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Recurrent blooms of harmful algae and cyanobacteria (HABs) plague many coastal
and inland waters throughout the United States and have significant socioeconomic
impacts to the adjacent communities. Notable HAB events in recent years continue
to underscore the many remaining gaps in knowledge and increased needs for
technological advances leading to early detection. This review summarizes the main
research and management priorities that can be addressed through ocean observation-
based approaches and technological solutions for harmful algal blooms, provides an
update to the state of the technology to detect HAB events based on recent activities
of the Alliance for Coastal Technologies (ACT), offers considerations for ensuring
data quality, and highlights both ongoing challenges and opportunities for solutions
in integrating HAB-focused technologies in research and management. Specifically,
technological advances are discussed for remote sensing (both multispectral satellite
and hyperspectral); deployable in situ detection of HAB species on fixed or mobile
platforms (based on bulk or taxa-specific biomass, images, or molecular approaches);
and field-based and/or rapid quantitative detection of HAB toxins (via molecular and
analytical chemistry methods). Suggestions for addressing challenges to continued
development and adoption of new technologies are summarized, based on a
consensus-building workshop hosted by ACT, including dealing with the uncertainties in
investment for HAB research, monitoring, and management. Challenges associated with
choosing appropriate technologies for a given ecosystem and/or management concern
are also addressed, and examples of programs that are leveraging and combining
complementary approaches are highlighted.
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INTRODUCTION

Phytoplankton are important primary producers in aquatic
ecosystems and play integral roles in the cycling of carbon and
other elements, food web production, and broader ecosystem
function. In recent decades, ongoing eutrophication (Anderson
et al., 2008; Heisler et al., 2008), increasing temperatures (Paerl
and Huisman, 2008), and food web modifications (e.g., over-
harvest of shellfish; Gobler et al., 2005), have been associated with
an increased prevalence of phytoplankton blooms with toxic or
deleterious properties. Some harmful algal blooms (HABs) are
predicted to continue to increase with ongoing climate change
(Hallegraeff, 2010) due to combined effects on water column
structure, temperature, coastal development, and eutrophication
(Rabalais et al., 2009; O’Neil et al., 2012; Paerl et al., 2016). There
is evidence that increased CO2 (and reduced pH) in marine and
freshwater ecosystems can also exacerbate blooms and increase
toxicity of some HAB species, especially when combined with
changes in nutrient availability (e.g., Fu et al., 2010; Tatters et al.,
2012; Visser et al., 2016).

Recurrent blooms of harmful algae and cyanobacteria plague
many coastal and inland waters throughout the United States
and globally, and have significant socioeconomic impacts to
the adjacent communities (Kudela et al., 2015a). However, the
definition of a “bloom” varies as certain species may also have
significant harmful impacts at concentrations below densities
that will form a visible “bloom” (e.g., Dinophysis spp. which can
be harmful at <103 cells L−1; Reguera et al., 2014). Notable
HAB events continue to underscore the many remaining gaps
in knowledge and increased needs for technological advances.
Some exemplars include the toxic Microcystis blooms in Lake Erie
that have been the subject of research for nearly two decades;
yet the factors leading up to the 2014 closure of drinking water
facilities in Toledo, Ohio, point to direct and still vulnerable
linkages between biology and water supply and the potential
for such significant human impacts in the future (Steffen et al.,
2017). Furthermore, due to these persistent blooms, the states
of Ohio and Michigan have declared their portions of western
Lake Erie’s open waters as “impaired” due to cyanobacterial HABs
under the Clean Water Act (Davis et al., 2019). In Florida,
recent toxic cyanobacterial blooms in Lake Okeechobee (which
have been occurring since the mid-1980s) led to a “State of
Emergency” declaration for multiple counties in 2016 (Kramer
et al., 2018) and 2018. The 2018 red tide events in Florida, caused
by Karenia brevis, have made national and international headlines
and have helped shape the results of state and federal elections in
Florida. The persistent saxitoxin-producing Alexandrium blooms
in the Gulf of Maine (McGuire, 2018) and Long Island Sound
(Gralla, 2018) have also had economic impacts in those regions.
Recently, long-lived HAB events such as the Pseudo-nitzschia
bloom along the U.S. West Coast in 2015 also point to a new
reality in which the spatial and temporal scales, as well as the
potential for widespread human, animal, and ecosystem health
impacts are maximized (McCabe et al., 2016; Ryan et al., 2017;
Zhu et al., 2017). These challenges are mirrored globally with
recent examples, including an expansion of Pseudochattonella
cf. verruculosa to the south and Alexandrium catenella to the

north in Chile, leading to massive fisheries closures in 2016, and
disruption by A. catenella in Tasmania, southeastern Australia,
from 2012 to 2017 of the fishing industry in poorly monitored
coastal waters (Trainer et al., 2019).

HABs pose an increasingly complex issue for researchers
and managers across the freshwater-marine continuum that
has been a focal subject for the past two decades. A major
challenge in understanding, forecasting, and ultimately
mitigating HAB events across aquatic ecosystems is their
high degree of heterogeneity (temporal and spatial) in species
composition, non-point source factors that contribute to
blooms, and imperfect relationships between biomass and
toxicity. The relationship among HABs and eutrophication,
for example, requires multiple temporal scales of study and
interaction with ecologists, climate scientists, modelers, policy-
makers, and managers to understand, prepare for, respond
to, and mitigate such events (Glibert et al., 2010). A critical
component to understanding, predicting, and addressing
the significant ecological, economic, and human health
issue posed by HABs lies in the research, monitoring, and
management communities’ ability to (1) understand the factors
and mechanisms contributing to HABs – both generally and
specifically, (2) robustly detect changes in biomass, especially
with respect to taxa that include HAB species, and (3) provide
the earliest possible indications of toxic events to most effectively
protect animal and human health and mitigate economic losses.
Ultimately, investments in policy and research into HAB ecology,
management, and mitigation have been mandated by the U.S.
Federal Harmful Algal Bloom and Hypoxia Research and
Control Act (HABHRCA), which was authorized by Congress
in 1998 and reauthorized in 2004, 2014, and December 20181.
These investments have more recently been advanced as part of
the Ecological Forecasting Roadmap program within the U.S.
National Oceanic and Atmospheric Administration (NOAA2).

Cullen (2008) suggested that a “revolution in coastal
oceanography, monitoring, and management [was] inevitable,”
a prediction that has seen progress but not entirely come to
fruition a decade later. Recent activities of the Alliance for Coastal
Technologies (ACT), and other groups, are attempting to move
the ocean observing community further toward this goal. ACT
is a component of the U.S. Integrated Ocean Observing System
(IOOS) with the specific functions to serve as: (1) an independent,
third-party testbed for evaluating existing, new, and developing
aquatic sensors and sensor platforms, (2) a comprehensive data
and information clearinghouse on environmental technologies,
and (3) a forum for capacity and consensus building. This review
summarizes the main research and management priorities that
can be addressed through ocean observation-based approaches
and technological solutions for harmful algal blooms, provides
an update to the state of the technology to detect HAB
events based on recent ACT activities, offers considerations for
ensuring data quality, and highlights both ongoing challenges
and opportunities for solutions in integrating HAB-focused
technologies in research and management.

