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Executive Summary

Harmful algal blooms (HABs) are found in the waters
of almost every US coastal state. Virtually every US
coastal state has experienced the environmental, human
health, and economic impacts of HABs. HAB events
regularly threaten living marine resources, restrict local
harvests of fish and shellfish, divert public funds to moni-
toring programs, burden medical facilities, and depress
local recreational and service industries. Some HABs
produce toxins and make their presence known as mas-
sive “blooms” of cells that are so dense and extensive
that they discolor large areas of water, such as Florida’s
toxic red tides. Still others can threaten human health
and marine life even when they are not visible in the
water. The algae responsible for HABs are a very di-
verse group of organisms. Some are single-celled
microalgae or phytoplankton, while others are large, leafy
seaweed-like macroalgae.

The Harmful Algal Bloom and Hypoxia Research and
Control Act (P.L. 105-383) calls for “an assessment which
examines the ecological and alternatives for reducing,
mitigating, and controlling harmful algal blooms, and
the social and economic costs and benefits of such alter-
natives.” This report, 4 National Assessment of Harm-
ful Algal Blooms in US Waters, presents a synthesis of
current research and management expertise on the causes,
consequences, and current status of harmful algal blooms
(HABs) nationwide and presents alternatives and rec-
ommendations for addressing HABs and their impacts.
This assessment was de-

veloped by the Task Force

on Harmful Bloom and

Hypoxia under the Na-

tional Science and Tech-

nology Council (NSTC)

Committee on Environment and Natural Resources
(CENR). It was a multi-agency, multi-disciplinary ef-
fort that included input from States, Indian tribes, indus-
try, nonprofit organizations, and other stakeholders.

A growing body of evidence suggests that HABs are in-
creasing worldwide. There are more HAB species, more
HAB events, more algal toxins, more areas affected, more
fisheries impacted, and higher economic losses today
compared to twenty-five years ago. There are different
opinions about the reasons for this expansion of HABs.
Some “new” HAB events may simply reflect better de-
tection methods and more observers rather than new spe-
cies introductions or dispersal events—today, more re-

searchers and managers are surveying more waterways
for the presence of HAB species using more sensitive
and accurate tools than ever before. Natural events may
also play a role in the expansion of HABs. Alexandrium,
a HAB species which contaminates shellfish beds in the
Gulf of Maine almost annually, was introduced to those
waters by a massive hurricane in 1972. Excess nutrients
delivered to coastal waters may act as fertilizers and
stimulate populations of micro- and macroalgae to in-
crease to bloom proportions. The abundance of Pfiesteria
piscicida, which has been found in tributaries with high
levels of anthropogenic nutrients and organic matter, ap-
pears to be linked to nutrient loads. Blooms of Pseudo-
nitzschia in the Gulf of Mexico and California also ap-
pear to be stimulated by nutrients. This potentially toxic
diatom is a dominant species in the nutrient-rich plume
of the Mississippi River. Humans may have contributed
by transporting toxic species to new areas in the ballast
water of ships.

HAB impacts include human illness and death from in-
gesting toxins from contaminated seafood, mass mor-
talities of wild and farmed fish, mortalities of marine
mammals, seabirds, and other protected species, and dis-
turbances of marine food webs and ecosystems. Para-
lytic, neurotoxic, and amnesic shellfish poisoning (PSP,
NSP, and ASP) syndromes occur when humans ingest
fish and shellfish that have accumulated HAB toxins.

These syndromes have severe

effects, some of which are fa-

tal. Some HABs release toxins

and other compounds into the

water that can kill marine fauna.

