of such factors.

It is noteworthy that fish farms that experience HABs infrequently
often report higher mortality rates. This paradoxical outcome can
largely be attributed to a lack of experience among staff members, who
may be less prepared to effectively respond to HAB events. Conversely,
sites that conduct daily monitoring of HABs are typically more aware of
potential threats and are quicker to implement bloom control strategies.
The insurance industry, recognizing the economic benefits of such
proactive approaches, is increasingly advocating for the effective
implementation of deep-water upwelling systems to manage these risks
more effectively.

Regulatory issues. There are no regulatory issues with deep-water
upwelling in Canada, mainly because aquaculture falls outside of the
equipment/construction government agency oversight. In British
Columbia, aquaculture companies often follow local laws regarding
electrical and construction standards. For plankton control systems, this
is mainly affected under boiler regulations which pertain to compressed
air requirements. A certified welder must put the manifold together, and
any vessel holding >15 PSI of air storage must undergo annual
inspections.

5.4.2. Clay control of HABs

Background: Clays are surface active substrates that rapidly adsorb
dissolved organic phases in seawater, including the mucopolysaccha-
rides on the surfaces of phytoplankton. Spraying a slurry of clay minerals
onto surface waters leads to the formation of clay/cell flocs that sink
rapidly to the bottom sediments (reviewed in Yu et al., 2017). In recent
years the method has been optimized through the use of the more
reactive clays and through additions of polymers, oxidants, or other
materials to the clay that can: 1) alter the surface charge of the clay
particles to improve their electrostatic reactivity with HAB cells; 2)
create long polymer chains to bridge among flocs, thereby trapping cells
through net or sweep capture as the aggregates settle through the water
column; and 3) sequester or destroy HAB toxins in the water column that
are released by cells captured and ruptured during flocculation.

A particular benefit of clay flocculation is that the flocs continue to
collect cells as they sink, so clay treatments added at the surface can be
effective through the mixed layer of the water column, an advantage
over most other HAB control technologies. There is also considerable
experience with the successful use of this approach at large scales (>100
km?) in marine waters of Korea and China for over 30 years (see below).
An attractive feature of this method is that it uses inexpensive and
environmentally benign minerals that often are a common constituent of
marine sediments. Another benefit is that the extent of removal of
different species from the phytoplankton assemblage varies with cell
size, cell concentrations, and cell wall constituents and morphology (Qiu
et al., 2017; Siclari, 2019). So, while it has been shown to be effective for
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many HAB species, its application still leaves a significant planktonic
“seed” community for ecosystem recovery.

One concern with the method is that although the clay mineral
matrix is chemically inert, any toxic materials (e.g., metals, toxins)
sorbed to clay surfaces may be ultimately released in the water column
or pore waters. However, studies have shown no negative effects on
benthos from multiple clay applications in Korea (Park et al., 2013) or in
China (Song et al., 2021), though the field treatments for these studies
have involved algal species that do not produce true neurotoxins. Recent
laboratory studies have shown no mortalities of crabs, urchins, or clams
exposed to sedimented clays containing brevetoxins (Devillier et al.,
2023; 2024). Another concern is that continued application of clays may
negatively affect benthic environments, though this is not an issue in
relatively well-flushed marine waters (Park et al., 2013). For other areas,
the quantity of clay needed for HAB removal can be remarkably low
(4-10 g/m? or 4-10 tons/km?; Yu et al., 2017), so negative impacts are
unlikely (Song et al., 2021).

5.4.2.1. Case study - use of clay to control HABs in South Korea. The
marine aquaculture industry in South Korea has a market value of 2.7
billion USD (Statistics Korea: kostat.go.kr/anse/). These fish and shell-
fish farms are distributed widely along the 2000 km-long southern coast
of Korea, primarily located at about 15-30 m depths, 200 to 500 m
offshore. The use of clay flocculation for HAB control is considered to be
one of the most advanced strategies based on the number of algal species
and habitats that have been studied, the number of studies on ecosystem
and environmental impacts, and the multiple uses of this technology
over relatively large areas (>100 kmz; Park et al., 2013). The bulk of this
work has been done in Korea and China, both actively using clay floc-
culation, but with significant differences in the types of clay used and the
way the clay is deployed. While other HAB control methods have been
examined in Korea [marine bacteria (Kim et al., 2008), microscreen
filtration and ozone (Kang et al., 2001), ultraviolet radiation (Jung,
2000), parasitic dinoflagellates (Park et al., 2004, 2013), and micro-
zooplankton predators of bloom species (e.g., Jeong et al., 2003, 2008),
only clay control methods have been used extensively in Korean waters
(Na et al., 1996; Choi et al., 1998; Kim, 2000; Sun et al., 2004).

Implementation: Historically, the first massive Margalefidinium pol-
ykrikoides blooms (maximum 30,000 cells mL 1Y) occurred in 1995,
resulting in 60 million USD loss of farmed fish (about 10 % loss of all
cultured fish products that year). This massive economic loss to the
aquaculture industry and the resulting public pressure resulted in the
decision by the Korean government to apply clay to control
M. polykrikoides blooms and to protect aquafarms in 1996. This decision
was based on studies in the late 1980s in which a field trial using natural
clay was conducted to control M. polykrikoides blooms near fish farms in
Japan (Shirota, 1989). In Korea, this natural clay was a yellow loess that
was readily available locally from nearby rivers.

Since its first application in 1996, natural clay dispersal has become
the prime control technique of Korea’s HAB management scheme for
fish farms (Notification no. 2024-760 of Ministry of Ocean and Fisheries
2024; Park et al., 2013). Since that implementation, M. polykrikoides
blooms have occurred almost annually (1000 to 50,000 cells mL™Y), but
with considerably lower fish-kill losses of 1-20 million USD each year
(Fig. 10).

Application Evaluation: Rigorous lab testing of the potential effects
of natural clay on shellfish and fish started after its emergency use in the
field in 1996. High concentrations of natural clay and with continuous
resuspension had initial negative effects on shellfish health, but health
returned to normal within 2 d after the clay treatment (Seo et al., 2008;
National Institute of Fisheries Science (NIFS) HAB report, 2013). No
negative effects were found on fish at 10 g 11 of clay (NIFS HAB report,
2013), concentrations generally well above that of clay dispersed in the
sea for HAB control (< 10 g I'! = ~ 100-400 g m™? clay dispersed).

The yellow loess used in all these lab studies and field applications is
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Fig. 10. Fish kill loss by M. polykrikoides blooms and amounts of natural clay dispersed in Korean marine waters for HAB control. Key milestones: 1995 - first bloom
occurrence (maximum 30,000 cells mL’l, bloom period 55 days), 1996 - first generation (1 G) clay dispenser, 1999 - second generation (2 G) clay dispenser, 2001 -
start of electrolyzed clay dispersal (3 G), 2003 - the largest red tide outbreak (maximum 48,000 cells mL?, bloom period 62 days), 2013 - earliest bloom (July 17)
occurrence (maximum 34,800 cells mL™, bloom period 48 days), 2016 - start of modified clay dispersal, 2020 to 2024 - no fisheries damage caused by red tide (low

density blooms occurred at 300 to 8500 cells mL™).

a natural material that is only moderately effective in removing HAB
cells. Studies showed that using electrolysis to alter clay surface charges
greatly improved cell removal (Park et al., 2013), and further study
examined the use of chemical modifiers to enhance HAB removal effi-
ciencies. The following four clay types have received approval for use in
South Korean marine waters:

1. Unprocessed clay: Seawater is pumped and mixed with natural clay
in a chamber to produce a slurry of clay aggregates that is sprayed
over the sea using a first generation (1 G) clay (slurry) dispenser. This
method is simple to apply and can be used by small fishing boats or
fish farm rafts.

