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Preface

Interagency ISOC-HAB Symposium Introduction

This symposium was held to assess the state-of-the-science and identify re-
search needed to address the increasing risks posed by freshwater harmful
algal blooms to human health and ecosystem sustainability. Information
obtained through the symposium will help form the scientific basis for de-
veloping and implementing strategies to reduce these risks.

All chapters in this book are based on platform sessions or draft workgroup
reports that were presented at ISOC-HAB. All chapters were completed
after the conclusion of ISOC-HAB. Each chapter was critically reviewed
by at least two peers with expertise in the subject matter, revised based on
those reviews, and reviewed by the editor before being accepted for publi-
cation.

Grateful acknowledgment is given to the National Science and Technology
Council’s Committee on the Environment and Natural Resources in the
Executive Office of the President for providing guidance, to the sponsoring
agencies, to the agency representatives named below who organized the
symposium, to the international scientific community members who par-
ticipated in the symposium, and to EC/R of Durham, NC, the contracting
organization that provided logistical support for the symposium and this
monograph.
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Chapter 1: An Overview of the Interagency,
International Symposium on Cyanobacterial
Harmful Algal Blooms (ISOC-HAB): Advancing
the Scientific Understanding of Freshwater
Harmful Algal Blooms

H Kenneth Hudnell, Quay Dortch, Harold Zenick

Abstract

There is growing evidence that the spatial and temporal incidence of harm-
ful algal blooms is increasing, posing potential risks to human health and
ecosystem sustainability. Currently there are no US Federal guidelines,
Water Quality Criteria and Standards, or regulations concerning the man-
agement of harmful algal blooms. Algal blooms in freshwater are pre-
dominantly cyanobacteria, some of which produce highly potent cyanotox-
ins. The US Congress mandated a Scientific Assessment of Freshwater
Harmful Algal Blooms in the 2004 reauthorization of the Harmful Algal
Blooms and Hypoxia Research and Control Act. To further the scientific
understanding of freshwater harmful algal blooms, the US Environmental
Protection Agency (EPA) established an interagency committee to organ-
ize the Interagency, International Symposium on Cyanobacterial Harmful
Algal Blooms (ISOC-HAB). A theoretical framework to define scientific
issues and a systems approach to implement the assessment and manage-
ment of cyanobacterial harmful algal blooms were developed as organizing
themes for the symposium. Seven major topic areas and 23 subtopics were
addressed in Workgroups and platform sessions during the symposium.
The primary charge given to platform presenters was to describe the state
of the science in the subtopic areas, whereas the Workgroups were charged
with identifying research that could be accomplished in the short- and
long-term to reduce scientific uncertainties. The proceedings of the sym-
posium, published in this monograph, are intended to inform policy deter-
minations and the mandated Scientific Assessment by describing the scien-
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tific knowledge and areas of uncertainty concerning freshwater harmful al-
gal blooms.

Background

There is growing concurrence among scientists, risk assessors, and risk
managers that the incidence of harmful algal blooms (HABS) is increasing
in spatial and temporal extent in the US and worldwide. HABs occur in
marine, estuarine, and freshwater ecosystems. A National Plan that primar-
ily targets HABs and their toxins in marine and estuarine waters has been
developed, Harmful Algal Research and Response: A National Environ-
mental Science Strategy 2005-2015, (HARNESS 2005), but an analogous
plan for freshwater HABs has not been developed. Although many algal
groups form HABs within a range of salinity levels, dinoflagellates com-
prise the majority of marine and estuarine HABS, whereas cyanobacteria
are the predominant source of freshwater HABs. The Interagency, Interna-
tional Symposium on Cyanobacterial Harmful Algal Blooms (ISOC-HAB)
focused on cyanobacterial HABs (CHABS) because characterization of the
state of the science and identification of research needs is essential for the
development of a freshwater research and response plan. CHABs and their
highly potent toxins, collectively known as cyanotoxins, pose a potential
risk to human health. Ecosystem sustainability is compromised by CHABs
due to toxicity, pressures from extreme biomass levels, and the hypoxic
conditions that develop during CHAB die offs and decay. Some of these
risks are described in the World Health Organization’s guidelines for
CHABS (WHO 1999). However, current data in the US are insufficient to
unequivocally confirm an increased incidence or to fully assess the risks of
CHABS, thereby complicating Federal regulatory determinations and the
development of guidelines, Water Quality Criteria and Standards, and
regulations. As a result, state, local, and tribal authorities are placed in the
guandary of responding to CHAB events by developing and implementing
risk management procedures without comprehensive information or Fed-
eral guidance. This dilemma was recognized by the US Congress and ex-
pressed in the 2004 reauthorization and expansion of the 1998 Harmful
Algal Blooms and Hypoxia Research and Control Act (HABHRCA).
Whereas HABHRCA originally targeted harmful algal blooms in the
oceans, estuaries and the Great Lakes, the reauthorized Act mandated a
Scientific Assessment of Freshwater Harmful Algal Blooms, which will: 1)
examine the causes, consequences, and economic costs of freshwater HABs
throughout the US; 2) establish priorities and guidelines for a research
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program on freshwater HABs; and 3) improve coordination among Federal
agencies with respect to research on HABs in freshwater environments.

The US Environmental Protection Agency (EPA) is authorized to pro-
tect human health and the environment from contaminants in drinking and
recreational waters through the mandates of the Safe Drinking Water Act,
last amended in 1996 (SDWA 1996), and the Clean Water Act, last
amended in 2002 (CWA 2002). The National Oceanographic and Atmos-
pheric Administration (NOAA), EPA and other Federal agencies recognize
that cyanotoxins in freshwaters may present a risk to human health through
the potential for exposure from recreational waters, drinking water, fish
and shellfish consumption, and other vectors. The Federal agencies also
recognize that cyanobacteria and cyanotoxins threaten the viability of
aquatic ecosystems through alteration of the habitats that sustain plants,
invertebrates and vertebrates. EPA’s Office of Water listed cyanobacteria
and cyanotoxins on the first drinking water Contaminant Candidate List
(CCL) of 1998 and the second, CCL2, of 2005 (CCL 2006). Risk assess-
ments, regulatory determinations, and risk management procedures can be
informed by research that further clarifies: 1) the spatial extent and tempo-
ral frequency of freshwater CHABS, both toxic and non-toxic; 2) dose-
response relationships describing the effects of individual cyanotoxins and
commonly occurring cyanotoxin mixtures in humans and other species at
risk; and 3) cost effective means to prevent, control, and mitigate CHABs
in surface waters.

EPA’s National Health and Environmental Effects Research Laboratory,
a component of the Office of Research and Development, invited other
Federal and state entities to co-sponsor a CHAB symposium, ISOC-HAB.
The purpose of the Symposium was to characterize the state of the science
and to identify research needs, thereby informing EPA’s Office of Water
and the HABHRCA-mandated Scientific Assessment of Freshwater Harm-
ful Algal Blooms. NOAA and seven other Federal entities, the Food and
Drug Administration, Department of Agriculture, Centers for Disease Con-
trol and Prevention, Army Corps of Engineers, US Geological Survey, Na-
tional Institutes of Health, and National Institute of Environmental Health
Sciences, as well as the University of North Carolina Institute of Marine
Sciences joined EPA in co-sponsoring ISOC-HAB. An interagency orga-
nizing committee of 32 members and a five member executive advisory
committee (see Organizing Committee page) were assembled to develop
an operational structure for ISOC-HAB.
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Theoretical Framework for Cyanobacterial Harmful Algal
Blooms

The ISOC-HAB Organizing Committee developed a theoretical framework
of interrelationships between factors that may influence the development
of CHABs and be impacted by CHABSs to help identify the major topic ar-
eas and subtopics of the symposium (Fig. 1). Both natural forces and hu-
man activities may be promoting CHABs through habitat alteration
(Causes, Prevention and Mitigation Workgroup Report this volume). The
natural forces may include an upswing in temperature cycles that allow
tropical genera of cyanobacteria to flourish in subtropical regions, the evo-
lution of new strains of cyanobacteria that can better compete for survival
and dominance, a decline in predatory populations that limit cyanobacteria
growth, and age-related eutrophication of surface waters. Anthropogenic
pressures may be major sources of ecological change that promote
CHABs. There is evidence that greenhouse gasses are increasing global
temperatures, thereby allowing temperature limited genera and species to
expand spatially and temporally (Paul this volume). Excessive levels of ni-
trogen and phosphorus in surface waters from point and non-point sources
promote the development of CHABS, and their ratios may determine which
species dominate blooms (Paerl this volume). Waters that are high in
phosphorus and relatively low in nitrogen are typically dominated by spe-
cies that contain heterocysts, specialized cells to collect and fix nitrogen
into useable forms. Non-heterocyst containing species often dominate
blooms in waters that are high in nitrogen. The incidence of CHABs may
be increased by pollutants, such as pesticides and metals in storm-water
runoff and other sources that disrupt the balance between cyanobacteria
and their predators, or lead to the rise of more resilient strains of cyanobac-
teria through natural selection. The introduction of non-native organisms
into surface waters also may promote CHABs. The recent resurgence of
CHAB:s in the Great Lakes is associated with the invasion of Asiatic Zebra
muscles, Dreissena polymorpha, that may selectively filter-feed non-toxic
phytoplankton (Occurrence Workgroup Report this volume). The com-
bined pressures from natural forces and human activities on surface waters
may provide a competitive advantage to cyanobacteria over their preda-
tors, leading to an increase in the spatial and temporal extent of CHABs.
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Fig. 1. Both natural forces and human activities may alter habitats in ways that promote the occurrence of cyanobacterial harmful al-
gal blooms, increasing the potential for adverse effects on ecosystem sustainability and human health.
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Although CHABs primarily occur in fresh and estuarine waters, there is
increasing recognition that cyanobacteria blooms in oceans are threatening
the sustainability of some marine ecosystems (Ecosystem Effects Work-
group Report this volume). The recent and unprecedented decline in viable
coral reefs worldwide is due in part to marine CHABs (Paul this volume).
Species of toxigenic Lyngbya adapted to high salinity environments can
form benthic mats that expand over an area equivalent to a football field
within an hour, causing ecological damage and endangering human health
(Australian Environmental Protection Agency 2003).

Cyanotoxins also are found in terrestrial environments where they may
pose a risk to human and animal health. Surface waters are increasingly
used for field irrigation in agricultural production. Water drawn from
sources experiencing toxigenic CHABs is sprayed on crops, producing
cyanotoxin-containing aerosols that may be inhaled by humans and other
animals, and absorbed by crops. Cyanobacteria can form a symbiotic rela-
tionship with terrestrial plants which may biomagnify cyanotoxins.
Cyanobacteria of the genus Nostoc form colonies on the roots of cycad
plants in Guam where for more than 30 years scientists have tried to un-
ravel the genesis of the mysterious neurodegenerative disease that afflicts
the native Chamorro population. An amino acid cyanotoxin produced by
Nostoc, beta methylamino-alanine (BMAA), accumulates in cycad seeds.
The seeds are eaten by a species of bat that accumulates high levels of
BMAA in its tissues. The bat is a traditional food source for the Chamorro.
Analyses detected BMAA in brain tissues of Chamorro victims, leading to
the hypothesis that BMAA causes neurodegeneration that may manifest
with features of amyotrophic lateral sclerosis, Parkinson’s disease, and
Alzheimer’s dementia. Recent evidence indicates that BMAA is produced
by most types of cyanobacteria, and that it may be associated with neu-
rodegenerative diseases elsewhere (Human Health Effects Workgroup Re-
port this volume).

Cyanobacteria and cyanotoxins are clearly hazardous to human health
and ecosystem sustainability, but the degree of risk they present is unclear
(Risk Assessment Workgroup Report, this volume). Research is needed to
accurately assess the risks and provide risk managers with cost effective
options for reducing the risks as warranted. A Scientific Assessment of
Freshwater HABs can describe a comprehensive approach toward under-
standing the interconnections between the causes of blooms and toxin pro-
duction, the characteristics and magnitude of the risks they pose, and the
means for reducing the risks through prevention and mitigation strategies.
Meeting these objectives requires that relationships between CHABS, hu-
mans, and the environment be viewed as a system of interconnected com-
ponents.
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A Systems Approach to Cyanobacterial Harmful Algal
Blooms

The concept of a systems approach can be traced back to ancient Greece
when Aristotle proclaimed that “The whole is more than the sum of its
parts.” A system is generally defined today as a dynamic process that pro-
vides the functionality required by users of the system. In engineering, a
systems approach integrates multidisciplinary groups into a unified team
that develops and implements a process from concept to operation. The
application of a systems approach to risk assessment and management is-
sues requires several fundamental components.

o Integration of discovery (i.e., descriptive) science with hypothesis-
driven science

o A cross-disciplinary team to develop and implement the system

¢ Development of new approaches and technologies coupled with tools
for data acquisition, storage, integration, and analysis

Whereas a systems approach to CHABs is appropriate, a broad perspec-
tive is required to accommodate the stochastic nature of biological and
ecological processes. That is, the causes, occurrences, production of haz-
ardous materials, routes of exposure, dosage of hazardous materials, and
effects of a CHAB can be viewed as an ordered collection of random vari-
ables whose values change over space and time. These components and
their interconnections, the processes by which one component at least par-
tially determines the qualities of the next component, form the CHAB
pathway. The combination of the CHAB pathway, risk assessment, policy
determination, and risk management forms a systems approach to CHABs.
A systems approach to CHABs provides the perspective that ecosystems
partially determine human well-being, and that humans partially determine
ecosystem well-being. To produce the tools required to manage the risks
that CHABs impose on humans and ecosystems, it is necessary to charac-
terize the components and their interconnections. Successful risk manage-
ment tools may target the components and interconnections of the CAHB
pathway for disruption to reduce risk.
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The concept of a systems approach for managing the risks of CHABS is
illustrated in Figure 2. The nine ovals identify components of a system for
characterizing and managing CHABs. The thin arrows between the ovals
represent the interconnections between components. The dashed arrows
signify the incorporation of all characteristics of the CHAB pathway, from
causes to effects, into an integrated approach to the assessment of risks that
CHABs pose to human health and ecosystem sustainability. The risk as-
sessment in conjunction with societal concerns such as laws, legal deci-
sions, public values, available technologies, and economic, social, and po-
litical factors inform the policy and regulatory process, potentially
resulting in the development and implementation of a risk management
plan. The thick arrows radiating from the risk management component in-
dicate some of the potential targets for risk management interventions. A
system is formed by combining the components and interconnections
along the CHAB pathway with the components and interconnections of the
risk assessment, policy determination, and risk management processes into
a functional unit. Implementation of such a system will provide a dynamic
process that helps to prevent, predict, and respond to CHABSs to protect
human health and the ecosystem.

A starting point for the development of a system to manage CHABS is
the identification of areas of uncertainty within the CHAB pathway as
shown in Figure 2. Many environmental factors that contribute to the de-
velopment of CHABs are known (Paerl this volume, Paul this volume).
However, the threshold levels of individual factors, the dependence of
thresholds on the magnitude of other stressors, and the processes whereby
the integration of stressors triggers CHABSs are not well characterized. Al-
though actions can be taken to minimize the contribution of known stress-
ors (Piehler this volume), research that better characterizes the interde-
pendence of stressors will enable the development of more targeted and
effective risk management tools. Actions also can be taken to terminate
CHABs and reduce levels of free toxin in water, but research is needed to
more fully characterize the unexpected and untoward environmental im-
pacts of these actions, and to develop interventions that have minimal ad-
verse effects. For example, the use of copper sulfate to terminate CHABS
causes high levels of cyanotoxins and potentially toxic levels of copper in
water, and the use of flocculants to bind toxins and transport them to the
bottom stresses benthic dwellers. Most CHABs produce an extreme bio-
mass associated with hypoxia (Ibelings this volume, Havens this volume),
but a CHAB does not necessarily indicate the presence of toxins (Cyano-
toxins Workgroup Report this volume, Carmichael this volume). Research
that characterizes the processes that trigger toxin production may lead to
the development of methods to minimize their production. Field-ready
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tests that rapidly and inexpensively identify and quantify a broad array of
cyanobacteria and cyanotoxins (Analytical Methods Workgroup Report
this volume, Meriluoto this volume, Wilhelm this volume, Lawton this
volume, Sivonen this volume) are needed to identify the hazardous materi-
als in CHABs to help assess risks so that risk managers can prevent expo-
sure through actions such as public notification. Cyanotoxins occasionally
are present in finished drinking water (Burns this volume), indicating the
need to develop effective water treatment processes (Westrick this vol-
ume). Mathematical models that integrate physical, chemical, and biologi-
cal variations over space and time are needed to predict the occurrence of
CHABs and toxin production to expand the window of time for risk man-
agement actions. Medical interventions may reduce the dosage of toxins
that reach target sites, and the duration that toxins circulate in exposed
humans and animals (Human Health Effects Workgroup Report this vol-
ume, Hudnell 2005). Validation of medical interventions to eliminate
cyanotoxins and the development of other treatments for affected individuals
are needed to supplement the current standard of care in medical practice,
supportive therapy. The assessment of risks from toxic exposures requires
extensive information on dose-response relationships. CHABs often contain
a mixture of cyanotoxins (Humpage this volume), presenting a formidable
challenge to cyanotoxin risk assessment (Burch this volume). Equally chal-
lenging is the need to quantify CHAB risks to humans and ecosystems holis-
tically, so that risk management actions can be identified that are effective,
efficient, and without unintended consequences (Risk Assessment Work-
group Report this volume, Orme-Zavaleta and Munns this volume).

Characterization of the CHAB pathway as the interconnections between
CHABSs, humans, and the environment provides a basis for integrated risk
assessment. The characterization of integrated risks and the development
of cost effective interventions will support policy determinations and risk
management processes. The primary goals of ISOC-HAB, discussed be-
low, were to describe the state of the science of CHAB system components
and interconnections, and to identify research needed to reduce scientific
uncertainties and improve risk management processes.

ISOC-HAB Organization, Charges to Speakers
and Workgroups, and Products

The ISOC-HAB Organizing Committee identified seven major topic areas
and 23 subtopics to be addressed during the symposium (Table 1). Each
subtopic was addressed by an invited participant during a platform session.
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The primary charge given to each speaker was to describe the state of the
science in the assigned area. The major topic areas were addressed by
Workgroups for which specific charges also were developed. The primary
charges for each Workgroup were to identify research needed to reduce
scientific uncertainties and to develop processes that ultimately will pro-
vide risk managers with cost-effective tools to prevent and mitigate the ef-
fects of CHAB:s.

Table 1. The seven major topic areas and the 23 subtopics addressed at 1SOC-
HAB.

Occurrence of CHABS Analytical Methods

e AUS & World Overview e  Sample Preparation

e The Florida Experience e Laboratory Methods

e The Nebraska Experience e  Field Methods

e The New York & Great e Emerging High Throughput Analyses
Lakes Experience

Causes, Prevention, & Mitigation Human Health Effects

e Nutrients and Other Causes e  Laboratory Exposures

e Global Climate Change e Environmental Exposures
e  Watershed Mangement e Epidemiology
e Drinking Water Treatment
Cyanotoxin Characteristics Ecosystem Effects
e Types, Toxicokinetics & e Aquatic Vertebrates
Toxicodynamics e Trophic Status & Ecological Conditions

e Genomics & Proteomics
e Bioterrorism Potential

Risk Assessment

e Economic Impact

e Toxic Microbes & Mixtures

e Human & Ecological Integration

In addition to the primary charge for each topic area, additional charges
were given to each Workgroup. The Organizing Committee realized that
there was overlap between some of the topic areas, largely due to the inter-
connections between components on the CHAB pathway. Similarities
among some of the charges given to different Workgroups were intended
to promote characterization of the interconnections from a broader diver-
sity of perspectives. All Workgroups were asked to identify factors needed
in models to predict the occurrence of events along the CHAB pathway,
not for the immediate construction of predictive models, but to help iden-
tify research needed to reduce scientific uncertainties. Highlights of the
Workgroups’ charges are described below.
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Occurrence of CHABs

The Occurrence Workgroup was charged with identifying trends in: 1) the
spatial and temporal incidence of CHABs in the US and worldwide; 2) the
prevalence of specific genera and species in fresh, estuarine, and marine
water CHABS; 3) the percentage of CHABs that produce cyanotoxins; 4)
the types and mixtures of cyanotoxins that most commonly occur in
CHABsS; (5) the health and ecological risk potentials of CHABSs in recrea-
tional and drinking water reservoirs; and (6) the development of guidelines
and standards by state and local governments. The Workgroup’s primary
charge was to identify research needed to remove impediments to the col-
lection of CHAB occurrence data in the US, including implementation of
the EPA Office of Water’s Unregulated Contaminant Monitoring Rule for
drinking water (UCMR 1999).

Causes, Prevention, & Mitigation

The Causes, Prevention & Mitigation Workgroup was charged with identi-
fying research needed to better characterize or develop: 1) the natural and
anthropogenic causes of CHAB occurrence and toxin production; 2) water-
shed management and other tools that reduce the probability of CHAB oc-
currence; 3) methods for terminating CHABs and removing cyanotoxins
from source and drinking waters; and 4) methods for potential inclusion in
recreational and drinking water risk management guidelines. The Work-
group also considered factors needed in models to predict cost and benefit
relationships for methods that prevent CHABs and remove cyanotoxins
from water.

Cyanotoxin Characteristics

Charges for the Cyanotoxin Characteristics Workgroup included identify-
ing research needed to better characterize: 1) methods for rapid and cost
effective identification and quantification of known and novel cyanotoxins;
2) the pharmacokinetic properties of cyanotoxin absorption, distribution,
and metabolism in animals; 3) the toxicodynamics of cyanotoxin modes of
action in the production of adverse health effects; 4) factors that increase
and decrease susceptibility to adverse health effects; 5) the genomics and
proteomics of cyanobacteria and cyanotoxin production; and 6) methods to
reduce the potential risk of cyanotoxin use in bioterrorism. The identifica-
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tion of factors needed in models to predict the production of cyanotoxins
during CHABs also was included in the Workgroup’s charges.

Analytical Methods

The Analytical Methods Workgroup was charged with identifying and eva-
luating current methods for detecting and quantifying cyanobacteria, single
cyanotoxins, and mixtures of cyanotoxins. The Workgroup’s charges also
included identifying research needed to develop rapid and cost-effective:
1) field screening kits to identify and quantify cyanobacteria and cyanotox-
ins; 2) field screening Kits to detect genes responsible for cyanotoxin pro-
duction; 3) laboratory methods to identify and quantify cyanobacteria and
cyanotoxins; and 4) laboratory methods to identify the genes responsible
for cyanotoxin production. The Workgroup’s charges also included the
identification of methods needed to produce bulk cyanobacteria and cyano-
toxins of known quality, as well as certified toxin standards for use by a
broad scientific community.

Human Health Effects

The Human Health Workgroup’s charges included the identification of re-
search needed to further characterize: 1) human health effects associated
with exposure to particular cyanobacteria genera and species; and 2) hu-
man health effects associated with exposure to particular cyanotoxins, in-
dividually and in mixtures. The Workgroup’s charges also included the
identification of existing and needed infrastructure to better assess expo-
sure and effect relationships, including exposure monitoring and health
surveillance programs, and internet-based data management and distribu-
tion systems. The Workgroup also considered factors needed in models to
predict exposure and effect relationships in human populations.

Ecosystem Effects

The Ecosystem Effects Workgroup was charged with identifying research
needed to better characterize: 1) effects on biota in land and water ecosy-
stems associated with exposure to particular cyanobacteria genera and
species; and 2) effects on biota in land and water ecosystems associated
with exposure to particular cyanotoxins, individually and in mixtures.
The Workgroup’s charges also included the identification of existing and
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needed infrastructure to better assess exposure-and-effect relationships, in-
cluding exposure monitoring and surveillance indicators such as sentinel
species. The Workgroup also considered factors needed in models to pre-
dict exposure-and-effect relationships in aquatic populations, land animals,
and ecosystem indicators.

Risk Assessment

The Risk Assessment Workgroup was charged with identifying research
needed to: 1) support guideline, criteria and standards, and regulation de-
velopment; 2) develop tiered monitoring and response systems for fresh,
estuarine, and marine waters; 3) develop an integrated human health and
ecosystem sustainability risk assessment process; and 4) develop a frame-
work for making policy determinations that encompasses CHAB type,
overall risk, and cost/benefit optimization. Also included in the Work-
group’s charges were the identification of factors needed in models to pre-
dict the cost-and-benefit relationships of risk management tools, and the
need to revise or produce new risk management guidelines and regulations.

ISOC-HAB Product & Goals

This monograph contains the proceedings of ISOC-HAB, a series of chap-
ters that describe:

e An overview of ISOC-HAB (this chapter);

e A synthesis of research needed to improve risk assessments and
management;

o Seven Workgroup Reports on short- and long-term research needs in the
topic areas;

o Twenty-three Speaker Reports on the state of the science in the subtopic
areas;

o Fourty-two poster abstracts that describe emerging research in the topic
areas.

The monograph is divided into sections corresponding to the major topic
areas. Each section contains the Workgroup Report, Speaker Reports, and
poster abstracts that address the topic area.
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Publication of the ISOC-HAB proceedings in this monograph, and the
ongoing publication of materials on the EPA website (http://www.epa.gov
/cyano_habs_symposium/) are intended to further the scientific under-
standing of freshwater harmful algal blooms and provide a resource for:

o Developing the products mandated by Congress through HABHRCA,;
¢ Developing an interagency National Research Plan for CHABS;

¢ Integrating academic, industrial, local, state, and Federal CHAB
research;

¢ Informing EPA’s Office of Water and other Federal institutions;
¢ Informing states, Indian tribes, and local governments;

o Informing industries, academic institutions, and non-governmental
institutions;

¢ Informing other countries confronting the risks posed by CHABs
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Chapter 2: A Synopsis of Research Needs
Identified at the Interagency, International
Symposium on Cyanobacterial Harmful Algal
Blooms (ISOC-HAB)

H Kenneth Hudnell and Quay Dortch

Abstract

Evidence indicates that the incidence of cyanobacterial harmful algal
blooms (CHABS) is increasing in spatial extent and temporal frequency
worldwide. Cyanobacterial blooms produce highly potent toxins and huge,
noxious hiomasses in surface waters used for recreation, commerce, and as
drinking water sources. The Interagency, International Symposium on
Cyanobacterial Harmful Algal Blooms (ISOC-HAB) characterized the
state of the science and identified research needed to address the risks
posed by CHABSs to human health and ecosystem sustainability. This chap-
ter provides a synopsis of CHAB research needs that were identified by
workgroups that addressed charges in major topic areas. The research and
infrastructure needed are listed under nine categories: 1) Analytical Meth-
ods; 2) CHAB Occurrence; 3) CHAB Causes; 4) Human Health; 5) Eco-
system Sustainability; 6) CHAB Prevention; 7) CHAB Control and Mitiga-
tion; 8) Risk Assessment and; 9) Infrastructure. A number of important
issues must be addressed to successfully confront the health, ecologic, and
economic challenges presented by CHABs. Near-term research goals in-
clude the development of field-ready tests to identify and quantify cells
and toxins, the production of certified reference standards and bulk toxins,
formal assessments of CHAB incidence, improved understanding of toxin
effects, therapeutic interventions, ecologically benign means to prevent
and control CHABS, supplemental drinking water treatment techniques,
and the development of risk assessment and management strategies. Long-
term goals include the assimilation of CHAB databases into emerging U.S.
and international observing systems, the development of quantitative mod-
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els to predict CHAB occurrence, effects, and management outcomes, and
economic analyses of CAHB costs and management benefits. Accomplish-
ing further infrastructure development and freshwater HAB research is
discussed in relationship to the Harmful Algal Blooms and Hypoxia Re-
search and Control Act and existing HAB research programs. A sound sci-
entific basis, the integration of CHAB infrastructure with that of the ma-
rine HAB community, and a systems approach to risk assessment and
management will minimize the impact of this growing challenge to soci-
ety.

Introduction

The Interagency, International Symposium on Cyanobacterial Harmful Al-
gal Blooms (ISOC-HAB) characterized the state of the science and identi-
fied research needed to address the risks posed by cyanobacterial harmful
algal blooms (CHABS) to human health and ecosystem sustainability. The
state of the science was described by invited experts who addressed spe-
cific charges for CHAB subtopics in platform sessions and authored 23
chapters of this monograph. The research needed to develop a systems ap-
proach toward the assessment and management of CHAB risks (Hudnell et
al. this volume) were identified in seven workgroups whose members ad-
dressed specific charges and summarized their findings in additional chap-
ters of this monograph. The workgroups were organized to address the ma-
jor topic areas of: 1) Analytical Methods; 2) CHAB occurrence; 3) CHAB
causes, prevention, and mitigation; 4) Cyanotoxin characteristics; 5) Hu-
man health effects; 6) Ecosystem effects and; 7) Risk assessment. The Or-
ganizing Committee realized that there was overlap between some of the
topic areas, largely due to the interconnections between components on the
CHAB pathway (Hudnell et al. this volume). Similarities among some of
the charges given to different workgroups were intended to promote char-
acterization of the interconnections from a broader diversity of perspec-
tives. Table 1 presents the research and infrastructure needs identified by
the workgroups. Research in each of the Priority Areas is briefly discussed
below. More detailed discussions of the state of the science and research
needs are presented in the speaker and workgroup report chapters.
Research in the nine Priority Areas identified in Table 1 was considered
to be high priority over the long term. The workgroup reports designate
each research need as a near-term or long-term goal. The near-term goals
are those that do not require other research to be accomplished prior to ad-
dressing those goals, whereas the long-term goals are dependent upon the
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completion of near-term goals or require an extended time period to com-
plete. The need for certified analytical methods and readily available refer-
ence standards was generally acknowledged by the workgroups to be of
highest priority because many other goals are dependent of the availability
of methods and materials. Methods and materials were similarly given the
highest priority in the HABs report, Harmful Algal Research and Re-
sponse: A National Environmental Science Strategy 2005-2015,
(HARNESS 2005).

The U.S. Congress reauthorized and expanded the Harmful Algal
Blooms and Hypoxia Research and Control Act (HABHRCA 2004).
Whereas HABHRCA originally targeted harmful algal blooms in the
oceans, estuaries and the Great Lakes, the reauthorized Act mandated a
Scientific Assessment of Freshwater Harmful Algal Blooms, which will:
1) examine the causes, consequences, and economic costs of freshwater
HABs throughout the U.S.; 2) establish priorities and guidelines for a re-
search program on freshwater HABS; and 3) improve coordination among
Federal agencies with respect to research on HABs in freshwater environ-
ments. The research topics discussed below are intended to help identify
issues that should be addressed in order to fully meet the mandates of
HABHRCA.

Analytical Methods

Standardized and certified methods for collecting field samples are needed
to ensure that the samples consistently represent the existing environ-
mental conditions, and that results can be compared across time and be-
tween collectors. The samples generally consist of water, plankton, inver-
tebrates, vertebrates, or sediments. Standardized methods also are needed
for sample processing, including filtration, stabilization, transportation,
and storage, as well as for the extraction of cyanotoxins from complex ma-
trices such as biological tissues and sediments.

A tiered approach toward screening environmental samples for cyano-
bacteria and cyanotoxins is needed to accommodate a variety of settings
and purposes, and to make efficient use of resources. Initial screening
methods should be designed for field settings such as water utilities or rec-
reational water management facilities. The identification and quantifica-
tion of organisms traditionally has been accomplished through microscopy,
a time consuming method that requires a high level of training. Geneti-
cally-based methods should be further developed for the identification of
cyanobacteria to the species level, and for the detection of genetic se-
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guences involved in toxin production. Automated cell counting methods
are needed for quantification. Although standard methods exist for analyz-
ing some cyanotoxins (Meriluoto and Codd 2005), improved methods are
needed for rapid, inexpensive, and reliable analyses in field settings. En-
zyme linked immunosorbent assays (ELISA) or other emerging methods
are needed to measure cyanotoxin levels. The methods should be sensitive
to a wide variety of cyanotoxin analogues or congeners. A combination of
toxin level measurements and bioassays for toxicity will indicate the total
potential for toxicity from environmental exposures. A long-term goal for
field analyses is to produce real time, in situ monitors coupled with data
transmission systems. Remote sensing systems will provide early indica-
tors of environmental conditions that favor the emergence of CHABS, as
well as information on the initiation, development, and senescence of
CHABs. Finally, specialized laboratories are needed to verify field results,
validate results from developing techniques, and identify novel toxins.
These laboratories, which may require sophisticated and expensive equip-
ment (for example liquid chromatographs/mass spectrometers) and high
levels of technical expertise, should be shared-use facilities due to budget
constraints. These facilities should be capable of operating on an emer-
gency basis to provide a rapid response to situations endangering public
health.



Table 1. Synopsis of Research Needs for Cyanobacterial Harmful Algal Blooms

Priority Area

Needs

Results - Improved Understanding, Methods, Products & Prediction

Analytical Methods

CHAB Occurrence

e Standardized Methods

e Tiered Screening
e Field Methods

e Laboratory Methods
Consensus Taxonomy
e Nationwide Survey

e Long-term Monitoring

e Toxin Transport & Fate
e Predictive Models

e Sample Collection, Filtration, Stabilization, Transport, Storage
Toxin Extraction from Complex Matrices
e Strategies Adaptable to Location & Purpose
e Probes for Organism Identification & Toxin Production
Multiple Analogue Sensitive Toxin ldentification & Quan-
tification
e Improved & New Techniques for Known & Novel Toxins
e Consistent Taxonomic Identification to Species Level
e CHAB & Toxin Occurrence in Source Water using UCMR
CHAB & Toxin Occurrence in Recreational Water
e CHAB Occurrence Trends in Source & Recreational Waters
Remote Sensing Methods & Coupling with Global Observing Sys-
tems
e Environmental Transport, Accumulation & Degradation
e Local CHAB Occurrences
Toxin Production, Environmental Transport, Accumulation & Fate
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CHAB Causes

Human Health

Ecosystem Sustain-
ability

CHAB Prevention

Retrospective Data Analyses
Controlled Studies - Lab, Field,
Microcosom & Mesocosom
Ecosystem Monitoring

Predictive Models

Human Health Effects

Predictive Models

Ecosystem Effects

Predictive Models

Nutrient Source ldentification
Watershed Management
Water Management

Predictive Models

Physical, Chemical & Biological Variations Over Space & Time
CHAB Responses to Controlled Environmental Variables
Identification of Toxin Production Triggers

CHAB Dynamics & Environmental Interactions

CHAB Expansion with Climate Change & Other Stressors

Driver Thresholds that Destabilize Ecosystems & Induce CHABs
Factors Controlling CHAB Initiation, Dynamics & Toxin Produc-
tion

Bioindicators of Human Exposure & Effect

Toxicokinetics, Toxicodynamics, Dose-Response Relationships
Epidemiology, Repeated Recreation & Drinking Water Exposures
Routes & Quantities of Human Exposure to Toxins

Quantitative Structure-Activity Relationships

Toxin & Concurrent Stressor Effects on Key Biota & Communities
Bioaccumulation, Bioconcentration & Biomagnification in Food
Web

Eutrophication, CHAB & Turbidity Relationships

Eutrophication & CHAB Driven Ecosystem Alterations & Fate
External Inputs Versus Internal Nutrient Recycling

Methods to Reduce External Nutrient Input

Methods to Increase Flow, Destratisfy & Increase Competitive
Forces

Relative Effectiveness of Prevention Strategies
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CHAB Control &
Mitigation

Risk Assessment

Bloom & Toxin Destruction
Drinking Water Treatment

Predictive Models

Integrated Human Health & Eco-
system Risk Assessment

e Reduce Data Uncertainties

Accidental & Intentional Toxin
Release
Predictive Models

Effectiveness Measures

Environmentally Benign Methods to End CHABs & Degrade Tox-
ins

Detect Presence of Cell Fragments & Toxins During Water Proc-
essing

Methods to Remove Fragments, Toxins, Taste & Odor Compounds
Relative Effectiveness of Control & Mitigation Strategies
Interdependence of Human Health & Ecosystem Sustainability

e  Assessing Risks from CHAB Biomass

Risk from Single Toxins
Cyanotoxin, Analogue Toxicity Equivalence Factors &
QSAR
Total Risk from Common Toxin Mixtures & Crude Cell Ex-
tracts
Susceptibility Factors

Safe Production, Storage & Transportation

Airborne Dispersal & Route of Exposure Relative Toxicity

Local & National Total Cost of CHABSs to Society

CHAB Cost Versus Prevention, Control & Mitigation Cost/Benefit

Pre- Versus -Post Prevention, Control & Mitigation Cost/Benefit
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Infrastructure

Shared Centralized Facility & e
Service

Coordination .

Education .

High Complexity Equipment, Analyses, Training & Certification
Produce & Provide Certified Toxin Standards & Bulk Toxins
U.S. Surveillance, Databases, & Coupling with International Sys-
tems

Improved Federal, Stakeholder & International Coordination
Standing Fresh to Marine Advisory Committee & International
Link

Train Volunteer, Industry, Utility, Government, Academic, Post
Doc

Public & Stakeholder Education Services
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CHAB Occurrence

Although CHABSs have been reported worldwide and in most or all states
in the U.S., there is no international or national database that contains re-
cords of all CHAB events. The degree to which states or local govern-
ments record CHABSs is highly variable. Therefore, no definitive informa-
tion is available on the incidence of CHABs over time and space in the
U.S., the genera and species involved, toxin production, transportation and
fate, environmental conditions, or effects on humans and ecosystems.
There is widespread concurrence among scientists, risk assessors, and risk
managers, however, that the incidence of CHABS is increasing in spatial
and temporal extent in the U.S. and worldwide. The Occurrence Work-
group Report and the chapters describing CHABs in Florida, Nebraska,
and New York and the Great Lakes contained in this monograph support
the hypothesis of increasing CHAB occurrence. A major impediment to
the development of a national database is the lack of a consensus on tax-
onomy for cyanobacteria. Most field taxonomists rely on the traditional
morphology—based botanical approach for phylogenetic classification be-
cause molecular data are not available for many species. Research is
needed to develop a consensus on taxonomy for cyanobacteria based on
genetic fingerprints or an array of characteristics potentially including
morphological, molecular, physiological, bioinformatic, and biogeochemi-
cal information to classify algal communities with depth and precision.
Nationwide surveys to describe CHAB occurrence will become practical
as improved analytical methods to identify species and quantify cyanotox-
ins become available. Surveys of CHABs in drinking water sources and
recreational waters are needed because both types of surface waters present
human health risks during CHABs. The EPA has the regulatory authority
to implement the Unregulated Contaminant Monitoring Rule (UCMR) that
requires a subset of large municipal water utilities to conduct surveys for
substances potentially hazardous to human health. Implementation of the
UCMR for cyanobacteria and their toxins is not being considered by the
EPA at this time because of the need for less expensive, more reliable, ac-
curate, and field-ready analytical methods for quantifying single toxins and
multiple analogues. The EPA also could undertake, require, or encourage
CHAB monitoring in recreational waters. The BEACH Act, which amends
the Clean Water Act, requires EPA to ensure state adoption of recreational
water quality standards, revise water quality criteria, publish beach moni-
toring criteria, and maintain a beach database (EPA 2006). Occurrence
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data are a primary requirement for the Agency to make regulatory deter-
minations concerning the development of CHAB regulations or guidelines.

Long-term monitoring is the only method by which trends in CHAB oc-
currence over time and space can be identified. In addition to identifying
changes in CHAB incidence, long-term monitoring programs can provide
data needed to assess a variety of issues including CHAB dynamics, envi-
ronmental interactions, relationships to global climate change, and effects.
An understanding of the interactions between cyanotoxins and environ-
mental factors is needed to assess the potential for exposure of human and
other biota. Of particular interest is the transportation of cyanotoxins
through aerosols, biota, and water, the accumulation and magnification of
the toxins in biota and inorganic matrices, and environmental processes
through which cyanotoxins are degraded. Only long-term monitoring of
CHABs and their toxins in combination with ecological survey data can
reveal the cumulative effects of CHABs on ecosystem diversity and popu-
lation dynamics.

A long-term goal is integration of CHAB monitoring with emerging
earth observation systems - the U.S. integrated earth and ocean observing
systems (IEQS, 100S), the Global Oceans Observing System (GOOQOS) -
which culminate in the Global Earth Observing System of Systems
(GEOSS; Oceanus 2007). The goal of these observation systems is the rou-
tine and continuous delivery of quality controlled data and information on
current and future environmental conditions in forms and at rates required
by decision makers to address societal goals such as human health protec-
tion and ecosystem sustainability. The systems combine remote and in situ
monitoring data, data management and communication subsystems, and
data analysis and modeling components to deliver near real-time and fore-
casted information to primary users. The combination of in situ and re-
motely sensed data (e.g., aircraft and satellite detection of photopigment
type and quantity), and incorporation into U.S. observing systems, will
provide a sustainable system for monitoring CHABs and delivering use-
able information to risk managers.

Forecasts of imminent CHABs will require the development of predic-
tive models that incorporate near real-time data on physical, chemical, and
biological conditions at specific locations. As our understanding of CHAB
dynamics and environmental interactions increases, it may become possi-
ble to not only predict occurrence, but also to predict toxin production, en-
vironmental transport, accumulation, and fate. The validation and iterative
development of predictive models can be based both on hindcasts derived
from datasets not used in model development, and on empirical evidence
collected at predicted times and locations. Models that forecast CHABs
will provide a window of time for local officials to take risk management
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actions such as public notification to prevent exposure or installation of
equipment to vertically mix the water column to disrupt bloom formation.

CHAB Causes

CHABSs occur in a wide variety of aquatic environments, and the general
conditions associated with the initiation of CHABs are known. CHABS re-
quire nutrients, particularly nitrogen and phosphorus, and sunlight, and
tend to occur in warm, slow moving waters that lack vertical mixing.
However, the dynamics of cyanobacterial interactions with environmental
factors involved in bloom formation, and the factors that trigger toxin pro-
duction, are poorly understood. Retrospective analyses of long-term data-
sets can identify associations between physical, chemical, and biological
variations over space and time and the occurrence of CHABs and toxins.
Improved understanding of the complex interactions that promote blooms
and toxin production will enable the development of hypotheses that can
be tested under controlled conditions in laboratory, microcosom, meso-
cosom, and perhaps field studies. Issues such as the role of trace metals in
bloom and toxin production can be addressed most directly through con-
trolled studies. The responses of cyanobacteria to experimentally con-
trolled variables will provide insights into bloom initiation and toxin pro-
duction that may lead to the development of improved and environ-
mentally benign strategies for controlling CHABs.

Ecosystem monitoring can be used to test hypotheses derived through
retrospective data analyses and controlled studies, and to address location-
specific issues. The dynamics of CHAB initiation, sustainment, and termi-
nation may vary through interactions with location-specific factors. For
example, cyanobacteria predators and infectious agents may be or become
abundant in some areas, causing relative rapid termination of CHABSs.
Monitoring may detect CHABs in previously unaffected water bodies as
land use practices shift and global climate change raises temperatures and
alters hydrologic conditions. A particularly important issue to address
through monitoring is threshold levels of environmental factors at which
ecosystems undergo long-term phase shifts that promote CHABs and are
difficult or impossible to reverse. Only long-term monitoring can reveal
trends in the spatial and temporal incidence of CHABs.

The development of mathematical models of CHAB dynamics and in-
teractions with environmental factors will provide a basic framework for
relating causative factors to bloom occurrence, toxin production, bloom
maintenance and termination. Models of CHAB dynamics and environ-
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mental interactions will form integral components of models that ulti-
mately will be developed to predict local CHAB occurrences and the rela-
tive efficiency of local control, mitigation, and prevention strategy options.

Human Health

Information on the human health effects of cyanotoxins is largely limited
to characterizations of effects from single, high-level exposures. Many
animal studies describe the dose (usually intraperitoneal or oral gavage
dosing) of single cyanotoxins that causes lethality in 50% of the animals in
a study (LDsp). Such studies are useful in that they demonstrate that
cyanotoxins are among the most potent toxins known, and in identifying
the organ system in which failure is the primary cause of death. However,
these studies leave many important questions unanswered. They do not ad-
dress many issues likely to be of importance in human environmental ex-
posures, such as: 1) the relative potency of cyanotoxins through different
routes of exposure (i.e., inhalation, dermal absorption, ingestion; 2) the ef-
fects of repeated, low-level exposures; 3) the combined effects from expo-
sure to commonly occurring cyanotoxin mixtures (including additive and
synergistic effects); and 4) factors that increase or decrease the susceptibil-
ity of individuals (and other animal species) to adverse effects from expo-
sure. A combination of well controlled animal studies and both retrospec-
tive and prospective epidemiological studies is needed to provide the
scientific basis for developing human health risk assessments for exposure
to cyanotoxins.

A significant impediment to both animal and human studies is the lack
of rapid, reliable, and inexpensive biomarkers of exposure and effect. Ana-
lytical methods are needed to quantify multiple cyanotoxin analogues and
metabolites in blood and other biological tissues. Protein and DNA adduct
measurements may also be useful in characterizing exposure. Accurate
characterizations of cyanotoxin exposure present one of the most difficult
challenges to human health research. The primary reason is that CHABs
often produce several types of cyanotoxins and numerous analogues that
vary in toxicologic properties and potencies. Additionally, animal and in
vitro studies invariably indicate that crude cell extracts are more potent
than dose-equivalent quantities of cyanotoxins observed in the cells. The
cause of this superpotency may be potentiation of the cyanotoxin modes of
actions by other cellular components, or an outcome of exposure to the
cyanotoxins and other components not recognized to be toxic.
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The characterization of effects from cyanotoxin exposures presents an-
other difficult challenge to human health research. The biological mecha-
nisms through which cyanotoxins cause acute effects may differ from
those that cause delayed or chronic effects because different biological sys-
tems vary in their ability to repair tissue damage. Cumulative damage may
result from repeated exposures in systems with less efficacious repair or
compensatory processes. Also, acute effects are more likely to involve di-
rect effects of toxins, whereas chronic effects may results from secondary
toxin actions such as triggering an inflammatory response in the immune
system. Research is needed to identify biomarkers of cyanotoxin effects in
multiple organ systems to characterize the array of effects that may arise
from exposure, particularly repeated, low-level exposures. Biomarkers of
effect should include biochemical, behavioral, and other indicators of func-
tion in all biological systems that may be affected by the direct or indirect
actions of cyanotoxins.

Central to the assessment of health risks from cyanotoxin exposure is
characterization of toxicokinetic, toxicodynamic, and dose-response rela-
tionships in animal models. Toxicokinetic research is needed to characterize
toxin uptake through various routes of exposure, the metabolism of the par-
ent compounds and degradation products, distribution of those compounds
in tissues, the time-course of toxin retention in tissues, and the pathways of
toxin elimination. Toxicodynamic research is needed to describe the modes
of action by which the cyanotoxins and metabolites interact with biological
tissues to alter physiology and function within affected organ systems.
Dose-response research is needed to describe relationships between toxi-
cokinetic parameters of exposure and adverse health outcomes. It is critical
to assess relationships in a variety of animal species, to model inter- and in-
tra-species differences, and to validate the ability of the animal models to
predict comparable relationships in humans. The inclusion of potentially
susceptible subpopulations in the studies, such as fetuses (through in utero
exposures), the young, and the aged, is needed to reduce scientific uncer-
tainties and improve the accuracy of risk assessments.

Human exposures to cyanotoxins are most likely to occur through con-
tact with recreational waters and drinking water, although the risk for ex-
posure through food consumption is not well characterized. The probabil-
ity of high-level exposures through water ingestion is less than that for
repeated, low-level exposures through recreational or drinking water con-
tact (e.g., ingestion, dermal absorption, inhalation). However, much less is
known about the health risks posed by repeated, low-level exposures.
Lower level exposures may cause acute illness characterized by non-
specific symptoms such as gastro-intestinal distress, skin rashes, respira-
tory difficulty, and flu-like symptoms. Lower level exposures also may
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cause chronic illness in some individuals, such as that reported following
the acute-phase of ciguatera seafood poisoning (Palafox and Buenconsejo-
Lum 2005). Whereas acute-phase illness is characterized by gastrointesti-
nal and respiratory distress, the chronic-phase is characterized by sustained
fatigue, muscle and joint pains, and severe neurologic symptoms that per-
sist indefinitely. Clinical research is needed to describe modes of action in
human illness, and to develop therapeutic interventions beyond the current
standard-of-care, supportive therapy. Methods are needed to greatly en-
hance toxin elimination rates, as are toxin antidotes. Other evidence indi-
cates that chronic conditions such as neurodegenerative diseases and de-
layed illnesses such as cancer may be associated with repeated exposures
to cyanotoxins. Both animal and epidemiologic research is needed to char-
acterize the health risks associated with repeated, low-level exposure to
cyanotoxins. Retrospective epidemiologic studies may be able to use exist-
ing datasets to explore potential linkages between repeated exposures to
cyanotoxins and health outcomes. However, prospective epidemiologic
studies are needed for more definitive evidence on causal relationships be-
tween repeated cyanotoxin exposures and health outcome. The validation
of animal models of cyanotoxin exposure-effect relationships also is
largely dependent on the availability of epidemiologic data.

Quantitative models are needed to predict dosages of cyanotoxins to
which people may be exposed through contact with contaminated water.
Both recreational and drinking water contact provides the opportunity for
inhalation, ingestion, and dermal exposures to cyanotoxins. The dosage of
cyanotoxins depends on the activities in which people are involved, the du-
rations of those activities, and the concentration of cyanotoxins in the wa-
ter among other factors. Quantitative models that predict the dosages to
which people may be exposed based on these factors will assist risk man-
agers in making decisions to ensure that humans are not exposed to dos-
ages that present a health risk.

Quantitative structure-activity relationship (QSAR) models will assist
risk assessors by predicting the dosages of cyanotoxins that pose a health
risk when no data are available on the cyanotoxin in question, but data on
similarly structured molecules are available. For example, few data are
available on the effects of repeated dosing with anatoxin-a(s), an organo-
phosphate cyanotoxin that inhibits acetylcholinesterase. However, ana-
toxin-a(s) is structurally and functionally similar to organophosphate pesti-
cides such as parathion and malathion. It may be possible to develop a
QSAR model that predicts the toxicity of anatoxin-a(s) based on the litera-
ture describing the toxicity of organophosphate pesticides. A similar ap-
proach may be useful in predicting the toxicity of the multiple analogues of
cyanotoxins. There are now over 80 known analogues of microcystins.
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QSAR models may be able to predict the toxicity of the analogues, obviat-
ing the need for extensive toxicity testing for each analogue.

Ecosystem Sustainability

Although most attention and research has focused on the threats to human
and domestic animal health, CHABs also disrupt ecosystems by a variety
of mechanisms, most of which are poorly characterized. Toxins produced
by CHABs have the potential to affect organisms at a variety of trophic
levels. Little is known about cyanotoxin impacts on most aquatic biota or
the extent to which CHAB toxins transfer between trophic levels. It is fre-
guently noted that CHABSs are not grazed by either planktonic or benthic
filter feeders. For example, the return of CHAB blooms to some areas of
the Great Lakes is hypothesized to have resulted from the introduction of
zebra mussels, which graze other algae, but not colonial CHABs, such as
Microcystis. Grazing inhibition may be due to toxins, the occurrence of
CHABs in large mucoid colonies, or the overall unpalatability of many
CHAB:s. A potentially related problem in shallow water bodies undergoing
eutrophication and an increasing frequency of CHABsS is a persistent shift
from a clear to turbid state. Turbid waters are associated with increased
populations of disease causing microorganisms, and declines in primary
producer populations, including phytoplankton, benthic algae and vascular
plants. Research is needed to clarify relationships between CHAB toxins
and other stressors, and the development of adverse ecological conditions
such as grazing inhibition, turbidization, and disruption of both benthic and
plankton food webs.

Freshwater cyanobacteria are often the predominant phylum of plankton
in extremely eutrophic waters. Problems caused during CHAB develop-
ment and maturation include shading and overgrowth of other algae and
aquatic vegetation. The huge amounts of organic material produced by
CHABs harm ecosystems, even in the absence of toxin production, follow-
ing bloom senescence. Bloom die-offs result in large amounts of decaying
biomass on the benthos that produce hypoxic and anoxic conditions. The
lack of dissolved oxygen stresses and kills many benthic dwellers, result-
ing directly in the loss of benthic biological diversity and weakening the
primary producer end of the food web. This impact extends throughout the
food web as biota at intermediate and upper levels increasingly lack suffi-
cient nutritional sources. The impacts culminate in the loss of biological
diversity at all levels, including the depletion of populations on which hu-
mans depend for food sources, recreational activities, and food stock for
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the production of other nutritional sources. The loss of biological diversity
also may impact ecosystem sustainability by allowing the expansion of less
desirable populations, including toxigenic cyanobacteria, due to the lack of
competitive forces. This situation is exacerbated when CHABSs also pro-
duce toxins.

Finally, CHABs generally occur in areas of poor water quality, envi-
ronments impaired by multiple stressors. CHABs are both a response to the
stressors and an additional stressor. The combined effects of the stressors
are additive or synergistic, resulting in such extensive ecological changes
that the ecosystem may loose its resilience and reach an ecological thresh-
old beyond which it is difficult to return to a more pristine state. An array
of studies are needed that focus first on the impacts of CHABs and their
toxins on individual components of ecosystems, and then on interactions
between the components. This research can be accomplished through a se-
ries of culture, microcosms, mesocosms, and ecosystems field studies. An
ultimate goal is to develop models that not only provide comprehensive
descriptions of current conditions in local areas, but also predict the im-
pacts of future environmental changes, and assess the efficacy of risk man-
agement actions.

CHAB Prevention

Changes in land use practices that increase nutrient input into surface wa-
ters have been associated with an increased incidence of CHABs in many
locations. Nutrient sources include storm water runoff from fertilized and
other nutrient rich lands, discharges from sewage treatment plants and
large confined animal feeding operations, as well as airborne depositions
of nitrogen from organic sources. The development of effective strategies
for preventing CHABS requires an understanding of local conditions. For
example, CHAB initiation and duration may be dependent on nutrient in-
put in some surface waters, where as benthic/pelagic coupling or the cy-
cling of nutrients between sediment, biota and the water column may sus-
tain CHABs in eutrophic environments. Research that characterizes
nutrient input rates and benthic/pelagic coupling in local areas is needed to
develop land and water management plans that will reduce CHAB inci-
dence and promote aquatic ecosystem sustainability.

An increasing incidence of CHABsS is an indication of decreasing water
quality, usually due to increasing nutrient loads and/or decreasing flow
rates. The ultimate driver of decreasing water quality is land use practices.
Watershed management plans are increasingly developed and implemented
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to improve land use practices such that nutrient input into surface waters
are reduced and controlled. Research is needed to develop more efficient
and cost-effective methods for reducing non-point source inputs of nutri-
ents and processing point source nutrients in an ecologically sustainable

manner.
Watershed management techniques provide a long-term strategy for re-

ducing CHAB incidence and improving water quality. The implementation
of water management plans may provide near-term improvements that
prevent or terminate CHABSs. Increased flow rates and decreased water
temperatures improve water quality and reduce the probability of a CHAB
occurrence. Where as flow rate and water temperature control are imprac-
tical for many surface waters, evidence indicates that artificial destratifica-
tion of the water column may be a highly efficient means of preventing
and terminating CHABSs. The use of bubble systems to vertically mix the
water column may be effective on a small scale if the density of bubblers is
sufficient, but upscaling to large areas is usually impractical. Alternatively,
floating solar powered platforms can host pumps that draw in water from
above the benthos (to avoid nutrient resuspension from sediment) but be-
low levels at which CHABs occur. The water is discharged at the surface,
creating a vertical mixing loop over areas as large as 35 acres. Research is
needed to further assess the effectiveness of bubble and pump vertical mix-
ing systems at controlling CHABS, and to identify the mode(s) of action by
which vertical mixing inhibits CHABs. Vertical mixing may inhibit
CHABs by disrupting cyanobacteria’s ability to regulate its position in the
water column, or by inducing the dispersion and amplification of microbial
colonies that effectively prey upon or infect cyanobacteria. Additional re-
search may reveal other methods by which the competitive forces against
cyanobacteria can be increased.

A long-term goal is the development of models that predict the abilities
of land and water management techniques to improve water quality and
prevent CHABs at specific locations. These models would incorporate
area-specific data on CHAB occurrence and dynamics, the physical,
chemical, and biological conditions associated with CHABS, and the rela-
tive abilities of land and water management techniques to improve those
conditions. These models will provide risk managers with powerful tools
for developing cost effective strategies to prevent CHABS.

CHAB Control & Mitigation

Environmentally benign methods are needed to terminate CHABs and neu-
tralize cyanotoxins. Algaecides such as copper sulfate have been used for
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many years to terminate CHABS, and chelated copper compounds have
been used in more recent times to extend the period during which algaeci-
dal activity in the water column is retained. However, algaecides, and to a
lesser extent algaestats, have several drawbacks. First, algaecides cause
cell lysis, resulting in rapid release of cyanotoxins and high concentrations
in the water column. High concentrations of cyanotoxins in the water col-
umn increase the health risk for humans in recreational waters. High con-
centrations also may increase the probability of cyanotoxin accumulation
in the food web, as well as the probability that drinking water treatment
processes will be insufficient to reduce cyanotoxin concentrations to safe
levels. Second, algaecides quickly precipitate out of the water column, pre-
senting a health risk to aquatic biota such as benthic invertebrates. The loss
of benthic invertebrates disrupts the food chain, eliminates a pathway for
phosphorus uptake, and greatly impedes the decomposition of detritus or-
ganic matter, each of which threatens ecosystem sustainability. Third, the
use of copper algaecides selects for cells tolerant of copper, leading to the
development of copper resistant populations. Fourth, algaecides induce
rapid bloom collapse, resulting in large biomass deposition on the benthos.
Cellular decomposition often depletes dissolved oxygen, thereby produc-
ing anoxic or hypoxic conditions that exacerbate the stress already con-
fronting aquatic biota due to high cyanotoxin concentrations. Oxygen
depletion also causes the uncoupling of phosphorus from iron oxides in
sediment, resulting in resuspension of phosphorus in the water column and
increased probability of new CHABs. Research is needed to determine if
algaecides and algaestats, as well as other bloom termination techniques
such as ultrasound, can be developed that do not have untoward effects on
human health and ecosystem sustainability. Research should evaluate the
efficacy and ecosystem impacts of vertical mixing techniques, discussed
above under prevention, relative to those of algaecidal and other bloom
termination techniques.

Research on processes to neutralize cyanotoxins in surface water has
met with limited success and may have drawbacks similar to those de-
scribed above for algaecides. These processes have included the use of
compounds such as alum to coagulate or flocculate cyanotoxins, potassium
permanganate or titanium dioxide to oxidize cyanotoxins, and electroco-
agulation techniques. In addition to problems involving deposition on the
benthos, cyanotoxin neutralization techniques are costly, do not inhibit
new CHABS, and are impractical for large scale applications. Research on
cyanotoxin neutralization techniques may be more applicable to drinking
water than surface water treatment.

The need for research on methods to detect and remove cyanobacteria
and cyanotoxins during drinking water treatment is particularly great. Evi-
dence indicates that cyanotoxin levels in finished water can be higher than
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that in raw water, presumably because water pressure on cells during filtra-
tion causes lysis and the release of toxins. Additionally, cyanobacterial
taste and odor compounds, particularly geosmin and 2-methylisoborneol
(MIB), frequently necessitate that water treatment utilities expend consid-
erable resources to remove these compounds to reduce the frequency of
customer complaints. Water utilities commonly rely on the observation of
surface scums to detect CHABS, but because CHABs may occur without
visible evidence on the surface, they may go undetected at the utilities. Re-
search and development efforts are needed that result in automated, reli-
able, and inexpensive techniques to detect and quantify cyanobacteria and
cyanotoxins in source waters and water treatment systems. Early detection
will enable utility managers to implement specialized treatment processes
to remove the cells and toxins before they enter the finished water stream.

