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Harmful
 Algal
 Blooms

Figure 1. Many HABs produce vividly colored blooms of cells that accumulate on surface water. 

Th ese high biomass blooms can cause hypoxia, can contribute to toxicity of fi sh and shellfi sh, and 

can cause other environmental problems. Main photo: A bloom off  Heron Island, Australia caused 

by cyanobacteria (Trichodesmium theibautii). Photo by P. Glibert. Insets: (Left) A bloom in Hong 

Kong, China caused by caused by dinofl agellates (Gymnodinium sp.). Photo by M. Dickman. (Mid-

dle) A bloom in the Choptank River, one of the tributaries of the Chesapeake Bay, USA caused  by 

dinofl agellates (Prorocentrum minimum). Photo by P. Glibert. (Right) A bloom in the the Baltic Sea 

caused by caused by cyanobacteria (Anabaena sp.). Photo by K. Kononen.
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WHAT ARE HABs?
Marine and fresh waters team with life, 

much of it microscopic, and most of it 

harmless; in fact, it is this microscopic 

life on which all aquatic life ultimately 

depends for food. Microscopic algae 

also play an important role in regulat-

ing atmospheric CO
2
 by sequestering it 

during production and transporting it 

to deeper waters. Yet some of the micro-

scopic “algae” cause problems when they 

accumulate in suffi cient numbers, due 

either to their production of endogenous 

toxins, or to their sheer biomass or even 

their physical shape. These are known as 

the harmful algae, or, when in suffi cient 

numbers, harmful algal blooms (HABs). 

These blooms were formerly called “red 

tides” because many were composed of 

dinofl agellates containing red pigments 

that in high densities colored the water 

red, but blooms may also be green, yel-

low, or brown, depending on the type 

of algae present and their pigmentation 

(Figure 1). As with all blooms, their pro-
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liferation results from a combination of 

physical, chemical, and biological mech-

anisms and their interactions with other 

components of the food web that are for 

the most part poorly understood. Most 

HABs are dinofl agellates or cyanobacte-

ria, but other classes of algae, including 

diatoms, have members that may form 

HABs under some conditions. As stated 

by J. Ryther and co-workers many years 

ago, “…there is no necessity to postulate 

obscure factors which would account for 

a prodigious growth of dinofl agellates to 

explain red water. It is necessary only to 

have conditions favoring the growth and 

dominance of a moderately large popu-

lation of a given species, and the proper 

hydrographic and meteorological condi-

tions to permit the accumulation of or-

ganisms at the surface and to effect their 

future concentrations in localized areas” 

(Ryther, 1955). 

HABs have one unique feature in 

common—they cause harm, either due 

to their production of toxins or to the 

manner in which the cells’ physical struc-

ture or accumulated biomass affect co-

occurring organisms and alter food-web 

dynamics. Dangerous conditions can 

also occur when the water is clear with 

very low cell concentrations if a highly 

toxic HAB species is present. The term 

“HAB” also applies to some non-toxic 

micro- or macroalgae (seaweeds) that 

can grow out of control and cause major 

ecological impacts such as the displace-

ment of indigenous species, habitat alter-

ation, or oxygen depletion in the bottom 

waters. Some HABs are not algae at all, 

but rather are small animal-like protists 

that obtain their nutrition by grazing not 

by photosynthesis. Thus, the term “HAB” 

is operational and not technical, but this 

distinction is irrelevant in terms of their 

human health and economic impacts.

THE HARMFUL PROPERTIES 
OF HABs
HABs are harmful in two fundamental 

ways, although not all HABs have both 

harmful properties. The fi rst is the pro-

duction of toxins that may kill fi sh and 

shellfi sh or harm human consumers. 