1https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/habhrca/
2https://oceanservice.noaa.gov/ecoforecasting/
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PRIORITIES IN RESEARCH AND
MANAGEMENT

Despite decades of research into the causes and effects
of HABs, fundamental questions regarding the biology and
ecology of the organisms – both alone and within complex
ecosystems – and their toxins (Granéli and Flynn, 2006) still
exist. Decades of research have identified many of the harmful
species responsible for toxic blooms; however, the physiological
drivers of intracellular toxin production have not been fully
elucidated. Moreover, the genetic controls on toxin production
and their variability within and among species and strains are
also still largely unknown. This is compounded by underlying
cryptic diversity within genera/species that can affect detection
capabilities for monitoring purposes. On a broader scale, factors
(biotic and abiotic) controlling bloom initiation, persistence,
and decline are not fully known. The variables involved can be
very complex and work synergistically, including availability of
micro- and macronutrients, physical parameters (e.g., irradiance,
salinity, temperature, water column mixing, pH), biological
influences (e.g., bacteria, viruses, grazers, fungal parasites), and
species/strain diversity within blooms. Further, the impact on
and fate of marine and freshwater toxins in local food webs,
along with toxin dynamics (timescales for uptake, retention,
and depuration) in targeted species (e.g., shellfish, commercially
important finfish) are also critical areas of ongoing research.

While researchers work to connect these complex factors with
a common goal to better understand bloom events, managers
and other stakeholders are charged with incorporating tools for
rapid and inexpensive detection of species and their toxins in
a variety of ecosystems. To facilitate reaching the objectives of
these diverse groups, ACT convened a recent workshop that
brought together a broad range of experts from regional, national
and international agencies, as well as instrument manufacturers,
to identify current needs and challenges associated with HAB
technologies and their transition into management applications.
The myriad of potential factors outlined above that can impact
bloom dynamics were threaded through discussions that resulted
in a consensus of priorities (Alliance for Coastal Technologies
[ACT], 2017). Several over-arching themes emerged. First, a
need was recognized to strike a balance between development
of user-friendly robust sensors (deployable/handheld) that are
not cost-prohibitive (e.g., instrument, reagents, expertise) and
that have broad applicability (e.g., detection of multiple species
and/or toxins). Second, establishment of community-derived
certified reference standards (for both toxins and organisms)
for use during sensor (or kit) development to better understand
the sensor/kit’s suitability across broad geographic regions was
seen as a needed activity which could be readily accomplished.
Third, a need was identified to increase the standardization
of using those sensors as an early warning system (in line
with regulations), especially where there is a threat to human
health. Fourth, the leveraging of multiple platforms was identified
as a way to increase the spatial and temporal resolution
of observations; however, issues related to storing the vast
quantities of data generated from those efforts and how to derive
usable information to incorporate into prompt management

decisions and public outreach were also discussed. Finally,
workshop participants identified the need to establish more long-
term sources of funding as a priority in support of greater
networked platforms and instrumentation, thereby ensuring
better continuity in valuable data sets.

Quantifying Effects on Ecology and
Economies
Complex chemical signals from HAB species can lead to difficulty
in understanding the significant, yet variable, effects of HABs on
ecosystems and organisms. HAB species generally share some
toxic, noxious, or allelochemical properties that enable them to
escape predation, at least to some effect (Turner and Granéli,
2006). Members of the micro- and mesozooplankton are often
unable to consume toxin-producing HAB species (e.g., Turner,
2010), and these deterrent properties may also be highly species-
(e.g., Stauffer et al., 2017) and/or condition-specific (e.g., Davis
and Gobler, 2010). HAB toxins and allelochemicals may also
impact communities of organisms elsewhere in the food web,
for example through shifts in microbial food webs, especially
under low grazing pressures (Weissbach et al., 2011). Such vast
ecological effects of HABs have traditionally been extremely
challenging to adequately quantify; however, increased efforts to
network platforms and sensors will continue to push through
this bottleneck.

Economic costs of HABs are difficult to accurately assess and
vary greatly among systems. With a focus on marine HABs,
Anderson et al. (2000) reported costs of approximately $50
million USD per year to the U.S. economy (in 2000 dollars),
primarily based on losses due to public health effects and
commercial fisheries. In freshwater systems in the United States,
potential eutrophication-related economic losses of $4.6 billion
USD annually (in 2008 dollars) are attributed, at least in part, to
cyanobacterial blooms (Dodds et al., 2009). In Florida, annual
blooms of K. brevis cause $22 million USD per year in losses
due to medical expenses and lost work days and $18 million
USD per year in losses to commercial fishing (in 2000 dollars;
Florida Department of Health). On the U.S. West Coast, the
months-long Pseudo-nitzschia bloom in 2015 resulted in losses
of $48 million USD to the Dungeness crab industry, alone
(Brown, 2016). Most studies have been focused on HAB events
in the United States, a bias in data that has been identified
in other reviews of economic costs (Sanseverino et al., 2016).
A few exceptions exist (as reviewed in Sanseverino et al., 2016),
which estimate costs on human health in Canada ($670,000/year
CAD; Todd, 1993), impacts to commercial fisheries in the
United Kingdom (up to £118,00/year; Pretty et al., 2003),
and monitoring and management costs in European countries
(ranging from €30,000 to over €7 billion/year; Anderson et al.,
2001; Ahlvik and Hyytiäinen, 2015), Australia (e.g., $1–8.7
million/year AUD; ATECH, 2000; as reviewed by Steffensen,
2008), and New Zealand ($50,000/quarter NZD; Kouzminov
et al., 2007). These estimates differ in the HAB effects considered
and the methods used to derive them.

The inability to accurately define and quantify HAB impacts
is further exemplified by the complexities of ongoing events in
the Great Lakes where losses in property values, commercial
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fishing, recreation, and cultural services intersect. The Lake
Erie basin is the most densely populated of the Laurentian
Great Lakes (International Joint Commission, 2014), providing
ecosystem services (including drinking water) for 11.6 million
people (Lake Erie Lakewide Action and Management Plan Work
Group [LAMP], 2011) and generating over $7 billion USD in
annual revenue through tourism and fishery industries (U. S.
Department of Agriculture, 2005). Increasingly dense and toxic
HAB events have had significant negative impacts on these facets
of local economies. Estimated partial economic losses of $65–71
million USD per year have been reported as a result of western
Lake Erie HABs (Bingham et al., 2015). In Ohio, alone, beach
recreation losses at Maumee Bay State Park and recreational
fishing losses due to HABs were estimated to exceed $3.7 million
USD in 2011 (International Joint Commission, 2014), which
coincided with the second largest cyanobacteria HAB event ever
recorded in Lake Erie (Michalak et al., 2013). These economic
figures are likely underestimates and, indeed, do not account for
the costs of events like the 2014 Toledo water crisis that left over
400,000 residents without drinkable tap water for just over 48 h.

The need to understand, predict, and mitigate HAB events
such as those described above creates a strong impetus for
investment into research and management strategies. Bernard
et al. (2014) estimated that an approximate global figure for
HAB-related economic losses across marine and freshwater
systems could be estimated at ±$10 billion USD annually (as of
2014). Based on this and using a typical value of information
(VOI) estimate of 1% of the “resource” (in this case HAB-
related losses; Macauley, 2006), a comprehensive HAB observing
and forecasting information system would represent a value
of ±$100 million USD annually, providing a reasonable first
estimate for how much could or should be invested in HAB
monitoring efforts. A Clearly, such observing and forecasting
systems represent investments with the potential for high return.