Mass mortalities of wild and
farmed fish, death and illness of marine mammals, sea
turtles, seabirds, and other protected species, and alter-
ations of coastal food webs through adverse effects on
seagrasses, and young and adult marine organisms are
common. Nontoxic HABs can cause harm by irritating
or damaging fish gills, shading out other marine plants,
or causing low oxygen conditions. These impacts can
affect commercial, recreational, and subsistence fisher-
ies, tourism, and coastal recreation. A recently completed
study of the economic impact of HABs in the United
States estimated that the average annual impact of HABs
is $49 million. Individual HAB outbreaks can cause eco-
nomic damage that exceed the annual average—out-
breaks of Pfiesteria piscicida in the summer of 1997
and the consumer panic that ensued is estimated to have
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cost the Maryland seafood and
recreational fishing industries al-
most $50 million in just a few
months.

Management of HABs
Management options for dealing
with the impacts of HABs include
reducing their incidence and ex-
tent (prevention), stopping or con-
taining blooms (control), and
minimizing their impacts (mitigation). Where possible,
it is preferable to prevent HABs rather than to treat their
symptoms. Controlling pollution inputs is one approach
that may reduce the incidence of those HAB species that
are stimulated by nutrient enrichment. Potential ap-
proaches to control HABs are similar to those used to
control pests on land. However, more research is needed
before these means are used to control HABs in US wa-
ters. The most effective mitigation tools are monitoring
programs that detect toxins in shellfish and/or monitor
the environment for evidence of HAB events. These pro-
grams can provide advance warnings of outbreaks and/
or indicate areas that should be closed to harvesting.
Some states supplement their monitoring programs with
rapid response teams that are deployed during suspected
HAB events to assess the blooms’ extent and impacts.
Recent technological advances, such as remote-sensing
and molecular techniques, have increased detection and
characterization of HAB blooms, and are playing an in-
creasing role in monitoring programs nationwide. A long-
term goal of these HAB monitoring programs and tools
is to develop the ability to forecast bloom development
and movement.

Recommendations to Address HABs
Over the past decade there has been an ongoing effort
by Federal agencies working with state public health and
fisheries managers, the science community, and coastal
industries and constituencies to identify uncertainties and
data gaps and the research needed to address the prob-
lem of HABs in US coastal waters. This has been fur-
thered through hearings, workshops, scientific confer-
ences, and town hall meetings. The general consensus
of these discussions is that a long-term commitment and
significant support are needed for research on the ecol-
ogy of HABs and their causes and consequences, and
for development of ways to manage the problems caused
by increasing HABs nationwide.

The objective of much of the research on HABs has fo-
cused on the fundamental biological, chemical, and
physical processes underlying blooms and their impacts.
Such understanding is essential if we are ever to manage

This bloom of Noctiluca stretched for
20 miles along the California coast
(Photo: P.J.S. Franks).

or mitigate blooms. The key to under-
standing of the influence of human ac-
tivities on HABs is understanding the
influence of environmental factors on
harmful algal species and their com-
petitors. This will help determine
whether such activities are likely to
lead to more frequent and severe HABs
and if the means can be developed to
mitigate HAB impacts. To fully under-
stand the impacts of HABs, greater em-
phasis must be placed on estimating the economic im-
pacts of HAB events.

The epidemiology of the human health impact of expo-
sure to HAB toxins is in its infancy. Studies are needed
on the effects of chronic exposure and how HAB toxins
move through the body and how they are metabolized.
These gaps in understanding prevent researchers from
developing antidotes or effective treatments for HAB
poisoning syndromes. Improved disease reporting and
surveillance is also needed as well as education to alert
public health providers to the symptoms and dangers of
HAB-related illness.

As HABs continue to increase, we must focus our goals
and research expertise toward developing techniques for
detecting and reducing the impacts of these events. Re-
duction of nutrient pollution to coastal waters may re-
duce the incidence of those HABs that are stimulated by
over-enrichment. Research into control methods may
lead to ways to limit and even terminate blooms in
progress. Monitoring and event response programs can
be the most effective means to mitigate HAB impacts
on human health. Research and development of new tech-
nologies can help make these programs more efficient,
reliable, and cost-effective.

