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ABSTRACT

Toxic algal blooms have become a major environmental problem over the last few decades because
of their impact on fisheries, leisure activities, national income and human health. It is known that
Harmful Algal Blooms (HABs) can occur naturally but the freqcy of occurrence as well as their
geographical distribution are alarming. HABs, beyond the scientific interest, have been an issue of
concern for policy makers due to the high cost for implementing management practices. Unlike other
marine environmentgiroblems, the causes of HAB formation are not known so far with certainty
and a high degree of uncertainty remains, regarding possible triggering mechanisms. Various factors,
apart from nutrient concentrations, seem to be connected with this phenontemularece, presence

and absence of phytoplankton species, presence of grazers, weather conditions, seawater temperatur:
and water mass circulation patterns, have already been reported in the scientific literature as potential
factors. However, there are @tig indications that eutrophic conditions play a paramount role in
HABs formation. Machine learning methods, applied over the last few years to prediés HAB
occurrences, have also confirmed the role of nutrients. In the present work, toxic algal blooms in
regional seas characterized by eutrophic conditions that is the Mediterranean Sea, the Black Sea, the
Baltic Sea, the North Sea, Wider Caribbean Region and the South China Sea are reviewed. Relevant
issues including the drivers of eutrophication trigggrinHAB &6 s events as well a

services and socieconomic consequences are alsnsidered
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1. Introduction

It is known sie a long time that Harmful Algal Blooms (HABs) can occur as a natural
phenomenoni]. The term HABs refers to excessive algal growth of toxin producing microalgal
species, causing negative impacts to other organisms. Howevelsapessible that an algal bloom
event can be dominated by ntoxic species. Even in that case, negative effects are recorded due to
mechanical damage to other organisms or even ingtaatosystemic level, usually due to oxygen
depletion, light attenuation and excessive production of dead organic matter after the end the bloom
[2,3]. However, over the last few decades the occurrence of HABs has increased regarding frequency,
intensity and geographical distributiph,5]. These days, it ia matter of concern for government
agencies, scientists, and the public; HABs incidences have received increased attention in the public
media including press and electronic media. HABs cause serious health problems to humans, usually
through the food6]. Increasing or decreasing trends in frequency and intensity do not follow a
uniform, reasonable global patterm Bpite of increased observational efforts and modeling
applications. In spite of the fact that chdists of causative species are already available and the
bi ol ogical characteristics of many specicds ar
characteristics and at the same time variable responses to environmental €harigesddition,
health and economic impacts due to toxic microalgae regarding seafood poisoning, death of finfish,
aguaculture impact and tourism, differs betweegioms. This situation is getting worse as
overexploitation of living marine resources functions as a natural multiplier of the impact of HABs
[7].

Toxic effects are observed when some organisms such as mussels, clams, oysters and scallops,
known as filterfeeders, retain toxic microalgae. An interesting review article on toxicity aspects of
the cyanobacteriurMicrocystisspp. by Chen et ajg], gives a good account of toxicity issues on
various ani mal groups. These effects have to
in the marine environment, although cyanobacteria are mainly rebf@fm HABs in freshwater

systems and to a lesser extent in marine environments. Their toxins have effects on the liver
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(hepatotoxins), the kidneys (cytotoxins), the nervous system (neurotoxins) and the skin (dermotoxins)
[3]. Accumulation of toxins due to the presence of algal species can be lethal to humans or even to
marine animal speciep},6]. Although the shellfish can be marginally affected, the stored toxin can

be ample to kill humans.