The range of toxins produced by HABs 

is quite extensive, including brevetoxins, 
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the cause of neurotoxic shellfi sh poison-

ing (NSP); saxitoxins, the cause of para-

lytic shellfi sh poisoning (PSP); okadaic 

acid, the cause of diarrhetic shellfi sh 

poisoning (DSP); domoic acid, the cause 

of amnesic shellfi sh poisoning (ASP); 

and azaspiracid, the cause of azaspiracid 

shellfi sh poisoning (AZP), and numer-

ous others (Landsberg, 2002). Toxins 

may kill shellfi sh or fi sh directly, or may 

have little effect on them, but may cause 

illness or death when shellfi sh that have 

accumulated the algal toxins are eaten by 

people or other consumers in the food 

web (Landsberg, 2002). There are no 

known antidotes for poisonings caused 

by HAB toxins. Some HABs, while not 

directly toxic, have physical structures, 

such as spines, that can lodge in gills, and 

can cause irritation and eventual suf-

focation. The other fundamental way in 

which HABs are harmful is through high 

biomass accumulation, which may lead 

to environmental damage, including hy-

poxia, anoxia, and shading of submerged 

vegetation, each of which in turn can 

lead to a multitude of negative envi-

ronmental consequences. These are the 

blooms that cause visible water discolor-

ation (Figure 1). 

Human illness and death are the pri-

mary impact of HABs, but effects on 

other wildlife are also important. Some 

fi sh kills due to HABs can be spectacular 

in size, with millions of fi sh and mil-

lions of dollars lost to local economies. 

Deaths of birds and mammals, such as 

dolphin, manatees, and sea lions, have 

also been related to HABs and their 

toxins and are of immense public and 

economic concern when they do occur. 

In addition, HABs impact aquaculture 

industries, and losses can be staggering 

as the impacted organisms are typically 

in confi ned areas and rapidly succumb 

to toxins or to excessive accumulations 

of cells. In some areas, HABs have in-

direct but signifi cant impacts on local 

economies through impairment of water 

quality, leading to losses in the tourism 

and recreational industries. The overall 

economic impact of HABs is diffi cult 

to determine, but the costs range from 

the direct expenses of public health and 

medical care for those affected to losses 

in commercial and recreational fi shing 

and in tourism-related activities from 

water-quality deterioration. For example, 

as recently as 2003 it was estimated that 
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Figure 2. Virtually every coast in the United States has been aff ected by harmful algae. High-

lighted in this map are the regions aff ected by each type of HAB poisoning and an indica-

tion of the general frequency of these outbreaks from 1985 to 1997. Graphic by D. Anderson, 

WHOI National Offi  ce for Marine Biotoxins and Harmful Algal Blooms. 
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more than $6 million dollars in revenue 

from sport fi shing and tourism due 

to fi sh kills were lost in Texas due to a 

bloom of a small fl agellate in inland riv-

ers and reservoirs (Prymnesium parvum). 

Another economic cost of HABs is that 

of sustained environmental monitoring. 

The production of specifi c toxins is 

typically restricted to one, or at most a 

very few, species. Unique to HABs, in 

contrast to non-HAB algae, is that the 

same species can sometimes have widely 

different impacts in two regions (i.e., the 

same species can be toxic in one location, 

and non-toxic in another) (Anderson et 

al., this issue). Underlying these observa-

tions is the realization that morphologi-

cal species identifi cations sometimes do 

not provide the resolution needed to ex-

plain differences among HAB events. In 

many cases, what was formerly consid-

ered a single species is in fact a mixture 

of genetically similar strains of that spe-

cies. Considerable genetic diversity has 

now been documented within a single 

species, and evidence indicates that only 

some of these genotypes bloom under a 

given set of environmental conditions. 

Morphologically, all cells might look 

like exactly the same species, but genetic 

differences abound, and environmental 

selection is acting on those differences to 

select one genotype over others. The fac-

tors that regulate toxin production are 

still not well understood for most species.

RECENT TRENDS NATIONAL 
AND GLOBAL CHANGES
Over the past few decades, the world’s 

coastal waters have experienced an in-

crease in the number and type of HAB 

events. In the United States, only a few 

regions were previously affected by 

HABs, but now virtually every coastal 

state has reported major blooms, fre-

quently involving multiple species (Fig-

ure 2). Similar trends are reported for 

freshwater HABs in inland states. Fresh-

water cyanobacterial outbreaks due to 

Microcystis are expanding and costly, 

and impact large water bodies such as 

the Great Lakes as well as smaller lakes, 

ponds, and rivers. Cyanobacterial out-

breaks in these waters are of great con-

cern because many of these water bodies 

serve as reservoirs for drinking water and 

the microcystin toxin levels have, on oc-

casion, exceeded advisory limits.

