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Preparation of this document

Over the past years, the participation of FAO in sessions organized by the
Intergovernmental Panel on Harmful Algae Blooms (IPHAB) and other relevant
expert meetings resulted in the identification of a number of issues and areas the needed
attention.

One issue was for guidance in the implementations of early warning systems
for HABs affecting food safety and food security. For this reason, FAO took the
lead for the development of this joint Food and Agriculture Organization of the
United Nations (FAO)-UNESCO’s Intergovernmental Oceanographic Commission
(IOC)-International Atomic Energy Agency (IAEA) International Atomic Energy
guidance that was prepared by a multidisciplinary team of experts on harmful algal
blooms.

The IPHAB Task Team on Early Detection, Warning and Forecasting for Harmful
Algal Events served as a strategic advisory group for the development of this document.

Marie-Yasmine Dechraoui Bottein provided coordination support for the
development of the document by liaising with experts, and by organizing the three
involved agencies for the Expert Meetings that took place in October 2020 and
January 2021.

Language editing, formatting was provided by Karen Englander, technical
editing was provided by Esther Garrido Gamarro and Karen Englander. Layout was
provided by Tomaso Lezzi.



Abstract

Harmful algal blooms (HABs) have significant impacts on food safety and security
through contamination or mass mortalities of aquatic organisms. Indeed, if not properly
controlled, aquatic products contaminated with HAB biotoxins are responsible for
potentially deadly foodborne diseases and when rapidly growing, HAB consequences
include reduced dissolved oxygen in the ocean, dead zones, and mass mortalities of
aquatic organisms. Improving HAB forecasting is an opportunity to develop early
warning systems for HAB events such as food contamination, mass mortalities, or
foodborne diseases. Surveillance systems have been developed to monitor HABs in
many countries; however, the lead-time or the type of data (i.e. identification at the
Species-level, determination of toxicity) may not be sufficient to take effective action
for food safety management measures or other reasons, such as transfer of aquaculture
products to other areas. Having early warning systems could help mitigate the impact of
HABs and reduce the occurrence of HAB events. In this regard, FAO took the lead in the
development of a Joint FAO-IOC-TAEA Technical Guidance for the Implementation of
Early Warning Systems for HABs. The document will guide competent authorities and
relevant institutions involved in consumer protection or environmental monitoring to
implement early warning systems for HABs present in their areas (marine and brackish
waters), specifically for those affecting food safety or food security (benthic HABs,
fish-killing HABs, pelagic toxic HABs, and cyanobacteria HABs).
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1 Introduction

1.1 BACKGROUND AND MOTIVATION
Globally, there are 3 400 to 4 000 described species of marine microalgae but only 1 to 2
percent are considered to be harmful (Shumway ez al., 2018).

The generic term “harmful algal bloom” (HAB) includes proliferations of microalgae
in marine or brackish waters that can cause water discolouration and massive fish kills,
contaminate seafood with toxins, or alter ecosystems and services in ways that humans
perceive as detrimental.

The impacts and mass mortalities of marine species caused by harmful algae are not new
and have been recorded for decades (Sellner and Rensel, 2018). However, there is growing
concern that these events will increase due to accelerating global warming, climate change
and anthropogenic activities.

Toxin-producing HABs, in particular, can contaminate seafood, drinking and recreational
waters, or kill fish and wildlife. HAB events related with seafood biotoxins represent 48
percent of total HAB events globally (Hallegraeff ez al., 2021). Some HABs are responsible
for potentially deadly food-borne illnesses, and some HAB toxins may be aerosolized
and cause respiratory distress in susceptible or high-exposure populations (for example,
aerosolized brevetoxins from Karenia brevis blooms in Florida, United States of America).

Six human syndromes are presently recognized to be caused by consumption of seafood
contaminated with marine algal toxins:

e amnesic shellfish poisoning (ASP)

e azaspiracid shellfish poisoning (AZP)

* ciguatera poisoning (CP)

e diarrhetic shellfish poisoning (DSP)

* neurotoxic shellfish poisoning (NSP)

e paralytic shellfish poisoning (PSP)

In addition, cyanobacteria are identified as food-borne poisoning causative organisms.

The species considered harmful are catalogued in published texts (for example, in Lassus
et al., 2016) and now periodically updated in the IOC-UNESCO Taxonomic Reference
List of Harmful Micro Algae (Lundholm er al, 2021) and in AlgaeBase (Guiry and Guiry,
2021).

Non-toxin-producing but high biomass blooms, including proliferations of macroalgae,
can also be harmful. These “nuisance” blooms can disrupt ecosystem services with impacts
on the economy and human health; for example, desalination systems, the seafood industry,
fisheries and aquculture activites and resources, the tourism sector, and recreation and
maritime facilities such as ports. (Boerlage and Nada, 2015; Jasim and Saththasivam, 2017).

High biomass HABs cause environmental stress by reducing dissolved oxygen
in seawater, causing hypoxia or anoxia and also expansion of dead zones leading to
indiscriminate kills of marine life. Both toxin-producing and nuisance HABs result in
the loss of livelihoods and food security issues for those dependent on seafood and other
coastal or marine resources for their incomes or subsistence. Some HABs occurred in many
regions of the world before coastal ecosystems were altered by human activities. Other
terms that describe these naturally occurring phenomena are phytoplankton blooms,
microalgal blooms, toxic algae, red tides, or harmful algae.