Monitoring HABs for Early Detection of
Health Risks
Ecosystem health effects of HABs are widespread, including
direct impacts through toxin production and physical damage,
as well as indirect effects such as blooms leading to anoxia
and hypoxia and disrupting system function and dynamics.
Toxic effects are the most widely recognized and impact aquatic
organisms, including marine mammals, via bioaccumulation,
and can directly impact human health through consumption of
contaminated drinking water or shellfish. HABs and their toxins
can also negatively impact aquatic birds (Jessup et al., 2009),
fish (Chang et al., 1990; Lefebvre et al., 2005; Liefer et al., 2013;
Rountos et al., 2014), shellfish (Botes et al., 2003; Glibert et al.,
2007), marine mammals (Scholin et al., 2000; Miller et al., 2010),
and others. These impacts can range from the tropics (Friedman
et al., 2008; Litaker et al., 2010; Cuellar-Martinez et al., 2018)
to polar oceans (Berdalet et al., 2015; Lefebvre et al., 2016). In
the past decade, the emerging issue of toxic cyanobacteria in
estuarine ecosystems has generated additional concern (O’Neil
et al., 2012) and expanded the list of affected marine mammals
to those spanning the land-sea interface (Miller et al., 2010;
Gibble and Kudela, 2014).

Established and emerging technologies discussed in
subsequent sections are currently being utilized to protect
humans from the harmful effects of HABs. Since 1991,
traditional methods to identify HAB species (by microscopy)
and toxins [enzyme-linked immunosorbent assays (ELISA)
and high-pressure liquid chromatography (HPLC)] have been
used to monitor for Pseudo-nitzschia and other HABs in Puget
Sound, Washington State, the largest shellfish-producing state
on the U.S. West Coast valued at over $77 million USD each year
(Trainer et al., 2007; King et al., 2018). In 2003, these methods
were used to prompt the first closure of recreational, commercial,
and tribal subsistence shellfish harvesting in the region (Trainer
et al., 2007), and this approach has been augmented with
citizen science into an integrative monitoring network (Trainer
and Hardy, 2015). Citizen scientists and volunteers have been
identified, more broadly, as valuable tool in HAB monitoring
efforts. The NOAA-funded National Phytoplankton Monitoring
Network (PMN3) has utilized these cohorts to discover over
225 blooms throughout coastal United States since 2001 and
contribute directly to the state monitoring plans of Texas,
Mississippi, Alabama, Georgia, and South Carolina. Using a
more technology-enabled approach, the first reported bloom of
Dinophysis in United States waters was detected in 2008 in the
Mission-Aransas estuary of Texas (Campbell et al., 2010). Early
detection of this HAB by an Imaging Flow Cytobot (IFCB, see
below) and manual microscopical verification allowed for closing
of the oyster fishery (Deeds et al., 2010) and cancelation of a local
oyster festival at which 30,000 visitors may have been exposed to
the toxic shellfish (Campbell et al., 2010; Deeds et al., 2010).

HABs in freshwater systems that also serve as drinking water
sources represent an especially critical need for research and
implementation of early warning systems. The need to integrate
portable, rapid, cost-effective technologies to detect cyanotoxins
in water or in shellfish (or other organism) tissue in near-real
time is critical, given the high expense of treatment to eliminate
microcystins in drinking water. In a 2009 survey of 15 public
water systems in Ohio, 66% reported using additional funds to
treat for elimination of microcystins with a total cost of over
$400,000 USD (Ohio EPA, 2010). Water treatment facilities that
have had source water cyanotoxin detections are required by
rule to have approved plans that detail their short and long-term
actions to deal with cyanobacteria and cyanotoxins (Ohio EPA,
2019a,b). Following the Toledo water crisis, Ohio Environmental
Protection Agency (Ohio EPA) approved a $4.4 million USD plan
in 2014 for short-term HAB treatment upgrades to the City of
Toledo’s water treatment plant and a $44.5 million USD plan
in 2018 for long-term HAB treatment upgrades. These upgrades
are part of a larger ten-year, $500 million USD plan to upgrade
the Toledo treatment system (as reported by Elms, 2019), and
other Ohio water systems have invested over $150M in treatment
upgrades to address microcystins contamination (H. Raymond,
Ohio EPA, personal communication). Importantly, these costs
are just for one state, while cyanobacteria HABs are known to
occur throughout the Great Lakes (e.g., Davis et al., 2014) as well

3https://coastalscience.noaa.gov/project/national-phytoplankton-monitoring-
network/
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as in other key freshwater systems worldwide (e.g., Zhu et al.,
2014; Ma et al., 2016; Puddick et al., 2019).

Forecast and Predictions of HAB Events
Significant investments have been made by both the research and
management communities to advance ecological forecasting and
predictions of bloom events. On the West Florida Shelf, blooms of
K. brevis in summer-fall affect water quality, food webs, resident
health, and tourism economies. Since the 1990s, researchers and
managers have used remote sensing to monitor and track these
“red tide events” in near-real time (Stumpf et al., 2003), and
those efforts now contribute to the twice-weekly HAB bloom
forecasts for coastal Florida.4 These forecasts also make use of
cell counts provided by a number of partners.5 Considerations of
HAB ecology – more specifically, an understanding of upwelling
strength and K. brevis success (versus competing diatoms,
for example) – have recently been identified as necessary to
improving the Florida HAB models (Weisberg et al., 2016).

In Lake Erie, NOAA currently delivers a 5-day operational
forecast of Microcystis aeruginosa blooms (HAB Bulletin6) during
the summer months when they occur using core observing and
modeling components that combine satellite imagery, weather
forecasts, and modeled currents (Stumpf et al., 2012; Bridgeman
et al., 2013; Obenour et al., 2014). Further research-to-operations
activities are focused on development of an improved Lake Erie
HAB Tracker,7 which includes modifications to describe vertical
distributions of the cyanobacteria based on their biological
characteristics (e.g., Rowe et al., 2016). The incorporation of
3-dimensional physical circulation models to these systems is
critical, given that the onset of many HAB events may go
undetected because the bloom is initially concentrated in discrete
thin subsurface layers in the water column that are easily missed
by conventional sampling methods (McManus et al., 2008).

Finally, a pre-operational forecast model is under continued
development off the California coast of the United States, where
a year-long bloom of Pseudo-nitzschia spp. significantly impacted
marine ecosystems and coastal economies (McCabe et al.,
2016). The California-Harmful Algae Risk Mapping program (C-
HARM8) provides experimental nowcast and forecast products
based on satellite imagery, physical circulation models, and
statistical predictions of bloom or toxin probability (Anderson
et al., 2016). While C-HARM is driven entirely by modeled
or remotely sensed dynamics, model fit and verification
is accomplished by comparison to measured HAB species
abundance in the study region (Anderson et al., 2016).

These regionally specific efforts reflect a national directive.
NOAA has adopted Ecological Forecasting as a central tenet
of its mission and developed an operational framework – or
“roadmap” – to build consistency and maximize efficiency of
developing high quality forecasting products across ecosystems
and for diverse stakeholders (NOAA, 2015). The roadmap

4https://tidesandcurrents.noaa.gov/hab/gomx.html
5https://tidesandcurrents.noaa.gov/hab/contributors
6https://www.glerl.noaa.gov/res/HABs_and_Hypoxia/bulletin.html
7www.glerl.noaa.gov/res/HABs_and_Hypoxia/habTracker.html
8www.cencoos.org/data/models/habs

is intended to help establish the priorities and coordination
of existing monitoring capabilities, and to develop scientific
foundation, operational environmental prediction, and service
delivery infrastructure. The roadmap strives to maximize the
benefit of the extensive observational assets from NOAA and its
partners that collects huge amounts of weather, water, climate,
oceanographic, coastal, and biological data, and to combine
these data with the modeling, computing, and forecasting
capacities within the agency to deliver consistent, timely, and
reliable ecological forecasts to the American public. Since 2015,
NOAA’s initial priorities have focused on developing ecological
forecasts for HABs, hypoxia, pathogens, and habitat, specifically
in regions of the country where these are issues of major
concern (NOAA, 2015).