Beyond the toxic effects to mans, toxic algae cause damage to aquaculture operations and
indirectly, they can have negative effects on marine ecosystems. High microalgal biomass results into
significant light attenuation down the water column, shading submerged vegetation, eventually
affecting the benthic biota. In addition, changes in irradiance can affect nutrient uptake, altering the
competitive abilities of species according to Litchman gB&al.The authors working on a model on
nutrient competition proposed by Drof0] have found that light dependent nutrient uptake may
change competitive relationships under conditions of light fluctuation. These chaltigesgh they
seem to have an indirect effect, they have to be taken into account when toxic algal formation
mechanisms are considered. The same authors suggested that fluctuations in light irradiance could be
also applicable in competition between pipjamkton and bactexi

The roleof interactions between microalgae and bacteria in marine harmful algal blooms has
already been reportdd1]. It is known that heterotrophic bacgrsurrounding algae and getting
attached to algal cells, can uptake and catabolize nutrients and metabolites. Thizactigae
association may be an additional causative factor for bloom formation as symbiotic or antagonistic
interactions may contributi® the development or decline of algal blooms. Another digaterial
relation may be phagotrophy on bacteria by dominant mixotrophic dinoflagellates through
phagocytosis, a phenomenon that needs further work in order to evaluate a possible role of
phagdrophy in bloom formation. In addition, high biomass formation leads to foam and scum
accumulation and when the bloom decays, oxidation of organic matter depletes the dissolved oxygen,
causing mass mortality to fish and shellfj$g]

A lot of descriptive information has been collected and published by marine biologists all over the

world but the causes of mass phytoplankton outbursts so far, have not been sufficiently understood.
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Five possible explanations have been proposed: (a) relatively recent scientific interest and awareness
of toxic species (b) extensive development of aquacultikties in coastal areas (c) stimulation of
phytoplankton growth due to excessive supply of nutrients, mainly from terrestrial sources (d)
climate change and (e) transportation of microalgae through the ballast water or translocation of
shellfish stock to new sitefl3-15]

Among the factors mentioned above, cultural eutrophication seems to play a predominant role
[6,16]. Recent worl{17], using machine learning techniques has shown the connection between
nutrient concentrations andetistimulation of toxic phytoplankton genera. Nutrient increase in the
marine environment due to human activites had a remarkable impact on toxic algal bloom formations.
Phosphorus supply into the oceans has showsfodd3ncrease compared to piredustrid levels,
whereas nitrogen has increased even more over the last four dg&d8$ Smaydd20] using
availlb |l e databases worl dwi de, came to the concl |
algal blooms was the result of coastal eutrophication. It has been observed that frequent outbursts of
toxic phytoplankton species occured in regional seas thatefamessive nutrient supplies from
terrestrial sources such as areas in the Mediterranegd@8ea the Baltic Se§22]. These blooms
continue, in spite of measures adopted by the United Nations Re§easProgramme that covers
13 regional seas and 149 countries that participate as signatory states. Several regional sea
conventions have been adopted for the protection of the marine environment. Marine eutrophication
and HABs formation are priority olgéves in some of the international conventi2(].

In the present workthe connection between eutrophication and toxic algal bloom formations is
examined. Furthermore, seven regional seas facing marine eutrophication prig#gtiswere
selected as case study areas regarding toxic phytoplankton bloom phenomena. These regional seas
were The Mediterranean SelagtBlack Sea, the Caspian Sea, the Baltic Sea, the North Sea, the Wider
Caribbean Region and the South China Sea. The selection criteria were mainly based on the

accessibility of scientific information, the severity of the impact and the relevant envirtaime

policy.



2. Toxic algae and etrophication
2.1. Principal groups of microalgae causing bloom formations

These days many thousands phytoplanktonic species have been identified in the marine
environmen{25]. Nevertheless, it is only a limited number of microalgal species, abouEe2@djng
from time to time so high numbers that cause discoloration of theuste, a phenomenon known
as fAred tideso. Not all species associat-ed wi
toxic species, under extreme conditions espedialbheltered bays, can form algal blooms so dense
that often cause indiscriminate kills of invertebrates and fish, usually through oxygen ddgletion
The number of species that have been found to be toxic is abouf2@DQ most of them
dinofl agell ates and diatoms. There are al so s
geeno al gae (cyanobacteria), most of them beir
environment

