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Executive Summary

The US Problem
of Harmful Algae

armful algal blooms (HABs) are prolifera-

tions of microscopic algae that harm the

environment by producing toxins that

accumulate in shellfish or fish, or through
the accumulation of biomass that in turn affects co-
occurring organisms and alters food webs in negative
ways. Like much of the world’s coastlines, nearshore
marine waters of the US have experienced increases in
the number, frequency, and type of HABs in recent
years. Freshwaters are also experiencing HAB events.
Impacts include human illness and mortality following
direct consumption or indirect exposure to toxic shell-
fish or toxins in the environment; economic hardship
for coastal economies, many of which are highly depen-
dent on tourism or harvest of local seafood; as well as
dramatic fish, bird, and mammal mortalities. Equally
important are the devastating impacts HABs may cause
to ecosystems, leading to environmental damage that
may reduce the ability of those systems to sustain species
due to habitat degradation, increased susceptibility to
disease, and long term alterations to community struc-
ture. In short, HABs lead to poisonous seafood, mor-
tality of fish and other animals, economic impacts to
coastal communities, losses to aquaculture enterprises,
and long-term ecosystem changes.

Coordinating Approaches

to HAB Problems

The US science community has been guided by the
National Plan for Marine Biotoxins and Harmful Algae
(Anderson et al. 1993) for the past 12 years. This

Plan served as the foundation for the development of
numerous national, regional, state, and local programs
and for the considerable advancement in scientific knowl-
edge on HABs and their impacts. HABs are complex in
their mode of action and the ecosystems in which they
proliferate are equally complex. Our decision-making
and management systems, however, have not changed
to reflect that complexity. Better approaches and tools
are needed to not only gather the knowledge and data
required to understand these organisms and systems,
but also to manage these events from an ecological and
public health perspective. Additionally, management of

the threat of HABs currently involves a complicated
array of scientists, managers, agencies, and legislatures
operating at various governmental levels. Support for
their activities is guided by diverse national and inter-
national programs. The HAB community recognizes
that it is time to re-define the magnitude and diversity
of the HAB problem, strengthen coordination among
agencies, partners, and stakeholders, and unveil a new
vision to significantly reduce problems from HABs in
the US. Accordingly, the National Plan has been up-
dated to reflect the current state of the HAB problem,
needs and priorities, and the approaches available to
address these problems. The new plan, HARRNESS,
Harmjful Algal Research and Response: A National
Environmental Science Strategy 2005-2015, reflects the
views of the research and management community
and a framework for actions over the next decade.

No single agency has the resources or mandate to
address the many dimensions of the HAB problem. As a
result, there is presently a range of programs and agencies
that address specific aspects of HABs, such as ecology,
toxicology, HAB monitoring, and human health impacts.
Much effort and substantial funds are directed on a
case-by-case basis without coordination or foresight.
Federal funding remains low relative to the scope, com-
plexity, and importance of HABs. The new US plan,
HARRNESS, is designed to facilitate coordination by
highlighting and justifying the needs and priorities of
the research and management communities and by
suggesting strategies or approaches to address them.

Critical Needs for HAB
Research and Response

The research and response needs of the US scientific
and management communities are many. New tools are
critically needed to detect, analyze, predict, and manage
HAB outbreaks and the associated illnesses they cause.
Underlying this broad goal is the need to maintain the
development of new technologies and methodologies
through responsible investment of public resources.
The major priorities and critical needs for additional
capability and understanding fall into four thematic areas
ot foci: Bloom ecology and dynamics; Toxins and their
effects; Food webs and fisheries; and Public health and
socioeconomic impacts. General topics for investigation
and focus within each of these themes are given below.

Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015 1



Bloom Ecology and Dynamics

Much progress has been made over the past years in
many aspects of bloom ecology and dynamics. Yet many
areas need further study, including the interactions of
HABs with grazers, the sublethal effects of HABs on
community dynamics, and the application of predictive
models. Priority areas for the near future are:

e Organism detection and assessment of harmful status
e Harmful algal genetics and physiology

e Community ecology and ecosystem dynamics

* Prevention, control, and mitigation

Toxins and their Effects

DPurified toxins are essential to implement assays and
calibrate instruments used to monitor toxins in water
or seafood. Both simple to use assays and sophisticated
toxin analysis are the front line tools for monitoring,
event response, and research. Refinement of methods
and validation is needed. Priority areas for the near
future are:

¢ Establishment of reference material infrastructure
¢ Purification of toxin reference materials

* Instrument analysis and biological assays

* Biosynthesis and metabolism of toxins

* Integrated toxin effects and mechanisms

of susceptibility

Food Webs and Fisheries

While it is recognized that harmful algae and their

toxins can have large impacts on ecosystems, there is

much yet to be learned concerning the transfer and

pervasiveness of toxins in food webs and how trophic

structure is impacted by such events. Priority areas

for the near future are:

e Impacts of HABs on food webs

e Impacts of HABs on aquaculture and wild harvest

* Capacity for forecasting HABs

* Top-down control and changes in trophic structure
by HABs

e Detrimental effects of HABs on higher vertebrates

Public Health and Socioeconomic Impacts
Growing demand for seafood and the globalization of
trade have expanded the geographic boundaries for
human exposure and illness. The economic and public
health impacts of HABs are profound, yet still largely
uncharacterized. Priority areas for the near future are:
* Socioeconomic impacts of HABs

Seafood safety impacts

Public health impacts

Recreational and drinking water impacts

A more detailed list of priority recommendations is given
in the following table. Clearly, many of the recommen-
dations crosscut disciplines and unify the four program
foci.

HARRNESS Program Elements

HARRNESS is a framework—a proposed organization
of HAB-related initiatives and programs that identifies
and addresses current and evolving needs associated
with HABs and their impacts. It allows for multiple
levels of participation and involvement, identifies
numerous disciplinary priorities and requirements, and
lays out the multiple pathways and approaches needed
to ensure a coordinated response by the research and
management community.

HARRNESS will function through a number of
distinct components or program elements. Some—such
as specific research funding programs—are in place, but
other elements require additional funds, new directions,
and new coordination. HARRNESS program elements
are summarized below.

The National HAB Committee

A core component of HARRNESS will be a rotating,

interdisciplinary group of individuals representing

priority research and management areas. The mission of
the National HAB Committee (NHC) will be to facili-
tate implementation of HARRNESS among the many
agencies, groups, disciplines, and initiatives having shared

HAB goals and objectives. Activities of the NHC will

include:

1. Facilitating implementation of HARRNESS and
garnering support among all stakeholders;

2. Fostering communication between all components
of the HAB community;

3. Interfacing with related national and international
initiatives, such as GEOHAB, 100S, GOOS,
CUAHSI, CLEANER, NEON, and ORION;

4. Forming ad hoc technical advisory committees as
needed to address issues or requests; and

5. Raising the visibility and understanding of HAB

issues nationally.

Funding and Research Programs

The foci of HARRNESS will be the four previously
identified primary areas of Bloom Ecology and Dynam-
ics, Toxins and their Effects, Food Webs and Fisheries,
and Public Health and Socioeconomic Impacts. Each of
these foci shares a need for a suite of management and
research activities directed at various scales of the HAB
problem—including highly focused studies, regional

2 Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015



The Detailed Recommendations From HARRNESS Share Common Themes

Reference
Materials and
Data Management

Establish facilities for toxin standards, cultures, and genomic resources
Establish facilities for archiving case and clinical samples
Establish information databases

Monitoring
and Surveillance

Conduct sustained time series measurements of the biotic, chemical,

and physical environments impacted by HABs

Strengthen early warning systems

Identify metabolites that contribute to animal and human ilinesses

and metabolic pathways for detoxification

Develop methodologies for rapid field-based detection of HABs and toxins

Animal Health

Algae Physiology ¢ Develop whole-genome sequences for selected HABs to guide physiological
and Molecular and behavioral studies
Biology ¢ |dentify genes linked to toxin production

e Determine inter- and intra-specific variations in physiological responses

e Strengthen understanding of life histories, ecophysiology, behavior,

and in situ growth and death rates

Ecological e Trace toxin impacts and amplification through the food web
Interactions ¢ Quantify kinetics of toxin uptake, accumulation, and retention
and Impacts ¢ Elucidate effects of eutrophication, over-fishing, and climate alteration on HABs
Human and Establish standard reporting procedures for HAB toxin incidents

Develop new, cost-effective epidemiological methods appropriate for HABs
Identify susceptible subpopulations
Incorporate algal toxins into water quality standards for drinking and recreational waters

Models and
Forecasting

and regional scales

Develop food web models for fate and effects of toxins

Develop and improve species-specific models that link physical-biological models
Model long term risk of exposure to HAB toxins for individuals and populations
Develop models of socioeconomic impacts and costs of mitigation at local

Controls and o

Mitigation HABs and their impacts

Develop effective, environmentally sound techniques to control/reduce

¢ Develop early warning systems, response plans, and methods to reduce exposure
¢ Improve coordination of responses across local and regional scales

Training, Education
and Outreach

Increase awareness of the effects of anthropogenic activities on HAB proliferation

Expand documentation of HAB toxins in drinking and recreational waters

Provide information on HAB toxins to medical practitioners and public health departments
Train more taxonomists in classical and molecular techniques

Develop strategies to assist aquaculturists/seafood farmers to limit crop loss

and inter-regional scale field investigations, and policy
and resource management activities.

A combination of existing, restructured, and new
programs will be required. New or modified agency
partnerships will also be required, as the priorities of
some agencies have changed through time with respect
to HABs and their impacts. Example programs that
might be continued in their present form or modified
somewhat include ECOHAB, MERHAB, and the OHH
programs of NOAA, NSF, and NIEHS. New program
examples might include a HABs and food web impacts
program and a chemistry and toxicology of HABs pro-
gram. Presently, these topics receive inadequate funding
from existing HAB programs, and thus may require

focused attention, and perhaps specific targeted fund-
ing initiatives. Likewise, the practical aspects of HAB
prevention, control, and mitigation are presently in-
adequately covered by ECOHAB. A separate program
could readily be justified. New programs should not
draw funds from, or compete with, important funda-
mental studies of ecology and oceanography. Further-
more, with the exception of the Great Lakes, which fall
under NOAASs jurisdiction, freshwater HABs have not
been addressed in ECOHAB, MERHAB, or the OHH
HAB programs. These phenomena are, however, an
important priority within the HABHRCA re-authori-
zation and within HARRNESS, and therefore new,
targeted funding initiatives are recommended.

Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015




Infrastructure

HARRNESS includes infrastructure elements that

include activities and services required by all program

elements. The HAB community is committed to pro-
viding the research, management, and education com-
munities with the resources needed to accomplish their
goals. These range from reference materials to data visu-
alization products and shared facilities. Several com-
munity-wide activities or resource centers must be
established:

1. Provision and quality assurance of reference materials
(preserved specimens, live cultures, molecular probes,
certified toxin standards, etc.);

2. Access to data management and data visualization

tools;

. A national education and outreach effort; and

4. Shared facilities (instrumentation, analytical
capabilities, etc.).

[SM)

The HAB research community has developed regional
capacities to collect HAB and HAB-related information,
but sustained support for these facilities is required. These
infrastructure elements are summarized on the follow-

ing page.

Next Steps

The support provided to HAB research through
ECOHAB, MERHAB, COHH, OHH, Sea Grant,
NSE, and other national programs has had a significant
impact on our understanding of HAB phenomena and
on the development of management tools and strate-
gies. As outlined in this report, however, there are many
unknowns and issues that must be addressed if we are to
achieve the goal of scientifically based management of
coastal and freshwater resources affected by HABs. The
national HAB program clearly needs to be modified
and expanded to meet these future needs through
HARRNESS.

Experience over the past decade makes it clear that
HARRNESS is best implemented as a collection of
initiatives and programs that together address the many
issues related to HABs and their impacts. No single
agency or program can cover the diverse array of issues
and needs of a national initiative on this topic. Some
of the necessary programs exist and are functioning
well, with good agency, HAB community, industry, and
congressional support. Others are ongoing, but need to
be evaluated and modified. Still others do not exist, but
are needed to provide the comprehensive coverage that
an effective national plan needs. For all of these pro-
grams, agency partnerships are highly desirable, yet

only a few are in place. A strategy to develop these
partnerships is therefore needed as well. Coordination
of all of these implementation steps will be an impor-
tant job of the National HAB Committee.

The coordinating structure, research foci, and in-
frastructure of HARRNESS will require considerable
discussion among the community to fully implement
the recommendations put forth. The detailed steps
required for program implementation are beyond the
bounds of the HARRNESS workshop or of this report.
As a result, the NHC will be charged with preparation
and distribution of an Implementation Plan for
HARRNESS. The Implementation Plan will further
prioritize the recommendations of HARRNESS and
specify the steps and associated funding mechanisms
to accomplish these goals.

The Benefits of HARRNESS

Implementation of HARRNESS will yield many
benefits, both for research scientists and for the public
health and management communities. Full implemen-
tation will not be simple and will require substantial
investment. The socioeconomic costs of not addressing
these needs, however, greatly exceed the initial invest-
ment. Although individual benefits relate to specific
aspects of the currently impaired ecological health of
our aquatic ecosystems and threatened public health,
the greatest benefit is the cross-linking of science and
management to achieve improved mitigation, control,
prevention, and education.

Anticipated benefits from full implementation of
HARRNESS include:

Improved ability to detect HAB species and analyze
HAB toxins

Accurate and rapid tests for cells and toxins are the
essential first step in monitoring; however, sophisticated
analyses are the cornerstone to confirm HAB events and
determine the health hazards posed by HABs. Access to
certified reference materials and official validation of
methods is of central importance to assure the accuracy
and precision of detection methods.

Improved capability for monitoring and forecasting
HAB:s in a cost effective and timely manner

New technologies, coastal observing systems, and
models will yield enormous advancements in monitor-
ing temporal-spatial progression of HABs and forecast-
ing their threats to ecosystems, human and animal
health, and local economies.

4 Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015



Reference Materials

There is a national need for reference materials

for researchers, managers, educators, pathologists,
toxicologists, and public health scientists. The needs
include preserved specimens, live cultures, molecular
probes, certified toxin standards, and databases.
Repositories or facilities where such resources are
maintained must be accessible to all who need these
materials, but may exist at multiple or different
physical locations. These materials are at the core

of advancing HAB science.

Data Management

To effectively carry out a coordinated national
research program, access to data management and
data visualization tools is needed. A common data
management and communication structure will
enable effective communication with other US
initiatives focusing on terrestrial or hydrodynamic
observing systems. Databases that provide online
workrooms and multi-dimensional graphical view-
ing of data will be valuable for researchers and the
broader community responsible for public health.

Facilitating

Partners \

HARRNESS

Stakeholders

/

National HAB Commities

I

PROGRAM FOCI

Bloo Ecohogry arvd Cpmanmsc s
Tawing g Trer ENeons
Food Webm and Frberies
Pubdic Health and SockaesConomic Impacts

/

PROGRAM APPROACHES

Targeted Inwestiganons —
Hrgeonal Shiekey
W gl e Bl e e ) o rh
Wtz alican aned Conticd

S

INFRASTRUCTURE

lhhf:r‘mt Materials
Education and Outresch
Shared Focilities

Education and Outreach

An integrated and coordinated education and
outreach program is critically needed. It must have
comprehensible information on harmful algae, be
regionally focused, ethnically diverse in nature, and
useful for both science and public health education.
Such a program will allow accurate knowledge to be
conveyed and professionals and practitioners to be
trained, and will promote community involvement.

Shared Facilities

Many regional capacities are now in place, but
sustained support for centers with specific expertise
is needed. In some cases, instrumentation and/or
arrays of detection equipment are too expensive

to replicate; in other cases, expertise, standards, or
reagents may be localized and should be mobilized
when a new area may be in need. The ability to
electronically link regional institutions, laboratories,
and facilities will ensure rapid access by all to needed
assays, protocols, instruments, or expertise.

Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015 5




Improved protection of human health

Improved toxin monitoring of seafood and surveillance
of human exposure, better definition of sustained health
effects and susceptible populations, and heightened
awareness among the general public and medical
communities will assure safe seafood and the health of
coastal residents and visitors.

Improved protection of endangered species and improved
ecological health

Research on trophic transfer through the food webs and
understanding differences in susceptibility of wildlife
species to the acute and sustained effects of algal toxins
will improve diagnosis, health management, and the
formation of endangered species recovery plans.

Improved prevention and mitigation strategies
Knowing the underlying causes and biology of HABs
will lead to more options for intervention strategies,
including more cost-effective monitoring, early warning
prediction systems, and possible use of physical,
chemical, or biological intervention to eliminate or
reduce effects.

Improved economic cost estimates of HAB events

More accurate cost estimates of the impacts of HABs
and associated management strategies will allow
communities and business sectors to develop proactive
measures to protect assets from the economic impact of

HAB events.

Improved economics for aquaculture and shellfish safety
Improved information about, and dissemination and
coordination of, harmful and toxic algal-shellfish
interactions, supplemented with cost effective monitor-
ing, will allow harvest of under-utilized resources and
development of new high value markets.

An educated and informed public

Improved societal awareness will aid the medical
community in diagnoses, will aid the seafood safety
community in conveying the importance of closures,
and will provide the public with better models and
forecasts with which to make informed decisions.

These are but a few of the many benefits and capabili-
ties that will derive from the planned cooperation and
coordination of academic and government scientists and
resource managers through HARRNESS. Realistically,
the extraordinarily diverse nature of HAB phenomena
and the hydrodynamic, genetic, and geographic
variability associated with outbreaks in fresh and marine
waters throughout the US pose significant constraints to
the development of this type of coordinated program.
Nevertheless, the HAB community in the US has
matured scientifically and politically and is fully capable
of undertaking these challenges. The US Commission
on Ocean Policy is primed to move ocean science
forward at an accelerated pace in this awakening
century, and we have advanced scientific and informa-
tion technologies and an unprecedented population
shift to coastal areas that will define a new age of
community participation and stewardship. The HAB
community has joined together to develop HARRNESS
and has initiated program implementation through the
establishment of a National HAB Committee. It is time
for the scientific community, the facilitating agencies,
and stakeholders to support the development of a
HARRNESS Implementation Plan and bring this vision
to reality.

HABs will still occur, but large unsightly events that
impact important economic sectors of tourism and
recreation will be fewer in number, the adverse impacts
of poisonous seafood, wildlife mortality events, aquacul-
ture kills, and ecosystem disruption will be carefully
managed, and the general public will experience a
resurgence of stewardship of coastal ecosystems.

Americans have valued their coastal resources for generations.
HARRNESS will protect coastal resources and economies from
extreme natural events such as harmful algal blooms far into
the future.

Source: The Raging Main.
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CHAPTER

Recognizing the Magnitude and
Diversity of the US HAB Problem

he marine and fresh waters of the US and

those of many countries throughout the

world are increasingly impacted by the

growing environmental problem of harmful
algal blooms (HABs). This problem is due to the growth
of various macro- and microscopic algae that impact the
environment in deleterious ways. These impacts include
human illness and mortality from direct or indirect ex-
posures to toxins; economic hardship for coastal econ-
omies dependent on seafood; dramatic fish, bird, and
mammal mortalities; as well as more subtle, but equally
devastating, ecosystem and environmental damage.
Local jurisdictions have had a strong and successful record
of managing risks associated with HABs, and imple-
menting extensive and expanding monitoring programs.
This has seriously strained fiscal and personnel resources
of local governments.

HAB phenomena are broad and pervasive, affecting
multiple regions, resources, and sectors of society. They
occur in marine and freshwater systems and are prob-
lematic in both. As with other issues that have signifi-
cant socioeconomic and environmental impacts, there is
a need for a national HAB policy and program to coor-
dinate and direct funding for research, monitoring, and
event response activities. It is also necessary to inform
the public and agency officials about the dangers as well
as the tools and knowledge that can be used to manage
affected waters. At present, however, marine and fresh-
water management responsibilities are dispersed among
an array of agencies at the federal, state, and local levels.
While new scientific understanding has taught us that
the natural systems that include HABs are complex and
interconnected, our decision-making and management
systems do not reflect that complexity. Better approach-
es and tools are needed to gather the knowledge and
darta necessary to understand and manage the complex
marine and freshwater environment.

In 1993, Marine Biotoxins and Harmful Algae:

A National Plan was formulated by scientists, agency

Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015

The first

US National
Plan on
Biotoxins
and HABs
was
published
in 1993.

officials, and private sector representatives with expertise
in marine biotoxins, harmful algae, seafood safety, and
public health (Anderson et al. 1993). The goal of the
1993 National Plan was “Effective management of fish-
eries, public health and ecosystem problems related to
marine biotoxins and harmful algae.” The National Plan
has served as the foundation for a US national program
on marine biotoxins and HABs for the last ten years,
guiding the planning efforts that have led to implemen-
tation of numerous national, regional, state, and local
research and monitoring programs such as ECOHAB
(the Ecology and Oceanography of Harmful Algal
Blooms), MERHAB (Monitoring and Event Response
for Harmful Alagal Blooms), and COHH (Centers for
Oceans and Human Health). Now, ten years later, it
is necessary to update and expand the National Plan
so that future financial, human, and physical resources
are directed to priority topics that reflect the changing
nature of the HAB problem in the US, as well as the
progress that has been achieved thus far.

The newly formulated National Plan, HARRNESS,
Harmjful Algal Research and Response: A National
Environmental Science Strategy 2005-2015, described



“What many of you may not realize is that harmful algal
blooms and hypoxia are a significant threat to human health,
commercial fishing, and recreational water use throughout
the United States.... Harmful algal blooms actually encom-
pass a wide variety of events. They occur in both marine and
freshwater environments. These dense mats of algae produce
toxins dangerous to aquatic life and to humans, some of
which are so potent that eating just one contaminated
mussel could make you ill, resulting in anything from mild
nausea to paralysis, and even death in some cases, depend-
ing upon the species causing the bloom.... Harmful algal
blooms and hypoxia are also causing problems closer to my
home, the Great Lakes, where these events are more and
more frequently fouling the water. In the past 30 years major
advances were made to improve Great Lakes water quality,
but recently scientists have observed an increase in both
harmful algal blooms and hypoxia. The reasons for this are
unclear, but may be related to invasive species changing the
way nutrients are cycled in the lakes.”
Representative Vernon J. Eblers, Chair
Subcommittee on Environment, Technology, and
Standards Committee on Science Opening Statement

for Hearing on Harmful Algal Blooms and Hypoxia:
Strengthening the Science, March 13, 2003

"Pressures on ocean and coastal areas continued to intensify
and new threats loomed, such as sea-level rise and increased
storm frequency attributed to global climate change, as
well as puzzling and sometimes deadly algal blooms.”

US Commission on Ocean Policy
Final Report, Chapter 2, p. 25.

herein, is based on the views of the research and man-
agement communities. These views were developed

through numerous community interactions. This docu-
ment describes the recent findings and trends that led to
the need for a new plan of action, the process by which

this plan was developed, the critical issues, and the
recommended actions.

What are HABs?

Marine and fresh waters teem with life, much of it
microscopic, and most of it harmless; in fact, it is this
microscopic life on which all aquatic life ultimately

depends for food. One major group of aquatic microor-

ganisms includes photosynthetic algae and cyanobac-
teria, as well as non-photosynthetic protists. Some of

Red tides in Florida have been a common occurrence
for many years.

Source: Susan Cook, Florida Fish and Wildlife Conservation Commission.

these organisms cause problems when they accumulate
in sufficient numbers due to their production of endo-
genous toxins, their sheer biomass, or even their physi-
cal structure. These are the HAB species. As with most
algal or cyanobacterial blooms, HABs result from a
combination of physical, chemical, and biological
mechanisms and their interactions that are, for the
most part, poorly understood.

HABs have one unique feature in common—they
cause harm, due either to their production of toxins or
to the manner in which the cells’ physical structure or
accumulated biomass affect co-occurring organisms and
alter food-web dynamics. These blooms were formerly
called “red tides” because high algal density can some-
times make the water appear red, but blooms may also
be green, yellow, or brown, depending on the type of
organisms present and their pigmentation. Some blooms
are not visible at all; dangerous conditions can occur
when the water is clear with very low cell concentrations
of a toxic HAB species. The term “HAB” also applies
to some non-toxic macroalgae (seaweeds) that can grow
out of control and cause major ecological impacts such
as the displacement of indigenous species, habitat
alteration, or oxygen depletion.

8 Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015



Recent Trends—

National and Global Changes

The nature of the US HAB problem has changed con-
siderably over the last several decades in both marine
and fresh waters. Whereas 30 years ago the problem
was scattered and sporadic, today virtually every state is
threatened by harmful or toxic algal species. Few would
disagree that the number of harmful blooms, the econ-
omic losses from them, the types of resources affected,
and the number of toxins and toxic species have all
increased dramatically in recent years in the US and
around the world (Anderson 1989; Smayda 1990;
Hallegraeff 1993).