Even in well-studied systems, however, challenges remain to
tracking and forecasting blooms, including ambiguity in what
constitutes a “bloom” (e.g., Smayda, 1997), what data should
be used to develop and calibrate models of blooms, and how
closely measurement methods and metrics must agree (Ho and
Michalak, 2015). Furthermore, adoption of ecological forecasting
tools are likely to vary among decision makers and stakeholders
based, at least in part, on the complexity of the forecast output
relative to the integration of such tools into a stakeholder’s
decision-making process (e.g., Gill et al., 2018; Davis et al.,
2019). Thus, continued refinement of priorities for research and
management; cooperation among researchers, forecasters, and
the users of forecasts; and investment in best practices to advance
our understanding, prediction, monitoring, and management of
HABs is crucial.

STATE OF THE TECHNOLOGY

To address a varied set of priorities for both research and
management, HAB detection technologies come in a wide array
of methodological bases and with a huge diversity of costs,
usability, and downstream data products. A combination of these
technological approaches, platforms, and products are needed to
meet recommendations set forth by national and international
(i.e., IOC Intergovernmental Panel on Harmful Algal Blooms
[IOC-IPHAB], 2009) entities. Table 1 summarizes many of the
existing and near-commercial technologies used for detection of
biomass, taxa, or the toxins produced by HAB species. Most of
the technologies listed in Table 1 are discussed in greater detail
in subsequent sections. Readers are directed toward additional
reviews which provide a more detailed treatment of many of the
technologies that are not discussed in detail (e.g., Ottesen, 2016;
Doucette and Kudela, 2017; Glibert et al., 2018) and/or which
focus more on classical methods for cell and/or toxin detection
(e.g., Frolov et al., 2013; Trainer and Hardy, 2015; Zhang
and Zhang, 2015; Otten and Paerl, 2016; Reguera et al., 2016;
Association of Public Health Laboratories [APHL], 2017; Medlin
and Orozco, 2017; Doucette et al., 2018; Glibert et al., 2018).

Remote Sensing Approaches
The mainstay for satellite-based bloom detection has been the
use of ocean color to quantify chlorophyll biomass and organic
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TABLE 1 | Summary of existing technologies currently used to measure HAB biomass, taxa, or toxins, indicating relative purchase and operational costs, operational
space (i.e., benchtop versus moored technologies), effectiveness of use for research (R) versus monitoring (M), data products measured (B: biomass, G: genus, S:
species, T: toxin).

Platform/
Technology

Purchase
cost, $1

Operational
costs, $/year

Operational
space

Use R/M Data products
B/G/S/T

Non-technical
usability

Est. TRL2

Remote sensing

Multispectral
Remote Sensing

$ $$ Satellites, Aircraft M B (G) Med 9

Hyperspectral
Remote Sensing

$$$ $$ Aircraft, Satellites M B, G Low/Med 8–9

In situ sensing

ESP3

2G $$$$ $$$$ Moored R, M B, G, S, T Low 8

3G (AUV) $$$$ $$$$ Mobile R B, G, S, T Low 5–6

OPD4 $$$ $ Moored, Mobile R B, G, S Med 9

Multichannel
Fluorometers

$$-$$$ $ Field R, M B (G) High 8

Image-based

IFCB5 $$$$ $$$ Moored R, M B, G, S Low 8

FlowCAM $$$$ $$ Benchtop, Field R B, G, S Low/Med 8

HABscope $ $ Field, Benchtop R B, G, S Med 8

Molecular

Isothermal
Amplification AMG,
NASBA6

$$ $ Benchtop,
handheld, moored

R, M B, G Med 6–7

Multiplex Molecular
Assays

$-$$ $ Benchtop R, M B, G Low/Med 7

Chemical

LC-MS(-MS)7 $$$$ $$$ Benchtop R, M T Low/Med 9

HPLC8 Pigments,
toxins

$$$ $$ Benchtop R, M B, G Low/Med 9

ELISA9 (microplate) $$ $ (per kit) Benchtop R, M T Med 9

ELISA (field-based) $ $ Field R, M T Med 9

SPATT10 $ $ Field R, M T Med 8

Dipsticks (other
formats)

$ $ Field M T High 9

Non-technical usability is based on how easily the method may be used by non-technical research staff, ranging from low to high for those least and most appropriate
for non-specialist use, respectively. Usability includes consideration of whether a dedicated operator or team of operators is required. Estimated technology readiness
level (TRL) ranges from proof-of concept (<3) to prototype systems (4–8) to fully commercialized systems (>8; see below). Modified from the ACT Workshop Report on
Sensors for Monitoring of Harmful Algae, Cyanobacteria and Their Toxins (Alliance for Coastal Technologies [ACT], 2017). 1 Includes costs of hardware required to run
or interpret sample composition; relative costs based on experience of ACT workshop participants with technologies/assays. 2https://www.nasa.gov/pdf/458490main_
TRL_Definitions.pdf. 3Environmental Sample Processor (ESP). 4Optical Plankton Discriminator (OPD). 5 Imaging Flow Cytobot (IFCB). 6Autonomous Microbial Genosensor
(AMG); Nucleic Acid Sequence-based Amplification (NASBA). 7Liquid chromatography (LC), mass spectrometry (MS). 8High pressure liquid chromatography (HPLC).
9Enzyme-linked immunosorbent assay (ELISA). 10Solid Phase Adsorption Toxin Tracking (SPATT).

carbon in the upper water column from Sea-viewing Wide
Field-of-view Sensor (SeaWiFS), Moderate Resolution Imaging
Spectroradiometer (MODIS), Medium Resolution Imaging
Spectrometer (MERIS), Visible Infrared Imaging Radiometer
Suite (VIIRS), and the ocean and land colour instrument (OLCI)
sensor on Sentinel-3. With continuous data since 1997, satellite-
based remote sensing offers approximately daily temporal and
large spatial resolution (Siegel et al., 2013). Limitations of
satellite-based remote sensing, however, include: (1) restriction
of data to the surface ocean, typically <15 m in the open
ocean but much more shallow in coastal waters, which is an
issue if HABs are concentrated in discrete subsurface thin layers
(McManus et al., 2008); (2) interferences of cloud cover and
land masses, thus limiting usefulness in nearshore waters where

HABs may initiate (e.g., Ryan et al., 2008); and (3) restricted
resolution of different groups of phytoplankton from complex,
changing communities. Efforts to better resolve phytoplankton
size- or pigment-based functional groups have been underway
for at least the last decade, with variable results. A recent
review of algorithms to deconstruct ocean color data into
phytoplankton functional groups highlights the advantages and
limitations in these methods (Mouw et al., 2017), and at least
some methods are capable of differentiating among larger and
smaller size-fractions of phytoplankton communities (Mouw
et al., 2016). Efforts to correlate functional groups on the basis
of pigment suites between in situ hyperspectral remote-sensing
reflectance and HPLC pigment concentrations, however, are
limited to robust estimates of three chlorophylls (chlorophylls a,
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b, c1 + c2) and photoprotective carotenoids (Chase et al., 2017).
Significant work remains to advance satellite remote sensing
approaches to more fully resolve phytoplankton community
dynamics or provide early warning for HAB events in complex
communities. Such work is continuing through new programs
such as NASA’s Plankton, Aerosol, Cloud, ocean Ecosystem
(PACE) mission (United States) and the EnMAP mission in
Germany (Chase et al., 2017).