Federal Efforts to Address HABs

A recent General Accounting Office (GAO) report con-
cluded that coordinated Federal efforts are being under-
taken to learn about, manage, and protect the public from
the effects of harmful algae. These include the inter-
agency Ecology and Oceanography of Harmful Algal
Blooms (ECOHAB) research program, which has initi-
ated regional studies and targeted projects to investigate
and model the growth and toxin dynamics of the major
toxic species along the entire US coast. Individual agen-
cies are also working together and with stakeholders to
improve water quality, monitor shellfish toxins, and ex-
amine the linkages between runoff and water quality.
These programs and others contribute to understanding

and managing HABs and their impacts.
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The Problem

Among the thousands of species of
microscopic algae at the base of the
marine food web, only a few dozen are

considered “harmful.”
Some of these harmful species produce toxins and make
their presence known as massive “blooms” of cells that
discolor the water. Other species are noticed even in di-
lute, inconspicuous concentrations of cells because they
produce highly potent toxins that can kill marine organ-
isms directly or can travel through the food chain and
cause harm at multiple levels.

(Aureococcus and Aureoumbra), and the bacteria- like
blue-green algae (cyanobacteria). Blooms of toxic algae
were commonly called “red tides,” since, in the case of
some dinoflagellates, the tiny organisms increased in
abundance until they dominated the planktonic commu-
nity and tinted the water reddish with their pigments.
Because other blooms may tint the water green or brown
and adverse effects can occur when algal concentrations
are low and the water is clear, the scientific community
now uses the term “harmful algal bloom” or HAB.

In October 1998, Con-

Figure 1. Global increase in reported algal toxins. Circles gress passed the Harm-
Many coastal communities /ndicate where outbreaks have occurred or toxin has been ful Algal Bloom and Hy-

have experienced the envi-
ronmental, human health,

detected at levels sufficient to impact human or environ-
mental health. (Van Dolah. 2000).

poxia Research and
Control Act, which the

and economic impacts of
harmful algal blooms
(HABs). HAB events regu-
larly threaten living marine
resources, restrict local har-
vests of fish and shellfish,
divert public funds to moni-
toring programs, burden
medical facilities, and de-
press local recreational and
service industries. Blooms
of familiar and previously
unknown species are occur-
ring in new coastal areas

1970's

O ciguatera
0 Pfiesteria

President signed into law
as P. L. 105-383 on No-
vember 13, 1998. This
law calls for an inter-
agency Task Force to
complete and submit to
the Congress “an assess-
ment which examines the
ecological and economic
consequences of harmful
algal blooms, alterna-
tives for reducing, miti-
gating, and controlling
harmful algal blooms,

with increasing frequency,

and the social and eco-

and HABs are now found
throughout US coastal wa-
ters, from the Gulf of Maine
through the Gulf of Mexico
and north to Alaska.

The algae responsible for
HABs are a very diverse
group of organisms; some
are microalgae or
phytoplantkon, while others
are large, leafy seaweed-like
macroalgae. The most well
known group responsible

nomic costs and benefits
of such alternatives.”
This report, A National
Assessment of Harmful
Algal Blooms in US Wa-
ters, presents a synthesis
of current research and
management expertise
on the causes, conse-
quences, and current sta-
tus of HABs nationwide.
It examines alternatives
for preventing, control-

for HABs worldwide is the dinoflagellates, which in-
clude those that form red tides as well as the toxic
Pfiesteria species. Less common groups include diatoms
(Pseudo-nitzschia), the brown tide organisms

ling, and mitigating
HABs and their impacts and presents recommendations
for addressing the growing problem of harmful algal
blooms in US waters.

Fre Problem



A National Assessment of Harmful Algal Blooms was
developed by the Task Force on Harmful Bloom and
Hypoxia under the National Science and Technology
Council (NSTC) Committee on Environment and Natu-
ral Resources (CENR). The development of this assess-
ment was a multi-agency, multi-disciplinary effort. States,

Indian tribes, local gov-
ernments, industry, aca-
demic institutions, non-
governmental organiza-
tions, and other stake-
holders were involved in
the development of this
assessment through the
World Wide Web, town
meetings, email updates,
and direct editing oppor-
tunities. The assessment
builds upon important
federal, state, and aca-
demic HAB reports is-
sued over the last 5-10
years which also had ex-
tensive stakeholder input.