Many methods have been used in attempts to remove cyanobacteria and
cyanotoxins during drinking water treatment, including various oxidation,
absorption, coagulation, sedimentation, traditional filtration, and mem-
brane filtration technigques. To date, none of these techniques has proven to
be generally effective for intact cell and cell fragment or toxin removal un-
der the variety of conditions that occur during water treatment. The effi-
cacy of cyanotoxin removal techniques depends not only on the concentra-
tion and molecular configuration of toxins and analogues, but also on
environmental factors such as pH, temperature, and dissolved organic mat-
ter concentration, and on processing parameters such as concentrations and
contact durations of oxidants and absorbents with the toxins. Research is
needed to assess and further develop techniques for cell removal and toxin
degradation during drinking water processing that are applicable under a
variety of conditions and that maximize cost and benefit ratios. Assess-
ments should also include analyses of treatment process impacts on the
production of toxic disinfection byproducts.

Long-term goals include the development of models that predict the ef-
fectiveness, cost, and adverse impacts of control and mitigation techniques.
For the control of CHABSs in surface waters, the models would include fac-
tors describing CHAB species and toxin production, physical characteris-
tics of the water body, ecosystem structure and services (including eco-
nomic benefit), and functional, cost, and outcome characteristics of
alternative control options. For the mitigation of cells and toxins entering
source water intakes for drinking water processing, the models would pre-
dict the degree to which the contaminants would enter the finished water
stream without altering treatment processes, and the outcomes, costs, and
benefits resulting from the implementation of supplemental treatment op-
tions.
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Risk Assessment & Management

Assessments of the risk posed to human health and ecosystem sustain-
ability by toxic substances in the environment have traditionally been done
separately. The rationale has been that the analyses will indicate whether
the risk is greatest for human health or ecosystem sustainability at the low-
est concentration which adversely impacts either humans or the environ-
ment, and that regulatory determination will be based on the one that is
most susceptible to those impacts. The conceptual flaw to this approach is
that it fails to capture the inherent relationships between humans and the
environment; ecosystems partially determine human wellbeing, and hu-
mans partially determine ecosystem wellbeing. This intimate interconnec-
tion is perhaps nowhere clearer than with HABs. The eutrophication of
surface waters due to human activities is the single greatest cause of the
worldwide increase in the incidence of CHABs, and CHABSs have the po-
tential to irrevocably damage ecosystems and to have severe consequences
for human health. Research is needed to develop an integrated approach to
the assessment of risks posed by CHABs to human health and ecosystem
sustainability. An integrated approach to risk assessment and supporting
risk analyses has the potential to characterize the total impact of CHABs
on society, thereby better informing risk mangers as they develop strate-
gies to reduce risks.

The risks posed by CHABs are complex due to the large variety of
CHAB species and toxins, the unpredictability of toxin production, the ad-
verse impacts of CHAB biomass independent of toxins, the impacts of
CHAB toxins on aquatic biota, and many other issues that have not been
sufficiently clarified through research. Research must fully address several
issues in order to reduce scientific uncertainties and improve CHAB risk
assessments. First, reduced ecosystem sustainability due to lost biological
diversity from excess CHAB biomass and toxins must be assessed. Re-
search is needed to better characterize the total impact on CHABSs on eco-
system sustainability and the ecological services that are provided to hu-
mans.

Second, risk assessments usually identify concentrations at which single
toxins do not pose a risk for adverse health effects over a lifetime of expo-
sure. Accordingly, the only World Health Organization (WHO 1999)
guideline on cyanotoxins in drinking water is for Microcystin LR, 1 pg/l.
That assessment assumed that Microcystin LR is noncarcinogenic, imply-
ing that there is a threshold level of exposure below which there is no ad-
verse biological effect. However, there is recent evidence indicating that
Microcystin LR may be a carcinogen. The regulatory determination proc-
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ess typically incorporates data on the occurrence, dose-response functions,
and practical means for reducing risk. Existing evidence has been deemed
insufficient to support risk assessments for Microcystin LR and every other
cyanotoxin in the U.S. In addition to microcystins, cylindrospermopsins,
anatoxins, and to a lesser extent saxitoxins, are considered to be priority
cyanotoxins in the U.S. Research is needed to support risk assessments and
regulatory determinations for individual cyanotoxins.

Third, the actual risks posed by toxigenic CHABs are not characterized
by risk assessments for single cyanotoxins such as Microcystin LR because
of several complicating factors. Toxigenic CHABs rarely if ever produce
only a single analogue of a single cyanotoxin type. CHABSs often produce
multiple analogues of a cyanotoxin type, and the analogues may differ in
toxic potency. In recognition of this fact, several countries such as Austra-
lia have produced guidelines for the total sum of Microcystins in a bloom,
1.3 pg/l. That guideline level is based on the equivalent toxicity of a num-
ber of analogues to that of Microcystin LR. In order to produce guidelines
for mixtures of cyanotoxin analogues, data are needed that express the tox-
icity of each analogue to that of a “reference” analogue, as was produced
for some of the analogues of Microcystin LR. Toxicity equivalence factors
can be derived in two ways: 1) through direct comparisons of the toxicity
of each analogue to that of the “reference” analogue as indicated by a bio-
assay test or; 2) by the development of QSAR models that estimate the
relative toxicity of the analogues through an understanding of structure-
activity relationships. Therefore, research is needed that supports the de-
velopment of risk assessments for priority cyanotoxin types based on tox-
icity equivalence factors.

Fourth, another complicating factor that impedes the characterization of
the actual risk posed by toxigenic CHABS is that many blooms contain
more than one type of cyanotoxin. Many cyanobacteria species produce
several types of cyanotoxins, and some blooms are composed of more than
one cyanobacteria genera, each of which may produce different types of
cyanotoxins. Yet risk assessment processes have not been developed that
can characterize the risk of mixtures of different types of toxins, particu-
larly when the mixtures can vary significantly over time and between loca-
tions, as with CHABs. Further complicating the situation is the observation
that crude cell extracts are invariably more toxic than the toxins isolated
from those cells. Innovative approaches are needed to assess the actual
risks posed by mixtures of toxins produced by CHABs.

Fifth, risk assessments are generally designed to be protective of the
most vulnerable members of a population. Factors that may render humans
more susceptible to toxic exposures include developmental stage (i.e., in
utero), life stage (e.g., the young and elderly), preexisting illnesses, past
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exposures, and concurrent stressors. These and other factors may also per-
tain to the vulnerability of aquatic biota. Research is needed to better de-
scribe factors that increase the susceptibility of humans and other life
forms to injury from CHABS.

In addition to the risks posed by CHABS in surface waters, there is need
to address the potential risks from cyanotoxin release into other media
through accidental or intentional causes. Research on cyanobacteria and
cyanotoxins is largely dependent on the production, storage, and transpor-
tation of these substances. There is also an increasingly frequent need for
transportation of cyanotoxin standard reference materials between suppli-
ers (e.g., commercial and academic) and users (e.g. laboratories, utilities,
environmental and health agencies). The need for cyanotoxin-related mate-
rials must be balanced with the inherent risk of accidental release of these
highly toxic substances. Therefore, cyanobacteria and cyanotoxins are in-
creasingly coming under the regulatory control of international agencies
such as the International Air Transport Association (IATA 2006). It is
critical that the suppliers and users know of and comply with regulations
concerning cyanobacteria and cyanotoxins. On the other hand, it is essen-
tial that the regulations are not so cumbersome that they overly inhibit re-
search and risk management processes, thereby increasing the risks from
the natural occurrence of these substances. Research is needed to better
characterize the risks from accidental release of cyanotoxins during pro-
duction, storage, and transportation in order to produce regulatory controls
that optimize risk reduction.

The potential for weaponization of cyanotoxins has been recognized
(USA Patriot Act 2001, ATCSA 2001). Cyanotoxins are high potency and
relatively low molecular weight compounds that can be extracted and puri-
fied from cultures and in some cases synthesized in laboratories. These
features provide the potential for stockpiling large quantities of cyanotox-
ins for illegitimate purposes. Large populations could be exposed to
cyanotoxins through several routes, including municipal water supplies,
foodstuffs, and airborne dispersion. Acts as simple as deliberately dumping
truckloads of fertilizer into municipal water supplies to trigger CHABs
could lead to major societal disruptions, health risks, and economic losses.
Yet the risk for cyanotoxins, and other biotoxins, to be used as chemi-
cal/biological weapons has not been well characterized. For example, few
studies have compared the relative potency of cyanotoxins when delivered
through different routes of exposure. Little is known about the potential for
preparing cyanotoxins for airborne dispersion, either through the genera-
tion of aerosols or production of ultrafine particles from crystallized
cyanotoxins. Inhalation exposure to the alkaloid neurotoxins is likely to be
much more dangerous than exposure through ingestion due to increased
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absorption and rapid access to brain. Research is needed to better charac-
terize the risks and develop risk management strategies to protect against
the use of cyanotoxins as weapons.

Quantitative models are needed to estimate the total cost of CHABS on
local and national scales to inform regulators and improve risk manage-
ment strategies. The costs of CHABs can generally be separated into direct
costs of CHABs and the costs of CHAB prevention, control, and mitiga-
tion. Some direct costs of CHABs may be relatively easy to quantify, such
as costs borne by fisheries due to lost productivity, and decreased revenues
to merchants from declines in tourism and recreational activities of local
populations. Many other direct costs may be difficult to quantify or even
go unrecognized. For example, although it might be generally agreed that the
costs of CHABs are incurred in categories such as human health and qual-
ity of life, ecosystem services, ecological decline, property values, and
animal death, it may be difficult to recognize all factors within these cate-
gories and to quantify their costs. Innovative approaches are needed to
identify all areas in which CHABSs have direct impacts and to quantify the
costs of those impacts. Assessments of the direct costs of CHABs are
needed for comparison with the costs of CHAB prevention, control, and
mitigation strategies.

The costs of CHAB prevention, control, and mitigation options can be
determined more readily. For example, the costs of implementing water-
shed management practices or installing vertical mixing apparatus to pre-
vent or control CHABs can be assessed using standard economic ap-
proaches. Likewise, costs of mitigation practices such as implementing
supplemental water treatment processes or obtaining alternative sources of
drinking water can be calculated with reasonable precision. Quantitative
models of the direct costs of CHABs and the costs of prevention, control,
and mitigation strategies will improve risk management decisions by
minimizing costs to the public and maximizing public benefits.

It is critical to measure the efficiency and effectiveness of risk manage-
ment decisions to provide accountability to risk management systems. As
with all governmental initiatives, public support of risk management prac-
tices is dependent on the ability to clearly demonstrate that the benefits ex-
ceed the costs. Economic models should be developed to quantify the costs
of CHABs and CHAB risk management strategies, and to estimate the
economic benefits derived from risk management. Application of the mod-
els before and after implementation of risk management strategies provides
a method for assessing the efficiency and effectiveness of risk management
decisions. Efficiency and effectiveness can be maximized over time
through an iterative process as improved models and risk management
practices are developed.



40 H.K. Hudnell and Q. Dortch

Infrastructure

As stated in HARRNESS (2005), “Development of infrastructure will be
key to the success of the National Plan, and will ensure that the new strat-
egy is responsive to the needs of scientists, managers, public health coor-
dinators and educators.” The need for infrastructure is also emphasized in
the Congressionally mandated, Scientific Assessment of Freshwater Harm-
ful Algal Blooms (FASHAB 2007). These documents and the ISOC-HAB
workgroups identify a number of roles for a distributed network of HAB
research centers that are crucial in developing a systems approach to as-
sessing and managing the risks posed by CHABs. Central to the concept of
CHAB infrastructure is shared facilities that provide high complexity
equipment and certified analytical procedures, certified toxin standards and
other reference materials, bulk cyanotoxins, database development and
management, assistance in the coordination of CHAB research, and educa-
tional services. A stable infrastructure will increase the efficiency of
CHAB risk assessment and management efforts by reducing redundancies
in CHAB research and providing state of the art services to stakeholders.
HAB infrastructure centers ideally would be shared between marine and
freshwater research and management communities. The centers would
provide the expertise and equipment for culturing and storing cells, ex-
tracting and purifying toxins, identifying novel toxins, certifying analytical
methods, and validating tests to be used in the field to identify and quantify
cells and toxins. The certification of analytical methods might best be done
in association with organizations such as the Association of Analytical
Communities, International (AOAC 2007). An essential function of the
centers would be to provide cell, certified toxin standards, and other refer-
ence materials of a known type or degree of purity for use in developing
methods and calibrating equipment. Bulk cyanotoxins are needed to char-
acterize the effects of exposure in animal models. The centers should serve
as conduits for the integration of many existing databases on cyanobacteria
properties, environmental characteristics, and CHAB events for both re-
search purposes and the development of visualization and prediction tools.
The databases should be standardized using the 100S Data Management
and Communications (DMAC) structure for reporting and distributing data
so that they can be integrated into emerging observation system networks.
The integration and standardization of databases for research and model de-
velopment will yield products that can be utilized by a wide user commu-
nity. HABHRCA (2004) specifically calls for improved coordination of
Federal CHAB research. The FASHAB (2007) report addresses Federal re-
search coordination and recognizes the value of improved coordination
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across all levels of U.S. and International CHAB research. The centers
could take a lead role in integrating perspectives of the U.S. freshwater
HAB research community into the National HAB Committee, a group pre-
viously dedicated to the coordination of marine HAB research
(HARRNESS 2005). A similar role in international coordination could be
taken by the centers through interaction with groups such as CYANONET
(2007). The centers also could take the lead role in providing educational
services and products to stakeholders and the general public. Educational
services could range from the training of volunteers and employees of in-
dustry, utilities, state and local governments in the use of equipment to
monitor for CHAB cells and toxins to the formal education of students
pursuing careers in related fields. Educational products could range from
pamphlets and website materials to inform the general public of CHAB
risks and management strategies to standardized health advisories for state
and local public health officials to issue when CHABs are predicted or in
progress. A strong and stable infrastructure provides an efficient founda-
tion to support development of a systems approach toward the assessment
and management of CHAB risks.

Aligning the Infrastructure and Research Needs with
HABHRCA

The 2004 reauthorization of HABHRCA calls for a “competitive, peer-
reviewed, merit-based interagency research program as part of the Ecology
and Oceanography of Harmful Algal Blooms (ECOHAB 2007) project, to
better understand the causes, characteristics, and impacts of harmful algal
blooms in freshwater locations...” The interagency (NOAA, EPA, NSF,
NASA, ONR) ECOHAB program and the NOAA Monitoring and Event
Response for Harmful Algal Blooms (MERHAB 2007) programs currently
meet this requirement. However, the freshwater focus has been on Great
Lakes and upper reaches of estuaries because those areas are within the
purview of NOAA. No equivalent program exists for inland waters other
than the Great Lakes, whereas HABHRCA calls for an examination of the
causes, consequences, and economic costs of freshwater HABs throughout
the U.S. The causes, characteristics, and impacts of HABs in smaller
freshwater bodies are likely to differ significantly from those of marine
and Great Lakes HABs. In addition, research related to HABs in drinking
source waters and treatment options, an important public health issue, falls
out of the scope of the programs mentioned above. Finally, although there



42  H.K. Hudnell and Q. Dortch

are programs that provide assistance to state and local management agen-
cies in responding to marine HABs to protect human health and coastal
economies, there are no such programs for inland freshwater HABs. Thus,
state, local, and tribal governments are left to develop management strate-
gies without an adequate scientific basis or Federal guidance. This prob-
lem could be solved either by broadening the scope of existing programs or
establishing programs specifically for freshwater/inland HABs within
agencies having the appropriate mandate.
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Introduction

Freshwater cyanobacteria periodically accumulate, or bloom, in water bod-
ies across the United States (US). These blooms, also known as cyanobac-
terial harmful algal blooms (CHAB), can lead to a reduction in the number
of individuals who engage in recreational activities in lakes and reservoirs,
degrade aquatic habitats and potentially impact human health. In 1998,
Congress passed the 1998 Harmful Algal Bloom and Hypoxia Research
and Control Act (HABHRCA) to address CHABSs that impacted living ma-
rine resources, fish and shellfish harvests and recreational and service in-
dustries along US coastal waters. In 2004, as part of its reauthorization,
HABHRCA requires federal agencies to assess CHABs to include fresh-
water and estuarine environments and develop plans to reduce the likeli-
hood of CHAB formation and to mitigate their damage (NOAA 2004).
Many federal agencies recognize the potential impacts of CHABs and
share risk management responsibilities; an interagency task force was es-
tablished and charged to prepare a scientific assessment of the causes, oc-
currence, effects and economic costs of freshwater. The United States En-
vironmental Protection Agency (EPA) has included “cyanobacteria (blue—
green algae), other freshwater algae, and their toxins” in its Contaminant
Candidate List (CCL) as one of the microbial drinking water contaminants
targeted for additional study, but it does not specify which toxins should be
targeted for study (EPA 2005b). Based on toxicological, epidemiology
and occurrence studies, the EPA Office of Ground Water and Drinking
Water has restricted its efforts to 3 of the over 80 variants of cyanotoxins
reported, recommending that Microcystin (MC) congeners LR, YR, RR
and LA, Anatoxin—a (AA) and Cylindrospermopsin (CY) be placed on the
Unregulated Contaminant Monitoring Rule (UCMR) (EPA 2001). The
EPA uses the UCMR program to collect data for contaminants suspected
to be present in drinking water that do not have health—based standards set.
This monitoring supplies information on the nature and size of populations
exposed to cyanotoxins through tap water use.

Various federal agencies are mandated to address CHABs and their im-
pacts, which commonly have been managed on a case—by—case, somewhat
fragmented basis. A new national US plan, the Harmful Algal Research
and Response National Environmental Science Strategy (HARNESS), 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” (HARNESS 2005).
CHABs cross all four critical areas identified for harmful algal research
and response: bloom ecology and dynamics; toxins and their effects; food
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webs and fisheries; and public health and socioeconomic impacts.
HARNESS (2005) also noted that “research on freshwater harmful algal
blooms [mostly formed by cyanobacteria] has lagged behind efforts to ad-
dress marine harmful algal blooms [in general], and there is no compre-
hensive source of information on the occurrence and effects of freshwater
harmful algal blooms in the US”. This is ironic, considering that CHABS
have been documented to be highly responsive to nutrient pollution
(Glibert and Burkholder 2006), and toxic to livestock, wildlife and humans
in the US and worldwide (Chorus and Bartram 1999).

This chapter will describe the occurrence of bloom-forming cyanobac-
teria and their toxins. Cyanobacteria water blooms are defined here as the
visible coloration of a water body due to the presence of suspended cells,
filaments and/or colonies and, in some cases, subsequent surface scums
(surface accumulations of cells resembling clotted mats or paint-like
slicks). They are a common occurrence in the US and throughout the
world. Over 2000 species of cyanobacteria, many associated with nuisance
blooms, are currently known (e.g. Komarek and Anagnostidis 1999,
Komérek 2003). Freshwater HABs can assume many forms and while
most are composed of prokaryotic cyanobacteria (blue—green algae), eu-
karyotic species may be present in blooms. While surface scums are com-
monly associated with blooms of Microcystis, blooms of other species
such as Cylindrospermopsis in Arizona, Indiana and lowa can be charac-
terized by lower cell numbers events. Although not all blooms are charac-
terized by high biomass events, high biomass blooms of toxic spe-
cies/strains can have significant impacts on ecosystems by adding poten-
tially large amounts of toxins (Glibert and Burkholder 2006). In addition,
high-biomass blooms, whether of toxic or nontoxic species, also increase
in oxygen demand during blooms and bloom decline, leading to localized
hypoxia/anoxia and fish kills. These blooms can also cause habitat loss and
food web changes. For example, surface blooms can block the light from
reaching the benthos, leading to changes in attached plant communities
and increased re-suspension of nutrients from the sediments. High-
biomass blooms also commonly lead to economic loss through their nega-
tive impacts on recreation activities, and tourism and their production of
substances that cause taste—and—odor problems and increased treatment
costs in potable water supply plants. Blooms of all types can lead to a de-
creased quality of life by causing a negative perception of the state of
health of the water body.

Multiple interacting physical, chemical and biological factors lead to the
formation of CHABs. Planktonic cyanobacteria are a natural component
of the phytoplankton in most surface waters of the world. Toxigenic spe-
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cies (capable of producing toxins, although not all populations or strains
do so) are all naturally occurring members of freshwater and sometimes
brackish water phytoplankton. The toxins that they produce can be com-
pared with other naturally produced toxins (Carmichael 1992). Since the
first report of toxic cyanobacteria in the late 19th century, all continents
except Antarctica have reported toxic blooms (Carmichael 1992). Toxic
blooms can be especially problematic and are characterized by their pro-
duction of hepatotoxins, neurotoxins and acute dermatotoxic compounds
(Chorus and Bartram 1999). In the US, blooms of cyanobacteria have
been associated with the death of both wildlife and domestic animals
(Carmichael 1998). To date, no human fatalities in the US can unambigu-
ously be attributed to cyanobacterial toxins, though in at least one instance,
this connection has been made in the popular press (Behm 2003; Campbell
and Sargent 2004). Human health effects within the US have primarily in-
cluded gastrointestinal illness in Pennsylvania (Lippy and Erb 1976),
swimmers itch in Florida and Hawaii (Williams et al. 2001) and skin
rashes, nausea, and other gastrointestinal disorders in Nebraska (Walker
2005). In Brazil, a gastroenteritis epidemic was associated with the con-
struction of the Itaparica Dam in Brazil (Teixeira et al. 1993), and the hos-
pitalization of 140 children when supplied with drinking water from a res-
ervoir containing a bloom of Cylindrospermopsis raciborskii in Australia
(Chorus and Bartram 1999). The use of cyanotoxin—contaminated water in
dialysis equipment in Brazil accounted for the only reported human fatali-
ties (Carmichael et al. 2001a; Azevedo et al. 2002).

Distribution of CHABSs across the US

Blooms in freshwater environments

Freshwater CHABs are ubiquitous throughout the US and Canada (Fig. 1).
Cyanobacteria perform many roles that are vital for the health of ecosys-
tems, especially as photosynthetic organisms, but they may also cause
harm through either excessively dense growth or release of toxins or other
harmful metabolites. CHABSs span habitats ranging from smaller eutrophic
prairie ponds to larger more oligotrophic regions of the Great Lakes. This
broad distribution is expected given the considerable diversity in habitats
occupied by cyanobacteria and the widespread distribution of potential
toxicity in the more common genera.
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Blooms in estuarine and marine environments

While toxigenic cyanobacteria are generally associated with freshwater
blooms, there is increasing recognition that, in certain regions of the world,
blooms in estuarine and marine environments may also have an important
impact on human health. The Baltic Sea and the Gulf of Finland often sus-
tain massive blooms of toxic Nodularia spumigena that are easily visible
in satellite images of the region (Sivonen et al. 1989). These blooms affect
the natural biota and can spoil recreational opportunities on the coastline.
Similarly, large blooms of benthic cyanobacterium Lyngbya majuscule in
Moreton Bay, Australia (Albert et al. 2005), and off the Hawaiian Islands
(Moikeha and Chu 1971; Moikeha et al. 1971) have caused skin, eye and
respiratory effects on recreational users of these waters. Not all detrimen-
tal effects are directly associated with toxins; for example, increased
cyanobacterial biomass in Florida Bay and other estuaries has been associ-
ated with sea grass die—offs and the decline of the adjacent coral reef sys-
tems (Williams et al. 2001).

Both Microcystis aeruginosa and Cylindrospermopsis raciborskii have
only limited tolerance to salinity (< 2-7 ppt) and this may limit the growth
of these common toxic species in brackish waters environments (Barron et
al. 2002). Increasing salinity in oligohaline and mesohaline estuaries re-
sults in increased osmotic stress and aggregation of cyanobacterial cells
(Sellner et al. 1988). Many cyanobacterial species rapidly drop out from
phytoplankton assemblages as salinity concentrations exceed their thresh-
olds and thus are limited to freshwater tidal portions of these major rivers
(Sellner et al. 1988). Nevertheless, increased freshwater inputs into rivers
from increased runoff dilute the estuarine environment and can promote
blooms of these toxic cyanobacterial (Sellner et al. 1988). For example,
Lehman et al. (2005) recently documented a large bloom of M. aeruginosa
in the upper San Francisco Bay Estuary. The bloom was widespread
throughout 180 km of waterways; microcystins were detected at all sta-
tions sampled, and were also found in zooplankton and clam tissues.
Other species of toxigenic cyanobacteria readily bloom in full salinity
conditions and can dominate these environments. Non-toxic Aphanizome-
non flos—aquae and toxic Nodularia spumigena form high biomass blooms
in the Baltic Sea, and have increased in abundance (Sivonen et al. 1989;
Finn et al. 2001). Anabaena (Aphanizomenon) aphanizomenoides occa-
sionally has been reported to be abundant in the Neuse Estuary in North
Carolina (Lung and Paerl 1988).
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Changes in the Distribution of Toxic Cyanobacteria

In considering long-term trends of both the frequency of occurrence and
distribution of cyanobacterial toxins in the US and Canada, it is important
to recognize the remarkable advances that increased interest and awareness
that has brought to the discipline over the last few decades. Both the num-
ber of known cyanobacterial toxins and toxigenic species has dramatically
increased with the increased focus. While few, if any, states had monitor-
ing programs for cyanobacterial toxins in the mid 1970’s in most cases,
toxic cyanobacteria were identified as being responsible for livestock or
wildlife fatalities. By 2005, a number of states had monitoring programs
in place, resulting in an increase in the number of CHABs reported. It is
difficult to determine if this increasing number of reports represents an in-
creased incidence of CHABS, or is simply a reflection of increasing
awareness and monitoring efforts.

Several geographical regions have recently introduced “regional” sur-
veys for the occurrence of cyanobacterial toxins. These regional studies
have documented that the occurrence of cyanobacterial toxins has ex-
panded outside of the midwestern prairie states (Fig. 3, see Color Plate 1).
Studies in New York, Nebraska, New Hampshire and Florida have shown
an increase in the abundance of cyanobacterial blooms. Sasner et al. stud-
ied 50 New Hampshire lakes and reported that all had detectable levels of
microcystins (Sasner Jr. et al. 1981). Particulate concentrations of micro-
cystins in the bloom spanned over four orders of magnitude and ranged
from 0.8 to 31,470 ng/g™ wet weight; concentrations were generally higher
in the summer than in the spring. In a similar study of 180 New York
lakes and rivers, over 50% of the samples contained easily detectable lev-
els of particulate microcystins in the water column, ranging from 0 to over
1000 pg/L (Boyer et al. 2004). Results of a short—term occurrence study
by Carmichael et al. (unpublished 2006) in the Pacific Northwest states of
Washington, Oregon and Northern California (Fig. 4, see Color Plate 1), for
the years 2002-2005, show that producers of microcystin and anatoxin—a
occur on regular basis.

In warmer climates, both the intensity and duration of these bloom
events increase. For example, cyanobacterial blooms are common in Flor-
ida lakes, rivers, streams and ponds; data has been collected on a limited
basis since 1999. Approximately 20 bloom-forming cyanobacteria, in-
cluding Microcystis, Cylindrospermopsis, Anabaena, Aphanizomenon,
Lyngbya and Planktothrix, are found distributed throughout the state with
cyanotoxins detected in surface waters and post—treated drinking water
(Williams et al. 2001).
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Microcystin concentration was most often detected within the 0.1 to 10
ng L™ range with a maximum concentration of 107 ug L™; detected in
post-treated drinking water at a maximum concentration of ~10 pg L™
(Burns 2005). Anatoxin—A was not detected in most samples collected,
but a maximum concentration of 156 ug L™ was detected in one sample;
detected in post-treated drinking water at ~10 pg L™. Cylindrospermopsin
was detected between 10 and 100 pg L™ (Burns 2005). The maximum cyl-
indrospermopsin concentration detected in surface waters was 202 pg L™
The maximum concentration of cylindrospermopsin detected in post-—
treated drinking water was ~100 pg L™ (Burns 2005). The first report of
cylindrospermopsis in North America is mapped in Fig. 5.

While there is some evidence for seasonal changes in CHABS occur-
rence (Graham et al. 2004), overall there is a paucity of data related to the
temporal distribution of CHABS.

Do invasive species change the occurrence of toxic species?
Zebra mussels and Lake Erie (Vanderploeg et al. 2001)

The Great Lakes and especially Lake Erie have experienced many
problems with invasive species over the past 100 years. The dre-
issenid zebra mussel, Dreissena polymorpha established itself in
Lake Erie in the late 1980’s and by 1995 blooms of the toxic cyano-
bacterium, Microcystis aeruginosa had become a problem. Studies
done since the late 90’s have led to the conclusion that zebra mussel
selectively filtrate toxic Microcystis aeruginosa, promoting toxic
Microcystis blooms. This has resulted in new efforts to understand
and control CHABs in the Great Lakes.
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Fig. 1. Distribution of Documented CHAB outbreaks in North America. Unpub-
lished data (Carmichael 2006).



Fig. 2. Countries Reporting One or More CHAB Outbreaks. Unpublished data (Carmichael 2006).
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Fig. 3. Trends in Microcystin Occurrence in Midwestern Lakes. Taken from
Graham et al. 2004. (See Color Plate 1).
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Fig. 4. Cyanotoxin Events in the Pacific Northwest (2001-2005). Taken from
Carmichael 2006. (See Color Plate 1).
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Fig. 5. Florida Distribution of Cylindrospermopsin. (Williams et al. 2001).
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Cyanotoxin Production

The taxonomy of cyanobacteria, often imprecise, is currently under a state
of revision. In general, cyanobacteria cells may be unicellular or fila-
ments, existing singularly or in colonies. Morphological features can be
distinct or variable, which has lead to considerable uncertainty when using
the botanical taxonomic system that is based on morphological characteris-
tics. For example, an early guide by Geitler (1932) and others listed more
than 2000 species of cyanobacteria. Drouet and Daily, in a series of
monograms published in the 1950s and 1960s (e.g. Drouet and Daily 1956;
1957; Drouet 1968), revised this flora using only the simplest of markers to
lump everything together in only 62 species. Other taxonomists such as
Stanier (1971), Castenholz (1992) and others proposed a taxonomic
scheme for cyanobacteria based not on the botanical system, but using the
provisions of the International Code of Nomenclature for Bacteria
(Lapage et al. 1992). This system uses axenic clonal cultures and mor-
phology as well as modern molecular and biochemical techniques to define
the species. Despite the age of these proposals, only one taxon of cyano-
bacteria is currently described under the International Code of Nomencla-
ture of Prokaryotes or ICNP (Euzeby 2004). Bergey’s Manual of System-
atic Bacteriology contains only a few of the many described cyanobacterial
genera, and no species. Recently, Castenholz (2001) reversed his earlier
position and stated “I believe that the current rules of Nomenclature (bo-
tanical and bacteriological) should be mostly disregarded” and indicated
that he preferred a moratorium on naming any species or undertaking any
taxonomic revisions for 50 years or more so that molecular data sets could
accrue (Hoffmann 2005).

The botanical system for cyanobacteria has recently been revised using
traditional morphological characters resulting in a major revision of spe-
cies, especially for the non—heterocystous filamentous forms such as Oscil-
latoria (Komarek and Anagnostidis 1999, 2005). The revised system resur-
rects many of the older botanical names for genera. While cell structure
and ultrastructure (thylakoids, cell wall formation, cellular dimensions)
and molecular data have been congruent, sheath characteristics, which are
critical in definition of both species and genera, are not always congruent
with the molecular data. Unfortunately, ultrastructure, biochemical, and
molecular studies, such as RAPD fingerprinting and 16S rRNA gene se-
quences are only available for a small portion of cyanobacterial taxa.
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The ecological diversity observed in cyanobacteria is grossly underesti-
mated if one looks only at those taxa in culture collections (the taxa which
are the source of the molecular and biochemical data). In some cases, mo-
lecular sequencing produces similar phylogenies. However, it is also quite
easy to generate quite distinct phylogenetic lineages, depending on the par-
ticular part of the genome or trait that was used to generate the phylogeny.
Most field taxonomists still rely on the traditional morphology—based bo-
tanical approach because molecular data have not yet been available for
many species (Burkholder 2002), although the use of molecular based
techniques is rapidly increasing, especially in those species that lack or
contain confusing morphological features. Fortunately, toxic cyanobacte-
ria have received concentrated attention, and so the taxonomy of these taxa
may be among the first to be revised based on polyphasic character sets.

Toxic cyanobacteria blooms are associated with a wide diversity of spe-
cies and environments. Chorus and Bartram (1999) (1999), in their classic
monogram for the World Health Organization, Toxic Cyanobacteria in
Water: a Guide to Their Public Health Consequences, Monitoring and
Management, reviewed which species of cyanobacteria have been associ-
ated with the production of toxins based on observations and reports since
the mid 1980’s. Since that time, there have numerous new observations,
including new toxigenic species such as the unknown Stigonematales spe-
cies responsible for avian vacuolar myelinopathy (AVM) and new toxins
such as B—N-methylamino alanine (BMAA) produced by a wide number
of species. Phormidium sp., which produces microcystin, has been found
in shallows of reservoirs. Microcystin LA is reported to account for the
protein phosphatase inhibitory activity of the terrestrial cyanobacterium,
Hapalosiphon hibernicus. Other terrestrial isolates produce the toxin p-
methylamino alanine (BMAA). With the recent report of microcystins
from lichen—associated Nostoc, it becomes apparent that non—aquatic envi-
ronments must also be considered when discussing cyanobacterial toxicity.
Table 1 lists 22 genera and 42 species associated with toxin formation.
Most of the data was obtained from planktonic environments, although
there are a number of toxic benthic species. Where appropriate, we
have updated the nomenclature to the taxonomic scheme of Koméarek
and  Anagnostidis (Komarek and Anagnostidis 1999, 2005).



Table 1. Major Toxigenic Cyanobacteria Species, their Toxins and Distribution.

Organism

Toxin

Location

Reference

Anabaena spp.
A. circinalis

A. flos—aquae

A. lemmermannii

A. planktonica
A. variabilis

Aphanizomenon spp.

A. (flos—aquae) issatschenkoi
A. flos—aquae

A. gracile

A. lemmermannii

A. ovalisporum

Arthrospira fusiformis

Anabaenopsis millerii

microcystins
anatoxin-a
microcystins
saxitoxins
microcystins
anatoxin—a
microcystins
saxitoxins
anatoxin—a
BMAA

anatoxin—a
saxitoxins
anatoxin—a(s)

LPS endotoxins
saxitoxins
anatoxin—a(s)
cylindrospermopsin

microcystins

microcystins

Denmark, Egypt, Finland,
Germany, Ireland, Japan, US
Finland, France, Australia

Canada, Finland, Norway,
Canada
Finland

Italy
us

Finland, Germany
us

Canada

us

Portugal, Denmark
Israel

Africa, Spain

Greece

JIBIOUIS “T'C PUB 1YJEISLS Y 8§



Organism

Toxin

Location Reference

Cylindrospermum spp.

Cylindrospermospis raciborskii, C. phil-

anatoxin—-a

saxitoxins

Finland

Brazil, Australia, Hungary,

lipinensis cylindrospermopsin US, Australia
BMAA
Haphalosiphon hibernicus microcystins us
Lyngbya spp. pahayokolide-a us
L. majuscula BMAA Africa, Australia, US, Pa-
cific Is.
L. wollei (Plectonema wollei) Farlowe ex dermatotoxins us
Gomont saxitoxins
Microcystis spp. microcystins Worldwide
anatoxin-a
BMAA
M. aeruginosa microcystins Worldwide
M. viridis microcystins Japan
M. botrys microcystins Denmark
Nodularia spumigena nodularins Canada
N. spumigena nodularins Australia, New Zealand,
Baltic Sea
Nostoc spp. microcystins Finland, England and US

1oday dnoubxiopn swoolg [eb)y [njwieH [elis1oeqourA) ¢ Jaideyd

65



Organism

Toxin

Location Reference

Oscillatoria spp.

O. brevis (Phormidium breve) (Kitzing ex
Gomont) Agnostidis et Komarek

O. limosa Agardh ex Gomont

O. nigroviridis (O. nigro-viridis) Twaites
ex. Gomont sensu Parakutty

O. tenuis

Phormidium spp.

Planktothrix

P. agardhii

P. flavosum

P. formosa*

P. mougeotii* (P. isothrix) (Skuja)
Komarek and Komarkova

Plectonema sp.

Prochlorococcus marinus

BMAA
anatoxin-a
LPS endotoxins

microcystins
dermatotoxins

LPS endotoxins

microcystins

BMAA

saxitoxins

microcystins, anatoxin—a

Microcystins
BMAA
anatoxin-a
homoanatoxin—a
microcystins

BMAA

BMAA

Finland, Scotland, Ireland
and US
Switzerland

us
us

us

US and Italy

US, Finland

Denmark, Finland, Norway,
Ireland

France

Norway

Denmark

Unknown origin

Sargasso Sea
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Organism

Toxin

Location Reference

Raphidiopsis spp.
R. curvata

R. mediterranea
Schizothrix calcicola
Stigonematales sp.
Synechococcus sp.

Trichodesmium thiebautii

Umezakia natans

cylindrospermopsin
anatoxin-a,
homoanatoxin—a
aplysiatoxins

LPS (nontoxic)

avim
BMAA

BMAA
saxitoxin

cylindrospermopsin

Japan

Pacific Islands and US

us
us

Sargasso Sea

Japan

*denotes a species designation that is considered invalid using the current classification scheme
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Cyanobacteria toxicity is very common in natural blooms with estimates of
toxicity approaching as high as 50% (WHO 2003). In the late 1990s, in an
attempt to systematically estimate the abundance of toxic cyanobacteria,
approximately 200 strains of the Pasteur Collection of Cyanobacteria
(PCC) were screened for microcystins using ELISA and HPLC-PDA
techniques. G. Codd and R Rippka (unpublished) confirmed that more
than 20 species produce cyanobacterial toxins, of which 11 strains of Mi-
crocystis and 1 strain of Nostoc produced concentrations of more than 100
ug microcystins per gram dry weight (Boyer 2006). Many of the strains in
the PCC have also been screened for the genetic potential for microcystin
production using PCR techniques (Dittmann and Borner 2005). Similar
results were also obtained from the NIVA culture collection in Norway,
where a large percentage of the nearly 500 strains of cyanobacteria in the
collection appeared to produce toxins or other bioactive substances
(Skulberg 1984). Microcystin and harmful hepatotoxic peptides were pro-
duced by many, but not all strains of the cyanobacteria belonging to the
genera Anabaena, Microcystis, Planktothrix and Nostoc (Hisbergues et al.
2003).

Toxigenic cyanobacteria are generally defined as species that have toxic
strains (populations), which are capable of producing neurotoxic, hepato-
toxic or dermatotoxic compounds (Burkholder and Glibert 2006). This
term is important to note, since within a given species of toxigenic cyano-
bacteria, there commonly occur both toxic and nontoxic strains (Chorus
and Bartram 1999; Burkholder and Glibert 2006). If one expands the defi-
nition of toxins to include bioactive peptides with protease inhibition ac-
tivity such as the micropeptins, cyanopeptolins, microviridins, oscillapept-
ins, oscillamides, nostopeptins, aeruginosins, aeuginopeptins anabaeno-
peptilides, anabaenopepins and the cytotoxic compounds from marine
origin, then the list of toxin—producing cyanobacteria species becomes
quite large. Recently, the PCC were screened for the presence of non-
ribosomal peptide synthetase (NRPS) genes, those genes responsible for
the synthesis of many bioactive peptides such as the microcystins, mi-
croveridins and anabaenapeptins (Christiansen et al. 2001). This biosyn-
thetic activity is widespread throughout the cyanobacteria taxa, with NRPS
activity found in over 75% of the 146 strains tested. While the presence of
this gene activity does not directly correlate to toxicity, it indicates the po-
tential for production of bioactive peptides. The non-ribosomal peptide
synthetases used for microcystin toxin biosynthesis in cyanobacteria allow
for considerable structural diversity (Christiansen et al. 2001). More than
400 individual peptides have been identified, mostly from Anabaena,
Lyngbya, Nostoc and Microcystis species (Krishnamurthy et al. 1986;
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Luesch et al. 2000; Pluotno and Carmeli 2005). Many of these peptides
have protease inhibition activity and can lead to detrimental effects if con-
sumed as part of the food web.

In addition to the production of toxins, cyanobacteria have often been
associated with the production of taste and odor compounds in with drink-
ing water; the two most are geosmin and 2—methylisoborneol (MIB), al-
though a number of different hydroxyketones and p—ionone derivatives can
also add to the off-flavors associated with freshwater cyanobacteria
(Izaguirre and Taylor 2004). While these taste and odor compounds are
not actually toxic, they are of concern to the consuming public when their
drinking water has an “off” flavor, resulting in considerable monitoring
and treatment costs to water supply providers. Taste and odor issues are
complex and need not be associated solely with the presence of cyanobac-
teria. Many actinomycetes bacteria such as Actinomyces and Streptomyces
species, aquatic fungi such as Basidiobolus ranarum, and myxobacteria
such as Nannocystis exedens can also produce these compounds (Niemi et
al. 1982). Table 2 illustrates the large number of species associated with
the production of compounds that affect taste and odor. These species may
or may not be the same species reported to produce toxins. The biosyn-
thetic pathways for taste and odor compounds are separate and unrelated to
the toxin biosynthetic pathways (Carmichael 2001).



Table 2. Major Cyanobacterial Taste and Odor Producing Species.

Organism Compound
Anabaena spp. Geosmin

A. circinalis

A. laxa

A. macrospora
A. scheremetievi

A. spiroides

A. viguieri
Aphanizomenon flos-aquae Geosmin
Calothrix sp. (C. parietina) Ketones, lonones
Fischerella muscicola Geosmin
Jaaginema geminatum MIB
(Oscillatoria geminata) (Menehgnin ex Gomont Komarek and Anagnostidis
Lyngbya spp.

L. aestuarii (Lyngbya aestuarii) Liebman ex Gomont MIB

L. cryptovaginata (Planktothrix cryptovaginalt) (Skorbatov) Anagnostidis et KomarekGeosmin
Oscillatoria spp.

O. chalybea (Phormidium chalybeum) (Mertens ex Gomont) Anagnostidis MIB

et Koméarek

O. raciborskii (Planktothrix raciborskii) (Woloszyznska) Anagnostidis et Koméarek

O. agardii (Planktothrix agardhii) (Gomont) Anagnostidis et Komarek Geosmin

O. amoena (Phormidium amoenum) (Kiitzing 1843) Anagnostidis et Komarek

O. amphibia (Geitlerinema amphibium) (Agardh ex Gomont) Anagnostidis

O. bornetii (Tychonema bornetii) (Zuka) Anagnostidis et Komarek
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Organism Compound
O. brevis (Phormidium breve) (Kutzing ex Gomont) Anagnostidis et Komarek
O. variabilis (Oscillatoria variabilis) (Rao)
O. prolifica (Planktothrix prolifica ([Grevelle] Gomont) Anagnostidis et Koméarek
O. simplicissima (Phormidium simplicissimum) (Gomont) Anagnostidis et Komarek
O. splendida (Geitlerinema splendidum) (Greville ex Gomont) Anagnostidis
O. cortiana (Phormidium cortiamum) (Meneghini ex Gomont) Anagnostidis Geosmin, MIB
et Komérek
O. curviceps Agardh ex Gomont
O. limosa Agardh ex Gomont
O. tenuis Agardh ex Gomont
Phormidium sp.
P. autumnale (Phormidium autumnale) [Agardh] Trevisan ex Gomont Geosmin
P. calcicola (Phormidium calcicola) Gardner Geosmin, MIB
P. tenue (Phormidium tergestinum) (Kitzing) Anagnostidis et Komarek MIB

Plectonema sp.

P. notatum (Leptolyngbya notata) (Schmidle) Anagnostidis et Komarek
Pseudanabaena catenata

P. catenata

P. limnetica (Oscillatoria limnetica) (Lemmermann) Komarek and Anagnostidis
Rivularia spp.
Schizothrix muelleri

(Symplocastrum muelliri) (Nageli ex Gomont) Anagnostidis
Symploca muscorum Gomont ex Gomont
Tolypothrix distorta

Ketones, lonones

MIB

Ketones, lonones
Geosmin

Geosmin
Ketones, lonones
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Cyanotoxin Occurrence and Distribution

Cyanobacterial toxins fall into several diverse categories and are usually
divided based on their biological activity (hepatotoxins versus neurotoxins)
or chemical structure (peptide toxins versus alkaloids) (Table 3). This di-
vision is becoming more complicated as new toxins are being identified.
For example, in 1988, there were 10 reported microcystins; as of 1998,
there are over 60 different chemically identified microcystins (Chorus and
Bartram 1999). In the sections below, we summarize the basic classes of
cyanobacterial toxins, their source organisms and their biological effects.

Microcystins

As shown in Table 1, microcystins have been reported in Microcystis,
Anabaena, Oscillatoria, Planktothrix, Nostoc, Hapalosiphon and Ana-
baenopsis with new sources appearing yearly (Huisman and Hulot 2005).
Microcystins (Fig. 6) contain 7 amino acids in their cyclic peptide ring sys-
tem, are closely related to nodularin (Fig. 7) or nodulapeptins, which have
5 amino acids in the ring system, as well as anabaenopeptins, aerugin-
opeptin and other bioactive peptides (Sivonen and Rapala 1998; Harada
2004). Most of these peptides are hepatotoxins, though their LD-50 de-
pends on the specific amino acids present.
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Fig. 6. The generic structure of a microcystin.

Variations occur primarily at positions 1 and 2. For example, micro-
cystin-LR contains the amino acids leucine (L) and arginine (R) at posi-
tions 1 and 2 respectively; microcystin—-RR has arginine at both positions.
Nodularins are similar with the five amino acids Adda—yGlu—Mdhb-

BMeAsp—-Arg making up the core ring system (Harada et al. 1996).



Table 3. Commonly observed cyanotoxins in US fresh, estuarine and marine waters. (adapted from Codd et al. 2005).

Toxin

Type and (# congeners)

Mode of Action

Hepatotoxins
Microcystins
Nodularins

Cylindrospermopsin

Cyclic heptapaptides (>70)

Cyclic penta—peptide (9)
Guanidine alkaloid (3)

Protein phosphatase inhibitor, tumor promoter

Protein phosphatase inhibitor,

Protein synthesis inhibitor, genotoxic and necrotic injury to liver and
other organelles.

Neurotoxins
Anatoxin-a

Anatoxin—-a(S)
Saxitoxin
B-methylamino alanine

azobicyclic alkaloid (5)

Guanidine organophosphate (1)

Carbamate alkaloid (>20)
Modified amino acid

Postsynaptic neuromuscular blocking agent and Acetylcholinesterase
agonist

Acetylcholinesterase inhibitor

Sodium channel blocker

Neurodegenerative agent

Dermatotoxins
Lyngbyatoxin—a
Aplysiatoxin

Indole Alkaloid (1)
Polyacetate Alkaloid (2)

Inflammatory agent and Protein Kinase C activator
Inflammatory agent and Protein Kinase C activator

Endotoxins
Lipopolysaccharides

Lipopolysaccharides

Gastrointestinal irritants
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(4) D-Glu
(5) Mdhb
l) (‘JUH
(3) Adda
K, |
OCH, /\‘\,/'f\'_N CHy
Y\/ “h - ’
% o //\-./ \\//\\/
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| (1) D-erythro-f3-methylAsp

(2) L-Arg

Fig. 7. The generic structure of a Nodularin.

Cylindrospermopsin

Separate from the hepatotoxic cyclic peptides is the hepatotoxic alkaloid
cylindrospermopsin (Fig. 8a). This toxin is usually produced by Cylin-
drospermopsis raciborskii and an outbreak of this organism in the drinking
water supply on Palm Island, Queensland Australia led to a severe out-
break of hepatoenteritis among the inhabitants of the island (WHO 2002).
Cylindrospermopsin has also been reported from Umezakia natans in
Japan, Aphanizomenon ovalisporum in Israel (Sivonen and Jones 1999), and
Raphidiopsis Curuata in China (Li et al., 2001). It was generally assumed
that the toxigenic cylindrospermopsin—forming species only bloomed in
tropical and arid environments and Cylindrospermopsis raciborskii blooms
are commonplace in the warmer Florida drinking water reservoirs. Increas-
ing reports of C. raciborskii occurring in temperate zones of Europe and
the U.S have been documented (Padisak 1997). Cylindrospermopsin—
producing blooms can be both high and low-biomass events, leading to
difficulties in identifying the source of this toxin.

Anatoxin—a

The neurotoxic cyanobacterial toxins consist of anatoxin, anatoxin-a(S),
saxitoxin and related analogs. The most important of these compounds
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from an environmental health aspect is probably anatoxin-a (Fig. 8b)
(Carmichael et al. 1975). Anatoxin—-a was originally isolated from Ana-
baena flos—aquae (Devlin et al. 1977), but is also reported in A. plank-
tonica, Oscillatoria spp., Planktothrix spp., and Cylindrosperum. Homo-
anatoxin-a, a toxic homologue with a propyl group replacing the acetyl
group, was isolated from Phormidium (Oscillatoria) formosa. Both are
potent nicotinic agonists and act as neuromuscular blocking agents.

Anatoxin-a(S)

Anatoxin-a(S) (Fig. 8c) is a naturally occurring organophosphate, with no
reported structural variants, produced by Anabaena flos—aquae strain NRC
525-17 and more recently by Anabaena lemmermannii (Henriksen et al.
1997; Onodera et al. 1997). It is distinct from the neurotoxic anatoxin—a in
both its chemical structure and biological mode of action (Mahmood and
Carmichael 1986b). Anatoxin—a(S) acts as an acetyl-cholinesterase inhibi-
tor and its name was derived from the fact that the intoxicated animals of-
ten suffered from extreme salivation (Matsunaga et al. 1989). Anatoxin-
a(S) is commonly reported in the prairie states of the US (Kenefick et al.
1992); this may lead to an underestimate of its occurrence since, lacking a
clear cyanobacterial source, death of livestock or pets from anatoxin—a(S)
would likely be attributed to pesticide intoxication.

Saxitoxins and related analogs

Saxitoxins (STX) (Fig. 8d) are representative of a large toxin family re-
ferred to as the Paralytic Shellfish Poisoning (PSP) toxins. These include
the N-1 hydroxysaxitoxin or neosaxitoxin (NeoSTX), 11-sulfate analogs
of STX and NeoSTX called gonyautoxins (GTX) and 6 N21 sulfo deriva-
tives of STX, neoSTX and GTX toxins B1, B2, C1 to C4 (Mahmood and
Carmichael 1986a; Chorus and Bartram 1999). Not all of these 18 PSP
analogs have been identified in marine dinoflagellates and shellfish. These
toxins are identical to those produced by some toxigenic marine dinoflag-
ellates that accumulate in shellfish that feed on those algae (Anderson
1994). STX, neoSTX, C1, C2 and GTX have all been reported in freshwa-
ter cyanobacteria including Aphanizomenon spp., (Pereira et al. 2004, Li
and Carmichael, 2003, Li et al. 2000) Anabaena circinalis, Lyngbya
wollei and a Brazilian isolate of Cylindrospermopsis raciborskii (Lagos
et al. 1999).
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Fig. 8a—d. Structures of the alkaloid cyanobacterial toxins.

B—methylamino alanine (BMAA)

A recently discovered cyanobacterial neurotoxin is non—protein amino acid
B—N-methylamino-L-alanine (BMAA). BMAA, originally isolated from
a Guam cycad, Cycas circinalis, has been implicated as the causative agent
of amyotrophic lateral sclerosis or Parkinsonism dementia (Murch et al.
2004b). Symbiotic Nostoc species associated with the roots of cycads pro-
duce BMAA and it accumulates in the seeds of the plant. The indigenous
Chamorro people of Guam feed on the flying foxes, which consume these
seeds, and are subject to a classic biomagnification of the toxin up through
the higher trophic levels (Cox et al. 2005). BMAA may also be incorpo-
rated into peptides or proteins, both increasing its biomagnification and
acting as a reservoir to slowly releasing toxins upon peptide hydrolysis
(Murch et al. 2004a).

Cox et al. (2005) surveyed 30 different strains of cyanobacteria ob-
tained from culture collections that spanned the entire spectrum of cyano-
bacterial morphology and taxonomy for the presence of BMAA. Although
BMAA is most common in Nostoc species, with 7 out of 10 isolates con-
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taining high levels of either the free or protein-bound amino acid, it is
ubiquitous in its distribution, being found in freshwater, marine, brackish
and terrestrial environments. Only 1 of the 3 species tested, a freshwater
Synechocystis species, lacked BMAA. Algal strains in culture often pro-
duce much lower levels of toxins than found in situ suggesting that there is
potential for widespread human exposure to this toxin (Cox et al. 2005).
BMAA was recently detected in the brains of nine Canadian Alzheimer pa-
tients, but was not found in the brains of 14 other Canadians that died from
causes unrelated to neuro—degeneration (Murch et al. 2004a, 2004b).
Since cycads are not part of the normal Canadian flora, cyanobacteria may
be the source of BMAA in these patients. Drinking water contaminated by
cyanobacterial blooms has been suggested as a potential pathway for hu-
man exposure to BMAA and a topic of future data needs.

Lyngbyatoxins, Aplysiatoxin and Debromaplysiatoxin.

Lyngbyatoxins, contact irritants, are mainly marine water toxins but their
occurrence in freshwaters has not been fully assessed. Lyngbya, an ag-
gressive genus capable of widespread growth, has been found in freshwa-
ter supplies in the US. Lyngbya blooms are common in Florida, forming
mats in freshwater springs and overgrowing some coastal reefs, where low
levels of Lyngbya—toxin-A, debromoaplysiatoxin and saxitoxin have been
detected (Williams et al. 2001). More data are needed to determine its
health effects and occurrence in freshwater supplies. The inflammatory ac-
tivity of Lyngbya is caused by aplysiatoxin and debromoaplysiatoxin,
which are tumor promoters and protein kinase—C activators (Berry et al.
2004). Debromoaplysiatoxin along with other toxic compounds has also
been isolated from other members of the family Oscillatoriaceae such as
Schizothrix calcicola and Oscillatoria nigroviridis (Chorus and Bartram
1999).

Other Bioactive Compounds

Many cyanobacteria including Microcystis, Planktothrix and Anabaena
species have the ability to produce cyclic and linear peptide protease in-
hibitors that are potentially toxic (Harada 2004). Examples of these com-
pounds include the micropeptins, cyanopeptolins, microviridin, oscil-
lapeptin, oscillamide, nostopeptin, aeruginosins, aeruginopeptins, ana-
baenaopeptilides, anabaenopeptins and circinamide (papain inhibitor).
Two such compounds isolated from Microcystis aeruginosa, aeruginopept-
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ins and cyanopeptolins, are shown in Fig. 9. The effects of these com-
pounds on the toxicity of cyanotoxins is not well known.

cyanopeptolin-a

Fig. 9. Structures of two bioactive peptides isolated from Microcystis aeruginosa.

Impacts on Waterbody Health and Ecosystem Viability

The factors that lead to CHAB formation and induce toxin production are
not well known (Chorus and Bartram 1999). Although multiple studies
have examined the empirical relationship between environmental variables
and toxin concentrations, few have measured the many different variables
necessary to compile a comprehensive data set for analysis, (Kneale and
Howard 1997). Even fewer have analyzed the data based on sound statisti-
cal methods recommended by EPA and other agencies (EPA 2003). Tem-
poral and spatial patterns of CHAB formation are often complex, and the
mechanisms of bloom progression are largely unexplained. Additionally,
CHAB:s can include both toxic and non-toxic strains, and many strains can
be present during CHABS in specific lakes (Vezie et al. 1998; Jacoby et al.
2000; Pawlik—Skowronska et al. 2004). A major source of variation in
toxin concentration appears to be the strain—dependant influence of envi-
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ronmental factors on toxin release (Rapala and Sivonen 1998; Vezie et al.
2002) and successive replacement of toxic and non-toxic species
(Kardinal and Visser 2005). No single modeling study has attempted to
predict the dynamics of toxin releases and/or toxin levels, reflecting a lim-
ited understanding of factors influencing toxin release.

Several recent reviews (Paerl 1996; Soranno 1997; Carmichael et al.
2001b; Saker and Griffiths 2001; Landsberg 2002; Codd et al. 2005; Hu-
isman and Hulot 2005). provide a comprehensive discussion of individual
environmental factors that may be responsible for CHABs and their corre-
lated effects on ecosystem health. Physical factors include temperature,
light availability and meteorological conditions. Hydrologic factors include
alteration of water flow, turbidity and vertical mixing. Chemical factors in-
clude nutrient loading (principally nitrogen [N] and phosphorous [P]), pH
changes and trace metals, such as copper, iron and zinc.

Freshwater Habitats

Most of the world’s population relies on surface freshwaters as their pri-
mary source for drinking water. The drinking water industry is constantly
challenged with surface water contaminants that must be removed to pro-
tect public health. Recent reports suggest that CHABs are an emerging is-
sue in the US because of increased source—water nutrient pollution causing
eutrophication. Although CHABs historically have been strongly corre-
lated with nutrient over—enrichment in many freshwater lakes with low
abiotic turbidity (e.g Schindler 1987, Whitton and Potts 2000), flowing
waters can also develop planktonic CHABs in slowly flowing segments
(e.g Pinckney et al. 1997). Intermediate systems — run—of-river impound-
ments or reservoirs — generally have faster flushing and higher abiotic tur-
bidity from suspended sediment loads than natural lakes (Wetzel 2001). In
these systems light, rather than nutrients, often is the most important re-
source limiting cyanobacteria growth (Cuker et al. 1990). In addition, be-
cause of the surface characteristics of their cells, cyanobacteria can be es-
pecially susceptible to being attracted to sediment particles (Avnimelech et
al. 1982, Sgballe and Threlkeld 1988, Burkholder 1992). When that oc-
curs, they become too heavy to remain in the water column and settle out
of the water column (Burkholder and Cuker 1991). Nevertheless, during
intervals between episodic sediment loading events from land erosion and
runoff, dense cyanobacteria blooms can develop in reservoir systems, and
nutrients — both nitrogen and phosphorus — can become important in con-
trolling their production (Touchette et al. (submitted), Cuker et al. 1990,
Burkholder and Cuker 1991); Fig. 10.
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Many eutrophic lakes and impoundments (reservoirs) have documented
CHAB problems, for example: The Metropolitan Water District of South-
ern California (MWDSC) has a long history of algal problems, in the form
of planktonic blooms and benthic proliferations (lzaguirre 2005). The
main concern is taste and odor, specifically the compounds geosmin and
MIB. All of the reservoirs listed below have experienced algal blooms of
one kind or another, including in some cases known toxigenic species. In
addition, Lakes Mathews, Skinner, Perris and Diamond Valley have devel-
oped benthic mats that have resulted in severe off-flavor problems
(Izaguirre 2005). MWDSC, is composed of 26 member agencies and sup-
plies drinking water to about 18 million people in six counties in the
coastal plain of southern California; its two sources of water are the Colo-
rado River and water from northern California delivered through the Cali-
fornia aqueduct feeding into three reservoirs in Riverside County: Lake
Mathews, Lake Skinner and Diamond Valley Lake (lzaguirre 2005). In
North Carolina, a large, previously undetected, sewer spill that occurred
over several months was positively correlated with Lyngbya blooms
(Frazier 2006).

As research progresses, new toxins from cyanobacteria in freshwater
systems are being discovered (Codd et al. 2001; Huisman and Hulot 2005),
as well as new potential roles in their impacts on food webs. For example,
avian vacuolar myelopathy (AVM), a neurological disease in waterfowl
and their predators, was first described in the mid-1990s, with unknown
cause (Thomas et al. 1998). AVM causes characteristic lesions in the mye-
lin of the brain and spinal cord. Affected birds have abnormal flying and
swimming because their muscle coordination is compromised. The causa-
tive agent of AVM is associated with submersed aquatic vegetation such as
the aquatic weed hydrilla (Birrenkott et al. 2004). At present, the prime
“suspect” is a toxin producing, yet unnamed cyanobacterium within the
order Stigonematales that colonizes the leaves of hydrilla and other sub-
mersed plants (Wilde et al. 2005). Thus, the working hypothesis being ex-
amined is that waterfowl such as coots consume submersed vegetation
covered with the toxic cyanobacteria, bioaccumulate the toxin(s), and are
impaired in their ability to escape from predators. The affected waterfowl
are caught and consumed by higher predators such as bald eagles, which
then also develop AVM.
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Fig. 10. Relationship between chlorophyll a (chla) and total nitrogen (TN, upper panels) or total phosphorus (TP, lower panels). (A,
C) moderate—age reservoirs (mod., Group 1, 20-30 years post-fill, n = 5) and (B, D) old reservoirs (Group 2, 60-85 years post-fill,
n = 6) during summer months when cyanobacteria were dominant (Touchette et al. (submitted)).
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Estuarine Habitats

Estuaries are comprised of high population densities of microbes, plank-
ton, benthic flora and fauna. These organisms tend to be highly vulnerable
to human activities and a wide array of human impacts that can compro-
mise their ecological integrity. Many of the factors responsible for CHABS
as well as the CHABs themselves affect estuarine habitat health. Anthro-
pogenic stress in the form of increased nutrient input significantly impacts
estuaries as well as other water bodies. Modeling studies suggest the im-
portance of nutrient loading to water quality and CHAB probability and
severity. Nitrogen (N) and phosphorus (P) enrichment are considered
cyanobacteria bloom precursors. Many cyanobacteria are nitrogen—fixers,
making N a limiting factor in competition over other phytoplankton spe-
cies (Burkholder 2002). Although nutrient influences are widely studied
factor linked to stimulation of CHABS, the nutrient(s) that are most impor-
tant in limiting cyanobacteria growth are still in debate, and likely depend
upon the habitat and history of nutrition (e.g. Lenes et al. 2001; Glibert et
al. 2005, 2006).