! Intergovernmental Oceanographic Commission. IOC HAB Programme. 2023. In: The Intergovernmental
Oceanographic Commission. Paris, France. Cited 23 February 2023; http://hab.IOC-UNESCO.org
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Monitoring and forecasting HABs can provide early warning of the presence of harmful
algae or toxins, and the potential of a HAB event occurring, that allow regional authorities,
industry, or individuals to take actions to minimize or mitigate public health, environmental,
or economic impacts. A recent review that examined regional HAB observing programs in
the United States of America, the European Union and Asia found that there is no global
“one-size-fits-all approach”, but regional responses and solutions can be reached through
integrated and coordinated advances in scientific understanding of HABs (Anderson et al.,
2019). The following recommendations were provided by the review authors to advance
“an integrative global ocean observing system optimized for HABs” building on the Global
Ocean Observing System? and were considered in developing this guidance document:

e Deliver systems that are fit for purpose, with cost-effective and sustainable HAB
forecasts that address the HAB-risk warning requirements of end-users, use
(preferably automated) near real-time information to provide advanced HAB
warnings and share knowledge of best practices across regions.

e Use a systems approach for sustained global ocean observing that incorporates earth
observations/models with ecological knowledge/models to advance seasonal to
decadal forecasts that will allow governments to plan and adapt to a changing marine
environment while ensuring coastal industries are supported and sustained.

e Develop interfaces that provide mutual benefit to different sectors and address
critical stakeholder needs, recognizing different priorities for regulators, industry,
science and society, and provide complementary and accessible data sets.

e Promote the transformation of data into information that serves both science and
societal needs including robust communication among stakeholders, partners
and policymakers, and leveraging regional HAB observing systems to support
technology comparisons.

In some countries, surveillance systems have been developed to monitor HABs;
however, the lead-time or the adequacy of data (that is, identification and enumeration
of phytoplankton at the Species-level, determination of seafood toxicity) may not be
sufficient to effect timely and meaningful action to protect food safety or avoid costly
fishery losses. Different approaches for HAB early warning systems (EWSs) that provide
advanced warning of shellfish toxicity include the “traffic light” risk index approach used
by the Scottish HABreports system (Davidson et al, 2021) and the European Union
Interreg Atlantic Area funded PRIMROSE project’ that supports the aquaculture industry
in Europe’s Atlantic Arc region; near-real-time HAB risk mapping and warnings used by
SoundToxins* and the Pacific Northwest HAB bulletin® in the United States of America;
and the use of passive sampling devices for early warning of diarrhetic shellfish poisoning
(DSP) toxins in shellfish (Hattenrath-Lehmann et 4l., 2018).

Implementing regional or species-specific EWSs could reduce HAB impacts such as food
contamination, fish kills or food-borne diseases. For this reason, the Intergovernmental
Oceanographic Commission (IOC) HAB Programme’s Intergovernmental Panel on
Harmful Algal Blooms' (IPHAB, or the “Panel”) established a Task Team on the Early
Detection, Warning and Forecasting of HAB Events in 2019.

The Panel decided in 2021 to continue the Task Team to serve as a strategic and advisory

Intergovernmental Oceanographic Commission. 2023. Global Ocean Observing System. In: The

Intergovernmental Oceanographic Commission. Paris, France. Cited 23 February 2023. www.goosocean.

org

3 Interreg Atlantic Area. 2023. Predicting the Impact of Regional Scale Events on the Aquaculture Sector
(PRIMROSE). In: European Regional Development Fund. Potsdam, Germany. Cited 23 February
2023. www.shellfish safety

* SoundToxins. 2023. SoundToxins--a Puget Sound phytoplankton monitoring program. In: Washington
Sea Grant and Washington State Department of Health. Washington, DC. Cited 23 February 2023.
www.soundtoxins.org

> US Pacific Northwest HAB Bulletin. 2023. Harmful Algal Blooms. In: HAB Forecasts Bulletins.

Washington, DC. Cited 23 February 2023. www.nanoos.org/products/habs/forecasts/bulletins.php
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group for the establishment of guidelines, recommendations, and advancement of EWSs
for HABs. Member state agencies were urged to support the implementation of EWSs for
HABs to reduce the economic, social and human health risk of HAB impacts that affect
seafood sustainability. As a follow-up action, the Food and Agriculture Organisation of
the United Nations (FAO) jointly with IOC and International Atomic Energy Agency
(IAEA) convened a group of experts to draft technical guidance to support managers in
developing EWSs for HAB:s.

An EWS is “an integrated system of hazard monitoring, forecasting and prediction,
disaster risk assessment, communication, and preparedness activities systems and processes
that enables individuals, communities, governments, businesses and others to take timely
action to reduce disaster risks in advance of hazardous events”.* EWSs for impending
hazards are not a new concept; ancient tribal communities observed signs in the oceans and
the skies to warn of impending tsunamis and catastrophic weather events. The development
of more advanced environmental hazard sensors and the instant communications afforded
by modern technologies have allowed improved lead-times and accuracy for EWSs and an
expanded list of hazards that are amenable to advanced warning. The importance of early
warning to mitigate risk and reduce hazard impacts has been recognized by the global
disaster management community explicitly in the Sendai Framework for Disaster Risk
Reduction 2015-2030.7 One of the nine targets of the Sendai Framework is to “substantially
increase the availability of and access to multi-hazard EWSs and disaster risk information
and assessments to people by 2030”5 The international climate change community explicitly
includes the need for EWSs that inform climate services and support decision-making in the
Paris Agreement (Article 7, paragraph 7c¢).” This Technical Guidance for the Implementation
of Early Warning Systems for Harmful Algal Blooms aims to support countries or regions
developing EWSs for HABs, and will advance broader EWS initiatives including multi-
hazard EWSs that address HABs and their impacts to individuals and society.