Although some of the factors contributing to national
—and global—expansion are natural, such as biological
species dispersal (Sellner et al. 2003), many others are
considered to be a result of human activities. Increases
in nutrient loading, changes in agriculture and aquacul-
ture practices, overfishing, ballast water discharge, and
global climate change may all be important in the global
increase in HABs (Anderson 1989; Hallegraeff 1993;
Anderson et al. 2002). Another factor that must be
recognized in understanding the global ‘expansion’ of
HABs is that improved tools and methods have led us
to detect more species more often. In other words, years
ago we were not aware of the size or complexity of the
HAB problem, but as we became better at detecting
toxins and recognizing HAB phenomena, we have more
clearly defined the extensive boundaries of the problem.
The fact that some of the increase is simply a result of
better detection or more observers does not diminish
the seriousness of the problem.

Several examples underscore these trends. In the
Western Gulf of Maine, occurrences of Alexandrium
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and paralytic shellfish poisoning (PSP) were rare prior
to about 1970 (Mulligan 1975), but have become vir-
tually annual events in the past three decades. Based on
analyses of diatom skeletons preserved in sediment cores,
blooms of the diatom Pseudo-nitzschia spp. in the Gulf
of Mexico were also rare prior to the 1950s, but have
increased significantly in frequency and cell numbers
since then, concomitant with increases in nutrient
loading (Dortch et al. 2000).

In some cases, oscillations in species dominance may
be related to long-term climatic variations—such as the
North Atlantic Oscillation and the El Nifio-Southern
Oscillation (Maclean 1989)—but examples where such
oscillations can specifically be related to HAB dynamics
are few. In Narragansett Bay, however, where mean water
temperatures increased 3°C between 1959 and 1998,
major changes in bloom species and timing have also
occurred (Borkman and Smayda 2003). Climate con-
trols many fundamental properties regulating cell growth,
from water temperature to precipitation and light.

There is a wealth of evidence that the expansion of
HABs may also be related, in whole or in part, to many
other global change phenomena. The past several decades
have witnessed dramatic changes in the globe, many of
which could have direct or indirect impacts on HAB
species distribution and abundance. In addition to changes
in climate, there have been demonstrable changes in
human population size, eutrophication, agriculture and
aquaculture practices and impacts, fishing pressure, and
transport of species via ballast water. Human activities
have changed the nutrient regimes of coastal waters
tremendously, primarily as a result of increased applica-
tions of synthetic fertilizers. The export of phosphorus
to the coastal zone has increased at least three-fold since



“In the past, these harmful algal blooms appeared in only

a few scattered coastal areas in the United States. Without
doubt, there has been a major worldwide expansion in the
frequency, geographic extent, and magnitude of harmful
algal bloom events and in the number of species that trigger
such events. In the United States, the past 25 years reflect

a marked increase in the number of algal toxins, affected
areas, impacted fisheries and higher economic losses. In
addition, the number of algal species known to be toxic has
increased from about 20 species a few years ago to at least
85 identified toxic species as of 1998."

Ms. Ellen M. Athas, Director and Program Counsel,
Clean Oceans Program, The Ocean Conservancy

Written Testimony for Legislative Hearing on H.R. 1856,

a bill to reauthorize the Harmful Algal Bloom and Hypoxia
Research and Control Act of 1998 Subcommittee on
Fisheries Conservation, Wildlife and Oceans Committee on
Resources, February 26, 2004 US Commission on Ocean
Policy Final Report, Chapter 2, p. 25.

pre-industrial times, while export of nitrogen has

increased to an even greater degree (Caraco 1995; Smil
2001; Seitzinger et al. 2002). There are now a number
of clear examples where alterations in nutrient quality

and composition can be related to increases in HABs
(reviewed by Anderson et al. 2002).
Another significant alteration in nu-
trient loading to the coastal zone a5

in food chains. Together with increases in nutrients, re-
moval of top grazers may contribute to the proliferation
of HABs.

HAB Impacts

Algal blooms cause harm through two primary mecha-
nisms. The first category of impacts is the production
of toxins. Toxins may kill fish or shellfish directly, or
may cause one of several human illnesses following inges-
tion of contaminated seafood. The second category of
impacts is high biomass accumulation, which, in turn,
leads to environmental damage or degradation. These ef-
fects can include light attenuation, clogging of fish gills,
or depletion of dissolved oxygen upon decay of the algal
cells. Some HABs can even kill fish because of their phys-
ical shape, lodging in gill tissues and causing a physiolog-
ical response leading to death.

The effects of HABs are thus quite diverse and can
range from human health and economic impacts to fun-
damental changes in ecosystem structure and function.
Specific effects of toxic species in coastal waters include
illness and/or mortality of humans as well as fish, sea
birds, and marine mammals; closures of wild and farmed
shellfish harvesting; and economic losses related to
factors such as lost tourism revenues, clean-up costs
following fish kills, and medical expenses due to toxin
exposures. Impacts due to freshwater HABs are similar,
but do not include shellfish toxicity.

comes from the increase in aquacul-
ture activities. From cultured salmon
in Norway—which has grown from
less than 10,000 tons/yr in 1970 to
more than 500,000 tons—to shellfish
culture throughout Europe, Asia, and
elsewhere, these industries have altered
ecosystems through movement of
stocks and input of feed and feces or
removal of plankton through feeding.
Lastly, fish harvesting in general has al-
tered ecosystems, leading to alterations
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There have been enormous advances in our under-
standing of HAB impacts, the toxins that may be in-
volved, and the economic and societal effects of such
outbreaks. A brief synopsis of the state of our under-
standing of each of these aspects, much of it gained
in the past decade from dedicated research efforts,
is given below.

Poisonous Seafood

Although only some HAB species are directly toxic,
their impacts are the most significant in terms of human
illness and death. This can occur when toxic phyto-
plankton are filtered from the ocean as food by shellfish
such as clams, mussels, oysters, or scallops, accumulat-
ing the algal toxins to levels that can cause illness or
even be lethal to shellfish consumers including humans
(reviewed in Shumway 1990; Ahmed 1991; Landsberg
2002). Fish can also become poisonous, either through
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the direct ingestion of toxic algae and their grazers or
via food web transfer of the toxins through multiple
trophic levels.

The shellfish poisoning syndromes have been given
the names paralytic, diarrhetic, neurotoxic, azaspiracid,
and amnesic shellfish poisoning (PSP, DSP, NSP, AZP,
and ASP), reflecting the symptoms that are caused by
specific toxins. Except for ASP and AZP, all are caused
by biotoxins synthesized by a class of marine algae called
dinoflagellates. The source of the recently described
AZP toxins is the heterotrophic dinoflagellate Prozoperi-
dinium crassipes. ASP is produced by diatoms that, until
recently, were all thought to be free of toxins and
generally harmless (Bates et al. 1989), yet now are known
to produce toxins at least under some growth conditions.
A sixth human illness, ciguatera fish poisoning (CFP) is
caused by the production of a toxin by a specific group
of dinoflagellates that grow on seaweeds and other sur-
faces in coral reef communities (Lehane and Lewis 2000).
Herbivorous fish consume the seaweeds, accumulating

the fat-soluble toxins from the associated microalgae, and
pass the toxins on to carnivorous predators such as bar-
racuda, grouper, and other commercially important fish.

Algal toxins are among the most potent biological
agents known to man. For example, saxitoxin, the
responsible agent for PSP, is banned under the Chemi-
cal Weapons Conventions and regulated under the Pub-
lic Health Security and Bioterrorism Preparedness and
Response Act of 2002. In 2002, saxitoxin was linked
for the first time to toxicity events associated with
puffer fish.

All shellfish poisoning syndromes, except AZP and
DSP, are known problems within the US and its terri-
tories, affecting large expanses of coastline. PSP occurs
in all coastal New England states, extending to offshore
areas in the northeast, and along much of the west coast
from Alaska to northern California. A recent bloom in
2005 in New England highlights the serious economic
impacts of PSP outbreaks, as both Massachusetts and
Maine issued disaster declarations and the Secretary of
Commerce catagorized the event as a Commercial Fish-
ery Failure, making the states eligible for federal assis-
tance. Overall, PSP affects more US coastline than
any other algal bloom problem.

Karenia brevis occurs annually along Gulf of Mexico
coasts, with the most frequent outbreaks along western

- PP
2000

Paralytic shellfish poisoning (PSP) is a toxin syn-
drome caused by consumption of seafood contami-
nated by certain HAB species. The above maps show
the cumulative global increase in the recorded
distribution of the causative organisms and the
confirmed appearance of PSP toxins for the years
1970 and 2000.

Source: D. Anderson and Geohab 2001.
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SPOTLIGHT

Ciguatera Food Poisoning

n the ocean, the most significant fish toxicity is associated with ciguatera fish poison-
I ing, or CFP. More than 400 different fish species are involved in CFP including grou-

per, barracuda, jack, snapper, mackerel, and triggerfish. However, the true public
health impact of this disease is significantly underestimated because reporting to the
US Centers for Disease Control is voluntary and there is no confirmatory laboratory
test.

Globally, it is estimated that as many as 200,000-1,000,000 individuals are poisoned
by CFP annually with estimated incidence rates of 500 to 2,500 per 100,000 population
(GESAMP 2001). In the Virgin Islands, nearly 50% of the adults are estimated to have
been poisoned at least once. CFP occurs in virtually all sub-tropical to tropical US waters
(i.e., Florida with isolated events from Texas to the Carolinas, Hawaii, Guam, Virgin Is-
lands, Puerto Rico and many Pacific Territories). CFP is a particular risk to US tourists to
these regions and is not restricted to endemic regions as a consequence of modern
transportation networks and global trade in fish products. Seafood consumers from
San Francisco to Chicago to Vermont have been poisoned.
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Map depicting areas in Maine, New Hampshire, and
Massachusetts that were closed to mussel harvesting
during the 2005 New England HAB.

Source: MA Division of Marine Fisheries, NH Department of Environmental Services, and the ME
Department of Marine Resources.

Florida and Texas, where some of these outbreaks have
led to NSP. Louisiana, Mississippi, North Carolina, and
Alabama have also been affected intermittently with
Karenia blooms, causing extensive losses to the oyster
industry and killing birds and marine mammals. ASP
has been a problem for all of the US Pacific coast states,
and the causative toxin has also been detected in north-
east waters in the Gulf of Maine as well as in the Gulf
of Mexico.

Toxic Air and Water

In addition to their accumulation in shellfish, some
HAB toxins can be released directly into the water or
air, either naturally, or following cell disruption by
turbulence or through human activities such as water
treatment processing. This can lead to mortality of
aquatic organisms and animals of all types, as well as
impacts to human health. One example of released
toxins that cause human health problems occurs in the
Gulf of Mexico, where neurotoxins from Karenia brevis
can be delivered to local residents and beachgoers via sea
spray. This leads to respiratory irritation, coughing, and
other ailments. Ongoing studies are examining whether
repeated exposure to this route of intoxication has
long-term impacts.

Examples of toxic effects from exposure to water into
which toxins have been released can also be found among
the freshwater HABs. Excessive growth of freshwater
cyanobacteria, especially taxa from the genera Anabaena,
Aphanizomenon, Microcystis and Cylindrospermaopsis, can
lead to blooms that cause severe neuro-, cyto- and hepa-
totoxicity in a variety of mammals (including humans and
farm animals), birds, fish, and invertebrates (including

12 Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015



A bloom of the toxic cyanobacterium Microcystis in the
Potomac estuary. Cyanobacterial blooms can threaten
wildlife and farm animals, human health, and human
recreational activities such as swimming or boating.
Source: Aloft Inc. Aerial Photography.

zooplankton). Harmful cyanobacteria blooms are poten-
tial public health threats in nearly every state in the US
due to their presence in drinking and recreational waters.
The extent of this threat is not well known. Exposure to
these toxins can cause an array of adverse health effects
ranging from rashes, to allergies, to devastating liver
damage in susceptible populations. The public health
threat is potentially intensified when standard water
treatment technologies do not effectively remove these
toxins. In some cases, water treatment can exacerbate
the problem, not alleviate it. For example, the use of
copper sulfate as an agent to control a bloom may, in
fact, disrupt cells and release toxins into the water. How-
ever, it is not known how often toxin-producing blooms

Cyanobacteria in Fresh Water

Recent years have seen an expansion of toxic blooms in

I I armful algal blooms are not limited to marine waters.
freshwater ecosystems. These include not only the

Mortalities of
domestic fauna
can occur when
toxic algae
bloom in fresh,
brackish, or
marine waters.

Source: W. Carmichael.

occur in drinking water sources and publicly
accessible ponds, or if most standard drink-
ing water treatments reduce toxin concen-
trations sufficiently to protect public health. It is also
unclear whether the public is being routinely exposed to
very low levels of these toxins in drinking or recreational
waters or what the long-term impact of these exposures
might be. For these reasons, and because cyanobacterial
toxins are extremely potent, the US Environmental
Protection Agency (EPA) has included cyanobacteria
and cyanobacterial toxins on their Contaminant Can-
didates List. This requires data solicitation to assess the
occurrence of these toxins in drinking water sources and
finished drinking water, the health effects associated
with these exposures, and analytical methods for
detecting these toxins in water.

Wildlife Mortality Events

Although human health impacts are of prime impor-
tance, another societal concern is the massive mortalities
of wild animals that are caused by HABs. Wild animal
mortality events, such as fish kills, bird kills, or strand-

small ‘farm-ponds’ but also large bodies of water such as the
Laurentian Great Lakes: Lake Erie and Lake Ontario. Since
their original reappearance in Lake Erie in 1995, toxic cyano-
bacteria of the genus Microcystis have returned annually to
Lake Erie’'s western basin. They can produce potent hepato-
toxins called microcystins. The World Health Organization has
set an advisory limit of 1 microgram microcystin-LR equiva-
lents per liter of drinking water and the toxin levels in Lake
Erie have routinely exceeded this threshold during the late
summer. The Great Lakes contain almost 10% of the world’s
freshwater and serve as a source of drinking water for an esti-
mated 22 million people. Protection of this and other fresh-
water resources is an important priority.

This photograph of a toxic cyanobacterial
bloom has the typical appearance of a thick
pool of green oil paint. This bloom occurred
in 1981 and was found to consist of species
in the genus Microcystis.

Source: W. Carmichael.
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Domoic acid intoxicated sea lion chewing on its flipper.

Source: F. Gulland.

ings of manatees and whales, have enormous impacts
on local communities.

Many fish kills are associated with HABs. Some deaths
occur from direct impacts, such as release of toxins into
the water, or by physical clogging of the gills, leading
to suffocation in the fish. Other fish kills are caused by
HABs indirectly, following the development of low
oxygen conditions from the decay of a large-scale HAB
event, or even from disease, which may infect fish that
have become stressed by interactions with HABs. Fish
kills can be spectacular in size and duration, killing
millions of fish over large areas. Associated impacts to
benthic communities, including corals, also occur but
are poorly quantified.

As algal toxins accumulate in the food web, turtles,

Florida Panhandle Dolphins Dead from Brevetoxin

Poisoning

truncatus) were found dead together with hundreds of fish and

marine invertebrates along the Florida Panhandle. Despite the
absence of a concurrent bloom of Karenia brevis, high levels of breve-
toxin were measured in all stranded dolphins examined (tissues and
stomach contents), as well as in their fish prey (undigested menhaden
recovered in dolphin stomach contents). Although brevetoxins were
suspected in a dolphin mortality event in the same area in 2000, this
was the first time that brevetoxin involvement was unequivocally confirmed in all tested animals and that the role
of vectors in the poisoning was unambiguously identified. This event has indicated that lethal doses of brevetox-
in can be transferred through the food web and that marine mammal mortalities can occur in the absence of a

B etween March and April 2003, 107 bottlenose dolphins (Tursiops

bloom.

“The deaths of one million menhaden in North Caro-
lina’s Pamlico Sound in 1991, 150 endangered Florida
manatees in 1996, and 400 California sea lions along the
central California coast in 1998 have all been attributed
to harmful algal blooms (McKay and Mulvaney 2001).
They disrupt aquaculture, wild fisheries, and coastal
tourism. In the past two decades, their effects have
expanded from a few scattered coastal areas to nearly
all coastal states (Burke et al. 2000)."”

Pew Oceans Commission Final Report, Part 1, p. 6.

dolphins, manatees, and other marine mammals can

be affected. As techniques for detecting algal toxins in
animal tissues have advanced, so has our appreciation of
the number of marine mammal deaths linked to HABs.
In fact, more than 50% of the unusual marine mortality
events are now associated with HABs. Sea lion mortali-
ties are now almost annual events along the southern
California coastline and many of these have been con-
clusively linked to the ASP toxin, passed through the
food web. The recent deaths of 19 massive humpback
whales near Georges Bank in the Gulf of Maine is another
such event associated with domoic acid poisoning. In
freshwater systems, the impacts extend to birds and
possibly alligators and other animals.

Aquaculture Losses

Impacts from HABs also affect freshwater and marine
aquaculture industries. In the ocean, large numbers

of salmon and other farmed fish can be killed in just a
few hours, succumbing either to toxic algae or to species

that kill in other ways. For example, in 1987, phyto-

Mass stranding of dolphins.

Source: R. Hardy, Gulfworld.
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Prymnesium parvum Blooms
Kill Fish in Brackish Water Systems

n emerging problem in the US is the impact from golden-algal
blooms caused by Prymnesium parvum, a species that thrives in

brackish water typical of rivers and reservoirs in parts of Texas,
Oklahoma, and Wyoming. Fish kills attributed to P parvum were first
documented in the US in 1985 in Texas. Since that time, 41 different fish
kills have been linked to P. parvum in Texas, killing over 18 million fish
worth an estimated $7 million. The majority of major kills have oc-
curred since 2000 as this toxic alga has been found in an increasing
number of river basins in the state. Local communities have experi-
enced huge financial losses as tourists stay away and fishing guides lose | ake Granbury, Texas.
their customers. P. parvum poses a threat to cultured as well as native  source: Texas parks and wildiife Department © 2004,
fish in rivers and lakes. In the 1940s, it caused significant fish mortality
in Israeli aquaculture ponds. It continues to pose a threat to cultured fish. In 2001, P. parvum killed the entire year’s
production of striped bass at Texas’ Dundee State Fish Hatchery with over 5 million fish lost.

plankton blooms of the non-toxic diatom Chaetoceros
convolutus were linked to the mortality of 250,000
Atlantic salmon valued at over $500,000 (Rensel et al.
1989). The diatoms lodged in the gill tissues, causing
excessive mucus production, suffocation, and death.
Blooms of the toxic raphidophyte Heterosigma akashiwo
have caused even more extensive farmed-fish mortali-
ties in Washington State. Freshwater aquaculture opera-
tions are also subject to risks from cyanobacteria and
other HABs producing toxins that kill the fish or

accumulate in tissues.

Ecosystem Impacts

Ecosystem impacts of many different types can also

be linked to toxic and non-toxic HABs. The effects can
be visible and easily documented or can be subtle and
difficult to quantify. Ecosystem impacts include loss of
shellfish, loss of habitat, seagrass die-backs, and altered
food web interactions that decrease preferred higher
trophic level species. An example of a species causing
such impacts is the microalga Aureococcus anophagefferens,
the cause of the mid-Atlantic brown tide, and the related
species, Aureoumbra lagunensis, the cause of brown tides
along the Texas coastline. These species have had sub-
stantial ecosystem impacts that include a reduction in

\ : N L . : .
S R 3 il o TN light penetration, a reduction in the extent of seagrass
Expansive blooms of several Caulerpa spp. occurred off beds, and a reduction in the growth rates of hard clams.
the Florida coast in 1997 and 2001. Caulerpa spp. can Brown tides have also caused mass mortalities of mussel

row year-round and have transformed some reefs into . . .
9 CauIe)-,rpa meadows” where more than 70% of the reef populations in Rhode Island and in Long Island waters.

surface is now dominated by these macroalgal HAB Recurrent bloc?ms have had a severe impact on bay
species. scallops, affecting more than 80% of New YorK’s

Source: B. LaPointe. commercially valuable harvest (Cosper et al. 1987).
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Estimated Annual Economic Impacts from Harmful Algal Blooms
(1987-1993 estimates, reported in 1999 dollars)

rashes or other serious
problems for humans or

Low High Average % of Total animals exposed to them.
Public Health $18,493,825 | $24,912,544 | § 22,202,587 45% Economic Impacts
Commerical Fishery $ 13,400,691 | § 25,265,896 | $ 18,407,948 37% A preliminary and highly
conservative nationwide
. . _ 0, .
Recreation/Tourism $ 29,304,357 $ 6,630,415 13% estimate of the average
Monitoring/Management | $ 2,029,955 | $ 2,124,307 | $ 2,088,885 4% annual costs of HABs is
TOTAL $ 33,924,471 $ 81,607,104 $ 49,329,845 100% apprOXimately $50 mil-
o T T ’ lion (Anderson et al. 2000;
15 Year Capitalization Hoagland et al. 2002).
Impacts $308,981,162 | $743,270,485 | $449,291,987 Public health is the largest
(discounted at 7%) .
Component, representmg

CENR. 2000. National Assessment of Harmful Algal Blooms in US Waters. National Science and Technology Council Committee on Environment and

Natural Resources, Washington, DC, pg 12.

In a similar manner, blooms of opportunistic macro-

algae (e.g., scaweeds such as red algae Laurencia intricata

and Spyridia filamentosa; brown algae, Dictyota spp. and
Sargassum filipendula; and green algae, Enteromorpha
spp., Codium isthmocladum, and Halimeda spp.) have
caused problems in many coastal regions. These species
out-compete, overgrow, and replace seagrass and coral
reef habitats, resulting in reduced light availability to
bottom communities, lower productivity, habitat loss

nearly $20 million annu-
ally, or about 42% of the
nationwide average cost. The effect on commercial fish-
eries averages $18 million annually, followed by $7 mil-
lion for recreation and tourism effects, and $2 million
for monitoring and management. The actual dollar
amount of these estimates is highly uncertain due to

a lack of information about the overall effect of many
HAB events and a difficulty in assigning a dollar cost
to those events that we do understand. While many ex-
penses may be difficult to quantify, there is little doubt

that the economic effects of specific HAB events can
be serious at local and regional levels.

Separate from the national average, massive losses
from isolated, individual events underscore the severity
of the problem. A recent PSP event in New England
caused estimated losses of $12 to $20 million in Massa-
chusetts alone, with additional losses in New Hampshire

from low oxygen conditions, and eventual die-off of
sensitive species. Some macroalgal blooms have been
linked to nutrient enrichment of coastal waters (Lapointe
et al. 1994). Some invasive macroalgae pose a double-
edged problem: not only are they able to out-compete
seagrass and more desirable species, but some may also
be toxic, such as Lyngbya majescula, and can lead to skin

SPOTLIGHT

Macroalgal HABs Overrun Coral Reefs

acroalgal HABs have impacted coral reefs off south-
M east Florida in recent decades. These phenomena be-

gan during a regional drought in 1990-1991 when
massive blooms of the native green seaweed Codium isthmocla-
dum formed summer blooms on deep reef communities in
eastern Florida. The excessive biomass of these HABs resulted
in hypoxia and anoxia in near-bottom waters, causing die-off
of hard and soft corals, sponges, and other reef biota, and an
overall decrease in abundance and diversity of reef fishes. This
was followed by expansive blooms of several Caulerpa spp. in
1997 and 2001.

Although summertime upwelling can provide natural
nutrient subsidies to these macroalgal HABs, stable nitrogen
isotope and water column nutrient data suggest a linkage to
land-based discharges of both wastewater (septic tanks, injec-
tion wells, ocean outfalls) and agricultural runoff.

Source: B. LaPointe.
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The Cost of Pfiesteria-Related Fish Kills

he economics of HAB outbreaks are extremely hard to quantify accurately.
TThe financial impacts of HABs range from loss of marketable product, costs

of maintaining measures necessary to monitor, mitigate, and manage
events, and human health impairment, which translates to medical costs and
lost wages and earnings (Anderson et al. 2000). During the 1997 outbreak of fish
kills in Maryland, which were associated with the dinoflagellate Pfiesteria pisci-
cida, it was estimated that the direct cost was at least $43 million dollars, based
solely on the decline in seafood sales (Lipton 1999). When losses to tourism, rec-
reational fisheries, and increased costs of monitoring and analysis are factored
in, the economic impacts of this event were staggering. This event further dem-
onstrated that despite the use of educational materials indicating that waters
were subsequently safe, consumers were very slow to resume consumption of
the impacted product leading to prolonged losses to the seafood community.