Cyanobacteria blooms were noted in the Potomac River and the upper
Chesapeake Bay during the 1950s and 1960s coincident with the invasion
of water milfoil. Since 1985, cyanobacteria blooms have been documented
in the tidal tributaries of Chesapeake Bay almost annually during summer
months by the Maryland Department of Natural Resources (MD-DNR)
long-term comprehensive water—quality monitoring program. During Sep-
tember 2000, an extensive late summer bloom of Microcystis on the Sassa-
fras River, however, was among the first blooms tested for cyanotoxins in
Maryland and results were positive for elevated concentrations of micro-
cystin. The microcystin levels (591.4-1041 ug g™ dry wt) led to the Kent
County Health Department closing a public beach in the bloom area for the
remainder of the year, the first beach closure in the history of the state due
to detected levels of cyanotoxins (Tango et al. 2005). Dr. Harold Mar-
shall, a renowned phytoplankton specialist in the Chesapeake Bay area, has
also documented significant increases in cyanobacteria biomass, mostly as
Microcystis aeruginosa, from long-term datasets in tributaries of lower
Chesapeake Bay (Fig. 11).
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Fig. 11. Long-term datasets (1987-2005) show increasing cyanobacteria biomass in tributaries of lower Chesapeake Bay.
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Marine Habitats

In comparison to fresh and estuarine waters, relatively little is known about
harmful cyanobacteria in marine ecosystems, except for their negative ef-
fects on coral reefs. For example, the toxigenic, benthic cyanobacterium
Lyngbya majuscula proliferates in warm marine waters enriched with nu-
trients (especially phosphorus or iron) (e.g., Watkinson et al. 2005). Nick-
named “stinging seaweed” (Sims and Zandee Van Rilland 1981), L. ma-
juscula produces an array of toxins that adversely affect human health
(Oshorne et al. 2001) and have been implicated as causes of tumors and
other diseases in marine fauna (e.g. Arthur et al. 2006). It also has caused
serious ecological impacts in smothering coral reefs and seagrass mead-
ows. For example, a recently described bloom expanded to 8 km? of cov-
erage within 55 days, and its dense accumulation (average biomass 210
grams dry weight - m2) led to declines in beneficial seagrasses
(Watkinson et al. 2005). As another example, the cyanobacterium Phor-
midium corallyticum is a member of a microbial consortium that causes
black band disease and death of corals (Richardson 2005).

Although cyanobacteria in many saltwater ecosystems have not been rig-
orously examined for toxicity, limited available evidence suggests that
cryptic toxigenic species can be abundant in these habitats. For example, a
survey of the landlocked, brackish to hypersaline, Salton Sea revealed that
85% of all water samples tested from areas with high incidence of grebe
deaths contained low but detectable levels of microcystins produced by pi-
coplanktonic Synechococcus and benthic Oscillatoria (Carmichael and Li
2006). Moreover, the livers of affected grebes contained microcystins at
potentially lethal levels.

Possible interactions between cyanobacteria and marine harmful al-
gal blooms: Trichodesmum spp. are marine cyanobacteria that fix
nitrogen gas into inorganic nitrogen forms that are used to make pro-
teins not only by the cyanobacteria, but by other organisms as nitro-
gen leaks from the cyanobacteria cells. The impacts are currently
being explored and are not necessarily bad, but the added available
nitrogen has been hypothesized to help support blooms of harmful
algae such as Karenia brevis, the toxic ‘red tide’ organism of the
Gulf of Mexico (Lenes et al. 2001, Glibert et al. 2006). This hy-
pothesis is presently under debate (Hu et al. 2006).
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Potential Chronic, Insidious Impacts on Human Health

Present understanding about the effects of toxigenic cyanobacteria on hu-
man health are mostly limited to obvious, acute impacts, and thus do not
include chronic, subtle or insidious impacts that are happening but not yet
detected, and potential impacts where hazards exist in remote areas where
health impacts have not yet been sustained. It is expected that the risk from
cyanobacterial CHABs to drinking and recreational waters will increase
with increased stress and demand on those systems (Glibert and
Burkholder 2006) (e.g. Fig. 12, see Color Plate 2 and Fig. 13, see Color
Plate 2). The magnitude of the threat will depend on many variables in-
cluding the increase in population and its exposure to toxins, the require-
ment for new drinking water and recreational sources and the speed and
extent with which effective management strategies are implemented.

It is expected that the demand for drinking water in the US will increase
dramatically in the future. Although many utilities in the US use under-
ground water supplies, many also use surface water and that proportion is
expected to increase in many areas (e.g. Martin 2001). Increasing popula-
tion has placed increased demand on surface water supplies, either through
their anthropogenic inputs or through their increased demand for drinking
water. Conventional water treatment appears to be ineffective in removing
cyanotoxins from drinking water (Hoeger et al. 2004, 2005); cyanobacte-
rial cells lyse during filtration and chlorine does not appear to readily oxi-
dize the resulting MC (Wannemacher Jr. et al. 1993; Hitzfeld et al. 2000).
To control HABS, algaecides, especially copper sulfate, are commonly
added to surface drinking water sources (Chorus and Bartram 1999), but
this leads to cell lysis and a substantial release of cyanotoxins into the wa-
ter, as well as potential copper toxicity (Kenefick et al. 1993). Powdered
and granular activated carbon adsorption, with reported removal efficien-
cies of greater than 90%, removes toxins as well as intact cells and appears
to be a more effective and reliable methods for removing cyanotoxins than
Cl (Hamann et al. 1990; Donati et al. 1994). A similar increased in risk is
also expected for recreational waters where, for humans, the primary route
of exposure is oral from accidental or deliberate ingestion of recreational
water, inhalation of aerosolized cells or from dermal contact.



OCCURRENCE OF CYANOBACTERIAL BLOOMSIN THE
LAKE PONTCHARTRAIN ESTUARY, LOUISIANA

Toxic cyanobacterial blooms have been reported in Lake Pontchartrain, an oligohaline lake bordering New Orleans,
Louisiana. Lake Pontchartrain is a tidally influenced estuary that connects to the Mississippi River via the Bonnet Carré
Spillway and to the Gulf of Mexico by the Rigolets strait, Chef Menteur Pass, and Lake Borgne. It represents the second
largest salt-water lake in the US (1630 km?), after the Great Salt Lake in Utah, and the largest lake in Louisiana.

Toxic cyanobacterial blooms (e.g., Microcystis & Anabaena) have occurred on Lake Pontchartrain following the dis-
charge of water from the Mississippi River to the estuary via the Bonnet Carré Bonnet Spillway. The spillway was con-
structed to divert floodwater through the lake before it reaches the city of New Orleans. The floodgate between the
spillway and the river is only opened during severe flood events, but water can seep into the spillway through the closed
gate (Lane et al. 2001). The seeping river water leaks brown clouds of sediment and nutrients into Lake Pontchartrain.
When the floodgates have been opened in the past, the influx of fresh, nutrient—rich water has been followed by fish Kills
and toxic cyanobacterial blooms.

The 1997 opening of the Bonnet Carré Spillway is one of the better—documented events where toxic cyanobacterial
booms occurred on the lake following the release of water from the river to the lake (Dortch et al. 1998). The algal
bloom became apparent over large parts of the lake during May and produced high levels of hepatotoxins, prompting
health advisories by the Louisiana Department of Health and Hospitals.

Fig. 12. Anabaena bloom on Lake Pontchartrain.
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Fig. 12. (cont.) Anabaena bloom on Lake Pontchartrain (Photo courtesy of John
Burns. See Color Plate 2).
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Fig. 13. Map of Falls Lake, NC, indicating six sampling stations and the location
of the intake for the water treatment plant of the capital city, Raleigh. The watershed
is sustaining rapid human population growth and associated increased nutrient
runoff into receiving waters. From Burkholder (2006b). (See Color Plate 2).
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Fig. 14. Total N, total P, chlorophyll a (indicator of algal/cyanobacterial biomass),
and total N : total P ratios in Falls Lake plotted against distance downstream from
the headwaters to the dam.

The last station (intake) is the location of the intake for the City of Raleigh wa-
ter treatment plant. About 75% of the phytoplankton cells in this reservoir during
summer months are cyanobacteria, including various toxigenic species based on
data from 2002-2005 (Burkholder 2006). The lower end of the reservoir where
the water treatment plant is located presently has good water quality, but there is
concern that as nutrient loading to the reservoir continues to increase, water
quality will become more degraded throughout the reservoir and cyanobacteria
will be further stimulated.

Frequency and Severity Ranking.

Both our exposure and our knowledge follow the hierarchy of frequency
and severity freshwater > estuarine (brackish) > marind. While ad-
verse impacts of cyanobacteria in eutrophic freshwaters and (less so) estu-
aries are known worldwide (Whitton and Potts 2000), impacts on marine
ecosystems have only recently begun to be recognized. Thus, the indicated
rankings may change as additional information becomes available.
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Data Needs

To improve our ability to measure the incidence and predict the occurrence
of CHABS, we need to make full use of existing information that is cur-
rently available through a variety of sources. State and regional investiga-
tors have conducted a number of surveys of cyanotoxins that needs to be
compiled into a readily accessible database. Information that has been col-
lected on the factors related to bloom occurrence should be compiled so
that it can be related to toxin occurrence. This includes land use data, nu-
trient concentration in water, and weather conditions. Information on ro-
bust analytical methods for cyanobacteria and toxin quantification in envi-
ronmental waters needs also needs to be compiled.

Short—term Objectives

Research Needs

There is currently a lack of agreement on species level taxonomy for
cyanobacteria. Because of this lack of agreement, cyanobacteria can only
be identified easily to the genus level, which means that information may
be lost in surveys when only genera are identified. Additionally, changing
taxonomy can be a confounding factor for older surveys. Modern molecu-
lar techniques offer one solution to this problem but even these techniques
require a consensus on the definition of toxigenic cyanobacterial species.

Considerable information on cyanobacterial species and their toxins is
also available in non-traditional literature sources. A comprehensive lit-
erature survey, including the grey literature, is needed. Both planktonic
and benthic cyanobacteria should be included in this survey. These and
newer references need to be reviewed and summarized for occurrence of
toxigenic species. A working bibliography on cyanobacteria compiled by
the EPA can be found at http://www.epa.gov/safewater/ucmr/ucmrl/docs/
meetings_umcrl_cyanobacteria_references.doc.

An improved understanding is needed of the environmental factors that
are responsible for cyanobacterial growth and bloom formation. Addition-
ally, a better understanding is needed of when cyanobacteria do and do not
produce toxins, and factors responsible for production of toxins. This in-
formation can be obtained from both field studies and supporting labora-
tory experiments. Perhaps the best information currently available is for
Microcystis aeruginosa; the genes involved in toxin production have been
identified, and various environmental factors including light, nitrogen,
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phosphorus, and iron nutrient supplies have been shown to influence toxin
production (Zurawell et al. 2005).

Research is needed to determine the importance of very small (pi-
coplanktonic) cyanobacterial species in the production of cyanobacterial
toxins. Similar research is needed for many benthic species. Among the
many questions that remain unanswered are: how significant are levels of
toxins produced by planktonic and benthic species? How does their toxin
production vary over time as compared to historically recognized bloom
species? What kinds of toxins are produced by these cyanobacteria?

BMAA originating from cyanobacteria on the roots of cycads has been
reported to be associated with Alzheimer's disease in patients who have
been exposed to BMAA from the food chain. Additional studies have de-
tected BMAA in cyanobacteria from a variety of geographical locations
(Cox et al. 2005). Because of the seriousness of Alzheimer's disease, plus
the apparent widespread distribution of BMAA, research is needed to de-
termine the occurrence of BMAA in water in the US, including the fate of
this toxin during water treatment for drinking water production.

The conventional wisdom for cyanobacteria is that cylindrospermopsin
is released extracellularly from healthy cells, whereas other commonly oc-
curring cyanotoxins are contained in healthy cells, and only released if
cells are damaged or dying. Recent evidence suggests that this generaliza-
tion may not hold in some situations; thus, research is needed to verify that
how toxins typically are distributed in commonly occurring species. These
studies should use more than one strain of each species, because as men-
tioned, within a given species of cyanobacteria are many nontoxic as well
as toxic strains (Burkholder and Glibert 2006).

Research is also needed to determine whether cyanotoxins are accumu-
lated in the tissues of fish and shellfish. These studies should be done for
the most important cyanotoxins which fish and shellfish are likely to be
exposed to in both natural bodies of water as well as in aquaculture (e.g.
nodularin in some estuarine/marine environments). The exposure of peo-
ple to cyanotoxins originating from spray or aerosols should be investi-
gated.

Analytical Needs

There is an immediate need for rapid techniques for both screening and
confirmatory methods for the cyanotoxin analyses, including simple, inex-
pensive methods for rapid screening of samples during sampling of
blooms. Different types of methods are needed for different applications
and each must be targeted towards its end users. Several ELISA screening
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methods are available for microcystins, but none are currently manufac-
tured for cylindrospermopsin and other toxins anatoxin-a. On-line detec-
tors would be useful for water utilities for continuous monitoring; instru-
mental methods are needed for use where quantitation and specificity are
important. Methods including LC/MS and LC/MS/MS have been devel-
oped, but none have been accepted as validated US EPA methods or
consensus organization methods. There is a need for standardized instru-
mental methods that can be run by commercial labs. Many of the instru-
mental methods for cyanotoxins are dependent on sample cleanup methods
that remove interfering substances. To be successful, these methods must
perform in a wide variety of water types, including those with high levels
of total organic carbon.

In addition to identifying the toxins, there is a need for additional tools
targeted towards identifying a potentially toxigenic organism. Species—
specific and toxin—specific molecular probes, microarrays and other tech-
nology are needed for studies to determine the occurrence and distribution
of potentially toxigenic cyanobacteria. To be most useful, these detection
methods should be cost—effective, rapid and reliable.

Standardized methods for quantifying cells and estimating biomass are
also needed. These methods should be developed in conjunction with
taxonomic identification methods, since identification of species may de-
pend on characteristics that may be altered in some cell quantification
schemes. When developed, these methods should be validated. Since cell
count methods using microscopy generally are tedious and labor—intensive,
alternate, accurate methods to determine cell density or biomass are
needed, such as improved techniques to quantify photosynthetic pigments,
total suspended solids or particulate organic carbon. Unfortunately, these
methods at present all fall short of accurately estimating cyanobacteria
biomass, and cannot provide information about toxicity or the dominant
taxa involved. Improvements in technology are needed to rapidly track
toxigenic species and formation of blooms. These technologies include
remote sensing, remote—operated vehicles (ROVs) and automated sam-
pling stations located on vulnerable bodies of water (Glasgow et al. 2004).

Monitoring Needs

There is an immediate need for a nation-wide survey(s) on the occurrence
and distribution of toxigenic cyanobacteria and their toxins throughout the
US. Some surveys of cyanobacterial toxins have been conducted; however,
information on cyanotoxin occurrence is still fragmented and limited. Any
information of cyanotoxin occurrence is useful, but in particular, national
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surveys, consistently conducted, are needed to assess cyanotoxin occur-
rence on a larger scale.

The US EPA is planning to conduct a national survey of drinking water
for cyanotoxins, under its Unregulated Contaminant Monitoring Rule
(UCMR) when the suite of analytical methods needed becomes available.
Monitoring will occur for one year at approximately 2,800 large public wa-
ter systems (PWS) and a representative sample of 800 (out of 66,000)
small PWS. Transient water systems are not required to monitor nor are
systems that purchase 100% of their water (EPA 2005a). The monitoring
results from these systems will be used to form an initial nationally repre-
sentative occurrence assessment of the most commonly occurring
cyanotoxins in the US. A similar survey is needed for ambient water
sources, including recreational and agricultural water. Currently, no pro-
gram exists for conducting this kind of survey, which should include both
randomly selected locations as well as targeted locations where blooms
historically have been reported, or are reported to be in progress. This de-
sign would assure that both typical occurrences and unusual bloom events
would be considered and could be used to determine risk to exposed peo-
ple or animals.

In many locations in the US, cyanobacterial blooms are common events.
Nevertheless, they can be sporadic in occurrence and difficult to predict.
Even targeting locations that recently have experienced blooms may not
mean that blooms will occur in these areas in the future; on the other hand,
in developing watersheds blooms may begin to develop in previously
“bloom—free” locations. Undetected or missed blooms would result in an
underestimate of the risk of exposure. A central reporting website needs to
be established to assist in documenting blooms. This website needs to be
publicized to utility operators, state department of environmental quality
officials and others who would be aware of blooms as they occur. These
reports would allow researchers who have the ability to analyze water
samples for cyanotoxins to sample these events while they are occurring.

Long—term Objectives

Research Needs

As a longer—term project, an easily accessed database (i.e. website) on the
historic occurrence of toxigenic strains is critically needed, including user—
friendly summaries for the general citizenry. This could be incorporated
into a national database of toxin occurrence data that can be routinely up-
dated. Currently, there is no central location for cyanotoxin data produced
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by states or other organizations. Long—term monitoring needs to be done
to determine how cyanotoxins occur over time. This monitoring should
also be done over a wide geographical area to determine how cyanotoxins
are distributed spatially and to establish baseline information for assessing
how blooms and cyanotoxin distribution are changing over time. This re-
search would clarify how commonly blooms resulting in high concentra-
tions of cyanotoxins occur, and how this is related to geographical loca-
tion. It is well known that not all cyanotoxins have been described, so the
distribution of known cyanotoxins may be greater presently understood.
Thus, studies are also needed to identify new cyanotoxins.

Analytical Needs

For continual monitoring and development of research tools, there is a
long-term need for a stable supply of toxic organisms and toxins. Toxic
strains of many species commonly have lost their ability to make toxins
over time in the highly artificial conditions represented by laboratory cul-
tures. To avoid the loss of these sources of toxins, culture collections are
needed which can supply a continuing source of toxin—producing strains of
cyanobacteria recently isolated from natural habitats. Similarly, the devel-
opment of analytical methods and other studies have been hampered by
lack of availability of analytical chemistry standards for cyanotoxins. In-
formation on concentration or purity of available standards is unavailable
or ambiguous. Manufacturers need to produce larger supplies of at least the
more common toxins, and to certify their purity. These toxins should be
made commercially available.

Monitoring Needs

For long-term priorities, the same types of surveys are needed that were
described for short—term needs. These surveys would include sampling at
locations with typical levels of cyanobacteria as well as targeted surveys
that sample blooms in progress. To respond to the appearance of cyano-
bacterial toxins in a manner that will minimize public health risk, rapid
analyses are needed which will permit a response before drinking water
consumers or recreational water users are exposed to the toxins. Rapid as-
says or screening methods are needed for this purpose. Data on long-term
occurrence of cyanotoxins and cyanobacteria that produce the toxins are
needed to assess how commonly cyanotoxins occur, at what levels, and
whether there are any long—term changes in their occurrence.
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Summary

Distribution of CHABs across the US

Freshwater blooms are ubiquitous across the US and Canada.

Most cyanobacterial blooms are in freshwater, but some are found in
estuarine or marine waters.

More detections of cyanotoxins have been reported recently, however,
increased awareness had led to more monitoring programs.

Blooms of cyanobacteria tend to be greater and last longer in warmer
climates.

Detections in ambient waters have been observed to vary from no
detection to 31,470 ug/L for microcystin, no detection to 156 pg/L for
anatoxin—a, and no detection to 202 pg/L for cylindrospermopsin. Detec-
tions occurred in treated water but concentrations were lower.

Few data are available on temporal changes in cyanotoxin occurrence.

Cyanotoxin production

Determination of taxonomic groups which produce toxins has been
hampered by uncertainty in the taxonomic definitions for cyanobacteria.

Table 1 lists 22 genera and 42 species of cyanobacteria associated with
toxin formation.

Table 2 lists taste and odor—producing species of cyanobacteria.
Table 3 lists the commonly produced types of cyanotoxins in freshwater.

Microcystin has been reported to be produced by Microcystis,
Anabaena, Oscillatoria (Planktothrix), Nostoc, Hapal osiphon and Ana-
baenopsis.

Cylindrospermopsin is produced by Cylindrospermopsis raciborskii,
Aphanizomenon ovalisporum, and Uzmekia natans.

Anatoxin-a is produced by Anabaena flos—aquae, A. planktonica, Oscil-
latoria species, and Cylindrosperum. Homoanatoxin—a, was isolated
from Phormidium Formosa.
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Anatoxin-a(s) was reported from A. flos—aquae strain NRC 525-17 and
more recently by A. lemmermannii.

Saxitoxin and related toxins are made by Aphanizomenon flos—aquae,
Anabaena circinalis, Lyngbya wollei and a Brazilian isolate of Cylindro-
spermopsis racibor skii.

BMAA is produced by Nostoc species and many others.

Lyngbyatoxins aplysiatoxin and debromoaplysiatoxin are made by
Lyngbya, Oscillatoriaceae such as Schizothrix calcicola and Oscillatoria
nigroviridis.

Cyanobacteria also produce other bioactive compounds.

Impacts on waterbody health and ecosystem viability

The factors that lead to bloom formation and toxin production are not
well understood. Light, temperature, hydrological and chemical factors
may be involved.

In freshwater, blooms in Metropolitan Water District’s reservoirs have
led to taste and odor problems. A sewage spill in North Carolina led to
a Lyngbya bloom.

In estuarine habitats including the upper Chesapeake Bay, cyano-
bacterial blooms occurred with an invasion of water milfoil. Cyano-
bacterial blooms with fish kills have occurred in brackish Lake Pon-
chartrain, Louisana from freshwater or nutrient influxes.

Ecological effects have occurred as a result of cyanobacterial blooms
that are caused by effects other than toxin production.

Data Needs

A consensus is needed for species level taxonomy for cyanobacteria.
Existing information needs to be compiled into an accessible form.

New surveys should be conducted (including UCMR monitoring of
drinking water), especially for newly emerging toxins in raw water and
drinking water.

A national monitoring program is needed for recreational water.
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Analytical methods are needed including screening methods,
instrumental methods, and online and remote detection. Sample
preparation methods and analytical chemistry standards are needed to
support analytical methods.

A Dbetter understanding is needed of what factors lead to bloom
formation and cyanotoxin production.

The relation between toxin retention and release for different toxins
needs to be clarified.

Accumulation of cyanotoxins in the tissues of fish and shellfish needs
study.

A website is needed for reporting of cyanotoxin occurrence information.
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Glossary

Akinete — thick—walled, often enlarged cell that can survive adverse conditions
and form a new filament; often refractive under light microscopy because it is
filled with food reserve (cyanophycean starch); also often orangish in color from
abundant, protective carotenoid pigments. This specialized cell is found in some
members of the Order Nostocales.

Anaerobic — Without oxygen.

Anoxic — Referring to habitats with little or no oxygen, such as the bottom waters
of many eutrophic lakes in summer

Avian vacuolar myelinopathy [AVM] — a recently discovered neurological dis-
ease affecting water birds and their predators, primarily American coots and bald
eagles, in the southern US. AVM causes characteristic lesions in the myelin of the
brain and spinal cord.

Benthic — Living in or on the bottom of a body of water, or growing attached to
various substrata including other organisms (e.g. the noxious aquatic weed, hy-
drilla), but not free—floating in the water column. Note: Many benthic cyanobacte-
ria can be moved into the plankton by wind/waves or other disturbance, and can
thrive in the water column.

Brackish — Somewhat salty, as in brackish (estuarine) water.
Buoyant - Floats easily, and is less dense than water.

Chlorophyll a — The “universal plant pigment”, found in all organisms that un-
dergo plant-like photosynthesis with production of oxygen. The concentration of
this pigment is often used as an indicator or surrogate measure for algal biomass
or production.

Cyanobacteria — Formerly (and sometimes still) called blue—green algae, cyano-
phytes or mixophytes (means “slime plants”). In present—-day taxonomy, consid-
ered a type of bacteria (“blue bacteria”) because of their primitive cell structure
and other features, although they have the “universal plant pigment” that is di-
rectly involved in “higher plant” photosynthesis, chlorophyll a.

Estuary — A semi—enclosed body of water where saltwater mixes with freshwater.
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Eutrophic — Referring to aquatic freshwater and/or estuarine/coastal ecosystems
that are nutrient—enriched and highly productive.

Filamentous — Group of cells aligned in a row; very thin, threadlike.
Freshwater — Aquatic ecosystem with salinity lower than 0.1 ppt (see below).
Genus (plural: genera) — A taxonomic group below family and above species
Habitats — The places where plants and animals live.

Harmful algal bloom — A proliferation of microscopic or macroscopic algae that
are capable of causing disease or death of humans or beneficial aquatic life
through production of toxins, or that adversely affect aquatic ecosystems through
other mechanisms (e.g. by depleting oxygen needed to sustain fish, or by reducing
light that is essential for growth of beneficial submersed plants).

Heterocyte (formerly heterocyst) — thick—walled cell, usually pale in color com-
pared to the other cells, used for nitrogen fixation in some cyanobacteria. This
specialized cell is found in some members of the Order Nostocales.

Heterotroph — An organism that depends on consumption of other organisms and
organic material for energy.

Hypersaline — referring to water with salinity higher than average seawater salin-
ity.

Indicator species — A species whose status provides information on the overall
health of the ecosystem and of other species in that ecosystem. Indicator species
reflect the quality and changes in environmental conditions as well as aspects of
community composition.

Macrophyte — Usually referring to a rooted submersed aquatic plant.

Mesohaline — Moderately salty water (salinity range 5-18 ppt).

Mixotroph — An organism that uses both photosynthesis and particulate or dis-

solved organic substances made by other organisms for its energy. Many cyano-
bacteria are mixotrophs.

Oligohaline — Low salinity (0.5-5 ppt).
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Phytoplankton— Microscopic algae that live and reproduce suspended in the wa-
ter column of freshwater, estuarine, and marine ecosystems. Phytoplankton form
the base of the food web in many aquatic ecosystems.

Picoplankton — Very small phytoplankton in aquatic ecosystems, including
cyanobacteria (diameter 0.2 — 2 um).

Polyhaline — Referring to waters that are variable in salinity, often highly brackish
water with a salinity of 18-30 ppt.

Ppt — Parts per thousand, a measure of salinity. For example, the salinity of the
open ocean is generally about 35 ppt; freshwaters are < 0.1 ppt.

Reservoir (impoundment) — an artificial (man-made) lake, formed by damming a
river.

Specialized cell — akinete, heterocyte (see above).

Strain — A population within a given species of cyanobacteria or microscopic al-
gae.

Terrestrial — Living or growing on land or in the soil.
Tidal freshwater — Freshwater (0-0.5 ppt) that is tidally influenced.

Toxigenic — potentially toxic; referring to a species of cyanobacteria that is known
to have some toxic strains. (Note: toxigenic algae have both nontoxic and toxic
strains.)
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Introduction

Both marine and freshwater Harmful Algal Blooms (HABs) have been ob-
served throughout history. The first literature reference for toxic cyanobac-
teria (CyanoHABSs) was in 1878. George Francis issued a report on sheep
and cattle deaths from the brackish water cyanobacteria Nodularia spumi-
gena in Nature called "Poisonous Australian Lake”. For the marine HABS,
a 1928 report in the Journal of Preventive Medicine described human in-
toxication from mussel poisoning cases in the San Francisco area during
July of 1927. This led to work that described the first phycotoxin group,
Saxitoxins, by Edward Schantz in the 1950’s. In response the occurrence
of red tides in New England during 1972, the First International Confer-
ence on Toxic Dinoflagellate Blooms was held in 1974. Currently there are
twelve international marine HAB conferences. The First International Con-
ference on Toxic Cyanobacteria proceedings, “The Water Environment
Algal Toxins and Health”, was published in 1981. The 7th such conference
is scheduled to be held in Brazil in 2007. United States (U.S.) HAB re-
sponse resulted in the development of a U.S. National Plan for Marine
Biotoxins and Harmful Algae (Anderson et al. 1993), which led to “The
Harmful Algal Bloom and Hypoxia Research and Control Act of 1998
written by the U.S. Senate-Subcommittee on Oceans and Fisheries. In the
2003 revision of this act the U.S. house of representatives included fresh-
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water algae especially the harmful cyanobacteria. The current national plan
is called Harmful Algal Research and Response; a National Environmental
Science Strategy 2005-2015 (HARRNESS) (Ramsdell et al. (eds) 2005).
This CyanoHAB Overview will focus on occurrences of cyanobacteria and
cyanotoxins that have been observed in freshwater, drinking water, recrea-
tional water, estuaries and marine water, as well as the impacts on health
and/or ecosystem viability in the U.S. and worldwide.

Charge 1

What occurrences have been observed, and what were the con-
ditions at the time that might provide insight into conditions
that promoted these CyanoHABs? Highlight any differences be-
tween the U.S. and elsewhere in the world.

The terms Blue-greens, blue-green algae, Myxophyceae, Cyanophyceae,
Cyanophyta and Cyanobacteria all refer to a group of freshwater cyano-
bacteria, found in a diverse range of water bodies in the United States
(U.S.); most are photosynthetic autotrophs that share some properties with
algae (i.e. they possess chlorophyll-a and liberate oxygen during photosyn-
thesis). Cyanobacteria are widespread and found in a diverse range of en-
vironments, including soils, seawater and, most notably, freshwater envi-
ronments. Some environmental conditions that can promote growth
include sunlight, warm weather, low turbulence and high nutrient levels.
Some taxa of cyanobacteria can release significant quantities of toxins
(cyanotoxins) into water bodies as part of their normal lifecycle during or
immediately following a planktonic (surface) bloom or benthic bloom. As
a water basin ages, a condition called eutrophication occurs, primarily as a
result of an increase in nutrients, in biological activity (productivity), and
in sediments and organic matter from the watershed that fill the water ba-
sin. It is now accepted that cultural eutrophication--eutrophication from
human activity--is a significant factor in the aging process of the world's
water bodies. Some lakes are naturally eutrophic, but in many others cul-
tural eutrophication has accelerated the aging process to such an extent that
the term hypereutrophy (extreme eutrophy) has become synonymous with
the affect of human activities on the aging process of water bodies. Human
activities, include the discharge of wastewater (agricultural, municipal and
domestic), impounding of rivers, off-river storage impoundments and other
activities that alter the normal course of natural waters.
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The occurrence and control of cyanobacteria and their toxins in water
resources can result in animal and human exposure and cause adverse
health effects. It is widely believed that the incidence of bloom formation
and the threat posed by toxins has increased world-wide during the past 30
years as a result of cultural eutrophication. Health problems attributed to
the presence of such toxins in drinking water have been reported world-
wide. Cyanobacterial blooms and cyanotoxins been linked to the deaths of
wild and domestic animals all over the world. They constitute a health-risk
for human beings worldwide via recreational or drinking water through the
production of a range of hepatotoxins and neurotoxins.

The relationship between the presence of cyanotoxins and human illness
is unclear, and for studies to better identify and assess human health im-
pacts have been identified in some reports are needed. The level of
cyanotoxin exposure through consumption of drinking water remains
largely unknown due to a lack of studies that report cyanotoxin levels in
drinking water. The types of published surveys for cyanobacteria and
cyanotoxins are primarily ecological and biogeographical. Early surveys in
a number of countries involved toxicity testing of bloom or scum samples
by mouse bioassay. More recent surveys have employed more sensitive
and definitive characterization of the toxins by chromatographic or immu-
nological methods.

Two main factors appear to affect the potential for exposure to undesir-
able levels of cyanobacteria: (Anderson et al. 1993) the heterogeneity of
cyanobacterial population distributions and (Ramsdell et al. (eds.) 2005)
the human activities being undertaken. This heterogeneous distribution is a
consequence of a number of factors:

o colonial growth patterns where "bloom™ type growth can result in large
colonies or filaments being formed

e buoyancy regulation that promotes aggregation of cells and colonies in
the upper layers of the water column

e scum formation by the trapping of buoyant colonies on the water
surface, initially, at least, by surface tension

o wind-driven accumulations and distribution which can result in the
beaching of scums but can also be responsible for the mixing of
cyanobacteria and for the establishment of more homogenous distri-
butions

Since human activity is the primary cause of cultural eutrophication, the
patterns of CyanoHAB occurrence and risks are basically the same
throughout the world. Climate, topography and degree of cultural eutro-
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phication have led to some geographical and cultural differences in type
and degree of toxic occurrences. In North America, the major effect from
CyanoHAB: has been:

1. The loss of wild and domestic animals in man-made and natural water
bodies

2. Domestic animal and human toxicity in recreational waters
3. Effects on aquacultured species

4. Increased expense for water treatment facilities to remove toxigenic
cells and monitor for cyanotoxins.

This pattern has been seen worldwide, especially those warmer climes
that have a higher degree of eutrophication, a longer bloom growing sea-
son; and tend to experience more problems with direct human exposure to
CyanoHADbs (Chorus and Bartram (eds.) 1999, Codd et al. 2006, Yoo et al.
1995).

Charge 2

If possible, describe occurrences in freshwater, drinking water,
recreational water, estuaries and marine water, and impacts on
health and/or ecosystem viability in the U.S. and elsewhere in
the world.

An individual description of each CyanoHAB event is beyond the scope of
this expanded summary. A chronological listing of North American Cya-
noHAB events is given in Appendix A located in the Conclusion and
Summary section of this paper. In addition, Fig. 1 shows those countries
where cyanobacteria waterblooms producing cyanotoxins have occurred.
Fig. 2 shows occurrence by U.S. EPA region, and Fig. 3 shows the North
American occurrence of CyanoHAB events. Occurrences are based upon
published reports of CyanoHAB events in “CyanoHAB Search,” a refer-
ence data of all known CyanoHAB publications (Carmichael 2004).



Countries Exhibiting One or More
Documented HAB Outbreaks

\ g gl P AR - : -
Fig. 1. Countries where cyanobacteria waterblooms producing cyanotoxins have been documented. Dots do not indicate number of
cyanoHAB occurrences. In most cases there have been multiple occurrences but not every occurrence has had a poisoning event
documented.
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Documented HAB Outbreaks
in North America

T
el Q

Fig. 3. North American frequency and approximate location of States and
Provences reporting a CyanoHAB event.

Charge 3

If possible, address how common these occurrences are in the
U.S. and elsewherein the world. Are they frequent, or rare, do
they repeat at a given location, or occur sporadically at different
locations?

An accurate statement of how common CyanoHAB events are is beyond
the degree of understanding we currently have. A safe statement would be
that CyanoHABS are an infrequent but repeated occurrence in all areas of
the U.S. and around the world. They are seasonal occuring most often dur-
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ing the warmer, dryer times of the year. Frequency and intensity of the
CyanoHAB waterbloom depends a lot on the conditions which selected for
the waterbloom-i.e. nutrient status for the water body, use patterns, climate
and degree of animal and human contact with the toxic waterbloom. (Car-
michael and Stukenberg 2006, Carmichael 2001, Chorus and Bartram
(eds.) 1999).

A summary of CyanoHABs for the U.S. is excerpted below from Car-
michael and Stukenberg (2006). The earliest reference to toxic cyanobacte-
ria was in the late 1800°s from Minnesota (Arthur 1883). The earliest
documented investigation in the U.S., into the poisonous potential of blue-
green algae recorded a 1925 outbreak in Big Stone Lake in South Dakota
when a farmer lost 127 hogs and 4 cows after they drank from lake water.
The livestock deaths were attributed to algae poisoning (Wilmot Enterprise
1925).

The first described instance of human illness due to algal toxins oc-
curred in Charleston, West Virginia, in 1931 (Tisdale 1931). A massive
Microcystis bloom in the Ohio and Potomac Rivers caused intestinal ill-
ness in an estimated 5,000 to 8,000 people. According to the article,
though the drinking water taken from these rivers was treated by precipita-
tion, filtration and chlorination, these treatments were not sufficient to re-
move the toxins. Very few actual algal outbreaks were reported during the
next two decades

The 1950s showed a marked increase in the number of reported blue-
green algae studies in the United States, publishing a total of nine articles
including one outbreak case concerning some domestic animal deaths from
algal poisoning in Illinois (Scott 1955). Again, there was a decrease in re-
ported cases published from the 1960s through the 1980s. In the 1990’s,
published accounts of algal outbreaks jumped to 19 in the 1990s. It should
be acknowledged that there is a potential reporting artifact in these statis-
tics, as reporting such events in the United States has always been volun-
tary.

Since 1971, however, in a USEPA and CDC cooperative effort, surveil-
lance data from waterborne outbreaks have been more consistently com-
piled and more conclusively upheld as cyanobacteria-related. On August
25th, 1975, for example, a gastrointestinal outbreak occurred in Sewickley,
Pennsylvania. Though the CDC’s epidemiological study ruled out blue-
green algae as the contaminant at the time, a subsequent analysis posited
Schizothrix and Calcicola as causative agents (Lippy and Erb 1976).

In the survey Outbreaks of Waterborne Disease in the United States:
1989-90 one “cyanobacteria-like body” outbreak was reported out of 26 to-
tal outbreaks due to ingestion of water intended for drinking. Protozoolo-
gists later confirmed this case was actually caused by the protozoan Cyc-
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lospora and not a cyanobacterium. In the 1990s, 19 individual studies
were published on U.S. cyanobacterial cases, in Alabama, Arizona, Arkan-
sas, Colorado, Florida, Illinois, Kansas, Michigan, Mississippi, Nevada,
Ohio, Oklahoma, Vermont, Washington and Wisconsin.

Clearly, through not only increased occurrence, but also through a com-
bination of increased awareness, vigilance and reporting, more and more
incidents of cyanobacterial outbreaks have come to be published. More
than fifteen times as many articles on individual United States cyanobacte-
rial outbreaks were published in the 1900s as in the 1800s; as many in the
1990s as in the 2 decades that preceded it combined; and already fifteen ar-
ticles on individual outbreaks of cyanobacteria in the United States have
been published since between 2000 and 2004. Since the number of articles
in the entire CyanoHAB Search© database (Carmichael 2004) has in-
creased more than 3 fold in the last ten years, it is likely that the subset of
individual outbreak incidents reported will increase proportionally over the
next ten years, not only in the United States, but worldwide.

Charge 4

Over the last 10-20 years, has the incidence of cyanobacterial
HABsS increased,remained constant, or decreased on spatial and
temporal scales in the U.S. and elsewhere in the world?

Based upon the number of published papers and CyanoHAB event reports
their incidence has increased dramatically since the 1960’s. Fig. 4 shows
this dramatic trend for all countries based upon published reports. The U.S.
pattern is very much the same as the rest of the world. In all areas the in-
crease in reported CyanoHAB events coincides with the increased realiza-
tion that eutrophication of natural waters was a significant factor in de-
creased water quality around the world.
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Charge 5

Are HABs of cyanotoxin-producing cyanobacteria a regional or
worldwide problem? Identify areas in the U.S. and the rest of
the world that appear to have the highest incidence of toxigenic
HABsS.

CyanoHABs occur worldwide and therefore should be considered a
worldwide problem. Based upon a 2004 literature search (Carmichael
2004) it is possible to make some general conclusions about the occurrence
of CyanoHABs. The reference is called “CyanoHAB Search” and it
evolved from over 30 years of studies of toxic blue-green algae, and con-
tains 3,063 references citing 705 journals written by 4,687 authors and edi-
tors. Figs. 4 and 5 detail some the findings from a search of references in
this database.
Highest occurrences of CyanoHABs in the U.S. seem to coincide with
two main factors:
1. areas of highest eutrophication coupled with a climate most favorable
to extended waterblooms i.e. Florida
2. areas of driest summer conditions that favor longer retention times
within the water body coupled with eutrophication i.e. southwest and
west.
Other factors that favor a CyanoHAB event in a given area include mainly
local weather and water use patterns along with eutrophication.
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Fig. 4. Histogram of published CyanoHAB events by date.
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Legend:

North America (107)
Europe (137)

South America (55)
Australia (90)

Fig. 5. Pie chart showing number of published CyanoHAB events by continent.
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Charge 6

Do cyanobacterial HABs that present a health risk occur often
enough to warrant regulation, or are general guidelines or advi-
sories on an as-needed basis adequate?

Animal health risks from CyanoHABs are much easier to define than risks
for humans as animals are more likely to come in contact with cyanotoxin-
contaminated water. Action levels for CyanoHABs have been defined in
Chorus and Bartram (1999), but these levels certainly need reassessment as
more information becomes available. Nonetheless they are a good starting
point for the U.S. to begin assessing risk to humans in the U.S. Human ex-
posures range from accidental ingestion of water from recreational activi-
ties, ingestion of cyanotoxin-contaminated drinking water, low level con-
sumption of cyanotoxins in algal nutritional products and from water used
in medical treatments (i.e. medical dialysis). At this time insufficient in-
formation is available on exposure risk for the various cyanotoxins to war-
rant regulation. The number and type of documented exposures however
do warrant guidelines and advisories for all the major groups of cyanotox-
ins identified in U.S. waters, (i.e. microcystins, cylindrospermopsins, ana-
toxins and saxitoxins). Table 1 is a summary of known human exposures
from CyanoHABs in U.S. waters (Carmichael and Stukenberg 2006, Codd
et al. 2006, Yoo et al. 1995), while Appendix A is a chronological list of
published articles on CyanoHAB outbreaks in the U.S.
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Table 1. Acute intoxications of humans from cyanobacteria U.S. and Canada

u.s.

A massive Microcystis bloom in the Ohio and Potomac Rivers caused
illness in 5,000 to 8,000 persons whose drinking water was taken from
these rivers. Drinking water treatment by precipitation, filtration and
chlorination was not sufficient to remove the toxins.
Numerous cased of gastrointestinal illness after exposure to mass de-
1968 velopments of cyanobacteria in drinking water were compiled by
Schwimmer and Schwimmer.
Endotoxic shock of 23 dialysis patients in Washington, D.C. is attrib-
uted to a cyanobacterial bloom in a drinking water reservoir.
"Gastrointestinal illness at Sewickley, Pa, Cyanobacterial waterborne
1975 disease outbreak which struck 62 percent of the population served by
the Sewickley water utility.
Water-associated human illness in northeast Pennsylvania and its sus-
pected association with blue-green algae blooms.
Carmichael unpublished - case studies on nausea, vomiting, diarrhea,
1992 fever and eye, ear and throat infections after exposure to mass devel-
opments of cyanobacteria in drinking water.

Canada
In spite of livestock deaths and warnings against recreational use, peo-
ple did swim in a lake infested with cyanobacteria. Thirteen persons
became ill (headaches, nausea, muscular pains, painful diarrhea). In the
excreta of one patient—a medical doctor who had accidentally ingested
300mL of water—numerous cells of Microcystis spp. And some tri-
comes of Anabaena circinalis could be clearly identified.

1931

1975

1980

1959

Conclusion and Summary

CyanoHABs are an intermittent but repeated occurrence throughout the
world. They have been documented to impact water quality through pro-
duction of compounds affecting taste and odor. Selected species within
about 40 genera can produce potent toxins that can cause chronic, acute
and acute lethal poisonings to wild and domestic animals and humans. Di-
rect and indirect evidence indicates that the incidence, duration and inten-
sity of CyanoHABS is increasing throughout the world, due largely to a
decline in the quality of water supplies. While significant effort has gone
into defining the chemistry and toxicology of cyanotoxins, a worldwide ef-
fort from scientists and environmental agencies to map their occurrence
and environmental health risk is needed. An unprioritized listing for those
efforts is suggested below (Ramsdell et al. (eds.) 2005):
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1. Improved Ability to Detect HAB Species and Analyze CyanoHAB
Toxins.

2. Improved Capability for Monitoring and Forecasting CyanoHABS in
a Cost Effective and Timely Manner.

3. Improved Protection of Human Health.

N

. Improved Protection of Endangered Species and Improved Ecological
Health.

. Improved Prevention and Mitigation Strategies.

5

6. Improved Economic Cost Estimates of CyanoHAB Events.
7. Improved Economics for Aquaculture and Shellfish Safety
8

. An Educated and Informed Public.
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Chapter 4 Appendix A

Chronology of Published Articles on Cyanobacterial Outbreaks
in the U.S. 1883-2003 (Carmichael and Stukenberg 2006)



122

W. Carmichael

Date

Article Title

1883
1887
1887
1887

1903

1925

1925

1927
1931

1934
1939
1940
1943
1947
1948

1952
1953
1953

1954
1955

1955
1956

1959
1959
1960
1960

1961
1964
1966
1971

1971

Some algae of Minnesota supposed to be poisonous.

Some algae of Minnesota supposed to be poisonous.

Second report on some algae of Minnesota supposed to be poisonous
Investigation of supposed poisonous vegetation in the waters of some of the
lakes of Minnesota.

Observations upon some algae which cause water bloom(Fergus Falls,
Minnesota)

Farmer tells some news (on stock poisoning in Big Stone Lake) (South Da-
kota)

One hundred twenty seven hogs, 4 cows die after drinking water from (Big
Stone) lake, stock stricken, last Saturday, all die in short time, lake water
sent in for analysis. (South Dakota)

Plants of Michigan poisonous to livestock.

Epidemic of intestinal disorders in Charleston, W. Va., occurring simulta-
neously with unprecedented water supply conditions.

Waterbloom as a cause of poisoning in domestic animals (Minnesota)
Toxic algae in Colorado.

Toxic algae in Colorado.

Sheep poisoning by algae(Montana)

Waterbloom as a cause of poisoning in livestock in North Dakota.

A heavy mortality of fishes resulting from the decomposition of algae in the
Yahara River, Wisconsin

Illustrations of fresh water algae toxic to animals. Cincinnati, Ohio.

Toxic algae in lowa lakes.

Rice fields study report: blue-green algae—a possible anti-mosquito meas-
ure for rice fields (California)

Blue-green algae control at Storm Lake. (lowa)

Further studies during 1954 on blue-green algae—a possible anti-mosquito
measure for rice fields (California)

Domestic animal deaths attributed to algal toxins. (Illinois)

Present knowledge concerning the relationship of blue-green algae and
mosquitoes in California rice fields.

A dermatitis-producing alga in Hawaii.

Dermatitis escharotica caused by a marine alga.(Hawaii)

Water poisoning — a study of poisonous algae blooms in Minnesota.
Algae and other interference organisms in the waters of the South-Central
United States

Klamath Lake, an instance of natural enrichment. (Oregon)

Blue-greens. Waterfowl Tomorrow. (Minnesota)

Toxicity of a Microcystis waterbloom from an Ohio pond.
Dermatitis-producing alga Lyngbya majuscula Gomont in Hawaii. I. Isola-
tion and chemical characterization of the toxic factor.
Dermatitis-producing alga Lyngbya majuscula Gomont in Hawaii. I1. Bio-
logical properties of the toxic factor.
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Date

Article Title

1975
1976
1977
1977
1978
1979

1980
1981

1981
1981

1982
1984
1984
1986
1987
1988
1988

1989

1990
1990
1992

1992
1992
1993

1993

1994
1995

Pyrogenic reactions during hemodialysis caused by extramural endotoxin.
(Washington, D.C.)

Gastrointestinal illness at Sewickley, Pa.

Toxic blooms of blue-green algae. (New Hampshire)

Avre algae toxic to honey bees? (Arizona)

Dermatitis from purified sea algae toxin (debromoaplysiatoxin) (Hawaii)
Lytic organisms and photooxodative effects: influence on blue-green algae
(cyanobacteria) in Lake Mendota, Wisconsin.

Blue-green algae and selection in rotifer populations (Florida)

A toxic bloom of Anabaena flos-aquae in Hebgen Reservoir Montana in
1977.

Studies on aphantoxin from Aphanizomenon flos-aquae in New Hampshire.
Water-associated human illness in northeast Pennsylvania and its suspected
association with blue-green algae blooms.

Seaweed itch on Windward Oahu.

Toxic algae. Montana Water Quality

Antineoplastic evaluation of marine algal extracts (Hawaii)

Toxicity of a clonal isolate of the cyanobacterium (blue-green alga) Micro-
cystis aeruginosa from Lake Erie. (Ohio)

Blue green algae (Microcystis aeruginosa) hepatotoxicosis in cattle (llli-
nois)

Modeling blue green algal blooms in the lower Neuse River.(North Caro-
lina)

Anticholinesterase poisonings in dogs from a cyanobacterial (blue-green
algae) bloom dominated by Anabaena flos-aquae (South Dakota)
Consistent inhibition of peripheral cholinesterases by neurotoxins from the
freshwater cyanobacterium Anabaena flos-aquae: studies of ducks, swine,
mice and a steer ( EPA Region 5)

Isolation, characterization and detection of cyanobacteria (blue-green algae)
toxins from freshwater supplies.(Ohio)

Blue-green algae toxicosis in Oklahoma.

Identification of 12 hepatotoxins from a Homer Lake bloom of the cyano-
bacteria Microcystis aeruginosa, Microcystis viridis, and Microcystis we-
senbergii: nine new microcystins.(lllinois)

Neurotoxic Lyngbya wollei in Guntersville Reservoir, Alabama.
Outbreaks of waterborne disease in the United States: 1989-90

Chemical study of the hepatotoxins from Microcystis aeruginosa collected
in California.

Toxicosis due to microcystin hepatotoxins in three Holstein heifers.
(Michigan)

Algal toxins in drinking water? Research in Wisconsin.

Cascading disturbances in Florida Bay, USA: cyanobacteria blooms,
sponge mortality and implications for juvenile spiny lobsters, Panulirus ar-
gus.
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Date Article Title

1995 Seven more microcystins from Homer Lake cells: application of the general
method for structure assignment of peptides containing a-b-dehydroamino
acid unit(s). (Illinois)

1996 Assessment of blue-green algal toxins in Kansas

1996 Aplysiatoxin and debromoaplysiatoxin as the causative agents of a red alga:
Gracilaria coronopifolia poisoning in Hawaii.

1997 Mechanisms of ecosystem change: the role of zebra mussels in Saginaw
Bay.(Michigan)

1997 Evidence for paralytic shellfish poisons in the freshwater cyanobacterium
Lyngbya wollei (Farlow ex Gomont) comb. nov.(Alabama)

1997 Recent appearance of Cylindrospermopsis (cyanobacteria) in five hypereu-
trophic Florida lakes.

1997 Occurrence of the black band disease cyanobacterium on healthy coral of
the Florida Keys.

1998 Blue-green algae toxicosis in cattle. (Colorado)

1999 Effect of surface water on desert Bighorn sheep in the Cabeza-Prieta Na-
tional Wildlife Refuge, Southwestern Arizona.

1999 Spread of toxic algae linked to zebra mussels. (Ohio)

2000 New malyngamides from the Hawaiian cyanobacterium Lyngbya majus-
cula.

2000 Harvesting of Aphanizomenon flos-aquae Ralfs ex. Born. and Flah. var.
flosaquae (cyanobacteria) from Klamath Lake for human dietary use. (Ore-
gon)

2000 Desert Bighorn sheep mortality due to presumptive type-C botulism in
California.

2001 Microcystin algal toxins in source and finished drinking water. (Wisconsin)

2001 Confirmation of catfish, Ictalurus punctatus (Rafinesque) mortality from
Microcystis toxins (South Central U.S.)

2001 Assessment of Blue-Green Algal Toxins in Raw and Finished Drinking
Water.Denver, Colorado

2001 Zebra mussel (Driessena polymorpha) selective filtration promoted toxic
Microcystis blooms in Saginaw Bay (Lake Huron) and Lake Erie

2002 Possible importance of algal toxins in the Salton Sea, California.

2002 Clinical and necropsy findings associated with increased mortality among
American alligators of Lake Griffin, Florida.

2002 Removal of pathogens, surrogates, indicators and toxins using riverbank fil-
tration (California)

2002 Dreissenid mussels increase exposure of benthic and pelagic organisms to
toxic microcystins. (Michigan)

2003 Natural algacides for the control of cyanobacterial-related off-flavor in cat-
fish aquaquaculture (South Central U.S)

2003 A synoptic survey of musty/muddy odor metabolites and microcystin toxin

occurrence and concentration in southeastern USA channel catfish (Ictalu-
rus punctatus Rafinesque) production ponds
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Date Article Title
2003 Variants of microcystin in south-eastern USA channel catfish (Ictalurus
punctatus Rafinesque) production ponds

2003 Cyanobacterial toxicity and migration in a mesotrophic lake in western
Washington,




Chapter 5: Toxic Cyanobacteria in Florida Waters

John Burns

Florida Lake Management Society, 506 Emmett Street, Palatka, Florida
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Cyanobacteria represent a common component of algal assemblages in
Florida’s lakes, springs, estuaries, and other marine environments. The
frequency of cyanobacterial bloom reports has recently become more
common and algal toxin data are just beginning to be collected with the
advent of monitoring efforts and the availability of laboratories in the state
capable of conducting algal toxin analyses.

Given Florida’s growing population, subtropical environment, and the
eutrophic nature of its lakes, rivers, and estuaries, it is not surprising that
cyanobacteria are a common feature of aquatic ecosystems. However,
cyanobacterial blooms may have always been common in some regions
that include water bodies influenced by underlying phosphate deposits.
Phosphate deposits cover much of peninsular Florida and are mined
throughout the west—central part of the state (FIPR 2006; FDEP 2006).

Although there is little doubt that the phenomenon of cyanobacterial
blooms predates human development in Florida, the recent acceleration in
population growth and associated changes to surrounding landscapes has
contributed to the increased frequency, duration, and intensity of cyano-
bacterial blooms and precipitated public concern over their possible harm-
ful effects to aquatic ecosystems and human health. Toxic cyanobacterial
blooms in Florida waters represent a major threat to water quality, ecosys-
tem stability, surface drinking water supplies, and public health. Many of
Florida’s largest and most important lakes, rivers, and estuaries are in-
creasingly impacted by toxic cyanobacterial blooms, including the St.
Johns River (SJRWMD 2001), Lake Okeechobee (Havens et al. 1996), St.
Lucie River (FFWCC 2005), Caloosahatchee River (Gilbert et al. 2006),
and the Harris Chain of Lakes (LCWA, personal communication). Cyano-
bacteria, such as Lyngbya, are also common in many of Florida’s springs
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and along coastal reef tracts where blooms form extensive mats and blan-
ket corals and submersed aquatic vegetation. Shifts in phytoplankton com-
position to potentially toxic cyanobacteria taxa have also occurred in some
eutrophic Florida lakes (Chapman and Schelske 1997). Historically, atopic
sensitivity to cyanobacteria has been reported following exposure to algae
in lakes. For example, Heise (1949) found blue—green algae responsible
for seasonal rhinitis following exposure to algae while swimming in lakes.
Human sensitivity to cyanobacteria may be related to a hereditary predis-
position toward developing certain hypersensitivity reactions when ex-
posed to specific antigens.

There is a growing need in Florida and the other areas of the United
States to define the specific relationships among freshwater cyanobacterial
blooms, the production of secondary blooms in estuaries and marine
coastal systems, and potential ecological and human health consequences
associated with prolonged toxic bloom events. Moreover, because Florida
lacks sufficient research and biomonitoring programs for toxic cyanobacte-
ria, and little coordination exists between surface water managers and pub-
lic health officials, relationships between toxic cyanobacteria and their en-
vironmental consequences remain largely in the realm of incidental
observation and speculation.

Historically, reports of cyanobacterial blooms in Florida are often asso-
ciated with fish kill events in freshwater and estuarine systems. These re-
ports often lacked specific algal identification information and toxin data
was not collected. The earliest known record of algal toxins in Florida was
reported following the death of cattle near Lake Okeechobee (Carmichael
1992). Toxic cyanobacterial blooms in Florida were first recorded by
Wayne Carmichael in Lake Okeechobee (1987, 1989) and Lake Istokpoga
(1988). Dead cattle, signs of poisoning in laboratory mice, and contact ir-
ritation were found associated with Anabaena and Microcystis blooms.
The toxin microcystin and an unidentified neurotoxin were attributed to the
toxic effects found in Florida lake samples. Although toxic cyanobacterial
blooms had become a major concern throughout the world, and the World
Health Organization had set provisional guidelines for the consumption of
microcystin— LR (WHO 1998), little information on toxic cyanobacteria in
Florida waters had been published since those first toxic events identified
in 1992.

No Florida survey of cyanobacterial blooms or cyanobacterial toxins
had been conducted until the advent of the creation of the Florida Harmful
Bloom Task Force in 1999. The Florida Legislature created the Harmful
Algal Bloom Task Force in Chapter 370 F. S. “The Harmful-Algal-Bloom
Task Force shall: (a) Review the status and adequacy of information for
monitoring physical, chemical, biological, economic, and public health
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factors affecting harmful algal blooms in Florida; (b) Develop research and
monitoring priorities for harmful algal blooms in Florida, including detec-
tion, prediction, mitigation, and control; (c) Develop recommendations that
can be implemented by state and local governments to develop a response
plan and to predict mitigate, and control the effects of harmful algal
blooms; and (d) Make recommendations to the Florida Marine Research
Institute by October 1, 1999, for research detection monitoring, prediction,
mitigation, and control of harmful algal blooms in Florida.” In March
1999, a technical advisory group to the Harmful Algal Bloom Task Force
produced a report that identified known existing harmful algal species in
the state and made recommendations for research and monitoring priorities
(Steidinger et al. 1999). The report provided the following recommenda-
tions to the Task Force regarding toxic blue—green algae: 1) Determine dis-
tribution of toxic and non—toxic strains in Florida waters; 2) Develop epi-
demiological studies to determine what public health threats are involved;
3)Develop economic impact studies to properly evaluate losses by locale
or industry; and 4) Determine the roles of nutrient enrichment and man-
aged freshwater flow in bloom development; 5) Investigate the applicabil-
ity and efficacy of control and mitigation methods.

Following the above recommendations, the Task Force funded an inves-
tigation of the occurrence and distribution of cyanobacteria and their toxins
in 1999. The goals of the state—wide survey for the cyanobacteria survey
included: 1) identification of toxic cyanobacteria throughout Florida; 2)
identify and characterize level of cyanotoxins; 3) assist with the develop-
ment of analytical capability for algal toxin analysis within the Florida De-
partment of Health laboratory in Jacksonville, Florida; and evaluate the
presence of cyanobacterial toxins at water treatment plants that utilize sur-
face water resources.

The FHABTF, Florida Marine Research Institute, and St. Johns River
Water Management District initiated a collaborative study with the Florida
Department of Health and Wright State University to identify potential
cyanobacterial toxins in Florida’s lakes, rivers, reservoirs, and estuaries.
Samples were collected and analyzed during 1999 and then extended to
better understand the potential impacts of cyanobacterial toxins detected in
waters currently utilized for drinking water or identified as a potential fu-
ture drinking water source.