1.2 OBIJECTIVE AND SCOPE

Objective: This Technical Guidance for the Implementation of Early Warning Systems for
Harmful Algal Blooms will guide competent authorities and relevant institutions involved
in consumer protection or environmental monitoring to develop and implement EWSs for
HABs.

The intended goals of this technical guidance document, based on the targets of
the Sendai Framework for Disaster Risk Reduction®, are described in Figure 1.1. The
overarching goal of a HAB EWS is to reduce individual and societal HAB impacts by
enhancing response and preparedness to enable timely and coordinated action in advance
of a HAB event by individuals, communities, governments, businesses or industries, and
non-governmental partners.

An EWS for HABs should alert stakeholders of the occurrence and potential impacts
associated with HABs. Impacts associated with HAB events include the presence of toxins
in seafood or drinking or recreational waters affecting food safety and food security;
ecosystem effects related to high algal biomass, mucus or foam; water discolouration;

¢ United Nations Office for Disaster Risk Reduction. 2023. Shendai Framework for Disaster Risk
Reduction 2015-2030. In: Building Risk knowledge. Geneva, Switzerland. Cited 23 February 2023. www.
undrr.org/implementing-sendai-framework/what-sendai-framework

7 United Nations. 2023. Office for Outer Space Affairs UN SPIDER Knowledge Portal. In: Risks and
Disasters, Early Warning Systems. Vienna, Austria. Cited 23 February 2023. www.un-spider.org/risks-
and-disasters/early-warning-systems#no-back

8 United Nations Office for Disaster Risk Reduction. 2023. Shendai Framework for Disaster Risk
Reduction 2015-2030. In: Implementing the Shendai Framework. Geneva, Switzerland. Cited 23
February 2023. www.undrr.org/implementing-sendai-framework/what-sendai-framework

? United Nations. 2023. United Nations Climate Change. In: United Nations Framework Convention
on Climate Change. Bonn, Germany. Cited 23 February 2023. http://unfccc.int/sites/default/files/
english_paris_agreement.pdf
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and wildlife The different aspects of early warning of benthic HABs (BHABs), pelagic
toxin-producing HABs, high biomass and fishkilling HABs, and cyanobacterial HABs
(CHABES) are addressed. The EWS should include warnings of marine and brackish water
HAB events so should include all marine HAB species and those from freshwater bodies
that expand into estuaries and coastal areas. Different HABs have different impacts, and
regional needs and response capabilities differ, so a HAB EWS should be regional and
species-specific with the warning or endpoint based on the stakeholder or user’s needs.

FIGURE 1.1
Harmful algal bloom early warning system targets
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Source: Modified from Pearson, L. and M. Pelling. 2015. The UN Sendai framework for disaster risk reduction 2015-2030: Negotiation
process and prospects for science and practice. Journal of Extreme Events. 2(01): p. 1571001.

The guidance provides a roadmap for stakeholders on how to improve or implement
an EWS for HABs and biotoxins, where appropriate. It is important to note that not
all countries and institutions can implement the same level of EWS for HABs, and this
guidance is intended mainly for those who seek to broaden existing early warning systems,
or who are just beginning to consider putting a system in place. Prior to developing this
Technical Guidance for the Implementation of Early Warning Systems for Harmful Algal
Blooms, other complementary efforts have been produced and recognized:

e The IOC IPHAB’s Task Team on the Early Detection, Warning and Forecasting

of HAB Events" serves as a strategic and advisory group for the establishment of
guidelines, recommendations, and advancement of Early Warning Systems, and as
such, Task Team members have participated in the development of this Technical
Guidance document.
The GlobalHAB International Science Programme’s Theme 9: Observation,
Modeling, and Prediction' aims to advance the outcome of “Improved capabilities
in early warning and real-time observation and prediction of HABs”.

1o Intergovernmental Oceanographic Commission. 2023. IOC-FAO Intergovernmental Panel on Harmful
Algae Blooms (IPHAB). In: The Fifteenth Session. Paris, France. Cited 23 February 2023. https://ab.ioc-
unesco.org/ioc-intergovernmental-panel-on-harmful-algal-blooms-iphab

11 GlobalHAB. 2023. Global Harmful Algal Blooms. In: GlobalHABs New Topics, Observation, Modeling

and Predicting. Oostende, Belgium. Cited 23 February 2023. www.globalhab.info/science/globalhab-
new-topic/observation-modelling-and-prediction
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® The United States National Harmful Algal Bloom Observing Nerwork
(US NHABON) aims to efficiently and effectively integrate local, state, regional,
and federal HAB observing capabilities and operational products in the United
States of America to enable HAB forecasting and early warning.