Several examples demonstrate the 

national and global expansion of HABs. 

In the Gulf of Maine, occurrences of the 

causative dinofl agellate Alexandrium 

tamarense and PSP toxicity were rare pri-

or to about 1970, but have been frequent 

in the past three decades. In fact, PSP 

occurrences have increased globally in 

this same time frame (Figure 3). PSP tox-

icity has increased in proportion to the 

growth of human population in Puget 

Sound, Washington State (Trainer et al., 

2003). The bloom-forming dinofl agellate 

Prorocentrum minimum is also now doc-

umented to cover most coasts through-

out the world (Heil et al., 2005). Based on 

analyses of frustules preserved in cores, 

blooms of the diatom Pseudo-nitzschia 

spp. in the Gulf of Mexico were also rare 

prior to the 1950s, but have increased 

signifi cantly in abundance and frequency 

since then, concomitant with increases 

in nutrient loading (Parsons et al., 2002). 

In Europe and Asia there are also more 

blooms with more toxic effects than in 

previous decades (Granéli et al., 1999). 

Although some of the factors con-

tributing to national—and global—ex-

pansion are natural, such as biological 

species dispersal, many others are con-

sidered to be a result of human activities. 

Increases in nutrient loading, changes in 

agriculture and aquaculture practices, 

overfi shing, ballast water discharge, and 

global climate change may all be impor-

tant in the global increase in HABs. An-

other factor that must be recognized is 

that improved tools and capability have 

led us to detect more species more often. 

In other words, years ago we were not 

aware of the size or complexity of the 

HAB problem, but as we have become 

better at detecting toxins and recogniz-

ing HAB phenomena we have more 

clearly defi ned the extensive boundaries 

of the problem. Some species are ex-

panding their geographic range; in other 

Human il lness and death are the primary impact

of HABs, but effects on other wildlife are also

important .  Some f ish kil ls due to HABs can be

spectacular in size,  with mill ions of f ish and 

mill ions of dollars lost to local economies .  
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instances new toxic species are being 

identifi ed that were previously consid-

ered harmless. For example, the number 

of known toxic dinofl agellates has in-

creased from about 20 a decade ago to 

more than 60 today (Burkholder, 1998). 

The fact that some of the increase is sim-

ply a result of better detection or more 

observers does not diminish the serious-

ness of the problem, nor does it explain 

all of the global expansion. 

There is a wealth of evidence that the 

expansion of HABs may also be related, 

in whole or in part, to many other global-

change phenomena. Climate change, for 

example, may infl uence HAB expansion 

because some of these blooms may refl ect 

the major changes in ecosystem structure 

that occur in response to inter-annual 

oscillations, such as those related to the 

El Niño Southern Oscillation (ENSO), 

or longer term cycles, such as North 

Atlantic Oscillation (NAO) and the Pa-

cifi c Decadal Oscillation (PDO). In the 

northern Iberian Peninsula, for example, 

the abundance of the harmful dinofl agel-

late Gymnodinium catenatum was high 

during the mid-1980s when there was a 

transition from downwelling-favorable 

conditions to upwelling- favorable condi-

tions following a shift in the NAO index 

(Alvarez-Salgado et al., 2003). 

Climate ultimately controls the fun-

damental parameters regulating algal 

growth, including water temperature, 

nutrients, and light, and thus can be 

expected to result in changes in the spe-

cies composition, trophic structure, and 

function of marine ecosystems. Exam-

ples can be found throughout U.S. and 

European coasts, where long-term data 

are available, that show correlations be-

tween shifts in HAB species and the tim-

ing of their outbreaks and increases in 

mean water temperature. 

The past several decades have wit-

nessed dramatic changes globally, many 

of which could have direct or indirect 

impacts on HAB species distribution. 