Pfiesteria piscicida zoospores
(~10 pm in diameter) shown
swarming around (short
arrows), penetrating, and
consuming (long arrows) a
live eastern oyster larva.

Source: J. Burkholder.

and Maine (D.M. Anderson, unpub. data). Continual resources and costly methods for monitoring. For

PSP intoxication in Alaskan shellfish is one factor blamed
for the lack of development of a commercial, wild shell-
fish industry, estimated to be worth $6 million annually
(Anderson et al. 2000). Blooms of one of the brown
tide organisms, Aureococcus anophagefferens, devastated
the bay scallop industry in Long Island, estimated to be

example, fisheries management decisions are often made
without complete and timely HAB toxin data. This has
led to closure of some fisheries and delayed opening

of those already closed.

Societal Impacts

worth $2 million annually (Kahn and Rockel 1988).
Outbreaks of Pfiesteria-like organisms in 1997 in Chesa-
peake Bay tributaries resulted in a collapse of seafood
sales and boat charters, with losses to watermen, sea-
food dealers, and seafood restaurants approximating
$43 million.

Social and economic costs also result from limited

and Stakeholders

A subtle, but important impact of HABs is the effect
they can have on recreation, tourism, and local aesthet-
ics by diminishing the quality of the coastal environ-
ment. This can manifest in a variety of ways in different
regions of the country. Some examples are massive fish
mortalities that result in fish accumulating on beaches,
the closure of recreational fisheries, respiratory ailments
experienced by beachgoers from aerosolized toxins,
unsightly and noxious piles of macroalgae that accumu-
late and decompose on beaches, the discoloration of
water, as well as mortalities of protected species and
modification of their habitats. HAB occurrences affect
consumer perceptions of the safety of uncontaminated
shellfish, reducing the demand for shellfish in general
and affecting the fishing and aquaculture industries
even where there is no contamination. Freshwater
HABs can similarly affect the perception of drinking
water safety, impacting decisions by consumers and
public utilities. Although many experts argue that the
effects of HABs on recreation, tourism, and aesthetics
are important and potentially large, there are few
available data describing their magnitude (Hoagland
et al. 2002).

Estimating the full range of societal impacts of HABs
is as difficult as estimating human behavior in response
to a traumatic event. Working patterns can be disrupted

HABs that cause shellfish toxicity can significantly
impact the livelihood of commercial shellfishermen,
owners of restaurants, and seafood markets. Recre-
ational clammers are also affected.

Source: S. Gladu.
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seek alternate suppliers for their seafood.
Charter boat reservations and pier atten-
dance for recreational fishermen in Florida
can be reduced during HAB events because
of fish kills, respiratory irritants, and misin-
formation about HABs. Vacations can be
ruined, and some may never visit an im-
pacted region again. People who have re-
tired to coastal or lake shore homes may
find their property values are adversely af-
fected when HABs frequently occur.
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HABs can impact living resources and
public health of local communities and be-
yond. Each HAB event that results in ani-
mal mortalities, fisheries closures, public
health alerts, loss in work days, clean-up
costs, lost revenue, and general public con-
cern, has created stakeholders at various levels of organi-
zation, from local residents to seafood consumers both
local and afar.

There are many user and advocate groups involved
with HABs nationwide. These groups can be divided
into four general categories: those interested in aquatic
food and living resources, those interested in recreation-
al activities and uses of public waters, those responsible
for public health, and others. The economic and soci-
etal impacts of HABs on fish and shellfish harvesters,
producers, and processors are direct. Their livelihoods

are at risk when HABs threaten the fishery resource on
which they depend. Less recognized is the impact on
community volunteers, stranding and salvage networks,
federal and state regulators involved in recovery or
management plans, veterinarians, sea bird sanctuaries,
environmental advocates, scientists, concerned citizens,
biodiversity observers, database managers, and others.
Public health personnel are an essential part of the
impacted community. They include medical profes-
sionals such as epidemiologists investigating an intoxi-
cation incident, family physicians treating patients

Domoic Acid Closes Recreational
and Commercial Harvests of Shellfish
in Washington and Oregon

ens of thousands of visitors are drawn to Washing-
Tton and Oregon coastal communities to harvest ra-

zor clams recreationally. The economic contribution
of these visitors is especially important to small coastal
communities during the quiet fall, winter, and early spring
months. Since 1991, high levels of domoic acid have result-
ed in three, year-long closures of these fisheries (1991-92,
1998-99, and 2002-03). The economic impact in terms of
reduced recreational spending of the most recent of these
closures has been estimated to be between $10 and $12
million (D. Ayres, pers. comm.). In addition, the Native
American coastal tribes who possess fishing rights for ra-
zor clams have also been heavily impacted by the closure

of their commercial and subsistence fisheries. The coastal Dungeness crab, another key commercial fishery, has
experienced disruptions with closures in portions of the fishing grounds, and continues to face the real threat of

future closures over much wider areas.

Source: Washington State Department of Fish and Wildlife.
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SPOTLIGHT

Living and Breathing Brevetoxins
on Florida Beaches

any HABs cause human health problems

M before they are visible by satellite or the

human eye. In the case of Florida’s common

Karenia brevis blooms, respiratory distress can occur

when cells are present at about 1,000 cells/liter and

fish kills begin at about 100,000 cells/liter, but visible

discoloration of the water requires orders of magni-
tude more cells.

We know a considerable amount about the bio-
chemical and neurophysiological activities of breve-
toxins as shellfish poisons. However, we know much
less about human health effects from environmental
exposures, such as those from aerosols along beaches.
Preliminary results suggest aerosols can have adverse
effects on respiratory and lung function, particularly
among the elderly and those with chronic respiratory
illnesses.
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There are very few areas of the US coast that are
unaffected by HABs. This graphic shows not only the
geographic areas that are affected, but the frequency
of those events. Larger symbols denote more frequent
occurrences, and colors denote the different HAB
impacts.

Source: D. Anderson.

The dark, cloudy areas
near the shoreline show
where the bloom of K.

brevis lingered in the
summer and fall of 2001.
Source: NASA.

exposed to toxic shellfish, and emergency room phy-
sicians treating patients exposed to ciguatera fish poison-
ing. HABs thus affect quality of life through jobs,
food, health, and recreation. As the risk increases, the
user groups expand to include decision-makers at the
individual, community, regional, state, federal, and
tribal levels.

Another aspect of public health and HABs is the risk
of cyanobacterial blooms in freshwater reservoirs. Water
treatment plants have to be aware of these blooms and
the toxins that they can produce. Treatment protocols
are available but their effectiveness would be enhanced
by early detection of cyanotoxins, application of the best
treatment methods, and knowing when the protocol has
to be implemented to protect public drinking water at
the tap. Another public health aspect of cyanobacterial
blooms is exposure to toxins or bioactive compounds
that cause dermatitis in the recreational user.

The impact of HABs extends to other user groups as
well, including shipping companies, database managers,
importers/exporters, grassroots citizen groups, councils,
commissions, the media, conservancies, parks and
reserves, life guards, and city or county clean-up crews.
HABs are clearly a serious and growing problem in
the coastal ocean—one that requires the interplay of
all oceanographic disciplines, as well as others such
as resource management and public health.
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CHAPTER

Coordinating with Agencies,
Partners, and Stakeholders

he diverse nature of HAB phenomena is a
significant challenge to the development of a
coordinated national program. The multidi-
mensional nature of HAB issues was recog-
nized at the time of the 1993 National Plan and has
resulted in a range of programs and agencies that ad-
dress specific aspects of HABs, i.e., ecology, toxicology,
monitoring, mitigation, human health, and educa-
tion. Many of these programs are described below. As
HARRNESS develops to resolve the next decade of
challenges, it must take maximum advantage of current
programs where they exist, engage new partners, and
work within state, national, and international oppor-
tunities. Improving the coordination among the
research community and the facilitating partners and
stakeholders is an important goal of HARRNESS.

National HAB
Communication Program

The US National Office for Marine Biotoxins
and Harmful Algal Blooms

The US National Office for Marine Biotoxins and
Harmful Algal Blooms is located at the Woods Hole
Oceanographic Institution, Woods Hole, Massachusetts.
Established in 1995, one of its initial roles was to assist
in the development of an integrated, national HAB
research agenda based on technical evaluations of re-
search efforts, workshop activities, and federal and state
agency efforts to prevent, control, and mitigate HABs.
In subsequent years, the role of the National Office

has expanded, as it now serves as a focal point for HAB
research and management by organizing and providing
for community access to the latest research developments,
workshop reports, research strategies, and related data
and information. The National Office also coordinates
the interests of, and fosters collaboration and partner-
ships among, the many stakeholders in HAB research
and mitigation. These include federal agencies with
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One of the important goals of HARRNESS is to improve
the coordination among the research community,
facilitating partners, and stakeholders.

responsibilities to address HAB issues, the academic
research community, and regional and local resource
managers. The office also facilitates coordination and
information exchange between the US and international
HAB research and management communities. An im-
portant strength of this office is that it is located in an
academic environment and is independent of the
control or restrictions of government agencies.

National HAB Funding Programs

ECOHAB: The Ecology and Oceanography

of Harmful Algal Blooms

The ECOHAB Program was initiated nearly a decade
ago as a “scientific program designed to increase our
understanding of the fundamental processes underlying
the impacts and population dynamics of HABs” (Ander-
son 1995). This competitive, peer-reviewed research
program is supported by an interagency partnership.
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The federal partners participating
in the ECOHAB program have different
research foci related to HABs.

NOAA Focus — NOAA's interest in ECOHAB is in developing a
general understanding of HABs and their relationships to the
surrounding environment. Additionally, interest includes de-
velopment and application of effective techniques for pre-
vention, control, and mitigation to assist in reducing the im-
pacts of HABs on coastal ecosystems (living marine resources
and coastal habitats) and public health, and ensuring that the
information is delivered to the public and the coastal man-
agement community in a timely and effective manner. NOAA
also supports efforts to determine the socioeconomic impacts
of HABs and their resulting effects. Multidisciplinary investi-
gations of regional factors responsible for development of re-
current blooms along the US coast continue to be a major
area of emphasis and include development of possible HAB
forecasts for early warning in this area.

EPA Focus - EPA seeks to support the development of detec-
tion, control, and mitigation technologies to protect the in-
tegrity of ecosystems that are affected by HABs. EPA also sup-
ports studies examining relationships among nutrient
loading, HABs, and food web dynamics. Of particular interest
are integrative approaches to analyzing food webs and key
trophic components or pathways altered by HABs, and nutri-
ent loading thresholds affecting these alterations. Studies ex-
amining the ecological consequences resulting from the in-
troduction of non-indigenous HABs via invasive species
pathways such as ballast water are also of interest.

NSF Focus — Many aspects of species-specific dynamics of
plankton, macroalgal populations, and species succession
that contribute to bloom formation are poorly understood.
NSF’s interest in ECOHAB is in increasing our understanding
of the direct and indirect causes of HABs in our coastal re-
gions and their ecological consequences through research on
the physiological and ecological bases for bloom formation,
the physical and chemical attributes of coastal oceans that fa-
cilitate them, the population attributes of bloom species, and
the long-term consequences of ecosystem changes.

ONR Focus — Plankton blooms resulting from complex cou-
pled physical-biological processes strongly affect the physical,
optical, and acoustical properties of the coastal ocean. ONR's
interest in ECOHARB is in characterizing and forecasting these
properties of blooms to improve the capability of the fleet to
operate effectively within coastal environments worldwide.

NASA Focus — NASA is interested, through ECOHAB, in de-
veloping remote sensing techniques that could be applied to
the detection or tracking of HABs, as well as the physiological
status or taxonomic classification of bloom organisms in near-
shore coastal environments.
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The ECOHAB program has largely been focused on
the ecology and dynamics of phytoplankton and the
oceanographic conditions and processes that
contribute to natural blooms.

The ECOHAB Program identified three major research
themes that encompass priority issues of national impor-
tance. These include: 1) Organisms—with a goal of
determining the physiological, biochemical, and be-
havioral features that influence bloom dynamics; 2)
Environmental regulation—with a goal of determining
and parameterizing the factors that govern the initia-
tion, growth, and maintenance of these blooms; and

3) Food web and community interactions—with a goal of
determining the extent to which food webs and trophic
structure affect and are affected by the dynamics of
HABs. Information in these areas, in turn, supports a
critical goal of the ECOHAB program—and the devel-
opment of reliable models to forecast bloom develop-
ment, persistence, and toxicity.

The federal partners in ECOHAB are the National
Oceanic and Atmospheric Administration (NOAA), the
National Science Foundation (NSF), the Environmental
Protection Agency (EPA), the National Aeronautics and
Space Administration (NASA), and the Office of Naval
Research (ONR). Each agency brought its own unique
interests and missions into this coordinated research
program.

Projects funded through ECOHAB include regional
studies on the biogeochemical, ecological, and physical
processes that contribute to bloom formation and main-
tenance, as well as individual targeted studies that exam-
ine specific biological and physical processes that regu-
late the occurrence of specific HABs. Regional ECOHAB
studies have been undertaken in the Gulf of Maine for
Alexandrium and paralytic shellfish poisoning, the Gulf
of Mexico for Karenia brevis and neurotoxic shellfish
poisoning, the shallow bays and lagoons of eastern Long
Island for Aureococcus anophagefferens, the mid-Atlantic
states for Pfiesteria and related organisms, and, more re-
cently, the US west coast for Pseudo-nitzschia and domoic
acid poisoning. Each of these efforts has resulted in a
wealth of new knowledge that is leading, through col-
laboration with other programs, to enhanced ability
to detect, monitor, predict, mitigate, control, and

prevent HABs.
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MERHAB: Monitoring and Event

Response for Harmful Algal Blooms

Initiated in 1999 by NOAA, MERHAB secks to develop
products generated by ECOHAB and other basic
science programs to help communities mitigate HAB
impacts. The principal focus is to build the capabilities
of local, state, tribal, and private sector interests for
regular and intensive measurement of HAB parameters,
making existing monitoring programs more efficient
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The MERHAB program has been focused on building
capabilities and technologies to improve HAB monitoring
and to create science-management partnerships.

while providing for better coverage in time and space.
MERHAB, like ECOHARB, is a competitive, peer-
reviewed program. MERHAB regional projects engage
scientists and managers to conduct rigorous field test-
ing of state-of-the-art technology and incorporate new
methods of detecting, tracking, and predicting HABs
into existing monitoring programs. MERHAB targeted
projects focus on advancing HAB-related technologies
that have promising user-driven applications.

NIEHS-NSF Oceans and Human

Health Initiative

The National Institute of Environmental Health
Sciences (NIEHS) and the NSF have funded four
Oceans & Human Health Centers, each having a focus
on a different class of HABs. The objective is to eluci-
date underlying mechanisms that govern relationships
between marine processes and public health. These
Centers for Oceans and Human Health (COHH) seek
to provide linkages between members of the ocean sci-
ences and biomedical communities through the support
of interdisciplinary research in areas where improved
understanding of marine processes and systems has poten-
tial to reduce public health risks. COHH is expected to
create an environment conducive to interdisciplinary
and reciprocally beneficial collaborations among bio-
medical scientists (e.g., epidemiologists, pharmacologists,
toxicologists, microbiologists, and cell and molecular
biologists) and ocean scientists (e.g., biological and
physical oceanographers, geochemists, and ecologists)

NIEHS/NSF Centers for OHH

e Pacific Northwest Center for Human Health and
Ocean Sciences, University of Washington

e Pacific Research Center for Marine Biomedicine,
University of Hawaii

* \Woods Hole Center for Oceans and Human Health,
Woods Hole Oceanographic Institute

e Center for Subtropical and Tropical Oceans and
Human Health, University of Miami

NOAA Centers for OHH

* NOAA Center of Excellence in Oceans and Human
Health at the Northwest Fisheries Science Center,
in Seattle, Washington

* NOAA Center of Excellence in Oceans and Human
Health at the Hollings Marine Laboratory, in Charles-
ton, South Carolina

* NOAA Center of Excellence for Great Lakes and
Human Health at the Great Lakes Environmental
Research Laboratory, in Ann Arbor, Michigan

The Oceans and Human Health programs of both NSF
and NOAA are aimed at elucidating the relationships
between marine processes and public health.

with the common goal of improving our knowledge
of the impacts of the ocean on human health.

NIEHS views “oceans and human health” as both an
opportunity and a challenge. Oceans have become con-
duits for a number of environmental threats to human
health. At the same time, oceans harbor diverse organ-
isms that show great promise for providing new drugs
to combat cancer and fight infectious diseases.

NOAA Oceans and Human Health Initiative
The National Ocean Service (NOS) operates the
NOAA Oceans and Human Health Initiative (OHHI)
which was initiated in 2004. The scope of the OHHI
research portfolio includes pathogens, HABs, sentinel
species as environmental or human health indicators,
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marine toxins, marine biomedicine, and pharmaceuticals,
along with a view to integrate these into an ecosystem
framework. Initial efforts are aimed at establishing three
NOAA Centers of Excellence in Ocean and Human
Health that focus attention and scientific expertise on
key ocean and health issues, creating an internal com-
petition to foster collaboration across NOAA, develop-
ing an external peer-reviewed grants program to engage
the academic and non-governmental communities, and
creating opportunities for scientists to develop and share
scientific expertise by forming a distinguished scholars
and training program. NOS is working closely with
other parts of NOAA, NSE, NIEHS, and the academic
community to ensure that the programs developed
build on NOAA’s strengths and complement on-going

activities in this area.

National Sea Grant College Program
The National Sea Grant College Program sponsors
a variety of marine research, outreach, and education
projects, primarily through the 30 state Sea Grant
Programs. The program has also established a series of
National Strategic Investments which have a national
focus and are intended to enhance Sea Grant’s network-
wide capabilities to respond to high priority issues and
opportunities. Sea Grant has supported research and
outreach dealing with public health and economic im-
pacts of Pfiesteria, brown tides, and other HABs; the
root causes of hypoxia; and the impacts of metropolitan
sewage outflows on coastal waters. Sea Grant priority
research supported under themes in Seafood Science
and Technology and Ecosystems and Habitats has made
significant contributions toward resolving HAB issues.
HABs are one of the three Sea Grant national
priority areas. As a partnership between the nation’s
universities and the NOAA, there is a Sea Grant prog-
ram in every coastal state. Sea Grant Programs provide
research, education, and outreach on all coasts, for all
age groups, for government, private businesses, and
citizens, and on issues ranging from biology to econ-
omics to the physical sciences.

EPA Science to Achieve Results

(STAR) Program

This program funds research grants and graduate fel-
lowships in numerous environmental science and engi-
neering disciplines through a competitive solicitation
process and independent peer review. The extramural
program complements EPA’s own intramural research
program and those of partners in other federal agencies.
In addition, through this same competitive process, the
National Center for Environmental Research (NCER)

periodically establishes research centers in specific areas
of national concern. At present, estuarine and coastal
ecosystems form one focus of these centers.

Centers for Disease Control

and Prevention (CDCQ)

In response to the events related to identifying Pfiesteria
piscicida in the Chesapeake Bay, CDC was given Con-
gressional funding to support state-based surveillance
for human illnesses associated with exposure to this or-
ganism. Over time, HAB-related projects in the CDC
have expanded to include investigating the public health
impacts of aerosolized brevetoxins during Florida red
tides, supporting development of a diagnostic method
for ciguatera and assessing human exposure to blue-
green algal toxins in drinking water.

National HAB Research
and Response Programs

National Laboratories for HAB Research
National laboratories of the NOAA Ocean Service and
NOAA Fisheries provide critical HAB research and ser-
vices to the nation. The Ocean Service laboratories in-
clude the Marine Biotoxins Program located at the
Center for Coastal Environmental Health and Biomo-
lecular Research and the Hollings Marine Laboratory
in Charleston, SC, and the Phytoplankton Ecology and
Physiology Team at the Center for Fisheries and Habitat
Research in Beaufort, NC. These laboratories coordinate
with sponsored research (ECOHAB and MERHAB)
programs through the National Centers for Coastal
Ocean Science. The NOAA Fisheries Science laborato-
ries include the Harmful Algal Blooms Program at the
Northwest Fisheries Science Center in Seattle, WA and
the Northeast Fisheries Science Center in Milford, CT.
The purpose of these NOAA research laboratories is to
provide scientific guidance, research, and community
service on issues involving marine toxins and harmful
algae to promote effective management of our coastal
ecosystems and the health of the animals and people
who live in the coastal zone.

The US Food and Drug Administration has a
vigorous seafood research program that supports the
agency’s regulatory mission. FDA research forms the
basis for the Agency’s understanding of the extent and
severity of hazards, for risk assessment, and for risk
management. Seafood research is carried out at FDA’s
Gulf Coast Seafood Laboratory at Dauphin Island, AL,
the Seafood Products Research Center in Washington
State, as well as in the Beltsville Research Facility in
Laurel, MD.
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State HAB Information Resources

NORTHEAST
Maine * Maine Red Tide Information System: Interactive access to red tide closure data
e Maine Department of Marine Resources, Bureau of Resource Management:
Redtide and shellfish sanitation status information
Maryland e Maryland Department of Natural Resources: Reports of HAB events in Maryland
e Eyes on the Bay: Interactive access to Chesapeake monitoring station data including HAB events
e Maryland Department of the Environment: Notices of shellfish closures and fishing advisories
Massachusetts e Massachusetts Division of Marine Fisheries: Protocols for monitoring, harvesting closures,
and other regulatory information
e Massachusetts Department of Public Health: Permit procedures and food safety
New Jersey e New Jersey Department of Environmental Protection, Division of Marine Water Monitoring:
Procedures for water quality and shellfish monitoring and status
e New Jersey Department of Environmental Protection, Division of Science Research and
Technology: Brown tide status and general information
* Brown Tide Monitoring: Maps of brown tide events in coastal New Jersey
New York e New York State Department of Environmental Conservation: Shellfish closure information
SOUTHEAST

North Carolina

e North Carolina Department of Environment and Natural Resources, Division of Water Quality:
Monitoring data and fish kill maps for area rivers

e North Carolina Department of Environment and Natural Resources, Division of Marine Fisheries:

Shellfish closure status

South Carolina

e South Carolina Department of Health and Environmental Control: Monitoring and
shellfish closure status

Virginia

e Virginia Institute Department of Environmental Quality: Procedures and regulations for
water quality monitoring

GULF OF MEXICO

Florida e Florida Marine Research Institute: Current red tide status for the Florida coast, including maps
* Mote Marine Red Tide Update Page: Local conditions for the southwest Florida coast
e Florida Department of Agriculture and Consumer Services: Shellfish closure status
Mississippi ® Mississippi Department of Marine Resources: Shellfish closure status
Texas o Texas Parks & Wildlife Department: Texas coast red tide status reports
e Texas Department of Health: Shellfish closures due to red tide
WEST COAST
Alaska e Alaska Department of Environmental Conservation, Division of Environmental Health:
Monitoring procedures for paralytic shellfish poisoning and status of shellfish closures
California e California Department of Health Services, Division of Drinking Water and
Environmental Management: Advisories and reports for marine biotoxin monitoring
Oregon e Oregon Department of Human Services, Environmental Services: Beach monitoring
programs and fish advisories
Washington e Washington State Department of Health: Interactive map of recreational shellfish beach

closure status

e Washington State Department of Health, Division of Environmental Health: Monitoring
program information and biotoxin bulletins

e Washington Department of Fish and Wildlife: Shellfish harvesting regulations and status

Programs listed by region can be found at www.csc.noaa.gov/crs/habf/resources.html.
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National Laboratories and Centers within EPA’s
Office of Research and Development have undertaken
research to improve methods of detection for HABs and
to better understand the effects of HAB toxins. Research
on cyanobacteria is beginning to assume higher priority,
owing to the increasing prevalence of cyanobacteria and
the growing threat they pose to drinking water supplies.

National HAB Event Response Programs

The National HAB Event Response Program is com-
prised of a number of separate initiatives. In response to
the 1987-88 Florida dolphin mortality event, NOAA
established the Marine Mammal Health and Stranding
Response Program, and within it, the Working Group
on Unusual Marine Mammal Mortality Events. The
Working Group is made up of members from academia,
conservation organizations, and state and federal natural
resources agencies that bring a wide variety of expertise,
including: biology, toxicology, pathology, ecology, and
epidemiology. Its primary role is to determine when an
unusual mortality event is occurring and then to direct
responses to such events. Since 1987, the Working
Group has consulted on 20 marine mammal mortality
events worldwide (12 in the US).