Compared to space-borne sensors, lower altitude
hyperspectral imaging (HSI) sensors have the ability to fly
beneath clouds where passive satellite sensors are unable
to detect and offer hundreds of narrow bands (10–20 nm)
compared to the limited bands from satellite sensors. With
benefits derived from lower altitude sensors, HSI sensors
provides an information-rich diversity of spectral signatures that
can be used to sense a wide range of surfaces, habitats, taxonomic
groups, and changes over time in all of these signatures. HSI
of aquatic targets has the potential to expand our knowledge
of dynamic coastal ecosystems; however, more investigation
is needed to fully realize the extent of its utility (McManus
et al., 2018). Specific questions hyperspectral techniques can
address include: “what is the biodiversity of aquatic systems, and
more specifically what different phytoplankton communities
are present, including toxic species?” The increased spectral
detail strengthens the ability to discriminate between different
types of phytoplankton (Palacios et al., 2015) and the timing of
HAB events based on the shift in the phytoplankton community
structure between seasons. This provides data validation for
ecosystem modelers, and individual hyperspectral images act as
an early warning HAB detection system for drinking water intake
managers (e.g., western basin of Lake Erie; Vander Woude et al.,
2019) and managers of recreational water bodies impacted by
HABs (e.g., Kudela et al., 2015b). Examples of HSI sensors that
are used for HAB detection include the Resonon Pika II and Pika
L, operated by NOAA’s Great Lakes Environmental Laboratory
with weekly flights to detect HABs beneath clouds and nearshore
(Vander Woude et al., 2019) and bio-optical algorithms to
discriminate phytoplankton functional types that include
diatoms, cyanobacteria, chrysophytes, and chlorophytes from the
imagery. An HSI sensor’s spectral detail is also typically matched
by a finer spatial resolution to delineate pixel features and, in
the case of drinking water intakes, can provide the level of detail
needed for municipalities in combination with satellite remote
sensing products. However, the costs associated with flying
these HSI-equipped aircraft can be significant, which means that
HSI may not be viable as a first line of monitoring without a
sustained funding source. A current alternative at NOAA GLERL
is educating drinking water managers how to operate a simple
unmanned aircraft system (UAS, Wu et al., 2019).

Remote sensing in all capacities can present a broad view
of HAB conditions (e.g., Clark et al., 2017), act as a rapid
response tool in cases where imagery is used in HAB forecasting
models (i.e., HAB Tracker, Rowe et al., 2016) and for products
including the NOAA HAB Bulletins (i.e., Lake Erie and the Gulf
of Mexico), and advance understanding of the extent of HABs.
However, it is worth noting that the capability to sub-divide
whole phytoplankton biomass into functional groups based on

a combination of backscatter properties to estimate size and/or
absorption peaks of pigments (and via satellite-based or HSI
systems) will still lack the resolution required to detect HAB
taxa or differentiate toxic from non-toxic members of the same
genera or species (e.g., Stumpf et al., 2016).

In situ Sensing Approaches
Methods for measuring phytoplankton biomass in situ in the
environment range from single- to multi-spectral fluorometers,
absorption/backscatter sensors, and particle size analyzers
to quantify particles based on in vivo pigments or size
characteristics. Since these technologies provide only bulk or
size-based signals that are not specific to HAB taxa, they are
not included in the current discussion of HAB technologies.
The reader is directed to other recent reviews of technologies
for quantifying planktonic ecosystems for more information
(Lombard et al., 2019). Moving beyond bulk biomass, the
diagnostic pigments whose unique absorption spectra are used
to discriminate among phytoplankton classes using benchtop
HPLC (Mackey et al., 1996; Garrido and Roy, 2015) are also
targets for more recently developed multi-channel fluorometers
that measure in vivo pigments (Gregor and Marsalek, 2004;
Proctor and Roesler, 2010).

A key utility of these new multi-excitation fluorometers
is to be able to track fine-scale variations in not just
phytoplankton density, but in community composition as well.
Recent verification testing of multi-channel fluorometers by
ACT highlights their advantages and limitations in resolving
potential HAB taxa from complex community matrices under
a variety of applications including laboratory testing, underway
surface mapping, and moored deployments. Within the recent
ACT technology evaluation, a 28-day moored deployment of the
PhycoProbeTM (BBE Moldaenke) was conducted in Chesapeake
Bay at Solomons, MD (Figure 1). The PhycoProbeTM was
able to characterize changes in the phytoplankton community
structure across daily to monthly scales in relationship to
variations in drivers such as river discharge, salinity, and tidal
mixing. The PhycoProbeTM leverages multichannel excitation
and fluorescence to enable discrimination among multiple high-
level algal classes based on pigment signatures (green algae,
blue-green algae, diatoms, and cryptophytes). The utility of these
instruments to be incorporated into underway surveys is further
highlighted in Figure 2, which shows the contoured results from
over 2,000 observations from the PhycoProbeTM over a 50 km
survey in western Lake Erie. While the results shown are for
chlorophyll-a biomass as an integrated measure, the high spatial
and temporal observations are able to resolve detailed patterns
identifying hot spots within the lake and patterns of dispersal
of the Maumee Bay source water into the open lake (Figure 1).
Complete summaries of the ACT technology evaluation of
multi-excitation fluorometers can be obtained in product-specific
technical reports9. Continued innovations in development of
sensors to quantify biomass (Zeng and Li, 2015; Gull et al.,
2016) and, specifically, to discriminate among phytoplankton and

9http://www.act-us.info/evaluations.php
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FIGURE 1 | Phytoplankton group classifications generated by the Moldaenke Gmbh PhycoProbeTM during a 2-week moored deployment in the Chesapeake Bay
during the ACT performance verification of in situ fluorometers for detecting HABs. Colors indicate major phytoplankton groups, including green algae (green),
cyanobacteria/bluegreen algae (blue), diatoms (orange), cryptophytes (brown), and the cyanobacteria Planktothrix (brown, hatched). Modified from ACT Verification
Report (www.act-us.info/evaluations.php).

potential HAB taxa include scaling down such technologies in
size, power requirements, and cost (Zieger et al., 2018).

Other in situ sensing approaches bring optical, chemical,
and/or molecular methods to moored and mobile platforms.
The Optical Plankton Discriminator (OPD), also known as the
Brevebuster, was developed in the late 1990s by Mote Marine
Laboratory to detect optical signatures of the toxic dinoflagellate,
K. brevis, based on its unique pigment signature in mixed
phytoplankton communities (Kirkpatrick et al., 2000; Shapiro
et al., 2015). Since its initial development for K. brevis detection,
the OPD approach has been used to discriminate other taxa (e.g.,
Zapata, 2005), as well as CDOM (Kirkpatrick et al., 2011), an
important tracer of land-based runoff into coastal oceans.