Methods employed to identify alga taxa included microscopic examina-
tion and epifluorescence. Algal toxins were characterized and quantified
by enzyme linked immunosorbant assay (ELISA), protein phosphatase in-
hibition assay (PPIA), HPLC-Fl, HPLC-UV, and LC/MS/MS. Mouse
bioassays were used to characterize toxicity by intraperitoneal injection of
freeze—dried sample extracts into ICR—Swiss male mice.
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With the assistance of numerous state and local agencies in 1999, a total
of 167 samples were collected throughout Florida, eighty—eight of these
samples, representing 75 individual water bodies, were found to contain
cyanotoxins. Approximately 80% of the samples containing cyanotoxins
were found to be lethal to mice following intraperitoneal injection. Most
bloom forming cyanobacteria genera were distributed throughout the state,
but water bodies such as Lake Okeechobee, Harris Chain of Lakes, Lower
St. Johns River, Calooshatchee River, Lake Seminole, Lake George, Cres-
cent Lake, Doctors Lake, and the St. Lucie River were water bodies that
supported extensive cyanobacterial biomass. Seven genera of cyanobacte-
ria were identified from water samples collected. Microcystis (43.1%),
Cylindrospermopsis (39.5%), and Anabaena (28.7%) were observed most
frequently and in greatest concentration. Planktothrix (13.8%), Apha-
nizomenon (7.2%), Coelosphaerium (3.6%) and Lyngbya (1.2%) were
found less frequently, but at times accounted for a significant proportion of
the planktonic and macroalgal species composition. Aphanizomenon and
Anabaenopsis were also found consistently during the 2000 survey.
Cyanobacterial blooms were common throughout the state, some of which
form long lasting or continuous blooms in eutrophic and hypereutrophic
systems. Many of the water bodies affected by cyanobacterial blooms
were identified by water management agencies as areas of current concern
or were being addressed by ongoing or proposed restoration efforts.

Algal toxins identified from bloom material during the study included
hepatotoxic microcystins, neurotoxic anatoxin—A, and the cytotoxic alka-
loid cylindrospermopsin. Subsequent identification of lyngbyatoxin—A
and debromoaplysiatoxin were found associated with Lyngbya blooms col-
lected from Florida springs and coastal embayments. Microcystins were
the most commonly found toxins in Florida waters, occurring in all 87
samples analyzed during 1999. During the 2000 survey, microcystins were
detected in pre— and post-treated drinking water. Finished water micro-
cystin concentration ranged from below detection levels to 12.5 pg L™
Microcystins are considered the most frequently found cyanobacterial tox-
ins around the world. Over 60 structural variants of this cyclic peptide
have been reported, causing considerable concern due to their high chemi-
cal stability, high water solubility, environmental persistence and exposure
to humans in surface water bodies. The World Health Organization has set
a provisional consumption limit of 1 pg L for microcystin-LR (WHO
1998). The mammalian toxicity of microcystin occurs by active transport
across membrane boundaries and is mediated through binding to protein
phosphatases (Runnegar et al. 1991; Falconer et al. 1992). Analysis of
protein phosphatase inhibition activity, an index of microcystin bioactivity,
was found to be positive in 44 (69%) of 64 Florida samples tested. There
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is limited evidence of tumor promotion (Sato et al. 1984; Falconer 1991,
Nishiwaki-Matsushima et al. 1992, Wang and Zhu 1996) and clastogenic
dose—related increases in chromosomal breakage by microcystin (Repavich
et al. 1990), but no mutagenic evidence has been reported (Runnegar and
Falconer 1982, Repavich et al. 1990).

Anatoxin—a is a potent neurotoxic alkaloid that has been frequently im-
plicated in animal and wildfowl poisonings (Ressom et al. 1994). It is
considered a nicotinic agonist that binds to neuronal nicotinic acetylcho-
line receptors which leads to depolarization and a block of electrical trans-
mission in the body (Soliakov et al. 1995). At sufficiently high doses (oral
LD50 = >5,000 pg kg body weight), it can lead to paralysis, asphyxia-
tion, and death (Fitzgeorge et al. 1994, Carmichael 1997). Although alter-
native hypotheses exist to help explain alligator mortalities in Florida
lakes, unexplained bird and alligator mortality events during cyanobacte-
rial blooms may be due to exposure to neurotoxic compounds produced by
species of Anabaena, Aphanizomenon, and Cylindrospermopsis. Ana-
toxin—a was found in three finished water samples and in tissues from Blue
Tilapia and one White Pelican during surveys in 2000. Anatoxin—a was
found in the gut and liver of a White Pelican and in Blue Tilapia (0.51 to
43.3 pltg g ) and in finished drinking water (below detectable limits to 8.46
pgL7).

All 1999 samples containing the organism Cylindrospermopsis were
positive for the toxin cylindrospermopsin. Nine (9) finished drinking wa-
ter samples collected during the 2000 survey were positive for cylindros-
permopsin and ranged in concentration from 8.07 to 97.12 ug L. Identi-
fication of the algal toxin cylindrospermopsin during this study represented
the first record of this hepatotoxic alkaloid in North America. This toxin
primarily affects the liver, but extracts given orally or injected in mice also
induce pathological damage to kidneys, spleen, thymus, and heart (Haw-
kins et al. 1985, 1997). Cylindrospermopsin is a potential important con-
taminant of drinking waters in Australia, Central Europe, South America,
and the United States. The toxin was identified after 138 children and 10
adults were poisoned following a Cylindrospermopsis bloom and copper
sulfate applications in a water supply reservoir on Palm Island, Australia
(Hawkins et al. 1985). Over 69% of the affected individuals required in-
travenous therapy for electrolyte imbalance, and the more severe cases for
hypovolemic and acidotic shock (Byth 1980). The oral toxicity or lethal
dose of cylindrospermopsin has been reported between 4.4 and 6.9 mg kg
mouse body weight with death occurring 2-3 days after treatment (Hump-
age and Falconer 2002). In experiments where cell free extract of Cylin-
drospermopsis was administered to mice in drinking water over 90 days,
no pathological symptoms were recorded up to a maximum dose of 150
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mg kg™ day” (Shaw et al. 2001). Humpage and Falconer (2002) suggest a
Tolerable Daily Intake and Guideline Value for cylindrospermopsin in
drinking water of 1 pg L'based on an oral No Observed Adverse Effect
Level of 30 ug kg day” and a Lowest Observed Adverse Effect Level of
60 pg kg day™.

Lyngbyatoxin—a and debromoaplysiatoxin have been identified from
Lyngbya samples collected from Florida springs and marine embayments,
respectively (J. Burns, N. Osborne, and G. Shaw, unpublished data). The
aplysiatoxins and lyngbyatoxins are considered dermatotoxic alkaloids,
causing severe dermatitis among swimmers and other recreational users of
water bodies that come into direct contact with the organism (Mynderse et
al. 1977, Fujiki et al. 1982). Aplysiatoxins are lethal to mice at a minimum
dose of 0.3 mg kg (Moore 1977). Aplysiatoxins and lyngbyatoxins are
also considered potent tumor promoters and protein kinase C activators
(Fujiki et al. 1990). Osborne et al. (2001) reviewed the human and eco-
logical effects of Lyngbya majuscula blooms and reported acute contact
dermatitis in Hawaii, Japan, and Australia. One potential death due to ex-
posure via ingestion of turtle meat containing lyngbyatoxin— a was re-
ported by Yasumoto (2000). Severe dermatitis has also been reported in
Florida following recreational activities in waters supporting Lyngbya
blooms in Florida’s springs (John Burns, Ian Stewart and G. Shaw, unpub-
lished data). Lyngbya mats have been detected along coral reef tracts adja-
cent to the southeast coast of Florida near Dade and Broward counties. Al-
though no toxins have been detected from the limited number of samples
analyzed, thick mats of Lyngbya have smothered corals, causing severe
damage to the reef.

To date, toxic cyanobacterial blooms continue to occur throughout Flor-
ida and no state—wide monitoring program for cyanobacteria or cyanobac-
terial toxins exists. No Florida guidelines for recreational exposure to toxic
cyanobacteria or cyanobacterial toxins in drinking water are available.
However, several independent monitoring efforts for cyanobacteria and
their toxins have been initiated and the Florida Harmful Algal Bloom Task
Force has helped fund the following efforts, “Cyanobacteria Automated
Detection Workshop”, “Cylindrospermopsis Culture for Production of Cyl-
indrospermopsin”, and “Cyanobacteria Public Health Issues: Education
and Epidemiologic Study Monitoring and response efforts have been initi-
ated by the St. Johns River Water Management District (Lower St. Johns
River Basin), South Florida Water Management District (Lake Okeecho-
bee), Lake County Water Authority (Harris Chain of Lakes), Florida Lake
Watch, and several water utilities in the state that utilize surface waters for
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drinking water supply. One of the most severe blooms ever recorded in
Florida occurred in the Lower St. Johns River during the summer of 2005
(Fig. 1,2,3 see Color Plate 3), extending from Lake George to the mouth
of the river at Mayport, Florida. Large rafts of toxic algal scum were
slowly transported north through the city of Jacksonville to the Atlantic
Ocean by tide. Microcystis and Cylindrospermopsis were the dominant
bloom forming species, with microcystin detected as high as ~1,400 pg L™
(SJRWMD 2005). One human death was reported during the bloom event
following recreational contact (i.e., jet skiing) with surface algal scums. It
was reported that a young female with an open leg wound contracted a le-
thal Vibrio infection following recreational contact with waters of the St.
Johns River near Jacksonville, Florida. Although the Vibrio infection was
not related to algal toxin poisoning, it is important to recognize that the
presence of cyanobacterial blooms and the concentration of algal scums
along shorelines may increase the likelihood of human exposure to other
bacteria and pathogens that thrive in such conditions. The Florida De-
partment of Health released a public health advisory that warned the public
to refrain from use of the river during the bloom event. During the sum-
mer of 1995, toxic Microcystis blooms also occurred in Lake Okeechobee,
Calooshatchee River, St. Lucie River, and the West Palm Beach Canal (C—
51). Canal gates near the entrance to an existing water supply for a water
treatment plant in south Florida were temporarily closed during the bloom
event to protect the quality of existing surface water supplies.

-

Microcystis Bloom - St, Johns River m

Fig. 1. Mycrocystis Bloom—St. Johns River mid-channel south of the Buckman
Bridge. (See Color Plate 3).
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Microcystis Bleom - 1-295 (Buckman Bridge) over the St Johns River - 08.19.05 - 2:43pm

BT L T e e —

Fig. 2. Microcystis Bloom—I295 (Buckman Bridge) over the St. Johns River.
(See Color Plate 3).

Microcystis Bloom - East °§'}°J'.s‘§?"x'ﬁ.ﬁ‘&“.ﬂ.ﬁ"“"" - 08.19.05 - T4Zpm
Fig. 3. Microcystis Bloom — East bank of the St. Johns River — Mandarin.
(See Color Plate 3).

Summary

The occurrence of toxic cyanobacterial blooms in Florida waters have be-
come more prominent following increased growth, declining groundwater
supplies, and identification of impaired surface waters as future drinking
water sources. Cyanobacterial toxins have been identified in source waters
used for drinking water supply and in post-treated drinking water during
algal bloom events. Algal toxin concentrations in post—treated drinking
water have exceeded existing and proposed World Health Organization
guidelines for the oral consumption of microcystin and cylindrospermop-
sin. Severe dermatitis has also been reported by swimmers in Florida
springs where Lyngbya mats have expanded.
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The prevalence and toxicity of cyanobacteria should be considered when
developing appropriate Total Maximum Daily Loads for impaired Florida
waters that do not currently meet their designated use. It could also sup-
port further efforts to characterize potential ecological and human health
risks due to toxic cyanobacterial blooms. Identification of algal toxins in
finished drinking water and reports of severe skin irritation following con-
tact with toxic cyanobacteria should be utilized for justification and im-
plementation of increased monitoring of potentially toxic cyanobacterial
blooms by surface water managers and water utilities. Epidemiological
studies may also be required in Florida to assess potential human health
risks due to algal toxin consumption at the tap and for those exposed to
cyanotoxic blooms during recreational use of lakes, springs and rivers.

Without adequate water treatment and coordinated state—wide monitor-
ing efforts, it is anticipated that the likelihood for human exposure to
cyanobacteria and their toxins will increase as Florida becomes more de-
pendent upon surface waters to supply a growing population and an ex-
panding urban environment. Coordination and communication between
surface water managers and public health officials at the local level will be
critical to the overall protection of the environment and public health dur-
ing toxic cyanobacterial bloom events.
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Abstract

Nebraska agencies and public health organizations collaboratively ad-
dressed cyanobacterial issues for the first time after two dogs died within
hours of drinking water from a small private lake south of Omaha on May
4, 2004. A necropsy on one of the dogs revealed that the cause of death
was due to ingestion of Microcystin toxins. Within two weeks after the dog
deaths, state and local officials jointly developed strategies for monitoring
cyanobacterial blooms and issuing public health alerts and advisories.
Weekly sampling of public lakes for microcystin toxins and cyanobacteria
was initiated during the week of May 17, 2004. ELISA laboratory equip-
ment and supplies were purchased to achieve a quick turnaround time for
measuring weekly lake samples for total microcystins so that public health
advisories and alerts could be issued prior to each weekend’s recreational
activities. A conservative approach was selected to protect human health,
pets, and livestock, which included collecting worst-case samples from
cyanobacterial blooms; freezing and thawing of samples to lyse algal cells
and release toxins prior to laboratory analysis; and using action levels of 15
ppb and 2 ppb of total microcystins, respectively, for issuing health alerts
and health advisories. During 2004, five dog deaths, numerous wildlife and
livestock deaths, and more than 50 accounts of human skin rashes, lesions,
or gastrointestinal illnesses were reported at Nebraska lakes. Health alerts
were issued for 26 lakes and health advisories for 69 lakes. Four lakes were
on health alert for 12 or more weeks. The primary cyanobacterial bloom-
forming genera identified in Nebraska lakes were Anabaena, Aphanizome-
non, and Microcystis. Preliminary assessments of lake water quality data
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indicated that lower lake levels from the recent drought and low nitrogen to
phosphorus ratios may have contributed, in part, to the increased numbers
of cyanobacterial complaints and problems that occurred in 2004.

Background

Over the past two decades, occasional pet, livestock, and wildlife deaths, and
human skin rashes and gastrointestinal illnesses have been associated with
lakes and ponds in Nebraska, but rarely were cyanobacterial blooms sus-
pected as the cause. In October 2003, a workshop taught by Dr. Russell
Rhodes of Southwest Missouri State University for several Nebraska agen-
cies, raised awareness of the frequency and magnitude of cyanobacterial
problems in the United States and throughout the world. On May 4, 2004,
after two dogs died within a few hours of drinking water from Buccaneer
Bay Lake near Plattsmouth, Nebraska agencies began to actively address
cyanobacterial issues for the first time. A water sample and a necropsy on
one of the dogs revealed that the dog deaths were likely due to high levels of
the cyanobacteria toxin Microcystin LR. The Microcystin LR concentration
of the water was 69.4 ppb. These dog deaths were reported in the national
news and investigated by the Centers for Disease Control and Prevention.
During this same timeframe, three more dog deaths were reported at two
other lakes with cyanobacterial blooms. Meetings were held between the
Nebraska Department of Environmental Quality (NDEQ), Nebraska Health
and Human Services System (NHHSS), Nebraska Game and Parks Com-
mission (NGPC), and the University of Nebraska-Lincoln (UNL). Excellent
cooperation and quick action were demonstrated by these agencies in devel-
oping joint strategies for cyanobacterial monitoring and public notification
within two weeks after the dog deaths occurred at Buccaneer Bay Lake.

Methods

NDEQ purchased Enzyme-Linked Immunosorbent Assay (ELISA) labora-
tory test kits for analyzing the levels of total microcystins in Nebraska lakes.
ELISA kits provided a low cost, semi-quantitative analytical method for
measuring concentrations of total microcystins, which are the most common
toxins released by cyanobacteria. In 2004, analysis of 748 samples using
ELISA test kits instead of High Performance Liquid Chromatography
(HPLC) or Liquid Chromatography/Mass Spectrometry (LC/MS) analyses
resulted in an estimated savings of $77,000. Another advantage of analyz-
ing water samples with ELISA Kits was the quick turnaround time, which al-
lowed weekly updates of lake microcystin conditions and public health alerts
and advisories prior to each weekend’s recreational activities. NDEQ initi-
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ated a weekly microcystin monitoring program on May 17, 2004, which tar-
geted public and private lakes with known or suspected cyanobacterial prob-
lems. Citizen complaints were also important in providing information on
lakes where blooms were occurring. UNL coordinated a volunteer monitor-
ing program for private lakes, and upon request, supplied lake homeowners
with a sample kit. Samples returned to UNL were analyzed under a micro-
scope for cyanobacterial genera and relative biomass estimates. UNL re-
ferred samples with a high biomass of cyanobacterial genera to NDEQ for
analysis of total microcystins. Likewise, NDEQ referred samples with high
levels of total microcystins to UNL for microscopic identifications and bio-
mass estimates. A weekly routine was established in which water samples
were collected and delivered to the laboratory on Monday and Tuesday,
processed using freeze-thaw methods on Wednesday, and analyzed on
Thursday. Sample results were reported on Thursday, and, if necessary,
warning signs were posted at lakes on Friday.

Because of its initial unfamiliarity with cyanobacterial issues, Nebraska
chose to err on the side of safety by selecting conservative approaches for
protecting public health, which included measuring worst-case cyanobac-
terial bloom conditions and human exposure risks, and using ELISA kits to
analyze samples. The ELISA kits measured all microcystin congeners, not
just the LR congener. Therefore, sample results measuring all microcystin
congeners were compared to the World Health Organization (WHO) action
level for only one of the congeners, Microcystin LR. Also, lake samples
were frozen and thawed three times prior to analysis with the ELISA Kkits
to lyse the cyanobacterial cells and release the toxins. Thus, the sample re-
sults were likely higher than the free microcystin levels in the lakes. This
was done to simulate the exposure risk that might exist from ingestion of
lake water and the release of toxins from cyanobacterial cells in the stom-
ach. These conservative procedures provided a safety margin in case grab
samples failed to measure the highest concentrations of total microcystins
in a lake, or other cyanobacterial toxins such as anatoxins, saxitoxins, or
cylindrospermopsins, which are not measured by the ELISA Kkit, were pre-
sent. In 1998, WHO recommended that Microcystin LR concentrations of
20 ppb or higher should trigger further action for recreational uses. Ne-
braska chose an initial, more conservative action level of 15 ppb of total
microcystins for issuing health alerts in 2004, and a level of 2 ppb of total
microcystins for issuing health advisories. The action level of 15 ppb of
total microcystins was selected because it was more protective than the 20
ppb of Microcystin LR recommended by WHO. Methods used to notify
the public about potential health concerns from exposure to cyanobacteria
included the development of a fact sheet about cyanobacteria (Fig. 1);
weekly updates to microcystin sampling results and health alerts on the
NDEQ web site (Fig. 2); emails to interested agencies and organizations;
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news releases and interviews with newspapers, radio, and TV stations; and pos-
ting of warning signs at lake beaches and boat ramps (Fig. 3 see Color Plate 4).

Results and Discussion

On Monday, July 12, 2004, the east swimming beach at Pawnee Lake near
Emerald, Nebraska was sampled for total microcystins after a dense algal
bloom was observed during routine E. coli monitoring. E. coli concentra-
tions were slightly elevated (276/100ml compared to the single sample crite-
rion of 235/100 ml), and the most recent five-sample geometric mean of
179/100 ml exceeded the geometric mean criterion of 126/100 ml; however,
E. coli concentrations of this magnitude are relatively common in Nebraska
lakes. No documented complaints about gastrointestinal illnesses after
swimming in Nebraska lakes had ever been received by state officials prior
to the weekend of July 17-18, 2004. Levels of total microcystins at the east
swimming beach exceeded 15 ppb on July 12, 2004, and a health alert was
issued for Pawnee Lake on Thursday, July 15. Local authorities were asked
to post signs at the boat ramp and at both swimming beaches on Pawnee
Lake prior to the weekend of July 17-18. Unfortunately, due to the short no-
tice and logistics of mass-producing warning signs, only one sign was posted
at the east swimming beach, and no signs were posted at the boat ramp or
west swimming beach. Heavy public use of the lake occurred that weekend,
and more than 50 calls were received from the public, complaining about
symptoms such as skin rashes, lesions, blisters, vomiting, headaches, and di-
arrhea after swimming or skiing in Pawnee Lake. Although unfortunate, this
incident provided evidence that the initial health alert action level adopted in
Nebraska was indicative of a serious health threat, and that the state needed
to do a better job of informing the public. During 2004, in addition to five
dog deaths and the Pawnee Lake human health problems, several livestock
and wildlife deaths and additional complaints of skin rashes and gastrointes-
tinal illnesses were reported at other lakes. No cyanobacterial toxin data
were collected in Nebraska prior to 2004; therefore, trends regarding the in-
cidence of cyanobacterial harmful algal blooms could not be determined.
However, the numbers of cyanobacterial problems reported in 2004 were
unprecedented. A total of 671 microcystin samples (748 including QC sam-
ples) were collected from 111 different lakes in 2004, resulting in health
alerts for 26 lakes and health advisories for 69 lakes. A total of 22 of the 26
health alert lakes (84.6%) were located in the eastern one-third of Nebraska
(Fig. 4). Most of the state’s population lives in eastern Nebraska, which is
intensively farmed with many areas of high to very high erosion potential.
Most lakes in this area typically receive high nutrient loadings. Also, hous-
ing developments are common at sandpit lakes along the Platte River in
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eastern Nebraska, and many of these are suspected of having failing septic
systems, which may contribute to the nutrient levels of these lakes.

High concentrations of total microcystins (>15 ppb) were measured in
Nebraska lakes from May through December, although health alerts and
advisories occurred most frequently during the months of July, August,
and September. Preliminary remote sensing data indicated that cyanobac-
terial succession in lakes varied significantly throughout the year, even
among lakes located in close proximity to one another (e.g. Fremont State
Lakes). Four lakes (Carter Lake near Omaha, Swan Creek Lake (5A) near
Tobias, Pawnee Lake near Emerald, Iron Horse Trail Lake near Humboldt)
were on health alert status for 12 or more weeks during 2004. The most
common cyanobacterial genera identified in Nebraska lake samples were
Anabaena (32.0%) and Microcystis (30.0%), followed by Oscillatoria
(14.3%) and Aphanizomenon (4.9%). A total of 24.8% of the lake sam-
ples analyzed in response to citizen complaints had a high or very high
biomass of cyanobacteria. Preliminary assessments of concentrations of
total microcystins and ancillary data indicated that lower water levels from
the recent drought conditions and lower nitrogen to phosphorus ratios may
have contributed, in part, to the increased numbers of cyanobacterial com-
plaints and problems that occurred in 2004. To date, no problems with
levels of total microcystins have been documented in drinking water
sources in Nebraska. However, 85% of the state’s residents use groundwa-
ter as their source of drinking water and the remaining 15% primarily ob-
tain their drinking water from the Missouri River.

New Developments

Several changes to the microcystin sampling and public notification proto-
cols were made in 2005. The health alert action level was raised from 15 to
20 ppb to correspond more closely with the WHO recommended action
level for recreation. However, it should be noted that the Nebraska action
level of 20 ppb of total microcystins is still more protective than the WHO
action level of 20 ppb, which is based solely on Microcystin LR concentra-
tions. Lakes were placed on health alert status in 2005 if the weekly total
microcystins concentration equaled or exceeded the 20 ppb action level.
However, once a health alert was issued for a lake, the weekly total micro-
cystins concentration had to fall below 20 ppb for two consecutive weeks
before the lake was removed from health alert status. In contrast, lakes were
dropped from health alert status in 2004 based on weekly changes in levels
of total microcystins. In addition, the health advisory action level of 2 ppb
was dropped in 2005 because using both an advisory level and an alert level
was confusing to the public. In 2005, swimming beach sampling protocols
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were changed to better represent the lake conditions that most adults and
children are exposed to. Grab samples were collected at the mid-point of
designated swimming areas in knee-deep water. In 2004, worst-case sam-
ples were often collected from surface scums along the shorelines.

Special studies were initiated in 2005 to better identify causes and eco-
logical consequences of cyanobacterial blooms. NDEQ contracted with
UNL to conduct a cyanobacterial remote sensing project. This project will
evaluate the potential of remote sensing as a tool for early detection of
cyanobacterial harmful algal blooms based upon analysis of images acquired
by aircraft overflights and in-situ monitoring. Spectrally based algorithms
will be developed for detecting and quantifying in real time the presence of
pigments associated with cyanobacteria, including phycocyanin (a blue pig-
ment found in cyanobacteria) and chlorophyll a. A preliminary map of phy-
cocyanin mask images for the Fremont State Lakes showing the presence of
cyanobacteria is displayed in Fig. 5. Images or maps of cyanobacterial
blooms may also be useful in guiding field sampling efforts. Another objec-
tive of this project is to develop a model for predicting cyanobacterial
blooms based on parameters such as zooplankton, phytoplankton, total mi-
crocystins, nutrients, turbidity, pH, water temperature, depth, stratification,
air temperature, wind, cloud cover, and precipitation. A study of the con-
centrations of total microcystins in fish tissue will be conducted in 2005 to
determine if fish caught from health alert lakes are safe to eat. Fish fillets
and entrails of various game fish species from three lakes, Pawnee Lake,
Fremont Lake #20, and Carter Lake, which have most frequently been on
health alert status in 2004 and 2005, will be analyzed for levels of total mi-
crocystins. Nebraska currently advises the public not to eat whole fish from
health alert lakes and to consider practicing catch and release as a safety pre-
caution. The results of this study will be used to modify existing fish con-
sumption advisories. Future studies will analyze lake samples for individual
cyanotoxins such as Anatoxin-a; Cylindrospermopsin; Microcystin LR, LA,
LF, LW, and RR; and chemical and physical water quality parameters and
plankton population dynamics, which may help explain why some lakes
have persistent cyanobacterial problems.

In 2005, an interagency workgroup was formed to discuss and recommend
potential methods for preventing, controlling, and mitigating cyanobacterial
blooms in different types of lakes including large flow-through impound-
ments > 25 acres (i.e. reservoirs built for flood control and irrigation), small
flow-through impoundments < 25 acres (i.e. farm and urban ponds), and
closed systems (i.e. oxbow lakes, sand and barrow pits). Preliminary rec-
ommendations include reducing nutrient inputs; installing watershed treat-
ments to reduce nutrient runoff; dredging to remove in-lake sediments, nu-
trients, and increase depth; controlling rough fish populations; applying
alum treatments to inactivate phosphorus; and applying algacides. The ef-
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fectiveness and cost of these options are limited by factors such as lake size,
watershed size, outlet structure, sources of water, and remediation costs.

NEWS RELEASE
Issued jointly from the
Nebraska Department of Health and Human Services
Regulation and Licensure
Nebraska Department of Environmental Quality
Nebraska Game and Parks Commission
UN-L Water Quality Extension Program

Contact

Brian McManus, Department of Environmental Quality, (402) 471-4223
Kathie Osterman, Communications and Legislative Services, (402) 471-9313
Jim Carney, Game and Parks Commission, (402) 471-5547

Tadd Barrow, UN-L Water Quality Extension, (402) 472-7783

FACT SHEET:
Precautions and facts regarding toxic algae

What is toxic blue-green algae?

Although it technically is not a true algae, what is commonly referred to as toxic
blue-green algae refers to certain strains of cyanobacteria that produce toxins.
These toxins were found in a number of Nebraska lakes in 2004.

Toxic blue-green algae can dominate the algal populations of a lake under the
right combinations of water temperature, low water depths, and nutrients (such as
high nitrogen and phosphorus concentrations from wastewater discharges and/or
runoff from agricultural land and communities).

What should I look for to avoid toxic algae?

The toxic strains of blue-green algae usually have heavy surface growths of pea-
green colored clumps, scum or streaks, with a disagreeable odor and taste. It can
have a thickness similar to motor oil and often looks like thick paint in the water.
Algae blooms usually accumulate near the shoreline where pets and toddlers have
easy access and the water is shallow and more stagnant. It is important to keep a
watchful eye on children and pets so that they do not enter the water. Aspects to
watch out for include:

Water that has a neon green, pea green, blue-green or reddish-brown color.
Water that has a bad odor.

Foam, scum or a thick paint-like appearance on the water surface.

Green or blue-green streaks on the surface, or accumulations in bays and along
shorelines.

Fig. 1. Fact sheet about cyanobacteria (toxic algae)
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What are the risks and symptoms?

Pets and farm animals have died from drinking water containing toxic blue-green
algae (or licking their wet hair/fur/paws after they have been in the water). Blue-
green algae toxins have been known to persist in water for several weeks after the
bloom has disappeared.

The risks to humans come from external exposure (prolonged contact with skin)
and from swallowing the water. Symptoms from external exposure are skin rashes,
lesions and blisters. More severe cases can include mouth ulcers, ulcers inside the
nose, eye and/or ear irritation and blistering of the lips. Symptoms from ingestion
can include headaches, nausea, muscular pains, central abdominal pain, diarrhea
and vomiting. Severe cases could include seizures, liver failure, respiratory arrest
— even death, although this is rare. The severity of the illness is related to the
amount of water ingested, and the concentrations of the toxins.

Are some people more at risk?

Yes. Some people will be at greater risk from toxic blue-green algae than the gen-
eral population. Those at greater risk include:

Children. Toddlers tend to explore the shoreline of a lake, causing greater oppor-
tunity for exposure. Based on body weight, children tend to swallow a higher vol-
ume of water than adults, and therefore could be at greater risk.

People with liver disease or kidney damage and those with weakened immune sys-
tems.

Here are some tips on what you can do, and things to avoid:

Be aware of areas with thick clumps of algae and keep animals and children away
from the water.

Don’t wade or swim in water containing visible algae. Avoid direct contact with
algae.

Make sure children are supervised at all times when they are near water. Drown-
ing, not exposure to algae, remains the greatest hazard of water recreation.

If you do come in contact with the algae, rinse off with fresh water as soon as pos-
sible.

Don’t boat or water ski through algae blooms.

Don’t drink the water, and avoid any situation that could lead to swallowing the
water.

Fig. 1. (cont.) Fact sheet about cyanobacteria (toxic algae)
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Is it safe to eat fish from lakes that are under a Health Alert?

The toxins have been found in the liver, intestines and pancreas of fish. Most in-
formation to date indicates that toxins do not accumulate significantly in fish tis-
sue, which is the meat that most people eat. It is likely that the portions of fish that
are normally consumed would not contain these toxins. However, it is ultimately
up to the public to decide whether they want to take the risk, even if it is slight.
Fishing is permitted at lakes that are under a Health Alert, but anglers may want to
consider practicing catch and release at these lakes.

Where can | find out more information about lake sampling for toxic algae?

The Nebraska Department of Environmental Quality is conducting weekly and
monthly sampling at select public lakes that are either popular recreational lakes,
or have historically had toxic algae problems. This information is updated weekly
on the agency web site, www.deq.state.ne.us.

What should I do if I have concerns regarding a private lake?

As part of the University of Nebraska Water Quality Extension Program, UN-L
has developed a "Volunteer Monitoring Program” and lake test kits that will be
sent to interested lake associations, owners, etc. so they can collect a sample and
send it to UN-L for analysis. To obtain more information and a test kit please con-
tact the program at (402) 472-7783, or (402) 472-8190.

If 1 think a public lake has a toxic algae bloom, who do I call?

Please contact the Department of Environmental Quality’s Surface Water Section
at (402) 471-0096, or (402) 471-2186.

If I am experiencing health symptoms, who do I call?

If you experience health symptoms, notify your physician, and also report it to the
Nebraska Health and Human Services System at (402) 471-2937. You can also
contact the Nebraska Regional Poison Center at 800-222-1222 for more informa-
tion.

For more information, contact
Morelnfo@NDEQ.state.NE.US

Nebraska Department of Environmental Quality
1200 "N" Street, Suite 400

PO Pox 98922

Lincoln, Nebraska 68509

(402) 471-2186 FAX (402) 471-2909

Fig. 1. (cont.) Fact sheet about cyanobacteria (toxic algae)
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TOXIC BLUE-GREEN ALGAE SAMPLING RESULTS

DEQ is conducting weekly and monthly sampling for toxins at a number of public
recreational lakes across Nebraska, and the results will be updated weekly, usually
on Fridays. Depending on circumstances, there may be additional lakes added to
the weekly sampling schedule.

Samples taken: September 19 and 20, 2005, unless noted otherwise
Analysis completed: September 23, 2005

The analysis of recent sampling shows that the following lakes are currently
considered in Health Alert status:

Conestoga Reservoir
Kirkman’s Cove
Pawnee Reservoir

An explanation of Health Alert: This designation means that the state believes
that the level of toxins in the water make it unsafe for full-body recreational activi-
ties, such as swimming.

During a Health Alert at a public lake, signs will be posted advising the public to
use caution. Affected swimming beaches will be closed. Boating and other recrea-
tional activities will be allowed, but the public will be advised to use caution and
avoid prolonged exposure to the water, particularly avoiding any activity that
could lead to drinking the water.

The level established in 2005 for a Health Alert is 20 parts per billion of total mi-
crocystins. Lakes under Health Alert will be sampled weekly, and the Health Alert
will stay in effect until the level stays below 20 parts per billion for two consecu-
tive weeks.

Fig. 2. Weekly updates to total microcystins sampling results and health alerts on
the NDEQ web site (www.deq.state.ne.us).
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The chart below shows the lakes that were sampled, and the level of toxin found at
the lake.

Lake Name County Level of Total Microcystins Is it on alert?
(ppb)
Bluestem Res. at Lancaster 0.11 No
swimming beach
Carter Lake at north  Douglas  Area 10 beach — 3.45 No
boat ramp* Lieber’s Point beach — 4.68
Conestoga Res. at boat Lancaster >30 YES
ramp
Fremont Lake #9 at Dodge 0.44 No
Fremont Beach
Fremont Lake #10 at  Dodge 0.09 No
Brick’s Bay Beach
Fremont Lake #20 Dodge East beach — 3.80 No
West Beach — 3.59
Iron Horse Trail at Pawnee 0.45 No
swimming beach
Kirkman’s Cove Richardson15.18 YES—must
remain below
20 ppb for 2
cons. WKks
Louisville Lake #2 at Cass 3.61 No
swimming beach
Maskenthine Lake at  Stanton  0.97 No
steel pier
Pawnee Reservoir Lancaster East beach —>30 YES
West beach — not sampled
Summit Lake at swim- Burt 2.18 No
ming beach
Wagon Train Lake at Lancaster 0.00 No

swimming beach
*The north boat ramp is located on the Nebraska side of Carter Lake.

Fig. 2. (cont.) Weekly updates to total microcystins sampling results and health
alerts on the NDEQ web site (www.deq.state.ne.us).
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If a private lake is under a Health Alert, the Nebraska Department of Environ-
mental Quality will inform the head of the lake association or other lake represen-
tative, and ask them to take the appropriate measures to ensure users of the lake
are informed of the potential hazards.

For more information about toxic blue-green algae, please see the related Fact
Sheet.

For more information, contact

Morelnfo@NDEQ.state.NE.US

Nebraska Department of Environmental Quality
1200 "N Street, Suite 400

PO Box 98922

Lincoln, Nebraska 68509

(402) 471-2186 FAX (402) 471-2909

Nebraska.gov | Security, Privacy & Accessibility Policy

Fig. 2. (cont.) Weekly updates to microcystins sampling results and health alerts
on the NDEQ website (www.deg.state.ne.us).
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Fig. 3. Posting of warning signs at lake beaches and boat ramps. (See Color Plate 4).




2004 Toxic Algae Health Alert Sites
Nebraska Department of Environmental Quality

[index Water Body Index Water Body
E Carter Lake north of Omaha 14 Olive Creek Reservolr near Kramer
| 2 Bellevue Rod & Gun Club south lake near Bellevue 15 Conestoga Reservoir near Denton
L3 Hanson Lake #4 south of Bellsvue 16 Pawnee Reservolr near Emerald

4 Hanson Lake £1 south of Bellevue 17 Redtall WMA near Dwight

5 Hanson Lake #2 south of Bellevue 18 Maskentine Reservoir near Stanton

6 Buccaneer Bay Lake near Plalismouth 19 Swan Lake #5A near Tobias

T Kirkman's Cove near Humboldt 20 Alexandria SRA West Lake
| 8 Iron Horse Trail Reservoir near DuBois 21 Hidden Lake near Grand Island

9 Thomas Lake near Ashland 22 Arends Lake near Grand Island

10 Fremont Lake #20 near Fremont 23 Red Willow Reservolr near McCook

11 Wagon Train Reservoir near Hickman 24 Merritt Reservoir near Valentine

12 Wedgewood Lake in Lincoln 25 Enders Reservoir near Imperial

13 Czechland Reservoir near Pragus 26 Lake McConaughy near Ogallala

Octoner 2001

Fig. 4. Location of health alert lakes in 2004.
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Fremont State Lakes
August 16™, 2005

Phycocyanin mask

absent present

Fig. 5. Map of phycocyanin mask images for the Fremont State Lakes showing the presence of cyanobacteria.
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Chapter 7: Cyanobacterial Toxins in New York
and the Lower Great Lakes Ecosystems

Gregory L Boyer

Department of Chemistry, State University of New York, College of Envi-
ronmental Science and Forestry, Syracuse NY 13210

Abstract

Toxic cyanobacterial blooms are an increasing problem in the lower
Laurentian Great Lakes. To better understand their occurrence and distri-
bution, samples for particulate toxin analysis were collected from more
than 140 New York Lakes including Lakes Erie, Champlain and Ontario.
Microcystins were of most importance and were detected in nearly 50% of
the samples. Anatoxin-a, cylindrospermopsin and the paralytic shellfish
toxins occurred much less frequently (0-4%). The implications for the
management of cyanobacterial harmful algal blooms are discussed.

Introduction

The North American Great Lakes located between the United States and
Canada collectively provide drinking water for more than 22 million peo-
ple. In addition, numerous smaller lakes provide recreational opportunities
for inhabitants and visitors to the northeastern US. Historically, very little
is know historically about the occurrence of cyanobacterial toxins in New
York State waters, despite the early isolation of a paralytic shellfish toxin
(PST)—producing strain (Aphanizomenon schizoide aka Aph. flos—aquae)
from nearby Vermont in the 1960s (Sawyer et al. 1968), and extensive
work by Paul Gorham and coworkers at the National Research Council of
Canada in the 1950s and 1960s documenting toxic cyanobacterial blooms
in the nearby Canadian lakes and ponds (Gorham 1962, Gorham et al.
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1964). This situation achieved a much higher awareness following the
large outbreak of toxic Microcystis bloom in the western basin of Lake
Erie in the mid 1990’s (Brittain et al. 2000). Additional outbreaks have
occurred in subsequent years where concentrations of microcystins have
reached levels as high as 20 pg microcystin—LR equivalents (MC-LR.)
L™ (Oullette et al. 2005, Rinta Kanto et al. 2005). In 1998 and 1999, sev-
eral dogs died at public campgrounds located along the shores of Lake
Champlain after coming in contact with algal scums washed up along the
shoreline (Boyer et al. 2004). Preliminary investigations indicated that the
cause of death in these animals was likely due to ingestion of the neuro-
toxin anatoxin—-a. In response to these highly publicized events, the Na-
tional Oceanographic and Atmospheric Administration (NOAA), through
their Monitoring and Event Response for Harmful Algal Blooms (MER-
HAB) program, the Centers for Disease Control (CDC) and the NOAA’s
Sea Grant programs initiated extensive field studies to better understand
the occurrence and distribution of these toxins in New York waters and the
lower Great Lakes. The results from five years of these field studies span-
ning from 2000 — 2004 are summarized here.

Methods

Sampling methodology has steadily evolved over the 5 years of this study.
More than 2500 samples were collected from over 1000 sites at 81 differ-
ent New York lakes. This includes large lakes such as Lake Erie, Lake
Ontario and Lake Champlain, intermediate-sized bodies of water such as
the New York Finger Lakes and Oneida Lake, and smaller impoundments
and lakes such as Lake Neatahwanta and Labrador Pond. Samples were
collected at a variety of times throughout the growing season (June — Oc-
tober) with the bulk of the samples collected in late July and early Septem-
ber, times of peak cyanobacterial abundance. Early in the study (year
2000), 1 liter grab samples were collected from a depth near the surface of
the water body and vacuum filtered through a 47mm 945AH glass fiber fil-
ter. These filters were immediately frozen on dry ice in the field and re-
turned to the laboratory for extraction and analysis. The aim of these stud-
ies was to achieve large geographical coverage and samples were collected
from 58 different lakes and over 150 sites, but generally only once during
the season in late July and early August. In subsequent years, sampling
focused more on single bodies of water (Lake Erie, Lake Ontario, Oneida
Lake, Lake Champlain, etc.) with multiple samples taken throughout the
growing season. To achieve a greater sensitivity in oligotrophic waters
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such as the Great Lakes, the volume filtered in later years was also in-
creased. Samples were collected from 0.5-1 m in depth and rapidly fil-
tered through a 90 mm 934AH glass fiber filter using a peristaltic pump
until either 20 L passed through the filter or the filter plugged due to par-
ticulate material in the water column. Filters were again frozen immedi-
ately in the field and returned frozen to the lab for later toxin analysis.
Additional samples were collected for chlorophyll determination, DNA ex-
traction, nutrients and, in selected cases, dissolved toxins. Only the results
of the particulate toxin analysis are reported here.

Upon return to the lab, the filters were extracted in 5-10 ml of 50%
methanol containing 1% glacial acetic acid using ultrasonic disruption.
Control experiments showed that this extraction protocol solubilized more
than 95% of the microcystin—-LR, -RR, —LF, anatoxin—a (ATX) and the
PST saxitoxin from the cells. Microcystins were measured using a com-
bination of assays including inhibition of the protein phosphatase 1A
(PPIA, Carmichael and An, 1999), Enzyme linked immunoassays (ELISA)
and by high performance liquid chromatography (HPLC) coupled with ei-
ther photodiode array (PDA) or mass selective (MS) detection (Harada,
1996). Anatoxin-a was determined by HPLC after derivatization with 7—
fluoro—4-nitro-2,1,3-benzoxadiazole (NBD-F) (James et al., 1998) and
confirmed by HPLC-MS of the free or NBD-derivatized toxin. The PST
toxins (saxitoxin, neosaxitoxin, and gonyautoxins 1-4) were measured by
HPLC with fluorescent detection after either chemical (PCRS: Oshima
1995) or electrochemical (ECOS: Boyer and Goddard 1999) post—column
derivatization. Cylindrospermopsin was measured by HPLC using PDA
detection and confirmed by HPLC-MS (L.i et al. 2001).

Results

New York Overview

Between 2000 and 2004, more than 1000 samples were collected from 81
different lakes scattered across New York State. The distribution of those
samples between lakes and the toxins that they were analyzed for is shown
in Table 1. The lower Great Lakes (Lake Erie and Lake Ontario) plus Lake
Champlain accounted for a large number of those samples (65%), espe-
cially in the later sample years due to the Great Lakes focus of the
MERHAB sampling program (Boyer et al. 2004a). Samples from these
large lakes consisted of a mixture of open water and *“coastal” sites and
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were obtained from both sampling cruises as part of the MERHAB-Lower
Great Lakes and Microbial Ecology of the Lake Erie Ecosystem (MELEE)
scientific programs (i.e. see section on Lake Erie below) on the CCGS
Limnos and RV Lake Guardian, as well as from smaller boats and shore
samples. Samples collected from the smaller lakes (Oneida Lake, Finger
Lakes and other NY Lakes) were either from targeted studies by our own
lab (Oneida Lake, Onondaga Lake), from the NY-Department of Envi-
ronmental Conservation (Finger Lakes) or as part of the broad shotgun
survey across NY State conducted in 2000. Only in a few cases were these
samples collected in direct response to a reported toxic algal bloom.

Table 1. Sample Distribution between New York Lakes and the combined number
of samples tested for the different cyanobacterial toxins during the 2000-2004
sample seasons.

Lake Other

Total Lake On- Lake Cham- Oneida Finger NY

Task # tario Erie plain Lake Lakes Lakes

# Samples 2513 736 308 590 314 138 427
collected:

prabzedfor 285 se1 203 579 302 137 414
Analyzed for

AT 2307 589 286 572 315 138 407

Analyzedfor ;76 o5g 174 314 163 29 240

PSTs:

Analyzed for

vl 366 104 79 32 34 0 117

*Abbreviations: MC’s = microcystins, ATX = anatoxin-a, PST = saxitoxin +
neosaxitoxin, CYL = cylindrospermopsin.

Not all samples were analyzed for all toxins, though more than 90% of
them were analyzed for microcystins by at least the PPIA and for ana-
toxin—-a by HPLC-FD. Fewer samples were analyzed for the less common
toxins such as the PST toxins and cylindrospermopsin (43% and 15% re-
spectively).

The determination if the sample would be considered toxic was depend-
ant on how “toxic” was defined. Table 2 shows the results for microcystin
analysis using three different thresholds for toxicity: the World Health
Organization’s (WHO) advisory limit of 1 pg MC-LR equivalents L™, an
arbitrary guideline value of 0.1 pg L™, and roughly the detection limit of
the PPIA assay of 0.01 pg MC-LR equiv. L™, This detection limit is based
on collection of a 10 L sample via filtration and its extraction/concen-
tration into 10 ml of solvent. Approximately 14% of the samples collected
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statewide exceeded the WHO advisory limit of 1 pg MC—LRe, L™, As ex-
pected, the bulk of these samples (239 or 73%) came from smaller, more
eutrophic, water bodies. Samples from the more oligotrophic Great Lakes,
Lake Erie and Lake Ontario, exceeded the WHO advisory limit of 1 ug L™
only 15 times during the five year time period. In contrast, samples from
Lake Champlain exceeded the 1 pug L™ advisory limit more than 71 times
during this same time period. Most of these toxic Lake Champlain sam-
ples were collected from the eutrophic Missisquoi Bay region which is
characterized by high phosphorus inputs and expansive Microcystis
blooms during the summer growing season. Similarly, more than 25% of
the samples collected from Oneida Lake with its well established cyano-
bacterial blooms exceeded the WHO advisory limit of 1 pg L. Equally
informative was the abundance of detectable levels of microcystin—LReq in
the water. Over 50% of the total samples from New York Lakes, including
40% of the samples collected from Lake Erie and 28% of the samples col-
lected from Lake Ontario had easily detectable levels of microcystins that
exceeded the 0.01 ug L™. This dropped to 11% and 29% respectively for
Lake Ontario and Lake Erie when that threshold was raised to the more
reasonable 0.1 pg L™

Table 2. Percentage of samples collected during the 2000 — 2004 sample season
that exceeded a 1.0, 0.1 and 0.01 ug L™ threshold for microcystins as measured
using the protein phosphatase inhibition assay.

Threshold Total# Lake Lake Lake Oneida Finger Other
concentration all lakes Ontario Erie Cham- Lake Lakes NY

MC-LRg L™ plain Lakes
# Samples 2513 736 308 590 314 138 427
Analyzed:

>1.0 ug: 326 4 11 71 71 1 168
(%) (14%) (1%) (4%) (12%) (24%) (1%) (41%)

>0.1 ug: 829 61 84 190 207 23 264
(%) (36%) (11%) (29%) (33%) (69%) (17%) (64%)

>0.01 ug: 1223 155 117 296 249 113 293
(%) (53%) (28%) (40%) (51%) (82%) (82%) (71%)

* The protein phosphatase inhibition assay is an activity—based technique that cal-
culates toxicity from a microcystin~LR —derived standard curve. Results are
given in MC-LR equivalents, e.g. that concentration of microcystin-LR which
exhibits the equivalent toxicity to the sample. This is similar, but not identical, to
the microcystin—LR equivalents derived from structural-based assays such as
ELISA.

The neurotoxic cyanobacteria toxins such as anatoxin—a (ATX) and
paralytic shellfish toxins (PSTs) saxitoxin and neosaxitoxin, and hepato-
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toxic cylindrospermopsin (CYL) were found much less frequently. Sig-
nificant numbers of these toxins were detected only when the threshold of
analysis was set at or near the detection limit (Table 3). Anatoxin-a was
the second most common cyanobacterial toxin observed in New York
State lakes with 11 samples (<1%) exceeding the 1 pg L™ threshold, 29
samples (1%) exceeded the 0.1 pg ATX L™ threshold and 74 samples (3%)
exceeding the most stringent 0.01 pg L™ threshold. A large proportion of
those toxic samples were from either the northern regions of Lake Cham-
plain where animal fatalities from anatoxin-a have been reported in the
past (Boyer et al., 2004b), highly eutrophic Lake Agawam on Long Island
(Gabler, unpublished), or the eutrophic embayments along the New York
coast of Lake Ontario (Yang et al., 2005). High concentrations of ATX
were not observed in either Lake Erie or the offshore waters of Lake On-
tario. Interestingly, the peak periods of anatoxin—a in Lake Champlain did
not coincide with the large microcystin—producing algal blooms. The ini-
tial dog intoxication event at Au Sable State Park occurred in June of
1999, a time when the lake was generally cooler and the cyanobacterial
biomass was low. In this event, there was very little in the way of surface
scums in the water itself, but sizable accumulations did occur along the
shore.

Table 3. Occurrence of anatoxin—a, paralytic shellfish toxins and cylindrosper-
mopsin in samples collected during the 2000 — 2004 sample season that exceeded
a predefined threshold. Percentage represents the percent of those samples from
that particular lake that exceeded the threshold.

Total # Lake Other
all Lake Lake Cham- Oneida Finger NY
Task lakes Ontario Erie  plain  Lake Lakes Lakes
>1.0ug ATXL: 11 0 0 7 0 0 4
% (<1%) (0%) (0%) (1%) (0%) (0%) (1%)
>0.1pg ATX LS 29 2 2 12 2 2 9
% (1%) (<1%) @1%) (%) (1% (1% (2%)
>0.01 ng ATX L 74 14 14 24 4 2 16
% (3%) (%) (5%) (4%) (1%) (1%) (4%)
>0.01pg PSTLY: 2 0 1 0 0 0 1
% (0%) (0%) (1%) (0%) (0%) (0%) (1%)
>0.0lpugCYLLY: 8 1 2 0 0 - 5

% %) (1%) (3%) (0%) (0%) -  (4%)
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The other two classes of cyanobacterial toxins, namely the PSTs and
cylindrospermopsin, occurred very rarely if at all. PST toxicity was de-
tected in only two samples of nearly 1100 tested during the 5-year time
period with the maximum concentration of only 0.09 ug L™. At these low
concentrations, its identification was tentative and remains to be con-
firmed. This low occurrence was despite the common occurrence of high
biomass blooms of Aphanizomenon flos—aquae, and the fact that the origi-
nal PST—producing strain was isolated from nearby Vermont. Cylindros-
permopsin was detected in only 8 samples of 366 tested. Most of those
samples (5) occurred during an August bloom on Lake Agawam, Long Is-
land, which coincided with a period of relative nitrogen limitation as evi-
denced by nutrient addition experiments (Gobler et al. 2006). In all cases,
the maximum concentration of these cylindrospermopsin was low (< 0.25
ng L™). Confirmation of its identification using more advanced (HPLC-
MS-MS and the polymerase chain reaction) techniques is in progress and
until that time, its identification in New York water should also be consid-
ered tentative.

For the toxins other than microcystins, the cyanobacterial species re-
sponsible for their production is unknown. However, many of the embay-
ments in Lake Champlain and Lake Ontario with easily measurable ana-
toxin—a concentrations also had significant co—occurring blooms of
Anabaena species. The predominate organism responsible for microcystin
formation in New York waters is likely to be Microcystis aeruginosa.
However Microcystis is not the only species capable of producing micro-
cystin in these waters. Significant blooms of Planktothrix and Anabaena
species, both known microcystin producers routinely occur in New York
State waters. In the absence of physically isolating and culturing the re-
sponsible organism from a toxic bloom, molecular techniques are now rou-
tinely being used to determine what organism(s) are likely to be responsi-
ble for the observed toxicity. For example, the western basin of Lake Erie
routinely experiences toxic blooms of Microcystis aeruginosa, however
Planktothrix appears to be the species responsible for microcystin produc-
tion in the adjacent Sandusky Bay of that lake (Rinta Kanto et al.. 2005,
2007). Blooms of toxic cyanobacteria in Oneida Lake also show very dif-
ferent PCR banding patterns in their microcystin biosynthetic genes, sug-
gesting that genetic differences in microcystin—producing organisms can
occur within the same water body (Hotto et al. 2004 unpublished).
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Lake Erie and Lake Ontario

With the isolation of toxic Microcystis from Lake Erie by Brittain and co-
workers, there has been considerable effort to determine the occurrence
and distribution of cyanobacterial toxins in Lake Erie and nearby Lake On-
tario. Table 4 summarizes the results of five different research cruises on
Lake Erie during 2000-2004 that specifically targeted cyanobacterial tox-
ins. Most of the sampling was focused in the highly eutrophic western ba-
sin of Lake Erie. Toxicity was highly variable in this basin with some
years showing high levels of toxicity (2003, >20 pg L™) and other years
showing little to no toxicity (2002). Part of the explanation for this vari-
ability is the time of sampling. The availability of large ships for sampling
on Lake Erie is limited and cruise dates were often determined by ship
availability rather than optimum time for cyanobacterial blooms. In addi-
tion, the timing of the blooms was variable in themselves and occurred as
early as July and as late as October. Nor was the western basin of Lake
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Fig. 1. Distribution of microcystin toxicity during the 2003 research cruises on
Lake Erie. Highest concentrations were obtained near the Maumee River in
August, but two distinct blooms also occurred near Long Point Bay and in
Sandusky Harbor. Toxicity was measured using the PPIA and is expressed in
terms of u MC-LR.. L™.
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Erie the only site of cyanobacterial toxicity. Significant levels of micro-
cystin toxicity were also observed in Sandusky Harbor and near Long
Point Bay in the eastern basin (Fig. 1). The source of toxicity in the differ-
ent regions was quite different. In both the western basin and at Long
Point, well defined blooms of Microcystis aeruginosa most likely ac-
counted for the observed toxicity. In contrast, Sandusky Harbor often con-
tained a dense cyanobacterial flora that was usually dominated by Apha-
nizomenon flos—aquae and Anabaena species. Microcystis is present but
often a low abundance. Recent molecular analysis has indicated that the
source of microcystin toxicity in this system was more likely due to Plank-
tothrix species present in the understory of the bloom (Rinta—Kanto and
Wilhelm, submitted) rather than Microcystis itself. This has important im-
plications for monitoring protocols based on cell abundance. Neither is
Lake Erie the only lower Great Lake with demonstrated levels cyanobacte-
rial toxins. In 2003, a large bloom of Microcystis aeruginosa formed in
the eastern basin of Lake Ontario near Oswego, New York. Microcystin
concentration in this bloom near the Onondaga County drinking water in-
takes approached the WHO advisory limit of 1 ug MC-LR,, L™
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Fig. 2. The amount and distribution of toxicity off Oswego NY during the August
2003 Microcystis bloom in eastern Lake Ontario. Toxicity was measured using the
PPIA and is expressed in terms of u MC-LR, Lt



Table 4. Recent Occurrence and Distribution of Cyanobacterial Toxins in Lake Erie

Cruise and Date # samples % containing Highest measured value Comments
toxin
Brittain et al. 44 MC’s ~10%" 34ugLtMC Western basin only
Sept 1996
MELEE-VII 119 MC’s 7% 0.7 pug LT MC Whole lake survey with highest values at
July 2002 ATX 14% 0.04 ng LT ATX Sandusky, Long Point and Rondeau Bays
PST’s 0%
MELEE-VIII 59 MC’s 41% 0.65 pg L* MC Whole-lake survey with highest values in
July 2003 ATX 5% 0.11 pg LT ATX the western basin and Sandusky Bay
Lake Guardian & 48 MC’s 60% 21ugL* MC Western basin only, Highest values were ob-
OSU, August 2003 ATX 4% 0.2 ug L* ATX tained near the Maumee River
MELEE-IX 40 MC’s 38% >1pug Lt MC Highest values near the Maumee River and
July 2004 ATX 33% 0.6 ug L* ATX in Sandusky Bay
CYL 0%
RV Limnos 13 MC’s 85% 24pg Lt MC Western basin only
August 2004 ATX 31% 0.07 ug LY ATX
CYL 15% 0.18 ug L* CYL

*These results are extrapolated from Fig. 2 in Brittain et al. (2000). Abbreviations: MC’s = microcystins, ATX = anatoxin-a,

PST = saxitoxin + neosaxitoxin, CYL = cylindrospermopsin.
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Conclusions and Discussion

Cyanobacteria blooms are common throughout New York State waters
however historically, cyanobacteria toxins were not measured. In recent
years, several widely publicized animal fatalities have occurred in New
York waters due to cyanobacterial toxins. These include dog deaths in
Lake Champlain in 1999 due to anatoxin-a and in 2000 due to microcystin
toxicity, as well as a dog and water fowl deaths in Lake Neatahwanta in
2004. The presumptive toxin was identified based on the occurrence of
toxins in the water, but the causative organisms was not identified and cul-
tured. Several recreation closures due to cyanobacterial toxins have oc-
curred throughout the region and toxic cyanobacterial blooms routinely
occur near the water intakes for major drinking water facilities located
along Lake Erie, Lake Ontario and Lake Champlain. To date, these toxins
have not been observed in the water distribution system. These events
have raised the awareness of cyanobacterial toxins in NY waters and as a
result, several water treatment facilities and local health departments now
sporadically monitor for cyanobacterial toxins.

Detailed analysis of more than 2500 samples indicates that microcystin
toxins were the most common toxin encountered in the state with ap-
proximately 15% of the samples collected state—wide exceeding the WHO
advisory limit of 1 ug L™ and nearly 60% of the samples containing de-
tectable levels of microcystins. These numbers represents a fairly unbi-
ased estimate of the occurrence of cyanobacterial toxins in New York wa-
ters as most of the samples were not collected in direct response to a
cyanobacterial bloom but rather as part of the ongoing MERHAB or
MELEE sampling program whose sample locations were chosen to guar-
antee broad spatial coverage regardless of the cyanobacterial density.
They are also in good agreement with other large regional surveys from the
midwestern United States and Europe (see these proceedings). Some bias
in sample collection did exist as samples were generally taken in late
summer when cyanobacterial species were more likely to predominate and
some long-term sampling sample sites such Oneida Lake were chosen for
study because of their well established cyanobacterial blooms. In those
highly eutrophic systems where cyanobacteria form dense accumulations,
the likelihood of finding toxicity was much greater than in the more
oligotrophic waters.

Neither were the larger lakes immune from cyanobacterial toxicity.
Both Lake Erie and Lake Ontario have well established Microcystis popu-
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lations that routinely produce toxic blooms that exceed the WHO threshold
of 1 pg L. Lake Champlain has also experience consist toxic blooms
with animal fatalities from both anatoxin—a intoxication and microcystin
intoxication occurring in the region. Despite the fact that many of these
larger lakes are current serving as drinking water supplies for large metro-
politan areas, most of the reported health impacts for cyanobacterial toxins
has been due to contact with surface contact with highly toxic scums. It is
not uncommon for the wind-borne accumulation of toxic cyanobacteria to
yield surface scums that have particulate microcystin concentrations in ex-
cess of 500 ug L™ and higher values exceeding 1000 pg L™ have been re-
ported for highly eutrophic embayments such as Missisquoi Bay on Lake
Champlain (Watzin and Boyer, unpublished). The health impacts due to
recreational contact with the highly toxic surface scums remains to be de-
termined.
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Delaware’s Experience with Cyanobacteria in Freshwater
Ponds
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! Delaware Department of Natural Resources and Environmental Control
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DE 19901, 2University of Delaware College of Marine Studies, Lewes DE
19958.

Introduction

With the increased emphasis on HABsS in estuarine environments and their
potential to impact natural resources and human health, the State DNREC in
2001 initiated a program to evaluate commercially available Microcystin Kits
and to measure Microcystin concentrations in select freshwater ponds. Al-
though no environmental or human health impacts associated with blue-green
algal blooms have been reported, Delaware does have a large number of pri-
vate and public freshwater ponds which are accessible to humans, domestic
animals, and wildlife.

A Standard Operating Procedure was developed for the EnviroLogix
analysis tools in order to insure accurate repeatable results. The EnviroLogix
kits are based on the presence of Microcystin LR in combination with Micro-
cystin LA, Microcystin RR, Microcystin YR and Nodularin.
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Hypothesis

Since records, compiled by the State of Delaware Division of Fish and Wild-
life, indicate that 14 out of 38 ponds have historically exhibited blue-green
algae blooms, some of which included extensive masses of scum; it appeared
possible that Microcystin concentrations could be elevated during bloom
events. Since hepato-toxins produced by blue-green algae Microcystis and
Anabaena had not been tested previously in Delaware freshwater ponds, it
was necessary to collect data in order to demonstrate a need for routine moni-
toring of these surface waters.