The dinoflagellates, unicellular microalgae, contribute significantly to primary production but they
are also responsible for blooms forinas. They are characterized by a high degree of trophic
adaptations: they can be autotrophic, heterotrophic or even mixotrophic. The dinoflagellates produce
toxins that may affect public health upon consumption of contaminated food or exposure to HABS.
Frequently occuring dinoflagellate toxic species belong to the deimephysis The toxic character
of the specie®. acuta, D. fortiandD. norwegicahas been reportdd]. The genuslexandrium
comprises of various toxic speciédexandriumspecies, commonly reported in HAB events Are
catenella, A. fundyensed A. tamarenséorming what is known as th&. tamarenseomplex[27].
Although toxin producing species of the genus Alexandrium have ledied extensively, it is
possible that new taxa can still be fouf2B]. Despite the fact thatlarge number of Alexandrium
species, namely 34, have been classified, only a subset of these species has been traced in ecologice
studies due to the limited resolution of morphological features and the workload required in

ecological studies. In a recembrk by Ding et al[29], performedmetabarconhg of the18S rDNA
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V4 region to ascertain both biodiversity and spagahporal dynamics dklexandriumspecies in an

area in Qingdao, China. The results showed that éigxandriumspecies were identified in this
area, compared to only four specieatthad been reported until then. Metabarcoding analysis seems
to be a promising tool for studying diversification and dynamics in toxic phytoplankton species.
Encouraging results, including the presencélexandrium using metabarcoding methodology in
the Black Sea have also been reporfgd] as well asn the Gulf of Mexicg31]. Information onA.
catenella using molecular techniques has also been proyg#d

There are many toxiBrorocentrumspecies divided into two groups: (a) the thénspeciesR.
lima, P. arenarium, P. maculosuand P. convacumnand (b) the benthplanktonic speciesP(
micans, P. minimus, P. mexicananmdP. panamens)s The species of the genkareniaincludeK.
brevis(Florida),K. papilionacea, K. selliformiandK. bicuneiformigNew Zealand). Several species
of the gener@dmphidinium, CohlodiniurandGyrodiniumhave been identified as toxic.

The diatoms, unicellular photosynthetic organisms, contribute about 40% of primary productivity
and 20% of the glmal carbon fixation. Diatoms are one of the largest algal groups. A number of
species between 10,000 and 12,000 is accdptemiany scientistsalthough their real number is
probably much higher. In addition, they contribute to the ocean cycles of caritagen,
phosphorus and silica. However, some diatom species produce toxic compounds. Theirreffects o
human health and their geoghec distribution are presented in the next section. The diBsBude
nitzschia encompasses many toxic species. The spefle multiseries, P. pungens, P.
pseudodelicatissima, P. australis, P. seriatalP. delicatuh are known for their toxic effects

The cyanobad@trereina adrgafelwl ues a di verse group
Their toxic effectshave e en st udi ed since the 7006s when it
domestic animals. Although cyanobacteria are widely spread in fresh waters, some species occur in
marine ecosystems. Large populations of the cyanobaétealbaenaand Aphanizomeonoccur in
brackish waters including the Baltic Sea. Various speciésabaenare present in the Baltic Sea,