* The International Conference on Harmful Algae (ICHA) hosted a special session
on Early Warning Systems (EWS) for Harmful Algal Blooms (HABs) 14 October
2021 at the virtual ICHA meeting, jointly sponsored by FAO, IOC, and IAEA."
Presentations and informal discussion with experts allowed participants to further
understand the process used to develop, implement and assess the accuracy of EWSs.
At least eight country case studies on EWSs for HABs, representing diverse food
safety and security foci and broad geographical representation, are published in the
ICHA 2021 proceedings.

However, this Technical Guidance for the Implementation of Early Warning Systems
for Harmful Algal Blooms serves a specific purpose that is unique from the efforts listed.
Not all countries and institutions can apply the same level of EWSs to HABs. As such, this
Technical Guidance can be used as a roadmap for authorities and institutions in countries
or regions to commence building an EWS or expand an existing system. This document
provides guidance to develop and implement a system for early warning of HABs in marine
and brackish waters and details HAB impacts that may affect food safety or food security.

1.3 CONTENTS OF THE TECHNICAL GUIDANCE
This Technical Guidance for the Implementation of Early Warning Systems for Harmful
Algal Blooms follows the general layout depicted in Figure 1.2.

FIGURE 1.2
Organisational structure of technical guidance for the implementation
of early warning systems for harmful algal blooms
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For each HAB group (in Chapters 3-6):

¢ HAB organisms and their impacts
e Distribution, habitats and lifecycle
¢ Dynamics and forcing factors
¢ Monitoring, event response, and data considerations
¢ Nowcasts, forecasts, modeling and prediction
¢ Stakeholders and user needs
e Case studies: HABs and EWSs in action

Source: Elaborated by the authors.

2 JOOS Association. 2023. National Harmful Algal Bloom Observing Network. In: Implementing
Strategy for a National Harmful Algal Bloom Observing Network. Cited 23 February 2023. https://
ioosassociation.org/nhabon

¥ International Society for the Study of Harmful Algae. 2023. International Conference on Harmful Algae
(ICHA2021). In: ICHA Conference Proceedings, Highlights and Abstracts. Copenhagen, Denmark.
Cited 23 February 2023. https://issha.org/publications-resources/conference-proceedings
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Chapter 2 provides a framework for the planning and design of HAB EWSs
(see Section 1.3.1 for a brief introduction). This framework allows the reader to situate
themselves within the EWS development process. Chapters 3 to 6 each focus on a different
group of HABs. Each HAB must be considered independently in an integrated HAB EWS
due to the unique distribution, habitat or lifecycle of organisms within the group.

Chapter 3 addresses the novel challenges presented by benthic HAB (BHAB) species
for an EWS. These benthic dinoflagellates are found on three-dimensional substrates or
within the dynamic sediment-water interface at the seafloor. This chapter focuses on the
toxin-producing BHABs Gambierdiscus spp. and Ostreopsis spp.

Chapter 4 addresses the pelagic toxin-producing HAB species that plague human health
because of the consequence of shellfish consumption. As pelagic species, these HABs
reside in open waters and produce various shellfish poisoning syndromes. Human food
safety is threatened by these pelagic toxic HABs because the toxins produced by algae
can accumulate in the food chain, in filter-feeding fish and in the bivalve molluscs and
crustaceans that are harvested or farmed in most areas of the world.

Chapter 5 discusses the high biomass or high cell density HABs also found in the
pelagic zone but that cause fish kills and other environmental impacts. Mortality of fish and
invertebrates can be caused by mechanical action or by excretion of fish-produced toxins
(icthyotoxins) and other bioactive compounds without harm to humans but may cause
other environmental impacts. Along with pelagic toxic HABs (Chapter 4), high biomass
HABs can have costly impacts on the seafood industry. They can cause marine faunal
morbidity or mortality, including seabirds and marine mammals, by affecting the food-web
or via a cascade of environmental stress.

Chapter 6 discusses instances when freshwater cyanobacterial HABs (CHABs)
enter marine and brackish waters and the resulting impacts that can occur in the coastal
environment.

As detailed below (Sections 1.3.2 to 1.3.6), each of Chapters 3 to 6 cover the following
content for the different HAB groups:

e HAB organisms and their impacts;

e distribution, habitats and life cycles;

¢ dynamics and forcing factors;

* monitoring and events;

e data considerations;

* nowecasts, forecasts, modelling and prediction;

o stakeholders and user needs; and

e case studies of HABs and EWSs in action.

1.3.1 Early warning system development framework
Chapter 2 is dedicated to the principles and considerations of developing EWSs.
Several key elements are common across EWSs that serve communities effectively. A
people-centred approach, including local and regional stakeholders in the EWS planning
and development process, is key to the success of EWSs for many different hazards. HAB
EWSs must incorporate the following elements:
* Regionally specific knowledge of HAB risk, based on the systematic collection of
data and HAB risk assessments.
e Observation, monitoring, detection, and forecasting of HABs and assessment of the
risk of potential HAB-related impacts of concern.
e Dissemination and communication, by an official source, of authoritative, timely,
accurate, and actionable warnings on the likelthood of HAB occurrence and the risk
of potential HAB-related impacts of concern.



Introduction

® Preparedness at all relevant levels to respond to early warnings with timely actions

that reduce impacts to individuals, communities, industry, and society.