The NOAA Analytical Response Team (ART) was
established within NOAA’s Marine Biotoxins Program
to provide a formal framework through which coastal
managers can request immediate, coordinated assistance
during HABs, related health incidents, and marine animal
mortality events. This program’s combined expertise in
algal taxonomy, toxicology, and toxin chemistry sup-
plies accurate information in a timely manner, allowing
managers to make informed decisions involving shellfish
harvests, life support for marine mammals, beach clo-
sures, and remedial actions. Since 1993 the Analytical
Response Team has provided analyses for 50 different
investigations related to algal blooms and algal toxins,
including their impacts on fish, marine mammals,
and birds, as well as human exposures.

NOAA’s Ocean Service formed an event response
program linked closely with MERHAB and ECOHAB’s
sponsored research programs as a means of connecting
the HAB research community with managers respond-
ing to HABs to ensure timely access to cutting-edge
science in support of immediate event management.
NOAA and its partners in the community have provid-
ed managers access to the latest HAB detection and
tracking technology and analytical expertise housed
within the nation’s top university and government re-
search facilities. Researchers have been called upon to
assist managers with a variety of tasks, including deter-
mining correlations between marine animal disease or

mortality events and HABs, and whether algal toxins
pose risks to human health. The recent response prog-
ram benefits the HAB knowledge base by ensuring
proper scientific documentation of the often unpre-
dictable and ephemeral blooms.

The Health Studies Branch (HSB) of the (CDC’s)
National Center for Environmental Health (NCEH) is
responsible for developing and evaluating strategies for
preventing human exposure to environmental hazards
and disasters, and for minimizing the effects of such
exposures when they do occur. To accomplish this
mission, HSB investigators conduct epidemiologic
rapid response and research activities in cooperation
with federal, state, local, and international health
agencies. The goal of HSB is to provide environmental
health leadership, science, and service for all major
categories of environmental hazards including HABs
in the US and the growing threat they pose to drink-
ing water supplies.

State HAB Research
and Monitoring Programs

There are numerous state activities, but efforts vary
depending on the specific HAB problem that dominates
in the state. Some states are just developing their prog-
rams, while others have had a long established record on
monitoring in the interest of human health. Many state
and non-governmental agencies carefully monitor HABs
and provide high quality information to the public. A
listing of such resources is given in the table on page 25.
Many states are now recognizing that the diversity of
HAB species in their waters may be increasing, and
programs originally established to monitor for the
presence of one species or toxin must be expanded.

International HAB Initiatives
and Related Programs

EUROHAB: European Harmful

Algal Bloom Programme

Within the European community, it has also been
recognized that the problems of HABs are increasing,
and that these problems know no national borders. A
HAB problem in one country may have been initiated
through nutrient delivery or other source from another
country. Furthermore, the transport of species and water
via currents and shipping poses additional mechanisms
by which these problems spread from one country to
another. The European Commission (EC) has, over the
past decade or more, funded numerous individual proj-
ects related to harmful algae and there are many efforts
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devoted to monitoring and research on a local scale in
several European countries. However, until recently
there have been no cooperative efforts aimed at under-
standing harmful algae in European waters in a coordi-
nated, comprehensive fashion. In 1998, an international
workshop organized by the EC and the University of
Kalmar, Sweden, was held to develop a directed scien-
tific initiative, resulting in the EUROHAB Programme
(EUROHAB 1999). The following were identified

as important research areas: 1) algal-produced toxins
accumulating in the food web; 2) fish-killing species;

3) high biomass HABs; 4) cyanobacterial blooms and
toxins; 5) field studies of physical-biological interactions;
6) tools and technology development; and 7) mitigation.
Under the subsequent EUROHAB Initiative, projects
were undertaken on the role of eutrophication and biol-
ogical control of HABs, importance of organic matter
from terrestrial sources in HAB formation, transfer and
fate of HAB toxins, development of predictive systems,
and most recently, a project on the socioeconomic
impact of HABs (EUROHAB 2002). The EUROHAB
effort is now, like ECOHAB, evolving to include a new
phase of research priorities.

GEOHAB: Global Ecology and
Oceanography of Harmful Algal Blooms
The GEOHAB Programme is an international, multi-
disciplinary program under the auspices of the Scientific
Committee on Oceanic Research (SCOR) and the Inter-
governmental Oceanographic Commission (I0C).

The GEOHAB Science Plan (GEOHAB 2001;
available online at htep://www.GEOHAB.info) defines
five program elements that serve as a guide to research

priorities. Although HABs also pose critical problems
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The GEOHAB program assists in the multi-national
coordination of HAB research on ecology and population
dynamics and oceanographic processes, and is supported
by advanced observational and modeling techniques.

The GEOHAB Programme:

Global Ecology and Oceanography of Harmful Algal Blooms

and countries to exchange technologies, concepts, and findings to address issues related to the global ecol-

G EOHARB is an international, multidisciplinary program that will assist investigators from different disciplines

ogy and oceanography of HABs. The emphasis is on comparative studies that include observational and
modeling components. In 2001, GEOHAB published the Science Plan that identifies the following overarching

questions.

* Biodiversity and Biogeography. What are the factors that determine the changing distribution of HAB species,
their genetic variability, and the biodiversity of associated communities?

e Nutrients and Eutrophication. To what extent does increased eutrophication
influence the occurrence of HABS and their harmful effects?

¢ Adaptive Strategies. What are the unique adaptations of HAB species and how
do they help to explain their proliferation or harmful effects?

e Comparative Ecosystems. To what extent do HAB species, their population dynamics,
and community interactions respond similarly under comparable ecosystems?

e Observation, Modeling, and Prediction. How can we improve the detection and
prediction of HABs by developing capabilities in observations and modeling?

In 2003, the GEOHAB Implementation Plan was published, outlining the mechanisms by
which GEOHAB Core Research Projects will be initiated and how GEOHAB will develop
various networking, coordination of resources, data management, and interactions
with other programs. Through Open Science Meetings held worldwide, GEOHAB is in-
viting the global participation of scientists in these activities.

GE@HAB
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International Agencies and Programs with Interests in HABs

IAEA The International Atomic Energy Agency supports technical cooperation projects on HABs at the nation-
al, regional, and inter-regional scale. These projects lead to transfer of toxin detection methods throughout
the world and production of radiolabeled toxin standards.

APEC The Asia-Pacific Economic Cooperation established a major program on Red Tides in 1999 to coordinate
the monitoring and management of HABs within the 21 APEC economies in order to facilitate a free flow of
goods and services, and in particular, shellfish and fish products, which can potentially be contaminated with
algal toxins.

AOAC The Association of Official Analytical Chemists responds to the global need for improved testing meth-
ods for these marine and freshwater toxins through the design and implementation of official validation of
toxin methods. These activities are managed by the Task Force on Marine and Freshwater Toxins, which has a
strong and practical commitment to the development and validation of methods for detection of toxins.

IUPAC The International Union of Pure and Applied Chemistry serves to advance the chemical sciences world-
wide and to contribute to the application of chemistry in the service of mankind. IUPAC has supported the
International Symposium on Mycotoxins and Phycotoxins since 1973 as a forum to advance understanding of
toxins, occurrence, assay proficiency, toxicology, and risk assessment from a global food safety perspective.

WHOVFAO The World Health Organization and the Food and Agriculture Organization of the United Nations
develop global standards for seafood safety, drinking water, and recreational water safety. WHO/IOC and FAO
review the current Codex guidelines and provide advice on maximum levels in shellfish for shellfish toxins,
guidance on methods for analysis of each toxin group, guidance on monitoring of harmful algae and shellfish,
and information on the geographical distribution of HAB species.

GEF The Global Environment Facility is a financial framework for the Convention on Biological Diversity and
the UN Framework Convention on Climate Change. GEF supports the Global Ballast Water Management Pro-
gramme (GloBallast) which assists developing countries to reduce the transfer of harmful aquatic organisms
and pathogens in ships’ ballast water.

GOOS The Global Ocean Observing System is designed to monitor the ocean and develop sufficient under-
standing of environmental variability to achieve the goals of sustainable development and integrated manage-
ment of the marine environment and its natural resources. GOOS provides an essential platform to enhance
HAB forecasts and predictive models.

100S The Integrated Ocean Observing System constitutes the US contribution to GOOS. I00S is a coordinated
national and international network of observations, data management, and analyses and is intended to pro-
vide the data and information required to achieve a number of goals, including the reduction of public health
risks and protecting and restoring healthy coastal marine ecosystems. I00OS provides great opportunity to
observe, monitor, and predict HABs.

LOICZ The Land-Ocean Interactions in the Coastal Zone project’s primary focus has been to collect information
on material fluxes from the land to the ocean in order to construct flux estimates related to diverse environ-
ment types. Information and techniques available from LOICZ can be important for HAB research and predic-
tion activities.

IMBER The Integrated Marine Biogeochemistry and Ecosystem Research Program is becoming the focal
program for IGBP and SCOR in the area of ocean biogeochemistry and ecosystems. Some of IMBER-proposed
research areas include phytoplankton dynamics, making this project a likely partner in HAB research.

GLOBEC The primary focus of the Global Ocean Ecosystem Dynamics program is to investigate how the

physical environment affects the productivity of zooplankton and fish in marine ecosystems. One strength of
GLOBEC is research in upwelling regions, which can be extremely productive and can experience severe HABs.
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in freshwater ecosystems, the focus of GEOHAB will
be on the manifestation of blooms in marine and
brackish waters.

The mission of GEOHAB is to foster international
cooperative research on HABs in ecosystem types shar-
ing common features, comparing the key species involved
and the oceanographic processes that influence their
population dynamics.

GEOHAB is not a funding program or agency;
rather, research is supported by national funding agen-
cies that must respond to national scientific priorities
utilizing nationally based facilities, resources, and ex-
pertise. GEOHAB will combine the resources of many
countries and expertise of many individual scientists
in the study of complex processes of HAB population
dynamics.

GEOHAB is thus an international program that
coordinates and builds on related national, regional, and
international efforts in HAB research within an ecologi-
cal and oceanographic context. GEOHAB applies com-
bined experimental, observational, and modeling ap-
proaches, using current and innovative technologies in a
multidisciplinary approach consistent with the multiple
scales and oceanographic complexity of HAB phenom-
ena. Through such efforts, the emergence of a truly
global synthesis of scientific results should be attained.

The EU-US Scientific Initiative

on Harmful Algal Blooms

A joint EU-US workshop on HABs was held in 2002
and a joint funding mechanism between the EC and
the US NSF for HAB-related research was established in
2003. The EU Collaborative Program on Harmful Algal
Blooms is a new initiative to support collaborative, in-
ternational research. For decades, HABs have been studied
in relative isolation on both sides of the Adlantic. National
and regional programs such as EUROHAB in Europe
and ECOHAB in the US have funded research on
HABs, but these efforts have not included significant
international collaboration. In recognition of the im-
portance of scientific exchange among nations, the NSF
has entered into an implemention arrangement with
the EC in support of environmental research, including
research on the ecology and oceanography of HABs.

I0C Harmful Algal Bloom Programme

The overall goal of the IOC HAB Programme is to fos-
ter the effective management of, and scientific research
on, HABs in order to understand their causes, predict
their occurrences, and mitigate their effects. There are
three major divisions: educational, scientific, and oper-
ational. The educational program element is separated
into two branches: information networks and training
and capacity building. The scientific program element
is separated into three branches: ecology and oceanogra-
phy, taxonomy and genetics, and toxicology and toxin
chemistry. The operational program element is divided
into three branches: resource protection, monitoring,
and public health and seafood safety. There are many
interactions between the subjects and actions, e.g., fish-
eries management benefits from knowledge of the ecol-
ogy and dynamics of blooms; monitoring is based on
ecological, oceanographic, taxonomic, and toxicological
information.

International Agencies

Multiple international agencies and programs have
interests directly in HABs or related to HABs. The chart
on page 28 identifies many such programs that actively
engage the US HAB community or offer new opportu-
nities to leverage resources to meet common goals.

The Need for HARRNESS

The science, management, and decision-making neces-
sary to manage the threat of HABs currently involves a
complicated array of scientists, managers, and agencies
at various levels. The preceding review of programs
demonstrates the diversity of state, national, and inter-
national programs that have interests in HAB research,
monitoring, and management activities. This review
serves to demonstrate the current difficulty in coordi-
nating such a diverse and large group of agencies and
programs. The HARRNESS program has been
designed to provide this coordination and oversight,
and to keep the US HAB program productive and
effective over the next decade.
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CHAPTER

Developing HARRNESS,
the New National HAB Plan

he US Commission on Ocean Policy stated
that “A strong and effective national ocean
policy needs to be supported by a founda-
tion of high quality ocean education that
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promotes lifelong learning, an adequate and diverse
workforce, informed decision making, science literacy,
and a sense of stewardship.” Recent reauthorization of Web Su rvey
the Harmful Algal Bloom and Hypoxia Research and 1000 responses
Control Act (HABHRCA) renews and expands federal 'l

efforts to combat HABs. These recent actions demon- Open Forum
strate concern by Congress and the Administration e
about the threat of HABs. Instilling a sense of steward- 1

The process
of developing
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interconnectivity, and our quality of life. the broader

The 1993 US National Plan for Marine Biotoxins and 1 community
Harmjful Algae was a successful planning document that Workshop at many

43 particepants levels.

served as a springboard for multiple research agendas,
funding guidance documents, and programs for research
and management of HABs. Capabilities and resources
to detect and monitor HABs and their toxins have vast-
ly improved in the past decade. Despite these efforts,
the nature and extent of the US HAB problem changed
with the emergence of several new poisoning syndromes,
the expansion of known problems into new areas, and
the identification of a variety of new HAB impacts and
affected resources (Chapter 1). Additionally, manage-
ment of the threat of HABs currently involves a com-
plicated array of scientists, managers, agencies, and legis-
latures operating at various governmental levels. Support
for their activities is guided by a diversity of national
and international programs (Chapter 2). The HAB
community recognizes that it is now time to re-define
the magnitude and diversity of the HAB problem,
strengthen coordination with agencies, partners, and
stakeholders, and unveil a new shared vision to signifi-
cantly reduce problems from HABs in the US. To realize
this vision, the HAB community engaged in a consen-
sus process that produced a new organizational struc-
ture and new set of shared priorities presented in the

new National Plan, HARRNESS, Harmful Algal
Research and Response: A National Environmental
Science Strategy 2005-2015.

The process of developing this new National Plan
was initiated through a charge from NOAA’s National
Centers for Coastal Ocean Science to its Center for Spon-
sored Coastal Ocean Research. To achieve this end, a
National Plan Steering Committee of 17 researchers and
managers was selected (Appendix I). Administrative
assistance was provided by the Ecological Society of
America (ESA) as well as the US National Office for
Marine Biotoxins and Harmful Algal Blooms. The Steer-
ing Committee’s fundamental premise was to maintain
the utmost transparency in the process of developing
the revised plan and to offer frequent and meaningful
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The US Commission on Ocean Policy

has changed the way the nation will view its oceans and

protect and manage their wealth

Oceans Act of 2000 The US Congtress recog-
nized the promise of the oceans and the threats to
them when it passed the Oceans Act of 2000. The
resulting US Commission on Ocean Policy col-
lected expert and public testimony indicating that
major changes are needed in the management of
this resource. Of great importance is the need

to address the complexity and interconnections
among natural systems and to update management
approaches to reflect this complexity. Also noted
as essential is the need for better federal support
of science, infrastructure, and ocean-related
education.

An Ocean Blueprint for the 21st Century
The Commission delivered its Final Report, “An
Ocean Blueprint for the 21st Century,” to the
President and Congress on September 20, 2004.
The report calls for a new governance framework,
more investment in marine science, and a new
stewardship ethic by all Americans—all within
the context of an ecosystem-based management
approach—to halt the decline of this nation’s oceans
and coasts. The Commission’s report explicitly
recognized HABs and other threats to human

health:

“HABs constitute significant threats to the ecology
and economy of coastal areas. While the preferred
course of action is prevention, effective treatments are
also needed. The current availability of biological,
chemical, or physical treatments is extremely limited.
Better coordination would help leverage the relatively
Jfew but successful HAB research programs currently
being supported by the federal government. Improved
monitoring techniques are also essential in mitigating
the harmful impacts of HABs. The complementary
development and deployment of satellites and moored
sensors will provide even greater coverage, cross-
referenced ground truthing, and more frequent site-
specific sampling. As more data are collected on

AN OCEAN BLUEPRINT
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HAB occurrences, researchers will be able to more
accurately predict future outbreaks by using advanced
computer models and taking into account the physical
and biological conditions leading to HABs.”

HARRNESS Builds on the Ocean Blueprint
HARRNESS is a response to the increasing com-
plexity and interconnections among the processes
behind increased occurrence, geographical spread,
and severity of HABs. It calls for invigorated
investment in coordinated research, shared infra-
structure, integrated observing systems, and com-
munity education. HARRNESS is also a response
to the labyrinth of state, federal, and intergovern-
mental agencies bearing responsibility for HABs
and the need to serve diverse interests spanning
local to global concerns. HARRNESS takes im-
mediate action by implementing a framework

of programs, facilities, and oversight that will
facilitate partners as well as stakeholders.
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The Harmful Algal Bloom and
Hypoxia Research and Control Act

provides legislative authority for the federal government to support
research, education, and monitoring of HABs

The Harmful Algal Bloom and Hypoxia
Research and Control Act (HABHRCA)

of 1998. PL. 105-383. The Act recognized

that many of our nation’s coastal areas suffer from
HABs and hypoxia each year, threatening coastal
ecosystems and endangering human health.

Harmful Algal Bloom and Hypoxia
Amendments Act of 2004 H.R. 1856,
House Rpt. 108-326 reauthorizes HABHRCA.
The legislation reauthorizes the programs in the
Act for Fiscal Years 2004-2006, and provides an
updated research framework for addressing HABs
that requires stronger consultation with local
resource managers in developing the assessments
and research plans.

National Assessment of Harmful Algal
Blooms in U.S. Waters. The assessment, re-
quested by Congress in the Harmful Algal Bloom
and Hypoxia Research and Control Act of 1998
PL. 105-383, compiles research and management
expertise on the causes and consequences of HABs
and presents recommendations for addressing
their impacts nationwide. The study was a multi-
disciplinary effort that included input from states,
Indian tribes, industry, and other coastal stake-
holders. The reauthorization of HABHRCA
requires a nationwide assessment of HABs once
every five years.

“Harmjful algal blooms are a serious threat to coastal
communities that rely upon fish and shellfish,” said
Acting Under Secretary of Commerce for Oceans and
Atmosphere, Scott Gudes. “The toxins found in harm-
Jul algal blooms can contaminate shellfish, which can
cause severe illness or death when eaten. Just last summer,
algal blooms are suspected of sending nine people to
the hospital with paralytic shellfish poisoning in
Washington State.”

Freshwater HABs are now under HABHRCA
Legislation. HABHRCA reauthorization requires
a one-time assessment of freshwater HABs that, in
the future, would be incorporated into the five-year
marine HAB assessments. It also requires the devel-
opment of a research plan for incorporating fresh-
water HAB research into the Ecology and Ocean-
ography of Harmful Algal Blooms (ECOHAB)
interagency grant program. Research on freshwater
HABs lags behind efforts addressing marine blooms
and there is no comprehensive source of informa-
tion on the occurrence and effects of freshwater
HABs in the US. Additionally, the Great Lakes
have recently exhibited an increase in the occur-
rence of HABs and more research is needed

to understand this phenomenon.
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A sampling of responses from the research
and management community on HAB needs:

“The realization that HABs are affecting environmental
health is more widely accepted. However, HAB activities
have been more the ‘shotgun’ type. When there is a
problem, that area spends money. Then it stops.”

"\We need more information about the relationship of blooms
to nutrients...Even in HABs where nutrients are not the obvious
cause or trigger, they are essential to the event...As coastal
development continues the question of anthropogenic nutrient
inputs versus natural sources is going to demand answers..."”

"Health officials cannot determine the seriousness of harmful
algal bloom incidents without accurate and valid human or
animal exposure information. With poor exposure informa-
tion, health officials can declare dangerous situations as
safe, threatening the health of the public, or declare safe
situations as dangerous, causing undue alarm and wasting
large sums of money on needless remediation efforts.”

“Models that include physical circulation and plankton bloom
dynamics and link offshore processes with nearshore toxicity
are essential for predicting blooms and their impacts...”

“It is my strong opinion that the success of this plan and the
research that will result is dependent on how closely tied the
end-users are in the process.”

"It is clear that local communities are not satisfied with just
better predictive abilities; they are crying for a ‘fix’ for these
problems and their federal and state representatives are
getting that message.”

opportunities for stakeholders to provide the critical

input necessary to develop a plan that reflects the view

of the broad HAB community.
An Advisory Committee was next appointed to

assure that the National Plan incorporated a wide range
of input from stakeholders (Appendix II). This commit-
tee was composed of 35 representatives of federal and
state agencies, academia, industry, and citizen groups
concerned about HABs in aquatic ecosystems and their
impacts on human and natural resources health, and on
regional economies. The Advisory Committee reviewed

and provided recommendations at three critical stages
of the development of the National Plan as identified
later in this chapter.

Several steps have been taken to ensure the broadest
input in the process. The process of developing the
National Plan began with soliciting community parti-
cipation through a web-based survey and open forum
discussion. The survey was sent to more than 300 in-
dividuals representing those involved in HAB research,
monitoring, and management at educational institu-
tions, state and federal offices, and laboratories. Over
1,000 specific responses were received. These responses
were distilled and served as the basis for community
discussion in a plenary session at the Second Sympo-
sium on Harmful Marine Algae in the US. Based on
the web survey results and the community discussion
at Woods Hole, MA, the Steering Committee next
drafted four white papers on the topics of toxins, bloom
ecology and dynamics, food webs and fisheries, and
infrastructure. These white papers were then submit-
ted to the Advisory Committee for critical review.

Following Advisory Committee review of the white
papers, these documents served as the basis for discus-
sion of a panel of 43 experts over the course of a five-
day workshop that was subsequently held at NOAA’s
Center for Coastal Environmental Health and Biomo-
lecular Research Laboratory in Charleston, SC. This
panel of experts, selected to assure coverage of each of
the 43 topics of the web-based survey, comprised the
Workshop Participants (Appendix III). The discussions
at the workshop began by analysis of the white papers
and evaluation of the accomplishments and shortfalls
over the last ten years. The participants decided to
group the four subject areas as:

* Bloom Ecology and Dynamics

*  Toxins and Their Effects

* Food Webs and Fisheries

* Public Health and Socioeconomic Impacts

The Participants next combined and integrated the
different recommendations, discussed implementation
of these recommendations, identified future involve-
ment of various government agencies, and evaluated the
benefits of these recommendations to users. The work-
shop concluded with a consensus to implement a HAB
Program Framework (HARRNESS) with a mission to
represent the US HAB community at a national level.

HARRNESS is based on the workshop products
with input and review from the Workshop Participants,
and the Steering and Advisory Committees. The overall
strategy resulted in this new National Plan capturing

34 Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015



Web-Based Survey For Initial Community Input to the National Plan

While considering the 43 topics listed below, please use the following questions to structure your input:
1. What have been the significant advances and shortfalls that characterize the past decade’s HAB activities?
2. What are future research needs, impediments, and priorities for the US HAB community?

Feel free to provide input on as many or as few of the topics as you wish. Also feel free to include topics not
listed and to indicate where there has been success or failure, and where there is need for expanded activity.

TOXINS FOODWEBS & FISHERIES
1. Reference materials 25. Trophic transfer of toxins, exposure, fate
2. Purification/Structure 26. Impacts: Phyto-/Zooplankton
3. Biosynthesis/Metabolism 27. Impacts: Shellfish
4. Instrumental analysis 28. Impacts: Finfish
5. Biological assays 29. Impacts: Higher vertebrates
6. Toxicology 30. Impacts: Ecosystems/benthic communities
7. Therapeutics 31. Resources management
8. Epidemiology/Risk assessment 32. Resources management for public health
9. Public Health/Surveillance 33. Resources health
10. Human health
INFRASTRUCTURE
BLOOM ECOLOGY & DYNAMICS 34. Database management
11. Taxonomy 35. Observing Systems
12. Cell physiology 36. Education, outreach communications, training
13. Behavior 37. Early warning, rapid response
14. Community biology 38. Resource networking, management
15. Ecosystem dynamics & HABs 39. Program oversight
16. Genomics 40. Economic impacts
17. Cell detection 41. Repositories, collections, archives, standards
18. Oceanography & observatories 42. Volunteer networks
19. Nutrients 43. Support

20. Physical oceanography

20. Small-scale physical/biological interactions
21. Remote sensing and optics

22. Bloom mitigation

23. Modeling

24. Macroalgae

and organizing the interests and input of
the broadest possible cross section of the
US HAB community, lending strength to
its use as a guide for implementing balanced
and productive HAB programs.