In addition to changes in climate, hu-

man activities have altered the nutrient 

regimes of coastal waters tremendously, 

primarily as a result of increased applica-

tions of synthetic fertilizers. The export 

of phosphorus to the coastal zone has 

increased at least three-fold compared 

to pre-industrial levels, while export of 

Figure 3. Paralytic shellfi sh poisoning is but one syndrome caused by HABs and occurring with increasing 

frequency throughout the world. Paralytic shellfi sh poisoning (PSP) can cause diarrhea, nausea, vomiting, 

and respiratory paralysis when shellfi sh, which have consumed the toxic algae, are eaten by humans. Th e 

upper panel shows the recorded occurrences of PSP by 1970, while the lower map shows the recorded oc-

currences in this syndrome up through the year 2000. Th e expansion has been particularly large through-

out Southeast Asia, Europe, and South America. Modifi ed from GEOHAB (2001).
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nitrogen has increased to an even greater 

degree (Smil, 2001). Population growth 

and development, and the production 

of food (crop and animal production 

systems) result in dramatic alteration 

of the landscape as well as large sewage 

inputs, and increased runoff from land. 

Increased nutrient inputs to enclosed 

and nearshore ecosystems have resulted 

in widespread coastal eutrophication 

throughout Europe and the United 

States. Production and consumption 

of energy also results in increased at-

mospheric inputs from NO
x
 emissions, 

which can then lead to increased nitro-

gen deposition. The eutrophication of 

coastal systems and its relationship to 

HAB development cannot be understood 

without knowledge of the sources and 

composition of the nutrients, as well as 

the physiological rates and mechanisms 

by which HABs acquire these nutrients 

(Glibert et al., this issue).

Another signifi cant alteration in nu-

trient loading to the coastal zone comes 

from the increase in aquaculture activi-

ties. From cultured salmon in Norway, 

which has grown from less than 10,000 

t/yr in 1970 to greater than 500,000 t/yr, 

to shellfi sh culture through Europe, Asia, 

and elsewhere, these industries have al-

tered ecosystems through input of feed 

and feces, only a small percentage of 

which is incorporated in food biomass. 

Fish and shellfi sh harvesting has also al-

tered ecosystems, leading to changes in 

food chains. The exploitation of natural 

fi sh stocks has, in some cases, led to a de-

crease in the control of HAB species by 

removal of the primary grazers through 

trophic cascade effects. This is exempli-

fi ed for the brown tide in Long Island 

bays where the overfi shing of the quahog 

and other shellfi sh is now thought to be 

a factor in the emergence of Aureococcus 

anophagefferens brown tides. Since its fi rst 

appearance in large numbers in 1985, 

this tiny alga blooms frequently along the 

mid-Atlantic U.S. coast. In Long Island, it 

is well documented that the dense brown 

tide blooms devastated the local scallop 

population and destroyed submerged 

aquatic vegetation by shading. Altered 

food webs and trophic interactions, 

through overfi shing and the invasion of 

the predatory ctenophore Mnemiopsis 

leidyi, have also been suggested as pos-

sible factors leading to increased HABs is 

the Black Sea (Lancelot et al., 2002).

 For decades, HABs have been studied 

in all areas of the globe, but the underly-

ing reasons for these blooms, the abil-

ity to predict their occurrence, and the 

means to mitigate them when they do 

occur, are not well known. Most stud-

ies are conducted at local levels, or in a 

reactionary mode following HAB out-

breaks, rather than with the overarching 

goal of understanding the underlying 

processes behind the development or 

outbreak of HABs. As the papers in this 

issue demonstrate, this approach is be-

ginning to change, with the implementa-

tion of U.S. programs such as ECOHAB 

(Ecology and Oceanography of Harmful 

Algal Blooms), MERHAB (Monitoring 

and Event Response of Harmful Algal 

Blooms), and related international ef-

forts, such as EUROHAB (European 

Harmful Algal Blooms) and GEOHAB 

(Global Ecology and Oceanography of 

Harmful Algal Blooms). Consequently, 

a better understanding of the oceanog-

raphy and ecology of HABs is begin-

ning to emerge. Many of the causative 

factors that are only touched on in this 

overview are dealt with in more detail in 

the following papers. In addition, new 

methodological approaches and future 

needs are addressed.

THE R ANGE OF FACTOR S 
INFLUENCING HABs
Varying forcing functions, including 

physical dynamics, climate change, nu-

trient loading, and other anthropogenic 

infl uences such as reductions or changes 

in the grazing community through fi sh-

ing or aquaculture select for different 

groups of algae—including HABs—in 

several distinct oceanographic systems 

(Figure 4). This selection, and the result-

ing bloom and population dynamics of 

those groups, are a consequence of these 

factors and the physiological, behav-

ioral, and trophodynamic interactions 

of HABs with their environment. For 

example, the initiation of a bloom re-

quires successful recruitment of a popu-

lation into a water mass. This may result 

from excystment of resting cells during 

a restricted set of suitable conditions, 

transport of cells from a source region 

where blooms are already established, or 

exploitation of unusual climatic or hy-

drographic conditions.

