International Journal of Environmental Science and Technology (2019) 16:1789-1806
https://doi.org/10.1007/5s13762-018-2108-x

REVIEW

@ CrossMark

Harmful algal blooms (red tide): a review of causes, impacts
and approaches to monitoring and prediction

E. Zohdi'® - M. Abbaspour’

Received: 23 January 2017 / Revised: 30 October 2018 / Accepted: 8 November 2018 / Published online: 2 January 2019
© Islamic Azad University (IAU) 2019

Abstract

Red tide, an impermanent natural phenomenon including harmful algal blooms, causes changing the color of the sea gener-
ally to red or almost brown, and has a serious impact on environment along the coast and aquatic ecosystem. Due to recent
extensive steady harmful algal blooms events that cause adverse impacts on human healthsome, aquaculture and tourism
industry, and the entire economy of the coastal region, the need of society for realizing these phenomena is much greater than
the past. In the recent decades, consideration of algal blooms and determination of bloom-former species and fundamental
researches about dynamics of blooms are increased worldwide. Development in technology has increased our abilities in
monitoring oceans and has provided new opportunities for blooms identification as well as defining the biological, physical
and chemical parameters that lead to algae beginning, expansion and disappearance. In spite of these rapidly developing
observational capabilities, harmful algal blooms’ proceedings will carry on to be undersampled for the foreseeable future,
due to their spacious spaced and temporal coverage. Therefore, reliance on models to help interpreting observations is nec-
essary. To watch red tides, there are different methods: field observation and using sampling data, satellite-based studies,
laboratory studies, modeling. (This item includes complex numerical models, conceptual models, simple analytic formula,
semi-empirical models and aggregated box models or zero-dimensional models.) This paper proposes different observation
and prediction methods ever used worldwide.
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Introduction

Non-native plant or animal species in a host environment
are known as an invasive species and have an inclination
to propagate to a level believed to be harmful to the envi-
ronment, economy or public health. Sometimes, despite not
being native, they are known as the dominant species in the
region and in some cases due to the expansion in the world
without having destructive effects, they may not be known
as invader anymore. Introducing into the sea involving bays,
or into freshwaters, harmful aquatic organisms and patho-
gens may endanger the environment, human healthsome,
property or resources and impair biodiversity or in contrast
to other legal usages of such zones (IMO-BWM 2014a, b).
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Generally, origins of invasive species include: ships’ ballast
waters, trade species in order to establishment and develop-
ment of aquarium industry, entering species to the ecosystem
for reproduction, biological control and entering a new spe-
cies for controlling other species, releasing organism as live
food for fishing, changing and manipulation water resources
in order to expand their use including the construction of
water channels between two different water bodies, estab-
lishment of aquaculture farms, doing some research regard-
less of related side effects (Kiyani Moghadam et al. 2014).

Some examples of aquatic bio-invasions are Vibrio chol-
era, Cercopagis pengoi, mitten crab, harmful algal bloom
or red tide, Asterias amurensis, Carcinus maenas, Dreis-
sena polymorpha, Mnemiopsis leidyi, Undaria pinnatifida,
Caulerpa taxifolia and Sabella spallanzanii (IMO-AIS
2014; Raaymakers and Gould 2014). Some of the outcomes
of invaders on introduced environment are disrupting com-
plex ecosystems, reducing biodiversity, degrading habitats,
and increasing human health impacts and economic impacts
(Kiyani Moghadam et al. 2014).
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As we know, land-sourced marine pollution, overexploi-
tation of alive marine stocks, habitat ruination and foreign
species introduction to new environment had been consid-
ered as the major hazards to the oceans. Unlike oil pollution
and other marine pollution caused by ships, invaders cannot
be removed from or absorbed by the ocean, so their effects
on the environment are irreversible (IMO-BWM 2014a, b).

Red tide is an invasive species caused by algae bloom.
Algal bloom can be harmful or non-harmful. In other words,
blooms and their environmental effects on aquatic areas
depend on the species involved, their biological and ecologi-
cal features, scale of this phenomenon, and hydrological and
topographical status of environment where they are found
(Bahrami Rad 2013). If this event is temporary and transient
and comes from non-toxic species, it is not so alarming. But
if it becomes permanent, it may cause irreparable damages
to the aquatic species and ecosystem (Hamzeie 2012). Algal
blooms which accompany with the natural toxin produc-
tion, dissolved oxygen depletion or other negative impacts
are defined as harmful algal blooms (HABs) in general.
Cyanobacteria, dinoflagellates and diatoms are three main
algal classes that cause HABs. Cyanobacteria, also called
blue—green algae, are blooming species in freshwater lochs
and flows, or at estuaries. The other kinds of algae which
include diatoms and dinoflagellates, generally called red
tides, are found mainly in marine environments, like coast-
lines or estuaries (Wikipedia—harmful algal bloom 2017b).