Methods

Surface water samples were collected from 6 freshwater ponds within the
State which historically exhibited blue-green algal blooms. Samples were
collected adjacent to the shoreline and in surface scum when present. Pres-
ence of scum anywhere in the pond on the day of collection was recorded.
Ambient water samples were analyzed for the predominance of Microcystis
and Anabeana via light microscopy (100X using a 0.1 Palmer Cell Counter)
and for Microcystin concentrations using commercially available Microcystin
analysis kits: EnviroLogix Microcystin Tube Kit ET022 (years 2002 & 2003),
Strategic Diagnostic EnviroGard Microcystin Plate Kit (2002), and Envi-
roLogix Microcystin Plate Kit EP022 in conjunction with the Bio Tek
pQuant Spectrophotometer Plate Reader FIx800 using KC4 software (2003).
Intracellular Microcystin was released by freezing the water samples for a
minimum of 24 hours but less than 1 month.

Results

e High concentrations of the organism Microcystis is NOT necessarily a
good indicator of the level of Total Microcystin in water sample.

e Two out of 88 samples from 9 ponds showed Dissolved Microcystin > 3
ppb and 3 out of 88 showed concentrations > .5 ppb but < 3 ppb using the
EnviroLogix Tube Kit. This occurrence was noted in 5 separate ponds all
of which were sampled on September 24, 2002.

o Five out of 18 samples analyzed with the EnviroGard Microcystin Plate Kit
showed Total Microcystin > 1.00 ppb, this is the provisional upper limit of
Microcystin LR established by the World Health Organization for finished
drinking water. Samples showing this exceedence (1.28 ppb to 3.28 ppb)
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were collected in late September (Sept. 26 and 30, 2002) at 4 separate
ponds.

e One out of 33 samples from 10 ponds showed Total Microcystin
concentrations > 1 ppb with the EnviroLogix Plate Kit., and 1 out of 33
samples showed Dissolved Microcystin >0.5 but < 3.0 ppb. These results
are from late August and mid-September respectively and from 2 separate
ponds in 2003.

Conclusions

Surface scum of freshwater ponds showed high concentrations of Microcystis
88% of the time, but had measurable levels of Microcystin (>0.5 ppb) only
17% of the time.

Total Microcystin measures both the Microcystin free in the water-column
and that sequestered in the blue-green algae cells and as such its determina-
tion is recommended if Dissolved Microcystin concentrations approach 1 ppb.



Investigation of microcystin concentrations and possible
microcystin—producing organisms in some Florida lakes
and fish ponds

Yilmaz M, Phlips EJ
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Introduction

Occurrence of potentially toxic cyanobacteria blooms is very common in
Florida lakes. These include blooms of Microcystis, Anabaena, Oscillatoria
and Cylindrospermopsis. Among these the first three are potential microcystin
producers. However, the toxicity data for many lakes are not available. We
investigated 10 lakes, ranging from 4 to 424 acres in Hillsborough County,
Tampa, FL over a two month period. In addition we tested samples from Lake
George, St. Johns River system and two fish ponds. Here we present the data
obtained from microcystin ELISA and PCR with specific primers targeted to
the condensation domain of mcyA gene, which were designed to detect micro-
cystin—producing Microcystis, Anabaena and Oscillatoria strains.

Hypothesis

We propose that many of the lakes in Florida that have high cyanobacteria
populations will have microcystins.

Methods

Water samples were collected from each lake with a vertical integrating sam-
pling tube. Sub—samples were taken for phytoplankton counts, chlorophyll
measurements, ELISA and PCR. ELISA was performed with the Envirologix
Microcystin Plate Kit. Primer pairs, mcyA-CD 1F and mcyA-Cd 1R were
used in the PCR reaction.
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Results

In the case of Hillsborough County lake samples, microcystins were detected
in 3 out of 10 lakes. These were Cedar Lake, Lake Brant and a scum sample
on the shore of Lake Magdelene. Microcystin concentrations were 0.11, 1.84
and 18.58 pg.I™, respectively. ELISA measurements are compared with the
results obtained from the PCR analyses. The possible organisms that might be
producing microcystins in these samples are discussed.

Conclusion

In addition to taxonomic identification and assessment of population dynam-
ics of cyanobacteria present in water bodies, it is also vital to determine toxin
concentrations and toxin producing organisms. ELISA and PCR are two fast
and inexpensive methods that can perform these functions.



Potentially toxic cyanobacteria in Chesapeake Bay
estuaries and a Virginia lake
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Introduction

Since 1985, phytoplankton populations have been monitored monthly in
Chesapeake Bay (U.S.A) and its tidal estuaries. This surveillance has identi-
fied 29 potential toxin producing phytoplankters in these waters which in-
cludes representative taxa of dinoflagellates, diatoms, cyanobacteria, and
raphidophytes (Marshall 1995, Marshall et al. 2005). Although toxic events
attributed to these taxa have been rare, their wide spread presence is noted,
with evidence for increased seasonal bloom events indicated for several spe-
ciesinour records. Local studies of HAB’s in Virginia’s regional lakes have
been minimal. However, annual blooms of Microcystis aeruginosa have oc-
curred annually in the Potomac River, a major tributary of Chesapeake Bay.
This species produced a bloom (>10° cells mI™) in 2004 that lasted from June
through August and included an extensive area of the river, with microcystin
levels consistently recorded at >3 ppb. Decomposition products and wind
blown algal masses accumulated along the river shore; these conditions and
the high microcystin levels temporarily closed recreational usage in some re-
gions of the river.

Results

M. aeruginosa is a common algal component of the tidal rivers in this region,
with significant concentrations annually present in the tidal fresh and oligoh-
aline river sections. Its development farther downstream and into Chesapeake
Bay increases during the summer months and is enhanced by periods of ex-
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tended rain and increased river flow. Other potentially toxic cyanobacteria
identified in these rivers have included: Anabaena affinis, A. recta, A. soli-
taria, Aphanizomenon flos-aquae, A. issatschenkoi, Microcystis firma, Plank-
tothrix agardhii, P. limnetica, and P. limnetica f. acicularis.. Long term trend
analysis from 1985-2004 indicates there are significant increases in biomass
and abundance of cyanobacteria within the James, Rappahannock, and York
Rivers in Virginia, and as well in Chesapeake Bay. In addition, Lake Burnt
Mills, a shallow reservoir of 288 ha located in southeastern Virginia experi-
enced an extensive cyanobacteria bloom in July 2005. This bloom persisted
for several days and was produced by Microcystis aeruginosa and M. wesen-
bergii, with concentrations of 3.5 X 10° and 22.9 X 10° cell ml™ respectively.
During this period microcystin levels near shore exceeded 3 ppb.

Summary

Long term trend analysis of phytoplankton populations in three Virginia riv-
ers and Chesapeake Bay indicate an increase in the abundance of biomass of
cyanobacteria has occurred in these waters since 1985. Among these cyano-
bacteria are populations of potentially toxic species. The most common
bloom producing taxon within this group is Microcystis aeruginosa. Micro-
cystin concentrations have been associated with these blooms in the Potomac
River. Continual monitoring of these rivers and Chesapeake Bay will con-
tinue for the presence harmful algal species. Inaddition, greater surveillance
of these bloom producers in regional lakes has taken place and will continue
in the future.



Expanding existing harmful algal blooms surveillance
systems: canine sentinel

Chelminski AN, Williams CJ, Hunter JL, Shehee MW

North Carolina Division of Public Health

Introduction

There have been several episodes in the United States in the past several years
in which dogs have died after having been exposed to cyanobacterial (blue
green algae) blooms. Reports of their deaths preceded any reports of human
illness related to exposure to these blooms. Investigations of these as well as
other animal deaths have shown them to be related to exposure to cyanobacte-
rial toxins in these blooms. Documented deaths have occurred in both do-
mestic animals (pets and livestock) and in wildlife. Some of the factors that
may account for the susceptibility of dogs to illness and death from cyanobac-
terial toxins may include increased exposure to bloom waters during the
summer months and the size of the animals relative to the dose of toxin that
they received. While the poisoning and death of these dogs is disheartening,
the reporting of canine deaths associated with exposure to bloom waters
serves as an important tool for preventing human exposure and for reducing
further animal exposure to cyanobacterial toxins.

Hypothesis

The reporting of dead dogs will not detect potentially harmful algal blooms.

Methods

During the past year, the North Carolina Harmful Algal Blooms (HAB) and
the Veterinary Public Health Programs coordinated a sentinel surveillance
system to detect acute lethal poisonings of dogs. This program encourages
practicing veterinarians to voluntarily report any deaths of dogs that they
think might be related to exposure to blue green algae blooms. Veterinarians
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were notified of this program by use of an internet—based " Listserv" commu-
nication tool.

Results

Over 800 veterinarians were informed about the rationale for reporting dog
deaths and they were provided with an educational flyer to further document
and reinforce this message. No dogs deaths have been reported to date. One
dead waterfowl incident was reported by a concerned citizen, but the presence
of a harmful algal bloom or toxins was not determined.

Conclusions

At this time the HAB and Veterinary Public Health programs are planning to
expand the Canine Sentinel Surveillance Program to include additional ani-
mals (livestock and wildlife), other state and local public health agencies, and
to encourage other states to take part in this program. The North Carolina
Cooperative Extension Program is one example of another governmental
agency that is being encouraged to participate in this surveillance program.
The Canine Sentinel Surveillance Program will be used to help detect occur-
rences of deaths in animals. This program should also reduce the number of
animal poisonings due to algal toxins by increasing public awareness of this
potential problem and through preventive measures to reduce the exposure of
animals to algal toxins in public recreational waters of North Carolina. The
increased public awareness may also reduce the potential for human exposure
to algal toxins.
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Introduction

Traditional monitoring techniques are limited in the development of predic-
tive models for aquatic microbial populations that requires very fine spatial
and temporal resolution of data. The need for continuous (or real-time re-
mote) monitoring of the environment combined with the desire for directed
(intelligent or autonomous) sampling has prompted the development of a sen-
sor network. The network incorporates low-energy demand, and highly
adaptable sensors which exploit recent advances in computer networking and
robotics to process sensor data and ensure high data fidelity. The coordina-
tion of stationary sensor nodes and mobile sensing using a sampling robot al-
low for efficient collection of samples from features of interest, as exempli-
fied in a recent study of a cyanobacterial bloom in Lake Fulmor, California.

Hypothesis

The application of Embedded Networked Sensing (ENS) technology to moni-
tor cyanobacterial bloom in a lake environment will provide new observa-
tional capabilities with unigue information on the distribution and/or behav-
iors of planktonic assemblages.

Methods

The sensor network (NAMOS: Networked Aquatic Microbial Observing Sys-
tem) consists of 10 stationary buoys and one mobile robotic boat. Each buoy
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is equipped with a computer, sensor suite, and wireless communication. They
are networked and communicate with each other and a shore-based station via
wireless ethernet. Onboard sensors include a thermistor array for measuring
water temperature to 3 m depth and a fluorometer capable of detecting chlo-
rophyll (chl) a concentrations from 0.5-500 pg/L. The robotic boat is
equipped with similar sensors and processing capabilities in addition to a wa-
ter sampler capable of taking six 4-ml samples. The robotic boat is autono-
mously controlled using information obtained from the network.

Results

Over the course of a 4-day NAMOS deployment, the chl a concentration
showed high temporal variability. Cyclic daily variations in subsurface chl a
fluorescence were observed with a peak between the hours of midnight and 5
am. During this time period, chl a concentrations increased from a day-time
average of =2.5 ug/L to >6 ug/L. Spirulina sp. strongly dominated the
phytoplankton community. The sensor network also detailed the spatial dis-
tribution of photosynthetic organisms along the length of Lake Fulmor, indi-
cating increased concentrations of chl a towards the southwest end of the
lake.

Conclusion

The presence of daily variations in chl a concentration at all static node sta-
tions implies a strong vertical migratory behavior of phytoplankton in the
lake, most likely Spirulina. Accumulations of chl a in the southwest corner
of the lake suggest reduced mixing or increased nutrients in this deeper, more
protected area. And finally, the ability to resolve this trend at several points
along Lake Fulmor and over the course of several days, and the combination
of these data with autonomously collected water samples, demonstrates a
marked improvement over traditional point sampling techniques.



Bloom and toxin occurrence
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Fresh water is a renewable but a finite and vulnerable resource and essential
to sustain life, development and the environment. In fact 97.3 percent of
earth’s water is saline and 2.7 per cent is fresh water. 70 per cent of this fresh
water is frozen in ice caps of Antarctica and green land and balance is present
either as soil moisture or underground moisture. As a result less than 1 per
cent of all the water on earth is accessible for direct human use. This water is
found in lakes, rivers, reservoirs etc. Only this tiny portion of the planet’s
water is recycled by nature’s cycle.

Water is getting scarce due to rising population, rapid urbanization and
growing industrial demands. People dump wastes, untreated sewage and
chemical discharges, which pollute the sources of water like rivers, lakes,
ponds and even underground resources. The most significant issues of water
ecosystem is the eutrophication and deteriorating water quality including the
development of numerous harmful algal blooms. Significant impacts of these
blooms are high biomass, visible surface scums, loss of submerged aquatic
vegetation and benthic habitat. Harmful cyanobacterial blooms produce tox-
ins and affect commercial species like fish etc. Non-toxic blooms affect the
benthic flora and fauna due to decreased light penetration. These blooms also
affect the recreational activities of humans.

Microcystis aeruginosa is the most common cyanobacterial HAB not only
in US but also all over the world in fresh, eusturine and marine waters. Other
toxic blooms formed by Lyngbya majuscula, Schozothrix calcicola, Oscilla-
toria nigroviridis cause swimmer’s itch and these are commonly found in
tropical and sub—tropical sea waters. Anabaena flosaquae, Aphanozomenon
flosaquae are the common cyanobacterial toxic blooms. Gleotrichea inter-
media, Aphanothece gelatinosa, Anabaena iyengarii, Cylindrospermum stag-
nale, Scytonema javanicum, Scytonema simplex, Oscillatoria princes, Nodu-
laria, Lyngbya martinsiana, Phormidium anomala, Nostoc commune are the
other common toxin producing cyanobacterial blooms.

Cyanobacterial blooms which are toxic in fresh water may not be necessar-
ily toxic marine environment or vice versa. In general toxic cyanobacterial
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blooms are same or similar all over the world. According to the literature 25
per cent of cyanobacterial blooms produce toxins. Cellular target phytoplank-
ton toxins are ichyotoxins, neurotoxins, hepatotoxins, hemolysins and cyto-
toxins. Most commonly observed toxins all over the world are:

o Paralytic shellfish poisoning toxins (PSP) — water soluble neurotoxins.
e Amnestic shellfish poisoniong toxins (DSP) —water soluble neurotoxins
¢ Neurotoxic shellfish poisoning toxins (NSP) _lipid soluble brevetoxins
¢ Ciguatera fish poisoning toxins (CFP) —lipid soluble heat stable.

These are the most commonly observed toxins in US and all over world in
marine and eustarine waters. If the trend of eutrophication continues in the
same manner cyanobacterial HABs will increase proportionately and pose a
greater threat not only to natural ecosystems but also to the human health.
Therefore, there should be legislative actions to ensure that efforts to achieve
nutrient reduction and establish a water quality standard.

Public education is one of the major tools other than scientific research in
efforts to minimize the impacts of Cyanobacterial HABs and their toxins in
marine, eustarine and fresh waters.



Cyanotoxins in the tidewaters of Maryland’s Chesapeake
Bay: The Maryland Experience

Tango P,* Butler W,” Michael B'

lMaryland Department of Natural Resources, 580 Taylor Avenue, D-2,
Annapolis, MD 21401. ?Maryland Department of Natural Resources, 1919
Lincoln Drive, Annapolis, MD 21401.

Introduction

Cyanobacteria blooms were noted in the Potomac River and the upper Chesa-
peake Bay during the 1950s and 1960s coincident with the invasion of water
milfoil. Since 1985, cyanobacteria blooms have been documented in the tidal
tributaries of Chesapeake Bay almost annually during summer months by the
Maryland Department of Natural Resources (MDNR) long-term comprehen-
sive water quality monitoring program. During September 2000, an extensive
late summer bloom of Microcystis on the Sassafras River, however, was
among the first blooms tested for cyanotoxins in Maryland and results were
positive for elevated concentrations of microcystin. The microcystin levels
(591.4-1041 ug*g™ dry wt) led to the Kent County Health Department closing
a public beach in the bloom area for the remainder of the year, the first beach
closure in the history of the state due to detected levels of cyanotoxins.

Hypotheses

We hypothesized that elevated cyanobacterial toxin levels were common fea-
tures of the annual blooms in the tidal tributaries and multiple toxins would
be present. Such findings of an increased diversity of toxic HABs and Cya-
noHABs would represent expanded management concerns regarding human
water-related activities and living resources effects for the Bay.
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Methods

From 2002 to 2004, MDNR conducted cyanotoxin surveys working with Dr.
Wayne Carmichael (Wright State University, Dayton, OH) and Dr. Greg
Boyer (State University of New York College of Environmental Science and
Forestry, Syracuse, NY). We examined water samples from tidal regions of
the Chesapeake Bay with elevated concentrations (>10,000 cells/ml) of
cyanobacteria.

Results

Microcystin, anatoxin-a and saxitoxin were detected from tributaries through-
out Maryland tidewaters at wet weight concentrations of 0.34-657.9 ug*L™
(n=40), 0.009-3 ug*L™* (n=6) and 0.003 ug*L ™ (n=1), respectively. Mean and
median concentration were 35.24 ug*L ™" and 5.04 ug*L ™ for microcystin and
0.54 ug*L " and 0.05 ug*L™" for Anatoxin-a. In 100% of Microcystis bloom
samples tested (concentrations > 10,000 cells*ml™) there were detections of
microcystin. Anatoxin-a and saxitoxin testing has been uncommon.

Conclusions

1. Microcystin concentrations exceeded the WHO drinking water standard
of 1 ug*L™ with 85% of test samples. Anatoxin-a and saxitoxin have
also been detected in the open waters of the tidal tributaries of the
Chesapeake Bay system.

2. The findings increase the range of habitats where potential human health
and living resource threats due to aquatic born toxins must be
considered by management agencies in Maryland.

3. County health departments again closed beaches in 2003 and 2004 in
response to recommendations from Maryland’s Interagency Harmful
Algae Task Force regarding the detected levels of cyanotoxins. State
resource agency efforts to alert the public regarding timing and location
of bloom waters as well as potential risks to human health, pets and
livestock included 1) HAB webnews articles on the State resource
agency websites 2) State Press Releases linked with MDNRs “Eyes on
the Bay” water quality monitoring website, and 3) print, radio and TV
news coverage of the issues.



Harmful Algal Blooms and Cyanotoxins in Metropolitan
Water District’s Reservoirs
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The Metropolitan Water District of Southern California (MWDSC) supplies
drinking water to about 18 million people in six counties in the coastal plain
of southern California. MWDSC is composed of 26 member agencies, which
are cities or regional water agencies. Its two sources of water are the Colo-
rado River and water from northern California, called State Project Water
(SPW), delivered through the California Aqueduct. MWDSC operates three
reservoirs in Riverside County: Lake Mathews, Lake Skinner and Diamond
Valley Lake. The former is the terminal reservoir of the Colorado River Ag-
ueduct; the other two reservoirs are supplied with a blend of the two waters.
In addition, the state Department of Water Resources owns and operates
Silverwood Lake, Lake Perris and Castaic Lake, three combined drinking wa-
ter and recreational lakes that receive State Project water. Metropolitan regu-
larly receives water from Castaic Lake (northwest of Los Angeles) and
Silverwood (in the San Bernardino Mountains), and occasionally also uses
water from Lake Perris.

Metropolitan has a long history of algal problems, in the form of plank-
tonic blooms and benthic proliferations. The main concern is taste and odor,
specifically the compounds geosmin and 2-methylisoborneol (MIB), which
impart a disagreeable flavor to the water and cannot be easily removed by
conventional treatment methods. All of the reservoirs listed above have ex-
perienced algal blooms of one kind or another, including in some cases
known toxigenic species. In addition, Lakes Mathews, Skinner, Perris, and
Diamond Valley have developed benthic mats that have resulted in severe
off-flavor problems.

In 1996, an AWWARF project on the occurrence of algal toxins in raw and
treated waters in the United States and Canada was initiated, perhaps the first
serious effort by the U.S. drinking water industry to assess the extent of the
problem. This study showed that at least one type of cyanotoxin, the micro-
cystins, can be found in many water sources in the U.S., sometimes even in
treated waters, albeit at low concentrations (Carmichael, 2001).

Metropolitan was a participating utility in this study, and the results indi-
cated that microcystins could be found in cyanobacterial bloom material from
various source-water reservoirs, and in the corresponding plant influents and
in some cases even the effluents. However, the levels were generally low,
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and no further monitoring was done on our system until the summer of 2001,
when there was a severe bloom of Aphanizomenon in Silverwood Lake and of
Microcystis in Lake Skinner. Samples of bloom material were sent to the
laboratory of Dr. Gregory Boyer at SUNY in Syracuse, NY. Two of the Mi-
crocystis samples had relatively high microcystin levels, while the Apha-
nizomenon samples had no significant levels of any of the tested toxins.
These results, though not surprising (the bloom samples giving the highest re-
sults were fairly concentrated samples), prompted concern regarding the need
for more regular monitoring of these compounds in the water. In view of the
likelihood that cyanotoxin monitoring will be required under the UCMR, this
concern would appear justified.

The results of the 2001 samples prompted the development of a cyanotoxin
monitoring program at Metropolitan’s Water Quality Laboratory. This moni-
toring utilized two ELISA test kits for microcystin (Envirologix Inc., Port-
land, ME), a plate kit and a tube kit. The former was used primarily for test-
ing water samples, while the latter was used for screening bloom samples,
benthic algal samples and cultures. In addition, many samples were sent to
Dr. Boyer’s lab under a contract with Metropolitan. This was for confirma-
tion of microcystin and identification of the variant. Also, since we are un-
able to test for toxins other than microcystin, the contract lab was needed to
test for these other toxins, e.g., cylindrospermopsin and anatoxin-a.

We now have two years’ worth of data on cyanotoxins in our system. Mi-
crocystin has been found in varying concentrations in surface water from all
six reservoirs that were sampled. The concentrations ranged from 0.116 pg/L
to 55.27 pg/L, although most of the samples were closer to the lower end of
this range. The highest values were all from samples of concentrated bloom
material, usually dominated by Microcystis. However, the majority of the
water samples tested had no detectable microcystin or were just barely over
the detection limit of 0.147 pg/L. The WHO guideline for drinking water is
1.0 pg/L.

In the summer of 2003, we also began testing benthic algal material from
the shallows of various reservoirs, and in the process of this testing found that
a cyanobacterium that is very common in three of those reservoirs produces
microcystin. Eighteen isolates of this organism (a Phormidium sp.) were sent
to Dr. Boyer’s lab for verification, quantitation and identification of the toxin,
and twelve of them were confirmed as strong microcystin producers. The
variant was microcystin-LR in most cases. In addition, seven sediment sam-
ples were analyzed, and some of them had relatively high concentrations of
microcystin, the highest being 287.95 ug/g dry wt, and the lowest 1.23 ug/g
dry wt. A paper on this work is in the process of being reviewed by two col-
laborators in preparation for submission to a journal.
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The benthic microcystin producer is the only source of the toxin found to
date in our system other than Microcystis, and may be significant in being a
more permanent “inhabitant” than the more transient and seasonal planktonic
sources. Moreover, this organism grows intermingled with cyanobacteria that
produce odorous compounds like geosmin and 2-methylisoborneol. These
benthic proliferations are periodically treated with copper sulfate to control
taste-and-odor problems. Application of the algicide to these organisms can in
theory release the microcystin into the water, potentially affecting water sup-
plied to several treatment plants.

No other toxins have been found in significant levels in Metropolitan’s wa-
ters. Blooms of Anabaena flos-aquae and A. lemmermanii have been tested
for anatoxin (at Dr. Boyer’s lab), but all were negative. However, an Ana-
baena isolated from Castaic Lake in 1999 was found to produce anatoxin-a.
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Introduction

Cyanobacteria (blue-green algae) are estimated to have evolved 3.5 billion
years ago, at which time they began to add oxygen to the existing
anaerobic atmosphere, actually changing the chemistry of the planet and
allowing new life forms to evolve. These ubiquitous microbes are capable
of tolerating desiccation, hypersalinity, hyperthermal conditions, and high
ultraviolet radiation, often for extensive periods of time. Recently,
cyanobacteria have responded to human alterations of aquatic
environments, most notably nutrient-enhanced primary production, or
eutrophication. In fact, cyanobacterial blooms are now viewed as
widespread indicators of freshwater, brackish and marine eutrophication.
Due to the complex interactions between physical and ecological proc-
esses, it is difficult to point to any single, definitive cause for the devel-
opment and proliferation of these blooms. In reality, cyanobacterial harm-
ful algal blooms (CHABs) likely result from a combination of factors,
including hydrology, available nutrients, sunlight, temperature, and eco-
system disturbance; any number of which must interact in precisely the
right combination to create optimal conditions for growth. Thus, it should
come as no surprise that successful prevention (inhibiting bloom formation

ISee workgroup member affiliations in Invited Participants section.
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through the manipulation of causative factors) and mitigation (ameliorat-
ing the effects of and/or controlling the blooms themselves) strategies for
dealing with CHABs, may require correspondingly complex approaches.

This document examines possible causative factors that have been
implicated in the initiation and maintenance of cyanobacterial blooms,
methods for bloom prevention, and techniques for managing the risks
posed by cyanobacterial blooms and their toxins. The material presented
reflects the views of the workgroup participants about the current state of
CHAB knowledge and identifies the research needs and priorities
necessary for addressing the problem. All identified research needs are
considered to be ‘“high-priority”, and are classified as “near-term” and
“long-term” because the completion of certain research tasks is dependent
upon the completion of other. Therefore, the numerical ordering of
research goals below does not indicate prioritization, but is for ease of
reference only. This product is a direct response to the charges that were
received by the workgroup, and it is organized according to four topic
areas as shown below:

e Causes - Identify and prioritize research needed to better describe
factors contributing to CHAB initiation, maintenance, and termination
in fresh, estuarine and marine waters, recognizing the interconnectivity
of systems.

e Prevention (pre-bloom efforts) - What are the best prevention options
available right now for use by managers? Are there easily identifiable
factors that will improve their efficacy? Identify and prioritize research
to improve land and water management strategies for preventing or
minimizing CHABS, focusing both on techniques that are currently
available and emerging approaches in fresh, estuarine, and marine water
environments with the intent of providing guidelines to managers.

e Control/Mitigation (post-bloom efforts) - Can draft guidelines for
controlling and mitigating CHABs be developed now for use by
managers? If not, identify and prioritize research to improve processes
for removing cells and toxins from fresh, estuarine, and marine water
bodies and drinking water, focusing both on current and emerging
techniques with the intent of providing guidelines to managers.

e Economic Analysis - What ecological factors should be included in
models used to predict the relative costs and benefits of processes used
to prevent or reduce the occurrence of CHABS in water bodies and
cyanotoxins in drinking water?
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Overarching Themes

In this workgroup’s initial discussions, it quickly became evident that there
were a number of overarching issues - areas of concern that were neces-
sary to take into account when addressing the CHAB problem, but that did
not fit neatly into the four categories of charges above. Instead, these is-
sues extend across the topics and charges, such that they are a vital part of
the entire framework for examining the causes, prevention, and mitigation
of CHABs.

The Freshwater — Marine Continuum

There is general agreement that CHABs are a world-wide, rapidly-
expanding water quality, human health, and ecosystem problem (Paerl,
1988; Chorus and Bertram, 1999). Furthermore, planktonic and benthic
CHAB proliferation is not necessarily confined to any particular type of
aquatic habitat, with recent expansions noted across a spectrum of ecosys-
tems ranging from previously pristine mountain streams and springs to
large lakes, estuaries and coastal seas (Paerl and Fulton, in press). One
commonality of systems impacted by CHAB expansion is that their water
and air-sheds are experiencing accelerating human population growth ac-
companied by increased nutrient and other pollutant loadings, as well as
hydrologic modifications. There is little doubt that there is strong linkage
between human use and modification of water and air-sheds and CHAB
dynamics. In addition, climatic changes, including changes in large storm
(i.e., hurricane), flood and drought frequencies and intensities have im-
pacted nutrient and hydrologic regimes of these systems. Identifying
causes and formulating prevention and mitigation strategies must take hu-
man and climatic factors and drivers into consideration. Because the im-
pacted aquatic ecosystems and their drainage basins are inextricably
linked, research, monitoring and management approaches must address the
CHAB issue across the freshwater-marine continuum. In most instances,
CHAB dynamics are not confined to a single component system and often
cross a salinity gradient. Thus, causes and effects must also be traced and
addressed across this continuum. Accordingly, the operational scale at
which CHAB issues should be assessed and ultimately managed is that of
this continuum, which, depending on the specific problem may include
habitat, ecosystem, and regional levels.
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Relevant Scales for Research and Management

CHAB occurrence is influenced by interacting meteorological, hydrologi-
cal, physiochemical, and biological factors on a variety of spatiotemporal
scales. For example, discernable ecological patterns are often influenced
by the specific spatiotemporal resolution associated with the study, and re-
sults may change with scale. Additionally, global, regional, and local fac-
tors all influence the timing, magnitude, and duration of CHABs. Thus,
macro-, meso-, and micro-scale studies, as well as studies involving the in-
corporation of more than one of these scales, are necessary to adequately
describe the regulatory factors driving CHAB formation and to identify the
most effective scale at which to implement management efforts. Key spa-
tiotemporal scales include: a) global studies to assess long-term (decadal)
changes in climate, environmental patterns, and eutrophication with re-
spect to the apparent increase in CHAB development over the last fifty
years; b) ecoregion and air/watershed studies to assess the impacts of mod-
erate to long-term (years) changes in emission of pollutants, land-use prac-
tices, and watershed/waterbody management on CHAB formation; and ¢)
ecosystem, community, and population studies to assess the influence of
near-term (hours to seasons) changes in the environmental and physiologi-
cal factors that influence CHAB occurrence, magnitude, and duration.

Monitoring

The first step in understanding the prevalence and severity of CHABs is
monitoring. Monitoring includes a variety of techniques that range from
collecting discrete water samples that are analyzed for the presence of
cyanobacteria, to continuous-flow instruments that measure pigments that
are unique to this group of algae. The types and quantities of cyanobacte-
ria are an indicator for the types and quantities of cyanotoxin that may be
present. Monitoring also provides early warning so that human health can
be protected before serious problems develop. The ultimate aims are to
determine: 1) whether toxin-producing cyanobacteria are present; 2) the
concentration of organisms of concern; 3) if the population and/or toxin
level(s) are increasing or decreasing; 4) the current level of impact; and 5)
the development, transport, and dissipation of the bloom and bloom im-
pacts.

The design of a monitoring program should be tailored to the specific is-
sues in a waterbody. For example, monitoring a reservoir used for drink-
ing water should focus on the areas near the water intake structure(s) or the
actual raw water brought into the facility. The timing of sampling in refer-
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ence to the seasonal occurrence of the cyanobacterial bloom should also be
considered, with little or no sampling needed in cold months, and more in-
tense sampling during warmer seasons and bloom development. If feasi-
ble, information on the conditions that initiate or sustain bloom formation
should be collected so that models can be developed to better understand
and predict blooms. Understanding the causes of blooms will ultimately
lead to better methods of prevention.

For recreational waters, wind-driven currents often cause buoyant
cyanobacterial blooms to amass on shorelines. These accumulations con-
tain orders of magnitude more cyanobacterial cells than blooms in open
water areas, thus presenting more of a health risk to humans and animals.
Monitoring the spatial location of these accumulations is important in de-
termining the maximum potential exposure during a bloom; however, it is
difficult to quantify the number of organisms present. Many cyanobacteria
are capable of regulating their buoyancy on a diurnal basis as a function of
their internal physiology. Thus, integrated water sampling throughout the
entire water column may be needed in open waters. For example, Cylin-
drospermopsis, which does not form a surface scum, inhabits mid-water
depths at lower light intensities, necessitating integrated water sampling.

At the core of many monitoring systems are the sensors and the plat-
forms on which they are deployed. One of the greatest needs in this field
is the development of quantitative, easy-to-use, rapid sensors of CHAB
cells and toxins in natural planktonic and benthic assemblages for use
across hydrologically and geographically variable ecosystems at multiple
scales. Although microscopic identification and counts are needed for
verification, they are time consuming, require expertise often not available,
and in the case of filamentous and colonial taxa, (e.g. Microcystis, Nodu-
laria, Anabaena, Aphanizomenon) lack quantitative rigor. New techniques
for monitoring, such as the use of diagnostic photopigments and various
molecular approaches, are under development and will provide additional
tools for helping to understand the potential health risks associated with
cyanobacterial blooms. Satellite images and spectra from airborne radi-
ometers showing ocean color and sea surface temperature have been used
for detecting and tracking cyanobacterial blooms. However, there are
other potential remote sensing techniques that can be developed and im-
plemented as currently available satellites are phased out. There is a need
for sensors that provide additional information about other environmental
factors, such as nutrients, in order to understand the role of human activi-
ties in causing blooms. There is also a particular need for sensor systems
applicable to large lake, estuarine and coastal ecosystems. These envi-
ronments require large numbers of samples and rapid throughput, necessi-
tating the development and deployment of sensors on unattended monitor-
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ing platforms, including buoys, AUVs (automated underwater vehicles),
aircraft, ferries, and other “ships of opportunity” as well as satellites.

Modeling

Mathematical models are needed to better understand CHABs and their re-
lationships to the surrounding environment. Models will help to establish
a basic framework for relating potential causative factors to the occurrence
of CHABSs, improve our understanding of the conditions that initiate toxin
production, characterize the factors that maintain CHABs under various
conditions, and to both develop and measure the efficacy of various man-
agement strategies.

In order to develop these models, whole watershed research projects are
needed in which nutrient exports from controlled agricultural watersheds
are monitored and compared to those that have methods in place to aggres-
sively reduce nutrient export from non-point source pollution. These
should be long-term research/monitoring sites at which hydrology as well
as nutrient and sediment export can be studied over decadal time frames,
since system response to land use change occurs over many years. This
type of critical, watershed-level research would be analogous to the re-
search done at Hubbard Brook which led to improved understanding of the
consequences of acid rain and harvest practices on ecosystem biogeochem-
istry. Such studies could be undertaken in partnership with the National
Science Foundation in coordination with targeted funding from other
agencies, such as the Environmental Protection Agency, the US Geological
Survey, the National Oceanic and Atmospheric Administration, and the
National Aeronautics and Space Administration, for important ecosystem-
level research such as that proposed for hydrologic observatories and/or
national observation networks. Long-term data is crucial to the develop-
ment, refinement, and validation of explanative and predictive models.

Modeling and mapping of regional risk levels could help target locations
for monitoring programs and process-based research on causes and preven-
tion of CHABs. Methodology could include the use of enhanced geodata-
bases of harmful algal bloom (HAB) occurrence and attributes of the sys-
tems in which they occur (developed by water body type) in conjunction
with statistical exploratory data analysis methods to assist in initial model
development and threshold determination (e.g., CHAID, Chi-squared
Automatic Interaction Detector).
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Infrastructure Needs

The ability to understand the causes of CHABS, so that they can be pre-
dicted, monitored, controlled, and prevented is dependent on the availabil-
ity of critical infrastructure. These infrastructure needs were laid out in de-
tail for all HABs in HARRNESS (2005). Reference materials and shared-
use analytical facilities are needed so that scientists and managers can
quickly and easily identify HAB species and toxins in cells, water, air, and
other organisms. Certified toxin standards and HAB-specific probes must
be readily available for routine use at reasonable cost. Taxonomic training
for identifying HABs, using both morphological and new molecular meth-
ods, must be widely available at levels suitable for a range of expertise
from local managers to expert researchers. Culture collections and tissue
banks can be used to archive newly isolated species and samples from ex-
posed animals for later study. Regional observing systems, now in the
planning stages, should be developed with the capability of monitoring for
CHABs. Platforms for remote sensing of HABs, such as satellites and in
situ moorings, equipped with HAB cell or toxin-specific sensors, need to
be developed. Finally, old HAB data must be rescued before it is lost;
common data management plans must be developed and data repositories
must be established so that raw data, as well as associated metadata, can be
shared and large scale/long-term analyses can be conducted.

In the long-term, research programs cannot provide funding to support
infrastructure. However, as HABs occur more often, and their impacts
continue to intensify, the need for national and regional infrastructure sup-
port programs with a long-term funding base will also become more urgent
(HARRNESS 2005).
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Sample Guidelines (modified from the Wisconsin Division of Public
Health’s fact sheet on cyanobacteria, and their toxins, and

health impacts)
Source: http://dhfs.wisconsin.gov/eh/Water/fs/Cyanobacteria.pdf

e Never drink untreated surface water, whether or not algal blooms are present.
Boiling the water will not remove toxins. Owners should always provide
alternative sources of drinking water for domestic animals and pets, regardless
of the presence of algae blooms.

e [f washing dishes in untreated surface water is unavoidable, rinsing with
bottled water may reduce possible residues.

e People, pets and livestock should avoid contact with water where algae are
visible (e.g., pea soup, floating mats, scum layers, etc.) or where the water is
discolored. Do not swim, dive, or wade in this water. Do not use the water to
fill a pool or for an outdoor shower.

e Always rinse off yourself and your pet after swimming in any ponds, lakes or
streams, regardless of the presence of visible algae blooms. Pay close
attention to the bathing suit area and pet’s fur.

e Contact your local health department or department of natural resources office
to report any large algae blooms on public or private lakes, streams or ponds.

e Never allow children or pets to play in or drink scummy water. Do not allow
pets to eat dried scum or algae on the shoreline.

e Do not water-ski or jet-ski over algae mats.

e Do not use algaecides to kill the cyanobacteria. When the cyanobacteria cells
die, the toxins within the cells are released.

e Obey posted signs for beach closings. Wait at least one to two weeks after the
disappearance of cyanobacteria before returning to the water for wading,
bathing or other activities.

Outreach/Education

In order to empower individuals and communities to act on environmental
issues, it is necessary to increase environmental awareness through coor-
dinated environmental education efforts. The public must be informed
about known or potential cyanobacterial problems in their recreational wa-
ters or drinking water supplies, as well as the risks associated with them,
so that they can make educated decisions based on that information. Some
states have produced short informational documents that are available on
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the internet and/or disseminated via kiosks at or near impacted recreational
areas. These informational documents usually explain what cyanobacteria
or blue-green algae are, what algal blooms are, how to recognize a bloom,
where blooms occur, and what conditions promote bloom development.
They also describe the health effects that could occur with exposure to
cyanotoxins, including typical symptoms. Other important information
should be included about routes of exposure, so the public will understand
how they or their animals are exposed to the toxin, such as the swallowing
of a surface scum, contact with the skin, or inhalation of aerosols during
swimming, bathing or showering in contaminated waters. This should be
followed by suggested ways in which people can avoid or limit their expo-
sure. Finally the public needs to be educated about the causes of HABs
and informed about steps that concerned citizens or their representatives
can take to prevent blooms or minimize their impacts.

Charge 1: Causes

Identify and prioritize research needed to better describe factors
contributing to CHAB bloom initiation, maintenance, and ter-
mination in fresh, estuarine and marine waters, recognizing the
interconnectivity of systems.

From research and management perspectives, identifying environmental
factors which cause and sustain CHABs is key to developing an under-
standing of how to predict, prevent, and control these unwanted occur-
rences. While we know that nutrient and hydrologic conditions strongly
influence harmful planktonic and benthic CHAB dynamics in aquatic eco-
systems, and observations have shown that increased urbanization, agricul-
tural and industrial development have led to increased nitrogen (N) and
phosphorus (P) discharge, there are many other factors that remain uniden-
tified, unquantified or unexplored. For example, additional factors such as
N:P ratios, organic matter availability, light attenuation, temperatures,
freshwater discharge, flushing rates (residence time) and water column
stability likely play interactive roles in determining CHAB composition
(i.e., N, fixing vs. non-N, fixing taxa) and biomass. Human activities may
influence these factors either directly, by controlling hydrologic, nutrient,
sediment and toxic discharges, or indirectly, by influencing climate.
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Nutrients

Among the nutrient elements required for aquatic plant growth, N and P
are often most stimulatory, because requirements are high relative to avail-
ability. It follows that N and P enrichment are often most effective in
stimulating and supporting blooms in receiving waters (Fogg 1969, Rey-
nolds and Walsby 1975). These elements have, and continue to be, the fo-
cus of efforts aimed at controlling blooms (Likens 1972, Schindler 1975,
Shapiro 1990), although there is increasing interest in the role of trace
metals in some systems. The most notable of these trace metals is iron
(Fe) in its soluble form Fe™". Iron is required for the synthesis and activity
of photosynthetic, N, fixing and N assimilatory enzymes. Unlike N and P,
Fe inputs are not strongly linked to human activities, such as agriculture,
urbanization and most industrial activities. Rather, Fe availability is more
often controlled by natural weathering or rocks, aeolian processes (dust
transported by wind), and within-system oxygen (e.g., hypoxia) and bio-
geochemical (redox) cycling.

Excessive P (as orthophosphate) loading has been shown to promote po-
tentially-toxic nitrogen (N,) fixing genera (i.e., Anabaena, Aphanizome-
non, Cylindrospermopsis, Nodularia), while excessive P and N (as dis-
solved inorganic N; nitrate and ammonium) loading can stimulate toxic
blooms of non-N, fixing genera (Microcystis, Lyngbya, Planktothrix).
From a supply standpoint, both the absolute amounts and relative propor-
tions of these nutrients play important roles in determining the composi-
tion, magnitude, and duration of CHABs. There is also evidence that the
production of toxic substances by CHABEs is at least in part determined by
the amounts and ratios of nutrients and trace metals supplied to affected
water bodies (Sivonen, 1996; Skulberg et al., 1994; Giani et al., 2005).

Nutrient supply rates strongly interact with other environmental factors,
including light, turbulence and flushing rates, temperature, pH (and inor-
ganic C availability), salinity, and grazing pressure to determine; 1) if a
specific water body is susceptible to CHAB formation, 2) the extent (mag-
nitude, duration) to which CHABs may dominate planktonic and or ben-
thic habitats, and, 3) whether an affected water body is amenable to man-
agement steps aimed at minimizing or eliminating CHABs.

Further research is needed to investigate the diversity of CHABs, in-
cluding N, fixing and non-N, fixing groups, different cyanobacterial spe-
cies, and toxic and non-toxic strains.
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Near-term Research Priorities

1. Conduct retrospective analyses of long-term changes in eutroph-
ication and CHABs especially in areas where eutrophication has been
reversed by management actions (e.g., Lake Washington in the US,
Lake Erken in Sweden, and other European water bodies). The
purpose is to provide an independent approach to understanding the
role of nutrients with regard to blooms and how to reverse the
impacts.

2. Determine the response of a variety of N, fixing and non-N, fixing
CHAB organisms to nutrients under controlled conditions in the
laboratory and in the field with water enclosures (micro- and
mesocosm experiments).

Examine and evaluate the selective impacts of various forms of
nitrogenous (nitrate, ammonium, organic N) and phosphorus
(orthophosphate, organic P), and nutrient ratios on CHAB growth,
bloom dynamics and toxin production.

Determine the role(s) of iron and trace metals, alone or in
combination with macronutrients, on CHAB growth, bloom dynamics
and toxin production.

Determine the role of other environmental conditions, such as light
intensity and quality, temperature, and water column stability on
nutrient utilization and toxin production.

3. Conduct ecosystem-scale field studies, combined with use of
monitoring data to determine how nutrient supplies and ratios interact
with other anthropogenic stressors, the rest of the biota, hydrology,
light, local weather patterns and climatic changes, vertical mixing,
residence time, and benthic/pelagic coupling to control CHAB
dominance and bloom occurrence and toxicity.

Long-term Research Priority

1. Develop models that can be used to predict CHAB bloom events
and evaluate the effectiveness of preventive measures, such as
setting Total Maximum Daily Loads based on current nutrient and
turbidity conditions.
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Climate Change

Considerable evidence indicates that the Earth and the oceans have
warmed significantly over the past four decades, suggesting long-term
climate change. Increasing temperatures and changing rainfall patterns
have been documented. Cyanobacteria have a long evolutionary history,
with their first occurrence dating back to at least 2.7 billion years ago.
They evolved under anoxic conditions and are well adapted to environ-
mental stressors including UV exposure, high solar radiation, high tem-
peratures, and fluctuations in nutrient availability. These environmental
conditions favor the dominance of cyanobacteria in many aquatic habitats,
from freshwater to marine ecosystems. The responses of cyanobacteria to
changing environmental patterns associated with global climate change are
important subjects for future research. Results of this research will have
ecological and biogeochemical significance as well as management impli-
cations.

Near-term Research needs

1. Retrospective analyses of existing literature, long-term obser-
vational programs and datasets of environmental patterns coupled
with cyanobacterial abundance to examine the relationships
between global change parameters and regional expansion of
CHABEs along temperature, precipitation, and nutrient gradients.

2. Studies of physiological conditions for cyanobacterial bloom
dynamics and toxin production in different species and strains in
relation to a variety of abiotic factors (e.g., temperature, light, UV,
CO,, pH).

3. Experimental (mesocosm, manipulative) studies to decouple
various climatic and anthropogenic factors (e.g., temperature, light,
UV, CO,, nutrients).

Long-term Research Needs

1. Couple above-mentioned approaches, techniques and indicators to
ongoing and developing observational programs (IOOS, IEOS,
Coastal GOOS, etc.).

2. Develop models for predicting influence of climate change on
occurrence and toxicity of CHABs.
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Food Webs

Food web interactions may impact cyanobacteria bloom dynamics both
positively and negatively. For example, outbreaks of cyanobacteria blooms
in some US lakes appear to be partly stimulated by the arrival of recently
established zebra mussel populations (Dreissena sp.; Vanderploeg et al.
2001, Raikow et al. 2004). However, the relationship between zebra mus-
sels and toxic cyanobacteria has been temporally and spatially inconsis-
tent. Some reports indicate that zebra mussel invasions have yielded in-
creased cyanobacteria bloom occurrences (Vanderploeg et al. 2001,
Raikow et al. 2004) while others state that zebra mussels have decreased
densities of toxic cyanobacteria in NY waters (Caraco et al. 1997, Smith
1998). Moreover, many freshwater systems without zebra mussels experi-
ence very intense blooms of toxic cyanobacteria (Chorus and Bartram
1999). Intense grazing by herbivorous or planktivorous fish could also di-
rectly or indirectly promote blooms either through a trophic cascade or by
consuming competing algae. However, these questions have yet to be in-
vestigated.

Laboratory experiments and field-work from ecosystems around the
globe have indicated that grazing by some zooplankton can be disrupted by
toxic cyanobacteria (Lampert 1987, de Bernardi and Giussani 1990, Sell-
ner et al. 1993, Boon et al. 1994, Christoffersen 1996, Paerl et al. 2001) or
negatively influenced by the secondary metabolites produced by cyanobac-
teria (Pennings et al. 1997, Nagle and Paul 1998 and 1999, Capper et al.
2006). Thus, the chemical defenses of cyanobacteria may play a critical
role in bloom formation and persistence by limiting the grazing activity of
potential consumers. In many systems which experience dense and/or
toxic blooms, both cladocerans and copepods can be impacted, experienc-
ing reduced feeding, reduced food assimilation or even mortality (Lampert
1987, de Bernardi and Giussani 1990, Paerl et al. 2001). However, the de-
gree to which zooplankton and other consumers graze cyanobacteria
blooms can be influenced by many factors including toxin concentrations,
strains of cyanobacteria species, species of herbivore, various environ-
mental conditions (Paerl 1988, Sellner et al. 1993, Boon et al. 1994,
Christoffersen 1996, Nagle et al. 1998) and, perhaps, prior exposure to tox-
ins (Walls et al. 1997, Hairston et al. 2001, Sarnelle and Wilson 2005).

Research is needed to clarify the role of food web interactions in the oc-
currence of CHABs. Research should strive to understand how these in-
teractions impact the proliferation of different CHAB species and strains
(i.e. toxic and non-toxic), as well as co-occurring, non-HAB species.
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Near-term Research needs

1. Describe the ability of various clades of zooplankton (protozoa,
cladocerans, copepods) and other consumers to graze individual
CHABsS species and strains relative to non-HAB species.

2. Determine how alteration of upper trophic level predator densities
(e.g. fish) ultimately impacts the development of CHABs via
alteration of aquatic food webs.

3. Determine the impact of benthic filter feeders on the development
of CHABs and how this impact may vary with ecosystem trophic
status.

4. Assess the impact of invasive species on the occurrence
(development or prevention) of CHABs.

5. Assess the interactive effects of nutrients and climate change on
food web interactions relative to the occurrences of CHABs.

Charge 2: Prevention (pre-bloom) through Watershed
Management

What are the best prevention options available right now for use
by managers? Are there easily identifiable factors that will im-
prove their efficacy? Identify and prioritize research to im-
prove land and water management strategies for preventing or
minimizing CHABS, focusing both on techniques that are cur-
rently available and emerging approaches in fresh, estuarine,
and marine water environments with the intent of providing
guidelines to managers.

Eutrophication has long been known to be a major causal factor producing
HABs (Chorus and Muur 1999, Paerl this volume). Current measures to
reduce eutrophication and CHABs address the source, transport and fate of
nutrients and include: 1) land management for reduction of nutrient export
(USDA SCS 1996); 2) water management to minimize nutrient transport
(e.g., hydrologic manipulation and water management practices such as
removal or routing of water for irrigation, timing and extent of flow re-
leased from dams, etc.); and 3) water management to minimize impact of
available nutrients in ambient water. These three approaches are discussed
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in detail in the following sections. All can be utilized both to prevent
CHABs from occurring and to reverse the effects of excess nutrients in ex-
isting eutrophic systems.

In general, research in the area of prevention through watershed man-
agement must include research components across two major temporal
scales of relatively equal importance; first, research into effective means
for reducing and reversing eutrophication of aquatic systems over the long-
term, and second, research into methods to reduce the impacts of existing
eutrophication and decrease the likelihood of CHABs in the interim. Re-
search at multiple spatial scales is needed to guide design and placement of
strategies to reduce and prevent eutrophication, and to inform efforts to
mitigate and reverse effects of excess nutrients in existing eutrophic sys-
tems. There is also a need to develop generalizable (across system) intrin-
sic indicators of land use and land use change that can be applied as pre-
dictive tools for CHAB potential (e.g., influence on stream flow and
hydrodynamics).

Here, we outline and prioritize research needs in the area of CHAB pre-
vention. In addition to the charge as described above, we also asked, what
important data must be gathered to assure that prevention plans are as
sound and successful as possible? Following are the priorities for research
to improve watershed management strategies aimed at preventing or
minimizing CHABs. The priorities focus both on currently available tech-
niques and emerging approaches in fresh, estuarine, and marine water en-
vironments with the intent of providing guidelines to managers.

External vs. Internal Nutrient Control

Nutrient supplies often control the growth of CHABs in aquatic systems
and managing nutrients is a common approach to preventing CHAB pro-
liferation. Because nutrients are available through both internal and exter-
nal sources, strategies must account for both sources and consider which
type is more appropriate for management. Consideration of internal sup-
plies is also crucial because many aquatic systems will not respond to re-
duction of external nutrients because of enormous internal stores. Triggers
for internal loading are often distinct from those for external loading. Ex-
ternal loading is often triggered by precipitation or river loading, whereas
internal loading can be triggered by diverse mechanisms including changes
in sediment redox potential and wind events.
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Near-term Research Needs

1. Improve the understanding of the importance of internal and
external supplies of nutrients in the full range of aquatic systems.

Long-term Research Needs

1. Of particular need are cost-benefit models that accurately predict
the relative benefits and feasibility of internal and external nutrient
supply management.

Land Management

The development of regionally appropriate land management practices for
reduction in nutrient applications and exports draws upon two bodies of
prior research. First, the US EPA has developed a classification scheme
for dividing the US into regions on the basis of their geologic, physi-
ographic, hydrologic, and water quality characteristics (Omernik 1987,
Griffith et al. 1994). This framework can be used to guide the development
of regional research plans and strategies for reducing the occurrence of
CHABs. Second, the USDA (USDA SCS 1996) along with agronomists
and agricultural specialists (Keeney 1990) have been working for decades
to develop sustainable agricultural practices that will reduce the environ-
mental impact of agriculture, and in particular, decrease erosion and sedi-
ment and nutrient export from cropland. The USGS programs for monitor-
ing streamflow and water quality in multiple basins across the US are
absolutely critical to understanding the interaction of management prac-
tices and water quantity and quality in producing CHABs. These USGS
programs (such as the National Water-Quality Assessment Program) must
be supported and continued if we are to have the long-term hydrologic data
needed to understand existing conditions and trends, and to inform predic-
tive models.

Arrays of methods already exist for decreasing nutrient exports through
land management practices on agricultural lands (USDA NRCS 1997, SCS
1996). Mitsch et al. (2001) outlined the nature and extent of management
practices needed to substantially reduce N export from the Mississippi
River Basin, whereas authors of other studies (Vache et al. 2002, Santel-
mann et al. 2004, Boody et al. 2005) designed and evaluated watershed-
specific alternative future landscapes to estimate the impact of the prac-
tices in the various alternative designs on flow, N (as nitrate), and erosion
or sediment export. Most of the existing studies focus on N as the nutrient
of interest. However, P export (often strongly influenced by sediment) and
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N:P ratios have been found to be extremely important in determining the
occurrence of CHABs. Research is needed to better understand the effects
of various land management practices on P and sediment as well as N.

In order to guide policy and quantify the benefits of programs to reduce
eutrophication, research is needed to decide what practices should be em-
ployed, where they should be implemented, and to what extent they should
be used. Multi-scale, systems-level research is needed to understand and
quantify watershed (areas on the order of 10,000 to 100,000 ha.) and basin
(areas on the order of 100,000 to 1,000,000 ha) response to land use and
management measures, as well as uncertainty and variability inherent in
the system response. Because the appropriate methods to reduce nutrient
exports will vary among regions, research is needed to design effective ap-
proaches and to implement methods appropriate to the region in which
they are to be used (Santelmann et al. 2001). Finally, all future research
should involve regional experts and stakeholders who can: 1) identify re-
gional goals, benchmarks and timetables for achieving those goals; 2) de-
velop regional strategies to achieve those goals; and 3) ultimately decide
how to best implement strategies that include specific practices that either
reduce nutrient applications, enhance nutrient uptake/ removal, or prevent
movement of excess nutrients to aquatic systems.

Near-term Research Needs

1. Describe the effects of various land management practices on P, N,
and sediment, export from land to waterbodies.

2. Assess the effectiveness of constructed wetlands as a management
strategy for CHABs, to determine their ability to remove nutrients,
and to determine the effects that resulting N:P rations will have on
downstream aquatic systems.

3. Perform basin-scale research to help optimize site-selection for
restored or constructed wetlands in watersheds.

4. Similarly, in lotic systems, describe the potential effectiveness of
practices such as riparian plantings along streams and rivers to
shade and cool streams.

Water Management

Water management activities to effectively reduce the occurrence of
CHABs must focus on methods for mitigating effects of nutrients already
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present in such systems (e.g., dynamics of sediment-bound P), and efforts
to manage the hydrodynamics of these systems to dilute nutrients at key
points in the season during which low flows increase the probability of
CHABs.

An entire mosaic of aquatic habitats is affected by water management,
global climate change, and relative sea level rise. Freshwater supplies
downstream will be affected by changes in consumptive uses, releases
from reservoirs, and changes in precipitation. Increases in relative sea level
rise will push salt water farther upstream. Successful research in this area
will require a broad national campaign, conducted within each major eco-
region, with priority given to regions in which the occurrence of CHABS is
increasing, to examine the interactive effects of freshwater flow modifica-
tion on nutrient supplies, hydrologic properties, and temperature. For ex-
ample, increasing freshwater discharge has been shown to reduce the
prevalence of CHABs in some water bodies by decreasing residence time
and destratifying the water column. Among the methods for increasing
freshwater discharge is removing impediments to flow, including dams
and reservoirs. The impacts of removal of these structures on nutrient
transport downstream, perhaps through enhanced discharge or changes in
nutrient inputs, should be modeled prior to implementation and assessed
post-implementation. This research will assist in the development of mod-
els to forecast the net implications for CHABs that may result from the
removal of in-stream obstructions. System responses and practices consid-
ered appropriate for the region will vary from region to region, but general
principles should be developed.

Additionally, trophic interactions and processes within aquatic systems
can be managed to prevent movement of nutrients from compartments in
which they are less likely to induce harmful algal blooms (e.g., sediments
or deep in the hypolimnion) to compartments in which they are more likely
to promote algal blooms (water column or metalimnion). Alternatively,
ecosystem trophic structures may have been altered by human activities so
that top-down controls on CHABs are no longer effective. In the near-
term, although we may not be able to rapidly reverse the eutrophication of
aquatic systems which has proceeded over the past half-century, we may
be able to manipulate the system to favor the growth of aquatic macro-
phytes and algal species that are more amenable to removal or remedia-
tion, or less harmful while progress is made in efforts to reduce eutrophica-
tion. According to Chorus and Muur (1999), measures addressing light
availability or targeting aquatic community trophic structure (e.g., bioma-
nipulation) tend to be most successful in less eutrophic situations, but such
measures may also accelerate restoration in highly eutrophic water bodies.
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Near-term Research Needs

1. Develop tools to predict changes in aquatic habitat that will result
from a variety of global climate change and water management
scenarios, and to predict the net effects of such changes on the
occurrence of CHABs.

2. Models that describe CHAB dynamics in relation to causative
factors and ecosystem trophic structure are needed to evaluate
prevention and mitigation measures.

3. Determine the community dynamics of CHABs at the wetland-
water body interface, the potential interactions among CHABs and
wetland vascular plants, and trophic interactions that might be
manipulated to reduce the probability of CHAB occurrence.

4. Describe the conditions under which the aforementioned mitigation
measures can be employed effectively.

Unintended consequences

It is often easier to focus on one problem at a time, but because CHABs
likely result from a variety of causes, care must be taken in regard to unin-
tended or secondary effects when manipulating some causative factors.
For example, current regulations and monitoring schemes have focused
largely on control of N. Phosphorus, however, has been shown to be a key
nutrient in the determination of CHAB occurrence. If regulatory strategies
focus exclusively on N, reductions in N concentrations could shift N:P ra-
tios toward the conditions that strongly favor cyanobacteria rather than
other, less harmful algal taxa (Pichler et al. 2002).

Near-term Research Need

1. Evaluate existing management practices and regulatory measures
for their potential impacts not only on N, but on P and sediment
(and perhaps other nutrients such as iron) as well, so that they can
be optimized to prevent CHABs.

Establishing thresholds: uncertainty and phase shifts

Significant attention has been focused on identifying threshold levels of
physical and chemical drivers that cause major destabilizing shifts in pre-
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viously stable ecosystems (Scheffer et al. 2001). This response in ecosys-
tem function to forcing mechanisms can have enormous ecological, eco-
nomic, and management implications. For example, better constraints on
ecosystem thresholds provide context in which to interpret long-term
monitoring data such as nutrient levels and CHAB prevalence. It also has
bearing on remediation efforts because phase shifts and hysteresis may
make it impossible to return a system to its original ‘pristine’ state.

Near-term Research Need

1. Determine the relationship between drivers (e.g., nutrients, hydro-
logic modification) and CHABs responses (e.g., productivity, tox-
icity) in the freshwater-marine continuum to improve our
understanding of threshold attainments to cause sudden changes in
the response variables.

Sociological Impediments

The implementation of management strategies for environmental change
often requires difficult societal decisions. Thus, an understanding of pub-
lic perception regarding the benefits and values associated with controlling
CHABES is critical in designing successful management plans. The choices
required to control CHAB prevalence may carry significant costs, and
without an understanding of the full range of benefits that result from
CHAB control, a true cost-benefit analysis cannot be presented to inform
policy determinations. Targeting funding to watershed-based programs
where residents are actively working to improve water quality and ecosys-
tem function may help develop “model watersheds” that will assist in
quantifying the economic benefits of CHAB control. Programs should be
selected to provide an array of watersheds that represent variety of differ-
ent land use and management practices.