Once a bloom is initiated, physical 

processes controlling bloom transport 

are of paramount importance. Coastal 

currents driven by wind, buoyancy, or 

other factors can transport blooms hun-

dreds or even thousands of kilometers 

along the coast, often from one manage-

ment area to another. Understanding 

the physical dynamics underlying these 

transport pathways is essential to effec-

tive management and mitigation of HAB 

effects. A population’s range and biomass 

are affected by physical controls such as 
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long-distance transport, accumulation 

of biomass in response to water fl ows 

and swimming behavior, and the main-

tenance of suitable environmental condi-

tions (including temperature and salini-

ty, stratifi cation, irradiance, and nutrient 

supply). Thus, physical forcings, nutrient 

supply, and the behavior of organisms all 

interact to determine the timing, loca-

tion, and ultimate biomass achieved by a 

bloom, as well as its impacts.

PHYSICAL PROCESSES 
AND HABs
Physical processes that are likely to infl u-

ence the population dynamics of HAB 

species are operative over a broad range 

of spatial and temporal scales. Large-

scale, mean circulation affects the distri-

bution of water masses and biogeograph-

ical boundaries. Many examples may 

be found of the infl uence of mesoscale 

circulation on HAB population dynam-

ics. Eddies from the deep ocean can, for 

example, impinge on slope and shelf re-

gions, affecting the transfer of algae and 

nutrients across the shelf break. This type 

of transport may be involved in the deliv-

ery of the Florida red tide organism Kar-

enia brevis to nearshore waters from an 

offshore zone of initiation. Although ed-

dies are diffi cult to resolve through sam-

pling at sea, they can usually be detected 

through remote sensing of temperature, 

Figure 4. Many physical and biological interactions control HABs on many diff erent temporal and spatial scales. For some HABs, the physical 

processes such as large-scale advection, transport, and even climate change are signifi cant in HAB development. In other cases, biological factors 

such as ability to exploit particular nutrients, swimming, aggregation, allelopathy, and interactions with other members of the microbial commu-

nity are the dominant processes aff ecting the distribution of HAB species. It is therefore important that ecological studies of HABs be conducted 

in a multidisciplinary context in which both oceanographic and physiological/trophodynamic controls are taken into consideration. SOURCE: 

GEOHAB (2001).
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sea-surface height, or ocean color. The 

understanding of the main features of 

mean circulation is often suffi cient to 

devise models that may be used to guide 

decision-makers on the movement and 

development of HABs, although such 

predictions are still mostly rudimentary.

Processes at intermediate scales result 

in the formation of convergence zones, 

fronts, and upwelling. The retentive 

nature of some semi-enclosed coastal 

systems, such as estuaries and fjords, 

can produce long residence times lead-

ing to prolonged suitable periods for 

cells to thrive (Cembella et al., this is-

sue). The importance of fronts in HAB 

development is now recognized and 

included in some modeling efforts. A 

linkage has been demonstrated, for ex-

ample, between tidally generated fronts 

and the sites of massive blooms of the 

toxic dinofl agellate Gyrodinium aureo-

lum (=Karenia mikimotoi) in the North 

Sea (Holligan, 1979). The typical pattern 

is that of a high surface concentration 

of cells at the frontal convergence, con-

tiguous with a subsurface chlorophyll 

maximum, which follows the sloping 

interface between the two water masses 

beneath the stratifi ed side of the front. 