2. Fine clay: Breaking the natural clay into finer aggregates before
dispersal improves the efficiency of HAB removal by ~10 %, though
application costs increase 60-fold. A second generation (2 G) clay
dispenser was developed that uses three blades rotating at high speed
in a mixing chamber, which crumbles the clay and mixes it with
seawater before spraying the slurry directly into the sea from boats.
This method generates a larger portion of clay aggregates < 50 um,
roughly equivalent to the ~40 um size of M. polykrikoides, which
increases cell-clay aggregation rates and HAB removal efficiencies by
10 % to 60 %.

3. Electrolyzed clay: The short-term dispersal of large amounts of clay
has the potential to negatively impact benthic organisms (e.g.,
clams) by disturbing feeding patterns, suffocation, or burial
(Shumway et al., 2003; Archambault et al., 2004). A third generation
(3 G) clay dispenser (electrolytic clay dispenser, ECD) was therefore
developed that minimizes the quantity of clay used and enhances the
HAB removal efficiency. With ECD, the seawater is hydrolyzed via an
electrical current to produce sodium hypochlorite (NaOCl) and then
clay is added to the hydrolyzed seawater to produce a seawater/clay
slurry. NaOCl is widely used as a cost-effective way to inhibit
seawater biofouling of ship and electric power plant cooling systems
(e.g., Christian et al., 1995). The concentration of NaOCl is
controlled by adjusting the electrical input, and NaOCl is converted
back to NaCl under sunlight (Jeong et al., 2002). The potential
harmful effect of electrolyzed clay was tested against various marine
organisms. Electrolyzed clay can kill red tide dinoflagellates at
300-500 ppb of NaOCI on the clay, but other organisms including
finfish, diatoms, brine shrimp, and macroalgae (LDsg at 1200-12,000
ppb) were much more tolerant to NaOCl (Jeong et al., 2002).

4. Modified clay: To identify better control substances to use with clay,
160 commercially available materials used for other purposes (e.g.,
water or soil treatments) were investigated by the Korean Ministry of
Oceans and Fisheries. Of these, four were found to be safe and
effective, and are approved and applied in Korean waters: a) clay
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powder with palm oil; b) clay plus shells of shellfish; ¢) mudstone;
and d) clay with sophorolipid (glycolipid liquid from the yeast,
Candida bonbicola). The timeframe for approval of modified clay was
3 to 10 years from their initial evaluation, primarily due to the
funding needs at each step of the process.

Ecosystem impacts due to clay dispersion, particularly the benthos,
have been assessed since 1998. The National Institute of Fisheries Sci-
ence has monitored environmental changes in areas where yellow clay
has been frequently dispersed during M. polykrikoides blooms, with an
emphasis on the benthos. No significant impact on the biomass or spe-
cies composition of the benthos, such as annelida, mollusca, decapoda,
or Arthropoda have been observed in the areas of clay dispersion and
control (Park et al., 2013). Due to the effectiveness and practicality of
clay, clay dispersal has become a central element of Korea’s manage-
ment scheme. In fact, many fish and benthic organisms in the treatment
area seem to thrive on the clay substrate (Park et al., 2013). For the last
15 years, effects of clay dispersal on the benthos have been monitored in
clay dispersal areas. Before and after clay dispersal, no significant
changes were found in the number and diversity of benthic organisms.
No fish or shellfish kills were observed following treatments with high
concentration (10 g 1) of natural clay in laboratory and mesocosm
experiments (NIFS, 2013).

Large Scale Treatment: Modified clays currently are used for HAB
control primarily at commercially valuable shellfish farms (e.g. abalone)
even though the costs are up to 10 times higher than for natural clay. The
higher costs are offset in part by using smaller amounts of modified clay
for similar levels of HAB removal, which is a benefit because it mini-
mizes potential negative impacts on the quality of shellfish products. For
example, dispersal of 200 tons of natural clay km™ yields ~ 70 % HAB
removal, while only 100 tons of modified clay km? is needed for a
similar level of removal. Local governments can choose control methods
from 1, 2, or 3 G clay dispensers (described above) or modified clay,
which depends on budget, the commercial value of the aquafarm,
farmed fish or shellfish, geographical location, and HAB density
(Fig. 11). Electrolyzed clay is used when blooms are large (>100 kmz)
and significant fish kills are expected.

The decision to initiate clay dispersal is guided by the South Korea
Ministry of Ocean and Fisheries online alert system, which reports local
government data on the concentrations of M. polykrikoides near fish
farms. Clay dispersal is initiated when concentrations exceed 100,000
cells I'! over a wide area. The clay already has been moved from storage
(usually in June) before the typical bloom season onto a barge centrally
located offshore for easy distribution to the participating boats. Several
hundred boats owned by local fishermen and local governments are
directed by the Ministry of Ocean and Fisheries to the locations where
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they should spray the clay. Clay is sprayed while facing away from the
farms, targeting the areas where the M. polykrikoides bloom is occurring.
In the case of large-scale blooms, clay dispersion may continue for up to
four months. Spraying is repeated daily until M. polykrikoides cell
abundance is below the threshold levels established by the Ministry of
Ocean and Fisheries. These data are collected by: 1) marine police using
helicopters to give real-time locations; 2) local government monitoring
of coastal water; and 3) research vessel monitoring. Data are entered
into a central database using cell phones by all groups to allow real-time
decision-making by the government. Each local government makes the
decision to continue or stop spraying, then reports this decision to
Ministry headquarters. Every year in June, a practice event is held so
that all participants in the actual spraying event are prepared. A detailed
300-page manual has been written describing the step-by-step opera-
tions to guide the practice sessions and the entire spraying process,
including the decision-making by various government entities.

Regulatory Issues: The evaluation process for new control materials
in Korea follows a standard four-step protocol for approval of any water-
treatment chemical: 1) assess and document the potential natural
toxicity; 2) evaluate the control method in the laboratory; 3) evaluate
the method at sea; and 4) undergo committee review for approval. The
first step is a document review that includes affordability, usability, eco-
friendliness, and accessibility. An important aspect is that the material
cannot include toxic components by environmental water quality stan-
dards. The second step is laboratory tests, including efficacy of
M. polykrikoides removal and survival rate of phytoplankton,
zooplankton, shellfish, and fish in bioassays. The third step involves a
mesocosm experiment in the sea including evaluation of water quality,
survival rate, and cell removal efficiency. This step is a primary road-
block for moving forward, primarily due to cost. Candidate methods
must have a high likelihood of success to reach the mesocosm stage. The
last step of the evaluation is field deployments along the southern
coastline of Korea. Separate funding is required for each of these steps,
so the process takes several years before approval is granted.

Once the evaluation studies are completed, the findings are reviewed
for approval by a 15-member committee composed of experts from
universities as well as local and national government. Following
approval, the local and national governments pay all the preparations
needed for implementation in the field (Table 4). There is no cost for
government employees used for the clay dispersal (up to 120 people per
day).