The development of an integrated EWS for HABs should follow the iterative stages
of planning, implementation, use, and evaluation depicted in Figure 1.3(A). During
planning, the user community should be directly involved in determining the purpose
of the EWS, what knowledge exists, and what types of resources are possible for
observation, monitoring, and detection of HABs and HAB toxins. Chapter 2 discusses the
importance of considering stakeholders and user needs early and often in EWS planning
and implementation. Implementation of a HAB EWS involves developing, implementing
and refining models that can be used to predict the occurrence and potential impacts of a
HAB event. Information must be disseminated to users in a planned and targeted manner
to achieve the desired results — use of the information provided by the HAB EWS to
inform response and preparedness. The HAB EWS should enable timely action in advance
of an event by individuals, communities, governments, businesses and industry, and
other partners. Feedback should be collected from users to evaluate the accuracy of EWS
predictions (of both HABs and impacts) and inform improvements to the EWS. A detailed

overview of how these processes form an integrated EWS for HABs is depicted in Figure
1.3(B).

1.3.2 Harmful algal bloom species and effects

This Technical Guidance for the Implementation of Early Warning Systems for Harmful
Algal Blooms addresses marine and brackish water HAB events. Thus, the EWS should
consider all marine HAB species and those from freshwater systems that expand into
connected estuaries and coastal waters. As noted above (Figure 1.2), the species addressed
in this guidance fall into one of the four groups: benthic HABs (Chapter 3), pelagic toxin-
producing HABs (Chapter 4), high biomass or high cell density HABs that kill fish and
invertebrates by mechanical action or production of bioactive compounds and icthyotoxins
(Chapter 5), and cyanobacterial HABs that occur in the freshwater-to-marine continuum
(Chapter 6).

Farly warnings for HABs with a direct impact on food safety and security (via
contamination of food or of drinking water when desalination plants are involved) as
well as those that affect human health (via aerosols or skin contact), disrupt ecosystems
(hypoxia, anoxia, marine life kills), or the economy (through reduced fishing, fish kills,
harvesting delays, product recall) should be considered.

1.3.3 Stakeholders and their needs

Consideration of stakeholders and user needs during the design and development of
a HAB EWS is imperative. Only the user can advise on the purpose of the EWS and
what information should be contained in targeted early warning messages. Users can
be individuals, communities, governments, business or industry, or other partners (for
example, academic scientists/researchers or non-governmental agencies). They are the
group(s) that will use the information to act on preparation and response to HAB events.
HAB EWS developments initiated by the scientific community must be driven by the
needs of industry and regulatory authorities (Fernandes-Salvador et al., 2021) to achieve
sustained success.

The first question a user can ask is “early warning of what?” Knowledge of the
occurrence of a HAB is useful in itself, but often the user wants to know whether HAB-
related impacts of concern will occur. The HAB impacts of concern in an EWS should
target one or more specific endpoints (for example, occurrence of a high biomass bloom,
toxicity in fish or shellfish) or a broader array of information that informs a generalized
response to a HAB event. Stakeholders can be users of any part of the EWS, users of the
information provided by the EWS, or any individual or group that is adversely impacted
by a HAB event. Stakeholder questions may include:
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FIGURE 1.3
Harmful algal bloom early warning system overview
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Partnerships among scientists, managers, and stakeholders
are essential for the development and sustained use
of effective HAB early warning systems

Evaluate: Feedback to inform EWS improvement

Source: elaborated by the authors
Note: (A) based on United Nations Office for Disaster Risk Reduction and adapted from World Meteorological Organization presentation
on Multi-Hazard Early Warning Systems. (B) based on Global Ocean Observing System.

If I fish or harvest shellfish recreationally or for cultural or subsistence purposes will
the fish or shellfish be safe to eat?

Will my business or livelihood be compromised due to the occurrence of a HAB?
Is it safe to swim or be exposed to a body of water with a HABs?

Does the government need to issue warnings or safety advisories due to the presence
of toxins in-water or food sources?

Will a HAB event have detrimental effects to an ecosystem and its marine life?

Will a protected/threatened/endangered marine species experience illness or death as
aresult of a HAB?

HAB EWS users are also the group that can best advise on what types of data are
available, or can be made available, within a country or region. They can comment on the
degree of advanced warning that is necessary or desired to enable timely action. There is
often a trade-off between cost (that is, the expense incurred by observing/monitoring/
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detecting HABs or toxins), efficiency (the timeliness of early warning predictions), and
the predictive accuracy of endpoints of concern. All should be considered carefully
during design and implementation of a HAB EWS to best serve the needs of the
stakeholder community.

1.3.4 Data considerations/requirements

There is no simple EWS model that fits all types of HABs. Data on HAB cells, toxins, fish
and shellfish health, and ancillary environmental conditions can inform the development
of an early warning system. Examples and case studies throughout this document
highlight EWSs that utilize data from coastal resource monitoring programs, i situ sensor
observations, remote sensing and modeling. For a wide application, a generic system,
including agnostic data software should be considered. The use of open access software
(SQL, QGIS) and the International Oceanographic Data and Information Exchange
(IODE) National Oceanographic Data Centre'* may be a good option globally. The
important parameters to monitor, grouped as “core” and “supporting” data, must be
defined for each type of HAB during the planning and design of an integrated HAB
EWS framework. Best practices for the development of national or regional near real-time
databases (with cloud storage/warehouse of data specific to the spatial scale at which the
EWS is run, where possible) should be implemented. Data may be protected with a non-
disclosure agreement if EWS output is open access, and long-term data should be broadly
accessible via international data platforms such as the IOC-UNESCO Harmful Algae
Information System (HAIS),"” Harmful Algae Event Database (HAEDAT),! or Ocean
Biodiversity Information System (OBIS).”