According to recent extensive steady red tide events and
their adverse effects on human health, aquaculture and tour-
ism industry, and the entire economy of the coastal region
around the world, the need of society for realizing these
phenomena and its causes is much greater than the past. In
addition, knowing about controlling and decreasing measure
and prediction methods can be effective for controlling its
adverse effects. In the following, different observation and
prediction methods ever used worldwide are proposed in
this paper.

Red tide

Red tide used as a conversational term for one of the
natural phenomena known as harmful algal bloom (rapid
increase or accumulation in the population of microalgae)
happens in estuarine, marine or freshwater. In this event,
algae increase in the water column rapidly and cause sur-
face water coloration, varying from purple to nearly pink,
yellow, brown and normally being red or green. Since this
phenomenon is occurred due to red phytoplankton bloom
for the first time, it is called red tide; however, it has vari-
ous colors. Also, due to the fact that this phenomenon
is not uniform and its intensity changes like tide in the
sea, the tide word is following the red color. These algae
are not native to specific area; in other words, they have
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various species with broad ranges (Malaei Tavana et al.
2008; Mohammadi 2008; Wikipedia—red tide 2017a). Of
5000 + microscopic algae species or phytoplankton exist
worldwide, about 300 species can cause high concentration
of red tides. Only one-fourth of this amount is known to be
harmful or toxic which include dinoflagellates, diatoms,
Haptophyceae, Cyanophyceae and some of cycloflagellate
(Malaei Tavana et al. 2008; Wikipedia—red tide 2017a, b).
Many of the HAB species have complex life cycles, and
physiologically, they are categorized into single-celled,
colonies, resistant cyst and temporary cyst. Having dif-
ferent shapes and properties increases their resistance
against harsh environmental condition. Approximately
75% of HAB species and about 50% of red tide species
are dinoflagellates, and many of their toxic species form
resistant cysts (Mohammadi 2008; Bahrami Rad 2013).
Studies indicate the presence of 21 bloom-former species
is potentially toxic, in Persian Gulf (Malaei Tavana et al.
2008). Some blooms may be identified by water colora-
tion due to high level of pigmented cell density. Some
dinoflagellates have bioluminescence property and pro-
duce living light, while the others are the cause for red
tide (Wikipedia—red tide 2017a, b). By photosynthesis
and reproduction of these single-celled algae, converting
dissolved nutrients and uncomplicated into plant biomass,
and small population of grazing zooplankton and aquatic
species, bloom is enlarged. It seems that their population
is affected not only by their growth rate, but also by wind
or ocean currents that bring them to the water surface
(Anderson 1994; Malaei Tavana et al. 2008).

Two major contributing factors to the growth of phyto-
plankton are temperature and nutrients, especially phos-
phorus and nitrogen. Phytoplankton live in the depth of
100 meters or more. The depth is limited by the light acces-
sibility. Photosynthesis can occur in 1% of the light level
and phytoplankton have their optimal growth, not just on the
surface, but deep down, about 100 meters subsurface, since
the water is nutrient-rich, such as nitrogen, phosphorus and
iron (Wikipedia—red tide 2017a, b).

The dominant mode of reproduction is simple asexual
fission. Different phytoplankton species have different grow-
ing rates. Measures are taken pursuant to which we can
evaluate the average daily growth rate. The average daily
growth rate of dinoflagellates is almost 0.3 per day with
a three-day period for regeneration. Diatoms have a daily
growth rate more than dinoflagellates; 40% of them have
regeneration period less than 3 days (Malaei Tavana et al.
2008; Taghavi and Abbaspour 2012). The algae cells’ popu-
lation can grow fast when there is no shortage of nutrients or
light, or wide grazing by tiny zooplankton that consume the
algae. Sometimes, a milliliter of seawater can hold tens or
hundreds of thousands of algal cells (Anderson 1994; Mal-
aei Tavana et al. 2008; Vahedi 2009). Due to high growth
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rate of phytoplankton population, they determine the carbon
level in the ocean. The issue can also affect climate change
(Wikipedia—red tide 2017a, b).

When nutrients are in short supply, some species did
sexual reproduction by producing thick-walled dormant
cells, called cysts. If these circumstances are not changed
by natural and physical forces, they can settle on the seabed
and remain there for years. During upwelling phenomenon,
cooler and typically nutrient-rich water has driven toward
the surface. Along with the water, cysts deposited on the
seafloor come up. The nutrient-rich water along with the
appropriate conditions of temperature, salinity and light
increases the growing rate and reproduction of cysts. In fact,
this favorable growth condition causes cyst germination and
swimming cells. If the appropriate conditions remain, the
cells continue to divide and reproduce so that a single cell
can be multiplied into thousand cells in 2 weeks and can fill
the water with swimming cells that cause bloom. However,
not all algae species create cysts, many do, and this change
describes main aspects of their ecology and biology. The
time and location of a bloom can depend on time of sprout-
ing cysts and the position of their settling, respectively. Also
cyst production eases species dispersion. A considerable
example of natural dispersion happened in 1972, when a
huge bloom reaching from Maine to Massachusetts due to a
September hurricane (Anderson 1994; Taghavi and Abba-
spour 2012).