The signature of the chlorophyll maxi-

mum, sometimes visible as a “red tide,” 

may be 1 to 30 km wide. Chlorophyll 

concentrations are generally lower and 

much more uniform on the well-mixed 

side of the front. The signifi cance of this 

differential biomass accumulation is 

best understood when movement of the 

front and its associated cells brings toxic 

dinofl agellate populations into contact 

with fi sh and other susceptible resources, 

resulting in massive mortalities. This is 

an example where physical-biological 

coupling results in biomass accumula-

tion, and larger-scale advective mecha-

nisms interact synergistically in ways 

that result in harmful effects. The timing 

and duration of upwelling is another 

physical feature that plays an important 

role in many blooms, as in the case of the 

Benguela upwelling system, where HABs 

accumulate subsurface as stratifi cation 

increases during the upwelling season 

and move onshore as upwelling relaxes 

(Kudela et al., this issue). 

The importance of small-scale physi-

cal processes in HAB development is 

observed in the layering of the physical, 

chemical, and biological environment in 

stratifi ed coastal systems. Off the French 

coast, for example, a thin layer of dino-

fl agellates, including the HAB species 

Dinophysis cf. acuminata, has been ob-

served in the region of the thermocline 

(Gentien et al., this issue). The same pat-

tern is found for Dinophysis norvegica 

in the Baltic Sea, where a 1 to 2 m thick 

layer with up to 80,000 cells/L is usu-

ally situated between 20 and 25 m depth, 

where light is less than 1 percent (Gis-

selsson et al., 2002). Several HAB species 

are well known for their ability to form 

these thin, subsurface layers of uncertain 

cause and unknown persistence, at scales 

as small as 10 cm in the vertical and 10 to 

1000 km in the horizontal (Gisselsson et 

al., 2002). One explanation is that these 

layers result from the stretching of hori-

zontal inhomogeneities by the vertical 

shear of horizontal currents. This pro-

duces an environment potentially favor-

ing motile organisms that can maintain 

their position in this layer. Any compre-

hensive study of HABs must now incor-

porate an understanding of the physical 

conditions that can lead to cell aggrega-

tion and dispersion. The study described 

in this issue by Ryan et al. in Monterey 

Bay, California illustrates how diverse 

physical phenomena over a range of spa-

tial and temporal scales can infl uence 

development of dinofl agellate blooms.

POPULATION DYNA MICS 
OF HABs
The proliferation of HABs refl ects the 

metabolism and specifi c growth of algal 

cells as well as the selection of a species 

within an ecosystem. Studies of spe-

cies responses at the ecosystem level are 

therefore essential if we are to under-

stand the population dynamics of HABs. 

The specifi c growth rate of a species is 

determined by many metabolic process-

es, including photosynthesis and nutri-

ent uptake and assimilation, which are 

under genetic control. The net popula-

tion growth of a species is controlled by 

external environmental factors, includ-

ing nutrients, physical transport, grazing, 

and other community interactions. 

HAB species do not typically appear 

to have higher intrinsic growth rates than 

many other phytoplankton. Rather, the 

expression of harmful algae is dependent 

on a suite of biological characteristics of 

the ecosystem and the HAB species, all of 

which are embedded in the physical and 

nutrient regimes described above. Some 

cells have morphological or physiological 

adaptive strategies that may aid their sur-

vival or competitiveness (Figure 5). 

A survival and growth strategy that 

is important to many HAB species is a 

complex life cycle, or a life cycle involving 

resting or benthic stages, such as spores 

or cysts. These cysts or spores provide 

a recurrent seed source or inoculum 

for planktonic populations, and this 
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characteristic may be a critical factor in 

determining not only the geographic 

distribution of species but possibly their 

eventual abundance as well. 

Interactions between HAB species 

and other algae may be an important 

survival strategy for some HABs. For 

example, it has long been argued that 

production of allelopathic exudates al-

lows some harmful species to outcom-

pete co-occurring phytoplankton (e.g., 

Smayda, 1998; Granéli and Johansson, 

2003). Some species may even use cyst 

formation as a survival strategy against 

strong allelochemicals produced by 

another HAB species (Fistarol et al., 

2004). It may well be that some of the 

HAB species that form thin, subsurface 

or surface layers of cells at extraordinary 

densities do so because this allows them 

to change the ambient water chemistry 

and light penetration in a manner that 

deters grazing, inhibits co-occurring al-

gal species, or facilitates sexuality and 

gamete encounter rate. These ecologi-

cal strategies are appealing, but direct 

investigations of these mechanisms or 

their effects on the plankton community 

are few. Quantitative estimates of these 

effects in the context of HAB popula-

tion dynamics studies are just emerging 

(Gentien et al., this issue).