Long-term Research Needs

1. Describe societal obstacles to changes that would reduce nutrient
inputs to water bodies and sociopolitical strategies to help
overcome these obstacles in order to implement any of the practical
solutions to the problems that have produced CHABsS.

2. Develop comprehensive and accurate cost-benefit analyses of
CHAB control that are based on both pre- and post-implementation
evaluations of CHAB control practices.
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Charge 3: Control/Mitigation (post-bloom)

Can draft guidelines for controlling and mitigating CHABs be
developed now for use by managers? If not, identify and priori-
tize research to improve processes for removing cells and toxins
from fresh, estuarine, and marine water bodies and drinking
water, focusing both on current and emerging techniques with
the intent of providing guidelines to managers.

Cyanobacterial toxins in recreational and drinking waters have become an
increasingly visible public health and environmental issue, both nationally
and internationally. Newspaper headlines, recreational water closings, and
reported animal deaths have contributed to this greater visibility. To con-
trol the risk from cyanobacteria and their toxins, it is important to imple-
ment a multi-barrier approach. Control strategies should take into account
the most important factors influencing cyanobacterial growth and toxin
production in ambient waters, especially nutrient types and levels, and wa-
ter temperature. At the drinking water treatment facility, a better under-
standing is needed on the effectiveness of various widely used treatment
processes (e.g., coagulation, sedimentation, filtration, oxidation, granular
activated carbon) for controlling various types of harmful cyanobacterial
cells and their toxins. While much work has already been published on
this topic, especially for the microcystins, important knowledge gaps re-
main. These are identified in the research needs listed below.

Bloom Control and Toxin Fate

In addition to understanding the causes and prevention of CHABs, it is
also important to have mechanisms in place to control them once they oc-
cur. Numerous techniques already exist for managing blooms. However,
techniques have often not been explicitly evaluated and optimized for use
in the control of CHABEs, particularly when toxins are present. The follow-
ing research needs are designed to fill existing gaps and identify appropri-
ate CHAB control options in ambient water.

Near-term Research Needs
1. Artificial destratification—The use of artificial destratification for

cyanobacterial control has had mixed success. A potential exists to
improve this process by modifying the configuration. Are there
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different configurations of water mixers that would increase basin
scale circulation and disrupt stratification in the surface layer (e.g.,
an additional bubble line at a shallower depth than the first bubble
plume line). This would directly target mixing in the surface zone
where the cyanobacteria grow and facilitate transport of cells
deeper into the water column where they may become light-
limited.

. Increasing flushing rates by enhancing freshwater discharge --

Reducing water residence time by increasing flushing has bee
shown to decrease the dominance by relatively slow-growing
cyanobacteria (c.f. Paerl et al., 2001). If upstream freshwater
supplies are available, this could be a “low tech” approach to
minimizing the opportunities for CHABs to form and dominate in
otherwise susceptible (i.e., nutrient-enriched) downstream waters.

. Ultrasound—Determine the effectiveness of commercially available

ultrasound units to control CHABs. Assess the mode of action of
ultrasound on cells and the best methods for applying ultrasound in
large reservoirs.

. Electrocoagulation—Unlike most commonly used coagulation

processes, electrocoagulation adds few metals into the water
system. Determine the effectiveness of commercially available
units to control CHABs.

. Evaluate new and existing coagulants for recreational sources

(metal and non-metal based). Evaluate the ultimate fate of the
coagulated and/or sedimented cyanobacterial cells and their toxins,
and assess impacts of the coagulants.

. Evaluate new and innovative algicidal or algistatic compounds that

show promise for the control of CHABs. It is also necessary to
identify unintended impacts.

Drinking Water Treatment

Drinking water utilities ensure potable water by using a source-to-tap
multi-barrier approach to water treatment. The multi-barrier approach rec-
ognizes the importance of individual procedures, unit processes, and tools,
and their inter-relationships, to control drinking water contamination. A
short review of the efficacies various treatment processes and the multi-
barrier approach to remove and inactivate cyanotoxins is presented in We-
strick (this volume).
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Near-term Research Needs

1. Determine if the enhanced coagulation technology (currently
required under recent revisions to the U.S. EPA’s Surface Water
Treatment Rule) for removal of dissolved organic carbon, is also
effective in removing harmful cyanobacterial cells.  Also
determine how enhanced coagulation could be improved to better
remove cyanobacterial cells and their toxins.

2. Determine the efficacy of widely used water filtration processes in
controlling cyanotoxins, including the biodegradation of cyano-
toxins on sand filters.

3. Develop methods for real-time monitoring of source waters and
drinking water intakes for the presence of harmful cyanobacterial
cells and their dissolved toxins or their easily measured surrogates.

4. Determine the CT wvalues (disinfectant concentration X time)
needed to inactivate important freshwater cyanotoxins (including
emerging cyanotoxins) for all widely used water disinfectants.

5. Determine the extent to which the control of cyanotoxins by
disinfection will increase the levels of those toxic disinfectant
byproducts regulated under U.S. EPA’s drinking water regulations.

Long-term Research Needs

1. Assess the applicability of new technologies for degrading cyano-
toxins, such as advanced oxidation with titanium oxides catalysts.

2. Determine the toxicity of major byproducts resulting from the
interaction between widely used water disinfectants and various
cyanotoxins.

3. Develop and evaluate the utility of smart sensors for assessing
system performance and coupling sensors to models for prediction.
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Charge 5: Economic Analysis

What ecological factors should be included in models used to
predict the relative costs and benefits of processes used to pre-
vent or reduce the occurrence of CHABS in water bodies and
cyanotoxins in drinking water?

Today’s environmental resource managers are faced with increasingly dif-
ficult decisions that require a balance between the responsible use of pub-
lic funds and the maximization of environmental benefits. In making such
decisions, managers traditionally consider many objectives, including en-
vironmental quality, and threats to ecosystem integrity. However, benefits
to the natural environment alone are not enough to encourage the changes
in public behavior that may be needed to manage a threatened resource. A
demonstration of the societal benefits associated with a given management
strategy is also required, and this is usually done through economic analy-
sis. Thus, environmental managers need comprehensive decision-making
tools to help them evaluate the tradeoffs between different management
scenarios — tools that take into account economic impacts and benefits in
addition to environmental ones.

What follows is a discussion of ecological factors that the group felt
must be considered in order to accurately predict the relative costs and
benefits of various management strategies for CHABs. This is meant to
provide input on the types of information that should be incorporated in
economic models. It is not a strategy for doing so, but rather a starting
point from which to engage experts in both disciplines (ecology and eco-
nomics) in a productive dialogue, to begin addressing the difficulties in in-
corporating ecological complexity and multi-dimensional effects into eco-
nomic valuations.

Designing Assessments

While there is widespread agreement that eutrophication is responsible for
the initiation of CHABs (Chorus and Muur 1999, Paerl this volume), there
is less agreement as to the most appropriate, mitigation and prevention ac-
tivities. Once eutrophication has occurred, the system may respond slowly
to efforts to reduce additional nutrient input. In the near-term, harmful al-
gal blooms are still likely to occur. In contrast, the mitigation and preven-
tion measures required to reduce nutrient input to aquatic systems may
have other immediate and substantial economic impacts.
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Managers must balance these immediate economic impacts (both posi-
tive and negative) with the future benefits of nutrient reduction, such as
fewer algal blooms. No solution to the problem of CHABs will be effec-
tive without reductions in nutrient input, particularly P loading. In order to
be ultimately effective in preventing CHABs, management activities must
address both the long-term and critically important goal of nutrient reduc-
tion and removal from the system, and the implementation of effective
near-term practices that mitigate existing eutrophication.

Assessment of the economic benefits and costs of management practices
designed to reduce algal blooms should include all of the benefits and
costs resulting from their implementation. Also, since reducing nutrients
inputs into water bodies will impact other ecosystem services, any other
ecological benefits that result from these practices should be included in
the economic assessment, as well. For instance, a management practice
might generally improve water quality which can lead to increased recrea-
tional opportunities, improved wildlife habitat and health, and reductions
in drinking water treatment costs. Since costs of such management meas-
ures may occur in the near-term, while benefits might occur in the long-
term, all benefits and costs should be discounted to the present so they can
be compared equally. Although the near-term costs may be greater than
the near-term environmental benefits, the inclusion of other indirect bene-
fits may make the fotal benefits larger than the total costs in the long run.
Additionally, benefits and costs that accrue to those beyond the immediate
management area should be included as appropriate for the scale of the
analysis. For instance, in a national or regional analysis, all benefits and
costs occurring in the nation or region should be included if they result
from management actions. It will also be critical to link any of the physi-
cal and biological model outputs to economic endpoints that will change as
a result of the management measures. Thus, in order to design a good as-
sessment, it is necessary to ensure that the correct biological endpoints are
being monitored and matched with the appropriate economic endpoints. In
order to achieve this, the connection between changes in the biological and
physical components of the system and changes in the economic compo-
nents must be well-understood.

In designing an assessment, managers may want to compare the benefits
and costs of a number of practices that could be implemented and to
choose the one that provides the highest net benefits (benefits-costs) or the
highest benefit/cost ratio. Alternatively, if a given level of nutrient reduc-
tion is desired, the assessment could be designed to achieve the given level
at the least cost. In this case, standard linear programming models could
be used to determine the best solution.
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Requirements of Models across Multiple Scales

Local Watershed Scale

At the small watershed scale (5-10,000 ha), the economic impacts and en-
vironmental benefits of practices and programs designed to decrease nutri-
ent export could be modeled based on the usual factors included in farm
enterprise budgets and models that calculate crop yields and water quality
response to various practices (such as Erosion/Productivity Impact Calcu-
lator - EPIC or Soil and Water Assessment Tool - SWAT). At this scale,
compensation to producers from USDA environmental improvement pro-
grams could offset some of the costs paid for by producers. Examples of
economic and environmental modeling efforts at this scale are published in
Coiner et al. (2000), Santelmann et al. (2004) and Boody et al. (2005).
None of the studies employed at this scale to date have been able to ex-
plore sufficient numbers of alternatives to discern whether the response of
the system is linear or whether there may be thresholds of response. For
example, a nutrient reduction in surface water may be very gradual until a
threshold level is reached at which the response rate increases signifi-
cantly. Further efforts to explore the linearity or non-linearity of watershed
response to measures implemented at this scale could be quite valuable in
helping to inform policy concerning the minimal extent of changes that
must be made in order to achieve significant, measurable results across
multiple environmental objectives.

County and Basin Scale

At the spatial extent of counties and small river basins, the economic im-
pacts of additional components should be considered. Some negative eco-
nomic impacts of existing practices are already occurring, such as impacts
of environmental degradation on regional infrastructure (costs of water
treatment, costs of road and bridge replacement over eroding stream chan-
nels, episodic environmental disasters from failure of manure containment
facilities, and a decline in property values surrounding large confinement
feeding operations). Thus, an accurate modeling of economic impacts at
this scale must consider the benefit of reducing the negative consequences
of existing practices. Another component to consider at regional (and na-
tional) scales would be the potential for banking of credits for carbon se-
questration, wetland mitigation and habitat restoration can improve surface
or groundwater quality. These elements could all be factored into models
developed for larger regions. Capturing the value of such ecosystem ser-
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vices over longer time frames (25-50 years) would be necessary to demon-
strate the economic value of changes in land use and management over
time (e.g., so that the different impacts of 100 year flood events or drought
under different management regimes could be quantified). Again, explora-
tion of response thresholds (in terms of both spatial and temporal extent)
over which significant measurable change can be expected, would be im-
portant.

Among the costs that might be expected to emerge at this scale are
losses in revenue to rural communities and counties for land enrolled in
set-asides, such as decreased commodity production, the sales of agricul-
tural supplies, and any decline in need for services or losses of jobs that
might occur in response to changes in practices.

Regional Scale

Models developed to evaluate alternatives at the regional scale should in-
clude some key factors or “pressure points” whose alteration may change
the behavior of the modeled system and thereby have implications for the
selection of nutrient-control techniques. For example, it would be ex-
tremely valuable develop models for evaluating the influence of changes in
energy costs on the relative costs of control processes, or to explore the
costs and benefits of alternative control processes as the system response
changes with key climatic shifts in precipitation or temperature patterns.

National Scale

At the national scale, models should incorporate the effects of implement-
ing specific programs or guidelines which, when accumulated at a national
scale, could influence the balance of trade by increasing commodity supply
for export. Additionally, models at this scale must consider the effects of
potential changes in commodity supply and demand on prices, unintended
consequences of specific agricultural programs (e.g., “slippage” in re-
sponse to set-aside programs), as well as the environmental benefits that
accrue at a national scale outside the region in which the land use practices
are implemented (decreased need for some forms of water treatment, im-
proved flood control along major rivers, carbon or pollutant trading credits
etc.).

Temporal Scale

Progress in the near-term will be required in order to produce demonstra-
ble results from management activities that will satisfy public desire for
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measurable progress, a key requirement for sustained funding for remedial
programs. Metrics for measuring progress should include both reduction
of nutrients within the aquatic system and decrease in the extent, duration,
and toxicity of algal blooms. However, it must be acknowledged up front
that significant improvements in the response of nutrient export from these
systems to changes in agricultural practices may take years. Mclsaac et al.
(2001) modeled the influence of nitrogen applications in the Mississippi
River Basin (MRB) on nutrient export into the Gulf of Mexico, and found
that nutrient export at the mouth of the Mississippi reflected loading in the
Basin from the previous 9 years, with strongest influence being from load-
ing in the previous 1-5 year interval. Given these and other studies indicat-
ing time lags in system response to reductions in nutrient applications to
land, it is unlikely that we will see improvements in either nutrient loading
or control of algal blooms from watershed management efforts alone until
5-10 years after these measures are implemented. Yet, we also know that
unless we implement such measures now, we will see continued eutrophi-
cation and degradation of these systems, which will be more and more dif-
ficult to reverse over time.

Societal Considerations

The need for informing the general public (especially those stakeholders of
whom the greatest sacrifices will be demanded), concerning the needs and
goals of any programs designed to decrease CHABs will be critically im-
portant. In addition, efforts must be made to ensure that the changes in
land use and management that are proposed to meet environmental goals
are culturally acceptable as well as perceived as fair and equitable across
groups (Santelmann et al. 2001). For example, both actual and perceived
fairness in regulation of various entities and activities in meeting regional
water quality goals must be considered in order to achieve acceptance and
participation. If urban point sources are allowed to continue to release
large quantities of phosphorus and total dissolved solids into water while
agricultural enterprises are stringently regulated, or vice versa, this will
jeopardize the atmosphere of compliance and “we’re all in this fight to-
gether” that will be needed to make an impact on reversing current trends
of eutrophication in aquatic systems.
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Abstract

Nutrient and hydrologic conditions strongly influence harmful planktonic
and benthic cyanobacterial bloom (CHAB) dynamics in aquatic ecosys-
tems ranging from streams and lakes to coastal ecosystems. Urbanization,
agricultural and industrial development have led to increased nitrogen (N)
and phosphorus (P) discharge, which affect CHAB potentials of receiving
waters. The amounts, proportions and chemical composition of N and P
sources can influence the composition, magnitude and duration of blooms.
This, in turn, has ramifications for food web dynamics (toxic or inedible
CHABS), nutrient and oxygen cycling and nutrient budgets. Some CHABs
are capable of N, fixation, a process that can influence N availability and
budgets. Certain invasive N, fixing taxa (e.g., Cylindrospermopsis, Lyng-
bya) also effectively compete for fixed N during spring, N—enriched runoff
periods, while they use N, fixation to supplant their N needs during N-
deplete summer months. Control of these taxa is strongly dependent on P
supply. However, additional factors, such as molar N:P supply ratios, or-
ganic matter availability, light attenuation, freshwater discharge, flushing
rates (residence time) and water column stability play interactive roles in
determining CHAB composition (i.e. N, fixing vs. non-Nj fixing taxa) and
biomass. Bloom potentials of nutrient-impacted waters are sensitive to
water residence (or flushing) time, temperatures (preference for >15 °C),
vertical mixing and turbidity. These physical forcing features can control
absolute growth rates of bloom taxa. Human activities may affect “bottom
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up” physical-chemical modulators either directly, by controlling hydro-
logic, nutrient, sediment and toxic discharges, or indirectly, by influencing
climate. Control and management of cyanobacterial and other phytoplank-
ton blooms invariably includes nutrient input constraints, most often fo-
cused on N and/or P. While single nutrient input constraints may be effec-
tive in some water bodies, dual N and P input reductions are usually
required for effective long—term control and management of blooms. In
some systems where hydrologic manipulations (i.e., plentiful water sup-
plies) are possible, reducing the water residence time by flushing and arti-
ficial mixing (along with nutrient input constraints) can be effective alter-
natives. Blooms that are not readily consumed and transferred up the food
web will form a relatively large proportion of sedimented organic matter.
This, in turn, will exacerbate sediment oxygen demand, and enhance the
potential for oxygen depletion and release of nutrients back to the water
column. This scenario is particularly problematic in long-residence time
(i.e., months) systems, where blooms may exert a strong positive feedback
on future events. Implications of these scenarios and the confounding is-
sues of climatic (hydrologic) variability, including droughts, tropical
storms, hurricanes and floods, will be discussed in the context of develop-
ing effective CHAB control strategies along the freshwater—marine contin-
uum.

Introduction

CHABs and Eutrophication

The accumulation of cyanobacterial biomass as bright green, yellow-
brown and red blooms in fresh, brackish or saline waters is one of the most
obvious and problematic symptom of anthropogenic nutrient enrichment,
or eutrophication (Fogg 1969, Reynolds and Walsby 1975, Paerl 1988)
(Fig. 1, see Color Plate 4). Cyanobacterial blooms, which often culminate
in an unsightly, odoriferous mess, can also cause harm from ecological and
health perspectives. Ecologically, blooms may be inedible or toxic to con-
sumer species, causing food web alterations, with potentially detrimental
effects on nutrient cycling, biodiversity and fisheries (Fogg 1969, Paerl et
al. 2001). Because they may not be consumed, blooms can accumulate as
thick scums and mats, which when decomposed cause excessive oxygen
consumption (hypoxia), a major factor in the decline or elimination of fish,
shellfish, invertebrate and plant habitats (Diaz and Solow 1999). In addi-
tion, N, fixing cyanobacterial blooms can constitute significant sources of
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“new” nitrogen (N), potentially impacting N-driven eutrophication and N
cycling (Horne 1977, Paerl 1988). From animal and human health per-
spectives, blooms produce a variety of odor and taste compounds (geos-
mins, DMIB), rendering affected waters unsuitable for drinking, swim-
ming and other recreational purposes. Lastly, numerous cyanobacterial
bloom species (Fig. 2, see Color Plate 5) produce alkaloid, peptide and
other compounds that can be toxic upon ingestion or contact with affected
waters (Codd and Bell 1996, Carmichael 1997, Chorus and Bartram 1999).

From research and management perspectives, identifying environmental
factors causing and sustaining harmful cyanobacterial blooms (CHABS) is
key to developing an understanding of how to control these unwanted ma-
nifestations of man-made nutrient, sediment and hydrologic alterations.
Cyanobacterial blooms have accompanied human modification of water-
sheds for agricultural, urban and industrial development for centuries. One
line of evidence is the paintings of Holland’s agricultural landscapes by the
17™ century Dutch Masters, which show surface algal scums diagnostic of
nutrient over—enrichment (Fig. 3, see Color Plate 5).

Fig. 1. Harmful cyanobacterial blooms in a range of nutrient—enriched aquatic
ecosystems. Upper left. A bloom of the non-N, fixing genera Microcystis aerugi-
nosa and Oscillatoria sp. in the Neuse River, NC (Photo, H. Paerl). Upper right.
A mixed Microcystis sp. and Anabaena spp. (N, fixers) bloom in the St. Johns
River, Florida (Photo, J. Burns). Lower left. A bloom of the benthic filamentous
N, fixer Lyngbya wollei in Ichetucknee Springs, Florida (Photo H. Paerl). Lower
right. A massive bloom of Microcystis sp. and Anabaena spp. in Lake Ponchar-
train, Louisiana (Photo J. Burns). (See Color Plate 4).
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& Unicellular, (non-N, fixing) ;
Microcystis*, Gomphosphaeria

« Filamentous, non-heterocystous
(mostly non-N, fixing)
Lyngbya*, Oscillatoria*,

# Filamentous, heterocystous
(N, fixing)
Anabaena*, Aphanizomenon*,
Cylindroespermopsis*,
Nedularia*

* C'ontains toxic strains

Fig. 2. Photomicrographs of genera representing the three major CHAB morpho-
logical groups, including coccoid, filamentous non-heterocystous and filamentous
heterocystous types. (See Color Plate 5).
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Fig. 3. Painting of Haarlemmermeer, a shallow, eutrophic lake in the Netherlands.
Jan van Gooyen, ca. 1650. Note the surface scums characterizing the lake.
(See Color Plate 5).

Nutrients and Hydrology: Key Controls of CHABs

Among the nutrient elements required for aquatic plant growth, N and
phosphorus (P) are often most stimulatory, because requirements are high
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relative to availability. It follows that N and P enrichment are often most
effective in stimulating and supporting blooms in receiving waters (Fogg
1969, Reynolds and Walsby 1975). These elements have, and continue to
be, the focus of efforts aimed at controlling blooms (Likens 1972, Schind-
ler 1975, Shapiro 1990). While N and P are generally considered the main
“culprits” of freshwater and marine eutrophication, they are by no means
the only environmental factors controlling bloom formation, duration and
proliferation. Other natural and anthropogenically—influenced factors also
play roles in controlling bloom dynamics. These include; 1) sedimentation
which can alter both the nutrient and light environments, and 2) hydrology,
specifically freshwater discharge, flushing and residence time, which af-
fect both nutrient delivery to and cycling in affected waters. Nutrient in-
puts or loads may synergistically or antagonistically interact with sedimen-
tation, freshwater discharge and water column stability (vertical mixing
regime) to determine; 1) if a specific water body is susceptible to CHAB
formation, 2) the extent (magnitude, duration) to which CHABs may do-
minate planktonic and or benthic habitats, and, 3) whether an affected wa-
ter body is amenable to management steps aimed at minimizing or elimi-
nating CHABs (Fig. 4, see Color Plate 6). Here, | will discuss the roles N
and P play as nutrients controlling planktonic and benthic CHABs, and the
interactive roles light, hydrologic and hydrodynamic conditions play in
modulating CHABs. Finally, nutrient and other management options for
controlling CHABs will be explored.
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Fig. 4. Conceptual diagram, showing the interactive physical, chemical and biotic
controls of cyanobacterial blooms along the freshwater-marine continuum.
(See Color Plate 6).



222  H. Paerl

Nitrogen and Phosphorus: Linking Their Inputs to CHAB
Dynamics

In freshwater ecosystems, excessive P loading has been most frequently
linked to eutrophication (Likens 1972, Paerl 1988). P—driven eutrophica-
tion can be a prerequisite to No—fixing or non—-N, fixing CHABs. This is
often exacerbated by low freshwater discharge (low flushing rates, long
residence time), elevated water temperatures >20°C, and strong vertical
stratification (Fogg 1969, Reynolds and Walsby 1975, Paerl 1988, Shapiro
1990). In some instances, organic matter—enriched conditions may also
favor the CHAB dominance (Pearsall 1932, Fogg 1969). Whether or not
N, fixers dominate depends on several co—occurring factors, the most im-
portant of which is the availability of biologically utilizable N relative to P
(Paerl 1990). Freshwater systems having low molar ratios of both total
and soluble (biologically—available) N to P (<15) are most likely to experi-
ence cyanobacterial dominance (Smith 1983, 1990). Conversely, waters
having molar N:P ratios in excess of 20 are more likely to be dominated by
eukaryotic algal taxa (Smith 1983). This rule has proven broadly applica-
ble to periodically stratified, long residence (> 30 days) temperate and
tropical freshwater systems (Downing et al. 2001).

There are exceptions to the N:P rule. These include; 1) systems in
which both N and P loadings are very large (i.e., hypereutrophic systems
in which N and P inputs exceed the assimilative capacity of the phyto-
plankton), and 2) highly—flushed, short residence time systems, in which
the flushing rate exceeds growth or doubling rates of cyanobacteria (gen-
erally >1 d*). In N and P enriched systems, N:P ratios may readily ex-
ceed 20, but since both N and P are being supplied at close to non-
limiting rates, factors other than nutrient limitation (e.g., light, vertical
mixing, residence time, salinity, organic matter content) may control al-
gal community activity, biomass and composition. Under these condi-
tions, N, fixation confers little if any advantage, and non-N, fixing taxa
predominate. Often, these conditions favor high rates of primary produc-
tion and biomass accumulation. This may severely reduce clarity, re-
stricting transmittance of photosynthetically—active radiation (PAR; 400-
700 nm), providing a niche for buoyant, surface—dwelling, “nutriphilic”
phytoplankton, most notably the bloom—forming non-N, fixing cyano-
bacterial genus Microcystis. Microcystis and other non-diazotrophic
nuisance genera (Oscillatoria, some Lyngbya and Planktothrix species)
often co—dominate under these conditions.

Moderately N and P-enriched waters tend to support mixed assem-
blages of diazotrophic and non—diazotrophic species. This condition often
occurs in systems receiving sequential pulse loadings of either high N or P.
One scenario is springtime elevated N-laden surface runoff, which favors
the establishment of non-diazotrophic bloom species. During summer,
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when runoff subsides, externally—supplied P loads (from point sources
such as wastewater treatment plants, municipal and industrial sources) or
internally—generated P loads released from hypoxic sediments, tend to be-
come more prominent components of nutrient loading. P enrichment (i.e.,
declining N:P ratios) frequently selects for the establishment of N, fixing
species (Paerl 1982, 1988) (Fig. 5, see Color Plate 6). Once N, fixers are
established, non—diazotrophic species can remain a significant fraction of
the phytoplankton, because they are able to utilize fixed N produced and
released by N, fixing species (Paerl 1990). Co-existing diazotrophic and
N-requiring bloom species are capable of buoyancy regulation, and thus a
near—surface existence, in highly productive, turbid waters. Typically,
Anabaena, Aphanizomenon and Microcystis' (the notorious trio, “Annie,
Fannie and Mike™) co—occur under these circumstances. In clearer waters
where light reaches the bottom, benthic N, fixing and non—fixing assem-
blages (e.g., Lyngbya, some Oscillatoria, Microcoleus, Scytonema, Phor-
midium) can predominate. Mixed assemblages often persist as a bloom
“consortium” during summer and fall (Paerl 1983, 1986, 1987), until unfa-
vorable physical conditions such as cooling (<15°C) and water column
turnover take place.

MNeuse R. Estuary: | *
MN:P ratios and
cyanobacterial
dominance
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Fig. 5. Relationship, in space and time, of nitrate and phosphate concentrations,
and relative dominance by cyanobacteria in the Neuse River Estuary, NC. Phyto-
plankton composition along a transect of 5 locations ranging from the upper oli-
gohaline to lower mesohaline segments of the estuary was determined using high
performance liquid chromatographic (HPLC) analysis of diagnostic (for major al-
gal groups) photopigments (see Paerl et al. 2003). The period during which N,
fixing cyanobacteria were present is indicated by the photomicrograph in the
upper frame. (See Color Plate 6).
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Some CHABs thrive under the relatively low light conditions caused
by increased turbidity accompanying eutrophication. Members of the
non-N, fixing filamentous genus Oscillatoria can form metalimnetic
blooms in nutrient— (N and P) enriched lakes and reservoirs. Odor and
taste producing Oscillatoria spp. and Lyngbya spp. can be particularly
problematic in drinking water reservoirs, where their ability to adapt to
low light conditions provides them a niche and allows them to coexist
with surface—dwelling genera, including Anabaena, Aphanizomenon,
and Microcystis. The toxic N, fixing, filamentous heterocystous species
Cylindrospermopsis raciborskii appears to be taking similar advantage in
nutrient enriched, eutrophying subtropical and tropical freshwater eco-
systems. This low light adapted species, has, within a matter of a decade,
invaded eutrophying inland waters of central Florida, USA by blooming
as cloudlike masses throughout the water column (Chapman and Schel-
ske 1997). Even though C. raciborskii is able to fix N, to meet its
N requirements (under P sufficient conditions), this CHAB also effec-
tively competes with eukayotes and other cyanobacteria for combined N
when available (Padisak 1997). Furthermore, it is capable of intracellu-
larly storing P as polyphosphate bodies. This cockroach-like CHAB ap-
pears to be able to effectively exploit altered nutrient cycling and optical
conditions resulting from eutrophication in Florida, other US Southeast-
ern and Midwest regions. Nutrient addition bioassays indicate that both
N and P reductions are likely needed arrest the explosive growth and ex-
pansion of this CHAB (Fig. 6).

Because planktonic and benthic bloom assemblages may have com-
plex nutritional requirements, efforts aimed at reducing CHAB domi-
nance by manipulating N:P ratios have met with mixed results. P input
constraints are often the most feasible and least costly approach in fresh-
water systems. In certain cases, P cutbacks can be highly effective on
their own (without parallel N removal), because; 1) they may reduce total
P availability enough to reduce growth of all bloom taxa, and 2) they
may increase N:P ratios enough to provide eukaryotic algae a competi-
tive advantage over cyanobacteria. There are noteworthy examples
where exclusive P reductions have led to dramatic declines in cyanobac-
terial dominance and bloom control. These include Lake Washington,
WA, USA, where reduction of sewage—based P inputs led to profound
reversal of eutrophication (Edmondson and Lehman 1981), Lake Erie
(Laurentian Great Lakes) (Likens 1972), and Himmerfjérden fjord, Swe-
den, where reduction of wastewater, agricultural and industrial P dis-
charges caused a rapid decline in CHABs (EImgren and Larsson 2002).
P reduction efforts were helped by a phosphate detergent ban in the mid—
1980’s (Paerl et al. 2004). Similarly, reductions in wastewater and agri-
cultural P inputs have led to decreased cyanoHAB bloom activities in
large European and Asian lakes (e.g., Lakes Constance and Lucerne,
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Fig. 6. Upper frame. Results from in situ nutrient addition bioassay, showing the
effects of N (as 20 uM NOy) and P (as 5 uM PO,*), added singly or combined, on
primary productivity of Lake George, a lake located in the upper St Johns River
system, Florida. This lake has supported blooms of the invasive CHAB Cylin-
drospermopsis raciborskii. Lower frame shows the effects of these nutrient addi-
tions on C raciborskii biomass as numbers of filaments or “units” per ml. These
bioassay results indicate that growth of the entire phytoplankton community and C
raciborskii is stimulated by N and P additions individually and combined, support
for a dual nutrient reduction strategy. (See Chapter 10: “Nutrient and other envi-
ronmental controls of harmful cyanobacterial blooms along the freshwater—-marine
continuum? [Paerl this volume]).

Germany-Switzerland; Lake Trummen, Sweden; Lago Maggiorre, Italy;
Lake Biwa, Japan). In other cases, parallel N and P reductions have been
needed to reduce bloom potentials. In ecosystems where large amounts
of previously—supplied and/or naturally—occurring P reside in the sedi-
ments, both N and P reductions are required to reduce the size and dura-
tion of blooms (Vollenweider and Kerekes 1982).

In contrast to P-limited inland waters, brackish estuarine and full sa-
linity coastal waters tend to be N-limited (oligohaline regions of estuar-
ies can be N and P co-limited) (Ryther and Dunstan 1971, Nixon 1986,
1995). N—enriched estuarine and coastal waters have experienced a re-
cent upsurge in algal blooms (Paerl 1988, Hallegraeff 1993, Richardson
1997). Reducing N inputs has been recommended as a means of stem-
ming coastal eutrophication (Vollenweider et al. 1992, Elmgren and
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Larsson 2002, Boesch et al. 2002). In the Neuse River Estuary, North
Carolina, USA, deteriorating water quality has prompted calls for an N
input “cap” and an overall 30% reduction in N loading (Paerl et al. 1995,
2004). However, changes in N loading alone may result in shifts in ratios
of dissolved N to P supply rates in this and other N-sensitive estuaries
(Paerl et al 2004). Altered N:P inputs impact microalgal communities far
beyond a simple reduction in productivity and biomass, including shifts
in species composition and possible selection for low N:P adapted
species (Smith 1983, Tilman and Kiesling 1984). In particular, the
phytoplankton community could become dominated by N, fixing cyano-
bacteria that may circumvent N-limitation imposed by N reductions.
This is of particular concern in shallow estuarine and coastal waters hav-
ing rich (marine) repositories of P stored in the sediments that can be re-
cycled to the water column during periods of hypoxia. Recently (sum-
mer 1997), we observed N,—fixing Anabaena strains in mesohaline (5-15
psu) segments of the Neuse River Estuary (Piehler et al. 2002). In a par-
allel laboratory study (Moisander et al. 2000), two toxic Baltic Sea Nodu-
laria strains and native Anabaenopsis and Anabaena species were capa-
ble of growth and proliferation in Neuse River Estuary water over a wide
range of salinities, demonstrating the potential for CHAB expansion in
estuaries (Fig. 7).

Both diazotrophic and non—diazotrophic CHABs can utilize diverse
forms of combined N (inorganic and organic) (Paerl 1988). This nutri-
tional flexibility may provide a key competitive advantage in response to
anthropogenic N loading events. Large pulses of non—point source N
loading have increased and are drivers of freshwater and marine eutro-
phication (Nixon 1995, Vitousek et al. 1997, Paerl 1997, 1998). Cyano-
bacterial growth and bloom responses in N-limited North Carolina estu-
aries closely track (in time and space) such events (Pinckney et al. 1997,
1998). In particular, organic N and ammonium—enriched conditions may
favor cyanobacteria (Pinckney et al. 1997) and toxicity of bloom genera
(Paerl and Millie 1996). Earlier observations of such correlations in na-
ture (Pearsall 1932, Fogg 1969) have been largely overlooked, but might
be relevant.

Non-N; fixing planktonic and benthic CHAB genera, including Micro-
cystis, Lyngbya, and Oscillatoria, can also exploit these N loading scenar-
ios. Microcystis blooms tend to be confined to oligohaline waters, while
Oscillatoria and Lyngbya can thrive in seawater salinities. These genera
thrive under relatively low N:P ratios, as long as adequate P supplies exist
(Smith 1990, Paerl 1990). Estuaries with relatively abundant P supplies
(natural or anthropogenic) and growing (non—point) N inputs are potential
targets for these CHABs. In particular, systems susceptible to bottom wa-
ter anoxia accompanied by sediment N and P release events may be vul-
nerable.
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Options for CHAB Control

As shown above, ecosystem level, physical, chemical and biotic regulatory
variables often co—occur and may interact synergistically and antagonisti-
cally to control the activities (N, fixation, photosynthesis) and growth of
CHABs (Paerl 1988, Paerl and Millie 1996). Thus, overriding, easily—
executed controls are desirable.

Means of controlling blooms include; 1) applications of algacides, the
most common of which is copper sulfate, 2) nutrient input reduction and
manipulation (of N:P ratios), 3) disrupting vertical stratification, through
either mechanically or hydrologically induced vertical mixing, 4) reducing
retention time (increasing flushing) of bloom-impacted waters, and 5) bio-
logical manipulation. Option 1 has been used in small impoundments,
such as ponds and small reservoirs. This approach is not advised in larger
ecosystems, or any waters to be used for fishing, drinking water and other
animal and human use purposes, unless the system is drained after algacide
application, flushed several times and refilled with algacide—free water. If
the bloom-affected water body is small and accessible enough for install-
ing destratification equipment, option (3) may be feasible. If abundant wa-
ter supplies (i.e., upstream reservoirs) are available for hydrodynamic ma-
nipulative purposes, option (4) may be possible. Biological manipulation
(5) encompasses a number of approaches to change the aquatic food web
to increase grazing pressure on cyanobacteria or to reduce recycling of nu-
trients. Biomanipulation approaches can include introducing fish and ben-
thic filter feeders capable of consuming cyanobacteria, or introduction of
Iytic bacteria and viruses. However, the most common biomanipulation
approaches are intended to increase the abundance of herbivorous zoo-
plankton by removing zooplanktivorous fish or introducing piscivorous
fish. Alternatively, removal of benthivorous fish can reduce resuspension
of nutrients from the bottom sediments. Questions have been raised about
the long-term efficacy of curtailing cyanobacterial blooms by increasing
grazing pressure, because this may lead to dominance by ungrazable or
toxic strains (McQueen 1990; Ghadouani et al. 2003). Presently, bioma-
nipulation is viewed as one component of an integrated approach to water
guality management in circumstances in which nutrient reductions alone
are insufficient to restore water quality (Moss et al. 1996, Scheffer 1998,
Elser 1999). Otherwise, option 2 is the most practical, economically feasi-
ble, environmentally—friendly, long—term option. Below we will consider
P and N management options for mitigating CHABs.
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Phosphorus

Phosphorus inputs to aquatic ecosystems are dominated by; 1) non point
source surface runoff, and 2) point sources such as effluents from waste-
water treatment plants, industrial and municipal discharges, and 3) subsur-
face drainage from septic systems and groundwater. Among these, point
sources have been the focus of P reductions. In many watersheds, target-
ing point sources is attractive, as they can account for a highly significant
share of P loading. Point sources are readily identifiable, accessible, and
hence from a regulatory perspective, easiest to reduce and manage.

In agricultural and urban watersheds, non—point surface and subsurface
P inputs are of increasing concern. Increased P fertilizer use, generation
and discharge of animal waste, soil disturbance and erosion, conversion of
forests and grasslands to row—crop and other intensive farming operations,
and the proliferation of septic systems accompanying human population
growth are rapidly increasing non—point P loading. In agricultural and ur-
banizing watersheds, non—point sources can account for at least 50% of
annual P loading. Because of the diffuse nature of these loadings, they are
more difficult to identify and address from a nutrient management perspec-
tive.

As with nitrogen, the manner in which P is discharged to P—sensitive
waters pays a role in controlling CHABs. Considerations include; 1) total
annual (i.e., chronic) P loading, 2) shorter—term seasonal and event-based
pulse (i.e., acute) P loadings, 3) particulate vs. dissolved P loading, and 4)
inorganic vs. organic P loading. With respect to ecosystem P budgets and
long—term responses to P loadings (and reductions), annual P inputs are of
fundamental importance. However, when considering CHAB dynamics,
seasonal and shorter—term acute loading events are of critical, and at times,
overriding importance. When and where P enrichment occurs can deter-
mine the difference between bloom—plagued vs. bloom—free conditions.
For example, if a large spring P discharge event precedes a summer of dry,
stagnant (stratified) conditions in a relatively long residence time water
body, the spring P load will be available for summer bloom development
and persistence. Effective exchange and cycling between the water col-
umn and bottom sediments can retard P transport and hence retain P. As a
result, acute P inputs during high flow periods may be retained longer than
estimated based on water flushing time alone. In effect, water bodies ex-
hibit both rapid biological responses to and a “memory” for acute P loads.

Unlike N, P exists in relatively few dissolved and particulate forms in
natural waters. No gaseous forms of P are common, although under an-
aerobic conditions, trace amounts of the unstable gas phosphine (PH3) may
be generated. Overall, the main concern is with dissolved vs. particulate
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forms of inorganic and organic P. Dissolved inorganic P (DIP) exists as
orthophosphate (PO,*), which is readily assimilated by all CHAB taxa.
Many CHABs can accumulate assimilated P intracellularly as polyphos-
phates. Polyphosphates can serve as internal stores of P, for subsequent
use in the event of ambient P depletion (Healy 1982). Dissolved organic P
(DOP) can be a significant fraction of the total dissolved P pool. DOP can
be assimilated by bacteria, microalgae and cyanobacteria, although not as
rapidly as PO,* (Lean 1973). A large fraction of the assimilated DOP is
microbially recycled to DIP, enhancing P availability. The role of particu-
late P (as inorganic or organic forms) in aquatic production and nutrient
cycling dynamics is less well understood. Particulate P (PP) may provide
a source of DIP and DOP via desorption and leaching, and it may serve as
a sorption/precipitation site for DIP. PP therefore exists in dynamic equi-
librium with the dissolved phases of P. It is safe to assume that some frac-
tion of the PP can serve as a source of biologically-available P and hence
play a role in CHAB dynamics. On the ecosystem—scale, sedimented PP
serves as an important source of stored P for subsequent release, especially
during hypoxic/anoxic periods. It is prudent to include both dissolved and
particulate P when formulating and managing P inputs and N:P ratios.

Nitrogen

Nitrogen exists as dissolved, particulate and gaseous forms. Many of these
forms are biologically—available and readily exchanged within and be-
tween the water column and sediments. In addition, biological nitrogen
(N) fixation and denitrification control the exchange between inert gase-
ous atmospheric N, and biologically—available combined N forms. Com-
bined forms of N include dissolved inorganic N (DIN; including ammo-
nium (NH4"), nitrate (NO3") and nitrite (NO5), dissolved organic N (DON;
e.g., amino acids and peptides, urea, organo—nitrates), and particulate or-
ganic N (PON; polypeptides, proteins, organic detritus). These sources
can be supplied as non—point and point sources. Non-point sources in-
clude surface runoff, atmospheric deposition and groundwater, while point
sources are dominated by municipal, agricultural and industrial wastewa-
ter. In rural and agricultural settings, non—point N inputs tend to dominate
(>50% of total N loading), while in urban centers, point sources often
dominate. All sources contain diverse organic and inorganic N species in
dissolved and particulate forms; representing a mixture of biologically-
available DIN, DON and PON that plays a critical role in the eutrophica-
tion process. Depending on sources, chemical makeup, delivery mecha-
nisms and spatial distribution of N inputs, ecosystem response can vary
dramatically.
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N inputs are dynamic, reflecting land use, population and economic
growth. The means and routes by which human N sources impact and me-
diate estuarine and coastal eutrophication are changing. Among the most
rapidly—growing (amount and geographic scale) sources of human N load-
ing are surface runoff, groundwater and atmospheric deposition. Atmos-
pheric N loading is an often—overlooked, but expanding source of new N
loading to N-sensitive waters. In eastern North Carolina, the combined
emissions of fossil fuel combustion (NOx) and volatilization of NH; from
stored animal waste (lagoons and land—applied) are a major (>30% of new
N loading), rapidly—growing source of biologically—available N. Surface
and groundwater N releases from expanding animal operations and urbani-
zation are of additional concern.

The contribution of groundwater and atmospheric N to coastal water-
shed and oceanic N budgets will increase substantially as we enter the next
century, when nearly 70% of North American and European populations
will reside within 50 km of the coast (Vitousek et al. 1997). Globally, it is
estimated that AD—N accounts for ~40 Tg N y™, compared to ~30 Tg N y*
from riverine discharge, ~10 Tg N y™ for groundwater and ~20 Tg N y™
for biological nitrogen fixation (Paerl and Whitall 1999). A significant
fraction of atmospheric N is directly deposited to N-sensitive estuarine and
coastal waters, bypassing the estuarine N “filter”. In many locations, in-
cluding the US Eastern Seaboard, Europe, and East Asia atmospheric N is
among the dominant sources of anthropogenic N to the coastal zone. When
and where anthropogenic N inputs are intercepted are critical determinants
of ecosystem sensitivity, water quality responses and resourcefulness in re-
sponse to N enrichment. The ramifications of this previously “out of sight
out of mind” but growing new N source in algal bloom, including CHAB,
dynamics should be investigated.

There is increasing emphasis on reducing N inputs to control estuarine
and coastal eutrophication (c.f. Boesch et al. 2001, EImgren and Larsson
2002). While this is undoubtedly a step in the right direction, the ramifica-
tions of reducing N relative to P in coastal waters with regard to CHAB
bloom potential needs to be carefully assessed. North Carolina’s Neuse
River Estuary has been the site of periodic massive blooms of the toxic,
surface scum—formers Microcystis aeruginosa and Oscillatoria spp. Do-
minance by these non-N, fixers attests to the current N “overload situa-
tion" (Paerl 1987, NC DENR 1988). Dilution bioassays and historic N
loading trend data indicate that watershed loading of N would need to be
reduced by at least 30% to obtain N-limited conditions during the critical
spring bloom initiation period (Paerl et al. 1995). Accordingly, a 30% N
reduction has been legislatively mandated (since 1997), and is the target of
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a Total Maximum Daily (N) Load (TMDL) imposed by the US EPA (NC
DENR 2001).

A complicating aspect nitrogen reduction strategies in the Neuse River
is the presence of N, fixing cyanobacteria, Anabaena, Aphanizomenon, and
Anabaenopsis. This, combined with evidence that P loading also is exces-
sive (Paerl 1987, Stow et al. 2001), suggests that if N loading is reduced by
30% without parallel P reductions, there may be potential for replacing
non-N, fixing Microcystis with N,—fixing Anabaena or Aphanizomenon
blooms (Piehler et al., 2002). Similarly, there is concern that reducing N
without maintaining strict reductions on P inputs to control eutrophication
in Sweden’s Himmerfjarden, may allow CHABs to regain dominance
(Elmgren and Larsson 2001). Indeed, initial reductions of N in this fjord
draining to the Baltic Sea have led to an increase in cyanobacterial biomass
(Elmgren and Larsson 2001). Detailed and timely monitoring of phyto-
plankton community trends as N reductions proceed to stem cultural eutro-
phication in these and other brackish water systems will enable managers
to formulate N and P loadings aimed at de—eutrophication without promot-
ing CHAB:s.

Conclusions

CHABs are globally distributed and regulated by an interplay of geo-
graphically— and ecologically—diverse environmental variables. The long
evolutionary history of bloom taxa has led to both tolerance and adaptabil-
ity to short—term (i.e., diel, seasonal, decadal) and longer-term (geological)
environmental change, making these photosynthetic prokaryotes a “group
for all seasons™.

In this contribution, | have explored the interactive physical, chemical
and biotic factors implicated in the development, proliferation and expan-
sion of CHABs. Despite their seemingly infinite adaptation to environ-
mental change on both geological and biological time scales, cyanobacte-
rial nuisance characteristics (e.g., large anoxia—generating and toxic
blooms) are impacted by human alterations of aquatic environments. The
most notable and controllable alterations include; 1) nutrient (especially N
and P) enrichment, 2) hydrological changes, including freshwater diver-
sions, the construction of impoundments such as reservoirs, water use for
irrigation, drinking, flood control, all of which affect water residence time
or flushing rates. In smaller waterbodies (<50 hectares) destratification of
bloom—impacted waters by mechanically—induced vertical mixing or bub-
bling, and application of algacides such as copper salts and herbicides are
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options. Algacide applications are only feasible in small impoundments
that are not to be used for consumption (either water, fish or shellfish) or
recreational purposes (bathing). Furthermore, algacides need to be applied
repeatedly, and thus unlike nutrient reductions, are not an effective long—
term bloom reduction strategy. Biological controls, such as the introduc-
tion and manipulation of grazers (from zooplankton to fish), lytic bacteria,
viral cyanophages, and antibiotics have been proposed as controls, but re-
main highly experimental and have not been broadly effective. Hence,
they are not discussed in detail here.

Effective long term control and management of nuisance, particularly
toxin—producing, CHABs should consider the interactive nature of above-
mentioned physical, chemical and biotic factors known to play regulatory
roles. In addition, knowledge of the ecological and physiological adapta-
tions that certain taxa possess to circumvent specific environmental con-
trols is of central importance. These include; 1) the ability of N, fixing
taxa to exploit N-limited conditions, 2) the ability of certain buoyant taxa to
counteract mixing and other means of man—induced destratification aimed at
minimizing cyanobacterial dominance, 3) specific mutualistic and symbiotic
associations that cyanobacteria have with other microorganisms, plants and
animals, which may affect CHAB community structure and function.

Lastly, we should strive to better understand the potential roles toxins
might play in bloom dynamics. Progress in identifying and understanding
the roles toxins and other metabolites play in the physiology and ecology
of bloom—forming cyanobacteria may be achieved by integrating physio-
logical, toxicological and ecological perspectives and expertise. This in-
cludes hypothesis testing and problem solving using interdisciplinary ex-
perimental, monitoring and assessment approaches. In addition, the
synthesis of well defined laboratory experimental work with ecosystem-—
level studies utilizing similar techniques and measurements will prove in-
valuable in unraveling the complexity of environmental regulation of
cyanobacterial blooms. We are at the threshold of more holistic ap-
proaches to environmental problem solving. In this regard, the advent and
incorporation of novel analytical and molecular identification and charac-
terization techniques in environmental biology and management will prove
invaluable and indispensable.
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Abstract

The Earth and the oceans have warmed significantly over the past four
decades, providing evidence that the Earth is undergoing long-term climate
change. Increasing temperatures and changing rainfall patterns have been
documented. Cyanobacteria have a long evolutionary history, with their
first occurrence dating back at least 2.7 billion years ago. Cyanobacteria
often dominated the oceans after past mass extinction events. They
evolved under anoxic conditions and are well adapted to environmental
stress including exposure to UV, high solar radiation and temperatures,
scarce and abundant nutrients. These environmental conditions favor the
dominance of cyanobacteria in many aquatic habitats, from freshwater to
marine ecosystems. A few studies have examined the ecological conse-
guences of global warming on cyanobacteria and other phytoplankton over
the past decades in freshwater, estuarine, and marine environments, with
varying results. The responses of cyanobacteria to changing environ-
mental patterns associated with global climate change are important sub-
jects for future research. Results of this research will have ecological and
biogeochemical significance as well as management implications.
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Introduction

Global warming

The Intergovernmental Panel on Climate Change published its third as-
sessment report in 2001(IPCC 2001). The report concluded that the Earth
is warming, which is causing regional climate changes and influencing
many physical, biological and chemical processes (Walther et al. 2002,
Treydte et al. 2006). The global average surface temperature increased by
0.6+ 0.2°C during the 20" century, with most of the increase observed over
the past four decades (Fig. 1). Instrumental measurements and proxy data
show that the rate and duration of warming in the 20" century has been
greater than in any of the previous nine centuries, and the 1990s were the
warmest decade of the millennium (IPCC 2001). The patterns of warming,
which influence trends in temperature and precipitation, are regionally
highly variable. This can have striking effects on ecological responses to
climate change (Walther et al. 2002). Some of the implications of global
change for freshwater ecosystems have been reviewed (Carpenter et al.
1992). Evidence shows a lengthened freeze-free season at many mid- and
high-latitudes, the retreat of mountain glaciers in non-polar regions, a de-
crease in snow cover by about 10%, and a decrease of about two weeks in
the annual duration of lake and river ice cover in the Northern Hemisphere
(IPCC 2001).
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Most of the heating of the earth since the 1950s has occurred in the
oceans. During 1955-1998 ocean heat content in the upper 3000 m of the
world’s oceans increased by 14.5 x 10% J (a mean temperature increase of
0.037°C) (Levitus et al. 2005). This has led to thermal expansion of the
uppermost 700 m layer of the oceans (Antonov et al. 2005), and may lead
to greater stratification of the ocean (Hegerl and Bindoff 2005). There is
good evidence from modeling studies compared with actual temperature
records that atmospheric heat trapped by rising greenhouse gases is re-
sponsible for warming the oceans (Barnett et al. 2005). Other impacts of
global warming related to sea surface temperature increases may be ob-
served. For example, evidence suggests the destructiveness and number of
intense (categories 4 and 5) tropical cyclones has increased over the past
35 years (Emanuel 2005, Webster et al. 2005).

Global climate change also involves stratospheric-ozone depletion,
which leads to increased levels of biologically damaging UV-radiation
reaching the Earth’s surface, and an increasing concentration of atmos-
pheric CO,. Increasing CO, levels contribute to sea-level rise and altera-
tion of ocean chemistry (Hallock 2005). Changes in ocean chemistry due
to increasing atmospheric CO, lead to acidification of the ocean (Sabine et
al. 2004), which can have profound impacts on calcifying organisms such
as corals, calcareous algae, formaniferans, and mollusks and their rates of
calcification (Feely et al. 2004, Hallock 2005).

Evolutionary history of cyanobacteria

Cyanobacteria have been on Earth a very long time-- billions of years.
Fossil evidence for the presence of oscillatoreacean cyanobacteria over 3
billion years ago can be found in the 3.5 billion year-old Apex chert depos-
its in Western Australia (Schopf 2000). Well preserved fossil cyanobacte-
ria are nearly indistinguishable in morphology from their extant relatives
and can be found in intertidal and shallow marine environmental settings
like those inhabited by cyanobacteria today. Modern cyanobacteria pro-
duce 2-methylbacteriohopanepolyols. The geologically stable derivatives,
2a-methylhopanes, serve as biomarkers in sediments for cyanobacteria,
which provide further evidence that cyanobacteria were abundant at least
2.5 billion years ago (Summons et al. 1999).

Cyanobacteria can be distinguished from all other prokaryotes by their
ability to carry out oxygen-producing photosynthesis. Evidence of both
the reactants of oxygenic photosynthesis (H,O and CO,) and the products
(reduced organic carbon and O,) can be found in the early rock record of
the Apex Chert (Schopf 2000). Although oxygen was being released by
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cyanobacteria at least 2.7 billion years ago, a low-O, environment is
thought to have persisted for at least another 300 million years based on
several lines of evidence (Canfield 1999, Kerr 2005). Banded iron forma-
tions, iron-oxide rich sediments, are widespread in geologic formations at
least 2.5 billion years ago, indicating that molecular oxygen was removed
from the system by its reaction with iron during the early Precambrian
(Schopf 2000). Sulfur isotope methods applied to rocks of different ages
indicate a major change in the sulfur cycle between 2.4 and 2.0 billion
years ago (Farquhar et al. 2000), suggesting the appearance of atmospheric
oxygen at levels of at least 1 ppm during that time (Kerr 2005). However,
it was not until the end of the Proterozoic (600 million years ago) that oxy-
gen rose to near modern levels and multicellular animals appeared (Kerr
2005). The history of the rise of oxygen on the early Earth is the subject of
debate among geochemists, paleobiologists and astrobiologists; however, it
is clear that cyanobacteria played a significant role in the early evolution of
Earth’s atmosphere (probably to their own detriment, once multicellular
life evolved) (Canfield 1999, Kasting and Siefert 2002, Kerr 2005).

Environmental conditions on the early Earth under which cyanobacteria
evolved and thrived were very different from today (Kasting and Siefert
2002). Anoxia, higher UV exposure, higher temperatures, and high levels
of iron, sulfide and methane were all factors that influenced early life on
Earth. Additionally, cyanobacteria experienced little or no grazing pres-
sure or competition from higher organisms. This may explain why cyano-
bacteria can thrive under conditions of environmental stress and in extreme
environments where they are able to out-compete other organisms. For
example, in coral reef habitats cyanobacteria are becoming increasingly
dominant on degraded reefs because of their ability to tolerate the envi-
ronmental conditions associated with anthropogenic impacts and global
climate change (Hallock 2005).

Cyanobacteria greatly increased in abundance following mass extinction
events (Copper 1994, Hallock 2005). Sheehan and Harris (2004) docu-
mented a resurgence of microbialites following the late Ordovician extinc-
tion event in western North America approximately 440 million years ago.
Microbialites, including stromatolites and other microbial mats that bind
sediments, precipitate minerals, and form crusts, increased in size, abun-
dance, and morphological diversity following the late Ordovician extinc-
tion event. The period of microbialite resurgence lasted about 5 million
years and corresponded with low faunal diversity during the post-
extinction recovery period. Similar microbial expansion has been docu-
mented after the Permian-Triassic faunal mass extinction (Xie et al. 2005),
approximately 250 million years ago, which eliminated over 90% of all
marine species (Jin et al. 2000). A survey of microbial biomarkers in
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sedimentary rocks in South China spanning the Permian-Triassic (P/TR)
boundary was conducted and compared with faunal extinction patterns
(Xie et al. 2005). Both cyanobacterial biomarker and invertebrate fossil
records showed evidence for two periods of extinction and ecosystem
change across the P/Tr boundary. Dramatic changes in the cyanobacterial
community followed the two episodes of faunal mass extinction. Two
maxima in the 2a-methylhopane (2-MHP) indices following faunal extinc-
tions indicated either a change in the cyanobacterial community (because
not all cyanobacteria produce 2-MHPSs) or an increase in the abundance of
cyanobacteria. Xie et al. (2005) suggested that cyanobacteria dominated
following the mass extinction because of low faunal diversity and lack of
grazing pressure.

In a review of expansion and collapse of reef ecosystems during the Pa-
leozoic era and examination of reefs existing during periods of less than
optimal environmental conditions, Copper (1994) concluded that periodic
collapse of reefs and extinction of reef fauna serve as a good indicator of
global change. The disappearance of reefs in the geologic record often
preceded global mass extinction events by 0.5-1 million years. Copper
(1994) termed “disaster species” as groups of organisms that are extinction
resistant or ecological opportunists that can survive under marginal condi-
tions. “Disaster species” include cyanobacteria, calcareous algae, encrust-
ing foraminiferans and bryozoans, and these organisms are major compo-
nents of reef communities during times of reef collapse (Copper 1994).
The final remnants of reefs undergoing extinction were covered by skele-
tal, carbonate-secreting cyanobacteria, and reefs that developed after ex-
tinction events featured these and other “disaster species”. Environmen-
tally tolerant cyanobacteria, which are resistant to strong solar radiation,
higher temperatures, abundant nutrients, and many generalist grazers, may
be useful indicators of stress conditions in reef ecosystems today (Hallock
2005).

In this introduction | have set the stage for further discussion of the in-
fluence of climate change on cyanobacteria in aquatic and marine habitats.
Global climate change is occurring, which is already causing changes in
terrestrial and marine ecosystems (Walther et al. 2002). Based on geologi-
cal records, paleobiological evidence, and physiological and ecological
studies, cyanobacteria seem likely to benefit from environmental changes
associated with global warming. | review specific physiological and eco-
logical examples below as well as the few studies that have directly exam-
ined the effects of climate change on cyanobacterial abundance.
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Environmental influences on cyanobacterial growth
and toxicity

Chemical defenses

Toxicity in cyanobacteria has been reported since the late 19" century,
mostly from poisonings in freshwater environments (Carmichael et al.
1990). These reports describe sickness and death of livestock, pets and
wildlife following ingestion of water containing blooms of toxic algae.
Cyanobacterial toxins and other bioactive compounds have been the sub-
ject of many investigations by toxicologists and natural products chemists
(Chorus 2001, Gerwick et al. 2001). These substances are of considerable
importance because of their public health implications (Codd et al. 2005)
but have also been examined for possible biomedical uses as antitumor
compounds (Burja et al. 2001). The majority of natural products from
cyanobacteria are lipopeptides, cyclic peptides and depsipeptides, and al-
kaloids (Moore 1996, Gerwick et al. 2001, Chorus 2001).

Cyanobacterial natural products can also serve as chemical defenses
against grazers and competitors (Kirk and Gilbert 1992, Christoffersen
1996, Nagle and Paul 1999, Paul et al. 2001, Landsberg 2002). Freshwater
cyanotoxins such as microcystins can have negative physiological effects
(Fulton and Pearl 1987, DeMott et al. 1991, Rohrlack et al. 2001, 2005)
and negative fitness consequences (Gustafsson et al. 2005) on zooplankton
grazers such as Daphnia spp. Cyanobacteria can inhibit feeding by cope-
pods (Fulton and Paerl 1987, Sellner et al. 1994). Although rapid in-
creases in the abundance of cyanobacteria may be caused by factors simi-
lar to those that influence other algal blooms, such as nutrient enrichment,
the interactive effects of eutrophication and herbivory on cyanobacterial
populations are not well-understood (Thacker et al. 2001, Raikow et al.
2004).