The following chapters outline the
critical needs of the four subject areas, the
program elements, and the vision of the
associated HAB community to minimize
the consequences of HABs to the US public
and economy over the next decade via

HARRNESS.

The 43 scientists and managers who participated in the HAB National
Planning Meeting, held in Charleston, SC, in March 2004.
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CHAPTER

Identifying Critical Needs for
HAB Research and Response

he past decade has resulted in tremendous
advances in the community’s understanding
of HAB dynamics, from physiology and
toxin production to bloom transport and
economic impact on landfall. The general increase in
knowledge has been matched by rapid expansion in the
capability for toxin and species detection using labora-
tory, hand-held, and in- and above-water technologies.
Advancements in both basic knowledge and in methods
and tools have led to significant new opportunities for
furthering understanding and for protecting human
health. In the focus areas of bloom ecology and dynam-
ics, toxins and their effects, food webs and fisheries, and
public health and socioeconomic impacts, specific goals
and priorities have been identified for the coming
decade. These recommendations and their rationale
are given in the following pages.

The opportunities for advancement in the US HAB
community are many. An important goal is the develop-
ment of tools to detect, analyze, predict, and manage
HAB outbreaks and associated human and wildlife ill-
nesses. Underlying this goal is the need for continually
advancing methodologies in a cost-effective fashion. To
attain the goals of predicting HABs, minimizing their
impacts to human health and the environment, and
effectively educating stakeholders and the general public,
critical needs have been identified and categorized. These
needs cross-cut science and management, they bridge
individual agency interests, and they intersect some
other US programs already in place. The critical needs
described below serve also to identify these intersections
with an ultimate goal of growing a greater community
through collaboration.

Bloom ecology and dynamics continues to be an
important, multidisciplinary field in which crucial
discoveries on several HAB species and their ecologi-
cal processes have been made. Yet much remains to be
learned. Specific goals include improving the detection
and identification of harmful algal species, assessing
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their harmful status, enhancing research, monitoring
and early warning strategies, and mitigating the harmful
effects. Of great interest, and largely unknown for most
taxa, is fundamental knowledge on their physiology, life
histories, and behavior that explain fluctuations in nature.
Moreover, with increasing HAB incidence, it is extreme-
ly important to enlarge our efforts to mitigate and
prevent the impacts of HABs.

The effects of HAB species and their toxins on
organisms around them are generally not characterized
or quantified. Hence, HAB impacts on food webs is an
important and largely underrepresented research area,
and warrants committed resources and research if we
are to fully comprehend and mitigate the increasingly
frequent events in our national waters. A first priority
for the coming years is to understand and mitigate im-
pacts of HAB species on pelagic and benthic food webs
and their capacity to support fisheries and ecosystem
services. This will require a focus on shellfish and finfish
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Toxins &
m EcologY Their Effects
& Dynamics

standards and toxin-related information;
developing and establishing purification
methods for emerging toxins as they are
discovered; defining factors regulating
the biosynthesis and metabolic trans-
formation of toxins in natural situations;
providing detection and analytical
methods that are suitable for field, lab-
oratory, and clinical use; and better char-
acterization of the adverse effects of algal
toxins on living organisms with particu-
lar emphasis on susceptible populations.

Public Health &
Socioeconomic

Impacts

Our understanding of the socioeco-
nomics, seafood safety, and public health
aspects of HABs remains rudimentary.
Hence, goals for the near term include
development of regional capabilities for
quantifying the socioeconomic impacts
of HAB events, including the estimation
of costs of studying, preparing for, moni-
toring, and responding to HAB events.

The HAB research
community has identified
four research foci.

aquaculture and wild harvest. For both of these activities,
it is critical to improve our capability for forecasting

of HABs in order to establish an early warning system.
The role of higher trophic levels in bloom dynamics

is also recognized as a critical, yet often ignored, factor
in most bloom studies. Therefore, focused efforts are
needed to understand the role of top-down control in
HAB events and how modifications in trophic structure
contribute to HAB formation. Finally, HAB effects on
many of our nation’s important living resources often
generate high public interest and threaten some of our
most sensitive and limited wildlife populations. It is
therefore important to understand the detrimental effects
of HABs on animal species whose status is protected,
threatened, or endangered, including species of marine
birds, mammals, and turtles, some of which are charis-
matic species and often top predators.

A major limitation for the entire community has
been the lack of toxin standards and reference materials
and, as a result, a lack of detection capabilities for the
many congeners of known toxins and new toxins. Al-
though identified as a priority in the original National
Plan (Anderson et al. 1993), there has been little national
commitment to solving this large problem. Therefore,
specific, high priority goals include providing infras-
tructure for the certification and distribution of toxin

Goals also include determining regional
estimates of the value of HAB forecast-
ing programs to user groups. For con-
sumable seafoods, much remains to be
done. The nation requires seafood safe
from algal toxins and an economically stable seafood
industry. Inherent in this goal is protection of fresh
water and marine resources from harmful algal toxins,
requiring considerable investment in planning, moni-
toring, policy, and regulation. Finally, public health has
been reasonably assured in the US in that human deaths
as a result of HAB exposure have nearly been eliminated.
However, illness and sublethal effects remain a national
concern. Emphasis for the coming years should include
programs to provide population-based estimates of hu-
man and animal exposure and illness from algal toxins,
and to provide routine, readily available treatments

to mitigate the adverse effects of algal toxins.

A cross-cutting need that relies heavily on each of the
four major HAB research topics is a well coordinated,
national HAB event response capability that can rapidly
deploy HAB scientists at a moment’s notice around the
country to document blooms and HAB impacts from
inception to demise. One of the successes of the HAB
community since the 1993 National Plan has been the
documentation and analysis of major HAB mortality
events. National efforts since then have focused on build-
ing mutually beneficial connections between researchers
and managers of HAB impacted coastal resources that
inform risk analysis decisions and advance scientific

understanding of HABs. The aim of these efforts has
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been correctly focused on minimizing HAB-related
threats to endangered marine species and, most impor-
tantly, preventing human illnesses and deaths. A clear
measure of success is the increase of marine mammal
mortality events confirmed for HAB toxins (9 to 50 %)
since the 1993 National Plan. Several programs and many
laboratories have contributed heavily to these event
responses over the last decade. However, the complexity
of HAB mortality events and their socioeconomic im-
pact continues to increase as evident with Pfiesteria in
the Chesapeake Bay in the late 1990s and more recently
the 2005 New England PSP outbreak. For these reasons,
a greater committment is essential for rapid identifica-
tion and community-wide communications about

HAB outbreaks throughout the US. It is important to
identify, expand, and entrain all capabilities known to
the HAB community that can be used in HAB respons-
es, and to rapidly deploy these capabilities to impacted
regions before the bloom’s demise and in time to inform
risk management decision-makers. A critical lesson well
learned by the HAB community is the ease with which
the release of incorrect data, uninformed scientific opin-
ions, and premature conclusions to the public can pro-
duce undesirable consumer and stakeholder behavior
which magnifies the economic damages and political
pressures on state and federal HAB response efforts.
This so-called HAB “halo” effect is excerbated by our
lack of understanding about how HABs affect societal

The Detailed Recommendations from HARRNESS Share Common Themes

and Surveillance

Reference e Establish facilities for toxin standards, cultures, and genomic resources
Materials and e Establish facilities for archiving case and clinical samples

Data Management e Establish information databases

Monitoring e Conduct sustained time series measurements of the biotic, chemical,

and physical environments impacted by HABs
e Strengthen early warning systems
¢ Identify metabolites that contribute to animal and human illnesses
and metabolic pathways for detoxification
¢ Develop methodologies for rapid field-based detection of HABs and toxins

and Molecular and behavioral studies

Algae Physiology ¢ Develop whole-genome sequences for selected HABs to guide physiological

Biology ¢ |dentify genes linked to toxin production

e Determine inter- and intra-specific variations in physiological responses
e Strengthen understanding of life histories, ecophysiology, behavior,
and in situ growth and death rates

Ecological e Trace toxin impacts and amplification through the food web
Interactions ¢ Quantify kinetics of toxin uptake, accumulation, and retention
and Impacts ¢ Elucidate effects of eutrophication, over-fishing, and climate alteration on HABs
Human and e Establish standard reporting procedures for HAB toxin incidents
Animal Health ¢ Develop new, cost-effective epidemiological methods appropriate for HABs
e |dentify susceptible subpopulations
L]

Incorporate algal toxins into water quality standards for drinking and recreational waters

Models and
Forecasting

Develop food web models for fate and effects of toxins

Develop and improve species-specific models that link physical-biological models
Model long term risk of exposure to HAB toxins for individuals and populations
Develop models of socioeconomic impacts and costs of mitigation at local

and regional scales

Controls and ¢ Develop effective, environmentally sound techniques to control/reduce
Mitigation HABs and their impacts

e Develop early warning systems, response plans, and methods to reduce exposure
¢ Improve coordination of responses across local and regional scales

Training, Education,
and Outreach

Increase awareness of the effects of anthropogenic activities on HAB proliferation

Expand documentation of HAB toxins in drinking and recreational waters

Provide information on HAB toxins to medical practitioners and public health departments
Train more taxonomists in classical and molecular techniques

Develop strategies to assist aquaculturists/seafood farmers to limit crop loss
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behavior and economic choices, threaten the quality
of our wild and farmed seafood, and endanger human
health from exposure to algal toxins.

That HABs are ephemeral and that their initiation
remains largely unpredictable has further hampered
development of a national program. Over the last
decade the HAB community, through the federal pro-
grams, has supported the development of monitoring
and response programs at sub-national levels, addressing
this issue from a state or regional basis. There has been
only limited success in developing a nationally coordi-
nated HAB event response program. Highlights to date
include the successful operation of event response pro-
grams that provide front-line responders the best avail-
able scientific expertise needed to assess the likelihood
and severity of bloom impacts on our communities and
determine whether HAB toxins are related to human
and marine species illnesses or mortality events. Specific
recommendations and rationales regarding each of the
four program foci follow.

Summary Recommendations

The HAB community has begun tackling many of the
goals and recommendations described in this chapter.
Implementation of HARRNESS will strengthen the bonds
already established among the scientific disciplines, al-
lowing for continued progress in addressing bloom ecol-
ogy and dynamics and their interplay in fisheries and
food webs. Such interdisciplinary partnerships will ad-
vance research goals for algal toxins and their effects and
provide needed attention to public health and socioeco-
nomic impacts. With broader support made possible
through HARRNESS, the HAB community will be
able to develop national initiatives, foster national coor-
dination and oversight, and establish critical shared
facilities. Over the next decade HARRNESS will allow
the HAB community to contribute to and capitalize
upon an expected increased pace of scientific discovery
in our aquatic systems.
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BLOOM ECOLOGY AND DYNAMICS

uch progress has been made over the past several years in many aspects of bloom ecology and dynamics.

In some cases, the linkages between cell physiology and toxicity have become clear. Advances have also been

made in understanding the influences of physical processes and other environmental parameters integral to

harmful algal expression. Yet many fundamental physiological processes remain unmeasured for most species.
New methods of cell detection are becoming more readily available and progress has been made in the identification of
selected genes involved in toxin production. Further understanding of the roles of nutrients—both inorganic and organic—
in bloom development has been gained. Similarly, the roles of viruses and bacteria are better understood for some HABs.
Yet the description of the interactions between HABs and grazers, the characterization of sublethal effects of HABs on
community dynamics, and the application of these data in developing predictive models are just beginning.

Organism Detection and Assessment of Harmful Status

Accurate and timely identification of harmful species, as well as any toxins they may produce, is of fundamental importance
to most aspects of HAB research and management. Historically, species have been delineated on the basis of morphology,
ultrastructure, and life-stage features, as well as by pigment content. Increasingly, organisms are being compared and identified
on the basis of molecular markers such as cell surface proteins, lipids, DNA sequences, and toxins, which are now being in-
corporated into rapid, specific assays to detect and quantify HABs. There is also an urgent and renewed demand for iden-
tifying organisms using traditional techniques so that new findings on species diversity, biogeography, and toxicology can
be placed in an appropriate and historical context. In the case of toxic HABs, it is now clear that a species’ toxicity can vary
from high to undetectable levels according to physiological status. Therefore, the presence of cells does not necessarily equate

with problematic toxin levels; the integrated detection of an alga and its toxin is essential for evaluating the harmful status
of a HAB event.

Recommendations and Rationale

e Train a new generation of taxonomists who
can identify HAB species using both classical
and molecular techniques (short term and
career path)

120
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Accurate species identifications are of funda-
mental importance to all facets of the ecology
and bloom dynamics of HABs. There are very
few individuals in the world who have this
expertise, and many trained in classical tax-
onomy are nearing retirement.

e Establish and provide access to reference

materials, including preserved materials, live
cultures, genomic data, and toxin standards
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Reference materials are an essential component
of HAB research and monitoring programs, and
without access to such standards both the research
and resource management communities are

constrained. Time course of Pseudo-nitzschia australis concen-

* Develop and improve methodologies for the trations and domoic acid levels in Monterey Bay,
integrated detection of species and toxins, and CA during 1996, showing highly variable relation-
make them widely available ship between cells and toxicity.

Source: G. Doucette.

With very few exceptions, most rapid tests for
HAB species, as well as some of their toxins, are opment and testing. Development of new,
not available commercially, limiting the extent in-water sensors for detecting species and toxins is

to which these tools are applied outside of those in its infancy but nonetheless holds great promise
laboratories directly involved with their devel- for application on autonomous platforms.
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BLOOM ECOLOGY AND DYNAMICS (CONTINUED)

Harmful Algal Genetics and Physiology

Significant advances in our understanding of the physiology of harmful microalgae have been made in the past decade

with regard to nutrient regulation of toxin synthesis and assimilation of dissolved organic nutrients. However, critical infor-
mation required for model development, such as photosynthesis-irradiance relationships, rates of nutrient uptake, and ex-

cretion of organic matter is not available for most species. Studies of growth rates as a function of temperature, irradiance
and nutrients, and their ratios are rare. Most harmful species employ a swimming strategy influenced by irradiance and
nutrients in addition to ambient temperature and salinity, and these factors influence population growth and community
structure in ways that we do not yet understand. The important question of how fast harmful species grow in nature remains
largely unanswered. Collectively, our lack of fundamental knowledge concerning the basic physiology and behavior of
most HAB species impedes our ability to develop predictive models that will ultimately aid many aspects of basic research
and management.

Recommendations and Rationale

Develop whole-genome sequences and expressed
sequence tags (ESTs) for selected HAB species to guide
physiological and behavioral studies

The availability of whole genome sequences and EST
libraries will fuel discovery of key genes that regulate
a wide range of important cell functions, such as pro-
duction of toxins and modulation of behaviors like
vertical migration.

Determine intra-specific variations in phenotypes and
genotypes of laboratory strains and field populations
under changing environmental conditions

It is now recognized that individual species of HABs can
exist in nature as distinct strains that may flourish under
different environmental regimes, produce different
suites of toxins, or exhibit different behaviors. Increasing
our understanding of the extent of such variation is an
important element of programs that are characterizing
organisms linked to severe ecological and economic
impacts.

Develop and improve individual-based models of
targeted species

Modeling the dynamics of individual species in a
controlled environment is an important step toward
integrating species-specific mathematical formulations
into more complex ecosystem-wide models that take
into account communities of organisms and environ-
mental forcing.

The new Karenia brevis DNA microarray chip

enables scientists to track the expression of newly
identified genes in this HAB species. As cells progress
through different environmental conditions, such as
sunlight to darkness, they effectively turn off or turn
on the genes that will best adapt them to the current
environment. In the microarray pictured above, changes
in gene expression are shown as changes in color.
Features with a greener coloration indicate genes
that were down-regulated when moving from light to
dark conditions. Red features indicate genes that were
up-regulated, while features that are yellow indicate
no change in expression from light to dark. Defining
genes controlling development of HABs will provide
indicators for bloom progression and a new source

of information for accurate predictive models of
bloom impacts.

Source: F. Van Dolah.
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BLOOM ECOLOGY AND DYNAMICS (CONTINUED)

Community Ecology and Ecosystem Dynamics

HABs ultimately arise from a complex suite of interactions between the causative species and the environment, as well as
their interaction with a diverse group of co-occurring organisms. While there is evidence that increasing nutrient inputs
from coastal areas can lead to proliferation of some harmful algae, such simplistic ‘bottom-up’ controls do not adequately
explain the genesis of all HABs. Indeed, many interactions involving natural modes of chemical and physical change to the
water column, allelopathy, community succession, population dynamics of bacteria and viruses, and complex food web
interactions also play key roles in the development, maintenance, and decline of blooms. Our understanding of such
complex phenomena is limited, restricting our ability to understand fully and forecast the development of HABs.

Recommendations and Rationale

Evaluate the potential impacts of natural versus anthro-
pogenic influences (e.g., climate change, nutrient over-enrich-
ment, finfish/shellfish harvests) on HAB species dynamics,
utilizing long-term datasets

For some areas and a variety of HAB species it should be
possible to establish more robust relationships than are known
at present between such factors as land-use practices, disposal
of sewage effluents, and natural variations in climate and the
observed frequency, duration, and geographic extent of HABs.

Conduct sustained time-series measurements of the biotic,
chemical, and physical environment on time and space scales
relevant to HABs

Quantitative field studies on phytoplankton community
dynamics carried out over several annual cycles are required
to identify recurrent patterns of HABs.

Synthesize diverse measurements into coupled physical/
ecosystem models that incorporate species-specific growth,
loss, and toxin production rates

Disparate data streams are now being incorporated into
bio-physical models to permit estimates of HAB distributions
as a function of regional flow fields and known physiological
and ecological characteristics of the HAB species. As autonomous
environmental observing systems become widely available
and operational in the US, routine data delivery and model
projection products could be realized within the next decade.

A 3-D view of a phytoplankton layer
(chlorophyll fluorescence) dispersed
along a density surface (internal wave;
light blue) observed using an AUV
survey in August, 2000, in Monterey
Bay, CA. The layer of phytoplankton
contained Pseudo-nitzschia australis,

a toxic diatom linked to illness and
mortality of marine wildlife. Source
populations of organisms that ulti-
mately give rise to HABs in coastal
areas may occur offshore and be sub-
surface, sometimes in thin layers, and
therefore are often difficult to detect
using traditional ship surveys and even
remote sensing. These blooms can be
delivered to nearshore areas by physi-
cal forcing resulting in sudden increases
in toxicity that are unrelated to local
growth.

Source: J. Ryan, MBARI.
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BLOOM ECOLOGY AND DYNAMICS (CONTINUED)

Prevention, Control, and Mitigation

Management strategies are needed that will prevent (avoid the occurrence of blooms or reduce their extent), mitigate (minimize
HAB impacts on human health, living resources, and coastal economies when they do occur), and control (actions that directly
reduce or suppress an existing bloom population). Coordinated advancements are required in all of these areas.

Recommendations and Rationale

e Develop management strategies that incorporate
knowledge of interactions between HABs and
land use practices, nutrient over-enrichment, other
pollutants, and fishing practices (including lack

of fishing pressure in marine protected areas)
T I B~ RIEH

HABs arise as a result of a complex suite of ¥ s TURE

factors. Some may stem from human activities
far from areas where HABs actually occur, or
that on the surface appear completely unrelat-
ed to HAB phenomena.

e Establish new and enhance existing early warning
systems for detecting HABs as a foundation to
minimize their impacts

An infrastructure must be developed to assure
expanded sensor development and bloom pre-
diction technology, and integration of these
sensors with in situ observing systems. These
efforts will increase opportunities for testing
and refining models, data assimilation tech-

The Juan de Fuca eddy region, located along the Pacific
coast between Washington State and British Columbia,
is a site where coastal managers are given early warning

niques, and information dissemination. of harmful algal blooms.
 Develop effective, environmentally sound The Juan de Fuca eddy region is a site of persistent
techniques to reducelcontrol HABs upwelling (nutrient enrichment) throughout the summer

months. Blooms of toxic Pseudo-nitzschia are thought

A number of control and mitigation strategies to initiate in this zone. The duration of upwelling and

have been explored in pilot scale studies. Larger the timing of fall storms are factors believed to influence
scale, interdisciplinary investigations are now the levels of toxin that reach coastal razor clams.

required to determine the feasibility and envi- The ORHAB partnership monitors seawater at several
ronmental impact of implementing such methods coastal sites for a rapid increase in the numbers of Pseudo-
in nature. Assistance will be needed to minimize nitzschia and for toxins in seawater that may originate
regulatory hurdles such as permits and impact from the Juan de Fuca eddy. The combination of micro-
assessments. scopic monitoring of the algae and assessment of cellular

toxicity using test strips (Jellett Rapid Testing, Ltd.) has
given managers an early warning of dangerous levels
of toxins in razor clams.

Source: V. Trainer.
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TOXINS AND THEIR EFFECTS

urified toxins are essential to implement assays and calibrate instruments used to monitor toxins in our waters,
seafood, endangered species, and citizens. These tools are required to define both an immediate mortality event,
as well as to detect the ‘nearly silent,” chronic effects that may affect some exposed groups. Excellent progress has
been made in the development of sensitive specific assays; however, toxin standards are still lacking for many of
the classes of toxins that impact US coastal waters. Furthermore, purification and characterization of the toxins is often
a complicated and difficult task. The continued development of toxin standards and detection methods is needed to pro-
vide the front line tools for researchers and managers to characterize the hazards of algal toxins and monitor the extent
of toxin exposure.

Establishment of Reference Material Infrastructure

The HAB field has witnessed a remarkable decade of development of new toxin detection techniques, yet the use of these
techniques requires both certified reference materials, i.e., toxic matrices in which the purity and identity of the toxin have
been rigorously verified, as well as calibrated standards where the concentration of the standard is known. Availability of
these standards is the cornerstone for detection method development, monitoring of toxin occurrence, and determination
of toxicological properties. Some specialized detection techniques may also require certified or reference material in a special
form, e.g., radiolabeled saxitoxin is an essential component for the PSP receptor-binding assay. These materials need to be
readily available to all investigators from a common source to ensure consistency and comparability of results between
laboratories.

Recommendations and Rationale

e Improve availability and distribution of primary
toxins and their metabolites

Only certified reference materials assure reliable
and accurate quantitative data on HAB toxins.
Production of these compounds should be con-
tracted to various laboratories with the capability
and expertise to produce adequate amounts

of them for the needs of the HAB community
and their invested users. An authority that can
administer the distribution of toxin standards
needs to be identified or established. Purified toxin reference materials such as these produced
by NRC Canada are essential for other toxins found in US
waters to predict the impact of HAB events on coastal
communities through accurate testing methods.

Photo: K. Nowocin.

e [dentify or establish an information database
for characterization and identification of toxins
and metabolites

Once these materials have been initially charac-

terized, it is often possible to use the information and detection. The supporting information for the full
from characterization coupled with less expensive chemical characterization of toxins and metabolites
equipment for routine monitoring, identification, needs to be readily available to all.
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TOXINS AND THEIR EFFECTS (CONTINUED)

Purification of Toxin Reference Materials

Key to protecting human health and economic well-being is the ability to rapidly identify new threats as they appear.
The purification of new toxins and their full structural characterization plays a key role in this identification. Historically,
toxin chemists have focused on the parent molecules themselves. However, it is now apparent that metabolites of these
parent compounds, produced either by the toxigenic HAB species or during the movement of the toxin through the
food web, play an increasingly important role in the overall toxicity of the event.

Recommendations and Rationale

e FElucidate new toxin compounds and their
structure

Structure elucidation of new or emerging
toxins is critical in order to minimize health
and economic losses from HABs.

e Determine the structures of toxin metabolites
and their degradation products

Structure elucidation of metabolites will provide

essential information about biosynthetic and New Toxins, Novel Problems and Structures

detoxication pathways, providing biochemical Since the last National Plan, society continues to be chal-
lenged with threats from newly identified marine and fresh-

bases for control and mitigation efforts. ! [TOI SV .
water toxins. Domoic acid, initially recognized as a seafood

* Establish a facility or facilities for major contaminant in eastern Canada, has become a major issue for
instrumentation protected species such as sea otters on the west coast of the
The establishment of regional facilities, similar US. Emerging threats include pinnatoxin which was responsi-

ble for a massive outbreak of seafood toxicity affecting over
1,000 people in eastern Asia; gymnodimine, first identified in
New Zealand; and spirolides, first detected in eastern Canada.
Azaspiracid, identified in the late 1990s in Ireland, had a major
economic impact on the oyster and mussel industries of that
country. Blooms of cyanobacteria (blue-green algae) in Florida
OH and Australia have impacted drinking water supplies in these

areas. These events underscore the constant need for moni-
) toring and the continual development of new techniques

for toxin identification.

to the NSF regional Nuclear Magnetic Resonance
(NMR) facilities, would help make some of the
more expensive instrumentation available to
individual investigators.