There are numerous explanations 

for the growth and accumulation of the 

cells that cause HABs, and many of those 

explanations are rooted in the interac-

tions of those cells with other members 

of the planktonic community. Many 

HAB species produce more toxin under 

stress, thereby allowing them to avoid 

predation and competition by killing 

their predators and the competing algal 

species (Granéli and Johansson, 2003). 

Fish and zooplankton avoid dense con-

centrations of certain HAB species 

(Fiedler, 1982) and laboratory studies 

indicate that toxic species are rejected by 

at least some predators or grazers (e.g., 

Ives, 1987). The extent to which toxins or 

other bioactive compounds impact graz-

ers is far from understood. The ability 

of a HAB species to build up population 

size under specifi c conditions is therefore 

related to the availability of suffi cient 

nutrients to sustain it and to reduction 

in grazing and mortality rates. 

Reductions in grazer abundance can 

also play a key role in bloom develop-

ment. This might result from physical 

factors or behavioral strategies that lead 

to spatial separation of harmful algal 

species and grazers. Local reductions in 

grazer abundances may also be in direct 

response to HABs (e.g., avoidance or 

mortality induced by the HABs) (Grané-

li and Johansson, 2003), or in response 

to the effects of past HAB events on 

Figure 5. HAB species dis-

play a diversity of morpho-

logical and physiological 

adaptations. Th ese adapta-

tions may permit them to 

compete and thrive. Th ese 

adaptations include such 

features as buoyancy/sink-

ing regulation through ad-

justment of ion balance, gas 

vacuoles, colony formation, 

spines, and the formation 

of chains. In addition, some 

species have the ability to 

consume prey as shown in 

the second panel. SOURCE: 

GEOHAB (2001).
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grazer populations. In those cases where 

grazers are abundant, grazing control 

may still not be exerted because toxins 

or prey size reduce the ability of the 

grazers to ingest the HAB species. The 

response of zooplankton and other graz-

ers to toxic algae is often species-specifi c 

in terms of behavioral responses and 

toxin susceptibility. 

Grazing control of HABs can also de-

pend on the population density of the 

harmful algae, as demonstrated for the 

brown tides in Narragansett Bay, U.S., 

where suppression of grazing occurs 

above a threshold concentration (Tracey, 

1988). A threshold effect may also occur 

if the daily production of new harmful 

cells becomes large enough to saturate 

the ingestion response of the grazers 

and the ability of grazers to increase 

their populations. In that case, popula-

tion growth can accelerate dramatically 

(Donaghay, 1988). There is, however, 

little quantitative information on how 

the nature of the grazer response infl u-

ences the timing, magnitude, and dura-

tion of HABs. Model parameterization 

of these effects is thus in very early stages 

of development. 

Viruses are also now known to have 

signifi cant impacts on the dynamics of 

marine communities and some have 

been found to infect algae and have been 

implicated in the demise of red or brown 

tide blooms (Fuhrman and Suttle, 1993). 

Likewise, bacteria play an important role 

in controlling many HABs and regulat-

ing their impacts, including their toxic-

ity. Bacteria may also interact with HABs 

in a positive manner by stimulating their 

growth (Fistarol et al., 2004). Cyanobac-

teria, in particular, establish mutually 

benefi cial consortia by chemotactically 

attracting and supporting microorgan-

isms involved in nutrient cycling and 

the production of growth factors (Paerl 

and Millie, 1996). A different type of 

bacterial interaction with HAB species 

was described by Bates et al. (1995) who 

showed that the toxicity of the diatom 

Pseudo-nitzschia was dramatically en-

hanced by the presence of bacteria in 

laboratory cultures. The extent to which 

any of the above interactions occur in 

natural waters and affect HAB dynamics 

is not well known and represents an im-

portant line of inquiry.