Dinoflagellates and cyanobacteria are motile species
and undergo daily vertical migration. They can swim at
speeds of more than 10 m/day and pass thermocline layer.
This property is a great advantage for them. They are

Fig. 1 a Observed diatom
concentration profile in Lamma 0 10 20

exposed to sun bathers on water surface during daytime
and then swim down to the pycnocline to receive nutri-
ents during night. So, blooms can unexpectedly appear
on water surface that are nutrient-free and seemed to be
unable to support such abundant growth. Dinoflagellates
do their migration by flagella, while cyanobacteria alter
their depth by varying their floating cells. This advantage
can be useful only when the water column is stable. So red
tide usually cannot be developed unless the water column
surface is stable or phytoplankton population is trapped
near a density gap (cut or distance) of water (Anderson
1994; Astani and Agah 2012).

Cullen and Maclntyre (1998) showed that since solar
radiation and inorganic nutrients are the main material
sources for autotrophic phytoplankton, vertical processes
have main roles in algal growth. Margalef (1978) indicated
that in nutrient-rich turbulent waters, nutrient stock is
less restricting and the fast-growing diatoms will become
dominating ( “r-strategy”). However, nutrient influx for
dinoflagellates can be much more useful than diatoms
in nutrient-free classified waters (“K-strategy”) (Wong
et al., 2007). Also, Azov (1986) and Zingone et al. (1995)
showed that diatoms are dominant phytoplankton com-
munity in nutrient-rich waters (coastal waters). Dinoflagel-
lates are less dependent on nutrients than diatoms. On the
other hand, dinoflagellates are so sensitive to changes in
salinity (Sadeghi Mazidi et al. 2011). Wong (2004), with
the field measurement of chlorophyll-A (CHL-A) in dif-
ferent depths, showed the fact that, unlike dinoflagellates
which can migrate vertically in a daily pattern, diatoms are
dispersed in the water and depend on passive advection
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and dispersion to receive their nutrient stock. These gen-
eral features are shown in Fig. 1 (Wong et al. 2007).

Red tide causes

In general, the causes of red tide occurrence are divided into
two categories: human activities and natural factors.

e Human activities:

1. Enrichment coastal water (eutrophication) by influx of
industrial, urban, agricultural runoff and intensive ani-
mal farming fertilizers, which run into the sea by wind
or running water (Malaei Tavana et al. 2008; Zarei and
Arjmandi 2014): Two major nutrients in algal bloom are
nitrogen and phosphorus. NH4, NO3 and PO4, which
are found in industrial and urban sewage, are the best
available forms (Heller et al., 1995). The amount of
phosphate in the coastal waters is 15 times higher than
the usual. These nutrients can increase both toxic and
non-toxic phytoplankton (Malaei Tavana et al. 2008).
Theodor J. Smayda brings the nutrient ratio supposi-
tion related to toxic bloom phenomena. He argues that
human activities have changed the relative accessibility
of certain nutrients in coastal waters in favor of toxic
forms (Anderson 1994). Some of the studies, such as
Peinert et al. (1982), Vollenweider (1992), Hodgkiss
and Ho (1997), Glibert et al. (2010), showed eutrophica-
tion is a main contributor in HAB development in their
growth period (Wong et al., 2007; McGillicuddy, 2010;
Sadeghi Mazidi et al., 2011). Long-term studies carried
out at the regional level revealed when coastal nutrients
increased, algal bloom concentration is generally raised.
When the pollution around Tolo Harbor in Hong Kong
increased sixfold in 1976 till 1986, red tides raised eight-
fold (Anderson 1994; Malaei Tavana et al. 2008). The
phytoplankton nutrient consumption depends on tem-
perature and the nitrogen-to-inorganic phosphorus ratio.
Optimal growth is provided in a value around 9:1. If the
value is significantly different, the nutrient shortage can
act as a restricting factor in algae growth (Heller et al.
1995).

2. Accumulated foods in aquaculture pools, such as shrimp
and fish, cause increase in phytoplankton amount (Mal-
aei Tavana et al. 2008).

3. Discharge of ships’ ballast waters: Some studies esti-
mated that 300 billion dinoflagellates can be transferred
through ship’s ballast water tanks. G.M. Hallegraeff of
the University of Tasmania proved this transfer by sam-
pling sediments accumulated in ship ballast tanks. At
the time of red tide occurrence in Persian Gulfin 2008,
Kuwait’s sources of news presented that the discharge of
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ballast waters in the shipping route between Qatar and
Kuwait was the reason for that (Anderson 1994; Malaei
Tavana et al. 2008; Hamzeie 2010).

Oil spills from ships or offshore structures: Oil spills
result in increasing growth of Noctiluca dinoflagellate
which cause red tide (Malaei Tavana et al. 2008).
Discharge of ships’ sewage: Wastewater discharges path-
ogens and nutrients into water and results in increasing
eutrophication and algal growth rate, and also decreas-
ing water-soluble oxygen (Ospar Commission 2009).