Societal Issues: There is strong government and society support for
the use of clay dispersion as a HAB control method along the south coast
of Korea. Moreover, there is active societal participation in its imple-
mentation. This enthusiasm likely stems primarily from the demon-
stration of limited environmental impacts from clay dispersion after
many years of use, along with the broad economic consequences that
untreated HABs generate.

Scalability and Breadth of Applicability: The clay products tested and
implemented already have a demonstrated broad scalability in marine
waters. The use of clays for HAB organisms other than M. polykrikoides
needs testing, as its effectiveness will be influenced by algal surface to
clay interactions, and relative particle sizes, with aggregation potential
increasing as particle sizes become more equal. Likewise, since the
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yellow loess used for HAB control is not very effective in removing
ichthyotoxins (Seger et al., 2017), other clay choices should be
considered.

5.4.2.2. Case study - use of clay to control HABs in China. China has been
working with clays to control HABs for more than three decades. The
clay used most frequently in China is a purified kaolinite clay that has
been combined with the inorganic polymer polyaluminum chloride
(PACQ). This step reverses the inherent net negative surface charge of the
clay to positive, thereby increasing the electrostatic attraction of the
clays to net negatively charged HAB cell surfaces (Yu et al. 1994a). The
result is that HAB cell:clay aggregation rates increase, due both to
improved particle:particle electrostatic attraction (coalescence) as well
the formation of large, more diffuse aggregate networks linked together
with the long PAC chains. The network of PAC-linked flocs that settle
through the water column “sweep capture” HAB cells, augmenting
electrostatic cell removal. The resultant higher single-cell capture rates
and higher particle sinking rates creates more effective bloom control
with this modified clay relative to non-modified clays (Fig. 12). In
addition, a residual effect of MC sorption of HAB cells is the inhibition of
cell division, further restricting HAB development (Zhu et al., 2018).

Note that the Chinese researchers who developed this technology call
their product Modified Clay (hereafter MC). There are, however, mul-
tiple clay formulations from other research teams that incorporate oxi-
dants, polymers, algaecides, or other materials, so we refer to these with
the generic term “modified clays”.

Implementation: Studies of the efficacy of MC as a HAB control
approach have been conducted in both large mesocosm tanks and in
open waters. The first field studies using MC were conducted in 2005 to
suppress cyanobacterial blooms in a 4 km? freshwater lake in Nanjing,
China. The Nanjing Environmental agency monitored the bloom and
environmental changes during MC treatment and concluded that MC
was effective in controlling the cyanoHAB while being environmentally
benign (Mei et al., 2010). Following that successful application, MC was
gradually accepted by the Chinese government, the public, and marine
stakeholders, which enabled its large-scale use for marine HAB sup-
pression on multiple occasions in Chinese coastal waters from 2005 to
2011 (Yu et al., 2017; Qiu et al., 2017; Jiang et al., 2023; Zhu et al.,
2024).

Application Evaluation: The efficacy of MC for HAB control has been
tested in the laboratory with many HAB species, including Heterosigma
akashiwo, Procentrum mininum, Procentrum donghaiense, Nizschia closte-
rium, Alexandium tamarense, Skeletonema costatum, Chattonella marina,
Phaeocystis globosa, Aureococcus anophagefferens, Scrippsiella trochoidea,
Isochrysis galbana, Karenia mikimotoi, K. brevis, Chlorella vulgaris, Litope-
naeus vannameri, Nannochloropsis sp., Alexandrium catenella, Amphidi-
nium carterae, and microscopic propagules of Ulva prolifera (Yu et al.,
1994b,c; 1995; 1999; Song et al., 2003; Cao et al., 2004; Cao and Yu,
2003; Wang et al., 2014a; Liu, 2016; Liu et al., 2016a, 2016b; Jiang
et al., 2021; Qiu et al., 2017,2020; Jiang et al., 2021, 2023; Dong et al.,
2021; Liu et al., 2022; Wang et al., 2023a,b; Yu et al., 2023; Li et al.,
2023; Zang et al., 2024). Removal efficiencies during these lab tests
typically can reach > 80 - 90 % at doses ranging from 0.1 - 0.5 g I'%.

The effects of MC also have been tested on a wide range of non-target

Fig. 11. Various methods of clay dispersion for HAB removal in Korea. (A) 2 G clay dispenser; (B) 3 G clay dispenser; (C) Spraying modified clay.
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Table 4

Harmful Algae 150 (2025) 102989

Cost of clay dispersal for HAB control in Korea (USD). Modified from Park et al. (2013).

Details Priceof clay ~ Clay stored (10* tons  Cost of clay transport (1 dump truck,  Cost of 1 clay dispenser and  Cleaning costs of ship (1
of clay) 1 excavator)" 1 ship sprinkler truck)”
Cost 20 USD per 820 USD per year 1250 per day 1900 USD per day 1500 USD per day
ton
To control 200 km? of HAB 20 tons per 820 USD per year 4.5 vehicles per day 20-"40 ships per day 5-10 trucks per day
area day
Total cost per day (200 km?of 400 USD 820 USD per year 50006300 USD 38,000-76,000 USD 7500:-15,000 USD
HAB area)

1 Clay is transported by dump truck from storage facilities near the coast to bloom-affected areas. Then excavators are used to transfer the clay onto vessels, including

ships and barges, used for HAB control.

2 After the dispersion process is completed, sprinkler trucks are used to clean the control vessels.

Dispersal of natural or modified clay

Clay-cell flocculation,
electrostatic capture

Sinking of clay flocs
and “sweep capture”
of deeper cells

oo

Fig. 12. Method for HAB control using MC. At the surface, the clay/PAC mixture is sprayed as a slurry over the water surface, where flocs form between positively
charged clay particles and negatively charged HAB cells. As these flocs settle, polymer chains linking floc particles act as a net and sweep capture additional HAB cells
lower in the water column. The flocculated materials are then deposited on the sediment surface. Created at https://BioRender.com.

planktonic, pelagic, and benthic organisms. These studies include fish
species (turbot embryos, Zhang et al., 2019a; Atlantic salmon, Zhang
et al., 2019b; marine medaka Oryzias melastigma, Zhang et al., 2022), a
number of shrimp species (the opossum shrimp Neomysis awatschensis,
Wu and Yu, 2007; juvenile kuruma shrimp Penaeus japonicas, Song et al.,
2003; Cao et al., 2004; Wu et al., 2006; the white leg shrimp Litopenaeus
vanamei, Song et al., 2021), bivalve species (the Pacific oyster Crassotrea
gigas, Gao et al., 2007a; the yesso scallops Patinopecten yessoensis and
Mizuhopecten yessoensis, Wang et al., 2014a; Meng et al., 2022; the hard
clam M. mercenaria, Wang et al., 2019), abalone (Haliotis discus hannai
juveniles, Zhang et al., 2020c), and sea cucumber (Apostichopus japnoi-
cus, Wang et al., 2014b). In all cases, no significant negative impacts
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have been observed at MC loadings used for effective HAB removal in
laboratory cultures and tanks (typically 0.1-0.3 g I'}; reviewed in Song
etal., 2021). The low environmental risk from MC is expected given that
the modifying agent PAC is used as a flocculant in water purification
treatments for drinking water and wastewater treatment.