Tsuda and Kami (1973) suggested that selective browsing by herbivo-
rous fishes on macroalgae removed potential competitors and favored the
establishment of unpalatable benthic cyanobacteria in tropical marine envi-
ronments. Crude extracts and isolated secondary metabolites of several
benthic marine cyanobacteria such as Lyngbya spp. have been tested in as-
says for feeding deterrence and are usually deterrent to generalist herbi-
vores (Pennings et al. 1997, Nagle and Paul 1998, 1999, Capper et al.
2006). Thus, the chemical defenses of cyanobacteria may play a critical
role in bloom formation and persistence by limiting the grazing activity of
potential consumers.
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UV tolerance

Many cyanobacteria are UV-tolerant and have evolved various mecha-
nisms to counter UV radiation (Castenholz and Garcia-Pichel 2000, He
and Hader 2002, He et al. 2002, Xue et al. 2005). For example, the UV-
absorbing mycosporine-like amino acids (MAAS) are abundant in marine,
freshwater, and terrestrial cyanobacteria (Garcia-Pichel and Castenholz
1993, Castenholz and Garcia-Pichel 2000, Liu et al. 2004). Shinorine, my-
cosporine-glycine, porphyra-334, and asterina 330 are among the MAAs
identified in cyanobacteria (Figure 2). These colorless, low molecular
weight, water soluble, UV-absorbing compounds are present under all
growth conditions. They were found to increase in Gleocapsa when cells
were exposed to UV radiation at 310-320 nm (Garcia-Pichel et al. 1993).
Cyanobacteria also produce sheath pigments such as scytonemin, a yellow
to brown-colored UV-absorbing pigment found in many different cyano-
bacteria (Figure 2). Exposure to UV radiation induces the production of
scytonemin, which absorbs maximally at the longest wavelengths of the
UV (approx. 380 nm) (Castenholz and Garcia-Pichel 2000). The UV-
absorption of scytonemin complements the UV-absorption of the MAAs,
which have absorption maxima ranging from 310 to 360 nm (Garcia-Pichel
and Castenholz 1993). Other mechanisms of dealing with UV stress in-
clude antioxidant enzymes, such as superoxide dismutase, catalase, and
glutathione peroxidase, and antioxidant molecules, including ascorbate, ca-
rotenoids, and tocopherols (Paerl et al. 1985, He and Hader 2002, Xue et
al. 2005).
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Fig. 2. MAAs (e.g. shinorine, mycosporine-glycine, porphyra-334) and the sheath
pigment scytonemin are UV-absorbing compounds commonly found in cyanobac-
teria.

Temperature and light

Cyanobacteria often favor warm water temperatures and high light envi-
ronments (Paerl et al. 1985, Robarts and Zohary 1987). In a study de-
signed to understand the invasive behavior of the toxic, bloom forming
cyanobacterium Cylindrospermopsis raciborskii, Briand et al. (2004) ex-
amined the growth of 10 strains of this cyanobacterium under different
light intensities and temperatures. All 10 strains grew under a broad range
of temperatures and light intensities, suggesting that the invasion of C.
raciborskii into freshwater ecosystems at mid-latitudes may result from its
ability to tolerate a variety of environmental conditions. Regional and
global warming could provide this species with better environmental con-
ditions for optimal growth, which occurs at temperatures approximately
30°C (Briand et al. 2004).

Trichodesmium species are globally significant, nitrogen-fixing marine
cyanobacteria found throughout the tropical and subtropical oceans.
Trichodesmium species inhabit low-nutrient, clear surface waters and are
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adapted to a high light regime. Active growth occurs largely at tempera-
tures above 20°C. Pigment composition and photosynthetic capabilities
indicate maximum photosynthetic efficiency and effective photoprotection
in high light environments (Capone et al. 1997). These cyanobacteria pre-
fer warm water temperatures. For example, a bloom of T. erythraeum oc-
curred in the Canary Islands Archipelago during August 2004, the warmest
period recorded since 1912 (27.5°C) (Ramos et al. 2005). Blooms of T.
erythraeum had not been previously recorded anywhere along the coast
bordering the NW African upwelling zone, and this bloom event was
thought to be associated with exceptionally warm weather and dust storms
observed in the area (Ramos et al. 2005). Enhanced vertical stratification
arising from increased warming of oceanic surface waters could also favor
blooms of this bouyant genus.

Cyanobacteria have also been shown to be dominant in the warmer
months in subtropical estuaries (Pensacola Bay, FL) (Murrell and Lores
2004). Cyanobacterial abundance (Synechococcus) peaked in the upper es-
tuary during summer months. Their abundance at the freshwater end of
the Bay was very low, suggesting they were not delivered to the estuary by
freshwater. Changes in phytoplankton seemed to be related to changes in
zooplankton composition, suggesting important trophic implications of a
shift to cyanobacterial dominance.

Benthic marine cyanobacteria, such as Lyngbya species, have been
documented to bloom in coastal environments with increasing frequency
during the past decade (Paul et al. 2001, O’Neil and Dennison 2005, Paul
et al. 2005). Large blooms of Lyngbya majuscula have been reoccurring
seasonally in Moreton Bay, Australia, for several years. In an attempt to
understand factors influencing bloom dynamics, Watkinson et al. (2005)
assessed various environmental parameters before and during a bloom. A
pulse of rainfall activity preceded the Lyngbya bloom they were monitor-
ing, and a period of high incident light, water temperatures above 24°C,
and calm weather conditions coincided with bloom initiation. The high
temperature requirements for this cyanobacterium are similar to those re-
ported for other cyanobacteria (Robarts and Zohary 1987). Nutrients (es-
pecially iron) carried by creeks flowing into the study region may have
also contributed to bloom formation (Watkinson et al. 2005). Other stud-
ies have also documented the potential roles of phosphorus and iron in
stimulating Lyngbya majuscula productivity and growth (Kuffner and Paul
2001, Elmetri and Bell 2004, Albert et al. 2005).

The black band disease cyanobacterium Phormidium corallyticum, a
major component of the microbial consortium that causes this common
coral disease, photosynthesizes maximally under aerobic conditions at wa-
ter temperatures of 30-37°C (Richardson and Kuta 2003). Field observa-
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tions report that black band disease is most common during the summer
months, and these data suggest that water temperature is one of the most
important factors in the seasonality of black band disease (Richardson and
Kuta 2003). Elevated water temperatures >30°C can cause bleaching and
mortality among many coral species (Donner et al. 2005); impaired coral
physiology might also contribute to black band disease occurrence.

Light and temperature influence growth rates as well as toxin production
for many species of cyanobacteria (Sivonen 1990, Rapala et al. 1997).
Several studies have shown that toxin production in Microcystis aerugi-
nosa increases with irradiance under light-limited conditions (Watanabe
and Oishi 1985, Utkilen and Gjolme 1992, Weidner et al. 2003). Micro-
cystin composition of Planktothrix agardhii changed toward a higher pro-
portion of a more toxic variant with increased light intensity (Tonk et al.
2005). Pangilinan (2000) found that light levels influenced growth and
production of the compound pitipeptolide A by Lyngbya majuscula. The
cyanobacterium grew twice as much and contained significantly more piti-
peptolide A at higher light levels of 135-169 pumol photon m? s than at
light levels approximately half that amount after four weeks. Temperature
is also an important factor affecting both growth and secondary metabolite
accumulation in cyanobacteria (Watanabe and Oishi 1985, Sivonen 1990,
Rapala et al. 1997, Lehtimaki et al. 1994). In recent years, understanding
of the genetics of cyanotoxin biosynthesis has advanced considerably (Til-
lett et al. 2000, Dittmann et al. 2001, Kaebernick et al. 2002, Edwards and
Gerwick 2004). This facilitates molecular approaches to studying how
light and other environmental factors may influence cyanotoxin production
(Kaebernick et al. 2000, Kaebernick and Neilan 2001).

Temperature, light, and nutrients may have interactive effects on growth
and toxin production, with consequent effects on aquatic food webs. One
laboratory study showed that increases in water temperature could increase
the susceptibility of rotifers to toxic effects of anatoxin-a produced by
Anabaena flos-aquae (Gilbert 1996). Moss et al. (2003) studied the effects
of warming, nutrient addition, and fish on phytoplankton composition in
mesocosms designed to mimic macrophyte-dominated shallow lake envi-
ronments. Warming 3°C above ambient had smaller effects on the phyto-
plankton community than did the presence or absence of fish (sticklebacks,
Gasterosteus aculeatus) or addition of nutrients. Contrary to expectation,
warming did not increase the abundance of cyanobacteria in the experi-
mental treatments.
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Nutrients- rainfall patterns

The amounts and chemical composition of nutrients sources (especially N
and P) to freshwater and nearshore coastal waters are well known to influ-
ence cyanobacterial bloom formation and dynamics. This topic has been
reviewed elsewhere in these proceedings (Pearl 2006). Some climatic ef-
fects of global change, including variation in rainfall patterns (Walther et
al. 2002, Treydte et al. 2006), floods, droughts, dust storms (Prospero and
Lamb 2003), tropical storms, and intensity of hurricanes (Webster et al.
2005) can synergistically (along with nutrients) impact cyanobacterial and
algal communities and bloom dynamics. The consequences of these
changing patterns, their impact on nutrient entry and utilization in the
freshwater-marine continuum (Carpenter et al. 1992), and the interactions
between nutrients and other environmental factors on cyanobacterial
bloom formation and cyanotoxin production have largely not been investi-
gated.

Ecological and ecosystem consequences

Few specific examples address the ecological consequences of global
warming on cyanobacterial blooms and their dominance in aquatic ecosys-
tems. Variable results have been obtained from the few studies that ad-
dress this topic (Moss et al. 2003, Briand et al. 2004, Ramos et al. 2005).

Cyanobacterial abundance can increase during warmer years, suggesting
that global warming will have long term effects on phytoplankton commu-
nities. A 42-year record of primary productivity in a small, subalpine lake
(Castle Lake, northern California) showed that Daphnia and cyanobacte-
rial biomass were higher during warmer years (Park et al. 2004). Increas-
ing water temperatures were accompanied by increasing summer cyano-
bacterial biovolume, whereas other phytoplankton groups did not show
significant trends with water temperature. The authors suggested that
changes in air temperature and precipitation as a result of global warming,
the Pacific Decadal Oscillation, and El Nifio Southern Oscillation could in-
fluence primary productivity and plankton communities in North American
dimictic lakes (Park et al. 2004). Other studies have also shown correla-
tions between climate variation, often related to the North Atlantic Oscilla-
tion (NAO), and spring plankton dynamics and clear water phases in shal-
low, polymictic European lakes (Gerten and Adrian 2000, Scheffer et al.
2001). Cyanobacteria can be abundant in polymictic shallow lakes, with
rapid and intense blooms reported in spring and summer (Abrantes et al.
2006).
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Lake Tanganyika, a large rift valley lake in east Africa, has been sur-
veyed and records of its nutrients and temperatures have been published
several times in the past century. Temperatures have increased in the past
century by 0.9°C at 100 m, with 50% of the heat gained by the lake in the
upper 330 m. The lake records show a century-long warming trend, and
impacts on its planktonic ecosystem are reported (Verburg et al. 2003). A
sharpened density gradient, a consequence of surface warming, has slowed
vertical mixing and reduced primary production. The phytoplankton bio-
mass in 2000 was lower than in 1975 by 70%, and the composition of the
phytoplankton also changed. Cyanobacteria comprised a larger portion of
the total biomass in March to April 2001 than they did during the same
time in 1975 (Verburg et al. 2003).

Conclusions

Examination of the evolutionary history of cyanobacteria, studies of their
ecophysiology, and recent investigations of phytoplankton dynamics and
community structure in response to global climate change all suggest that
cyanobacteria will probably thrive under environmental conditions associ-
ated with global warming. Most studies addressing cyanobacterial re-
sponses to changes in irradiance, temperature, and nutrients have been
done in the laboratory; few studies have addressed these important topics
under field conditions. Clearly, studies of changes in cyanobacterial com-
munity composition, bloom dynamics, and toxicity in response to increas-
ing temperatures and other environmental factors associated with global
warming are of great importance to our understanding of harmful cyano-
bacterial bloom dynamics. Interactions among anthropogenic effects, in-
cluding eutrophication and food web alterations, and changing environ-
mental conditions are likely to be complex. A much better understanding
of these issues is urgently needed.
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Abstract

The tenets of watershed management — a focus on the land area linked to
the water body, the incorporation of sound scientific information into the
decision-making process and stakeholder involvement throughout the
process — are well-suited for the management of cyanobacterial harmful
algal blooms (C-HABs). The management of C-HABs can be viewed as
having two main areas of focus. First, there is mitigation — control and/or
removal of the bloom. This type of crisis response is an important compo-
nent to managing active C-HABs and there are several techniques that
have been successfully utilized, including the application of algicides,
physical removal of surface scums and the mechanical mixing of the water
column. While these methods are valuable because they address the im-
mediate problem, they do not address the conditions that exist in the sys-
tem that promote and maintain C-HABs. Thus, the second component of a
successful C-HAB management strategy would include a focus on preven-
tion. C-HABs require nutrients to fuel their growth and are often favored
in longer-residence time systems with vertical stratification of the water
column. Consequently, nutrients and hydrology are the two factors most
commonly identified as the targets for prevention of C-HABs. Manage-
ment strategies to control the sources, transformation and delivery of the
primary growth-limiting nutrients have been applied with success in many
areas. The most effective of these include controlling land use, maintain-
ing the integrity of the landscape and applying best management practices.
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In the past, notable successes in managing C-HABs have relied on the re-
duction of nutrients from point-sources. Because many point sources are
now well-managed, current efforts are focused on non-point source nutri-
ent reduction, such as runoff from agricultural and urban areas. Non-point
sources present significant challenges due to their diffuse nature. Regard-
less of which techniques are utilized, effective watershed management
programs for decreasing the prevalence of C-HABs will require continuing
efforts to integrate science and management activities. Ultimately, it is in-
creased coordination among stakeholders and scientists that will lead to the
development of the decision-making tools that managers require to effec-
tively weigh the costs and benefits of these programs.

Introduction

Watershed management programs (Davenport 2002) have been effective
tools for addressing ecological problems in bodies of water, including
lakes, rivers, estuaries and coastal seas. They are derived from the reason-
ing that integrative management of the activities within the confines of the
catchment of a body of water can affect the amount and transport of pol-
lutants to the water body of concern (Fig. 1) (US EPA 1996). The concept
of watershed-based management also includes involving area stakeholders
in key decisions — all the way from the establishment of baseline data, to
codifying rules to reduce the levels of the pollutants of concern. There are
many prominent examples of the application of watershed management
throughout the world, including the Chesapeake Bay (Hill and Nelson
1994, Cestti et al. 2003) and Baltic Sea (Elmgren and Larsson 2001).
Cyanobacterial harmful algal blooms (C-HABs) occur in waters with suf-
ficient nutrient supply and light levels, factors which are directly affected
by human activities in watersheds (Paerl 1997). Like eutrophication, C-
HABs are often linked to human modification of nutrient supplies (Watson
et al. 1997). This contribution will discuss watershed management activi-
ties aimed at preventing C-HABs from occurring and management options
designed to remediate water bodies once a C-HAB has occurred.
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Fig. 1. The geographic, hydrologic and land use properties typical of watersheds.
Working within these boundaries is the hallmark of watershed management.
(From http://www.epa.gov/owow/watershed)

A summary of the research investigating the relationship
between watershed management strategies and the
occurrence of C-HABs

In past efforts to control C-HABs, management strategies have been de-
veloped to control the factors that affect C-HAB formation and persis-
tence, particularly nutrients and hydrology. Watershed management stra-
tegies to reduce the prevalence of C-HABs most often include nutrient
controls, specifically for nitrogen and phosphorus. In the past, single nu-
trient controls were implemented in some systems (Edmondson and Leh-
man 1981). However, due to the variation in nutrient limitation throughout
the freshwater- marine continuum, dual N and P reductions may be re-
quired (Paerl et al. 2004). Reduced N to P ratios (Smith 1983) and eutro-
phic conditions have been shown to result in cyanobacterial dominance in
some water bodies (Paerl 1997). Hydrologic manipulations such as in-
creasing base flow, timed increases in discharge and destratification can
also be effective when there is sufficient water available (Chorus and Bar-
tram 1999). C-HAB prevalence has likely been enhanced by human ac-
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tivities in watersheds, and management efforts are designed to ameliorate
the human impacts.

Human impacts

Growing population and changing land use (Vitousek & Mooney, 1997)
often result in significant impacts on the delivery of nutrients to surface
waters (Schueler and Holland 2000). Sources of nutrients generally in-
crease as human use of a region increases. Wastewater, agricultural dis-
charge, stormwater and industrial sources of nutrients are among the major
contributors. Another change that accompanies human development of the
landscape is an alteration of the transport mechanisms of nutrients to wa-
terbodies (Line et al. 2002). Increased imperviousness (amount of land
through which water can not infiltrate) within the watershed, ditching,
channelization of streams and rivers and removal of the native vegetation
contribute to increases in rates and quantities of nutrients transported from
the land to the adjacent water bodies (Schueler and Holland 2000). Fi-
nally, human activities often lead to significant loss of the natural land-
scapes that either retain or remove nutrients. Losses of wetlands and land-
scape alterations at the watershed scale are well-documented and greatly
impact both nutrient and water transport from human-dominated regions
(Vitousek et al. 1997). There is likely a cumulative impact on nutrient ex-
port from human development of the landscape that includes the effects of
increased sources, modified transport and altered biological processing of
nutrients (Fig. 2).
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Fig. 2. Changes in land cover and land use resulting from human activities can
lead to both changes in sources of pollutants and transport of water from the land-
scape. Both of these changes affect the success of C-HABS and must be consid-
ered in management strategies.

Sources of nutrients that increase with human activity include sewage
treatment plant discharges, fertilizers associated with agriculture and other
activities (e.g., lawns, gardens and golf courses), increased atmospheric N
deposition and increased stormwater carrying myriad non-point sources
associated with urbanization (Paerl 1997, Boesch et al. 2001a). In the first
stages of human development, the shifts in land use are generally from for-
est to agriculture and residential. Once an area is populated, a secondary
shift in land use away from open space (forest and agriculture) toward
residential and industrial often occurs (Beach 2002). Through this se-
guence of land use alteration, the nutrient sources change and the trend
generally results in more nutrients transported to aquatic environments
(Line et al. 2002).

Human modification of the transport of water from land to surface wa-
ters has occurred in a large proportion of watersheds on a global scale (Vi-
tousek et al. 1997). If sources of nutrients are present, transport of water
from the landscape to the aquatic systems usually translates into enhanced
nutrient transport. Urbanization leads to increased imperviousness due to
increases in the areal coverage of roads and rooftops (Schueler and Hol-
land 2000). However, imperviousness alone is not responsible for changes
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in transport of stormwater and entrained pollutants (Beach 2002). Urban
areas are often not designed with consideration for their impact on nutrient
export. The result is areas with more and wider roads that have the addi-
tional affect of encouraging more automobile use, and thus creating larger
sources of nutrients and other potential pollutants (Trobulak & Frissell
2000). Consideration of the complex interactions development has on wa-
ter quality during the design and planning process can reduce detrimental
effects. An approach that includes strategies to reduce street and parking
lot coverage, plan the siting of building lots and conserve natural areas has
been demonstrated to reduce the impacts of urbanization on stormwater
transport to adjacent waters (Schueler & Holland 2000).

Attenuation of nutrients during transport through the watershed can be
significantly affected by human activities. Water transport form the land-
scape to the aquatic environments is significantly increased by ditching,
channelization and increased imperviousness (Williams et al. 1997). The
resulting shorter residence times often reduce biological attenuation of the
nutrient load from a watershed. Higher volumes of faster moving water
are less likely to be effectively filtered in small headwater streams, wet-
lands and riparian areas. Human activities also lead to direct negative ef-
fects on natural systems that attenuate the nutrient load from the landscape.
Degradation of headwater streams that often occurs in areas with intensive
human use is likely to significantly reduce nitrogen removal and retention
(Peterson et al. 2001). In the US, wetland loss is on the order of 50% since
the pre-settlement era and despite legal protections, loss is likely to con-
tinue to increase (Mitsch & Gosselink 2000). Even with laws in place to
protect wetlands, management of wetland resources is a significant chal-
lenge (La Peyre et al. 2001). Wetlands are known sinks for nutrients trans-
ported to them from watersheds (Reddy & Gale 1994) and they further en-
hance water quality by transforming N from highly biologically available
inorganic forms to less labile organic forms (Craft et al. 1989). Significant
biological removal of nitrogen also occurs in riparian areas via denitrifica-
tion (Jacobs & Gilliam 1985, Spruill 2004). The function of the riparian
areas can be compromised by human activities, diminishing the ability of
the landscape to retain and remove nutrients (Groffman et al. 2003).

Management techniques

Management activities in watersheds aimed at decreasing the occurrence
of C-HABs can be roughly divided into efforts to control environmental
factors that promote blooms (e.g., nutrients, water residence time) and
other efforts to remove blooms once they have occurred (e.g., algicides,
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removal of scums and destratifying the water column). These two ap-
proaches can be generalized into preventative measures and mitigation
measures. Some combination of both approaches will likely have to be in-
cluded in effective management plans.

Preventative measures are most often the preferred approach to manag-
ing C-HAB occurrence. As described above, controlling nutrients and
freshwater discharge are the most common management strategies. In or-
der to effectively control these factors, steps must be taken to repair dam-
age to the landscape and water bodies that are contributing to the enhanced
load of nutrients. Nutrient management and water management clearly
overlap because of the importance of water as a vector for transport of nu-
trients. Typical water management activities to control C-HABs include
minimizing consumptive uses of water by residential, industrial and agri-
cultural activities, among others. There are also examples of C-HAB man-
agement plans including the removal of stream obstructions, such as dams
and impoundments. Efforts to maintain or restore the natural connectivity
between aquatic and terrestrial systems are also effective tools to manage
surface flow. Finally, when tenable, management of flow regimes can be
an option to reduce C-HABs (Maier et al. 2001).

Nutrient management has been pursued in the context of broader eutro-
phication control in many aquatic systems throughout the world (NRC
2000). The process for managing nutrients to control C-HABs includes
conducting monitoring and experiments to determine the nutrients limiting
C-HAB success in the specific system. Phosphorus is generally believed
to limit C-HAB growth in freshwater, and nitrogen is thought to limit their
growth in salt water. There are however, many site specific factors along
the freshwater marine continuum that can make this determination compli-
cated. Once the limiting nutrient is identified, the major sources of that
nutrient in the watershed should also be identified. Monitoring, modeling
and experimental work must then be undertaken to set an effective and
achievable target for nutrient reductions. With the target set, management
practices can then be put in place to reduce export of nutrients from the
landscape to the aquatic environment. Point sources of nutrients are gen-
erally managed first, followed by non-point sources.

Specific nutrient reduction approaches are designed for the type of land
use being addressed. Agricultural and urban landscapes are most often
management targets and clearly have different sources and transport vec-
tors for nutrients. Sources of nutrients in urban watersheds include auto-
mobile exhaust, sundry materials deposited on streets (fertilizer, deicer,
vegetation) and un-permitted sewage discharges (Novotony 2002). Urban
planning to prevent conditions conducive to nutrient export from urban
watershed were discussed above. Other techniques can be utilized in exist-



266  M.F. Piehler

ing urban watersheds including, decreasing impacts of imperviousness
(utilizing pervious pavement, decreasing connectivity of impervious ar-
eas), increasing surface storage (stormwater treatment and retention struc-
tures) and engineering for increased infiltration (Novotony 2002). In agri-
cultural watersheds, best management practices have been designed to
minimize sources of nutrients such as fertilizer, and maximize nutrient re-
tention on the landscape. Examples of effective practices include no-till
farming, installation of water control structures, maintaining riparian buff-
ers and variable nutrient applications (Lilly 1991).

C-HAB mitigation measures are designed to curtail a bloom once it has
started. They are more often applied in drinking waters because of the
higher risks of human exposure. Examples of remedial techniques include
the application of algicides, oxidants and coagulants (Chorus and Bartram
1999). Caution needs to be taken to avoid the exacerbation of the effects
from C-HABs by untimely application of mitigation measures. Active
blooms can release their toxins after the application of algicide and create
a more dangerous situation (Jones and Orr, 1994, Kenefick et al. 1992).
Details of the application of mitigation strategies in drinking waters can be
found in Westrick in this volume.

Examples of watershed management strategies reducing
the occurrence of C-HABs

Several systems with C-HAB issues have documented significant reduc-
tion or elimination of C-HABs resulting from effective watershed man-
agement. Among them are Lake Washington in the United States, which
in large part to reduction of P inputs from point sources (sewage), experi-
enced a dramatic decline in C-HABs (Edmondson and Lehman 1981),
Also, Lake Erie in the US (Likens 1972), and Himmerfjarden in Sweden
have shown large declines in C-HABS as a result of a combination of re-
duction in sewage inputs and some non-point sources including agriculture
(Elmgren and Larsson 2002).

There are also examples of successful C-HAB management plans whose
primary focus has been on non-point source nutrients. Among those
commonly identified are the work of the Murray-Darling Basin Commis-
sion (MDBC 1993) and the New South Wales Blue-Green Algal Task
Force (NSWBGATF 1993). These successful plans share many attributes.
Among the important components of successful plans to prevent and
remediate C-HABs are complete public involvement, broad educational ef-
forts across all stakeholders, a sound scientific basis, tangible metrics of
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success, identification of costs and benefits, mechanisms for adaptation
and the inclusion of both preventative and remedial strategies. These pro-
grams have not yet documented cause and effect links between the applica-
tions of watershed management strategies geared toward non-point source
nutrients and C-HAB reductions. However, given the soundness of the
plans described above, a good model has certainly developed for effective
management plans and documented successes in bloom control is likely to
occur soon.

There are other challenges faced by current efforts to control and pre-
vent C-HABs beyond the difficulty of controlling non-point source nutri-
ents. Some management programs lack clear metrics of success, which
prevents the establishment of causal links to management activities. To
increase the likelihood of demonstrable successes of watershed manage-
ment in reducing the prevalence of C-HABs, continued and expanded co-
ordination between managers and scientists is required. Scientists must
clearly identify which factors will control C-HABs in specific settings and
must help managers identify the relevant processes to monitor in order to
evaluate success. Management plans must include sufficiently rigorous
assessments of the metrics that are being evaluated to permit a statistical
assessment of their success. This often means that whole ecosystem moni-
toring must be a significant component of the programs.

Components of successful watershed management
programs to reduce the prevalence of C-HABs

The US Environmental Protection Agency (EPA) model for watershed
management includes four major components in its suggestion for how ac-
tivities should proceed (US EPA 1996). First, the activities should all in-
clude broad stakeholder involvement. By including stakeholders in the
process from planning to codifying laws, programs will be understood and
valued by the public at large. Second, the focus of the management strat-
egy is based on the geographic unit of the watershed, which often re-
quires cooperation among multiple jurisdictions. There is some deviation
from the physical boundaries of the catchment with mobile sources such as
atmospheric deposition, but the primary focus is at the watershed level.
The watershed management plans must apply sound management princi-
ples and this includes coordinated management activities. Finally there
should be a clear management schedule.
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The EPA model also calls for the use of sound science to support all
levels of decision making including:

e Ecological assessments

¢ |dentifying environmental objectives based on the ecological and
societal requirements

e |dentifying of priority issues

e Developing of detailed action plans

¢ Implementing the plans

e Evaluating and adapting the plans as they proceed

The elements of this watershed management framework are applicable
and appropriate for preventing and controlling C-HABs. Because of the
high profile health and ecological impacts of C-HABsS, significant stake-
holder involvement is beneficial in many respects: as an educational outlet,
in empowering the affected parties and in creating ownership of the plans
among the public at large. C-HABs are highly visible and evoke strong
emotions among the public. The watershed management process could
provide a constructive outlet for the rational concerns that these blooms
cause. There are now significant resources available for guiding the de-
velopment of watershed management programs to restore and protect wa-
tershed function (US EPA 2003).

Considerations when applying watershed management
strategies to drinking water and recreational waters

In drinking water reservoirs management of the occurrence of C-HABs
must be more aggressive because of the enhanced risk to public health
(Chorus and Bartram 1999). The risk management context largely deter-
mines the nature of the management strategy. In recreational waters, a
preventative strategy to reduce nutrient loading and perhaps modify the
flow regime would be a viable approach. Recreational waters are more of-
ten managed within the context of the functioning of the ecosystem in
which they are located. In managing the occurrence of C-HABs in drink-
ing water supplies there must be fast and effective crisis management tools
present in the management plan. Some of these approaches include appli-
cation of algicides and flocculants. Details on drinking water supply man-
agement are presented by Westrick in this volume.
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Research gaps: Improving watershed management
strategies to reduce the occurrence of C-HABs

There is a significant body of literature on the application of watershed
management to reduce environmental problems (NRC 2000). Application
of watershed management to control C-HABsS, particularly in systems with
predominantly non-point source nutrient loading has not been as extensive.
Among the basic information that remains to be determined are the nutri-
ents limiting C-HAB productivity along the continuum from freshwater to
marine environments, the importance of variation in ratios of limiting nu-
trients and the potential for micronutrient limitation. There are broad data
from some systems such as re-oligotrophying lakes (Jeppesen et al 2005),
but accurate generalizations can not yet be made with sufficient certainty
in all systems. Once a more accurate prediction of which nutrients limit C-
HAB success in specific systems is developed, it is critical to examine the
impacts of existing watershed management programs with other goals on
C-HAB potential. Some programs with more general goals such as eutro-
phication control may also effectively control C-HABs, while others may
in theory promote them (Piehler et al. 2002).

There are also some more specific, but critical pieces of information that
would significantly further our ability to prevent C-HABs and our ability
to forecast the effectiveness of the management regimes. Assessing the re-
sponse time of the ecosystem to nutrient management in systems with sig-
nificant sedimentary nutrient supplies is critical. There are many systems
that have years of nutrient supplies stored in the sediments, which clearly
affects the timing of results from controls of external nutrient supplies
(Marsden 1989, Sondergaard et al. 2003). This information may also lead
to the consideration of management options for internal loading that have
been applied in some systems (Chorus and Bartram 1999). It is important
that we acquire better data on the chemical forms of phosphorus and nitro-
gen loads from varied land uses and relate the nature of the loads to C-
HABSs nutritional requirements.

Land use changes are affecting sources, transport and fate of nutrients
(Correll et al. 1994) that control C-HAB potential. Some extrinsic factors
such as impervious cover have been utilized as indicators of land use
change. Studies to develop generalizable intrinsic indicators of land use
change that can be applied as predictive tools for C-HAB potential would
significantly enhance our ability to effectively manage bloom potential.
Changes in freshwater discharge from water use, global climate change
and relative sea level rise are affecting the full suite of aquatic C-HAB
habitats. Freshwater supplies downstream will be affected by changes in
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consumptive uses, releases from reservoirs, and changes in precipitation
patterns and amounts. Increases in relative sea level due to global climate
change will push salt water farther upstream. A better understanding of
the cumulative changes in C-HAB habitat that will result from these forc-
ing features would be highly desirable. Because water management is an
option currently utilized to control C-HABS in some areas, examining the
interactive effects of freshwater flow modification on nutrient supplies,
hydrologic properties and temperature would also be highly beneficial.

Requirements for models of costs and benefits of
watershed management strategies to control C-HABs

Because watershed management strategies are driven by, and affect a suite
of different costs and benefits, models to predict their effectiveness will
have to consider several different factors. Clearly, human health effects of
C-HABs will be the first consideration. There are myriad costs and bene-
fits associated with the level human health effects associated with C-HABs
that are addressed in other chapters throughout this volume. Consideration
must also be given to the ecological costs and benefits of management.
These costs and benefits must consider the impacts that C-HABs have on
the ecology and biogeochemistry of the systems in which they are present.
Finally the economic costs and benefits will have to be included in any
rigorous modeling effort. Determining the economic implications of wa-
tershed management includes assigning an economic value to both human
health and ecology, and balancing that against the costs of the management
program. There are additional economic considerations in the cost-benefit
analysis, including costs associated with the loss of recreational space, in-
direct costs resulting from modifications of human activities and impacts
of C-HABs on tourism and real estate values.

Conclusions

Watershed management is an integral part of efforts to control diffuse in-
puts of material to bodies of water. It provides a basis to construct the sci-
entific, social, and policy frameworks that are required for a successful
management program. Because nutrients are often identified as the driving
forces behind the expansion of C-HABSs, and the sources of nutrients are
often dominated by non-point source forms, application of watershed man-
agement is an excellent option for C-HAB control. Reduction of nutrient
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inputs and maintenance of flow regimes using watershed management
tools are likely the best choices for long term success in preventing and
controlling C-HAB development. Mitigation techniques that are applied
once a bloom has formed are an important part of any management plan,
but prevention is the better choice when it can be achieved. Effective C-
HAB plans that are currently underway include sound science to achieve
the preventative goals described above and they also include significant
public participation in the management process. To sustain C-HAB man-
agement programs the public must both value, and be integrated into, the
effort. Fully incorporating the unique combination of potential impacts of
C-HABs (ecological risk, human health risk and economic impacts) into
the decision making framework will provide a valuable tool in efforts to
prevent and control these blooms.
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Chapter 13: Cyanobacterial toxin removal
in drinking water treatment processes and
recreational waters

Judy A Westrick

Abstract

Although federal drinking water regulations determine the quality of pota-
ble water, many specifics influence how each utility chooses to treatment
water. Some of the specifics include source water quality, storage capac-
ity, existing unit process, and space. An overview of the US recreational
and drinking water regulations were discussed in context of cyanobacterial
toxin removal and inactivation by ancillary as well as auxiliary treatment
practices. Ancillary practice refers to the removal or inactivation of algal
toxins by standard daily operational procedures where auxiliary treatment
practice refers to intentional treatment. An example of auxiliary treatment
would be the addition of powder activated carbon to remove taste and odor
compounds. The implementation of new technologies as such ultraviolet
disinfection and membrane filtration, to meet current and purposed regula-
tions, can greatly affect the algal toxin removal and inactivation efficien-
cies. A discussion on meeting the current regulations by altering chemical
disinfection, ozone, chlorine, chloramines and chlorine dioxide included
their ancillary effects on the protection against algal toxins. Although
much of the research has been on the efficiency of the removal and inacti-
vation of microcystin LR and several microcystin variants, the discussion
included other algal toxins: anatoxin-a, saxitoxins, and cyclindrosperm-
opsin.
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Introduction

Before the United States Environmental Protection Agency (USEPA) can
develop guidelines or regulations concerning the permissible concentra-
tions of algal toxins for drinking water, they must first determine if
cyanoalgal toxins can be removed or inactivated through common drinking
water treatment practices. In 2000, a group of experts, through a USEPA
initiative, created a cyanoalgal toxin priority list that contained the micro-
cystins, anatoxin-a, and cylindrospermopsin. Microcystins are cyclic pep-
tide hepatotoxins with a conserved (2S, 3S, 8S, 9S)-3-amino—9-methoxy-
2,6,8-trimethyl-10-phenyl-deca—4,6—dioc acid, frequently abbreviated as
Adda, and variable amino acids. Since there are over 70 variants of micro-
cystins, a short list of four variants, LR, YR, LA and RR, referring to the
changes in the amino acids, was recommended based on prevalence and
toxicity. Cyanoalgal toxins can be either found inside of the cell, “intra-
cellular”, or outside the cell, “extracellular”. The efficiency of a drinking
water unit process with respect to the removal of cyanoalgal toxins de-
pends on the total concentration of the algal toxins, the form of the toxin,
and whether it is intracellular or extracellular. Commonly, dissolved con-
taminants such as extracellular cyanoalgal toxins are most costly to re-
move because conventional treatment (flocculation, coagulation, sedimen-
tation and filtration) is usually not effective and advanced treatment
processes must be implemented unless the contaminant is oxidized through
disinfection. This paper reviews the literature on cyanotoxin removal dur-
ing drinking water treatment with the initial focus on the removal of ex-
tracellular toxins followed by the removal of intracellular toxins. Pub-
lished treatment reviews include Yoo (1995), Chorus (1999), Westrick
(2003), Svrcek (2004), and Newcombe (2004).

With more stringent drinking water regulations and decreases in surface
water quality, drinking water treatment trains have become more complex
with fewer utilities using conventional treatment (coagulation/sediment/fil-
tration/chlorination) alone. New additions have included more traditional
unit processes like powered activated carbon (PAC), pretreatment with
oxidants other than chlorine, ballasted flocculation, as well as advanced
treatment processes such as membrane filtration, ultraviolet photolysis,
granular activated carbon (GAC) absorbers and ozone. The traditional oxi-
dant/disinfectant, chlorine, has been replaced with, or supplemented by,
0zone, potassium permanganate, chlorine dioxide, or chloramines to elimi-
nate nuisance organisms (e.g., zebra mussels) from the intake, compounds
that cause taste and odor problems, and more recently compounds that re-
act with chlorine disinfectant to produce toxic chlorinated by products.
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Extracellular Cyanotoxin Inactivation by Chemical
Disinfection Processes

Usually the primary focus of the disinfection process is to inactivate
pathogenic organisms. The disinfection process can also be used to de-
grade several nuisance compounds such as those that cause taste and odor
problems and a few regulated organic contaminants such as, some pesti-
cides and fungicides, and industrial waste products. However, the disin-
fectant may also react with organic compounds in the water to produce
toxic or carcinogenic byproducts. With health risk concerns about the ex-
posure to chlorinated disinfection byproducts; the traditional chlorination
process is being replaced by or supplemented with chloramination, chlo-
rine oxide, ozone, and UV disinfection. This section focuses on the effec-
tiveness of disinfection oxidants at inactivating important cyanotoxins.

Commonly, disinfectant effectiveness is expressed in terms of the prod-
uct of the disinfectant concentration (C) in mgL™ and the contact time (T)
in minutes; hence CT values are in units of mgL™"min. The effectiveness of
a disinfectant depends primarily on the water pH, the water temperature,
the concentration of compounds in the water that can react with the disin-
fectant, and the target organism itself. Thus, CT values for a particular
disinfectant will also vary according to these factors. Several federal regu-
lations incorporate CT values to guide the inactivation of both microorgan-
isms and chemical contaminants. An example is Table 1, which shows the
CT values needed with chorine at different water temperatures and pH val-
ues to reduce the level of the protozoan pathogen Giardia lamblia by
99.9%. As the temperature increases, the CT values for 99.9% inactivation
of G. lamblia decrease. On the other hand, as pH increases, the CT values
also increase. Since many utilities use these tables to determine which dis-
infectant dose to use, it is relevant to compare CT values needed to control
G. lamblia with those needed to control the most common cyanotoxin, mi-
crocystin.

The CT values for the inactivation of 10 ug/L and 50 ug/L microcystin
LR (MCYLR) for a batch reactor are presented in Table 2 (Acero 2005).
When comparing Tables 1 and 2, at pH values of 6 and 7, the chlorine CT
values needed for 99.9% inactivation of G. lamblia would also decrease 50
ug/L and 10 ug/L microcystin below the World Health Organization’s
drinking water guideline of 1 ug/L MCYLR , except perhaps at warm wa-
ter temperatures. However, at a pH above 8, several of the CT values as-
sociated with the initial doses of 50 ug/L and 10 ug/L are much larger than
those for 99.9% inactivation of G. lamblia. The larger CT values for both
G. lamblia and microcystin inactivation at pH 8 and 9 reflect the change of
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the equilibrium from a strong oxidant, hypochlorous acid, to a weak oxi-
dant, hypochlorite ion. Determining chlorine CT values for the inactiva-
tion of MCYLR gives the utilities a familiar tool which can easily be in-
corporated into treatment practices.

Two recent publications (Acero 2005 and Ho 2005) proposed chlorine
inactivation mechanisms for several microcystins. Acero reported that
MCYLR, microcystin RR (MCYRR) and microcystin YR (MCYYR) react
with chlorine at a similar rate, suggesting that hydroxylation of the con-
versed Adda moiety is the likely site of deactivation. In contrast, Ho and
coworkers reported that the reaction rates with chlorine for the four MCYs
they studied differed, where MCYYR>MCYRR>MCYLR>MCYLA, sug-
gesting the oxidation of various amino acids was the most important
mechanism of deactivation. Regardless of the mechanism, both reports
suggested that chlorination is an effective treatment for destroying the
studied microcystins.

Table 1. Chlorine CT values for 99.9% (3-log) inactivation of G. lamblia cysts.
Modified version (EPA Guidance Manual, 2003)
pH CT values (mgL"min)

10°C 15°C 20°C 25°C

87 58 44 29

124 93 62 41

182 122 91 61

265 177 132 88

© 0o ~NO

Table 2. Chlorine CT values for reducing microcystin concentration to 1 ugL-1
for a batch reactor.
pH MCYLR CT values (mgL*min)
(ug/L) 10°C 15°C 20°C 25°C

6 50 46.6 40.2 348 3038
10 274 236 205 178
7 50 67.7 584 50.6 44.0
10 39.8 344 298 259
8 50 187.1 161.3 139.8 121.8
10 110.3 949 828 717
9 50 617.2 526.0 458.6 399.1
10 363.3 309.6 269.8 234.9

The inactivation of saxitoxins, cylindrospermopsin and anatoxin-a by
chlorination has not been studied as thoroughly as the degradation of the
microcystins by chlorination. Recent work suggests that the degradation
of saxitoxins by chlorine is also pH dependent; however, in contrast with



Chapter 13: Cyanobacterial Toxin Removal 279

the microcystins, higher pH values increase the inactivation rate of saxi-
toxin and thus decrease the CT values needed for inactivation. At pH 9, a
CT value of 15 mgL™min (chlorine residual of 0.5 mgL™ for 30 minutes)
degraded the five studied saxitoxins by 90% (Nicholson, 2003). The saxi-
toxins order of reactivity towards chlorine was as follows, with the most
toxic saxitoxin being the most susceptible:

GTX5=dcSTX>STX>GTX3=C2>GTX2

Cylindrospermopsin is very susceptible to oxidation by chlorine when the
free chlorine residual is above 0.5 mgL-1 with a 30 minute contact time,
CT values 15 mg min/L and at a pH above 6 (Senogles 2000), implying
that cylindrospermopsin is more susceptible to chlorination than micro-
cystins. These researchers suggested that the more effective degradation
of both saxitoxins and cylindrospermopsin at higher pH values is probably
due to both the saxitoxins and cyclindrospermopsin being in the unproto-
nated form. Anatoxin—a is not degraded by chlorination (Carlile 1994).
Thus, different cyanotoxins react differently to chlorine. When a cocktail
of cyanotoxins is present in a drinking water source, it is important to note
that cylindrospermopsin and microcystin are more effectively inactivated
at lower pH values, while saxitoxins are more effectively inactivated at
higher pH values and anatoxin-a may not be degraded appreciably.

The toxicities of chlorination byproducts of microcystins, nodularin,
saxitoxin and cylindrospermopsin have been examined. Microcystin and
nodularin byproducts are not toxic by acute toxicity tests such as the
mouse bioassay (Nicholson 1994), protein phosphatase inhibition assay,
and mutagenicity (Tsuji 1997). Similarly, the byproducts from the chlori-
nation of saxitoxins have been tested by mouse bioassay and have found
not to be acutely toxic (Newcombe 2002a and Nicholson 2003). In con-
trast, the chlorination byproducts of cylindrospermopsin produce a low
level of liver damage and genotoxicity (Shaw 2001). An oral 90 and 170
day toxicity study of chlorinated solutions with microcystin, saxitoxin and
cylindrospermopsin showed that only cylindrospermopsin byproducts pro-
duced ill effects, i.e. fatty vacuolations of the liver in mouse (Senogles—
Derham 2003). Chronic testing has not been performed for any of the algal
toxins.

Other chlorine disinfection processes such as chloramines and chlorine
dioxide have shown little promise towards degrading cyanotoxins.
Chloramine doses, as high as 20 mgL™ with 2 day exposures, did not de-
grade microcystins (Nicholson 1994). Although chlorine dioxide is used
in several plants to remove taste and odor compounds, it is not recom-
mended for treatment of microcystins since the dosage would not be cost
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effective (Kull 2004). Although one might speculate that cylindrosper-
mopsin, anatoxin—a, and saxitoxins are not susceptible to chloramine and
chlorine dioxide treatment, studies are needed to validate this statement.

Ozone is an effective disinfectant that oxidizes organic compounds ei-
ther directly as molecular ozone or indirectly through a hydroxyl radical.
Microcystin and anatoxin—-a are inactivated at ozone doses where a resid-
ual is maintained for several minutes, CT values of 0.1 ugL-1min and 0.3
ugL-1min, respectively. (Keijola 1988, Himberg 1989, Bruchet 1998, Hart
1998, Rositano 1998, 2001, Newcombe 2002b). An acute toxicity screen
was negative for microcystin ozone byproducts. The saxitoxin family ap-
pears to have low to moderate susceptibility to ozone oxidation, with a CT
value of 6.9 mg/L min not being effective (Rositano 2001, Newcombe
2002b). The author of this review speculates that ozone would be an ef-
fective treatment to inactivate cylindrospermopsin because ozone is highly
reactive toward unsaturated bonds. The confounding factors of ozone
treatment for cyanoalgal toxins are 1) oxidation of the dissolved carbon
competes with the destruction of algal toxins and 2) sensitive to alkalinity
and temperature.

Extracelluar Cyanotoxin Removal by Activated Carbon
Adsorption

Two types of activated carbon are used in the drinking water industry:
powdered activated carbon (PAC) and granular activated carbon (GAC).
Common sources of activated carbon are coal, coconut, and wood. Several
studies suggest that mesoporous (i.e., pore diameters between 2-50 nm),
wood-based activated carbon is more effective at removing cyanotoxins
than other types of activated carbon. PAC is usually used seasonally to re-
move taste and odor compounds and agricultural chemicals, or as an emer-
gency barrier during industrial/commercial spills. Drinking water utilities
can test the relative effectiveness of various PAC types for removing a
contaminant(s) of concern by performing jar tests, and then purchase the
carbon with the most capacity for their target contaminants. A series of jar
tests suggest different microcystins have different adsorption efficiencies:

RR>YR>LR>LA (Cook 2002)

The efficiency of saxitoxins removal by PAC mirrors the order of toxicity,
with saxitoxin STX being the most toxic:

STX>GTX>C (Newcombe 2004)
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Very little work has been performed on the adsorption of anatoxin-a and
cylindrospermopsin to PAC. More systematic studies are needed to de-
termine which PAC type, dosage, and contact time are most appropriate.
Although more research is needed to guide drinking water utilities on the
effectiveness of PAC for anatoxin—a, cylindrospermopsin and mixtures of
cyanotoxins, the author of this review still stresses the importance of site
specificity and in-house jar testing to select the most effective activated
carbon.

GAC can be used in filter beds along with other filter media or can be
used as a stand-alone fixed bed adsorber. GAC filters are used primarily
to remove toxic chemicals and occasionally to remove substances in the
water that cause taste and odor problems. They lose their organic com-
pound adsorption capabilities usually within a couple of months of use and
any organic removal after that comes from biological activity on the filter.
Commonly, the effectiveness and degradation of a GAC filter is measured
by total organic carbon (TOC) in the filter effluent. When 70-80% of the
TOC entering the filter is measured in the filter effluent, usually after at
least three months of service, the GAC media is replaced or reactivated.
Newcombe and co-workers (2002b) reported microcystin in the GAC ef-
fluent at 80% TOC breakthrough suggesting that GAC filters would not be
an effective barrier for controlling microcystin, since GAC media is not
replaced monthly. However, frequently GAC absorbers are designed to
last several months before 80% TOC breakthrough occurs, and since the
adsorber media is replace upon 80% TOC breakthrough, GAC adsorbers
may be an effective microcystin and other algal toxin barrier. Newcombe
and coworkers (2002b) also studied the effect on cyanotoxins of ozonating
the water before GAC adsorber entry, using two unit processes as one bar-
rier. This barrier will oxidize microcystin, cylindrospermopsin and ana-
toxin-a, and the GAC absorber would provide an additional barrier to saxi-
toxins not oxidized by this treatment. To the best of the author’s know-
ledge, the removal of cylindrospermopsin and anatoxin—a by GAC
adsorption has not been investigated.

Extracellular Cyanotoxin Inactivation by Advanced
Drinking Water Treatment Processes

The absorbance of ultraviolet (UV) energy can break molecular bonds
without chemical addition and is used to inactivate many pathogens in
drinking water. Normally, the UV treatment process uses a low to medium
pressure lamp with wavelengths between 200 and 300 nm. Commonly, in
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the water treatment industry, the UV dose is expressed in milli—joules/cm?
(md/cm?). A dose of 40 mJ/cm? for the inactivation of Crytosporidium
parvum oocysts is considered economically feasible. Much work has been
done on the photolytic destruction of microcystins, cylindrospermopsin,
and anatoxin-a, but the UV doses that effectively degrade microcystin,
cylindrospermopsin, and anatoxin-a range from 1530 to 20,000 mJ/cm2
(Tsuji 1995, Chorus 1999, Senogles 2000), or several orders of magnitude
higher than that needed for Cryptosporidium oocyst. Thus, UV irradiation
is not considered economically feasible for cyanotoxin degradation.

The use of titanium dioxide and UV photolysis together successfully
degrades MCYLR and cylindrospermopsin (Lawton 1999, Feitz 1999,
Cornish 2000, Senogles 2001, Sherpard 2002). Although this is not a cost
efficient treatment process for utilities, it may be viable in point-of-use
treatment (e.g., devices used in the home). The combination of hydrogen
peroxide with either ozone or UV irradiation enhances the efficiency of
microcystin destruction (Rositano 1998, Qiao 2005, respectively). With
hydrogen peroxide at 0.1 mgL™ and ozone at 0.2 mgL™ 1 mgL™ of
MCYLR was completely removed in 30 minutes (CT value of 6 mgL
'min). However, more research on these combinations for the degradation
of cyanotoxins is needed to assess their feasibility.

Extracelluar and Intracellular Cyanotoxin Removal by
Filtration (other than GAC)

Semi—permeable membranes such as those used in reverse osmosis filters
remove many contaminants from water, especially those whose size is lar-
ger than the membrane pores. Advances in membrane technology have
made this process more versatile, dependable and economically feasible as
a drinking water treatment process. Reverse osmosis and nanofiltration
membranes remove all pathogens and also large molecules above the
membrane pore size (100 Daltons for reverse osmosis, 200 Daltons for
nanofilters). However, the membranes are not necessarily foolproof.
When concentrations of the removed substance become sufficiently high
traces of inorganic and organic compounds may pass through the mem-
brane barrier. A reverse osmosis membrane study using between 10 ugL™
and 130 ugL™ of MCY LR, RR and nodularin removed greater than 95%
of the toxin from waters with a range of salinities (Neumann 1998, Vouri
1997). A water with high conductivity such as brackish water may allow
slightly greater breakthrough of cyanotoxins than otherwise (Vuori 1997).
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Several nanofiltration studies report from 82% to complete microcystin
removal (Fawell 1993, Muntisov 1996, Simpson 2002, Smith 2002).
Microfiltration and ultrafiltration use membranes with greater pore sizes
than the membranes used in reverse osmosis and nanofiltration. Ultrafil-
tration is capable of removing intact bacteria (including the cyanobacteria),
but not all dissolved organic compounds (Fig. 1). Microfiltration, with its
larger pore size, may not remove all intact bacteria and is not effective in
removing dissolved organic compounds. Since 50% to 95% of the
cyanotoxin is intracellular, ultrafiltration and (to a degree) microfiltration
are effective in removing intracellular cyanotoxins in drinking water sup-
plies. Studies (Chow 1997, and Zhou 2001) suggest that both microfiltra-
tion and ultrafiltration either as a stand—-alone treatment process or as a re-
placement to conventional filtration are excellent at removing intact
cyanobacteria and their intracellular toxins. With regard to conventional
water filtration (coagulation, sedimentation, and then filtration), a bench -
top jar test apparatus and a full —scale pilot plant resulted in 70% and
99.9% removal, respectively, of Microcystis cells (Drikas 2001). This
study suggests that conventional treatment is effective in removing intra-
cellular cyanotoxins. These studies reported very little cell breakage during
the cell removal process, implying that the process did not cause signifi-
cant intracellular cyanotoxin release.
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Through Plant Removal and Inactivation of Cyanotoxins:
A Multi-barrier Approach

Toxin—producing cyanobacteria are abundant in surface waters and so they
impose a degree of risk to drinking water utilities. The toxicity of micro-
cystin LR has prompted the World Health Organization to publish a guide-
line value of 1.0 ug MCYLR/L for drinking water. Several studies have
investigated the concentration of cyanotoxins in drinking water treatment
plants. The most recent studies have been done by Carmichael (2001),
Karner (2001), Hoeger (2005), and Wood (2005).

During two year study, 1996 to 1997, Carmichael (2001) measured tox-
ins in source and finished (i.e., filtered) waters in 10 utilities in North
America. Of the 677 samples tested, 539 (80%) were positive for micro-
cystins when tested using the enzyme linked immunosorbent assay
(ELISA). Of the positive samples, 4.3% were higher than the 1 ug/L
WHO guideline. Only two finished water samples were above 1 ugL™,
suggesting that during the study many of the utilities were adequately re-
moving or inactivating microcystins.

Karner’s (2001) study evaluated source and treated water from five
Wisconsin drinking water plants with four plants located on one lake. The
reported total concentration of microcystin (intracellular and extracellular
toxin) was determined by ELISA. The source waters ranged from tenths
of ugL™ to 7 ugL™. The five plants demonstrated 1-3 log removal of mi-
crocystin. This study suggested that pretreatment alone (i.e., before filtra-
tion) with potassium permanganate, copper sulfate, and PAC reduced algal
toxins as much as 61%. Karner reported the percent of removal, but did not
mention the initial microcystin concentrations. There may be several site
specific reasons that pretreatment worked for these plants; two of the utili-
ties have at least 5.5 day water detention times before being distributed to
the public and another plant used a lower dose of KMnO,. These condi-
tions could have played an important role in achieving the 61% decrease of
microcystin. This study stresses the uniqueness of individual treatment
trains.

Hoeger’s study investigated microcystin removal through two drinking
water plants. One plant had pre-ozonation (1.0 mgL™), rapid sand filtra-
tion, intermediate ozonation (0.5 mgL™), GAC filtration follow by slow
sand filtration and the other had conventional treatment followed by
chlorination. The first plant was challenged with a microcystin concentra-
tion of approximately 8.0 MCY ugL™ where as the conventional plant was
challenged with a concentration of 0.2 MCY ugL™. Both treatment plants
removed microcystin below the WHO guideline.
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During the summer of 2005, Wood and coworkers (2005) studied
cyanobacteria and algal distribution as well as microcystin concentrations
in source and finished waters from five utilities in Oklahoma, Vermont,
Texas, California and Florida. They found that several of the source waters
had low levels of microcystin from 0.2 ugL™® MCY to 0.5 ugL™ MCY and
none of the finished waters were above 0.05 ugL™ MCY, as determined by
ELISA. This study also showed that typical conventional treatment re-
moved from 2 to 5 log of algal units mL™ (Fig. 2) and finished water
commonly contained less than 2 algal units mL™.

New Technologies

Electrochemical degradation was investigated as a new drinking water
technology to degrade extracellular microcystin LR through a hydroxyl
radical mechanism similar to other advanced oxidation processes (Feng
2005). At an applied current of 100mA, the degradation rate was 0.219
min™ and the half-life was 2.5 min. This experiment suggested that the
electrochemical oxidation may be a promising approach for microcystin
degradation.
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Conclusion

Drinking water utility managers have several source water and treatment
options for removing and inactivating both intracellular and extracellular
cyanotoxins. The first consideration should be to optimize the effective-
ness of existing processes. Intracellular cyanotoxins can be removed effec-
tively by conventional treatment and membrane filtration. Chloramination
and UV treatment are not effective for inactivating extracellular algal tox-
ins. Although several oxidants inactivate some cyanotoxins, it is important
to remember that not one oxidant inactivates all cyanotoxins. Chlorine ef-
fectively degrades extracellular cyanotoxins both microcystins and cylin-
drospermopsin between pH 6.0 and 8.0, and saxitoxins at pH values at 9
and higher. Utilities that want to determine the risk of cyanotoxins to their
system may use a simple and rapid procedure published by the World
Health Organization (Chorus 1999).
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Introduction

This research is currently focused on the development of efficient water
treatment processes for the hepatotoxin, microcystin-LR (MC-LR). Both
conventional and advanced oxidation technologies have been tested
against this cyanotoxin. Pilot plant studies have shown that conventional
treatment processes such as coagulation, flocculation, and sedimentation
result in increased levels of soluble toxin. Chlorination, activated carbon
adsorption, and chemical oxidation [ozonation, Fenton reagent (FR)] have
been used for the inactivation, physical removal, and degradation of the
toxin, respectively. A promising chemical oxidation technology for the
treatment of MC-LR is titanium dioxide (TiO;) photocatalysis. This
emerging “green” technology efficiently performs water purification and
disinfection. Due to high catalytic surface area and minimized mass trans-
fer limitations, TiO, in suspension exhibits high photocatalytic activity.
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However, nanosize TiO, particles are difficult to handle and remove after
their application in MC—-LR treatment.

Hypotheses

In this study, immobilized TiO, photocatalysis was utilized as a proposed
alternative to suspended TiO, treatment for MC-LR. Immobilized TiO, has
higher mass transfer limitations than the suspended TiO,. Also, fewer ac-
tive catalytic sites are available to the contaminant resulting in reduced
photocatalytic activity. Thus, it is necessary to immobilize TiO, particles
onto substrates and enhance the photocatalytic and structural properties of
TiO, material. We are developing novel methods for fabricating porous
and non—porous photocatalytic films that possess high photocatalytic activ-
ity for a given TiO, mass.

Methods

Highly active photocatalytic films were prepared with two methods result-
ing into porous and non—porous films on glass and stainless steel substrate,
respectively. The non—porous films are synthesized by a modified sol-gel
method employing a mixture of titania sol and colloidal TiO, particles to
immobilize commercially available TiO, powder nanoparticles. The po-
rous films are prepared with an acetic acid based sol-gel method modified
with surfactant templates.

Results

Control experiments demonstrated the high stability of MC-LR. The ob-
served degradation in all the experiments with the films is due to the
photocatalytic properties of the titanium dioxide. Both dark reaction and
direct photolysis of MC-LR showed no obvious degradation.

Conclusion

The study showed that immobilized titanium dioxide photocatalysis could
effectively destroy MC-LR in water, at concentrations up to 5000 ppb.
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Introduction

Run—of-river impoundments or reservoirs, the “lakes” of the Southeast,
provide potable water supplies and recreational value for rapidly urbaniz-
ing areas. Cyanobacteria blooms and the potential for cyanotoxin contami-
nation of water supplies have not been well studied in these turbid systems.
The objective of this ongoing research (summers, 2002—current) is to char-
acterize environmental conditions and cyanobacteria composition, abun-
dance, and microcystin concentrations in potable water supply reservoirs
of different age in North Carolina. The reservoirs selected for this work
provide potable water to two million people in the western and central ar-
eas of the state.

Materials and Methods

Physical/chemical environmental conditions have been assessed using a
YSI multiprobe water quality system (model 566MPS). Nutrient concen-
trations (TP, SRP, TN, NO;+NO,", NH,") and chlorophyll a concentra-
tions have been analyzed by the state—certified CAAE water quality labo-
ratory. Cyanobacteria assemblages have been identified and quantified
following current keys of Komarek and colleagues (phase contrast micro-
scopy, 600x), supplemented by molecular probes where available. Total
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microcystins (free and cell-bound fractions) in raw and finished water
have been quantified using enzyme-linked immunosorbent assays (ELISA,
Envirologix, Inc.), confirmed by high—performance liquid chromatography
with mass spectroscopy (LCMS). Here, nutrient and microcystin concen-
trations were compared in reservoirs of two age groupings: newer reser-
voirs (20-30 years post-fill, n = 5) and older reservoirs (60-85 years post—
fill, n = 6). Differences in the two age groupings in selected physical,
chemical, and biological factors were determined by non—parametric one—
way ANOVA (Mann-Whitney-Wilcoxon test; SAS Institute, Inc. 1999;
a = 0.05). Linear regressions were also conducted to examine relationships
between biological parameters and physical/chemical factors.

Results

These potable water supply reservoirs are eutrophic, with high nutrient
levels, high turbidity, and low alkalinity. High precipitation in turbid,
well-flushed systems is not conducive to cyanobacteria blooms, and two
of three summers were above—average in precipitation, yet cyanobacteria
comprised 60-95% (usually more than 75%) of the total phytoplankton
cell number each summer, with densities as high as ~400,000 cells mL-1.
Common toxigenic cyanobacteria included Anabaena circinalis, Anabaena
flos—aquae, Aphanizomenon flos—aquae, Microcystis aeruginosa, Cylin-
drospermopsis raciborskii; blooms of Lyngbya wollei and Planktothrix cf
agardhii also occurred. Microcystins were detected in most samples, at low
concentrations (less than 1 pg L-1). Older reservoirs had significantly
higher NO3—+NO2—, TP, and microcystin concentrations, and significantly
lower TN:TP ratios than newer reservoirs. Total microcystin levels were
positively correlated with TP and TN concentrations in newer reservoirs,
and with TP in older reservoirs, indicating potential importance of both TN
and TP in blooms.