Natural factors:

Water surface temperature: Water temperature causes
phytoplankton growth. Polat et al. (2005) showed that
there is a positive correlation between temperature and
phytoplankton number. Usually, effective temperature
range for phytoplankton growth is 25-30 degrees Cel-
sius (Malaei Tavana et al. 2008; Sadeghi Mazidi et al.
2011; Seddigh Marvasti et al. 2012; Zarei and Arj-
mandi 2014).

Enormous climatic oscillations: Some enormous cli-
matic fluctuations like El Nifio event cause coastal
waters’ algal bloom in Pacific Ocean. In other words,
this atmospheric phenomenon, which happens every
3-5 years, changes the wind direction and increases
temperature, and eventually results in the world cli-
mate change (Malaei Tavana et al. 2008; Bahrami Rad
2013).

Salinity: Gasiunaite et al. (2005) showed that salinity
has a significant role in forming diatom community.
They reported that the maximum concentration of
dinophysis happens in water with over 5 ppt salinity
and in the spring (Sadeghi Mazidi et al. 2011). Effec-
tive salinity range for Cochlodinium polykrikoides
growth is 15-50 psu in Korea coastal waters and is
32-34 psu in the Persian Gulf (Hamzeie 2010; Ebra-
himzade and Hajizade Zaker 2012).

Current systems: A study in North Carolina showed
that toxic species are passing on from an area to
another by ocean currents, and this process can be
studied by remote sensing methods, for example trans-
porting dinoflagellate G. breve cells by a warm water
mass of the Gulf Stream from Gulf of Mexico toward
North Carolina’s narrow continental shelf (Anderson
1994; Malaei Tavana et al. 2008).

Turbulence: Vertical turbulent mixing affects dynamics
of phytoplankton mass in the water column. Turbu-
lence causes the increase in diatoms, and dinoflagellate
population, unlike when there is water stratification
(Taghavi and Abbaspour 2012).
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Vitamins: More red tide species need solved B12 vita-
min to be in the range of 2-5 ng/ml. In this concen-
tration, red tide algae species can retain their growth
compared to other phytoplankton. In eutrophic regions,
due to entry of contaminated river flow and organic
wastewater, which include more than 10 ng/L of vita-
min B12 concentration, the growth rate is maximum
(Mohammadi 2008; Bahrami Rad 2013; Zarei and Arj-
mandi 2014).

Wind: Wind effect on upwelling, which brings nutri-
ents from the seafloor to the water surface and causes
increase in phytoplankton growth, is important (Malaei
Tavana et al. 2008; Seddigh Marvasti et al. 2012).
Dust storms: Iron-rich dust with the wind blowing
over large desert areas like Sahara enters grains to the
sea, so nutrients are increased. Iron restriction is often
presented as a controlling agent for red tide events
alongside the eastern coast of North America (Malaei
Tavana et al. 2008; Seddigh Marvasti et al. 2012; Zarei
and Arjmandi 2014).

Upwelling: The most productive areas of the world are
in the upwelling zones. All researchers are sure that
red tide occurs after upwelling is stopped. However,
it does not seem that nutrients that come from deep
water to the surface are the direct cause of algal blooms
by itself. Arabian Sea, Oman Sea and the coasts of
Peru are the most important areas of upwelling phe-
nomenon in the world. Upwelling along the coasts of
Hong Kong waters, due to the flooding of the rivers
and Manson winds, resulted in several hundred red
tide events during the summer of the years 1998-2004
(Malaei Tavana et al. 2008; Taghavi and Abbaspour
2012; Bahrami Rad 2013).

Changes in water temperature: Increasing the water
temperature above the average value is one of the rea-
sons for the increase in algal bloom (Malaei Tavana
et al. 2008).

Rainfall: Rainfall with increasing nutrients flows to the
sea, especially in temperate regions such as the Cas-
pian Sea and the Black Sea, and causes algal bloom.
Many of the phytoplankton blooms occur after a heavy
rain period like the Texas coast in 1935 (Malaei Tavana
et al. 2008; Taghavi and Abbaspour 2012; Zarei and
Arjmandi 2014).

Light: Phytoplankton are alive so they need light to
grow and for photosynthesis phenomenon. Therefore,
the depth of light and light penetration and light inten-
sity, day and night, are important in this phenomenon.
A period of sunny and warm days is often observed
before the occurrence of red tide (Malaei Tavana et al.
2008; Seddigh Marvasti et al. 2012).

The lack of hunters or consumers of red tide algae
(Malaei Tavana et al. 2008).

14. Climate change: Since climate change results in
increasing global warming and also sea and ocean
temperature affects changing in air circulation pat-
terns, so it causes developing algal blooms. Also dust
storms and strong winds and intense rainfalls due to
climate change increase nutrient flow to the waters.
Based on Australian scientists’ studies, global warm-
ing is a major driving force for blooms in the southern
hemisphere (Zangi Abadi 2011; Wikipedia—harmful
algal bloom 2017a, b).