1.3.5 Nowcasts, forecasts, modeling and prediction

An EWS for HAB events must provide warning with sufficient lead-times (a minimum of
2 to 3 days in advance) to take effective action for management and mitigation. The EWS
will need to be customized to adapt to the diversity and specificities of different HABs
in different regions. Models may be appropriate in some locations, and development of
models that work in different places instead of just one should be prioritized.

The degrees of advanced warning can vary substantially for the different types of
HABsS, the impact or endpoint targeted in the warning message, and differing availability
of information/data. A nowcast informs the user about current conditions. It is a detailed
analysis and description of the current situation. Satellite imagery, microscopic or molecular
identification and cell counts of algae or in-water sensors for HAB cells and toxins provide
“snapshot” data for nowcasts. A forecast involves predicting future conditions, typically
using a model. Three types of HAB forecasts include industry alert “bulletin” reports
compiled from multiple data sources including biotoxin or phytoplankton monitoring
programs; particle tracking based systems that aim to identify production points of toxin-
producing phytoplankton and track their dispersal using oceanographic models; and
statistical models based on remote sensing that aim to predict toxic events under particular
environmental conditions (Fernandes-Salvador et al., 2021).

* Qceanographic Intergovernmental Commission. 2023. International Oceanographic Data and
Information Exchange (IODE). In: The National Oceanographic Data Centre (NODC). Silver Spring,
Maryland. Cited 23 February 2023. About NODC:s (iode.org)

15 Oceanographic Intergovernmental Commission. 2023. The Harmful Algal Information System and
Global HAB Status Report. In: Data portal with species occurrence and event data. Paris, France. Cited
23 February 2023. The Harmful Algal Information System — HAIS - Harmful Algal Bloom Programme
(ioc-unesco.org)

16 “International Oceanographic Data and Information Exchange” (IODE) of the “Intergovernmental

Oceanographic Commission” (IOC). In: Search Events. Paris, France. Cited 23 February 2023. Harmful

Algal Information System (iode.org)

UNESCO. 2023. Ocean Biodiversity System. In: Data access. Oostende, Belgium. Cited 23 February

2023. https://obis.org

S


https://www.iode.org/index.php?option=com_%20content&view=article&id=421&Itemid=100161
https://hab.ioc-unesco.org/the-harmful-algal-information-system-hais/
https://hab.ioc-unesco.org/the-harmful-algal-information-system-hais/
http://haedat.iode.org/
http://haedat.iode.org/
https://obis.org/
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Nowcasts can inform forecasts when there is an understanding of the factors that govern
the development and movement of HABs and their toxicity. The detection of HAB cells
in the water column can provide early warning that shellfish may not be safe for harvest
and consumption due to the presence of toxins. The first steps toward producing a forecast
involve collecting baseline data on the presence/absence of HAB species and fish/shellfish
toxicity and assessing what near-time data sources are available (Harley er al., 2020).
These nowcast data can be essential for protecting human health where recreational,
cultural, or subsistence harvesting of potentially toxic fish and shellfish occur. They may
provide the basis for models that advance forecasting efforts. Significant progress in HAB
forecasting has been advanced in recent years with site-specific and region-specific models.
In some regions, short-term and seasonal forecasts are used to predict the likelihood and
severity of HABs that occur with annual or seasonal frequency. Predictive models require
knowledge of the HAB species and its toxicity (including specific regional toxin profiles),
a mechanistic understanding of how the bloom occurs within a region, and time-series of
oceanographic and HAB data.’®

This Technical Guidance for the Implementation of Early Warning Systems for Harmful
Algal Blooms and the case studies it reports provide an opportunity to evaluate what
models and forecast systems are currently available and whether they are suitable for use
in new locations. These systems may be of particular interest in countries or regions that
do not currently have early warning for HABs or their impacts that may affect food safety
or security.

1.3.6 Sustaining HAB EWS

The overarching goal and intended targets of this Technical Guidance for the Implementation
of Early Warning Systems for Harmful Algal Blooms described in Section 1.2 and Figure 1.1
can only be achieved when HAB EWSs are sustained. Chapter 2 (Section 2.6) provides the
following key requirements for a sustained HAB EWS:

e stakeholder engagement from the beginning;

* systematic and organized development and operation;

e operationality of individual components (for example, data sources, data platforms,

models); and

e accountablity procedures (for example, feedback to inform EWS improvement,

troubleshooting system failures, continual financial investment).

To ensure funding and other support for an operational HAB EWS and avoid data
ownership issues, the EWS should be developed at a national level, or in selected cases,
for several countries in a region with shared oceanographic boundaries and concerns.
Stakeholders and users must be engaged early in the design process to ensure the system
meets the needs of users, and citizen monitoring should be employed, where appropriate,
in support of event reporting and environmental monitoring. The HAB EWS must be
designed in a deliberate way to meet the specific needs of stakeholders and users within
a country or region. It should provide advanced warning of the relevant HAB species
or impacts of concern to allow preparedness and response that enables timely action by
individuals, communities, government authorities, business/industry, or other partners. In
cases where HAB EWSs are initiated by the scientific community, the needs of industry
and regulatory authorities should be considered and addressed to sustain use of the system
(Fernandes-Salvador et al, 2021). Additionally, each component of the EWS should
be operational independent of the integrated system. Procedures should be designed
and documented for incorporating feedback to improve the EWS and for identifying
and correcting inevitable system failures when they occur. The case studies provided in
Chapters 3 to 6 provide examples of HAB EWSs that have been sustained successfully.