An attractive feature of MC is that the surface modification can be
optimized for different HAB species. In recent years the method has been
optimized through the use of more reactive clays, and through additions
of polymers, oxidants, or other materials to the clay that can alter the
surface charge of the clay particles to improve electrostatic reactivity
with HAB cells (Li et al., 2023; Liu et al., 2023), create long polymer
chains to bridge among flocs, thereby trapping cells through net or
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sweep capture as the aggregates settle through the water column (Yu
et al., 2023; Jiang et al., 2023, 2025), and sequester or destroy HAB
toxins in the water column that are released by cells captured and
ruptured during flocculation (Song et al., 2023).

A new formulation of MC was developed to regulate excessive pro-
liferation of picoplankton (e.g., Nannochloropsis sp.) that can negatively
influence shrimp culture in Chinese aquaculture ponds. Rather than
PAC, clays were modified with other organic polymers, e.g. poly-
dimethyldiallyammonium chloride (PDA), a polymer of longer chain
length than PAC, to enhance the capture efficiency of the smaller cells.
In addition to successful removal of excessive picoplankton, this version
of MC also removed organic matter and pathogenic microorganisms,
such as ciliates, bacteria, and viruses (Chi et al., 2022; Chi et al., 2024;
Ding et al., 2022, 2021; Zhu et al., 2023). Over 300 acres of culture
ponds have benefitted from this MC usage since 2020.

MC has the added potential benefit of influencing water quality in
ways that can reduce the intensity of HABs. PAC and alum (a closely
related aluminum compound) are used in lake restoration to immobilize
dissolved nutrients and transport them to bottom sediments (e.g.,
Kasprzak et al., 2018). MC is particularly effective for removing dis-
solved phosphate (up to 98 % at high MC loading; Deng and Shi, 2015)
and dissolved silicate (40-60 %) in diatom cultures (Lu et al., 2015). In
contrast, there is minimal absorption of nitrate or ammonia (Song et al.,
2021). MC also has been shown to slow the release of nutrients from
sinking cell:MC aggregates, thereby reducing the influence of legacy
nutrients (Lu et al., 2015). Reductions in chemical oxygen demand have
also been reported with the use of MC (Gao et al., 2007b; Yu et al.,
2017).

Large Scale Treatment: During early-stage applications, specially
modified fishing boats were used to disperse MC by pumping from tanks
containing a clay/seawater slurry. Later, multiple platforms and
equipment were developed for different types of applications and scales.

Harmful Algae 150 (2025) 102989

A dedicated clay dispersal craft was designed for applications in shallow
waters. For nearshore, localized treatments such as around aquaculture
ponds, a series of portable, self-feeding sprayers were developed and are
available through manufacturers affiliated with the Institute of Ocean-
ology, Chinese Academy of Sciences (IOCAS). Larger-scale applications,
such as an ongoing program for nuclear power plant treatment, neces-
sitated the development of a ship-mounted sprayer module capable of
holding six tons of MC that can be automatically mixed with seawater
and applied with a 55 m wide spray. At loading rates of 4-10 g MC m™
(=4-10 tons km™), this bloom control strategy is relatively inexpensive
for use over large areas, as is currently the case in China.

One highly publicized effort was to clear a Chattonella bloom at the
sailing venue of the 2008 Olympics in Qingdao, China (Yu et al., 2017).
Thirty fishing boats were used to spray 360 tons of MC over an area of 86
km? (4 tons/km?) in 30 h, successfully clearing the water for the event
(Fig. 13). Another major field treatment occurred in 2015 when a
massive Phaeocystis globosa bloom threatened to clog intakes for the
critical cooling water of a nuclear power plant in Fangchenggang City,
Southern China (Yu et al., 2017). The MC product and sprayers were
mobilized to the site, an implementation plan was developed, staff were
trained, and a three-month campaign implemented from Dec. 2015 to
Feb. 2016. Repeated treatments were applied to the 2 km? cooling water
intake channel and pond, as well as a 6 km? buffer area adjacent to the
inlet channel (Fig. 14). These efforts were successful at keeping bloom
concentrations low which enabled the nuclear plant to continue unin-
terrupted operations.

Successes and Challenges: MC dispersal is now widely accepted for
HAB control in China. Over 20 large-scale MC treatments have been
conducted nationwide to date, the largest covering 86 km? in 2008. To
meet the many different HAB and water quality challenges nationwide,
>10 formulations of MC have been developed and manufactured, some
focused on the control of HAB species, and others on environmental

Fig. 13. Large scale HAB suppression using marine clay in open (oceanic) waters in China.
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improvement, water quality, and aquaculture.

The surface modifications of clay offer an avenue for control not just
of HAB species but also the toxins they release on lysis or death. Many of
these lipophilic toxins still cause harm to higher trophic levels (e.g., fish
kills). While some clays have been shown to remove up to 58 % of dis-
solved brevetoxin (Pierce et al., 2011), the current versions of MC are
much less effective for brevetoxin (~0 - 30 %; D. M. Anderson et al.,
unpub. data). MC also showed no significant effects on dissolved para-
lytic shellfish toxins (PSTs; Song et al., 2021). Efforts are underway to
develop MC with immobilized oxidants that can target toxins. For
example, MC modified with potassium peroxymonosulfate (PMPS-MC)
effectively removed Alexandrium pacificum cells and rapidly reduced
intracellular and extracellular PSTs toxicity at a concentration of 0.1 g
Mc 1! (Song et al., 2023).

In this context, it is worth noting that some ichthyotoxins (e.g., from
Margalefidinium, Karenia, Karlodinium, Prymnesium) can be effectively
removed by clays at lower concentrations (down to 0.1 g I'') than are
needed for cell flocculation (e.g., Seger and Hallegraeff, 2022). With this
as the focus, reduced quantities of clay might be used to prevent fish
mortalities at a lower expense and scale of effort than that associated
with efforts to remove significant numbers of intact cells.

Costs. MC is available commercially in China, and costs vary among
different formulations. The recommended loading rate for open water
application using a general type of MC is 4-10 tons km2 (Yu et al.,
2017). At the higher end of the loading range and assuming a dense
picoplankton bloom with high cell concentrations in an enclosed area,
20 tons km? might be needed. Regardless of the formulation used, the
total cost for MC products in most scenarios would be ~ 10,000 USD per
km?, not including the cost of vessels to disperse the clay, or the labor
involved. For applications in countries other than China, licensing
agreements would be needed so that MC could be produced nearer to the
treatment site at a lower cost.

Regulatory Issues: The approval of MC for HAB control proceeded
from lab tests to field applications, during which the public and local
authorities provided step by step comments and approvals. Initially,
there was no precedent for field control of large-scale blooms in China,
making it challenging for local authorities to approve potential tech-
nologies for field application. However, successes of field applications
using clay flocculation to suppress HABs in Korea helped to facilitate the
approvals. As there were no laws guiding the evaluation of the effects of
HAB control and potential impacts during the application, local au-
thorities asked the organization that developed the technology to pro-
vide relevant literature and a third-party evaluation to prove the effects
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and ecological safety. Independent experts were asked to evaluate the
potential approaches for field tests, and a third-party entity monitored
the field tests and provided those data to the experts for final judgement.
Further, an additional independent evaluation of the findings was con-
ducted to ensure their validity. The repeated applications and findings
then were summarized in the National Standard of Red Tide Control and
Emergency Plans of Red Tide Control documents, which provide a
baseline guide for the authorities and the public to use for future
applications.