15. Low water levels in inland waterways and lakes:
This phenomenon results in reducing water flow and
increasing water temperatures (Wikipedia—harmful
algal bloom 2017b).

16. Earth activities like earthquake in seabed and vol-
cano: These phenomena cause heat generation due to
earth layer friction and also increase the possibility
of dissolving materials like iron and mineral com-
pounds in water, acknowledged by some NASA sci-
entists. On the other hand, earthquake occurrence can
cause upwelling. This condition in Qeshm earthquake
resulted in an excessive algal blooming due to nutrient
dispersion. In 2010, iron-dissolved ash from the Eyjaf-
Jjallajokull volcano created an algal bloom in the North
Atlantic (Rezaee and Kabiri 2009; Wikipedia—algal
blooms 2018).

17. Ocean eddies: Eddies, as hydrodynamic phenomena,
have a great influence on ecosystem changes and algal
blooms. In general, they are divided into 3 types:
cyclonic, anticyclonic and mode water. Each of them
results in different ecological responses in the region,
due to their effects on water layers and the density dis-
placement in the lower layers. According to studies in
BATS region of Sargasso Sea, chlorophyll is increased
in areas affected by cyclone and mode water eddies and
decreased in areas affected by anticyclonic eddies. In
addition, mutual satellite studies of surface tempera-
ture and chlorophyll show an increase in chlorophyll
concentration in cold eddies and a reduction in warm
eddies (Seddigh Marvasti 2016).

In this regard, recognizing thermocline layer is impor-
tant because enough nutrients and light are in this layer.
Also, current, wind, tides, water stratification, etc. are
important factors. The growth rate of phytoplankton with
hydrodynamic conditions is important. For example, in
one place there is a growth rate, but the strong current in
that place transports phytoplankton by itself to another
place. But in another hydrodynamics condition, the same
growth rate is proper for red tide occurrence (Seddigh
Marvasti 2016).
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Notable occurrences

While harmful or harmless kinds of red tide has been
reported from all over the world, harmful red tide occurred
more in countries such as Brazil, Korea, China, Japan,
Chile, Canada, UK, France, Hong Kong, India, the countries
of the Black Sea and the Mediterranean Sea and recently
the Persian Gulf and the Caspian Sea (Malaei Tavana et al.
2008; Seddigh Marvasti et al. 2012). The red tide prior occa-
sion occurred in Florida Gulf Coast, 1530 (FDACS 2017).

Many species can make the red tide phenomenon happen.
These species, due to their kind and creation of destructive
masses and depletion of dissolved oxygen and production
of toxins or mucus, cause marine mortalities, coastal pol-
lution and damage to environment and tourism industry.
Sometimes consuming poisonous shellfish leads to illness
or death in humans (Vahedi 2009; Astani and Agah 2012)
(Table 1; Fig. 2).

According to the date of mentioned events, the number
of HABs, the scale and complexity of this natural phenom-
enon, the economic damages, the kinds of affected supplies
and the variety of toxins have all increased. Indeed, there is
a belief among several experts about expanding. Is this true
expansion? Is it a worldwide outbreak? Is it connected to
human activities, like increasing contamination along the
coast? Or is it due to developed scientific grasp and better
supervision or analytical abilities? Possible reasons for the
increase may include the following: natural mechanisms of
dispersal of species (marine currents and tides), a group of
phenomena related to human activities such as enrichment
water, climate change, and transferring harmful algal species
by ships’ ballast water (Anderson 1994; Malaei Tavana et al.
2008; Wikipedia—red tide 2017a, b).

Effects of red tides

Physical and chemical conditions of water (appropriate
temperature, nutrient-rich water specially phosphates and
nitrates) and increasing pollution of sea cause explosive
growth of single-celled plants and create appropriate envi-
ronment for flagellates’ growth. Red tides are often accom-
panied by large-scale marine mortalities occurrences in fish,
seabirds, sea turtles, marine mammals and other organisms.
In fact, its cycle is like this; algae produce toxins and shell-
fish like oysters use them. So, the algal toxins accumulate
in their body and transfer to organs of certain fish that con-
sumes it. Finally, through the marine food web, these toxins
are entered to human bodies. Hence, the above phenom-
enon causes serious illness and economic harm (Moham-
madi 2008; Zarei and Arjmandi 2014; Wikipedia—red tide
2017a, b).