8 U.S. National Office for HABs. 2023. Harmful Algae. In: Prediction and Early Warning. Cited 23
February 2023. https://hab.whoi.edu/response/prediction%20and %20early %20warning
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1.4 CASE STUDIES
Incorporated into the HABs chapters are case studies of harmful algal blooms and EWSs
in action (Table 1.1). They illustrate the initial problem, the local context and the processes
towards a solution. Each case study answers the following questions for a specific type of
HAB in a region where a HAB EWS has been established:
What is the problem caused by the harmful algal bloom?
Who are the stakeholders and what were their needs?
What was the development status of the country or region in terms of monitoring?
What approach/technology was taken to solve the problem? Monitoring?

What forecast data were used?

What early warning system was put in place?
What were the results for forecast operation?
What were the consequences of the early warning system for stakeholders

What lessons were learned?

TABLE 1.1
Case studies discussed in this technical document

Chapter HAB group Phytoplankton species Geographic location
of case study
3 BHABs Gambierdiscus French Polynesia
3 BHABs Ostreopsis Mediterranean Sea
4 Pelagic toxin-producing Pyrodinium bahamense Philippines
4 Pelagic toxin-producing Pseudo-nitzschia spp. US Pacific Northwest
4 Pelagic toxin-producing Multiple (Alexandrium Catalan, Mediterranean Sea

spp.and Gymnodinium
spp.)

High biomass

Multiple (Margalefidinium
polykrikoides and
Noctiluca scintillans)

Oman

Fish-killing

Multiple (Alexandrium
catenella, Heterosigma
akashiwo, and
Pseudochattonella
verruculosa)

Chile

CHABs

Anagnostidinema
amphibium,
Aphanizomenon
flosaquae,
Coelosphaerium
kuetzingianum,
Dolichospermum

spp., Microcystis spp.,
Nodularia spumigena, and
Planktrotrix asgardhii (a
more detailed list is found
at Karlson et al. 2021,
Chapter 6

Baltic Sea

Source: Elaborated by the authors.

1.5 ADDITIONAL RESOURCES
An appendix is included in this Technical Guidance for the Implementation of Early
Warning Systems for Harmful Algal Blooms. Appendix 1 provides resources biotoxin
monitoring, management and regulation, based on monitoring of phytoplankton and
on shellfixh toxicity testing. International organisation such as FAO, IOC and partners
published resources focused on global events. Individual countries provide resources
focused on their specific geographic region.
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2 General framework for
developing an early warning
system

When taking a general, conceptual view to Harmful Algal Bloom (HAB) Early Warning
Systems (EWSs), it is important to first recognize the wide variety of HABs and how
this variety influences the design of an EWS. This variety occurs with respect to the
biology and ecology of different HAB species, to their impacts, stakeholder needs, and
to funding. Structurally, EWS variety is also influenced by the data and tools available
for visualisation, evaluation, dissemination, and prediction and forecasting. EWSs can
range from simple rule-based systems that are easy to implement to varying degrees of
intensive monitoring and forecasting systems that combine many sources of data and
information in complex ways that require management. The framework outlined here
should help orient an EWS developer to the steps needed and what a potential final
product can look like, but it should be read with the understanding that HAB EWSs
can come in many different forms.

The purposes of this chapter are to:

® Outline a general concept of a HAB EWS to guide the development of a system,

using a System Overview approach.

® Orient the reader to where to situate their EWS in the development process,

using the Technology Readiness Levels framework.

* Provide a framework that permits incorporation of the HABs data, as discussed

in further detail in subsequent chapters.

While this chapter lays out a general conceptual framework and roadmap for
building EWSs, the differences between different HABs and HAB management
scenarios should be kept in mind. To give some orientation to the different types of
EWSs that can result, this document discusses a range of specific case studies in the
later chapters (Figure 2.1)

2.1 EARLY WARNING SYSTEM FUNDAMENTAL CONCEPTS

2.1.1 Variety of harmful algal bloom species and ecology

Dozens of species can cause HABs. They can occupy different aquatic habitats, or
zones, of the water column and the benthos, and they can have different life cycles.
Toxin production follows different environmental cues and drivers, and blooms
have many different dynamics. The high diversity of HAB species is one of the main
challenges to building a general and global infrastructure and expertise needed for
HAB EWSs and requires a deep knowledge and understanding of toxin profiles and
ecosystem dynamics. In this Technical Guidance for the Implementation of Early
Warning Systems for Harmful Algal Blooms we have divided HAB species into four
main categories, discussed in Chapters 3 to 6: benthic, pelagic, high biomass fish kills,
and cyanobacteria HABs (Figure 2.1).

2.1.2 Variety of impacts and stakeholder needs

HAB impacts are diverse. They have significant impacts on food safety and nutrition,
through contamination of fish and shellfish, or massive kills of marine organisms,
damage to ecosystems, and impacts on recreational activities. They are also a threat to
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freshwater security everywhere, including countries that depend on desalination plants
for freshwater supply. They can occur in all oceans and seas of the world. Biotoxins
associated with HABs, if not properly controlled, may be responsible for potentially
fatal food-, water-, and air-borne illnesses and other severe impacts on human health.
In addition to toxin production, where phytoplankton cell abundance increases rapidly,
HABs can cause environmental stress by reducing seawater dissolved oxygen causing
hypoxia and dead zones, with associated mortalities of macrofauna, and wild and
farmed fish, causing habitat deterioration, a loss of ecosystem services, and reduction
in income and livelihoods.