the specied\. lemmezmanntypically occurin the open sea, whereAs inequalisis found in the
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nearshore zone where ladzhsed sources of nutrients are remarkalledularia is a genus of
heterocysforming cyanobacterium. Soniodulariaspecies form extensive blooms, particularly in
brackish waters. Three specieNaidulariahavebeen reported for frequent bloom evehisbaltica,
N. litoreaandN. spumigenalrichodesmiums a nitrogen fixing cyanobacterial genus, abundant in
tropica oceans.
2.2. Effects of toxic algae on human health
The impact of HABs is not limited in éhmarine ecosystem but is also having a serious effect on
human health through poisoning. Poisoning due to toxic phytoplankton can happen either by
consuming food contaminated with toxins or through skin contact with contaminated seawater. Toxic
symptoms an also appear by inhaling aerosolized biotoxmsthermorefragments derived from
cells disrupted by waves, as they move onshore, can have toxic effects. The toxic syndromes are
classified into five categories according to health symptoms that cammbesia, paralysis,
gastrointestinal problems as well as respiratory irritation. The main clinical syptoms are presented in
Table 1.
The toxins produced by marine phytoplankton can be acutely lethal. They can cause a wide range of
acute symptoms to humans\aell as to other species. The main problem with these toxins produced
by phytoplankton is that they are tasteless,-hesistant and acidtable. Ordinary cooking methods,
therefore do not protect consumers from intoxication once the food has beeminatdd. In
populations where seafood is the basic part of their diet and thebtarxie diseases are endemic, the
number of cases due to toxins derived from phytoplankton is high. The groups of people that is likely
to be poisoned by marine algal toxiase (a) wakers along the production line dealing with
harvesting, transportation, processiflg) seafood consumers, usually in restaurgedslaboratory
staff involved in sample collection and analytical waoii) holiday makers spending their leisure
time on or near the water and (e) indigenous populations mainly relying on seafood as their main diet
Paralytic Shellfish Poisonin@SP) is caused by consumption of molluscan shellfish contaminated

by some dhoflagellate species (Table pjoducingtoxic compounds known as saxitoxins. PSP is a

8



life-threateninggyndrome, the symptoms being purely neurological. Flagellates connected with PSP
occur in both temperate and tropical waters.
endemic phenoenon in North America, Europe and Japan. Later, PSP occurrences were also
documented in South America (mainly Chile), Australia, SE Asia and [A{liadThese days PSP
outbreaks have been observed in maunoyeareas around the world.

The PSP toxin syndrome occurs after consumption of bivalve shedifisld clams, mussels and
scallops contaminated with saxitoxin that tends to accumulate iepfaédpangreas (digestive gland)
of many filterfeeders. It has also been found that consumption of coral reef crabs and gastropods
have caused paralytic poisoning (PSP). The main sources of PSP toxins are dinoflagellates of the
generaGymnodinium, Alexandrm and Peridinium The biological activity of these toxins is
connected with the blockage of nerves and skeletal muslice fibers. In addition to humans, other
mammals, birds and fishes can be poisoned. The symptoms apmdtmmgre provided in Table 1.
Human deaths in outbreaks in Europe and U.S.A. vary between 2 anaflthédnfected people
The frequency of mortlaity is also depended on the availability of emergency hospital care in the area
of outbreak events

Diarrheic Fish PoisoningDFP) is a comparatively mild seafood poisoning. The symptoms are
mainly gastrointestinal (Tablel). DFP toxins have been identified and all of them are derivatives of
the okadaic acid. Causative organisms somedinoflagellates Dinophyss spp., Prorocentrum
lima), characterized by a widespread distribution mainly in Europe and Japan, but also in S. America,
S. Africa, New Zealand, Australia and Thaild88]. The symptoms of DSP are gasintestinal such
asdiarrhea nausea, vomiting and abdominal pain. People infected usually recover conmypittely
a few days. Although DSP poisoning is not life threaterifigrocentrumspp. andinophysisspp.
produce additional toxins that have been characterized a hepatotoxic and isuppnessive. There
is also a risk factor for cancer in humans

Amnestic Shellfish Poisonir{§SP) is the only case of intoxicatitimat is known to beaused by

a digom. It was first recorded during 1987 in Prince Edwards Island in Canada. Daxrthievhich
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is the toxic agentwas first identified in California during 1991 when pelicans and cormorants were
poisoned by eating contaminated anchovies. Domoic acid ex@tatory neurdransmitter. The
causative microalga belongs to the geRggudenitzschiaas many of its species are toxic. ASP
symptoms include various neurological effects such as dizziness, discoloration, lethargy, seizures and
shortterm memory defits (Table 1). Toxins produced Bseudenitzschiaspecies have shown a

wide geographic distribution: Their presence has been recorded in New Zealand, Denmark, Spain,
Scotland, Japan and Korg3]