In general, damages caused by red tides are divided as
follows:
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e Direct poisoning for aquatic animals and humans: Some
toxins produced by red tide are so strong that they can
kill marine animals and cause illness in people directly.
The most famous of toxins is neurotoxin which causes
paralyzing the central nervous system of fish and result-
ing in asphyxiation (like the dinoflagellate Gymnodinium
breve in the Gulf of Mexico). Also they can cause res-
piratory and skin irritation for beach-goers due to swim-
ming or touching the water and inhaling the toxin from
the spray of wind or waves. Some phytoplankton species
produce polyunsaturated fatty acids and galactolipids
which result in destroyed blood cells. This effect would
describe the ruptured gills, hypoxia and edema in dead
fish. Some algae also create these hemolytic compounds
and neurotoxins. The combination can greatly decrease
a fish’s heart rate, leading to decrease in blood flow and
a dangerous reduction in oxygen amount.

e Indirect poisoning for aquatic animals and humans:
based on the National Oceanic and Atmospheric Admin-
istration (NOAA), non-toxic blooms can cause indirect
marine mortalities by oxygen depletion and uncompli-
cated blockage in the water when flourishing and while
rotting after they die. In other words, they create dead
zone as a result. There were 49 dead zones in the 1960s
which is increased to 405 by 2008 all over the world. The
produced toxins can also enter the aquatic species’ body
through feeding. Then, consumption of these species by
other species such as birds, marine mammals and even
humans causes illness and death. Indirect poisoning in
humans happen by eating shellfishes contaminated with
red tide toxin, because they feed the algae and keep the
toxins in their digestive system. Some of the examples
are: over 150 dead manatees on Sanibel Island, Florida,
in 1996; 14 dying humpback whales in Cape Cod Bay,
Massachusetts, in 1987; dying pelicans due to amnesic
shellfish poisoning (ASP) in Monterey Bay in 1991; and
fish kill more than 34 tones in Hormozgan waters, Per-
sian Gulf in 2008(Anderson 1994; Rezaee and Kabiri
2009; PGTMRC 2014). Human shellfish poisoning syn-
dromes caused by HABs are as follows: amnesic shellfish
poisoning (ASP) like Canadian outbreak in 1987, cigu-
atera fish poisoning (CFP) predominantly in tropical and
subtropical islands (ciguatera toxins is soluble in fishes’
tissues), diarrheic shellfish poisoning (DSP), paralytic
shellfish poisoning (PSP), neurotoxic shellfish poisoning
(NSP) like North Carolina episode, azaspiracid shell-
fish poisoning (AZP). About 60,000 poisonings in the
world each year have been documented due to algal tox-
ins (Anderson 1994; Biello 2008; Malaei Tavana et al.
2008; PGTMRC 2014; Zarei and Arjmandi 2014; Pee-
bles, 2016; Wikipedia—harmful algal bloom 2017b).

e Discolor coastal waters and harm water quality: This
issue results in damaging desalination systems and equip-
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Damages: 23 million salmon mortality in a farm, about $800 million economic loss

Area: Chile

2016 Species: Several harmful genera of algae
Area: Florida

2016 Species: toxic algal bloom

Damages: About 95 million dollars damage in fishery during 8-week period

Species: Gymnodinium and Phaeocystis spp.

Species: Cochlodinium polykrikoides
Area: Persian Gulf (Kuwait)

Area: Korea

Table 1 (continued)

1995
1995

]
* @ Springer

Damages: Closed several beaches like Palm Beach

Damages: Fish kill about several tones

ment, ships and shore facilities. For instance, Toledo
water treatment plant could not treat the water to safe
level in 2014, so authorities gave hints to its 500,000
residents to not to drink tap water. Kenya in 2004, China
in 2007 and Australia in 2016 experienced similar inci-
dents.

e Economic and social harms and a sharp decrease in tour-
ism industry: based on a report in 2016, economic loss
includes the costs come from lost business; damages to
human healthsome, fisheries, tourism and recreation;
healthcare organization studies like water sampling and
testing, and marking affected areas by warning signs; and
also monitoring and management of flourishing areas.
NOAA had declared that some of these estimated costs
are caused by different blooms in recent years: $10.3 mil-
lion loss at Texas oyster farm in 2011; $2.4 million loss
in Pacific Northwest, and $40 million loss at Washington
State due to fishery closures in 2015.

e Formation of fetid foam with unpleasant smell: This foam
is created due to the decomposition of bacteria when they
reach to a growth degree, and result in harm to beach-
goers and sharp drop in coastal traffic. In 2009, northern
Brittany beaches were covered by tones of potentially
lethal rotting green algae and a horse died by fumes emit-
ted from them.

e Severe damage to light-dependent aquatic (especially
coral) ecosystems: Suffocation and reduction in light
penetration due to the formation of gelatinous mass
after the death of algae and sediment on the seafloor
blooms have damaging effect on benthic organisms and
coral reefs. Severe damage to coral reefs in Hormozgan
waters, around northern part of Lark Island, southeast
part of Qeshm Island and eastern part of Faror Island
in 2008, is one of these cases (Vahedi, 2009; Taghavi
and Abbaspour 2012; NOAA 2016; Wikipedia—harmful
algal bloom 2017b) (Fig. 3).