0550

I . . .
Cylindrospermopsin, a potent hepatotoxin, currently
] T
CH NH HN NH threatens the safety of Florida drinking waters.
e bl
O

Source: G. Boyer.
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TOXINS AND THEIR EFFECTS (CONTINUED)

Instrumental Analysis and Biological Assays

Our ability to detect and determine the proper response to a toxic event is only as good as our ability to measure the toxin
itself. Coupled with the availability of suitable reference material, there is also a need to develop detection techniques that
are suitable to the end user. For example, a west coast Indian tribe interested in protecting their members from the con-
sumption of harmful shellfish needs a quick and easy method to determine the total level of toxins in shellfish to be har-
vested. Their need is very different from that of a toxicologist attempting to determine the rate of formation and effect

of toxin metabolites in exposed populations. In the first case, a simple assay of total biological activity will suffice. In the
latter case, an analysis of individual toxin metabolites is required. In the last decade, there has been a tremendous advance
in developing biological assays to determine total toxin potency, as well as in the application of modern chemical instru-
mentation to the detailed analysis of algal toxins. These tools need to be transmitted from development to the appli-
cation stage where they can be used to solve real-world problems.

Recommendations and Rationale
e Develop new generation detection methods

New techniques for the detection and analysis
of toxins are being developed constantly. These
need to be evaluated and incorporated into
both field and laboratory programs where
appropriate.

e Establish interlaboratory standard operating
procedures

The mouse bioassay
has served as the
primary testing
method for PSP, NSP,
and CFP for nearly

Standard operating procedures (SOP) are
required for toxin analysis in different types of
species, tissues, or fluids. Utilization of SOPs will

assure comparability of toxin analysis data and 50 years.

facilitate sharing of data during responses to

HAB events. Portable test kits are

e Apply a two-tiered system where appropriate important tools used -

. . . to protect the public

Two-tiered systems encompass a biological health. Unfortunately,

assay and a confirmatory analytical technique. test kits are only avail-

The initial assay is often used to screen samples able for a few of the

for biological activity or presence of a toxin known toxins. A major

class. In the second tier, individual toxin impediment to develop-

components are unequivocally identified using ment is the availability

a confirmatory analysis. This allows the end of purified toxin stan-

dards for testing and

user to balance information, cost-of analysis Al
validation.

and time needed.

Sources: Jellett Biotek Unlimited
and Diatheva.
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TOXINS AND THEIR EFFECTS (CONTINUED)

Biosynthesis and Metabolism of the Toxins

Algal toxins are small molecules, generally less than 1,000 daltons; however, their biosynthesis is a highly complex, multi-
step process involving many poorly defined intermediates and multiple molecular species of toxins. This complexity makes
it difficult to understand their biological function, and to take advantage of emerging gene-based techniques to define bio-
synthetic pathways. These toxins, when transmitted through the foodweb, are modified by metabolic processes that pro-
mote their elimination and which yield a wider spectrum of molecular species, many of which can have even greater toxicity
than the original toxin. It is the combination of these two processes, biosynthesis and metabolism, that results in dozens

of variants for a given toxin, leading to substantial difficulty for toxin detection.

Recommendations and Rationale

e |dentify the genes and biosynthetic pathways linked e Provide toxicological and pharmacokinetic
to toxin production information on HAB toxins and metabolites
Enhanced understanding of environmental and This will provide critical information for the
organismal regulation of toxin biosynthesis is critical development of medical intervention strategies
to long-term efforts to manage and mitigate the HAB in humans and protected species. Likewise
problem. toxicokinetic studies in seafood species will assist

natural resource managers in determining algal
toxin uptake, metabolism, and clearance rates
for commercially important fisheries.

e |dentify metabolites that contribute to animal or
human illness, and those useful as biomarkers for
longer-term exposure

Seafood species are known to metabolize algal
toxins to conjugated, reduced, or oxidized forms
that retain toxicity towards animals and humans.
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Most algal toxins are believed to be synthesized by a series of enzymes produced by several genes clus-
tered closely together. This figure shows the microcystin synthetase of microcystin-LR (Rouhiainen et al.
2004). Structural variations have been reported in all seven amino acids, but most frequently with sub-
stitution of L-amino acids at positions 2 and 4, and demethylation of amino acids at positions 3 and/or 6.
About 60 structural variants of microcystins have been characterized so far from blood samples and
isolated strains.
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TOXINS AND THEIR EFFECTS (CONTINUED)

Integrated Toxin Effects and Mechanisms of Susceptibility

The initial targets (i.e., ion channels, receptors, etc.) and symptoms of the major HAB toxins are well known. However,
between these initial sites of action and the final symptoms, are numerous factors and interactions that modify the eventual
outcome. Multiple organ systems are often involved that may lead to chronic diseases affecting health in both humans and
entire populations of wildlife species. Toxins may affect the natural signaling processes leading to obvious (i.e., pain percep-
tion) and to less obvious effects (i.e., synaptic plasticity). The advent of toxicogenomics and metabolomics will expand our
knowledge on the different signaling molecules and their genetic diversity and enhance our understanding of the overall
effects of HAB toxins on living animals. However, toxicology must look beyond the effects on otherwise healthy individuals
to those populations most likely to suffer the greatest risk. Animal models need to be developed to study susceptible popu-
lations, based upon exposure history, sex, inherited genetic traits, developmental stage, and various states of disease.

Recommendations and Rationale

e Characterize the acute and long-term effects of
HAB toxins

The primary site of actions for many toxins is well
known on a biochemical basis. But what is not well
known is how these primary effects are translated
into long-term health effects, such as cancer,
cardiovascular disease, developmental defects,
and neurobehavioral illnesses.

e Define mechanisms of susceptibility

Studies need to be directed to identify special risk
groups, such as the very old, the very young, and
those with compromised health.

e Integrate laboratory animal model data and wildlife
exposure information with human exposures and
disease

Development of cross-disciplinary investigations
among toxicologists will provide important infor-
mation about toxic effects. Improved coordination
among scientists, veterinarians, physicians, and public
health and wildlife managers is essential to predict
and prevent human illness.

Domoic acid damage has been mapped in the
brain. However, many questions exist on persistent
effects on susceptible populations.

Damage to cell bodies (red dots), axons (green
dots) and terminals (blue dots) were reconstructed
from 65 maps to form a 3-D rotatational image of
the mouse brain after domoic acid exposure. In
addition to the traditional memory processing
regions of the brain, olfactory or smell sensing
regions of the brain also sustain heavy damage
after exposure to domoic acid. This later effect
may result in more significant effects on certain
marine animal populations.

Source: J. Ramsdell.
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FOOD WEBS AND FISHERIES

here are considerable gaps in knowledge concerning the impacts of HAB toxins upon natural resources, their transfer
and pervasiveness in the food web, and how they influence trophic structure. While it is recognized that harmful
algae and their toxins can influence ecosystems from the top-down, i.e., affecting predators and influencing grazing,
and from the bottom-up, i.e., affecting plankton and benthic communities, there is little knowledge about how
these factors influence the structure and stability of major fisheries and critically endangered species. Acute or chronic
exposure to HABs and their toxins, either directly or through the food web, puts these populations at increased risk.

Impacts of HABs on Food Webs

Previous research has primarily focused on algal species known to produce toxins dangerous to humans. This emphasis
addressed basic information needs to ensure the safe harvest and consumption of fishery resources as well as the safe recreational
use of coastal and freshwater environments. By contrast, the potential impact on trophic interactions between toxic or harmful
algae and the biotic communities in which they occur remains largely unexplored. Preliminary and observational informa-
tion suggests that the effects upon aquatic life (including harvested and protected resource species), terrestrial animals asso-
ciated with aquatic systems, or upon ecosystems are far more widespread than previously recognized. To manage these
resources and the food webs that support them, this knowledge needs to be developed or improved significantly.

Recommendations and Rationale

e Assess sublethal and chronic impacts of HABs on
specific life history stages of affected aquatic species

The existing, quite limited data suggest differential
susceptibility by stage.

e Assess the effects of chronic exposure to HABs
on food webs and economically and ecologically
relevant species at the population level

Such studies on long-term exposure are nearly
non-existent.

e Develop a better understanding of newly identified
HAB species (identification and toxin production)
Unexplained disease and mortality events have
recently been linked to algal species previously |

\
thought to be benign. Mokt oopesbecrgl) e < ' ”

5\ ¥ ¥
e [dentify and quantify synergistic impacts of HABs LY .t‘l-t -r::-'::::' ?‘ -
and their interactions with other environmental L " )
S Foplic Ehas
stressors
Traditionally, HAB impacts have been assessed Biotoxins from HABs are transferred throughout the food
on a single-species basis. No data exist on synergism web when toxic algal cells are eaten by zooplankton, fish,
with other HAB species, or with environmental and shellfish that are, in turn, eaten by other animals and
stressors such as contaminants and infectious humans. While many of these linkages have been recog-
disease agents. nized in isolated cases, they remain poorly defined and

unquantified. Further, effects of the accumulated toxins
* Develop food web models for fate and effects on the health of marine animals are suspected but not

of toxins well understood.
To date, trophic interactions and impacts Source: G. Wikfors.
of HABs on food webs have been ignored.

To date, mitigation and environmentally sound
control strategies are limited. Few approaches have
been field tested and shown to be environmentally
harmless or effective over either short- or long-
term scales.

e [dentify and develop control and mitigation
strategies and assess their environmental impacts
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FOOD WEBS AND FISHERIES (CONTINUED)

Impacts of HABs on Aquaculture and Wild Harvest

Adverse effects ranging from reduced growth and reproduction to mass mortalities may lead to increased occurrence and
severity of disease, significant losses in harvestable resources, or to spoiled or contaminated products—outcomes that result
in substantial economic damage and adverse health consequences for consumers. Aquaculture operations are particularly
vulnerable to toxic and harmful algal events because of the inability to move or protect certain kinds of stock when a HAB
event threatens. Information that provides a better understanding of the interactions between harmful and toxic algae and
their impacts on farmed fish and shellfish will lead to management strategies that have a direct, measurable, and significant
economic benefit.

Recommendations and Rationale

* Quantify kinetics of toxin uptake, accumulation,
retention, and depuration in key species

To date, impacts of HABs on shellfish have only
been assessed for indicator species and a few
commercially important species. Limited data are
available for impacts of HABs on fish.

e [dentify toxic and non-toxic modes of harmful action
by target HAB species

Multiple algal species are responsible for problems
in water quality, can cause mechanical damage to
animals, and impact the fitness and survival of
numerous species in the food web.

e [dentify new, regulatory-appropriate sentinel species

Use of new species as early-warning sentinels for
HAB events can expand and improve regional
monitoring programs.

e Develop management, control, or mitigation
strategies, and assess potential environmental
impacts, both adverse and beneficial, of these
strategies

To date, mitigation and environmentally sound
control strategies are limited. Few approaches
have been field tested and shown to be environ-
mentally harmless or effective over either short-
or long-term scales.

e Expand and assist existing state emergency response
programs to facilitate rapid response (e.g., sampling,
sample analysis) and information dissemination for
unexpected HAB events

The ability to respond quickly to a HAB event is

Different species of shellfish, such as the mussels
often hampered by geographic distance, knowl- : pedt : " y

shown here, can accumulate algal toxins to dangerous

edge of local resources, access to fresh samples, and sometimes lethal levels, both in the wild and in
funding, and availability of knowledgeable aquaculture facilities.
personnel.
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FOOD WEBS AND FISHERIES (CONTINUED)

Improved Capacity for Forecasting HABs

Natural resource managers and public health officials need better tools to forecast imminent HAB events so that mitiga-
tion actions can be more effectively taken. Improving and expanding the forecasting capabilities offered by remote sensing
technologies, such as offshore instrument moorings and satellite telemetry, will provide rapid and spatially broad informa-
tion. This information will permit monitoring of the environmental conditions that may promote HAB formation, as well
as the tracking of HABs as they transit through a region. In addition, expanding the number of sentinel species used to
detect HABs and the improvement of state shellfish monitoring programs will result in regional early warning systems
that will allow managers to lessen the impacts HABs have on those communities that depend on the affected resources.

Recommendations and Rationale

e Expand and improve the efficiency and networking of Considerable funds have been expended on data-
state monitoring programs, including regional programs gathering, yet the data have not been integrated
that encompass shellfish, fish, endangered species, and or disseminated to the user community.
plankton monitoring components e Support the development of new and improved
Currently, each state monitoring program operates technologies for remote cell and toxin detection,
independently. Regional impacts can be minimized and for modeling and forecasting
with better communication and forewarning by Large-scale technology has made great progress in
responsible personnel. the detection of surface-level HABs, but improved

¢ Improve coordination of monitoring/modeling efforts resolution of satellite imagery, and expanded and
and data mining, both nationally and regionally, and networked automated systems for HAB cell and
improve use of networking technology (web-based GIS) toxin monitoring should be developed. Models of

use for predictive purpose should also be devel-
oped.

The optics-based BreveBuster
(upper left) has been adapted
for operation in two classes
of autonomous underwater
vehicles (REMUS upper right,
Glider lower left). This mar-
riage of technologies has
yielded a means to conduct
unattended surveys of Karenia
spp. over time scales of days
to weeks and spatial scales of
meters to hundreds of kilome-
ters. Four-dimensional (space
and time) products show
(lower right) the distribution
of Karenia spp. in relation to
other measured parameters
(temperature and salinity).

Source: G. Kirkpatrick.
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FOOD WEBS AND FISHERIES (CONTINUED)

Top-down Control and Changes in Trophic Structure by HABs

It is highly likely that a combination of increases in nutrient resources (bottom-up control) and relaxation in grazing
(top-down controls) contributes to the increase in the frequency and intensity of HAB events. Eutrophication changes
top-down control, as well as providing bottom-up support for blooms. Changes in food web structure attributable to other
human influences, including over-fishing, habitat degradation, invasive species, and climate change interact with eutrophi-
cation and contribute to global increases in HABs. Better definition of how changes in top-down control may change the
occurrence and severity of HABs will provide new, previously unavailable management options for mitigation and control.

Recommendations and Rationale

¢ Understand and quantify impacts of grazing, e Formulate management strategies involving manipula-
parasitism, and pathogens on various HAB species tion of top-down controls to mitigate or control HABs
The potential for biological control of HAB species An understanding of top-down controls would allow
through the use of pathogens and other mortality for their use as means of managing or mitigating
agents has not been fully explored and could be HABs.

a viable option for management of HAB species.

e Understand how trophic cascades and species inter-

actions impact grazing on HAB species Conceptual diagram of top-down control and effect of
trophic cascades on small and large cell-size phytoplank-
ton. On the left, proliferation of baitfish resulting from
over-fishing of top predators leads to blooms of large

Amplification of toxins through the food web as a
result of trophic interactions is poorly understood

and can result in unusual mortalities or sublethal dinoflagellates (circled). Alternatively, on the right, re-
impacts. moval of small fish (fishing down the food chain) can
e Flucidate the effects of eutrophication, over-fishing, lead to blooms of small phytoplankton (circled) such

as brown tide.

Source: D. Stoecker.

climate change, invasive species, and habitat alter-
ation on top-down control of HABs

Multiple factors are likely to affect or control
top-level trophic groups and this will in turn have
profound impacts on food web dynamics.
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FOOD WEBS AND FISHERIES (CONTINUED)

Impacts of HABs on Higher Vertebrates

Acute or chronic exposure to HABs and their toxins, either directly or through the food web, place certain populations

at increased risk. Little information exists about the chronic, sublethal, or lethal effects of bioaccumulated or biomagnified
algal toxins, the routes of exposure, and whether such effects render organisms more susceptible to disease. Microalgal
toxins and their chronic effects need to be studied at all biological levels and to be recognized as major threats to animal
health, sustained fisheries, endangered species, and ecosystems. Long-term effects of biotoxins on the health of aquatic
animals include increased susceptibility to disease, immunosuppression, abnormal development, and the induction of
tumors. Animals at all trophic levels that are exposed to biotoxins in the long term through their diet may die or display
impaired feeding and immune function, avoidance behavior, physiological dysfunction, reduced growth and reproduc-
tion, or pathological effects.

Recommendations and Rationale

e Develop improved detection methods for determination e Develop toxin-specific biomarkers of exposure and
of toxins and toxin metabolites in tissues of higher effects for assessing sub-lethal and chronic exposure
vertebrates Animals can be exposed to multiple toxins from
Accurate assessment of the role of HABs in mortalities a number of HAB species and synergisms could be

of higher vertebrates is hindered by the lack of tools
and techniques for accurate verification of toxins
in tissues.

Determine adverse effect levels of HAB toxins in
protected, threatened, and endangered species

Acute level impacts of HAB toxins are just starting to
be understood; however, there is little knowledge of
chronic or sublethal impacts on these populations.

expected. Therefore, toxin-specific biomarkers can
aid in recognizing and separating these stressors.

Assess effects of long-term risk of populations to
exposure to HAB toxins

Currently there is no knowledge about the impacts
of widespread or persistent exposure to HAB toxins,
nor is there information available about how they
are impacting the population dynamics of endan-

gered species. Models need to be developed and
integrated biological studies conducted about these
key, but less visibly dramatic, effects of HABs.

)

California
Sea Lion
undergoing
an MRI at
UC Davis.

Source: Marine
Mammal Center.
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PUBLIC HEALTH AND

SOCIOECONOMIC IMPACTS

he demand for seafood as part of a healthy diet, combined with globalization of trade and tourism, expands

the geographic boundaries for human exposure and subsequent illness as well as those of economic losses beyond

historically affected coastal communities. The economic and public health impacts of HABs can be profound.

Research, public education, and outreach are needed to assess and address the impacts of HABs on local, national,
and global economies, the safety of our seafood, public health, and drinking and recreational water quality.

Socioeconomic Impacts of HABs

Many millions of dollars are spent annually addressing the known HAB-related impacts on public health, commercial
fisheries, recreation, tourism, environmental monitoring, and bloom management. Public health impacts account for the
largest economic impacts, followed by commercial fisheries and tourism. Even one HAB can be extremely costly. The
hidden costs to secondary industries (e.g., food processing or aquaculture suppliers), human illness (e.g., medical care
for undiagnosed or chronic illnesses), and decline in consumer confidence (e.g., failure to purchase seafood in restaurants
or reserve fishing charter trips) remain unknown.

Recommendations and Rationale

e Compile data and calculate the socioeconomic
impacts of HAB events at local and regional
Scales L CEwmrw drwn Wap Fat Cmars 1064

Data are currently compiled on an informal
and non-standardized basis. Methodologies
from the fields of public health and environ- al
mental and natural resource economics should )
be applied to estimate the economic effects of et
HABs and the subsequent modeling technology ] [
should be developed for use by local public ; ] 5 £ el
health, environmental, and natural resource . Jerih g .
officials. T
e Conduct socioeconomic studies of how user =i P

groups will benefit from HAB forecasts at i T Bl g !
different temporal and spatial scales g P e by o - o

Several regional models of the formation and .
fate of HABs are under development, utilizing
an emerging network of ocean observing sys- T T ———
tems. These models will lead to the develop- fm— R i i s
ment of capabilities to forecast bloom transport MR et i 22
and severity. Models to assess the economic
benefits of these forecasts to coastal communi-
ties should be developed and shared with state = a

and local constituencies (or public, environ- iy b e
mental, and resource officials).

The shellfish closures in Maine during summer
cover an extensive area of the coastline.

Source: http://megisims.state.me.us/dmr_redtide/.
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PUBLIC HEALTH AND

SOCIOECONOMIC IMPACTS (CONTINUED)

Impacts of HABs on Seafood Safety
Seafood constitutes a significant proportion of the world food supply with more than 70 million metric tons harvested
cach year. Estimated seafood consumption is 9 kg per person per year in the US. Although an important and popular food
source, seafood ranks third on the list of products most frequently associated with food-borne disease. Several seafood-

related diseases are caused by contamination of seafood with potent neurotoxins naturally produced by marine algae
associated with HABs.

Recommendations and Rationale

Incorporate validated and rapid field detection
methods into seafood safety testing

Rapid field methods will enable industry and public
health officials to assess seafood contamination in
a timely manner appropriate to the potential hazard
and the perishable nature of the food.

Identify and coordinate regional laboratory-based
facilities that will provide timely, analytical con-
firmation of seafood contamination

Rapid detection methods are typically presumptive
in nature and represent a ‘first alert’ warning sys-
tem. Confirmatory analytical methods are essential
to verify presumptive results. Provision of this
service/capability is necessary to protect consumers
and maintain confidence in the seafood industry.

Identify, expand, and coordinate seafood species
identification and geographic origins databases

The expansion of national and international trade
in seafood has progressed in the absence of
information systems for accountability. Genomic or
proteomic-based libraries for species identification
and geographic mapping are necessary tools for
resource management, public health protection,
and disease outbreak control.

Ensuring seafood safety is of paramount concern.

Source: S. Shumway.
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PUBLIC HEALTH AND

SOCIOECONOMIC IMPACTS (CONTINUED)

Impacts of HABs on Public Health

Documented cases of HAB-related poisonings represent only a small percentage of the actual cases that occur. Existing
mechanisms for data collection are not only dependent upon the correct diagnosis, but also on reporting of the case to a

disease surveillance program. Under-diagnosis and under-reporting of even well known HAB-related illnesses are common.

Recommendations and Rationale

Define which algal toxin exposures have long-
term effects

Exposure to algal toxins through the consumption
of food and water and the breathing of aerosols can
cause acute illness in humans and animals that can
be medically addressed by symptomatic treatment.
However, long term health effects may be associated
with chronic, low level exposures. Treatment alter-
natives for mitigating these long-term symptoms
are limited.

Develop tools for clinical diagnostic support

Currently, there are no readily available tools or
methods for diagnosing HAB-related illnesses in
humans or other animals. Thus, accurate diagnosis,
treatment, and prognosis are impossible.

Improve surveillance of human exposure and disease

Surveillance is the on-going systematic collection
of data used to inform public health decisions. Cur-
rently, information about the extent of exposure
and prevalence of HAB-related illness is limited.

Develop a system for archiving case and clinical
samples

The analysis of archived animal samples has his-
torically been used to define exposure and disease
in animal populations. Similar
archives of human samples will
allow investigators to develop
and test new techniques, identify
previously uncharacterized toxins,
and develop assays for exposure
and biologic effect.

Based on mortality figures
from recent outbreaks, chil-
dren are more likely to be
poisoned by saxitoxin than
adults. The effects of saxi-
toxin and other shellfish
toxins such as domoic acid
on childhood development
and learning are of great
concern to local commu-
nities.

Photo: Government of Canada.

Develop new, cost-effective epidemiological
methods that are appropriate to HAB issues

Traditional epidemiologic methods are labor in-
tensive, expensive, and time consuming. Identifying
and applying alternative methods for data collec-
tion and analysis will enhance our capacity to
develop primary public health and prevention
activities.

Identify susceptible populations based upon
physiological traits, behavioral factors, socioeco-
nomic status, and cultural practices

Multiple factors, including age, gender, baseline
health, brain reserve capacity, psychological status,
risk perception, cultural practices, genetic predis-
position, collateral exposures and duration and
severity of illness contribute to disease expression.

Develop early warning and detection mechanisms
to prevent exposure

The ultimate goal of public health is the primary
prevention of exposure and disease. Coordination
and communication among the public health, fish
and wildlife, and environmental communities can
improve our capacity for timely public health
action.
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PUBLIC HEALTH AND

SOCIOECONOMIC IMPACTS (CONTINUED)

Recreational and Drinking Water Impacts
Cyanobacteria are a component of freshwater and marine ecosystems. The abundant growth of cyanobacteria in reservoirs
contributes to significant practical problems for water supplies. Moreover, many of the known cyanotoxins (e.g., micro-

cystins, saxitoxins) have been associated with deleterious human health effects. The full impact of the presence of these
toxins on contaminated water bodies remains unknown.

Recommendations and Rationale

Expand and improve documentation of the occurrence of algal
toxins in drinking and recreational waters

Surveys conducted in the US have identified algal toxins in drinking
water and recreational waters. However, there is no on-going
systematic monitoring program in place to identify high-risk areas.

Develop short-term response plans for algal toxin-contaminated
water to protect public health

There is very limited information about both the occurrence of algal
toxins in water and their health impacts. However, water-quality
related decisions still need to be defined, particularly on a local
level.

Incorporate algal toxins into water quality standards for drinking
and recreational waters

Water utility managers and those responsible for recreational water
quality do not have water quality standards on which to base deci-
sions for safe levels and practices. Therefore, water users are not
necessarily protected from exposures and subsequent related health
effects. Water resource managers need water quality guidelines
that, based on the current scientific knowledge, protect public
health.