This assessment summa-
rizes the most up-to-date
information available on
the growing national
problem of HABs. It
should form the basis for
further research, monitor-
ing, and detailed assess-
ments of regional HAB
issues, and inform man-
agement decisions re-

garding HAB problems in US coastal waters.

Harmful Algal Blooms in US Waters

Pre-1972

B FFR

Figure 2. Since 1972, the number and distribution of harmful
algal bloom species and events in U.S. waters have increased.
(NOAA and WHOQI).

Increasing Trends: Expansions of
Harmful Algal Blooms

Harmful algal blooms are natural phenomena that have
occurred throughout recorded history and such blooms
were familiar events to the native peoples who lived along
affected coasts. In 1530, Spanish explorers to Florida’s

coast noted that tribes of the
Tampa Bay area knew the
onsets of certain seasons by
events such as red tides and
fish kills. However, given
the increased attention be-
ing paid to HAB phenom-
ena, a question that scien-
tists, managers, and the af-
fected public ask is, “Are
HABs spreading and is the
problem getting worse?” A
growing body of evidence
suggests that HABs are in-
creasing around the globe."
3 In the past, HABs im-
pacted only a few scattered
coastal areas in the US; to-
day, virtually every US
coastal state is affected. In
the last three decades, there
appears to have been a ma-
jor worldwide expansion in
the frequency, geographic
extent, and magnitude of
HAB events and in the num-
ber of HAB species in-
volved [Figure 1]. A map of
current US HAB events also

shows more HAB species, more algal toxins, more af-

fected areas, more impacted fisheries, and higher eco-

nomic losses, compared to 25 years ago [Figure 2].




The Causes

Although few would argue that the number of toxic
blooms events, toxins, and toxic species have increased
over the last thirty years in the United States and around
the world, there are different opinions about the rea-
sons for this expansion. 1 Possible explanations include:
1) heightened scientific awareness and surveillance, 2)
dispersal of HAB organisms through currents, storms,
or other natural mechanisms, 3) nutrient enrichment,
and 4) introduction/transport of cysts via ballast water
transfers.

Some “new” HAB events may simply reflect better de-
tection methods and more observers rather than new
species introductions or dispersal events—today, more
researchers are surveying more waterways for the pres-
ence of HAB species using more sensitive and accu-
rate tools than ever before. Dra- ..,
matically expanded aquaculture
activities and reliance on fish-
eries resources, which have led
to a concomitant increase in
monitoring for product quality
and safety, may now be “reveal-
ing” indigenous toxic algae. For
example, the detection of amne- *

sic shellfish poisoning (ASP) ' oy i

along the West Coast after 1991 )
may have been a result of im- ., 5
proved detection methods that ~ | . W ]
allowed the identification of o

domoic acid, produced by an

Natural events may also play a role in the expansion of
HABs. Regional circulation patterns can be a very im-
portant determinant of which algae are present in an
area. The distribution and occurrence of Gymnodinium
breve, the organism responsible for neurotoxic shell-
fish poisoning (NSP) in the Gulf of Mexico, are largely
due to the regional circulation of the eastern Gulf of
Mexico. The complex winds and currents of the eastern
Gulf are thought to deliver sparse, offshore populations
of G. breve to the shelf break on Florida’s western coast,
allowing for growth, accumulation, and bloom forma-
tion. In 1987-1988, blooms of G breve were transported
to North Carolina’s Outer Banks via the Gulf stream.
The blooms moved onshore through a Gulf Stream eddy
and persisted in NC waters for 3.5 months.® This mass
transport, or advection, of the red tide has been docu-
. mented through examina-

ages collected during the
period.”