Neurotoxic Shellfish poisoningNSP) is a form of intoxication resulting from consumption of
mussels contaminated wittrevaoxins. As causative speciekarenia brevisand Gymnodinium
brevis (both those species are marine dinoflagellates) seem to be connected with most of NSP
outbreaks. NSP usual symptoms include nausea, severe muscular ache and loss of motor control
(Table 1). NSP poisoning is not considered as a fatal intoxication in humans. NSPromasuhave
been documented in the Gulf of Mexico and the west coast of Florida extending as far as North
Carolina possibly due to warm Gulf Stream waf86. However, an unprecedented NSP outbreak
was recorded in 1993 in New Zealand. The toxins causing NSP belong to a group of polyether
compounds called brevetoxins. These toxins tend to bind to the receptor site of the sodium channel.
The usual symptoms includéeemperaturesensation reversals, myalgia, vertigo and ataxia.
Brevetoxins can also cause respiratory distress as well asigtmsn.

Ciguatera Fish Poisonin¢CFP) is a seafood intoxication, frequently reported in various marine
areas around theosld [34]. The symptoms are gastiatestinal, often followed by a variety of
neurologic symptoms, including muscle and joint aches, headache, itching, tachycardia, hypertension,
blurred and paralysig3]. Ciguatera poisoning is rarely fatal. Humans contact CFP by consuming
finfish containing a category of toxins known as ciguatoxins. Many commercial fish species have
been identified as fci@nlkmtaouxld snapper, groupes gnejacksare o .
particularly notorious for high ciguatera toxin loads. The causative microalga is the dinoflagellate

Gambiediscuspp. This microalga isisually located as a bottedweller, sometimesittached to
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seaweeds, coisaoreven other substrates in shallow tropical and subtropical waters. Carnivores fishes
associated with coral reefs are often a source of ciguatoxins. On the other hand, oceanic fishes derived
from open seawaters are less susceptible to the accumwatodguatoxin. CFP poisoning is not
prevented during food preparation and cooking of toxic fishes. The toxins are heat and acid stable;
they are also stable for at least six months at commercial freezing tempgdiuievery year a
numberof casedetween 50,00@nd 500,000 is recorded globally. Chinain e{3s]. have recently
published an interesting review on ciguatera poisoning at a global scale. An tac€dDRP
occurrences of French people living overseas, describing symptoms and clinical practices, has been
given by the French Poison Control Centre Netweek the report deals with 130 cases occurred

from 2012 through 2019. Clinical studigs] regarding CFP due to the gastropod Tectus niloticus
characterized as a vector for a mass poisoning in the French Polynes@ibek clinical
investigations as well as actions to alert local authorities about the potential risk of this gastropod

Table 1. Examples of frequendgcurring toxic algae, their toxins and toxic syndrome

Harmful algal species Toxins produced (1) | References Toxic syndromes (2)

(a) Paralytic shellfish poisoning (PSP)

Alexandriumspp. Saxitoxins and [38] Nausa, vomiting, diarrhea,
A. tamarense derivatives [39] numbness of lips, mouth, fac
Pyrodinium bahamense [39] and neck

Gymnodinium catenatum [40]

(b) Diarrheic shellfish poisoning (DSP)

Dinophysis acuminata Okadaic acid ang [41] Nausea, severe diarrhea,
D. caudata derivatives [42] vomiting, abdominal cramps,
Prorocentrum lima (dinophysistoxins) [38] respiratory distress

(c) Amnesic Shellfish Poisoning (ASP)

Nitzschia pungens Domoic acid and it9 [43]

Pseudonitzschiapp. isomers [44]
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P. calliantha [45] Nausea, vomiting, headache