Similarly, the Environmental Sample Processor (ESP),
originally developed as a “lab in a can” for moored deployments
(Scholin, 1998; Scholin et al., 2001), uses immuno- or molecular
probe-based assays to detect and quantify HAB species
(Greenfield et al., 2008; Bowers et al., 2017) and toxin (Doucette
et al., 2009). The ESP is also capable of collecting and storing
fixed samples for later analyses by standard or benchtop methods
(e.g., Bowers et al., 2016). Recent deployments on the US West
coast have been used to determine the feasibility of simultaneous
detection of fecal indicators and HAB species toward same-day
alert systems for managers (Yamahara et al., 2015); to detect
HAB populations in relation to oceanic processes and bloom
initiation (Seegers et al., 2015); and to understand fluctuations
in a key HAB species and its toxin in Monterey Bay throughout
an un-precedented coast-wide bloom event (Ryan et al., 2017;
Bowers et al., 2018). In the Great Lakes, ESP technology was
first applied in 2016 to provide for near-real time detection
of microcystin concentrations to support timely source water
monitoring for the Toledo Drinking Water Plant managers.

FIGURE 2 | Chlorophyll-a contour plot generated by the PhycoProbeTM

during an underway mapping survey in western Lake Erie during the ACT
performance verification of in situ fluorometers for detecting HABs. Color bar
indicates chlorophyll-a concentration ranging from high (red) to low (blue).
Modified from ACT Verification Report (www.act-us.info/evaluations.php).

The application of this technology significantly advanced the
frequency and timeliness of toxin monitoring. Prior ship-based
monitoring only produced a weekly measurement, whereas
the ESP enabled measurements at a twice daily frequency.
Efforts are underway to incorporate these local in situ toxin
observations into lake-scale operational hydrodynamic-based
forecasting models which could then provide 3 to 5-day forecasts
of potential delivery of high toxin concentrations to specific
locations of intakes or public beaches. ESP deployments in the
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Gulf of Maine also contribute to the forecasts and monitoring of
Alexandrium blooms used to manage shellfisheries in that area
(Canfield, 2013).

Such in situ sensing approaches are being increasingly
incorporated into mobile, autonomous platforms, including
autonomous underwater vehicles (AUVs) and autonomous
surface vehicles (ASVs), which expand the spatiotemporal range
of these instruments (Robbins et al., 2006; Schofield et al., 2008).
Both the OPD and ESP have been successfully deployed on
moored (Seegers et al., 2015; Yamahara et al., 2015; Ryan et al.,
2017; Bowers et al., 2018), ship-based (Schofield et al., 2006), and
autonomous mobile platforms (Hails et al., 2009; Beckler et al.,
2018), with the third generation ESP model (ESP-3G) specifically
designed for integration into a long range AUV (LRAUV)
platform (Pargett et al., 2015). The capabilities of these mobile
deployments may help to offset the high purchase costs (Table 1)
and limited deployment duration of such instruments (i.e., due
to power consumption) by providing temporally and spatially
rich data at lower per sample cost (versus ship-based sampling);
however, more detailed economic analyses of such sampling
approaches and returns on investment are not readily available.

Image-Based Approaches
Several lab and field-portable image-based technologies have
been developed over the last decade, and many of them are
routinely used as part of HAB monitoring programs. Perhaps
the best known are the FlowCAM (Fluid Imaging Technologies
Inc.) and IFCB (McLane Research Laboratories Inc.). The
FlowCAM uses fluidic principles based on flow cytometry,
coupled with light microscope-like optics to detect and monitor
for the presence of HAB species. Although primarily a benchtop
instrument, its portability outside of the laboratory has been
demonstrated by dockside and shipboard applications. The
autonomous IFCB is a submersible, imaging flow cytometer.
The IFCB combines flow cytometry and video technology to
generate high-resolution images of particles ranging from <10 to
150 µm in size. Both instruments provide cytometric and image
data, and both are configured with software that can be used to
identify phytoplankton based on a combination of cytometric
and visual features. The ability of the IFCB to monitor the
entire phytoplankton assemblage coupled to an automated image
classifier provides the ability to identify HAB taxa in near real-
time. The efficacy of this approach has been demonstrated along
the coast of Texas, United States, where resource managers were
alerted to the presence of a toxic bloom of Dinophysis, averting
potentially serious human exposure through consumption of
shellfish (Harred and Campbell, 2014). However, it must be
noted that effective and accurate identification of phytoplankton
species using automated algorithms remains a bottleneck to use
of these technologies and often still requires human assistance
(Culverhouse et al., 2006; Benfield et al., 2007), although
advancements are being made (Luo et al., 2018).

Other imaging and/or cytometric systems are also
commercially available, including the CytoSense (Cytobuoy
b.v.) system which can be integrated into a CytoBuoy for field
operations. The CytoSense/CytoBuoy uses dual lasers to scan a
phytoplankton cell’s surface, providing information on cell size

and pigment distribution within individual cells. It can image
particles ranging in size from 0.5 to 900 µm in diameter and
several mm in length and can discriminate the number of cells
in chain-forming species. Automated classification is supported
through image capture, similar to the IFCB.

Rapid Detection of Toxins
A suite of robust, lab-based analytical methods have
been developed and are currently accepted for detection
and quantification of HAB toxins. These include liquid
chromatography coupled with tandem mass spectrometry
(LC-MS-MS), ELISA, and the mouse bioassay, among others.
This paper is focused on newer, field-deployable technologies or
rapid quantification methods better suited for integration into
ocean observing and monitoring systems. As such, readers are
directed toward the many published reviews, and methodological
descriptions of these standard analytical approaches (Harada
et al., 1999; Pierce and Kirkpatrick, 2001; Kudela, 2011; Kaushik
and Balasubramanian, 2013; Weller, 2013; Sanseverino et al.,
2017; Glibert et al., 2018).

Molecular Approaches
Molecular methods to detect HAB cells have been developed
and refined over the past few decades; however the elucidation
of specific genes associated with toxin production has been a
long and arduous process (see Cembella and John, 2006, for a
review on the complex nature of HAB toxin gene discovery).
Some pathways are well-established (cyanotoxins: Nishizawa
et al., 1999; Tillett et al., 2000), while others have come online
more recently (domoic acid: Brunson et al., 2018) or have
yet to be described. Given this lag, there is a paucity of
molecular assays presently available that target toxin genes, and
only recently have these assays moved into commercialization
(e.g., phytoxigeneTM)10. At present, Ohio EPA has been an
early adopter of the CyanoDTec kit (phytoxigeneTM) in routine
monitoring of toxins associated with cyanobacteria (Ohio EPA,
2016). Routine monitoring of Microcystis in 2016 using this
approach showed 100% correspondence of microcystin toxin
detection above a 1.6 µg L−1 threshold with microcystin genes
(mcyE; Ohio EPA, 2017).

Chemical Approaches
Commercially available strip or “dip-stick”-style toxin detection
technologies have been available for some time; however, there
are significant limitations to their application. While they can
provide a rapid method for assessing if certain toxins of interest
(e.g., microcystins, cylindrospermopsin, and anatoxin-a) are
present in a sample (either water or tissue), the results are only
semi-quantitative, appropriate only for initial screening, and thus
of limited benefit to water managers (U.S. EPA, 2017). Newly
developed technologies that are currently in beta-testing stages
allow for low-cost, easy to use, rapid, single sample multiplex
analysis of several HAB Toxins. One such system is the MBio
Toxin System,11 which has been demonstrated to detect a wide

10www.phytoxigene.com/
11http://mbiodx.com/
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range of freshwater and marine HAB toxins (Devlin et al., 2013;
Meneely et al., 2013; McNamee et al., 2014; Reverté et al., 2017)
and has the capability for expanded multiplexing, as required
for detecting additional toxins. The MBio Toxin System delivers
quantitative results in a small footprint and robust format
that can be used in the field (Bickman et al., 2018) and can
thus improve HAB monitoring, forecasting, and management
by allowing for real-time, cost-effective, quantitative on-the-
spot testing. By reducing the cost and time associated with
making high-quality HAB toxin measurements, more tests can
be performed and results can be used for real-time decision-
making. Furthermore, in its current configuration, this system
can detect two different HAB toxins simultaneously. For example,
the MBio MC/CYN Toxin System can simultaneously detect
microcystins and cylindrospermopsin using the same cartridge
(Bickman et al., 2018). The first-generation MBio Toxin System
has been available for commercial sale since 2018 and has been
tested with 11 different MC congeners and demonstrated cross-
reactivities ranging from 26 to 100% (Bickman et al., 2018).