Conclusion

North Carolina potable water supply reservoirs in both age groups are im-
pacted by nutrient over—enrichment and cyanobacteria blooms, including
toxigenic species that may adversely impact the utility of these systems for
potable water supplies and recreational activities as the watersheds become
increasingly urbanized with associated increases in nutrient inputs.
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Introduction

Blooms of blue—green algae occurring in lakes and rivers are frequently
toxic, producing a range of cyclic peptides known as microcystins. Exten-
sive studies on toxicity and several toxicoses have led to a WHO guide line
of 1 g per litre in drinking water supply. Consequently there has been a
large amount of research on the efficiency of water treatment processes to
remove algal cells and toxins along with a range of management strategies.

Over recent years a number of portable water purification systems have
been developed to meet the needs of recreational, military and emergency
use. However, limited research on domestic and field purification devices
has shown that few systems are able to remove microcystins to below the
recommended level. As many lakes produce blooms, and an alternative
water source may not be available, it is important to examine the perform-
ance of the portable purification systems.

In our study two systems were investigated, an MSR®Miniworks™ unit
and a First Need® Deluxe from General Ecology both of which are
claimed to exceed EPA requirements for removal of bacteria and protozoa.
Both systems were evaluated for the removal of dissolved toxins and
cyanobacterial cells.

Methods

Both filters were used and cleaned according to manufacturer’s instruc-
tions. Micrcystin—-LR (MC-LR) and the cell free extract of M. aeruginosa
PCC 7820 which contained MC-LR, -LY, —-LW and —LF were prepared as
previously described (Lawton et al. 1995) and dissolved in tap and lake
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water to give realistic concentrations (50 pg L™) . Microcystins were ex-
tracted from water samples using solid phase extraction and analysed by
HPLC as described by Lawton, et al. 1994. Removal of Microcystis cells
was quantified using a particle analyser.

Results

Virgin filters removed 100% of MC-LR at a concentration of 50 pg I"*
from distilled water and lake water. Experiments were repeated where the
water samples were spiked with the extract which contained MC-LR, -LY,
—LW and -LF. Although systems performed well, the MSR no longer re-
moved 100% MC-LR. Performance after cleaning was assessed and the
MSR unit deteriorated, removing only 66.2—88.8 % of microcystin variants
compared to 100% removal by the First Need unit.

The ability to remove whole cells was investigated, along with determi-
nation of intra— and extra—cellular microcystin concentrations. Both filters
removed 100 % of cells but high concentrations of the microcystin variants
were detected in the MSR filtered water, indicating that cells had been
damaged and toxins released.

Conclusion

This short study demonstrated that the First Need filter was highly effec-
tive at removing both dissolved microcystins and cells, whereas the per-
formance of the MSR filter rapidly declined, despite the fact that only 6 L
of lake water had been passed though it and would therefore not be rec-
ommended such an application. More research is needed on continued use
of the First Need filter to ensure that performance is maintained and there
is no release of microcystins from trapped cells.

References
Lawton L.A., Edwards C., Beattie K.A., Pleasance S., Dear G.J. and Codd G.A.
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Introduction

The dominance of cyanobacteria, many of which produce toxins, in lakes
is often associated with external loads of phosphorus from activities in the
watersheds. However, we have identified multiple pathways in selected
Oregon lakes whereby fisheries management activities play a crucial role
in promoting cyanobacteria populations.

Hypotheses

The proliferation of cyanobacteria in freshwater environments is aided by
increased availability of phosphorus. Phosphorus availability is increased
by alteration of native food—webs, thus changing the trophic dynamics of
nutrient cycling in lakes. Fisheries management can alter food webs nu-
merous ways.

Methods

Several Oregon lakes were investigated through the use of paleolimnologi-
cal techniques. Sediment cores were dated using #°Pb and changes in wa-
ter quality and cyanobacterial populations were examined using akinetes
(resting cells) preserved in the sediments.
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Results

Fish populations were shown to alter trophic structure and thus increase
phosphorus availability in several ways. In Diamond Lake, the inadvertent
introduction of a minnow (tui chub, Gila bicolor) native to an adjoining
basin led to increased fish biomass and translocation of nutrients from the
shallow waters to the pelagic zone. Diamond Lake was treated with rote-
none in 1954, thus eliminating all fish and resulting in an immediate drop
in cyanobacteria populations. The cyanobacteria densities in Diamond
Lake have increased in recent years with the reintroduction of the tui chub
and leading to lake closures. In Odell Lake, the State intentionally intro-
duced kokanee (land-locked sockeye salmon, Oncorhynuchus nerka) to
enhance a native salmonid fishery. The kokanee became the dominant fish
and increased nutrient cycling by consuming large quantities of zooplank-
ton in the metalimnion and recycling nutrients back into the photic zone.
The native salmonids occupy the hypolimnion during the summer, provid-
ing relatively little opportunity for returning phosphorus back to the photic
zone in the summer. Devils Lake is a shallow coastal lake with a native
salmonid fishery and introduced centrarchids. In an effort to reduce the
abundant macrophyte growth throughout much of the lake, the local lake
district (with permission of the State) introduced triploid grass carp
(Ctenopharyngoden idella). The stocking was successful and the grass
carp eventually ate all submerged macrophytes in the lake. Once the
macrophytes were eliminated, cyanobacterial populations increased dra-
matically most likely because of increased light availability, reduced com-
petition for nutrients, and increased nutrient supply associated with distur-
bance of the sediment by the grass carp. Crane Prairie Reservoir is a shal-
low impoundment in central Oregon and historically was a rainbow trout
fishery. It currently has five introduced, non—native fish species and is ex-
periencing major blooms of cyanobacteria.

Conclusions

Fish management activities can increase the likelihood of cyanobacterial
blooms through a variety of mechanisms involving translocation of nutri-
ents, increased retention of nutrients in the photic zone, substrate distur-
bance, and reduction of large cladoceran zooplankton.
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Introduction

The occurrence and persistence of the cyanobacterial toxin, microcystin—
LR, in natural waters has been reported worldwide, and its risk to public
health and animals has been associated with water consumption. The ef-
fects of this toxin on humans and animals include total failure of respira-
tory system, hepatocyte necrosis and tumor promotion in the liver. Con-
ventional water treatment processes such as coagulation, flocculation and
filtration, have failed to remove algal toxins to recommended levels re-
quired by the World Health Organization (WHO). However, there has
been reported effective biological degradation of microcystin—LR in field
and laboratory studies using water samples from lakes where cyanobacte-
rial blooms have historically occurred.

Hypothesis

Given that biological degradation of microcystin-LR is very effective, and
that filters in water treatment plants can successfully remove naturally or-
ganic matter (NOM) via biofiltration, it is expected that microcystin—-LR
can be degraded by biologically active filters. Biological filters are estab-
lished in water treatment plants when ozonation is introduced as a disinfec-
tant. Following the approval by the US Environmental Protection Agency
legislation to reduce Disinfection By—Products (DBP's) in potable waters,
biological filters have become an important water treatment unit to meet
the newly established DBP's standards.
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Methods

Bench-scale microcystin biodegradation tests were carried out using an
enrichment bacterial culture from Lake Mead, Nevada. Three bioreactors
were incubated at room temperature for 7 days in the dark to avoid photo-
trophic growth. In each reactor containing 100 ml of Errington & Powell’s
medium, 32 mg/L of microcistin—-LR was added. In order to evaluate the
biodegradability of microcystin in the presence of different amounts of
carbon, the amounts of glucose, citric acid, L—glutamic acid and succinic
acid from the aforementioned medium were varied to obtain bioreactors
containing 100%, 50 % and 0% additional carbon. Sub-samples from the
reactors were taken daily for microcystin analysis and evaluation of its
degradation rates.

The microcystin—degrading enrichment culture was then used to inocu-
late two bench-scale biofilters operating with typical design parameters of
a drinking water treatment facility. The filters were packed with variable
amounts of silica sand (effective size 0.51 mm) and anthracite (effective
size 0.9 mm) to provide different empty bed contact times (EBCT). After
a biofilm was established on the surface of the filter media, the filters were
fed in continuous mode at hydraulic loading rate of 2.5 m/h. Dechlori-
nated tap water containing readily biodegradable organic matter (i.e. ace-
tate and formate), bentonite and the toxin were added tothe filters. Acetate
and formate are typical by—products of the ozonation of natural organic
matter (NOM) and they are present in the influent water to the filtration
units. Bentonite was used to simulate the particulate matter in surface wa-
ter. Microcystin—LR concentrations varying from 10-130 g/L were added
in the influent water. This range corresponds to dissolved microcystin-LR
levels detected in lake waters during algal blooms. The concentration of
microcystin—LR in the effluent was monitored every 12 hours and deter-
mined by Enzyme Linked Immunosorbent Assay (ELISA).

Results

The results of the biodegradation tests revealed a reduction of approxi-
mately 67% in the bioreactor to which no additional carbon source was
added. Lower reductions were obtained in the experiments with carbon
source addition. Therefore, it appears that microcystin itself can be used
as a carbon source by the enrichment bacterial culture. These results are
encouraging because concentrations of acetate and formate, byproducts of
NOM ozonation, in drinking waters are low. Therefore, the potential to
remove microcystin via biofiltration is high.
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Introduction

The Ocklawaha Chain—of-Lakes are large, shallow water bodies located in
central Florida. These surface waters are naturally productive. However,
water quality has been severely degraded by nutrient loading, primarily
from large agricultural operations. Water quality in the lakes ranges from
mesotrophic to hypereutrophic, and the lakes have experienced prolonged
severe cyanobacterial blooms.

Restoration program

The program to manage water quality and cyanobacteria in the lakes in-
cludes purchase and restoration of wetland habitat in former agricultural
areas to reduce external phosphorus loading, operation of a marsh flow-
way to remove particulate phosphorus from lake water, harvesting of giz-
zard shad to reduce recycling of stored phosphorus, and re—establishment
of desirable aquatic vegetation.

Lake responses

There are strong relationships between external phosphorus loading, phos-
phorus concentrations, and cyanobacterial biovolume in the Ocklawaha
Chain—of-Lakes. Following external phosphorus load reduction and shad
harvesting, Lake Griffin has seen substantial improvements in water qual-
ity, including decreases in phosphorus and chlorophyll concentrations, and
increases in transparency. Cyanobacterial biovolume has also decreased,
and there have been changes in the composition, including a decrease in
dominance by Cylindrospermopsis. The phytoplankton community has
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shifted from year-round cyanobacterial dominance to cyanobacterial
dominance only during the warm season.

Conclusion

Data indicate that meeting phosphorus targets for the lakes will signifi-
cantly improve water quality. Cyanobacteria likely will remain seasonally
dominant even if phosphorus reduction goals are achieved, although at
substantially lower biovolume.
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Introduction

Cyanobacteria can form massive blooms in nutrient enriched environ-
ments. Some species are capable of producing hepatotoxins that are harm-
ful to both humans and animals following ingestion. Chemical algaecides
are frequently used to control these blooms in order to minimize their im-
pact to both humans and wildlife. In this study, we compared copper sul-
fate with sodium carbonate peroxyhdrate (PAK-27™) on natural cyano-
bacterial populations. Studies have shown that copper does not readily
dissipate from the environment and can thus accumulate over time to lev-
els considered lethal to other organisms — especially invertebrates and
fishes. PAK-27™ was developed to be an environmentally friendly algae-
cide that specifically targets cyanobacteria and decomposes within several
weeks into water and oxygen. For this study, three levels of algaecide
(0.15, 1.5, and 5.0 ppm; either copper sulfate or PAK—27™) were used to
treat a cyanobacterial bloom (dominated by Anabaena circinalis, Micro-
cystis aeruginosa, and Planktolyngbya limnetica) cultured in 4L micro-
cosms. The treatments were monitored over time, to evaluate changes in
species abundance and composition.

Hypotheses

Both algaecides would be effective in controlling algal blooms. There
would be treatment (algaecide) level-specific community responses due to
chemical applications, with most of the changes in phytoplankton commu-
nity composition occurring at lower levels.
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Methods

A total of 65 microcosms (4L cubitainers) were used during this investiga-
tion. Chemical treatments were implemented during a bloom period at
peak densities, and consisted of three dose levels of sodium carbonate per-
oxyhdrate or copper sulfate (0.15 ppm, 1.5 ppm, and 5.0 ppm; n=10).
Population densities were monitored on Day-1, Day-5, and Day-15.
Plankton counts were performed using a Sedgwick—Rafter counting cell
according to APHA methods. During incubation, all microcosms were
situated within the lake proper to insure natural temperature and light re-
gimes.

Results & Conclusion

The experiment involved microcosms inoculated with pond water (late
September — October) that was experiencing a cyanobacterial bloom com-
prised primarily of Anabaena circinalis (up to 6,000 units mL™), Micro-
cystis aeruginosa (100 units mL™), and Planktolyngbya limnetica (200
units mL™). Copper treatments were more effective than PAK-27™ on all
three cyanobacterial species by Day-15, as illustrated by a two—fold de-
crease in A. circinalis, and greater than a 10-fold decrease in both M.
aeruginosa, and P. limnetica. In contrast, no significant declines were ob-
served in microcosms treated with PAK-27™. One of the more interesting
findings from this study was the dominance of green algae following
chemical removal of cyanobacteria. In this case, for low and moderate
copper, the removal of cyanobacteria resulted in significant increases in
Staurastrum sp. (up to 500 units mL™), Eudorina elegans (up to 7,000
units mL™), and Scenedesmus sp. (up to 6,000 units mL™). This shift in
community composition, from cyanobacteria to green algae following
chemical treatments, may indicate a competitive exclusion of green algae
by cyanobacteria. Moreover, this response indicates that cyanobacteria are
less tolerant to copper relative to green algae. Nevertheless, high copper
levels (at 5 ppm) resulted in substantial declines in all algal taxonomic
groups.
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Introduction

Microcystins (MCs) are a family of strongly hepatotoxic peptides pro-
duced by different species of cyanobacteria commonly found in lakes, wa-
ter reservoirs, and recreational facilities. The increased eutrophication of
fresh water supplies has led to the increase in the incidence of cyanobacte-
ria blooms and concerns over the public health implications of these toxins
in the water supply. Conventional water treatment methods are poor at re-
moving low concentrations of the cyanotoxins, and specialized treatment is
usually necessary for treatment of contaminated water.

Hypotheses

Advanced oxidation technologies (AOTs) employ photochemical and radi-
cal processes for the oxidation of pollutants. While AOTs have shown
tremendous promise for the remediation a variety of anthropogenic pollut-
ants, there has been a limited number of reports on the remediation of
naturally occur toxins by AOTs. Unlike AOTs involving photochemical
process, ultrasonic irradiation can be used for slurries and turbid solutions
such as those encountered during cyanobacterial blooms. Ultrasonic treat-
ment is a reagent—free process and does not produce disinfection by-
products. We hypothesize that ultrasonic irradiation can be used to effec-
tively destroy MCs.
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Methods

Purification of MC-LR from a laboratory culture, the ultrasonic irradia-
tion, HPLC, and LC-MS procedures are available from the literature. Mi-
crocystin—-RR was purchased from ALEXIS.

Results

Ultrasonic irradiation leads to the rapid degradation of MC-LR and dra-
matically reduces the PP1 toxicity of the treated solution. Hydroxy! radical
is responsible for a significant fraction of the observed degradation, but
other processes (hydrolysis/pyrolysis) are also important. The decomposi-
tion products of the ultrasonic destruction of microcystin-LR and micro-
cystin-RR were analyzed by liquid chromatography—mass spectrometry
(LC-MS) and the mechanisms of degradation involve oxidation of the
Adda moiety. The effects of pH, Fe?* and H,0, on the ultrasonic degrada-
tion were investigated.

Conclusions

The major by—products of ultrasonically induced degradation of MCs re-
sult from hydroxy! radical attack on the benzene ring of Adda, substitution
and cleavage the Adda conjugated diene structure. The initial rate of MC
degradation is strongly pH dependent, in a manner mirrored by the pH de-
pendence of toxin hydrophobicity. While hydroperoxide and organic per-
oxides are formed during ultrasonically induced irradiation of MCs, addi-
tion of Fe®* effectively destroys the peroxides and promotes further
oxidation of the MCs. These findings suggest that ultrasonically induced
irradiation may be a suitable method for the treatment and detoxification of
MCs in drinking water and in response to bioterrorism.



Cultural eutrophication of three midwest urban
reservoirs: The role of nitrogen limitation in determining
phytoplankton community structure

Pascual DL, Johengen TH, Filippelli GM, Tedesco LP, Moran D

The cultural eutrophication of three Midwest urban reservoirs (Ford Lake,
MI; Belleville Lake, MI; and Eagle Creek Reservoir, IN) has resulted in
impaired water quality. Nutrient loading to these reservoirs has resulted in
the formation of nuisance algal blooms, including possible toxin-
producing and/or taste and odor causing, heterocyst—forming blue—green
genera such as Anabaena, Aphanizomenon, and Cylindrospermopsis.
Analysis of monthly nutrient concentrations (Total P, NOs', NH,") taken
from 1998 — 2000 for two southeastern Michigan reservoirs, Ford Lake
and Bellville Lake, and weekly nutrient data taken from 1976 — 1996 and
bi-weekly data collected in 2003 for Eagle Creek Reservoir, Indiana
showed consistent annual trends of NO;  + NH," depletion and P abun-
dance from mid- to late summer, suggesting that phytoplankton growth
became seasonally N-limited in these reservoirs. Data from the three res-
ervoirs showed that low N-to-P ratios correlated more strongly with
phytoplankton standing stock than N or P alone. Data from Eagle Creek
Reservoir showed that low N—to—P ratios preceded an increase in hetero-
cystous Anabaena and Aphanizomenon concentrations. In 2005, a combi-
nation bioassay and high resolution sampling study on Eagle Creek Reser-
voir began to determine if nuisance algal blooms of these heterocystous
blue—green algae were preceded by transition from nitrogen rich (P-
limited) to nitrogen poor (N-limited) growth conditions.
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Introduction

Lakes Cataouatche, Salvador and des Allemands in upper Barataria Bay
estuary, LA were historically oligotrophic to hypereutrophic fresh and
brackish waters. Muississippi River diverted water into Cataouatche and
Salvador since late 2003 changes salinity and introduces high nutrient
loads. Lac des Allemands does not directly receive diverted water, but re-
ceives high nutrient loads from adjacent lands.

Hypotheses

We examined cyanobacteria to detect increases in the extent and duration
of cyanobacterial blooms and HABs in response to nutrient additions, par-
ticularly the high nitrogen load from the Mississippi River.

Methods

We conduct monthly and biweekly surveys for epifluorescent counts of
HABs, HPLC pigments, chlorophyll biomass, and associated water qual-
ity. 10-L microcosm experiments of nutrient additions and mixtures of
Mississippi River water with lake water have been used to examine nutri-
ent limitation shifts in community structure, and stimulation of potentially
toxic HABs. Limited toxin analyses have been conducted.
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Results

Common cyanobacteria (and their toxins) include Anabaena cf. circinalis
(saxitoxins and microcystins), Microcystis spp. (microcystins), Cylindros-
permopsis raciborskii (anatoxin), Anabaenopsis elenkinii, Planktonlyng-
bya spp., Raphidiopsis curvata, and other Anabaena spp. (hepatotoxins
and/or neurotoxins). In Lakes Cataouatche and Salvador, where diatoms
generally dominated phytoplankton communities, cyanobacteria were
mostly detected in late spring and summer. The highest concentrations of
A. circinalis in August had significant increase from 6x10° cells L™ in
2003 to 1.1x107 in 2004, whereas R. curvata remained at the same level of
5x10° cells L*. HPLC pigment analyses and chemical taxonomy results
suggest an increase in overall chlorophyll a reaching over 70 pg L™ in
Lake Salvador in 2003 and 180 pg L™ in spring 2004. Microcystis sp. and
Anabaena spp. were the main contributors to these elevated chlorophyll a
levels. Lac Des Allemands had higher levels of chlorophyll a in compari-
son to the other lakes due to high abundances of Anabaena spp and Micro-
cystis sp.. The phytoplankton community was generally dominated by A.
circinalis during most annual cycles (3.9x10* - 6.0x10" cells L™) as indi-
cated by good correlation between its biomass and chlorophyll data. A. cir-
cinalis counts were high in 2003-2004 in Lac des Allemands, while other
cyanobacteria such as Cylindrospermopsis spp., Raphidiopsis spp. and
Aphanizomenon sp. increased in 2004 compared to 2003. Dense cyano-
bacterial blooms occurred in all three lakes in spring and early summer of
2005. Microcosm experiments indicate that phytoplankton growth in the
lakes is potentially N limited most of the time. Nutrient additions stimu-
lated the growth of most potentially harmful cyanobacteria. Microcystins
were detected in Lake Salvador in April 2005 at levels of 0.3-0.6 ug
(protein phosphates inhibition assay; G. Boyer, SUNY-Syracuse, unpubl.
data).

Conclusion

The Davis Pond Mississippi River diversion is not yet fully operational,
but limited outflows are affecting the salinity and nutrient regimes in
Barataria estuary. Nutrient inputs, either from periodic diverted Missis-
sippi River water or adjacent areas, have increased the growth of harmful
bacteria and changed the phytoplankton community in three upper basin
lakes. Little is known about trophic transfer of cyanobacterial toxins, but
recent studies indicate there may be both environmental effects and human
health concerns.
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Introduction

The algistatic properties of barley straw (Hordeum vulgare) have been ob-
served in laboratory studies and in situ. Laboratory studies have produced
inhibition as well as stimulation of growth in freshwater and marine spe-
cies. While taxa known to be inhibited have increased, comparatively little
has been done to isolate and classify the compound(s) responsible for the
algistatic effect.

Hypotheses

The aim of this study was to confirm and characterize the nature of the
toxic component(s) in decomposing barley straw that inhibit the growth of
Microcystis aeruginosa.

Methods

A microplate assay system was developed using M. aeruginosa to help iso-
late and identify the inhibitory components of barley straw extract. M.
aeruginosa was selected for the bioassay as it has been consistently inhib-
ited by barley straw extract in studies conducted in our laboratory and by
others. The 24-well plate assay utilizes in vivo fluorescence monitoring
with a TECAN GENios plate reader for determination of chlorophyll-a
levels in each 2 mL culture.
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Results

Fractionation and partial characterization of inhibitory extracts prepared
using several different procedures suggests the inhibitors are polyphenolics
with molecular weights between 1000 and 3000. Percolation of the aque-
ous extract through a Polyamide CC6 resin or through various MW cutoff
filters resulted in the loss of algistatic activity, which confirms this asser-
tion. Hydrolysis of the extract resulted in little change in the activity pro-
file. Fractionation by HPLC methods yielded a highly potent multi—
compound fraction, which is algicidal at 353 mg L™ and algistatic between
11.1-353mg L™

Conclusion

The consistent inhibition of M. aeruginosa observed by ourselves and sev-
eral other investigators suggests that the algistatic components of barley
straw may be useful in the management of M. aeruginosa in situ. In the
Chesapeake Bay region recent closures of public beaches in response to M.
aeruginosa blooms and the presence of microcystin in livers of great blue
herons in a recent mortality event emphasizes the need for management
methods.
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Introduction

Most studies of freshwater benthic algal communities have attributed
changes in community composition to anthropogenic eutrophication, even
though selective herbivory can influence community structure by remov-
ing palatable species. The benthic community of Lake Guntersville, AL,
USA is dominated by the cyanobacterium Lyngbya (Plectonema) wollei,
but also includes the green alga Rhizoclonium hieroglyphicum and a vari-
ety of invertebrate herbivores, such as snails (Pleurocera annuliferum) and
amphipods (Hyalella azteca). The dominance of L. wollei in this commu-
nity may be reinforced by the production of chemical defenses, including
saxitoxin (STX).

Hypotheses

1. L. wollei is less palatable to snail and amphipod grazers than R.
hieroglyphicum.

2. Herbivores decrease the growth rates of monocultures of L. wollei.
3. Herbivores induce the production of STX.

4. Increased STX concentrations are correlated with decreased L. wollei
growth rates.
Methods

We used artificial foods to test the palatability of these primary producers
to an herbivorous snail, Pleurocera annuliferum, and to an omnivorous
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amphipod, Hyalella azteca. For amphipods, we also examined the palat-
ability of crude extracts of L. wollei, pure STX, and L. wollei sheath mate-
rial. We grew 1 g monocultures of L. wollei to test whether snails, amphi-
pods, and mechanical damage induce STX production. We grew 1, 2, and
3 g of L. wollei and R. hieroglyphicum in a response surface design to ex-
amine how snail herbivory and potential competitors impact STX produc-
tion.

Results

Both snails and amphipods preferred R. hieroglyphicum over L. wollei. L.
wollei crude extracts and pure STX stimulated amphipod feeding; amphi-
pods were deterred by L. wollei sheath material. In monocultures, snail
herbivory generated strong compensatory growth, while amphipod herbi-
vory decreased L. wollei growth rates. Snail herbivory induced high con-
centrations of STX, but amphipod herbivory did not. In the response sur-
face design, with low N:P ratios, increased STX concentrations were
correlated with decreased relative growth rates, suggesting a cost of STX
production. However, no trade—offs were observed in monocultures, with
higher N:P ratios.

Conclusions

Our results indicate that invertebrate herbivores can strongly influence the
composition of freshwater benthic algal communities and the production of
cyanobacterial secondary metabolites. Since previous reports of STX pro-
duction in L. wollei have documented a high variability in toxicity among
locations, efforts to reduce toxicity should not only focus on reducing nu-
trient availability, but should also consider interactive effects of palatabil-
ity, herbivory and competition. Trade—offs between L. wollei growth rates
and saxitoxin production may depend on the relative supply of nitrogen
and phosphorus. The dominance of L. wollei in aquatic communities may
be maintained by both induced chemical defenses and strong compensa-
tory growth.
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Introduction

Nuisance and harmful algal blooms are often controlled by the use of
chemical treatments. However, many cyanobacteria retain cyanotoxins
within their cell structure, and upon cell lyses (cell death) will release these
toxins into the water column. These secondary compounds can be poten-
tially harmful to humans who drink these waters, either from contaminated
drinking water reservoirs or from recreational activities (e.g., swimming,
water skiing) that promote water ingestion. For example, in the 1970’s ap-
proximately 150 people (mostly children) in Palm Island, Australia were
hospitalized with severe hepatoenteritis and kidney failure. This outbreak
was attributed to a cyanotoxin, cylindrospermopsin, which had accumu-
lated in drinking waters following the reservoir’s treatment with copper
sulfate. In this study, we evaluated both cell-bound and soluble (released
following cell lyses) microcystin concentrations, following chemical
treatment (with copper sulfate, or sodium carbonate peroxyhydrate; PAK-
27™) of a cyanobacterial bloom dominated by Microcystis aeruginosa.

Hypotheses

The application of algaecides will increase the level of soluble (free) mi-
crocystins and decrease the level of cell bound microcystins. The degree of
algaecide treatment will influence the how much cyanotoxin will be re-
leased following treatment.
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Methods

Bloom samples (composed primarily of Anabaena and Microcystis) were
incubated in 4 L microcosms. The microcosms were dosed with varying
levels of algaecides (low ~0.15 ppm, moderate ~1.5 ppm, and high ~5.0
ppm), of either CuSO, or PAK-27™. All microcosms were situated within
the lake to insure natural temperature and light regimes. Water samples
were collected (100 mL) initially (Day-1), and 10-, 20-, and 30-days post
treatment. Samples were analyzed for microcystin-LR using ELISA (En-
zyme-Linked ImmunoSorbent Assay) molecular techniques. The water
samples were filtered to separate cell-bound and soluble microcystin. The
soluble fraction was concentrated to 2.0 mL using solid phase extraction
techniques (C-18 silica cartridges; Waters Sep-Pak Plus). The cell-bound
fractions, collected on glass fiber filters, were extracted in 80% methanol.
Chlorophyll-a levels were determined spectrophotometrically.

Results and Conclusion

In this study, we observed significant declines in cell-bound microcystin-
LR by Day-10 (by as much as 0.8 pug L™) and continued through Day-30
(up to 1.8 pg L™) in copper-treated microcosms. There were no reductions
in cell-bound microcystin-LR observed in PAK-27™ treated microcosms.
The declines in cell-bound toxins observed in this study indicate that cop-
per sulfate chemically disrupted cyanobacterial cells, thereby releasing
toxins into the water column. This release of toxin was observed in the
soluble microcystin-LR fraction by Day-20 (by as much as 1.3 pg L™) for
both PAK-27™ and copper treatments. When considering that the World
Health Organization (WHO) placed a provisional guideline of 1.0 pug L™
for potable water, it is critical that cyanobacterial blooms be approached
with caution when applying chemical treatments. In this study, for exam-
ple, the increase of soluble toxin was nearly double the recommended level
by the WHO.
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Introduction

The Cyanotoxins Workgroup was charged with the identification and pri-
oritization of research needs associated with: the identification of cyano-
toxins; toxicokinetics and toxicodynamics of cyanotoxins; human suscep-
tibility to the toxins; cyanobacterial genetics/omics and factors for inclu-
sion in predictive models of toxin production; and risk reduction from an
intentional or accidental release of cyanotoxins. Papers presented for the
Cyanotoxins Session of the symposium on toxin types, toxicokinetics, and
toxicodyamics (See Humpage this volume), cyanobacterial genetics of
toxin production (See Neilan this volume), and parameters related to hu-
man risks from cyanobacterial exposure (See Love this volume) set the
stage for Cyanotoxins Workgroup discussions.

A consensus was achieved regarding the need to focus on the major
identified classes of cyanotoxins. The group expressed the belief that the
most significant toxic components of presently occurring harmful algal
blooms have been identified, and the knowledge gaps for these most
prevalent toxins are great enough to warrant the attention of most of our

1See workgroup member affiliations in Invited Participants section.
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future research. This belief does not negate the need to study mixtures of
cyanotoxins and toxin precursors, especially those most likely to occur
within a given bloom. Moreover, there is also a significant likelihood that
novel cyanobacterial blooms and toxins will continue to emerge, and fu-
ture identification of unknown bloom-forming species and their toxins will
require ongoing diligence.

Charge 1: Identification

Identify and prioritize research needs concerning the identification
and quantification of cyanobacteria, cyanotoxins, and their toxici-
ties.

The public health, environmental health, and economic impacts resulting
from harmful algal blooms (HABS) create the need to prioritize research
for the detection and identification of cyanotoxins. To comply with the
Safe Drinking Water Act (SDWA), the U.S. EPA must identify contami-
nants that may require regulation in the future and periodically publish the
resulting Contaminant Candidate List (CCL). The EPA identifies the data
gaps associated with the contaminants on the CCL to prioritize research
and data compilation to determine whether regulation of candidate con-
taminants is warranted.

In 1998 and again in 2005, EPA listed “Cyanobacteria (blue-green al-
gae), other freshwater algae, and their toxins” on the CCL. The Work-
group felt that the CCL should be more specific; for example, listing the
individual cyanobacteria and toxins of concern. Many genera and species
of cyanobacteria are non-toxic; however, many other genera and species
can produce a single known toxin and, conversely, a single species can
produce a range of cyanotoxins. More detailed listings may evolve be-
cause the CCL is an iterative process that assimilates new data on con-
taminants as well as recommendations from authorized workgroups. More
information can be obtained on the EPA CCL website,
http://www.epa.gov/safewater/ccl/index.html.
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Research Priority: Protocols for efficient production,
certification, and distribution of pure toxins and standards of
consistent, high quality.

Rapid and sensitive detection of cyanotoxins is an important goal for miti-
gating potential risks posed by HABs. Sensitivity and specificity of ana-
lytical methods for identifying the different classes of cyanotoxins and for
accurate quantification depend on the availability of high quality toxin
standards. The workgroup expressed concern that some published re-
search was not as reliable as it might be because of reliance on in-house
purification of toxins or use of commercial material that was later shown
to be of poor quality. Standardized protocols are needed for the efficient
production, certification, and distribution of pure toxins and standards.
Commercial standards for cylindrospermopsin, some microcystins, nodu-
larin, anatoxin-a, and saxitoxins are available (Table 1). However, concern
regarding the reliability of some of the non-certified commercial standards
has been expressed. Larger (mg) quantities of some cyanotoxins are avail-
able from certain research labs involved in cyanobacterial research, for ex-
ample, the Australian Water Quality Centre (http://www.awqc.com.au/).
Another concern is that recent regulations of high potency agents and tox-
ins hamper the acquisition and storage of large toxin quantities that are
needed for analytical methods development, validation, and, toxicological
studies. Although safeguards are needed to prevent illicit uses of cyano-
toxins, provisions for safe transportation and use in secure facilities are
needed.



Table 1. Currently available cyanotoxin standards and certified reference materials (CRM)

Toxin type

Congener

Supplier

Catalog No.

Paralytic Shell-fish
Poisoning

Saxitoxin dihydrochloride

saxitoxin diacetate
saxitoxin dihydrochloride

neosaxitoxin
decarbamoylsaxitoxin
gonyautoxin 1&4
gonyautoxin 2&3
gonyautoxin 5 — aka B1
decarbamoylgonyautoxin
2&3
decarbamoylneosaxitoxin
N-

sulfocarbamoylgonyautoxins

Cl&2
Saxitoxin in acetic acid
dc-saxitoxin

neosaxitoxin
saxitoxin diacetate salt

Food and Drug Administration

National Research Council Canada
(http://imb-ibm.nrc-
cnrc.gc.ca/crmp/shellfish/psp_e.php)

Sigma-Aldrich

Reference Standard
Saxitoxin
CRM-STXdiAc
CRM-STX-d

CRM-NEO-b
CRM-dcSTX
CRM-GTX1&4-b
CRM-GTX2&3-b
CRM-GTX5-b
CRM-dcGTX2&3

CRM-dcNEO
CRM-C1&2

BCR663 CRM
BCR543, BCR542
CRM

SO170

S1417

0ce

‘e 10 welbad 'v'y



Toxin type

Congener

Supplier

Catalog No.

Microcystins

Other toxins

Radiolabeled saxitoxin (°*H-
STX)

Microcystin LR
Microcystin LF
Microcystin LW
Microcystin RR
Microcystin-LR
Microcystin LR
Microcystin LF
Microcystin LW
Microcystin RR
Microcystin YR
MC-7-desMethyl LR
Nodularin

(+/-) —Anatoxin-a fumarate
Cylindrospermopsin

Currently available at no cost through collaboration be-

tween FDA, NOAA and IAEA

Alexis; Calbiochem; NRC Canada
Alexis; Calbiochem

Alexis; Calbiochem

Alexis; Calbiochem; NRC Canada
Sigma-Aldrich

Cyano-Biotech
http://www.cyano-biotech.com

Alexis; Cyano-Biotech
NRC Canada
Alexis; NRC Canada

A.G. Scientific
National Research Council Canada, in collaboration
with the Australian Water Quality Centre

350-012; 475815
350-081; 475814
350-080; 475818
350-043; 475816
M-2912

ALX-350-044
(see website)
ALX-350-061

A-1065
CYN-CRM
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This issue has also been addressed by other international organizations.
A technical report available from the Organisation for the Prohibition of
Chemical Weapons (OPCW) website (http://www.opcw.org/html/global-
/s_series/98/s78_98.html) indicates that international access to tritiated
saxitoxin is extremely limited, and that most nations do not have access to
expensive HPLC systems for monitoring saxitoxin levels. Increased avail-
ability and distribution of standards, in addition to inexpensive monitoring
and detection systems, are urgently needed to monitor cyanobacterial tox-
ins. The UN Food and Agriculture Organization (FAQ) also addressed this
issue. “It is possible to measure PSP [paralytic shellfish poisoning] com-
pounds by a number of analytical-chemical methods but they all have
some limitations, and they often cannot easily be operated because of the
lack of reference materials, although recently some progress has been
made in this area. However, they are expensive and mainly available from
one source. The efforts undertaken by the European Commission’s SMT
Programme have led to shellfish reference materials with certified mass
fractions of some of the toxicologically most significant PSP toxins. De-
spite these positive developments, the analytical situation remains difficult
and the lack of pure PSP compounds in sufficient quantities for repeated
dose toxicity studies is a limiting factor in the development of reliable risk
assessment.” (Marine Biotoxins, FAO Food and Nutrition Paper Number
80, 2004). The recent Harmful Algal Research and Response plan
(HARRNESS 2005) also listed establishment of reference material infra-
structure and improved availability and distribution of toxins and their me-
tabolites as top priorities.

The workgroup concluded that reliable, well-characterized standards are
needed for as many of the common toxins and congeners as possible so
that research results from different laboratories can be reconciled. The
lack of pure toxins and standards not only limits monitoring efforts, but the
ability of investigators to conduct the chronic, low-dose toxicity studies
required for risk assessment. Currently it is inadvisable to have detailed
protocols for the production of cyanotoxins widely distributed, as these
could be used as recipes by bioterrorists. One option for safely acquiring
adequate quantities of standards for research is to designate a few reputa-
ble and qualified laboratories as infrastructure resources for producing,
certifying, and distributing specific chemical groups on an “at-cost” basis.
These services must be provided at a cost that is not prohibitive of their
use. In-house production by individual investigators was not the preferred
option due to the resource and economic drain that would impede research
efforts, and because of the lack of ability to fully characterize the material
produced.
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Standards for four groups of toxins were designated high priority: mi-
crocystins, cylindrospermopsins, anatoxin-a, and saxitoxins (i.e., PSPs).
All four toxin groups are relevant to the U.S. EPA because they are highly
distributed in the U.S. All four groups can impact drinking water reser-
voirs, farm irrigation, and recreational activities in freshwater environ-
ments.

Dangerous Goods Regulations and the Transport of Cyanotoxins

Cyanotoxins come under Dangerous Goods (DG) regulations for transport
of hazardous materials (Metcalf et al. 2006). These regulations are defined
under UN and IATA frameworks, but many countries have their own spe-
cific regulations as well, particularly for control of import and export. By
law, such materials must be packed for transport by people specially
trained and licensed for DG handling to ensure compliance with DG trans-
port regulations. Freight companies will not accept these materials unless a
licensed DG handler certifies that the package and labeling comply with
the regulations. Material Safety Data Sheets specific to the DG must ac-
company the package. Only a few freight agents routinely transport DGs
around the world. Most of them employ Custom’s Brokers to facilitate im-
portation into the destination country. It is important to use one of these
companies to avoid delays, despite the added cost. It is also important to
obtain legal opinion to ensure compliance with the plethora of DG and
other relevant regulations, particularly for saxitoxins and microcystins be-
cause of the added Chemical Weapons Convention (CWC) regulations that
apply to these toxins. Australia’s CWC regulations require an export per-
mit and quarterly reports on toxin use from the recipient. Although signifi-
cant effort is required to develop this capability, it is no longer acceptable
to simply mail “research materials” without taking DG and other regula-
tions into account. These requirements will limit the number of labs that
find it worthwhile to produce and supply cyanotoxins, again pointing to
the need for infrastructure resources for production, certification, and dis-
tribution.

Developing Standard Methods to Separate and Identify Toxic
Components of Raw Water and Crude Extracts

Prior to identifying research needs concerning the development of analyti-
cal methods to identify cyanotoxins, the workgroup recognized several
overarching considerations and discussed current methods development
projects. Methods are needed to identify the cyanobacterial species that
comprise a bloom, as well as to identify individual cyanotoxins within the
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bloom. Additionally, it is important to develop methods that discriminate
between cyanobacterial strains and species that are capable and incapable
of producing cyanotoxins that may pose risks in both recreational and
drinking waters.

Microscopy or morphology-based monitoring is the method traditionally
used to identify potentially toxigenic cyanobacteria. A monitoring or
screening process has been instituted in Australia to monitor sources of
drinking water, whereby the presence and quantity of cyanobacterial cells
are identified based on microscopic observations of water samples. When
cyanobacteria are present in significant numbers (“Alert Levels”), addi-
tional biochemical and molecular assays further characterize the cyanobac-
teria present. If toxicity screening assays are positive, additional treatment
processes are included to mitigate the likelihood of toxins persisting
through to the finished water. This approach relies on cellular morphology
to identify species that can potentially produce toxins; however, this me-
thod does not determine whether a particular toxin is, in fact, present.

Standard methods exist for the separation and identification of many
cyanobacterial toxins (for examples, see Meriluoto and Codd 2005, Moore
1996, WHO 1999 [http://www.who.int/docstore/water_sanitation_health-
/toxicyanobact/]). However, there is continuing need to develop assays for
newly discovered toxins, for methods refinement, and for validation and
certification by organizations such as the AOAC International, a non-profit
association of analytical communities. A current project is refining exist-
ing methods and developing new methods to support the collection of
cyanotoxin occurrence data in cells and surface water. The project, entitled
“Determination and Significance of Emerging Algal Toxins (Cyanotox-
ins),” is sponsored by the American Water Works Research Foundation
(AwwaRF Project 2789, http://www.awwarf.org/research/TopicsAnd-
Projects/projectSnapshot.aspx?pn=2789).

As better analytical methods have been developed in the shellfish indus-
try (for example more sophisticated mass spectrometry), more toxin ana-
logs have been detected. However, since toxicological data are unavail-
able for these compounds, regulators cannot use an evidence-based ap-
proach for toxicity classification. It is therefore important that toxico-
logical characterization keeps pace with detection of new compounds. An
alternative approach is further development of a structure-activity classifi-
cation system. Less satisfactory is use of the default assumption that toxic-
ity of an analog is equivalent to that of the most toxic known congener.

Emerging and novel cyanobacteria and their toxins. The workgroup con-
sidered the need for field ready, reliable, and inexpensive methods to de-
tect currently known, common cyanobacteria and their toxins to be a




Chapter 15: Cyanotoxins Workgroup Report 325

higher priority research need than the identification of novel cyanobacteria
and cyanotoxins. The workgroup agreed that the major cyanotoxins which
pose health and ecological risks have been identified. Emerging toxins
were considered of somewhat lesser importance than the need for im-
proved methods to assess known organisms and toxins. Historically, new
toxins have been found due to accidental poisoning of wild, farm or do-
mestic animals (or in the case of cylindrospermopsin, humans), rather than
through formal surveys. Better links with veterinarians and National Parks
staff, for example, would facilitate this process.

Complex mixtures. The identification and prioritization of research needs
concerning cyanotoxin identification and quantification represents a
unique challenge because cyanobacterial toxins generally occur as mix-
tures. The toxins usually occur as mixtures of analogs of the same toxin
type (for example, there are about eighty known microcystins) and/or mix-
tures of different toxin types (for example, microcystins mixed with cylin-
drospermopsin. Toxicity screening assays are required to determine the to-
tal toxicity of mixtures present in blooms because all mixture components
are not likely to be identified in toxin identification assays.

Synergisms in complex mixtures. Another aspect of the “known toxin”
and “new toxin” issue is the observation that toxicity assessments of crude
cell extracts usually indicate greater toxicity than can be attributed to the
known toxins within the mixture. Similar patterns appear in many studies
of chemical ecology (Paul et al. 2001, Pietsch et al. 2001). Although in
some cases this situation can be taken as evidence of undiscovered toxins,
the possibility has also been raised that there are compounds produced by
cyanobacteria that, although not toxic themselves, can modify the effect of
the known toxins. These could be non-toxic analogs of known toxins.
This issue has received little research attention thus far. Furthermore, the
list of non-toxic but biologically active compounds known to be produced
by cyanobacteria is continually growing (see Table 1 in Humpage this vol-
ume).

Because compounds present in minor concentrations may have additive
or synergistic effects with the pure toxins of interest, a clear research goal
is to identify compounds in the crude extracts that enhance the toxicity of
pure compounds, and to identify whether any compounds in crude extracts
can reduce the toxicity of pure compounds. Therefore, assessments of one
or several toxins may not be sufficient to characterize the risk posed by the
mixture of cyanotoxins in a bloom. This issue is of particular importance
to the design of toxicological experiments whose aim is the provision of
data to support regulatory limits for the toxins in drinking water. These ex-
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periments are universally done using pure toxins, but some consideration
should be given to the inclusion of at least one treatment group receiving a
crude extract for comparison. However, if such experiments demonstrate
these hypothesized effects, then the range of compounds requiring detec-
tion may multiply considerably.

Research Priority: Expand the use of toxicity screening assays
with a focus on pathology-based and mechanism-based
screening

Pathology-based and mechanism-based toxicity screening

Due to the lack of readily available, validated, analytical methods that are
capable of detecting the range of cyanotoxins known to exist, and of refer-
ence standards for them, the workgroup prioritized the expansion of toxic-
ity screening assays with a focus on pathology-based and mechanism-
based screening assays. Several approaches were suggested: 1) in vitro,
utilizing cell-based assays and molecular techniques; 2) in vivo, such as the
zebra fish egg test and various crustacean-based assays; 3) developmental
screens involving fish or mouse embryos and; 4) assays that account for
temporal effects. Screening assays should be as simple and sensitive as
possible. Additional considerations are cost per assay and required techni-
cal expertise and resources. Screening assays may be used to detect toxins
during occurrence surveys, to determine the environmental effects of the
toxins, to determine the environmental factors that influence toxin produc-
tion, and to monitor water bodies used for drinking water. Each of these
uses will require the selection of an assay appropriate for the particular use
and research need.

As previously mentioned, the basic question of how to deal with mix-
tures arose as a major complicating factor in developing cyanotoxin
screening methods. Other factors to be considered are the effects of deg-
radation rates, pH, photolysis, and total organic carbon (TOC) on the as-
says. Additionally, effects of toxins may have a temporal aspect that is not
easily addressed by short-term in vitro assays. The workgroup agreed that
the advantage of toxicity screening methods is that they measure toxicity
and do not just identify individual toxins. This distinction is important be-
cause of the enormous toxicity differences between congeners. Cyanobac-
teria frequently lose the ability to produce certain congeners during labora-
tory cultivation. Therefore, it should be anticipated that results from field
screening assays may differ from the more advanced laboratory analysis
with cultured cyanobacteria.
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Based on the Organisation for Economic Co-operation and Develop-
ment (OECD) Guideline for Testing Chemicals-Direction 210, the zebra
fish egg test was proposed as a rapid and sensitive screening tool for
evaluating cyanotoxicity with relevance to understanding the environ-
mental effects of these toxins. Ongoing studies are evaluating the effects
of cyanotoxins (purified and raw extracts) on zebra fish, and a future as-
sessment of these studies will help in evaluating the utility of this approach
as a screening tool for cyanotoxicity. Assays based on transfected mam-
malian cell-lines that rapidly detect the characteristic biochemical effects
of the cyanotoxins are also being developed. It is expected that these will
provide a diagnostic capability that will help identify the toxin(s) involved.

Biochemical assays

Biochemical assays have been published for a number of cyanotoxins. Ex-
amples include protein phosphatase inhibition assays for microcystins and
a protein synthesis inhibition assay for cylindrospermopsin (CYN). Sigma
has developed a Protein Tyrosine Phosphatase (PTP) assay kit which can
be used to screen for PP1 inhibitors, while Biosense (www.biosense.com)
has a test kit in development that uses an immobilized PP2A active site as
the receptor in a competitive binding assay micro-plate format.
Antibody-based assays exist for the PSPs (Jellett Rapid Test for PSPs
and Ridascreen ELISA for saxitoxin), but little work has been done so far
to prove their efficacy for use with the range of congeners produced by
freshwater cyanobacteria. Established ELISA kits are available for micro-
cystins. Various products have been evaluated previously (see AwwaRF
report 2789). An ELISA for CYN has recently been announced by
Abraxis. Biosensors embedded in semiconductor microchips may provide
an alternative means of detecting the presence of cyanotoxins, instead of
the current reliance on HPLC and ELISA-based assays. Biochips for saxi-
toxin have already been developed, for example Dill et al. (2001). This
publication demonstrates the ability of CombiMarix Corporation’s microar-
ray antibody chip to detect saxitoxins (http://www.combimatrix.com/).
Aptamers specific for microcystin have been developed but assays based
on them do not yet have the required sensitivity and specificity. Assays
based on artificially produced antibody fragments are also at the experi-
mental stage. Although the sensitivity of biochips operating in reservoirs
and water treatment facilities remains to be determined, the development
of these biosensors represents an important area for future research. A
drawback of all antibody-based technologies is that affinity for the toxins
does not correlate with toxicity, and new analogues may not be detected
even though they are toxic (see AwwaRF report 2789). The development
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of a biosensor to assay only for a particular cyanotoxin would preclude the
identification of the contaminating cyanobacteria since multiple genera
may produce the same toxin.

Availability of antibodies

There are no readily available non-proprietary antibodies for saxitoxin
(STX) or any of the other cyanotoxins, although a number of laboratories
around the world have developed or are in the process of developing anti-
bodies for use in their own research or assay development. Proactive steps
should be taken to link these laboratories with kit makers so that assay de-
velopment can be accelerated. The development of reliable assays is also
contingent upon a previously identified priority — enhancing the supply of
reliable chemical standards.

Research Priority: Develop rapid PCR-based assays for the
presence of specific cyanobacteria and the potential for
production of specific toxins

Molecular-based monitoring

The in vitro molecular approaches based on the polymerase chain reaction
(PCR) have advantages as screening tools for the presence of toxigenic
species because they have the potential to yield more rapid and more sensi-
tive results (See Charge 5, below). To select appropriate genetic markers,
the Workgroup agreed that more genetic information is needed. There are
currently no whole genomes available for any toxin-producing cyanobacte-
ria.  Although the microcystin B biosynthetic gene cluster (mycB) is
known, those encoding other cyanotoxins such as PSPs and cylindrosper-
mopsin are not yet known. Molecular methods for assessing potential tox-
icity are limited by this lack of information.

Generally, the technical expertise and resources required for PCR-based
techniques are greater than that of a trained microscopist who identifies
cyanobacterial cells, but are less than that of an analytical chemistry lab
employing HPLC identification methods and that of a lab conducting tox-
icity screening assays. Established techniques exist for using the genetic
sequence of the 16S ribosomal RNA subunit to identify species of cyano-
bacteria. Some laboratories are developing assays that use the presence of
toxin biosynthetic genes, such as mycB, to judge whether a bloom has the
potential to produce toxins. Every strain of cyanobacteria with the gene
for toxin production is capable of producing toxins, but the conditions for
toxin production may not be present. Conversely, if the cyanobacteria lack
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a gene for toxin production, no toxins will be produced. To identify both
toxicity genes and individual cyanobacteria, molecular screening assays
should include toxin producing and genera- and species-specific bio-
markers. Historical occurrence data, once developed, is invaluable in se-
lecting appropriate markers. However, ecological theory suggests that as a
region’s environmental conditions change, the organisms found in that re-
gion will also change. This process is hypothesized to account for the
northward spread of Cylindrospermopsis raciborskii that has been ob-
served as global warming continues.

A key development in our ability to predict the occurrence of C-HABs
has been the identification of the microcystin gene cluster (mycB). This
gene can be used as an indicator of potential toxin production, alerting wa-
ter quality managers to the possibility of a toxic bloom. Reservoirs can be
monitored by extracting DNA from whole algal communities, and testing
for the presence of the microcystin gene by a PCR-based assay (e.g., His-
bergues et al. 2003). A test for CYN-producing genes has also been pub-
lished (Fergusson and Saint, 2003). Similar tests would give additional
warnings for the potential presence of other toxins, including saxitoxin and
anatoxins. However, the biosynthetic genes responsible for the production
of these latter toxins are currently unknown. In addition, genes that inter-
act with the toxin gene clusters remain to be fully described in Microcystis,
and are completely unknown for the other organisms. Whole genome se-
quencing, followed by bioinformatic analyses, is another approach that can
be used to search for toxin gene clusters (see Charge 5 for a detailed dis-
cussion).

Research Priority: Develop molecular and toxicological
fractionation methods to identify toxic components of raw
water

As described earlier in this report, many compounds might act synergisti-
cally to augment the effects of cyanotoxins. Crude extracts from blooms
often are more toxic than can be accounted for by their content of the puri-
fied component toxin(s). This enhanced toxicity may be due to interaction
with other (known or unknown) cyanotoxins or because there are other
compounds that enhance toxicity. These compounds may include water
treatment byproducts, environmental/UV degradation byproducts, other
toxic components in raw water, and bacterial metabolites. Because our
current knowledge of cyanotoxin interactions with other contaminants is
limited, there is clearly a need for continued toxicity testing of any poten-
tial byproducts produced by treatments to improve water quality. Simi-
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larly, we know very little of the reactive chemistry of cyanotoxins in ma-
trices, including their degradation chemistry and their physical and chemi-
cal reactions with sediment and other complex matrices.

The approach of comparing the toxicity of crude cell extracts with that
of purified toxins has been undertaken by several labs. Such comparisons
performed in vitro using cell cultures (preferably of human origin) are
needed. One hypothesis is that these unidentified compounds are ana-
logues of known cyanotoxins. This hypothesis should be evaluated in or-
ganic chemistry labs with an interest in secondary metabolites. The toxic-
ity of novel analogues should be assessed in isolation and in combination
with known analogues. Immunoaffinity is an approach for distinguishing
the effect of cyanotoxins from that of other compounds. This approach
was applied to microcystin. The toxin was removed by binding to an im-
munoaffinity column containing antibody to microcystin (Kondo et
al.1996), followed by toxicity assays of the separated eluents. This ap-
proach could be expanded to cylindrospermopsin-producing cultures or
blooms once suitable antibodies are available. An advantage of this method
is that the bound toxins can be easily recovered.

Non-mammalian model systems that have provided information of rele-
vance to public health risk assessment include Xenopus oocytes and ze-
brafish.  Although these models aid our understanding of effects of
cyanotoxins in the environment, any effects must ultimately be confirmed
in at least one mammalian model system to assess risks to human health.
Since in vitro experiments are limited by experimental constraints and dif-
ficulty of interpretation, it will be necessary to use mammalian model sys-
tems to confirm all hypothesized mechanisms of action.

The above discussion notwithstanding, research prioritization requires
some knowledge of the primary risks in a particular country or region. Es-
tablished detection methods should be implemented to provide local
cyanobacteria and cyanotoxin occurrence data. This approach focuses on
common analogs, but substantial differences in toxicity or chemistry be-
tween the identified and unidentified analogs could lead to inaccurate as-
sessments of risk. A comparison to the toxicity caused by the identified
analogues and crude cell extracts can be used to assess the overall risk.
Thus, the assessment of risk in local and regional areas may benefit from
an on-going prioritization process.

Characterization of unknown toxic compounds

There is a high likelihood that novel cyanobacterial blooms and toxins will
continue to emerge. A key research priority will be the identification of
unknown bloom-forming species and their toxins. If a new, emerging
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cyanobacterium (e.g. Lyngbya cf. confervoides on the coast of Florida),
produces unknown toxins, standard chemical and toxicological methods
are needed to separate and identify the toxic components. Several labs
working on natural products from cyanobacteria have established standard
procedures for cyanobacterial culture, activity assay-based fractionation,
and LC, MS, and NMR of unknown compounds. These processes have
proven fruitful in the past (see Table A.1 in Humpage this volume, and
references cited therein). These studies generally provide enough chemi-
cal information to enable the development of methods to identify the com-
pounds. Although initial in vitro cellular or enzyme inhibition data may be
obtained, further toxicological characterization of the compounds is
needed to produce meaningful risk assessments.

Recommendation: Develop more local expertise to identify cyanobacteria
and their toxins. Several symposium attendees stated that their local water
quality management teams do not have the expertise to identify cyanobac-
teria or cyanotoxins. Education of local water quality agents will be
needed to ensure that blooms of toxic organisms will be detected. In addi-
tion, simple and fast procedures for toxin detection need to be distributed
to local agencies. Although ELISA-based detection Kits are already avail-
able for microcystins, cylindrospermopsins, and saxitoxins (e.g. from R-
Biopharm), some local agencies were not aware of their existence. Out-
reach and education to local water quality agencies will be needed to im-
plement any findings and recommendations of a national research plan.
The development of predictive models for bloom and toxin occurrence is a
long-term goal.

Charge 1: Identify and prioritize research needs concerning the
identification and quantification of cyanobacteria, cyanotoxins,
and their toxicities.

Near-term Research Priorities

e Developing protocols to ensure the availability of reliable reference
standards of cyanotoxins as well as antibodies for use in biochemical
assays

o Developing local expertise to identify cyanobacteria and their toxins

e Developing PCR-based screening assays to identify cyanobacteria and
the potential for toxin production; develop an ELISA assay for anatoxin-a
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¢ Developing ways to increase the rapidity, sensitivity, specificity, and
robustness of biological toxicity screening assays

e Obtaining ecological and genetic information on mechanisms of toxin
production and toxin regulation.

Long-term Research Priorities

e Developing biologically-based in-line, real-time biosensors for
automated water quality monitoring

e Assessing the interactions of cyanotoxins with complex mixtures and
complex matrices, including identification of transformation byproducts
of toxins resulting from water treatment and environmental or UV
degradation

¢ Developing a predictive model of the occurrence of C-HABs and toxic
blooms.

Charge 2: Toxicokinetics

Identify and prioritize toxicokinetic research needed to improve hu-
man health risk assessments.

Toxicokinetic research on cyanotoxins to date has been limited to basic
studies of tissue distribution/elimination and initial efforts to characterize
primary metabolism of the more prevalent toxins. Determinations of the
relative contribution of different exposure routes to total exposure, the role
of metabolism in toxic responses and detoxification, and particularly, the
characteristics of human toxicokinetics, are important endeavors for future
research.

Research Priority: Labeled compounds and antibodies are
needed for Toxicokinetic studies

Microcystins (MC) have been radioactively labeled in individual laborato-
ries as needed for research. The only exception is 3H- microcystin (Robin-
son et al. 1989) that was labeled by Amersham for the Pathophysiology
Division, United States Army Medical Research Institute of Infectious
Diseases, Ft Detrick, Md. Brooks and Codd (1987) grew Microcystis in
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culture with sodium **C-bicarbonate. This required exposure to radioactiv-
ity for long periods, and resulted in a labeled product with low specific ac-
tivity. The method used by the majority of researchers for labeling MC is
reduction of the methyl dehydroalanine residue by NaB®H,. The products
of reaction were characterized by Meriluoto et al. (1990) as retaining the
toxicity of the native MC-LR with somewhat less potency. This labeled
compound differs from native MC by not being able to form a covalent
bond with protein phosphatase 1 and 2A (PP1 and PP2A): the targets of
MC in cells and in vivo. Falconer et al. (1986) and Runnegar et al. (1986)
labeled the tyrosine of MC-YM enzymatically with iodine 125 and showed
that the monoiodinated product of the reaction retained the same toxicity in
mice as the native MC-YM while the di-iodinated product had somewhat
less potency.

There is only one report of a labeled cylindrospermopsin. This deriva-
tive resulted from the growth of the cyanobacterium with sodium *C-
bicarbonate: (Norris et al. (2001). Radiolabeled saxitoxin (*H-STX) is cur-
rently available at no cost through a collaboration between FDA, NOAA
and IAEA.

Many antibodies have been prepared commercially that are incorporated
into ELISA kits for the detection of MC in water. Research groups have
also developed antibodies to MC for use in their laboratories. Commercial
MC monoclonal antibodies are marketed by Alexis. Dr. Michael Weller
(Technische Universitat Munchen, Institut fur Wasserchemie) has investi-
gated the specificity of these antibodies towards MC-LR and other conge-
ners providing a good basis for their potential scientific use. Nevertheless,
the specificity of most of these antibodies needs further characterization.
The degree to which antibodies detect MC when it is covalently bound to
the protein phosphatases or tightly bound in the inhibitory complex is also
unknown. Matrix effects also have not been evaluated. Antibody detec-
tion of congeners, metabolites, and degradation products following water
treatment also requires study. Metcalf et al. (2002) compared the cross-
reactivity of MC-LR, conjugates of three commercial ELISA kits, and an-
in house ELISA. Cross-reactivity for the compounds tested depended on
the solvent used. Antibodies are used in the ALGAETOX project for the
development of biosensor systems to detect and quantify algal blooms and
toxins (TU Berlin, Fachgebiet Landssch