P. delicatissima [46] diarrhea, confusn, dizziness,

memory deficits

(d) Neurotoxic Shellfish Poisoning (NSP)

Karenia brevis Brevetoxins [38] Nausea, muscle weakness,

Gymnodinium breve [47] vertigo, parenthesias of the

mouth, lips, tongue, dizziness

(e) Ciguatera Fish Poisoning (CFP)

Gambierdiscuspp. Ciguatoxin, [34] Nausea, vomiting, diarrhe
G. toxicus Maitotoxin [47 numbness of mouth
Ostreopsis siamensis [48] neurological symptoms
Coolia monotis [49]

Amphidinium carterae [50]

Sources: (1) Toxins produced: Berdalet €84, (2) Toxic syndromes Friedman et[84]; Berdalet
et al.[38].

The geographic dispersion of microalgae causing ciguatera seems to egpangd®e n t h e
northern and the 35A southern | atitudes. CFP
the Indian Ocean and the Pacific Oc§at]. A hypothesis has been supported that changesain s
surface temperatures connected with EI Ni fo e
Asian Pacifi52]. However, over the last two decades, ciguategenséo become endemic even in
previously unaffected areas such as Europe and the West African coasts. An explanation is connected
with climate change: global warming favors the growth of dinoflagel[&®s An emerging threat
of ciguatera poisoning in Europe is associated with fish caught in the Canary Islands (Spain) and
Selvagens Islands (Portug]. Godihno et al[54]ar e concerned that «ci gt
Canary and Selvagens Islandeamm be the fAgateway to Europeo.
reported along the West Africa cosb]. These findings suggest that Atlantic enderegions are

emergingl56]. Some coastal areas in the Mediterrane
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Ciguatoxin type of substances have been identified in edible fish on the Eastern Mediterranean since
the year 200757]. Table 1 shows some toxic or potentially toxic algal species connected with CFP
2.3. The natwe of eutrophication

Excessive nutrient concentrations in coastal areas and regional seas enhance the growth of
phytoplankton, a phenomenon known as marine eutrophic§fi8h It looks like a simple
phenomenon but in fagt is a complex ecosystemic procedure. This has led working groups of
scientists as well as policy makers to set up a number of definitions, depending on the point of view
that eutrophication is considered. One of the first definitions given by $5#les fairly short and
s i mpHuteophicdition is the increase of growth rate of the algae, following a faster rate of nutrient
increase in the marine environment as well as the consequences Ot h B0,61]asmwelhas r s
international organizatiorj62] and legal authorities (Clean Water Act PL-B20/1992, the European
Uni on Directive: AUr ban )Wave talso pMfmosee@ definifione ent me 1
eutrophication. The definitions differ ag s the causes and/or effects of eutrophication that are used
to formulate the definitions. For example NiX@&1] defines eutrophication as an increase in the rate
of supply of organic matter to an ecosystem. Nixon avoids to mix causes and effects and is limited
on the outcme (ef fects) which is the production of
definition, mentioned above, hainphasizedhe causative factor which is nutrient supply to the
ecosystem, inducing highgrowth rates. Any definition of eutrophication is tnjoist expressing a
different scientific point of view but also leavesbstantiaroom forinterpretationin a court of law.
This is possibly the reason that national and international organizations provide definition on
eutrophication within their legaleaponry

The task group of eutrophication, having worked within the framework of the European Marine
Strategy Framework Directive (MSFD), proposed a definition of eutrophication after considering
eutrophication definitions in thecientific literature as well as the need for providing guidance for
developing descriptors. This task grd@@] proposed thdollowing definitions for eutrophication:

AEutrophication is a process driven by enrichment of water by nutrients, especaljyoundof
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nitrogen and/or phosphorus, leading to: incsea growth, primary production and biomass of algae;
changes in the balance of organisms; and water quality degradation. The consequences of
eutrophication are undesirable if they appreciably degrade ecosystem health and/or the sustainable
provisionofgod s and $Mere informaton on.definitions of eutrophicatibavingadopted
specific aspects of this phenomenon can be found in published @84 ]