Example results from the first generation MBio system applied
in the Great Lakes as part of the 2018 ACT Technology Evaluation
are shown in Figure 3. These results show concentrations
of both total and dissolved microcystin, data which were all
produced in the field within a few hours of sample collection.
The range and limit of detection for this technology compare
well to the standard bench-top ELISA procedures used in most
routine freshwater monitoring applications. Moreover, the ability
to generate monitoring results locally and at hourly time-
scales suggests a major advancement in monitoring efficiency
and application.

In addition to the MBio instrument and kit, a second
developing technology from Beacon Analytical Systems, Inc.12

was tested in the ACT Technology Evaluation. The Beacon
Field Tube Kits quantify dissolved and particulate-associated
phycotoxin concentrations via immunologic assay in marine

12www.beaconkits.com

or fresh water samples. These tests are designed to enable
rapid, quantitative assessment of samples in the field (i.e.,
dock-side) without need for electricity and with minimal need
for specialized equipment. ACT evaluated kits designed to
measure MC and domoic acid, both of which are based on
competitive ELISA techniques. Particulate-associated toxin is
measured from a filtered sample which is manually crushed,
while dissolved toxin can be measured in the filtered volume
directly if it is present at sufficient concentration. The presence
of filter particulate has no impact on assay performance.
Color development is quantified using a hand-held portable
spectrometer. Analyses are accompanied by known negative
and positive controls, and a calibration curve can be created
on-site with known certified standards or applied from
previously generated curves to translate color absorbance into
units of toxin concentration. Initial optimization of assay
and reagent design for these kits enables the quantification
of toxin concentrations over a nearly 100-fold range. The
entire process of sample preparation and analysis can be
accomplished in 1.5 h, enabling a timely response to the dynamic
conditions of HABs.

ONGOING CHALLENGES AND
OPPORTUNITIES FOR SOLUTIONS

Many of the priorities outlined in this paper are also closely
aligned to challenges associated with transferring observing
technologies of any kind into the hands of a diverse group
of end-users. The biological unknowns (e.g., toxin congeners
and pathways, cryptic species) can hinder the development of
broadly applicable test kits/sensors for species and toxins, and
the construction of standards sets desired for ground-truthing
measurements. Specifically, what defines a “bloom” varies widely
between HAB species, and some toxin-producers may remain
at low abundances. What defines a toxic “event” is largely
determined by regulatory agencies concerned with food and

FIGURE 3 | Microcystin analysis conducted in the Great Lakes as part of the ACT HAB Toxin detection technology evaluation using the rapid, field-portable MBio
toxin detection system. Data shown represent dissolved (red) and whole water (dissolved + particulate; blue) concentrations of Microcystin (µg/L). Data below the
minimum detection limit are indicated (“MDL”). Modified from ACT Demonstration Reports (www.act-us.info/evaluations.php).
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human safety but may not be a useful metric for researchers
and managers attempting to understand or mitigate HABs before
they become acutely dangerous. These differences in definition
and focus contribute to the intricacies of quality control (QC)
and inter-calibration efforts for existing and new methodologies,
thus necessitating the need for communicating known factors
that influence variability in both analytical techniques and
target organisms.

Weighing the various factors in choosing a sensor, instrument,
or test kit can be overwhelming, as what is “good enough”
for the application of the results must be decided. Such a
threshold is likely to be different when, for example, making
decisions to manage and minimize human exposure to toxins
(for which regulatory limits exist and in which case data accuracy
and precision around those limits is paramount) than when
monitoring for long-term changes in an ecosystem (in which
case long-term consistency, usability, and minimal cost might
be priorities). Affordable instruments now on the market have
expanded the use of observing systems; however long-term
costs associated with maintenance and procuring proprietary
reagents (in turn, subject to manufacturing delays) can still be
a hurdle that is largely unshared among users (see more on
this, below). In many cases (e.g., handheld qPCR technology,
ESP, IFCB) a considerable amount of expertise is still required
for operational purposes and data analysis (“Non-Technical
Usability” column in Table 1), especially when data outputs
must be rapidly transformed into digestible information useful
for a wide stakeholder audience. Consensus recommendations
from a community workshop assessing the state of HAB
monitoring technologies (Alliance for Coastal Technologies
[ACT], 2017) identified several barriers and highlighted potential
opportunities for solutions to adoption of technology-based
monitoring systems. These are discussed in more detail in the
subsequent sections.

Stimulating, Diversifying, and
Maintaining Investment
Purchase costs, the infrastructure needed for power requirements
and the storage and transmission of data, and technical expertise
needed to work with new technological approaches can be
an enormous financial hurdle for agencies and researchers to
overcome. While there is an obvious need for a standardized and
integrated national network of regional HAB observing systems
incorporating multiple observational technologies, realizing
this need is dependent, in part, on continued investment in
both autonomous, in situ HAB detection technology along
with end user-accessible, highly portable formats to spatially
expand HAB detection beyond autonomous regional sentinel
monitoring sites. Unfortunately, it can often take a serious
HAB event to finally secure buy-in from local legislators and
the public for long-term funding and support, even though
a pro-active versus reactive management approach would
likely save money and resources. One important component
missing from the HAB issue at-large is a thorough economic
assessment of localized events that threaten communities
(often chronically) and their natural resources. Suggestions

are being made for expanding the investment base away
from the classic funders of HAB research and technology
development (i.e., federal agencies). These suggestions include
strategically identifying and tapping into alternate sources of
support/partnerships to advance sensor technologies including
obvious HAB-impacted industries (e.g., aquaculture), larger
market capitalization industries which rely on clean/toxin-free
water (e.g., milling, brewing), and industries (e.g., cosmetics,
medical) which may have more lucrative applications for
technologies currently being developed for HABs.

Choosing the Right Technologies
With technological advancements, the options can become
overwhelming for a researcher or manager trying to build a
HAB-focused program. There is no one “right” answer for
effectively monitoring and managing HABs, and a primary goal
should be to deliver a system that is fit for purpose (Anderson
et al., 2019). Research applications are different from regulatory
applications, and technologies related to food safety, clinical
test procedures, or drinking water analysis require much more
rigorous quality assurance and control (QA/QC), validations and
even multi-laboratory validation or comparison of “approved or
official methods.” The concept of “operational” technology or
models also requires further definition, as it typically connotes
the ultimate of the routine, vetted, and immediately available
products of the National Weather Service (NWS). In reality,
however, “operational” readiness in a research or management
application may mean that a technology has been verified, is being
used according to a set of accepted methods, and is producing
data with quantifiable quality metrics (see following section),
even if it is neither as comprehensive in spatiotemporal scope
nor as immediately available as the NWS connotation would
suggest. Evaluation of the efficacy of new technologies require
comparison to suitable reference (“Gold”) standards; however,
every technology user is not able to equally access such standards,
if they exist, at any given time. Employing robust, transparent,
and publicly accessible technology performance verification
models – such as those provided by the former U.S. EPA
Environmental Technology Verification (ETV) and the current
NOAA-funded ACT programs – can help overcome this barrier.