Controlling and decreasing methods for red tide

The best time to control bloom is before the time of bloom
development. Preventing the sewage, animal waste and
urban runoff entry to the sea; establishment of the equipped
refinery and complete wastewater treatment in order to con-
trol the nitrogen-to-phosphorus ratio; preventing the danger-
ous change in the water temperature; rectification of farm-
ing methods like utilizing fertilizer at the proper time for
decreasing potential runoft (applying fertilizer drip irrigation
system as an alternative to wide dispersion due to keeping
fertilizer to be washed away); establishing barrier areas of
bush and wetlands to help remove the phosphorus before
reaching water; and applying conservation tillage, changing
crop rotations and reinstating wetlands are the solution for
preventing HABs.
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2015

Fig.2 Comparison outbreak of red tides in 1970 and 2015 (WHOI 2015)

After the outbreak of algal bloom, some of the proposed
methods to control and decrease growth of red tides, includ-
ing physical, chemical and biological, are as follows:

e Physical methods: These methods include decreasing
sources of nutrient entry like industrial and urban sew-
age; treating wastewater by cultivating algal in purifica-
tion ponds; reducing the salinity conditions of ecosystem;
changing the water rotation to prevent red algae disper-
sion; spraying phosphate-free clay (powder or liquid);
controlling ships’ ballast waters before discharge by pre-
venting untreated ballast waters entry into the sea; using
floating anchorages as well as using it to prevent oil spill
development at sea; collecting dead fish in coastal waters
and burying them; and suctioning water contaminated
with red tide and returning it to the sea after proper filter-

ing. Among these methods, using clay to eliminate algae,
although not acceptable, increases the risk of marine pol-
lution, but due to its high performance in eliminating
algae, low cost and availability, and also having minimal
impact on aquatic organisms and the environment, it has
been introduced as the safest and most effective method
for eliminating algal bloom. About 25 years ago, prelimi-
nary data about using clay to deal with this phenomenon
in affected countries such as Japan, South Korea and
Australia were obtained and they began to spray clay for
controlling the algae bloom. Clay can cause flocculation
and sedimentation of algal cells rapidly or can reduce this
phenomenon by chemical or physical interactions with
the cells. Due to accumulation of clay on the algal cells
on the seafloor, there is a possibility of cell death.

Fig.3 Fish kill plan due to red tide 2014 and some damages caused pelicans in Monterey Bay; fish kill and bleaching staghorn coral in
by red tides (dead manatees on Sanibel Island; water discoloration in Persian Gulf) (Anderson 1994; Rezaee and Kabiri 2009; PGTMRC
British Columbia; dying humpback whales in Cape Cod Bay; dying 2014)

* @ Springer
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e Biological methods: Biological methods use living organ-
isms such as grass-fed aquatic birds and domestic ani-
mals, microorganisms causing rotting, and bacteria and
viruses to control phytoplankton’ population. Although
using biological method is common and acceptable, it
must be admitted that it cannot be easily used by other
organisms in the marine environment. New animal login
to the marine environment is likely to change or even
destruct the current ecosystem. The first research studies
determine the biological species include viruses, bacteria
and parasites that could affect harmful algal bloom spe-
cies. At first, for biological control, we must do some
research to determine the viruses, bacteria and parasites
that could have harmful effect on algal bloom species.
Also the environmental effect of releasing non-native
species must be investigated before any biological con-
trol.

e Chemical methods: Chemical method is done regularly
by using systemic pesticides and herbicides in small bod-
ies of water. This method is expensive and risky because
of its negative effects on marine wildlife but affects very
soon. In chemical methods, materials such as silver
nitrate, copper sulfate, ozone, potassium permanganate
can be used in ponds and aquaculture centers. Of course,
at first, this method should be carefully tested in labora-
tory conditions. Also, using sodium hypochlorite solu-
tions, generated by electrolysis of seawater at a rate of 4.0
grams per cubic meter, is one of the most useful chemical
methods for decreasing the population of Cochlodinium,
dominant red tide species in the Persian Gulf. (Nabi
Zadeh et al. 2009; Asadi, 2011; Astani and Agah 2012;
Taghavi and Abbaspour 2012; Zarei and Arjmandi 2014;
Wikipedia—harmful algal bloom 2017a, b) (Fig. 4).
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Red tide observation and prediction methods

Development in technology has increased our abilities in
monitoring oceans and has presented new opportunities for
bloom identification as well as defining the physical, chemi-
cal and biological parameters that lead to algae beginning,
expansion and disappearance. In spite of these rapidly devel-
oping observational abilities, HABs’ proceedings will carry
on to be undersampled for the foreseeable future, due to
their extensive spatial and temporal coverage. In addition
to creativeness and innovation of explorers in developing
new models and methods, future improvements in this field
depend deeply on cooperation of physical and biological
researchers struggling with plankton populations. For exam-
ple, a HAB problem on the West Florida Shelf was studied
by one of the early coupled physical-biological models of
plankton dynamics, considering growth and diffusion effects
(Skellam 1951; Kierstead and Slobodkin 1953). By predict-
ing red tide events and fast provision of mitigation activity,
reducing the loss of HABs will be possible (McGillicuddy
2010; Park et al. 2013).