Moving higher in the food web, 

zooplankton impaired by ingesting 

harmful algae may be more susceptible 

to predation, and thus may become an 

important vector for transferring toxins 

in the pelagic food web. Alternatively, 

zooplankton fecal pellets may be 

important sources of toxin to benthic 

communities. Herbivorous fi sh can 

accumulate and transfer toxins, and even 

cause mass mortalities of the marine 

birds that consume them. During 

food-web transfers, toxins may be bio-

accumulated, excreted, degraded, or 

structurally modifi ed. To understand 

the effects of HAB species on the marine 

food web, both the direct as well as the 

indirect, more subtle pathways by which 

toxins are transferred and transformed, 

and the differential susceptibility of 

marine organisms to these toxins must 

be characterized. In some cases, HABs 

may insult, but not kill, other members 

of the food web, leaving them stressed 

and therefore more susceptible to other 

sources of mortality, such as infection 

by pathogens (Burkholder and Glasgow, 

1997; Glibert et al., 2002).

The physical environment is also 

intrinsically intertwined with the biol-

ogy and ecology of these organisms. 

Turbulence has, for example, signifi -

cant consequences for the growth and 

decline of HABs through its infl uence 

on the transport of nutrients, the mix-

ing of phytoplankton through gradi-

ents of light, and even through direct 

impairment of growth. Many HAB 

species are motile and their swimming 

behavior or buoyancy may result in 

the formation of high-density patches 

under certain environmental conditions. 

Some cyanobacterial species are able 

to regulate their vertical positioning by 

synthesis and collapse of gas vesicles 

and by accumulation of photosynthetic 

ballast. Vertical movement by cells in 

a stratifi ed environment undoubtedly 

has functional signifi cance, maximizing 

encounter frequencies for sexual 

reproduction, minimizing grazing losses, 

and allowing cells to obtain nutrients 

at depth and light at the surface. The 

challenge is to identify which conditions 

allow a particular species to bloom or to 

cause its strategy to fail. 

 The above represent some well-es-

tablished examples of the effects of 

various processes on the distribution of 

harmful algae. There are, however, many 

examples where the physical and/or bio-

logical processes common to particular 

ecosystems are poorly characterized and 

understood and therefore their infl uence 

on HAB population dynamics and their 

harmful properties remain uncertain. 

MOVING FORWARD
In summary, the HAB problem is sig-

nifi cant and growing worldwide and 

poses a major threat to public health, 

ecosystem health, as well as to fi sheries 
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and economic development. The HAB 

problem and its impacts are diverse as 

are the causes and underlying mecha-

nisms controlling the blooms. HABs may 

be caused by the explosive growth of a 

single species that rapidly dominates the 

water column, but may also be the result 

of highly toxic cells that do not accu-

mulate in high numbers. Winds, tides, 

currents, fronts, and other features can 

create discrete patches or streaks of cells 

at all scales. A full understanding of the 

many biological, chemical, and physical 

processes that underlie HABs will con-

tinue to be a challenge, given the many 

different species and hydrographic sys-

tems involved (Figure 6). 

As highlighted in this issue, HAB 

research is proceeding along many dif-

ferent lines, and great progress is being 

made in some areas. The development 

of multi-lateral international programs 

such as EUROHAB (1999, 2002) and 

GEOHAB (2001, 2003) and bi-lateral 

initiatives like the EU-US Scientifi c Ini-

tiative on Harmful Algal Blooms (2003) 

program are bringing scientists together 

from different countries and different 

disciplines in a concerted attack on this 

complex and multi-faceted issue. Better 

methodologies are becoming available 

for predicting the occurrence, distribu-

tions, toxicity, and other deleterious ef-

fects of HABs and these tools are being 

incorporated in observing systems yield-

ing real-time data that can aid in man-

agement response or prediction (Babin 

et al., this issue; Trainer and Suddleson, 

this issue). A deeper understanding of 

the physical and environmental mecha-

nisms underlying the diverse array of 

HABs will emerge as these tools are ap-

plied more routinely and as new tools 

are developed. On a broader level, these 

programs will contribute to the im-

proved global observation systems that 

are required to resolve infl uences of en-

vironmental factors (anthropogenic and 

climate-related) on distributions and 

trends in HAB occurrence.

HABs are a serious and growing prob-

lem in the global coastal ocean—one 

that requires the interplay of all oceano-

graphic disciplines, as well as others such 

as public health and resource manage-

ment (Anderson and Ramsdell, this is-

sue). Only through recognition of the di-

versity of these interactions will progress 

be made towards our goal of scientifi -

cally based management of HAB-threat-

ened resources. 
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