Alexandrium, the organ-
ism responsible for para-
lytic shellfish poisoning
(PSP), is common along the
Canadian coast. In 1972, a
massive hurricane was re-
sponsible for introducing
dormant cysts of this spe-
cies to southern New En-
— . gland waters, where it has

organism that was initially
thought to be a benign species.
While Pfiesteria piscicida has
only been associated with fish
kills in North Carolina, Maryland, and possibly Dela-
ware, testing of estuarine waters with sensitive molecu-
lar probes has revealed the presence of this organism
in waters of numerous states along the mid-Atlantic and
Gulf coasts.

of Maine. (WHOI).

Resolution of this issue is difficult because of lack of
long-term data sets.* Among those data suitable for
analysis, however, there is evidence to support an in-
crease in HABs in US waters and worldwide. '3*

™ IFW ™ A 1A = I [} "X . .
The West and East Maine Coastal Currents (WMCC Persisted to thls Qay.
and EMCC) appear to determine the distribution Alexandrium species distri-
and dynamics of Alexandrium bloooms in the Gulf bution and the patterns of

PSP that are seen in the re-
gion are closely linked to large- and small-scale circu-
lation of the Gulf of Maine [Figure 5]. Because of the
organism’s unique life cycle, which includes a resting
cyst stage, resident populations of Alexandrium are now
entrenched in Maine’s river mouths and shelf sediments.
These excyst or “hatch” each spring to give rise to new
toxic populations that are transported to the south and
west.

This kind of expansion has raised the possibility that
HABs may be affected by global climate change. Some
researchers suggest that recent increases in the emer-
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gence and frequency of diseases affecting marine or-
ganisms, such as coral bleaching, are linked to climate
change and that HABs could respond to global change
in much the same way.® Increases in the number of storm
events or changes in circulation patterns could effect
the distribution and transport of HAB species. How-
ever, in the absence of long-term data sets, it has been
difficult to assess the impacts, if any, of global change
on HAB events.

Regional circulation patterns that carry nutrient-rich
deeper waters into shallow coastal zones can also re-
sult in HABs. Classic examples are the massive di-
noflagellate and ciliate blooms that occur near upwelling
zones off coastal Peru, but similar coastal circulation
patterns have been suggested as the cause of toxic
blooms of ASP-producing Pseudo-nitzschia oft south-
ern California. The coincidence of high levels of domoic
acid in shellfish in the Northwest and seasonal upwelling
also suggests that the delivery of deep nutrients to near
surface waters in these regions may be potentially re-
sponsible for the annual occurrences of ASP. The re-
sponse of Pseudo-nitzschia to this nutrient pulse has
supported previous observations of an association be-
tween nutrient loading from rivers and the development
of blooms of this organism.

Nutrient enrichment has also been suggested as the cause
for the increasing frequency of HAB events worldwide.
4 Manipulation of coastal watersheds for agriculture, in-
dustry, housing, and recreation has drastically increased
nutrient loadings to coastal waters. Just as the applica-

Figure 3. U.S. estuaries with reported moderate to high levels of
nuisance or toxic blooms, cited as symptoms of high eutrophic condi-

tions (Bricker et al., 1999).11

Nuisance and/or
Toxic Algal
Bloom Problems

The Role of Nutrients in
Outbreaks of Pfiesteria piscicida
Pfiesteria piscicida, the organism
associated with fish kills and fish lesion
events in Maryland in 1997 and North
Carolina for much of the present decade,
has been found in tributaries with high ambient levels of
nutrient and dissolved organic matter (sugars and amino acids)
relative to similar waterways."> Elevated populations of this
HAB species have been found immediately downstream of
sewage outfalls and discharges from hog farms and other
animal feeding operations. Excessive nutrient loading appears
to create an environment rich in the microbial prey and organic
material that Pfiesteria and their fish prey feed upon. These
observations, coupled with laboratory results, suggest a
linkage between high nutrient load and abundance of this
potentially toxic dinoflagellate. This conclusion was
supported by the forum of scientists that was asked to advise
the State of Maryland in the wake of the 1997 outbreaks on
Maryland’s Eastern Shore.'® However, the presence of excess
nutrients is only one of many factors that appear to be involved
in Pfiesteria outbreaks.

tion of fertilizer to lawns can enhance plant growth,
marine plants (algae) may grow in response to the input
of nutrients to our nation’s coastal areas.