Societal Issues: MC now is accepted by multiple stakeholders,
including local and national government authorities, infrastructures (e.
g., power plants), aquaculture companies, and the public. MC has been
listed in the National Standards issued by the Ministry of Nature Re-
sources (Technical guidelines for treatment with red tide disaster, GB/T
40,743-2014) as well as being incorporated into the emergency plans
for red tide control in many coastal provinces/cities of China. A Stan-
dard Operating Protocol for applying MC in the field has been developed
(Technical specification for red tide control with modified clay, DB37/T
4753-2024). This success has led to MC being commercialized in China.
Stakeholders can obtain the products in the market to use independently
according to the instructions, and third party, site-specific evaluations
are recommended before and after field application.

Scalability and Breadth of Applicability: As with clay dispersal in
South Korea, the scalability and breadth of applicability have already
been well demonstrated. Success of the method is leading to its
expanded use in Chinese coastal waters and multiple other countries.
For example, in a tilapia aquaculture area in Temenggor Lake, Malaysia,
2025, MC was sprayed around and into the cages for cyanobacterial
suppression. In Turkey in 2025, IZDENIZ, the Izmir Marine Enterprise
Inc, carried out a 10 km? operation with MC in Izmir Bay to control
Polykrikos hartmannii which caused serious fish mortalities. Beyond
these two cases, MC has also been applied in the field in the Barramundi
aquaculture sites in Vietnam, in the Johor Strait of Singapore, and has
been introduced into several other countries on a trial basis, including
Chile, Peru, Thailand, and Scotland.

5.4.2.3. Case study - use of clay to control HABs in the United States. Clay
flocculation to control HABs has been explored experimentally for over
two decades in the U.S., but this control strategy remains less advanced
compared to China and Korea, largely due to more stringent regulatory
requirements. After considerable early work on a range of clay types (e.
g., Sengco et al., 2001; Lewis et al., 2003; Sengco and Anderson 2004),
U.S. researchers moved away from this line of research due to strong
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Fig. 14. HAB control in the cooling water pond of Fangchenggang Nuclear Power Plant from 2015 to 2016. Red circles denote the concentration of Phaecystis globosa
colonies; green bars show the MC amount released into the pond. Modified from Yu et al., 2017.
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opposition from some segments of the public. A major problem was that
the most effective clay used by U.S. researchers at the time (termed
phosphatic clay; Sengco and Anderson, 2004) was a byproduct of
phosphate mining in Florida, and this material (and phosphate mining in
general) was associated with many deeply held environmental concerns
relating to organic contaminants and radioactivity in the clay. The
public was deeply concerned about the potential use of this material in
natural waters, despite its extraordinary efficiency in removing K. brevis
cells (Sengo and Anderson, 2004).

Work on clay flocculation essentially restarted in 2018 following a
major Florida red tide of K. brevis that lasted more than a year (Weisberg
et al., 2019), prompting many in the state to push for effective bloom
control strategies. The decision was made to work with new clays,
including the Chinese MC combined with PAC described above (Section
5.4.2.2). Since K. brevis was not a species that Chinese colleagues had
studied to that point, and the effects of MC treatment on potent neuro-
toxins produced by K. brevis had also not yet been studied by the Chi-
nese, the work began with small flask and tank studies, with and without
benthic animals (e.g., Devillier et al., 2023). Experiments then shifted to
small (80 L) and large (1400 L) mesocosm tanks containing clams, ur-
chins, and crabs (Devillier et al., 2024), again with MC as the main clay
to be evaluated, but with other clay formulations tested as well.

Application Evaluation: Although considerable work had already
been completed on the use of MC for HAB control (reviewed by Yu et al.,
2017) a major knowledge gap was the effects of potential release of
lipophilic neurotoxins when treating K. brevis. In this case, the treated
water as well as flocculated cells and clay debris could negatively impact
planktonic and benthic communities. In that instance, special constitu-
ents added to the clay might destroy or sequester toxins (e.g., oxidants,
activated charcoal) greatly limiting these impacts.

Recent studies (Devillier et al., 2023; 2024) used MC in aquarium
tanks containing K. brevis as well as blue crab (Callinectes sapidus), and in
1400 L mesocosms containing K. brevis, blue crab, urchins (Lytechinus
variegatus), and hard clams (Mercenaria campechiensis). The MC treat-
ments effectively controlled K. brevis cells, with >95 % cell removal in
several hours at clay loadings as low as 0.2 g I"! with no significant
negative impacts on the exposed animals compared to controls (K. brevis
only and clay only; Andres et al., unpub. data). Similarly, in earlier ex-
periments with K. brevis and a different clay, Lewis et al. (2003) found
that a PAC-modified phosphatic clay was non-toxic to infaunal amphi-
pods (Leptocheirus plumulosus and Ampelisca abdita), grass shrimp em-
bryos (Palaemonetes pugio) and larval sheepshead minnows (Cyprinodon
variegatus). Moreover, animal mortality in the clay treatment of cultured
K. brevis was not significantly different compared to untreated K. brevis,
meeting the “no greater harm” criterion often used to evaluate the
negative impacts of HAB control treatments.

In all the recent MC studies with K. brevis, a common finding was that
during the flocculation and sedimentation process, some brevetoxin was
released into the medium and was not adsorbed by the clay [e.g., Dev-
illier et al. 2024. This was evidenced by a decrease in parent brevetoxin
and an increase in derivative toxins over time, a pattern that can be
explained by toxin release after cell death and subsequent conversion of
parent toxins to other forms (Pierce et al., 2011; Abraham et al., 2015).
Furthermore, despite removal of 95 % or more of the cells in several
hours, the total toxin in the tank water decreased only 34 %, with the
difference being released, dissolved toxin. Although this release of toxin
during flocculation and sedimentation was a concern, the experiments
are still considered successful since most of the cells were killed or
destroyed. In a treatment of a natural bloom, an equivalent result would
suppress a bloom population and reduce future K. brevis development
over the succeeding weeks or months, so a short-term release of toxin
might be an acceptable outcome, particularly since the no-treatment
option would include animal mortalities and other impacts due to the
HAB itself.
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More recent studies have turned to further modifications of the clay
through the addition of algaecide, oxidants, or other bioactive com-
pounds (e.g., curcumin; Hall et al., 2024), and some of these either
release less toxin during flocculation and cell death or chemically
destroy or sequester the dissolved or particulate toxin. At this writing,
modified clay formulations are being tested that remove >95 % of the
K. brevis cells in 2 or 3 h, with 75-80 % toxin removal in 24 h (D. M.
Anderson, unpub. data).

Large Scale Treatments: There have been no field-scale or large-scale
treatments of clay dispersion for HAB control in the U.S. currently.