Warning:
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Warning signs such as this posted

at a lake on Long Island, NY caution
local communities of frequent blooms
of cyanobacteria that turns the lake
waters green and produces toxins
that endanger recreational users.

Source: C. Gobler.
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CH TER

Moving Forward: ‘'HARRNESSing’

the Resources and Energies of the

HAB Community

he HAB scientific and management commu-

nity now envisions a new structure to ensure

that research and management activities are

coordinated and responsive to the changing
nature of HABs. This new strategy incorporates the
recommendations of HAB scientists, managers, and
educators. It integrates the needs and input from groups
ranging from scientists to coastal residents to our gov-
ernment’s decision-makers. It fosters multidisciplinary
investigations, products, and services responsive to the
national priorities. And it integrates with initiatives
outside the HAB field.

HARRNESS is a proposed organization of HAB-
related initiatives and programs that identifies and
addresses current and evolving needs associated with
HABs and their impacts. HARRNESS is a framework,
not a funding program. It allows for multiple levels of
participation and involvement. While identifying and
highlighting disciplinary priorities and requirements,
it lays out the multiple pathways by which these
priorities may be achieved.

HARRNESS is envisioned to function with a num-
ber of distinct components. Some of these components,
such as research funding mechanisms, are in place, but
may require additional funds or new directions. Other
components will need to be established for this purpose.

The National HAB Committee

A core component of HARRNESS is a National HAB
Committee (NHC). The NHC will be a rotating, inter-
disciplinary group of individuals representing priority
research areas. The mission of the NHC is to facilitate
coordination and communication of activities for the
US HAB community at a national level. Desirable char-
acteristics of the composition of the NHC are that it is
(1) community based, (2) recognizable to the agencies,

. HARRNESS P

Facilitating
~ Parinars |

e

HARRNESS wll be coordinated by a National HAB
Committee; the research will be conducted at a range of
scales and investments will be made in infrastructure.

(3) knowledgeable about organizational issues, and
(4) scientifically and technically credible.

It is recommended that the initial composition of the
NHC consist of the members of the HAB National Plan
Workshop Steering Committee. The NHC will then es-
tablish procedures for appointment of a chair, an execu-
tive body, and rotation of members. One of the initial
tasks of the NHC will be to set up a plan for regular
meetings and to establish a presence on the world
wide web.

Facilitating Partners

The fragmentation, and in some cases isolation, of
agencies, programs, or scientific disciplines involved
in HAB research can limit overall progress within the
field. The NHC will facilitate implementation of the
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HARRNESS plan among the many agencies, groups,
disciplines, and initiatives with shared HAB goals and
objectives.

The NHC of HARRNESS must vigorously commu-
nicate with the federal, state, and international agencies,
and with programs outlined in Chapter 2. One impor-
tant mechanism will be through representation (ex officio
or otherwise) of personnel from federal agencies in-
volved in HAB research, such as NOAA, NSE EPA,
USDA, NASA, ONR, FDA, DOI, NIH, and CDC,
on the National HAB Committee. Also of interest and
importance is the identification and inclusion of groups
currently responsible for proactive program develop-
ment; for example, initiatives that will link land and
watershed observations to biophysical responses in
receiving waters of rivers, estuaries, lakes, and the coastal
ocean, such as GOOS, ORION, NEON, CLEANER,
and CUAHSI. Sdill others include initiatives focusing
on micro- and nanotechnology development where
assays and detection are being miniaturized to such an
extent that huge detection arrays may now be possible
with hardware developed less than a decade ago. Inter-
national initiatives specific to HABs, such as the EU-
US Program and GEOHAB, must also be represented.

Another role of the NHC will be to solicit input
from, and to provide feedback to, the broader group
of state and local governments involved in HAB issues.
In some cases, direct representation on the NHC may
be appropriate; in other cases, clear lines of communi-
cation, such as via the web or targeted listservers,
may suffice.

The NHC should ensure that non-public interests
are also considered. The HAB community will depend
on academic-private partnerships in the development,
testing, and application of new instruments and tech-
nologies. Industrial expertise may be necessary on the
NHC, or may be sought through other channels.

Stakeholders

As a coordinating body, the NHC must also consider
the needs of those who require or seeck HAB-specific
information for a range of purposes. These stakeholders
range from well-established national bodies to local
citizen groups. Efforts must be made to ensure that
monitoring efforts in water quality and public health
are engaged as HARRNESS develops. At the national
level, direct communication with organizations such as
the Interstate Shellfish Sanitation Conference (ISSC)
may be required. In other cases, outreach efforts to
societal organizations may suffice. These may turn out
to be regional organizations like the Chesapeake Bay
Foundation or HAB-specific citizens’ groups like

START in Florida. They could also be industries with
specific resource or water quality interests, such as
aquaculture or mariculture corporations, water intake
processors (for drinking or cooling), or animal hus-
bandry/agricultural organizations interested in effluents
or loadings from their operations. Through compilation
of regional priorities on HAB impacts, stakeholder
participation will be identified and their interests
represented.

Activities of the NHC

1. Facilitate implementation of HARRNESS
and garner support among all stakeholders;

2. Foster communication between all components
of the HAB community;

3. Interface with related national and international
initiatives, such as GEOHAB, 100S, GOOS,
CUAHSI, CLEANER, NEON, and ORION;

4. Form ad hoc technical advisory committees
as needed to address issues or requests; and

5. Raise the visibility and understanding of
HAB issues nationally.

Program Foci

In recognition of the multiple research objectives
previously described in Chapter 4, HARRNESS will
focus on four primary areas:

* Bloom Ecology and Dynamics

Toxins and their Effects

o Food Webs and Fisheries

* Public Health and Socioeconomic Impacts

Achieving the goals of the program foci will require:
* Targeted Investigations

e Regional Studies

* Inter-regional Comparative Investigations

* Mitigation and Control

Program Approaches

Each of the Program Foci shares a need for a suite
of Program Approaches—a set of management and
research activities. Program approaches are directed at
various scales of the HAB problem, from highly focused
studies, to regional and inter-regional scale investigations,
to policy-making and resource management activities.
These approaches provide a network for integrating the
expertise represented by the different Program Foci,
and for ensuring a more cohesive response to the HAB
problem both nationally and internationally than was
possible previously.

The integration of Program Foci, and the assurance

60 Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015



that these efforts respond to the needs of the Stake-
holders, will require investigations at multiple levels
with a range of objectives. The full plan for implemen-
tation will require further community input.

Infrastructure

Coordinated HAB community development and
progress in HARRNESS is assured through an infra-
structure element that includes activities and services
required by all program foci. The HAB community is
committed to providing the research, management, and
education communities with the necessary resources,
including reference materials to data-visual products
and shared facilities. Toward this end, several critical
community-wide activities must be established:

1) Provision and quality assurance of reference
materials.

2) Access to data management and data visualization
tools. As a national research program, HARRNESS
must be able to effectively manage its own data as
well as provide access to other related information
about bloom species and events.

3) A national education and outreach effort.

4) Shared facilities. The HAB research community
has developed many regional capacities to collect
HAB and HAB-related information but sustained

support for these facilities is required.

In-depth discussion of these four infrastructure
components follows at the end of this chapter.

Implementation: Next Steps

To accomplish the objectives and recommendations

of the HAB community and this proposed National
Plan, a combination of existing, restructured, and new
programs will be required. New or modified agency
partnerships will clearly be required, as the priorities of
some agencies have changed over time. A few examples
of program modification and development are given
here, along with some recommendations for further
action. These are offered as suggestions, recognizing
that other mechanisms may be developed that ac-
complish the same goals.

Existing Programs

At its inception a decade ago, the focus of the ECOHAB
program was ecology and oceanography. Over time, the
coverage has expanded and now includes topics such as
mitigation and control of HABs, toxin chemistry, and

economic impact analysis. This evolution reflects in part
the changing mandates of some of the agency partners.
A re-evaluation of the direction and priorities of this
program within the context of other HAB programs
and needs is thus recommended. One possibility is to
have ECOHAB emphasize some of the priorities of the
international GEOHAB program, such as regional and
inter-regional comparative studies of upwelling sys-
tems, eutrophied systems, and fjords and embayments,
or the development of instrumentation and modeling
capabilities in support of HAB research and monitoring,.
The NOAA National Center for Coastal Ocean
Science created the Monitoring and Event Response
for Harmful Algal Blooms (MERHAB) program to help
coastal states respond to HABs by partnering with regional
management and scientific institutions. MERHAB proj-
ects are enhancing existing water and shellfish monitor-
ing programs with new technology allowing for pro-
active detection of coastal HAB events. This program
fills an important niche that is not covered by ECOHAB,
and thus should continue without major modifications.
The new Oceans and Human Health (OHH) initi-
atives of NIEHS/NSF and NOAA are being enthusiasti-
cally received by the scientific, management, and public
health communities. As described in Chapter 2, the
OHH initiatives fill another important niche by addres-
sing the public health aspects of HABs. Although it is
oo soon to evaluate the efficacy of these programs, it is
noteworthy that program resources are sparsely divided.
For example, the NOAA OHH program focuses on
marine toxins and infectious diseases, chemical pollut-
ants, coastal water quality and beach safety, seafood
quality, and sentinel species as indicators of both poten-
tial human health risks and human impact on marine
systems and marine natural products. In addition to
funding centers, the NOAA OHH Initiative includes an
External Grants Program, Internal NOAA Awards Pro-
gram, Distinguished Scholars and Traineeship Programs
and Outreach and Community Building Activities. A
number of recommendations have been suggested by
the HAB community to further enchance the OHH
efforts. These include: 1) Increase the number of OHH
centers through the NIEHS/NSF program; 2) Expand
NIEHS/NSF HAB research funding to allow individual
investigators to obtain independent funding to work
with existing centers or on OHH issues without any
center affiliation; and 3) Enhance coordination between
NOAA OHH centers, the NOAA extramural OHH
research program, and the NIEHS/NSF COHH
program.
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New Programs

Even with such actions, a number of the recommen-
dations of HARRNESS are not adequately addressed
by existing programs. As a result, the HAB community
needs to work with Congressional staff and agency
program managers to create new programs where
appropriate.

For example, a separate program on HABs and food
web impacts could focus resources on this important
topic area in a way that is not presently possible through
ECOHAB. Chemistry and toxicology of HABs, the
basis of the adverse consequences from HABs, receives
only piecemeal funding through support of other HAB
efforts and requires focused attention and perhaps its
own targeted funding initiative. Likewise the practical
aspects of HAB prevention, control, and mitigation are
presently inadequately included in ECOHAB. A separate
program can be justified that does not draw funds from
or compete with important, fundamental studies of
ecology and oceanography. Recognizing this, Congress
has mandated a separate program for prevention, con-
trol, and mitigation in the legislation reauthorizing the
Harmful Algal Bloom and Hypoxia Research and Con-
trol Act (HABHRCA). The strong Congressional sup-
port behind this program element is further seen in a
section of HABHRCA that directs NOAA to “identify
innovative response measures for the prevention, con-
trol, and mitigation of harmful algal blooms and iden-
tify steps needed for their development and implemen-
tation.” Focused programs on these topics are thus
recommended in support of HARRNESS.

With the exception of the Great Lakes, which fall
under NOAASs jurisdiction, freshwater systems that are
impacted by HABs have not been comprehensively
addressed in ECOHAB, MERHAB, or the OHH HAB
programs. These phenomena are, however, an impor-
tant focus within the HABHRCA reauthorization, and
within HARRNESS, and therefore targeted funding
initiatives are recommended. Once again, these need to
be separate initiatives that do not compete with funds
or resources from the marine HAB programs.

In this context, it is clear that the US National Office
for Marine Biotoxins and Harmful Algal Blooms will
need to address freshwater HAB issues at all levels. A new
name for the office will also be needed to account for
this expanded purview.

The coordinating structure, research foci, and in-
frastructure of HARRNESS will require considerable
discussion among the community to fully implement
the recommendations put forth. The detailed steps
required for program implementation are beyond the
bounds of this report. As a result, the NHC will be
charged with preparation and distribution of an Im-
plementation Plan for HARRNESS. The Implementa-
tion Plan will further prioritize the recommendations
of HARRNESS and specify the steps and associated
funding mechanisms to accomplish these goals.
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Reference Materials

epositories or facilities where collections of resources are deposited for safekeeping and can be retrieved

represent an essential infrastructure element to support the entire HAB community. A portfolio of integrated

repositories is required for the next decade. Such facilities should maintain clonal cell isolates, genetic materi-
al, animal and human tissue samples, purified toxins and reagents, and informational databases on toxins and the
organisms that produce them. These repositories may exist at different physical locations and could consist of several
databases linked by a common search engine. Each repository will need sustainable funding support in order to
maintain consistency and availability of resources.

These reference materials would be used by researchers, managers, and educators to characterize toxins, develop
molecular probes, and train volunteers to recognize different HAB species. HARRNESS promotes the development
of new facilities, like the following widely recognized examples, to broaden community access to reference materials.

A repository of probes for specific HABs should provide certified nucleic acids for identification of algal species.
Such a repository would maintain samples of lectin, antibody, and nucleic acid probes, as well as provide certified
living HAB cultures, preserved field specimens, and preserved and lyophilized clonal cell isolates. The repository would
continue refinement of probes and assays for use on biogeographically dispersed strains to eliminate potential
cross-reactions with non-target species and non-reactions with intended target species.

A HAB tissue bank is needed to house frozen and preserved biological samples from HAB events, e.g., tissues
and body fluids from marine mammals, birds, and fish. The bank would retain both intoxicated and uncontamin-
ated control samples. These tissues are critical to verify new techniques, to detect and quantify toxins, and will allow
retrospective analysis of HAB events as technology improves.

A toxin reference material repository would meet the widely recognized and critical need for readily available
and certified toxin standards. This repository would provide certified reference material for methods development
and instrument calibration, as well as coordinate with the HAB tissue bank to provide toxin standards in sample
matrices. The toxin reference material repository would also link with the integrated databases to provide up-to-
date information on protocols and methods for toxin analysis, as well as information on metabolite formation
and pharmacokinetics. Resources and reference materials must extend beyond just the primary toxins to include
metabolites and their variants.

The National Institute of Standards and Technology offers opportunity
for establishment of repositories for HAB reference materials.

NIST supports accurate and compatible measure-
ments by certifying and providing over 1,300
Standard Reference Materials with well-charac-
terized composition or properties, or both. These
materials are used to perform instrument calibra-
tions in units as part of overall quality assurance
programs, to verify the accuracy of specific mea-
surements, and to support the development of
new measurement methods.

The NIST Bio-
monitoring
Specimen Bank
stores thousands
of tissue samples,
including human,
shellfish, seabirds,
and marine mam-
mals for monitor-
ing long-term
pollution and
health trends.

Source: http://www.nist.gov/.
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Data Management

asy exchange of data is a key to the building of strong and successful relationships between the HAB commu-

nity and its Facilitating Partners. Data management plans known as Data Management and Communications

(DMAC) (http://dmac.ocean.us/dacsc/imp_plan.jsp) should be adopted by the HAB community as a central
part of its data management activities. The developing DMAC structure for information reporting and distribution
provides the integration capabilities needed by collectors and users of HAB data.

The HAB community should engage in developing the DMAC plan to ensure that its needs are met by develop-
ing data conventions and accessibility functions. The following planned DMAC elements require HAB community
input: assembling metadata opportunities using Federal Geographic Data Committee formats (FGDC descriptions)
and expanding opportunities such as search capacity (data discovery); transporting data, assuring seamless access and
retrieval; on-line browsing for data assessment; a data visualization/interaction capability permitting virtual applica-
tions (e.g., ArcIMS); and data archives for secure storage and retrieval.

The DMAC provides immediate benefits to the HAB community. First, DMAC provides a formal data manage-
ment strategy for the HAB community and a solid information technology foundation for future national and inter-
national data distribution and access. It also insures credibility of the HAB research and data products within the
larger oceanographic and Integrated Ocean Observing System (IOOS) communities. IOOS also benefits substantial-
ly through broadening the types of information it supports in that basic suites of oceanography and meteorology
measures are simultaneously assembled to help explain/define potential mechanisms for HAB initiation, transport,
and landfall. Such information is ideal for users along the coasts protecting living resources, local economies, and
public health.

In the Gulf of Mexico, an effort involving the HAB and IOOS communities provides a case study that should
be replicated in other regions or expanded to meet the needs of the US HAB community. The Gulf of Mexico HAB
community and the developing IOOS regional associations in the Gulf of Mexico and the Southeastern US have
an existing infrastructure in the Harmful Algal Blooms Observing System (HABSOS). The modular approach of
HABSOS includes data requirements for each of the following disciplines: oceanography, meteorology (buoys and
coastal weather), remote sensing, model output, river gauges, HAB cell counts, aquatic mortalities, public health,
shellfish management, volunteer sampling, event reports, and foundation and state specific data.

Ultimately, integrated databases should be made available to users. Databases should include HAB species profiles,
such as geographic origin, isolator, growth medium or media, salinity and temperature tolerances, light microscopy
and scanning electron microscopy images; chemical information on toxin standards, toxin structures, metabolites,
and pharmacokinetics; and genetic information including HAB species genomes, unique identifying sequences for
species identification, toxin production, and markers for bloom dynamics. These databases should provide multidi-
mensional graphical viewing of data and should be integrated with search engines and online workrooms.

The Integrated Ocean
Observing System (I00S),
the US components of the
Global Observing System,
combines global/basin
scale observations from
satellites with more local
efforts, focused on ob-
serving and quantifying
land-based inputs, more
and different variables,
and greater spatial and
temporal resolution of
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Several regions now have 100S
systems in place. Future regions are
planned. Such I00S coverage would
be of great benefit in observing,
monitoring, and ultimately predicting
HABs in these regions.

Source: MBARI, MUSE 2000.
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Education and Qutreach

primary goal of the National HAB Educational Outreach Program is to maintain and disseminate infor-

mation about HABs to ensure accurate knowledge, attitudes, and perception. At present, the US National

Office for Marine Biotoxins and Harmful Algae, located at the Woods Hole Oceanographic Institution, has
provided a national focal point of HAB education materials for more than a decade. The US National Office serves
as a central clearinghouse for HAB-related information, maintains national directories of experts, and organizes
national workshops and symposia. Sea Grant provides outstanding regional support with programs in the 30 coastal
states that work with universities and state agencies and has HABs as a priority topic for outreach and education
activities. Sea Grant extension officers facilitate outreach to many HAB scientists and research projects and offer
education programs for undergraduate and graduate students, teacher training, K-12 curriculum development,

and career-building fellowships.

With HARRNESS, efforts on education and outreach
should produce even greater community awareness of
HABs and a resurgence of stewardship of coastal eco-

systems. Information should be developed in forms that

are easily accessible and understandable to a variety of

age and interest groups. This information must also

be provided in formats that the community can use
in meaningful ways. Finally, community experiences
should be integrated and shared through regional
centers and networked nationally and globally. The

National HAB Educational Outreach Program will:

e Promote active participation of community and
school groups in volunteer phytoplankton moni-
toring projects and ocean education stewardship
programs;

* Work with teachers to better understand public
school curricula at different grade levels to develop
teaching sourcebooks and activities that promote
understanding of algae, toxins, food webs, and
health;

* Work with industry representatives and regulatory
agencies to enhance public awareness of health
benefits that foster accurate perceptions of seafood/
shellfish safety to reassure consumers of the quality
of the seafood products being marketed;

e Develop and distribute easily accessible informa-
tion about HABs environmental impact and health
risks; and

¢ Provide multiple layers of communication on these
subjects spanning local to global communities.

The National HAB Educational Outreach Program
should assure inclusion of traditionally under-repre-
sented groups. HABs most often impact select popula-
tions of US residents: those subsistent on local seafood,
recreational harvesters, recent immigrants, and those
located in remote regions lacking active surveillance
programs. Within these populations, the very young,

the very old, and those with existing health problems

are at the greatest health risk. Small, local coastal com-

munities without diversified incomes are those most
likely to suffer the greatest economic hardship. The

National HAB Educational Outreach Program will:

e Implement special language or culturally sensitive
educational procedures for delivering health messages
to underserved or culturally or socioeconomically
isolated communities;

* Develop communications focused on unusually
susceptible populations such as different age groups,
health status, and geographic distribution;

* Provide resources and monitoring programs to
communities subsistent on local resources where
other options may not be readily available; and

* Listen closely to the needs of small coastal communi-
ties to provide quality information and resources to
their schools, local organizations, and businesses.

The long-term success of the National HAB Education-
al Outreach Program requires enhanced teaching and
training opportunities to maintain a core of experts and
professionals. The Program will promote development
of new experts and enhance training of professionals by:
e Working with medical schools and associations to
improve physician education in the diagnosis,
management, and reporting of HAB related illness;

* Working with universities to maintain support
through training and fellowships for traditional
taxonomic classification of toxic algae, analytical
chemistry of algal toxins, and epidemiologic-based
studies of human intoxications; and

* Providing resources for workshops or symposia at
national HAB meetings to improve the skills of
laboratories, physicians, and public health researchers
to educate the media, public health officials, and
local communities.
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Education and Outreach (coNTINUED)

e e ey i = o -

L

= . B = R B Sk L . = = =mE s
" e b i ey el —— - =i r Wy

ifs Cyvie B Rt owmsting Fats

niigmiosmi-l e s ki s s i il
4=, At -

it et

-y iy Bl Lo b
iy —p———— e ————
e L e L L ———
B e b e e T M Sy
& oy T G rELa e, S R T
et o Sy o e e e e ke
g R W By I el Bt

Washington State’s
HAB monitoring
program has had
great success in
educating the
public about HABs
and the need for
sustained monitor-
ing and research.
One of a series of
popular placemat-
style posters in
high demand by
local restaurants,
hotels, libraries,
and schools.

Source: Olympic Natural

i - Resources Center.
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Although many excellent educational tools
and websites are now available, such as this
one by NOAA's Southeast Phytoplankton
Monitoring Network (www.chbr.noaa.gov/
CoastalResearch/SEPMN/), more are needed.
Through HARRNESS, new educational materi-
als will be developed and will reach multiple
audiences, from students to public health
officials and local citizens.

Source: W. Wenke.

The Bigelow Laboratory for Ocean Sciences hosts an informative
HAB educational website: http://www.bigelow.org/hab/
index.html.
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Shared Facilities

he HAB research community has developed many detection and tracking ca-

pabilities specific to physical conditions in a regional-scale area, to unique

characteristics of individual species, or to particular HAB toxins. Additional
and sustained support is needed to expand and link these capabilities beyond their
species, toxin, or location-specific purposes. Those laboratories with specific exper-
tise for one or more techniques, species, or toxins must be considered national re-
sources; it is impossible to provide these capabilities for each and every state experi-
encing HAB events. The identification of the capacities and technologies that can
be shared through loans, collaborative efforts, or leases should become an integral
part of the infrastructure that supports HARRNESS.

There is overwhelming support for this approach, as resources for acquiring these
capacities are limited. Initial discussions have formulated specific needs and mecha-
nisms for assuring development and distribution of standards, reagents, kits, assays,
and expertise. In March, 2002, a segment of the HAB community met with state  cyltures of HAB species must be
resource managers and private industry representatives to discuss development, ap-  readily available and easily distribut-
plication, and commercialization of HAB sensors and techniques for general use by ~ ed among all HAB workers.
coastal states. Recommendations were made to assure distribution of standardized, — *°* “"®aelow
at-cost HAB and toxin detection methods to local monitoring efforts (Alliance for Coastal Technologies 2002).

This was followed by a meeting of international researchers and managers at the 10th International Conference
on Harmful Algae where initial steps were formulated for moving this effort forward.

Additional discussions on options, progress, and community acceptance were held in June, 2003, at the HAB-
WATCH Meetings in Villefranche-sur-Mer, France, and at the Second US National HAB Symposium in Woods
Hole, MA, in December, 2003. The community desire is for a national capability to identify priority research areas,
develop and distribute standard reagents and protocols for community-accepted assays and probes, provide national
taxonomic expertise, and assure availability of detection equipment sufficiently expensive to prevent purchase in
routine public monitoring programs. Experts identified by the larger community should be available for consultation
on individual taxa, toxins, or impacts. Further, developing technologies and their application in regional IOOS field
efforts should be a critical Shared Facilities activity to assure routine and inexpensive application of detection
methods for user groups. All of these distributed capacities from US laboratories could serve as national resources
through a network of HAB Shared Facilities. =
This network will be the foundation and formal -'
structure that can electronically link recognized,
regional HAB institutions, laboratories, and
researchers, and enable access to all national
resources and experts.