Shallow and restricted coastal waters that are poorly
flushed appear to be most susceptible to nutrient-related
algal problems. Nutrient enrichment of such systems
often leads to excessive production of organic matter, a
process known as eutrophication,’ and increased fre-
quencies and magnitudes of phytoplankton blooms, in-
cluding HABs. 2*!° The National Estuarine Eutrophi-
cation Assessment, which surveyed 300 scientists and
managers about 138 US estuaries, found
blooms of macroalgae and other nuisance and
toxic algae to be common symptoms of
eutrophication.!! Of the 44 US estuaries sur-
veyed that exhibited highly eutrophic condi-
tions, 20 experienced high incidence of nui-
sance and/or toxic algal blooms [Figure 3]. A
recent National Research Council report nu-
trient pollution concluded that, while not all
HABs are caused by nutrient loading, many
are at least in part associated with the ecologi-
cal changes that accompany eutrophication.'?
Two classic studies from Asia support the links
between coastal development, eutrophication,
and HABs. Tolo Harbor in Hong Kong expe-
rienced an increasing incidence of red tide as
aresult of increased urban development of the
surrounding watershed, which increased nu-
trient inputs to the adjacent coastal waters.
From 1976 to 1986, as the population of the
watershed increased sixfold, nutrient loadings

Harmful Algal Blooms in US Waters



Potentially toxic diatoms
Pseudo-nitzschia is a potentially toxic
diatom that may also be stimulated by
g nutrients. Nutrient inputs to the Gulf
' of Mexico from the Mississippi have
increased significantly since the 1950’s and historical data
show large increases in the abundance of this organism in the
same time period. Non-toxic Pseudo-nitzschia species are
among the dominant species of phytoplankton in the nutrient-
rich plume of the Mississippi River and reach peak abundance
in the spring when river flow and nutrient levels are high-
est.'"!® Along California’s coast, nutrients delivered to surface
waters from natural coastal upwelling have stimulated Pseudo-
nitzschia blooms.” In 1998, the Pseudo-nitzschia blooms that
killed hundreds of sea lions followed upwelling and record
levels of river discharge that carried high nutrient loads into
Monterey Bay.

increased more than twofold, and red tide incidents in-
creased more than eightfold (69 red tide incidents were
recorded from 1980 to 1986, compared with only 4 in the
preceding decade). Multiple fish kills were the red tides’
major impact."*In the Seto Inland Sea of Japan, coastal
pollution was also responsible for an increase in HAB
events. From 1965, visible red tides increased steadily from
44 per year to over 300 per year a decade later, matching a
concurrent pattern of increased nutrient loadings from pol-
lution. Effluent controls to curb pollution inputs were initi-
ated in the mid-1970’s and between 1976 and 1985 red
tide outbreaks decreased by 50% and remain at this level
to the present day."

Some scientists hypothesize that increased nutrient loads
to coastal waters stimulate low-level ambient populations
of microscopic and macroscopic algae to initiate a bloom.
Others suggest that changing nutrient inputs may be af-
fecting the fundamental structure of coastal ecosystems.
Phytoplankton species have widely different nutrient re-
quirements and tolerances. Species that are adapted to low-
nutrient conditions may be intolerant of high nutrient con-
ditions or unable to compete with those species that thrive
when nutrient concentrations are high. Different
phytoplantkon species may also require different ratios of
nutrients for growth. Some experts argue that the nutrients
that humans are introducing to coastal water