Regulatory Issues: Studies with MC and other modified clays in the U.
S. have predominantly been conducted in small tubes, flasks, and mes-
ocosm tanks. The next step in this development process will be pilot-
scale (~2000 - 4000 mz) studies of natural K. brevis blooms in canal
(physically constrained) sites to enable better controlled experiments.
This step requires multiple permits and permit exceptions. Details are
provided here so that those in the U.S. and other countries can learn
about the challenging process needed to get approval for small-scale
field trials. Locally, applications are needed to the Florida Department
of Environmental Protection (DEP) for de minimus permit exceptions (i.
e., impacts are expected to be small, so no permit is required). Approval
is also required from several U.S. federal agencies with mandates rele-
vant to the planned studies in marine waters, including the U.S. Army
Corps of Engineers (navigation and changes in water depth) and the U.S.
Fish and Wildlife Service (endangered species) and the National Oceanic
and Atmospheric Administration (NOAA) National Marine Fisheries
Service (protected/endangered species and critical fish habitat). It also
is necessary to gain pre-approval for multiple possible treatment sites
(typically canals or small embayments), given the unpredictability of K.
brevis blooms. For each site, agreements are needed from owners of
properties adjacent to the study area. Even with all local and state ap-
provals, final clearance for clay dispersal pilot studies is currently
awaiting determinations from the U.S. Environmental Protection
Agency (EPA) under the FIFRA and FFDCA regulations described above.

Societal Issues: As noted above, long-standing opposition to clay
dispersal for HAB control in FL has relaxed somewhat since the massive
bloom of K. brevis in 2018 and is no longer a major impediment
compared to the extended regulatory approval process for small-scale
testing at a restricted field site.

Scalability and Breadth of Applicability: U.S. application of modified
clays for marine HAB control is still in a testing or experimental stage.
This is in part because more studies are needed on efficacy and impacts,
but also because planned pilot-scale studies are currently stalled due to
U.S. regulatory requirements.

6. Final perspectives

The societal, economic, geographic, and environmental impacts from
HABs in marine waters have increased globally over the last 30 years
(Hallegraeff et al., 2021), as has the demand for acceptable, effective,
and scalable methods for controlling HABs in these systems. This review
has provided a summary of the status of marine HAB control technolo-
gies and applications with a focus on those that have been attempted on
relatively large scales, such as in mesocosm tanks or open marine waters.
This represents a subset of many technologies that are being evaluated
globally, but the relatively small number of case studies described here
highlights the significant challenges that still constrain efforts to control
HAB species in the field over large areas. These phenomena occur within
complex planktonic assemblages, they are distributed throughout a
water column that is mixing and advecting with tides and currents, and
the blooms can span spatial scales sometimes reaching hundreds of km?2.
As daunting as these challenges are, however, there are grounds for
optimism. As highlighted here, our capabilities and understanding are
substantially better and deeper than they were nearly 30 years ago
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(Anderson, 1997) and prospects for continued advancement are good.
Nevertheless, progress on bloom control technologies must continue to
accelerate to match the mounting global scale of the HAB phenomena
and its many impacts.

This compilation reveals some of the logistical and regulatory chal-
lenges that are commonly encountered. One view that emerges is that it
is significantly easier to implement HAB control strategies on natural
blooms in some nations/jurisdictions than in others. In part, this dif-
ference reflects the extraordinary social, cultural or economic value of
some HAB-threatened resources and the need to protect them, as is the
case with South Korea’s 1.5 billion USD fish farming industry. But this
difference also reflects varying national approaches to environmental
protection and regulatory tolerances. One example is in Europe, where
other than the treatment of an Alexandrium ostenfeldii bloom in the
Netherlands (see above), there have been no significant bloom control
efforts or studies, despite a long history of HAB impacts and research in
the region. In our view, this reflects in part the effectiveness of shellfish
monitoring programs and harvesting closures, which, though harmful,
are short-lived with impacts that can be managed. Another reason may
be a societal distrust of control technologies, perhaps linked to a lack of
understanding of current capabilities.

Another example is the modified clay (MC) that has been used
effectively on >20 occasions over large areas along the coast of China
(Yu et al., 2017), but which has yet to receive regulatory approval for
field testing in the U.S., despite significant effort. This discrepancy is
notable because there have been many published environmental impact
studies with MC (reviewed in Song et al.,, 2021) all reaching the
conclusion that this technology has minimal negative impacts compared
to those expected under the no-treatment option. Thus, the constraint in
countries that focus on environmental protections is not necessarily with
demonstrated dangers from the methodology, but rather the regulatory
requirements that require the submission of multiple types of data,
including ecotoxicological studies and residue analyses that are often far
beyond the capabilities and resources of the scientists and engineers
developing control strategies. In effect, substantial early investments are
required by developers to generate and submit data to obtain the
clearances for small-scale, in situ pilot studies that may ultimately
demonstrate their method will fail to control blooms.

Thus, in some countries, well intentioned regulations designed to
protect marine environments have impeded innovation and progress in
the emerging field of marine HAB control. In many cases these regula-
tions were not established to balance beneficial societal uses and envi-
ronmental protection of marine ecosystems. As a result, there is often no
clear pathway for advancing HAB control strategies. For example, in the
U.S., broad environmental protections initially enacted to protect ma-
rine habitats or specific species (e.g. Pacific salmon) now govern the
development of HAB control technologies intended to protect these re-
sources. In other cases, rules enacted to regulate treatments to control
harmful pests like insects or rodents are being applied to marine HABs.

One consequence in the U.S. is that investigators and end users may
forego investing in the development of new ideas and turn instead to
lists of “minimum risk” or exempt pesticides (or potentially inferior
chemical solutions) in an attempt to control HABs, as these have little or
no regulatory concerns compared to novel and potentially more effec-
tive compounds (see Section 5.2.3). Regulations have been established
for good reason, but might be seen as too restrictive, particularly on
research needed to advance HAB control methods.

Regulatory approaches to controlling other extreme natural phe-
nomena that can quickly become an urgent threat to life, property and
economy may offer useful lessons on how to balance societal benefits
and environmental risks of effective methods of HAB control. For
example, emergency responses to forest fires include large airborne
dispersals of flame retardants - chemical tools that are routinely
deployed but can pose environmental and health risks to plants and
aquatic life (Gimenez et al., 2004).

Notably, there has been more rapid progress on control of freshwater
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HABs versus marine HABs. Freshwater cyanobacteria control is opera-
tional with multiple established control strategies including chemical
methods, mechanical/physical approaches, and biological methods,
many of which are routinely implemented by water managers to protect
drinking and recreational waters (Kibuye et al., 2021a,b; Pokrzywinski
etal., 2022; Lefler et al., 2024; ITRC, 2020). These control methods have
been tested, optimized, and standardized for cyanobacteria manage-
ment, with proven effectiveness in reducing bloom magnitude, extent,
and frequency with many being commercialized specifically for cyano-
bacteria control. One reason why marine HAB control has lagged
freshwater control is that cyanoHABs are more uniform, widespread,
and have universal societal impacts (e.g., drinking water supplies). In
contrast, marine HAB control technology is harder to define because the
problems are more diverse in causation, species, toxins, and impacts. A
control technology developed for use against dense blooms of K. brevis (a
neurotoxin producer) may not be appropriate, for example, for blooms
of Aureococcus anophagefferns, the harmful, but non-toxic brown tide
organism. Not only are these species markedly different in size, physi-
ology, and habitat, but the resources impacted (and their value) differ
dramatically as well. The diversity in marine HABs and their impacts
may contribute to a poorly defined and fragmented market for control
methods, greatly restricting technology development and
implementation.