The US HAB
community
needs a sus-
tained supply
of certified
toxin standards
and reference
materials.

Source: K. Nowocin.

Not all agencies and institutions can afford the equipment necessary for
detailed toxin analysis. Central and shared facilities will enable all workers to
benefit from new detection techniques.

Source: K. Nowocin.

Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015 67






CHAPTER

Envisioning the Benefits of HARRNESS

his document has outlined the growing

impacts of HABs in the US and the world. It

has described the process by which the scien-

tific and public health communities came
together to identify the range of needs for research and
management. And it has presented the conceptual struc-
ture of HARRNESS, the National Plan for HABs for the
next decade. The National Plan is not simple, and will
require substantial investment. The socioeconomic costs
of not addressing these needs, however, greatly exceed
the initial investment.

Much has been accomplished since the National
Plan of 1993; however, the complexity of the HABs,
the toxins they produce, and the increasing number of
bloom events are becoming more difficult challenges for
managers, and there are more noticeable socioeconomic
consequences as populations continue to inhabit our
coastal regions. Personal statements from managers and
stakeholders are provided throughout this chapter to
substantiate the needs to address the challenges that
HABs will pose over the next decade.

HARRNESS will address the needs of managers and
stakeholders. Benefits range from specific aspects of the
currently impaired ecological health of our aquatic eco-
systems to threatened public health and economic pros-
perity of coastal communities. This will be accomplished
by the cross-linking of science and management, yield-
ing improved mitigation, control, prevention, and edu-
cation. This chapter describes eight areas of benefits that
address the urgency expressed by managers and stake-
holders.

The outcome of these benefits is a future with notice-
able improvement in the quality of our coastal environ-
ment and the health and prosperity of our coastal resi-
dents. HARRNESS has arrived at a time when the
leaders of our nation have realized the promise of the
oceans and the threats to them and have acted through
legislation to build a new governance framework, in-
crease investment in marine science, and instill a new
stewardship ethic in all Americans. Accordingly, this

chapter concludes with a vision
for the future after full imple-
mentation of HARRNESS.

Harmful
Algal
Research &
Hesponse
National

Improved
Ability to Detect
HAB Species
and Analyze
HAB Toxins

HARRNESS calls for the de-
velopment of accurate and
rapid tests for cells and toxins
because they are essential in
monitoring and assessing the
risks of HABs. HARRNESS al-
so calls for developing sources
of toxin standards, cell and
tissue repositories, and trained
personnel and centers to pro-
vide crucial support and data
management.

Cell repositories will pro-
vide scientists and educators
with reliable reference mate-

Science

Strategy

2005-2015

rials. Tissue repositories will
provide the required clinical
samples from humans and an-
imals for pathologists, veteri-
narians, and toxicologists, and
certified toxin standards will
be available for validation of
toxin detection methods. From
validation of intervention meth-

ods to understanding causal
relationships and their im-
pacts, the current lack of reference materials has
impeded progress. Rapid progress will be made when
the infrastructure is in place for shared resources.
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What Managers and Stakeholders Are Saying

“We are still in need of reasonably priced, quick, and
relatively easy to perform testing methods for real and

potential toxins in Maine (ASP and DSP).”
Laurie Bean, Scientist
Maine Departient of Marine Resources

“Treatment technologies exist to remove toxins but they
are expensive. To minimize that expense, it is necessary to
establish the level of treatment needed to protect health.
A simple, rapid, inexpensive methodology to measure toxin
concentrations must be available to treatment facilities in
order to monitor source waters for early detection of toxins

and to measure the effectiveness of treatment.”
Bruce MacLeod, Water Treatment Plant Superintendent
Bradenton, FL

“From personal experience | can say that in dealing with the
sudden onset of a HAB event it is critical to be able to quickly
and unambiguously identify the nature and source of the
HAB toxin. For maximum effectiveness these crucial first steps
rely completely on the availability of certified toxin stan-
dards, coupled with detection methods and tests based on
the newest technologies. Currently we are badly lacking in

some of these areas.”
Jeffrey L.C. Wrighs,
Marine Chemist and Professor of Marine Science
University of North Carolina at Wilmington

“The HAB community has developed a suite of molecular
probes, toxin and toxicity assays, and new in-water detection
capacities that offer the larger monitoring community new
and relatively inexpensive detection and therefore early
warning capabilities. Providing these tools and the reagents
and operating procedures at cost to this community obli-
gated to protect our coastal residents and living resources
is a high priority for the research community. One means of
undertaking this effort would be through national centers
for harmful algae where the distribution of recently devel-
oped and tested detection methods and tools is insured to
provide this early warning capacity for regionally specific
bloom species.... Much has been done but the momentum
for even more rapid development is integral to the com-

munity now.”
Kevin Sellner, Executive Director
Chesapeake Research Consortium

“Progress has been made on the physical circulation modeling
of many of the geographies that have frequent HAB events.
These models often operate on regional scales and have an
offshore emphasis. They have performed well with regard to
simulating and even forecasting circulation events; however
there are very few models that routinely and accurately
incorporate phytoplankton bloom dynamics into the output,
and frequently the models are less accurate in the coastal
waters where the shellfish harvesting areas are located. This
is important because the coastal waters are where the state
management agencies are most concerned about effective
monitoring for HABs and models, particularly forecasts, are
valuable assets to directing sampling efforts and increasing
mitigation options.”
Mary Culver
NOAA/NOS/Coastal Services Center

“For the past 11 years that | have been a clam farmer and
clam processor in Charlotte County, the cornerstone of my
business plan has been water quality and consumer safety.
Rapid testing and monitoring are very important tools in
that they would allow me to make harvesting strategies that
would let me keep a consistent supply of product flowing to
my distributors. A faster test would mean shorter closures.
Better monitoring would give me enough warning to harvest
from some of my other leases that may not be affected by

a particular HAB event.”

Dan Leonard
Bull Bay Clam Farm, FL

“The more ‘tools’ we have as managers of these important
fisheries, the better job we can do in minimizing the disrup-
tions presented by HAB events. Clearly, the sooner we know
of an impending problem with a HAB event, the sooner we
can react and inform others.”

Dan L. Ayres, Fish and Wildlife Biologist

Coastal Shellfish Lead
Washington State Department of Fish and Wildlife
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Im proved Ca pa blllty for tions will allow planning for human and fiscal resource
Monitori ng an d Forecastin g response and assessing causal relationships of factors

: . leading to HABs.
HABs in a Cost-Effective It is imperative, and a proposed goal of the HAB
and Ti mEIy Manner community through HARRNESS, that HAB species

and toxin detection be routine components of rapidly
evolving observing systems. As multiple arrays of
sensing platforms are linked to measure water and
nutrient fluxes from the air, across and beneath the
terrestrial environment, to receiving waters of creeks,
rivers, estuaries, and the ocean, standard sensor packag-
es will ideally include detection capabilities for HAB
taxa and associated toxins.

Monitoring and forecasting are especially critical in
areas where HABs are an acute or chronic threat to
human and ecosystem health and coastal economies.
The proposed research described in this plan will utilize
appropriate monitoring strategies and models for
predicting HAB events and their effects. Monitoring
will use emerging and new technologies, sometimes in
conjunction with coastal observing systems and models,
much like weather forecasts. Data and model predic-

The development of
environmental
scanning microsco-
py has filled the
longtime desire of
scientists to view
specimens and
processes in their
natural state,
allowing greater
resolution of new
HAB species.

Source: S. Morton.
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Surface plasmon resonance is a re-usable label-
free surface-based detection technology. Hand-
held detection devices, such as this one employ-
ing surface plasmon resonance for microcystin
and domoic acid detection, show promise for
further development and application.

Source: Biacore.

Base Mode! Results af 2m While models have been
e applied to HABs around the
world, one well-studied and
modelled bloom is Alexandri-
um fundyense in the Gulf of
Maine. The combination of
laboratory experiments, field
sampling, and models has
helped to generate a funda-
mental understanding of the
i, dynamics underlying growth,
transport and landfall of
the toxic blooms. Models
are being used to test hypo-

kg LT D OB FEL N

theses concerning bloom Automated moorings can be equipped
initiation and demise, and with sensors to continuously monitor
to explore the utility of the the temperature and salinity of the
sampling program in gen- water column. The corresponding op-
erating statistically mean- tical properties can be related to the
ingful data. constituents of the water, including
Source: C. Stock. phytoplankton and dense HABs.

Source: www.CBOS.org.
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What Managers and Stakeholders Are Saying

“It is imperative that public health officials have the necessary
tools to evaluate health threats from exposures to HABs and
methods to reduce associated illnesses. These include greater
understanding of their toxicology, routes of exposure, and a
recognition of high risk groups. We also need educational
materials for health care providers and the general public
that are accurate, pertinent and understandable.”

Andy Reich, Aquatic Toxins Program Coordinator
Florida Department of Health

"It is extremely important that we understand mechanisms
of susceptibility of humans to domoic acid poisoning as this
will help us understand the magnitude of risk for consumers
eating shellfish and will allow us to be more proactive in
predicting the potential for and preventing permanent
neurotoxicological health impacts.”

Elaine M. Faustman, Ph.D. DABT, Professor and Director

Department of Environmental and Occupational Health Sciences
University of Washington, Seattle, WA

“The people in the Caribbean, specifically in the US Virgin
Islands, are very much aware of the presence and threat of
ciguatera in our waters and fish. It affects the health of our
residents as well as that of our visitors, thus potentially injuring
our first industry: Tourism. Research and monitoring programs
are needed to help control the threat that ciguatera repre-
sents to our health and to our economy.”

Norma Villanewva, M.D., ].D., Emergency Room Physician

Roy L. Schneider Hospital and Community Medical Center
St. Thomas, USVI

“As a manager of the Quinault people’s shellfish resources, |
am most concerned about the human health aspects of these
toxins. Without a HAB plan that really pays attention to this
remote part of the US, we are left without the invaluable
assistance of new research, science and technologies that
may help save lives, resources and economies.”

Joe Schumacker, Shellfish Biologist

Quinault Indian Nation
Taholah, WA

“In view of the role of harmful algal blooms in marine
mammal mortality and morbidity, research is needed to
identify and implement management strategies to prevent
their occurrence or at least mitigate their effects.”

Report on the Consultation on Future Directions in Marine

Mammal Research, Marine Mammal Commission, 2004, p. 36.

"“A better database and more information on lethal and
non-lethal impacts, movement through the food web, role
of anthropogenic influences on development of blooms, and
biotoxins would better allow federal agencies to develop
biological opinions, and prepare better status reviews,
environmental impact statements, and recovery/conserva-
tion plans. The information is needed to fulfill the Marine
Mammal Protection Act and Endangered Species Act.”

Teri Rowles

Office of Protected Resources
NOAA NMFS

“Almost certainly, restoration of benthic habitats and
grazing communities that include HAB-resistant species will
help to mitigate the severity of HABs in some regions. These
recovery programs will be much more effective if based upon
knowledge gained through directed research than if they
proceed by trial and error.”

John Boreman
NE Fisheries Center, NOAA NMFS

“We need to begin the difficult task of putting our knowl-
edge to use to reduce HAB events. My amendment requires
that an action plan to reduce the frequency and intensity
of HAB events be developed cooperatively with the coastal
states. This is a difficult task, however the sooner we begin
to tackle the problem the sooner we will be able to solve it....
People in my home state of Washington cannot wait for
every research question to be answered before action is
taken.”

Prepared statement by US Representative Brian Baird

Proceedings of the Markup by the Subcommittee on Environment,

Technology, and Standards on H.R. 1856, Harmful Algal Bloom
and Hypoxia Research Amendments Act of 2003
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Improved Protection
of Human Health

Accurate knowledge and awareness of fish, shellfish,
and water-related illnesses amongst the general public
and medical communities will provide a foundation for
increased public confidence in the seafood industry.
Implementation of HARRNESS will lead to improved
medical and epidemiological understanding of well-
established acute syndromes, the human healch impacts
of chronic low-level exposure to putatively safe levels of
toxins, as well as the potential impacts of new or emer-
gent HAB related threats. The research required by this
plan will delimit the mechanisms of human exposure,
determine modes of action of biotoxins, and allow
description of acute and chronic effects of HAB toxins
on human health. Plans for rapid response to an un-
expected outbreak will be available. Risk assessments
and appropriate management actions to protect human
health and provide treatment options will result.

On the lookout for trouble: A member of the 2001
Occupational Red Tide Survey team collects lung
function and respiratory effect data from a lifeguard
who worked on beaches affected by K. brevis red tides.

Source: B. Kirkpatrick.

Improved Protection of
Endangered Species and
Improved Ecological Health

Marine mammals, turtles, and other aquatic animals are
increasingly threatened by HABs. Research under this

Researchers perform spirometry on red tide-afflicted
manatees to detect respiratory effects.

Source: B. Kirkpatrick

plan will identify pathways and mechanisms of how
HAB toxins threaten endangered living resources. This
will allow analyses for risk assessment that can be used
in new or revised endangered species recovery plans.
Expanded and accurate analytical and forecasting
capabilities that will develop under HARRNESS will
allow for improved diagnoses and interpretation of the
effects of HABs on living resources at the individual or
population level. Improved diagnoses will be based on
better understanding of known acute syndromes (e.g.,
brevetoxicosis), of the sub-lethal and chronic effects of
exposure to toxins, and of the potential impacts of new
or emergent HAB related threats. Improvements will be
dependent upon collaborations between researchers in
toxicology, oceanography, and bloom ecology, and
researchers and practitioners in fish and wildlife
management and veterinary medicine.

Improved Prevention
and Mitigation Strategies

Knowing the underlying causes and biology of HABs
will lead to more options for intervention strategies.
These will include more effective monitoring and predic-
tion to provide early warning and possible use of phy-
sical, chemical, or biological intervention to eliminate
or reduce the effects.

Harmful Algal Research and Response: A National Environmental Science Strategy 2005-2015 73



What Managers and Stakeholders
Are Saying

“Some of the greatest impacts from HABs are spillover effects,
that is effects of perception about risks that cause people to
change their behavior for things such as seafood consumption
or undertaking a beach vacation. Research on the costs of
HABs helps identify these costs as well as the direct costs so
that more efficient management strategies can be developed.”
Douglas W, Lipton

Department of Agricultural & Resource Economics
University of Maryland

“...a notable shortfall has been the lack of much empirical
work on the economic costs associated with HABs. Most

of the work done has been to extrapolate from anecdotal
estimates about the costs. More work needs to be done to
rigorously measure the costs associated with HABs and better
delineate these costs within the local business and residential
communities where HABs occur.”

Chuck Adams, Marine Economist
Florida Sea Grant, University of Florida

“...one of the concepts that we are looking at is how to use
aquaculture of filter feeders to reduce phytoplankton blooms
as a way to balance ecosystems.”

James McVey
NOAA National Sea Grant

"Sea Grant outreach specialists work very closely with coastal

community leaders, the general public, and educators. All of

these groups need more information about HABs in their areas.”
Jeffrey M. Reutter, President

National Association of Marine Laboratories
Director, Obio Sea Grant Program

“Volunteers conducting field observations of phytoplankton
and other environmental parameters can greatly improve the
reliability of marine biotoxin management programs by
focusing toxicity testing on the times and locations of
greatest concern, and indicating which toxins should be
tested for. Attaining a similar level of safety assurance using
toxicity testing alone is far more expensive, and unlikely in
practice. Experience with such volunteer observer networks
over the last decade has shown that they are also a powerful
tool for educating and enlisting the interest of the public,
and for accumulating baseline data on phytoplankton
populations along our coasts.”
Sherwood Hall, Chief
Washington Seafood Laboratory, Division of Science and Applied

Technology, Office of SeafoodCenter for Food Safety and Applied
Nutrition, US Food and Drug Administration

Researchers

are investigating
the use of natural
clays as a potential .
tool to mitigate = :
harmful algal
blooms, or “red
tides.”

Source: J. Cutler.
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The HAB com-

munity has
engaged social
scientists and
economists to
expand initial
efforts to define
socioeconomic
impacts of HABs.

Source: D. Anderson.

Improved Economic Cost
Estimates of HAB Events

HAB events are perceived to be extremely costly, but
after the fact it is extraordinarily difficult to accurately
assess their full impact. HARRNESS outlines research
needs for developing accurate cost estimates and com-
paring them with the costs of appropriate management
strategies.

Improved Economics
for Aquaculture and Shellfish
Safety

Improved information about, and management of,
harmful and toxic algal-shellfish interactions will likely
have a direct, measurable, and significant economic
payoff. Current programs are functional and remarkably
successful in protecting public health from known, re-
curring toxic algal outbreaks, but they are not optimized,
technically or economically, and are not designed to
respond to new toxic algal events. Shellfish harvest clo-
sures represent hardships for harvesters of both wild and
cultured shellfish. A reliable early warning system will
provide public health officials and managers with a
means to focus sampling efforts more efficiently, espe-
cially in regions where shellfish harvest is in remote



areas. With warning of an impending bloom, shellfish
aquaculturists will make informed decisions to sell or
move their products to avoid catastrophic losses.
Current research, management, and regulatory acti-
vities related to HAB—shellfish interactions often are
regional or limited to the state level; this is appropriate
because implications often occur in waters under state
jurisdiction. The provincial nature of programs, how-
ever, has resulted in efforts that tend to be fragmented
and poorly coordinated on a national level. Through

HARRNESS, understanding and management of HAB-

shellfish interactions will benefit from improved infor-
mation availability, dissemination, and coordination.

An Educated
and Informed Public

HARRNESS recognizes the need for education and
outreach in several diverse sectors: public, educational
institutions, medical profession, media, aquaculture
industry, seafood industry, tourist industry, recreational
and commercial fishing industry, and other water-related
industries. The adage “knowledge is power” applies to
all these sectors because an informed populace is a pre-
pared one. They will know what a HAB event is, what
to expect, and how to respond appropriately. Citizen
monitoring networks improve the effectiveness of state
monitoring programs by expanding coverage to increase
data production for modeling and forecasting. An in-
volved constituency is an informed constituency.

A better informed public will also aid in the develop-
ment of improved estimates of the costs of damages that
result from HABs and the costs of responding to such
events. Improved societal awareness will aid the medical
community in diagnoses, will aid the seafood safety
community in conveying the importance of closures,

Roe-shellfish offers a higher-
value market for wild and
aquaculture shellfish. The
markets are being opened
with the assistance of survey
based testing for PSP and
ASP in the northeast
Atlantic.

Source: Silver Spring Seafood Co.

and the public will have better models and forecasts

on which to rely. Societal awareness also translates into
better public recognition of the importance of adhering
to warnings, whether they be closed shellfish beds or
public water supplies that must be avoided when
blooms occur.
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The Beach Watchers
volunteer group
observes a bloom of
Noctiluca—a non-toxic
red tide alga. This
group, sponsored by
Washington State
University, is dedicated
to protect and preserve
the fragile environment . -

of Puget Sound through Phytoplankton volunteers use field

research, education, microscopes to detect the presence of
public awareness, toxic phytoplankton associated with
and example. shellfish poisoning, providing a cost-
Source: © M. Adams. effective early warning system.

Source: S. Hall.
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HARRNESS: A Vision for 2015

his document has attempted to underscore the broad, multidimensional nature of the HAB problem. As

the quotes and other examples in this chapter have indicated, the need for increased HAB research and the
development of HAB response infrastructure is widely understood. This plan sets a course of action for devel-
oping a national capacity for responding to HABs, for assessing the risk to human health, living resources, and the
environment, and for implementing effective prevention and mitigation measures. HARRNESS is an ambitious and
comprehensive program. The recommendations and guidance in this document outline a pathway to a future that

is markedly different from the present with respect to HABs and their management. Nevertheless, with foresighted
coordination of activities and new, targeted funding, our ‘vision’ for the coming decade and beyond is realistic

and achievable.

If successful, the environmental and socioeconomic
scale of the HAB problem in 2015 will be discernibly
different from today. HABs will still occur, but large
unsightly events that impact important economic
sectors of tourism and recreation will be fewer in
number. The adverse impacts of poisonous seafood,
wildlife mortality events, aquaculture kills, and ecosys-
tem disruption will be carefully managed. And the
general public will experience a resurgence of steward-
ship of coastal ecosystems. Some specific benefits and
capabilities that are envisioned include:

76

Healthy fisheries industries, both wild and aquacul-
ture-based, selling seafood that is safe with respect
to biotoxins, despite the continued presence of toxic
algae in the waters in which these resources grow.
Reductions in the frequency of large, unsightly,

and noxious accumulations of algae that result from
excess anthropogenic nutrient inputs as nutrient
reduction actions are successfully undertaken.
Ecosystems and fisheries resources that are less
threatened by invasions of non-indigenous HAB
species through improvements in ballast water
discharge, policies, and technologies.

Mitigation of bloom impacts of all types using a suite
of practical strategies to protect and utilize threatened
resources, as well as to directly intervene in bloom
development (where appropriate) using economical
and environmentally acceptable methods.
Sophisticated, yet simple to operate instruments, from
hand-held monitors to remotely deployed sensors
that can detect toxins and other related parameters
for HAB detection. Inexpensive test kits will serve
multiple purposes for commercial management of
fisheries, health clinics, and recreational and subsis-
tent harvesters.

+ Teams of scientists with expertise and tools such as

biosensors for toxins and diagnostic markers that are
indicative of toxin exposure. These teams can respond
to unusual or unexpected events, whether they are
unexplained marine mammal deaths, human
poisonings, or other outbreaks.

Networks of moored, automated observing systems
that incorporate technologies for HAB cell and toxin
detection with measurements of other critical water
column properties. Early warning networks of this
type will be linked to numerical models that provide
forecasts of bloom transport and landfall. In addition
to short-term predictions of this type, longer-term
forecasts will predict years with high probability

of extensive HAB outbreaks in particular regions.
Realistic conceptual models of bloom dynamics and
ecology of the major HAB species in key US habi-
tats. Models would be based on a working knowl-
edge of the factors that regulate these blooms, with
some of these conceptual models being developed
into physical/biological numerical models that real-
istically simulate field observations and allow for
forecasts and other assessment activities.

Satellite surveillance capability for some HAB
blooms, detecting and tracking them over large
distances. In some cases these results will be linked
to models that allow forecasts of bloom transport

and landfall.
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« Improved scientific resources for the study of HABs,
their toxins, and their effects, including:
— Culture collections containing multiple strains of
all of the major HAB species, each of which is
characterized taxonomically, genetically, and toxico-
logically.
— Reference material collections of certified toxin
standards and reference materials that will assure
accuracy and uniformity of analyses worldwide.
— Genetic databases for HAB species, providing
information useful for determining species related-
ness or for probe-based cell detection, as well as for
studies of gene expression using microarrays and
other powerful molecular techniques.
— Comprehensive epidemiological databases for
HAB poisonings, with linkages between this infor-
mation and data on the causative organisms and
their environment or habitat.

These are but a few of the many benefits and capabili-
ties that will derive from the planned cooperation and
coordination of academic and government scientists and
resource managers through HARRNESS.

Realistically, the extraordinarily diverse nature of
HAB phenomena and the hydrodynamic, genetic, and
geographic variability associated with outbreaks in fresh
and marine waters throughout the US pose significant
constraints to the development of this type of coordi-
nated program. Nevertheless, the HAB community in
the US has matured scientifically and politically and is
fully capable of undertaking these challenges.

The US Commission on Ocean Policy is primed to
move ocean science forward at an accelerated pace in
this awakening century, and we have advanced scientific
and information technologies and an unprecedented
population shift to coastal areas that will define a new
age of community participation and stewardship.

.

Americans have valued their coastal resources for generations.
HARRNESS will protect coastal resources and economies from
extreme natural events such as harmful algal blooms far into
the future.

Source: The Raging Main.

The HAB community has joined together to develop
HARRNESS and has initiated program implementation
through the establishment of a National HAB Commit-
tee. It is time for the scientific community, the facilitat-
ing agencies, and stakeholders to support the develop-
ment of a HARRNESS Implementation Plan, and bring
this vision to reality.

HABs will still occur, but large unsightly events
that impact important economic sectors of tourism and
recreation will be fewer in number, the adverse impacts
of poisonous seafood, wildlife mortality events, aquacul-
ture kills, and ecosystem disruption will be carefully
managed, and the general public will experience a
resurgence of stewardship of coastal ecosystems.
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“It is time to re-define the magnitude

and diversity of the HAB problem, strengthen

coordination among agencies, partners, and
stakeholders, and unveil a new vision to

minimize problems from HABs in the US.”
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For additional copies or information, please contact

the National Office for Marine Biotoxins and Harmful Algal Blooms
at Woods Hole Oceanographic Institution (508 289-2745) or visit
http://www.whoi.edu/redtide/nationplan/2005nationalplan.html.