This wide range of potential effects of HABs means that there is a wide range of
stakeholder needs in terms of EWSs. For an EWS to effectively identify the stakeholders
and their needs, the process needs to actively involve local communities at-risk and
must take into account monitoring and computational resources available to them.
It must include public education and awareness of the risks, an effective means to
disseminate warnings and alerts, and maintenance of a constant state of preparedness.
A well-constructed, thorough and effective EWS must take into account risk analysis,
monitoring and warning, dissemination and communication and possibly a response
capability involving risk management decisions. This is best done through a process of
knowledge co-production, involving stakeholders from the beginning. A more detailed
discussion of stakeholder needs is provided in Section 2.4.

2.1.3 Variety of tools and data available

HAB EWSs are based on an understanding of how they respond to changing weather,
climate, and ocean conditions, and often historical measurements of the HAB species
or toxins themselves. Monitoring and forecasting of HABs often requires rapid,
intensive, extensive and sustained iz sitw monitoring at sea due to the transient nature,
complexity and scale of HABs. In addition to the traditional methods that rely on
sampling and laboratories for chemical or biological analyzes, the use of remote sensing
technologies and hydrodynamic models that operate autonomously in situ will develop
comprehensive observation strategies for timely detection of HAB events. Many new
approaches are now being used to enhance and automate time consuming methods and
provide earlier, faster, cheaper and more accessible warnings. The choice of appropriate
tools and data relies on the particular HAB species, associated toxicity profiles, the
region, the impacts, and the stakeholder needs. Tools and technologies are reviewed in
Section 2.5.

2.1.4 Developmental models

Users of this document may be at different starting points when it comes to developing
an EWS. In some cases, there might be monitoring and/or basic knowledge of the
HAB dynamics, and in other cases not. The Technology Readiness Levels (TRLs, Table
2.1) provide a chronological process for developing an EWS. A user of this guidance
document should take some time to identify which step in the TRLs best describes
where they are starting from. The subsequent TRLs then provide a roadmap for next
steps. The system overview (Section 2.2, Figure 2.2) should be viewed as an endpoint —
a fully developed EWS with its interrelated components. This is what the TRL process
is building toward.
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FIGURE 2.1
A few different HAB species and scenarios, mapped out based on their impacts
and the tools for observation. The species shown here are those that are discussed
in case studies in later chapters. Orienting a HAB species within this space helps
to prioritize monitoring and stakeholder needs
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Source: Elaborated by the authors.

2.2 SYSTEM OVERVIEW

We begin with an overview of what a fully developed and advanced EWS can look like.
This can be viewed as the endpoint of the development process. It is not always realistic
to expect to reach a fully developed system in a short timeframe. The next section
discusses a stepwise process (that is, TRLs, Table 2.1) for building toward this kind of
EWS from a range of different starting points.

Because of the variability across HABs, their impacts, and data availability, the
EWSs in place take many different approaches. At a high level, however, EWSs strive
for a common system design, such as shown in Figure 2.2. An EWS will have these key
components: Data acquisition, data assimilation, modeling (that is, EWS production),
product generation, dissemination, and review (that is, feedback and retuning).
Finally, there is an overarching requirement for maintenance and improvement of the
components, where feedback from users and analysis informs updating of the system.

The activities for each of the components may originate in multiple agencies, and
some may have been developed for purposes other than for harmful algal blooms.
Simple examples of these include satellite data for environmental variables such as water
temperature, and numerical hydrodynamic models that were developed for navigation.
Both may be quite relevant and usable for HABs but were not necessarily designed for
that purpose. Activities might may also originate in stakeholder communities, such as
local or industry monitoring programs.

Data acquisition. Data acquisition is the most critical aspect of the EWS. For many
HABEs, if we do not know where they are, we can do nothing for an early warning.
However, the question of what to measure and when derives ultimately from an
identified HAB problem or an EWS user. Stakeholder input should be part of the
process of planning data acquisition.

Acquisition will involve the observations of use for the forecast. Details of types
of observations are covered in Section 2.5, Tools and Technology. Stumpf ez al. (2010)
described the types of data systems with examples:

* single point sampling, typically from water samples or shellfish directly;

* continuous point sampling from an automated instrument;
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FIGURE 2.2
General schematic of an EWS for HABs
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Source: adapted from Bauer, P, et al. 2021. The digital revolution of Earth-system science. Nature Computational Science. 1(2): p. 104-113.

e transect sampling, such as may be collected from a ship or ferry; and

e synoptic sampling, such as from satellite.

The type of data needed will depend on the HAB in question and the local
environment.

Data assimilation. The data must be brought into a reliable database that can
support models and predictions. The challenge then becomes one of data assembly
and assimilation for use in the EWS components. These several questions need to be
answered.

e Who is responsible for data delivery?

e If water sample data, how does it get organized in order to be ingested into a

database?

e If an automated system like a mooring or pier-based instrument, who is

responsible for maintenance?

* Who is responsible for notif