In countries where marine HAB control methods have been deployed
to protect highly valued aquaculture fisheries, such as Japan, South
Korea, and China, one common feature is the coordination and invest-
ment in developing control methodology by government entities. Much
of Japan’s HAB research, including the development of monitoring and
control technology, is supported by the Fisheries Agency. Although the
HcRNAV virus dispersal method (Case Study 5.2.2) is the only tech-
nology that has been put to practical use in Japan, the Japanese gov-
ernment continues to support the development of other control
technologies. In South Korea, a “HAB Control Technology Development”
program was supported by the National Institute of Fisheries Science
under the Ministry of Ocean and Fisheries from 1997 to 2016. This led to
the development of control methods such as clay dispersion devices and
deep-water upwelling. Another program, the “HAB Removal System
Development”, was led by the South Korean Ministry of Science and
Information and Communication Technology (MSIT) from 2013 to
2018. Algaecidal membranes, aquafarm filtering systems, and other
related technologies were developed through this program. Korea also
supported a public contest (“HAB Control Substance Development”)
organized in 2014 by the National Institute of Fisheries Science, which
identified four types of modified clay (Case Study 5.4.2.1) that ulti-
mately were approved for use.

In China, multiple authorities support HAB control research,
including the Ministry of Science and Technology (MoST) and the Na-
tional Science Foundation of China (NSFC). Prevention, Control, and
Mitigation of HABs (PCMHAB), sponsored solely by MoST, has been in
place since 2017. The PCMHAB program of China has focused mainly on
the development, demonstration, commercialization of applicable
technologies in monitoring, early warning, forecasting and emergency
control of HABs. These include HABs causing extreme losses to the
marine economy, such as the ichthyotoxic Karenia mikimotoi, and
Phaeocystis globosa. In recent years, similar programs were proposed by
other Ministries of China, including the Natural Resource Ministry and
the Ministry of Ecology and Environment. These programs focus on
much broader aspects of marine environmental protection, with HABs as
one concern.

In contrast, investments in HAB control by the U.S., European Union
and other countries have greatly lagged those of Japan, Korea and
China. This trend is changing in the U.S., however, where the National
Oceanic and Atmospheric Administration (NOAA) has implemented
Congressionally authorized, national HAB competitive research pro-
grams for nearly 30 years, adding a specific focus on HAB control in
2009 with the creation of the NOAA Prevention, Control and Mitigation
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of Harmful Algal Bloom (PCMHAB) program (74 Fed. Reg. 20465; htt
ps://www.federalregister.gov/d/E9-10187). In the ensuing years,
PCMHAB investments explored the viability of several marine HAB
control approaches and progressed two, algaecide IRI-160AA (5.2.3)
and modified clay (5.4.2.3) to the field demonstration phase. NOAA and
external partners created the U.S. Harmful Algal Bloom Control Tech-
nology Incubator (HAB-CTI) in 2022 to foster and help vet new and
innovative ideas for HAB control and to help researchers navigate
complex regulatory requirements governing in situ testing and later
commercialization steps. This innovative program provides “seed
money” for one-year, proof of concept projects which, if successful, may
lead to future federal or state funding. One U.S. state program, the
Florida Red Tide Mitigation and Technology Development Initiative
(RTMTDI) has funded multiple potential control technologies specif-
ically targeted on K. brevis HAB events. One of these is described in
Section 5.3.4.

7. Recommendations

Globally, HABs threaten communities, businesses, and governments
who are increasingly reliant on marine ecosystem services. Although
there has been progress in HAB control research, there are few practical
solutions for the majority of marine and estuarine HABs. Now is the time
to accelerate research, testing, and implementation of HAB control
methods to ensure continued safe access to vital marine resources. This
paper summarizes the state of HAB control science to document viable
options and highlights several methods that have been deployed in situ
to control blooms of marine HAB species. Despite over three decades of
research, only one effective bloom control option is in regular use
(modified clay dispersal), and then only in two countries (China and
South Korea). Some demonstrated and proven options are not in routine
use (e.g. applications of naturally occurring algal virus HcCRNAV in
Japan and hydrogen peroxide in the Netherlands). Other options show
promise but have not been adequately evaluated for scalability, cost
effectiveness, or environmental impacts (e.g., alginate beads prepared
with Shewanella sp. IRI-160 or IRI-160AA and modified clay in the U.
S.). Still other promising approaches are stalled by societal concerns,
regulatory hurdles or both. But the HAB research community is begin-
ning to tackle the demand for marine and estuarine HAB control tech-
nologies, bolstered in some cases by increased investments by
government agencies. However, current efforts are still far outshadowed
by the breadth of the global HAB problem.

Accelerating progress towards a suite of control methods fitted to the
most problematic HABs requires a reset of research perspectives, a re-
organization of research funding, formal involvement of industry and
commercial partners, and perhaps most importantly, a recognition that
some major HABs are like other actionable extreme events (e.g., forest
fires) regulations should allow for the development of viable control
solutions. A worthy "moon-shot" approach to consider is to advance
promising control efforts focusing on a small subset of HABs amenable to
control, in reliably HAB-prone "test bed" field sites, with coordinated
regulatory support, logistical help for short-term experiments, and
expertise to help managers and the public weigh the benefits of HAB
control versus the costs of no action. Here we present a list of recom-
mendations under three broad categories to help shape this and other
strategies to hasten the development of effective HAB control.

A) Identify which HAB phenomena are the most amenable to control
1) Identify HABs for which control efforts make sense both
economically and practically. For example, in an area with
routine monitoring for shellfish toxins, bloom control efforts
might not be needed since the resource and its related industry

are already protected to some degree by monitoring and
harvesting restrictions. This might be the case for areas subject

to paralytic shellfish poisoning outbreaks in the U.S., Europe,

and many other areas of the world where blooms are frequent
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and widespread, but where shellfish industries remain viable
and productive because of short-duration closures or quaran-
tine efforts. On the other hand, high-value resources such as
fish farms, power or desalination plants, or even tourist areas
might easily justify the cost and challenge of control efforts. In
those cases, an additional consideration is the distribution and
scale of the HAB. It may not be feasible to consider control of a
marine HAB spanning hundreds of km along a coast, but it
might well be possible to treat portions of those blooms that
have entered small embayments, estuaries, or canals, or to
attack the large marine bloom at hydrographic passes and
other entryways into inland waterways to keep the species
from spreading to new areas. The key is to keep expectations
reasonable considering the characteristics of the impacted
resource, the nature of the impacted region (hydrography,
configuration), and the susceptibility of the HAB species to
control efforts. Except for treatment of large-scale blooms in
Korea and China, the most effective current control options
can only treat blooms in small embayments or canals. The
lessons learned from such applications will help improve our
ability to expand to control solutions to more expansive
blooms under more challenging circumstances.