To watch red tides, there are different methods: field
observation and using sampling data, satellite-based studies,
laboratory studies and modeling (this item includes complex
numerical models, conceptual models, simple analytic for-
mula, semi-empirical models and aggregated box models
or zero-dimensional models) (McGillicuddy 2010; Seddigh
Marvasti et al. 2012). Also, autonomous underwater vehicles
(AUVs) can be used for data collecting. In 2003, a robot
glider, equipped with miniature sensors which could record
temperature, salt and plankton levels, was released into the
Gulf of Mexico by Gary Kirkpatrick team of Rutgers Uni-
versity to help forecast and study red tides. Furthermore, it

Fig.4 Use of clay and floating inhibitor to control algal bloom; plan for suspended mass of clay/algae, deposition and resuspension (Astani and

Agah 2012; Zarei and Arjmandi 2014)

* @ Springer
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can help researchers for finding out key information about
causes of red tide formation. The glider transmitted its posi-
tions and data to Kirkpatrick’s team through satellite prior
to set up a new course based on a GPS system and began
again its underwater voyages. It could swim for 15-20 km
a day (Clarke 2003).

Statistical method such as manual method, pattern rec-
ognition and case-based reasoning (CBR) are applied in
field studies. Examination of prior red tide events, marine
environment and coast area databases is done using manual
methods in direct way for forecasting algal blooms. Smay-
dam (2000) manually analyzed former algal bloom occur-
rence database to forecast its happening by considering a
38-year time series according to weekly sampling in Nar-
ragansett Bay. In CBR method, a database of cases of red
tide incidents is applied to identify same patterns and use the
reasoning process for prediction algal bloom. The K-nearest
neighbor (kNN), support vector machines (SVM), neural net-
work, naive bayesian classification, decision trees, and fuzzy
methods are the basis of the pattern recognition methods (Li
and Smaydam 2000; Park et al. 2013) (Table 2).

The fact that phytoplankton are strongly influenced by
the optical properties of natural waters and discolored or
murky waters were caused by high concentration of algae
leads to the detection by using biosensor methods. Satellite
remote sensing is a proper method for phenomena that occur
in waters and land surface. In red tide detection, the amount
and extent of the red tide can be calculated by using standard
estimation algorithm of chlorophyll, phytoplankton absorp-
tion determination, checking turbidity and light penetration
changes in seawater and spectral study of different wave-
lengths by remote sensing methods. Ocean color remote
sensing method is a useful tool for assessing HAB phenom-
enon, measuring amount and quality of light reflected from
the sea surface. These ocean sensors are installed on the sat-
ellite to detect changes in ocean waters and mainly provide
useful information through the radiation transport equations.
This tool provides increase in regular and extensive moni-
toring of coastal waters and developing our ability to deter-
mine the presence of HABs, their distribution and tracking
them quickly (Hamzeie 2010, 2012; Seddigh Marvasti et al.
2012). In 1979, the first satellite detection of HABs was
done by Coastal Zone Color Scanner (CZCS) satellite in the
world’s waters, initially using simple changes in water color
and then using hybrid algorithms (Hamzeie 2010).

In addition to conceptual models being practical in their
own right, they are basis of all other types of models. In
HAB modeling, empirically based algorithms are playing a
progressively main role, and preparing a significant connec-
tion between conceptual and dynamical modeling methods.
Aggregated box models, in other words zero-dimensional
models, are used more for various targets, from exploratory
theoretical and conceptual model development to applica-
tions in real systems with HAB phenomenon (McGillicuddy
2010) (Table 3).

For numerical modeling of this phenomenon, physical
and biological equations of it must be coupled together and
we must examine different scenarios. One-dimensional mod-
eling of this phenomenon can be done by one-dimensional
software such as GOTM, PROBE, and for two-dimensional
and three-dimensional modeling, software such as Coher-
ence and MIKE can be used (Seddigh Marvasti et al. 2012).
Examples of related work, carried out in each branch of
study, are presented in Table 4.

Conclusion

Due to recent extensive steady HAB events that cause
adverse impacts on human healthsome, aquaculture and tour-
ism industry, and the entire economy of the coastal region,
the need of society for realizing these phenomena is much
greater than the past. By forecasting red tide occurrence and
immediate mitigation activity preparation, reducing the loss
of HABs will be possible. Development in technology has
increased our abilities in monitoring oceans and has pro-
vided new opportunities for blooms identification as well as
defining the biological, physical and chemical parameters
that cause algae emergence, expansion and disappearance.
Therefore, reliance on models to help interpreting observa-
tions is necessary. In addition to creativeness and innovation
of explorers in developing new models and methods, future
improvements in this field depend deeply on cooperation of
physical and biological researchers struggling with plankton
populations. Based on studies, field observation and labora-
tory studies are difficult and time-consuming methods. Also,
they are weak for spatial and temporal observation. Further,
satellite-based studies have limitations such as the superfici-
ality of satellite data. Conceptual models, although the basis

* @ Springer
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for other models, do not prepare early and wide detection.
So, using numerical modeling, due to low costs and the pos-
sibility to consider different parameters, has great benefits.
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