There is often a need and benefit for measurement of
multiple parameter measurements (i.e., species abundance, toxin
concentrations, and supporting environmental data such as
chlorophyll, temperature, salinity, dissolved oxygen) that can
dovetail with early warning at the species level. Continuous
observations are important to integrate over large time scales
and go hand-in-hand to inform the treatment and mitigation
processes. Networked platforms are highly favorable, leveraging
broader spatial and temporal data acquisition and Data
Availability. For example, toxin-only detection systems lack the
ability of an agency to track cells in the water column as they
lead up to a HAB event, thus limiting efforts to predict toxic
events before they happen. To achieve the goal of networking
current technologies, better inter-calibration between devices and
applications is needed.

Choosing the right technologies may also require coordinated
use of complementary approaches, which is becoming
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increasingly useful in adaptive management strategies to
mitigate HABs via monitoring. Increased mobility, which
provides greater spatial coverage and an ability to adaptively
monitor changing blooms, can overcome some of the limitations
of moored platforms, which often require being manually moved
to another location (including to depth). The U.S. Great Lakes
Restoration Initiative (GLRI) is an example of a program using a
multi-agency approach to strategically target the biggest threats
to the Great Lakes ecosystem and accelerate progress toward
achieving goals that include safe drinking and recreational waters
and elimination of HABs13. The GLRI funds multiple projects
that use complementary technologies; one such project is the
Synthesis, Observation and Response (SOAR) project at NOAA
Great Lakes Environmental Research Laboratory (GLERL).
SOAR provides baseline real-time environmental information
on Lakes Michigan, Huron, and Erie. The goals of this project
are to assess water quality status and trends and ecosystem
health through a variety of sampling methods, including manned
aircraft systems with an HSI sensor, instrumented buoys,
and shipboard sampling for environmental and bio-optical
parameters. Future endeavors of the SOAR project include
coordinated use of a manned aircraft system equipped with
an HSI sensor flying over the flight track of an AUV equipped
with an ESP-3G. These types of coordinated campaigns allow
HABs to be imaged both from above and below the surface, thus
providing the three-dimensional perspective of HAB events and
robust evidence of their extent both spatially and with depth.
Coordinated efforts extend beyond the use of autonomous
systems to also include moored or deployed instrumentation
as important components of networks designed to alert and
forecast bloom events. Examples of such multi-asset campaigns
can be found around the United States (Rowe et al., 2016; Ryan
et al., 2017) as well as globally (Pinardi et al., 2008; Stumpf
et al., 2010; Kaitala, 2019) and represent the intersection of
research and monitoring.

To ensure that continued development of new technologies
and application pipelines are “fit for purpose,” developers must
also engage stakeholder input at an early stage and throughout
their process (Alliance for Coastal Technologies [ACT], 2017).
To further promote adoption of technological advances in
monitoring, several strategies have been recommended, such
as continuing efforts toward inclusion and education of
stakeholders in the latest in HAB detection technologies.
Reaching out to such stakeholder communities (e.g., by attending
shellfish meetings), requesting HAB-focused sections or sessions
at meetings, inviting representatives of industries to regional
or national HAB-related meetings, and offering to accompany
stakeholders in the field with new technologies are ways in which
scientists and technology developers can continue to engage end
users and potential investors in HAB research.

Quality Assurance and Quality Control
Considerations
Quality assurance (QA) and quality control (QC) considerations
for assessing performance of sensors or assays for HAB

13https://www.glri.us/

species or toxin detection do not vary substantially from
general considerations for performing water quality analyses.
Laboratories that contribute to monitoring biological systems
should have a Quality Management System that is appropriate
for their purposes (e.g., McManus et al., 2003) and/or accredited
or compliant with internationally accepted quality standards,
i.e., ISO/IEC 17025:2017 (International Organization for
Standardization [IOS], 2017) or NELAC 2009 TNI Standards
(National Environmental Laboratory Accreditation Conference
Institute [NELAC], 2014). Sample collection and analysis
should maintain strict adherence to a rigorous QA plan
and implement QC practices that incorporate blanks (e.g.,
field, equipment, matrix, and sampling trip) to determine
whether sample collection and handling procedures have
introduced contaminants to the samples. Replicate samples
(e.g., split, concurrent, and sequential) are another important
element of a comprehensive sampling plan that measure
variability introduced during sample collection and during
short-term environmental fluctuation. QC measures for
quantitative phytoplankton analysis should also include
both intra-laboratory (same chamber and sample) and
inter-laboratory (if need analyses are distributed across
labs) calibration procedures. U.S. EPA-approved methods
exist for traditional toxin analyses, including LC/MS/MS
(Shoemaker et al., 2015), LC/ESI-MS/MS (U.S. EPA, 2015),
and ELISA (U.S. EPA, 2016) methods. Ideally, these methods
require an initial demonstration of capability and ongoing
calibration checks of the laboratory instrumentation. Taken
together, development of a Quality Management System,
taking into consideration recommended QA/QC practices,
and consistent documentation should allow for users to
both document and account for any issues in their analyses,
while also allowing for more informative reporting of both
the quantity values of the measured analyte (i.e., HAB
species or toxin concentration) in addition to a measure of
uncertainty of this value.

Coordination to Overcome Bottlenecks
Given both the biological and regional diversity of HAB
species and toxin profiles, it should be acknowledged that
most detection technologies will likely require regional
tuning rather than a “one size fits all” strategy. Image
analysis of complex, non-uniform, three-dimensional
organisms such as plankton can be a significant bottleneck
for translating raw images collected by image-based tools
(e.g., Bi et al., 2015). Combined with regional differences
in dominant taxa, this bottleneck can become even
more significant of a barrier. One way to address this
limitation is to build and promote regional “communities
of practice” that can share the burden of, for example,
developing the regionally specific classification systems
required to detect HAB species on the image-based
technologies (e.g., Sosik and Olson, 2007). Cloud-supported
computing options can help enable sharing and cross-region
collaborations for building shared image classification libraries
(Alliance for Coastal Technologies [ACT], 2017).
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Additionally, standardizing species identifications (e.g.,
Moestrup et al., 2009; Rosen and St. Amand, 2015) and
extraction protocols for the target toxins in regionally
coherent study regions (e.g., Loftin et al., 2008; Gulf
of Mexico Alliance, 2014) can help ensure that research
and monitoring efforts done by different groups are
consistent and comparable. Such consistency can enhance
the data available for modelers and managers to use in
their efforts, without the significant efforts associated with
method cross-comparison.

CONCLUDING REMARKS

There are more technologies and methods available today to
detect HAB events, species, and toxins in the context of ocean
observing than ever before, suggesting that the “revolution in
coastal oceanography, monitoring, and management” (Cullen,
2008) is underway. New and emerging technologies are building
our abilities to assess HABs remotely and rapidly in the field, and
to simultaneously detect species and toxins. These technologies
open new doors for researching and monitoring HABs and,
ultimately, build the potential for prediction and mitigation
of these ecologically and economically damaging events. With
new technologies, however, come challenges to maintaining
investments in HAB monitoring and management, choosing
the right tool or suite of tools for the purpose, ensuring data
quality and translatability, and overcoming the bottlenecks that
come with more spatially, temporally, and taxonomically rich
data. Through diversification, integration, coordination, and

collaboration, these challenges can be met, and the potential of
technology advancement for HAB research and monitoring can
be more fully met.
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