2) Assess the socioeconomic footprint of HAB events to gauge the

relative costs of bloom control against the value of the pro-
tected resource. The desire for HAB control is driven largely
by the economic loss of resources (Trainer et al., 2020), so the
greater the disruptions and cost, the greater the societal (and
thus regulatory) willingness to explore control options. The
value of the resource, risk of HAB-related disruptions to
resource use, and implementation costs are all important
factors that need to be understood and considered. There are
challenges associated with assessments of social and economic
HAB impacts (Suddleson and Hoagland, 2021) but a growing
body of literature details improved methods to assess eco-
nomic impacts and document HAB-related risks (Adams et al.,
2018; Jin et al.,, 2020; Suddleson and Hoagland, 2021).
Further, detailed studies of the total estimated implementa-
tion costs should be required for all promising HAB control
approaches. An example is the South Korean study (e.g., Park
et al., 2013) that provides an accounting of all relevant ex-
penses, from the cost of clay to the labor and ship time for
dispersal. Estimates of implementation costs of treatment
technologies under consideration will help to determine if a
control approach is justified by the socioeconomic benefit.
Likewise, better efforts to assess the socioeconomic impacts of
HABs and the costs of control methods will be key to driving
investment in HAB control strategies. Further the creation of a
standardized framework for cost-benefit analysis would be
useful. This information is critical to determine which entities
(e.g. government, businesses, individuals) or mix of entities
will likely take on responsibilities (e.g. costs, liability) asso-
ciated with implementing HAB control approaches and thus
will help shape the emerging marine HAB control market.

B) Develop and test promising HAB control methodologies
1) Promote international collaborations on new control ap-

proaches and extend existing approaches to new organisms
and habitats. Link the direct experience with HAB control in
some nations to innovations in others to optimize the devel-
opment of new strategies. International collaborations should
be encouraged via the Intergovernmental Panel on Harmful
Algae Blooms (IPHAB), its co-sponsors the UNESCO Inter-
governmental Oceanographic Commission (IOC), and the
Food and Agriculture Organization of the United Nations
(FAO), as well as through multi-national regional ocean sci-
ence bodies (e.g. the North Pacific Marine Science Organiza-
tion [PICES]), international conferences (e.g. the
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International Conference on Harmful Algae [ICHA]), and in-
ternational science programs (e.g. GlobalHAB). Harness the
full capacity of scientific discovery by increasing the exchange
of ideas, advances, and experiences (technical, logistical, and
societal) to accelerate the use of marine control technologies.

2) Link scientists and engineers to work on control methodolo-
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gies. Accelerating development of effective and logistically
manageable approaches to HAB control hinges on synergy
between science and engineering, which currently is rare in
this field. New steps are needed to organize joint symposia and
workshops to foster these interactions. Feedback on new ap-
proaches and results from field trials or full-scale imple-
mentation efforts will be essential, especially from application
experiences in different habitats, so combining these work-
shops with training and reporting efforts from industry and
resource managers would be invaluable.

Increase investments in HAB control research at national and
sub-national levels and promote partnerships with the private
sector, including the insurance industry. Translating prom-
ising control methods from laboratory to field scales, and
logistical and engineering needs (e.g., product licensing,
storage, transport to affected areas, product delivery, and ef-
ficacy monitoring) require levels of investment that exceed
those of normal science-funding agencies yet, in many cases,
are far below the economic impact of recurrent HAB events.
Attracting private sector investments in HAB control requires
promotion of promising findings from small-scale field testing
and a more robust pipeline of new ideas. Decisions by in-
dustries to make these investments depend on the commercial
viability of the product or methodology. Involving companies
that insure against HAB-related losses at early stages can help
guide decision-making on the practical benefits of potential
HAB control strategies.

Explore combinations of existing and new technologies. While
the effectiveness of the single-strategy HAB control ap-
proaches can vary widely, there has been little focus on the
potential benefits of combining methods that use different
mechanisms for control (e.g. remove cells vs. destroy toxins).
A combined approach may lead to better outcomes faster than
undertaking prolonged efforts to maximize the effectiveness
of any single method.

Create “incubators” where HAB control technologies can be
tested and validated for larger-scale field evaluations (e.g.,
HAB-CTI and RTMTDI). A major roadblock to developing HAB
control methods in many nations is the circular problem that
methods cannot be field-tested until they are shown to have
no, or manageable harmful effects, but obtaining this evidence
requires that they be field-tested. Progress would be facilitated
by the creation of sites for small, mesocosm- or field-scale
testing of bloom control technologies in a controlled setting.
These facilities should engage a research management process
that follows a structured and tiered path, with decision
thresholds to discontinue testing of technologies that fail one
or more accepted field-feasibility criteria.

6) Streamline regulatory processes governing in situ testing of

HAB control technologies. Regulatory approvals for in situ
testing often require extensive submissions to one or more
agencies. To bolster innovation, the approval process could be
simplified at national (e.g. HAB-CTI) and regional levels, not
by weakening oversight but by building from existing regu-
latory criteria for similar treatments used in other environ-
ments and under different conditions (freshwaters,
wastewater treatment, oil/gas/mining remediation, pesti-
cides). This reorganization would allow the use of existing
research data on products, greatly reducing the cost and
complexity of developing HAB control in marine waters.
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7) Harness advances made in freshwater HAB control. HAB
control in freshwater systems is far advanced compared to that
in marine systems. Interactions between the two communities
could help identify and develop methodologies for cell
removal or suppression, in addition to practical and
economical methods for dispersing algaecides over large
areas.

Severe HABs should be treated like other extreme events or
natural disasters. As shown by Alvarez et al. (2024), some
severe HABs have impacts that may exceed those of other
extreme events, for example, hurricanes in Florida. For the
purposes of emergency response, severe HABs should be
treated like other extreme events. This is only a small subset of
all HABs, however, so criteria should be developed to deter-
mine which are classified as extreme events.

C) Gaining societal support for the research on, and implementation

of HAB control.

1) Support social and behavioral science research on responsible

development and implementation of control strategies. No
bloom control approach is sustainable without social accep-
tance. Developing effective communication strategies to gain
public awareness and trust hinges upon understanding the
levels of public knowledge, attitudes and perceptions. This
understanding, in turn, can guide the types of education,
changes in laws, or economic incentives needed to promote
acceptance of HAB control. All this is facilitated by strong
coordination among researchers, stakeholders, community
leaders, and decision-makers.
Develop and encourage public and stakeholder
development, outreach and support. The successes of HAB
control should be shared widely with the public and stake-
holders to gain support for these activities. For example, the
successes in identifying new solutions for HAB control have
been evident in Korea where funding competitions are open to
the public to share and test ideas.

8

7

2) co-

8. Synopsis

The growing array of global HABs and their impacts is large and
varied, threatening human health and the health of marine and fresh-
water wildlife and ecosystems upon which many nations rely for food,
recreation, tourism and a plethora of other goods and services. Bloom
control strategies have moved from a little-studied area of HAB science
to a major priority in several countries and regions. Though there are
some proven methodologies now in use in some regions, capabilities to
control HABs in marine systems are lacking in most nations. Clearly, not
all HABs can be or should be controlled, as impacts may not be suffi-
ciently severe, or in many cases, alternative strategies for managing
impacts through mitigation strategies (e.g., toxin testing and harvest
closures) are more appropriate. Decisions for the implementation of a
control technology must weigh its costs and associated risks against the
ecological and social impacts that will occur with the no-treatment op-
tion, yet the latter is often not considered by those opposing such efforts.

The bottom line is that for cases where HABs are causing extreme
impacts on tourism, ecosystems, human health, fisheries, and aquacul-
ture resources, among others, there is still a shortage of tools or ap-
proaches for effective bloom control. The need for acceptable control
methods will only grow in the coming decades as societies increasingly
rely on marine waters for food security and other critical resources.

Dedication
We dedicate this paper to our friend and colleague, Professor Ichiro

Imai, whose visionary research across HAB science, including work on
HAB control, inspires researchers around the world.
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