The objective of the MSFD group was to propose quality descriptors relevant to marine ecosystem
guality. Three points were taken into account by the group of exp8tiga) eutrophication is mainly
caused by nutrient enrichments from terrestrial sources as sewage outfalls, agricuitiraidemnd
some types of industrial effluents that tend to modify the marine ecosystem. Additional nutrient
sources are connected with deforestation and the release of nitrogen oxides in the marine
environment . Loss of fepenvirogamentis@n isswe mfdniajoricomgers 0 |
(b) in wider marine areas such as regional seas, spatial variability due to water mass circulation and
the topography of the area should be taken into account , the thirg(ppisthat nutrient enrichment
can occur through natural processes that function independently of nutrient supply due to
ant hhropogenic activities. |t i s t abtechtleomoosr e [
eutrophicationd and eutrophi cattiroonp hircoant ihounia.n
2.4.Eutrophication assessment: a thorny issue

Eutrophication may sometimes be due to natural processes as the main natural sources may be
coastal upwelling, sediment resuspension (as the result of the circulation of water mass#gsas
nutrient deposition from the atmosphgé&]. River waters enriched with nutrients end up in the
marine environrant or adsorbed by sediment particles. To all these processes, nutrient and
phytoplankton seasonality has to be taken into account. The complexity of the natural processes
makes the discrimination betweaatochthonousutrophication and cultural eutropai¢ i on a At h
i ssued in assessing eutrophication.

Cultural eutrophication has been identified as a serious environmental issue in some seas since

t he e a[60l6§]bubnBviagays it tends to be a worldwide problem. Although the final effects of
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eutrophication can be detrimental for the marine ecosystems, the environmental impact in the sea is
gettingbuilt-up ina stepwise manner. Grg0] has identified five levels of marine eutrophication.
At the initial stage (known as the enrichmetage) elevated nutent concentrations enhance algal,
benthic and fish growthrurthermore(second stage) nutrient enrichments change the structure of
phytoplankton community. These i mpacts are Kkt
(stage three) includes seriousderwater light attenuation down the water column, behavioral
changes in animal life and frequent formation of algal blooms. Further deterioration (extreme effects)
that is the fourtlstagds characterized by toxic effects and species mortality. Iniaddiass growth
of some macroalgal species such as specigévafandCladophoracan often occur. The final stage
(ultimateeffects) is characterized by anaerobic conditions and extinction of most of the species. This
five-step scale, introduced by Griyyms a sempguantitative way for assessing eutrophic levels

As the i1impact of eutrophication on ecosysten
of the problem, quantitative scales characterizing eutrophic conditions have been developed. These
scales are useful for water quality assessment as well e management of coastal waters. Many
different scaling procedures have been proposed. They are based either on causative variables
(nutrient concentrations for example) or on effect variables (variables expressing biomass increase)
These eutrophication aling systems include nutrient concentratif¥, chlorophyll concentrations
[68], productivity value$69] and ecological indiceg0]. A wider range of bioindicator species and
environmental indicators can also be found in review artjék§ 1] Howeversimple a scheme for
outlining levels of eutrophication can be, there are ifiroblemg64,72] Seasonal variations of
nutrient concentrations, species succession and diffisuhii@iscriminating water types from the
trophic point of view in the natural environment due to variable overlag@@gare the main
difficulties in setting up ranges for each level of eutrophication. The overlapping of variables
expressing typical oligotrophic, mesotrophic and eutrophic conditions in the proposed scales of
eutrophication is the most common problem. An additional problem is the definition of reference

conditions, used for comparisons between water masses to be accessed and the baseline
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concentrations regarding the parameters used in eutrophication assesBrngents. he t er m f |
stateso is meant uni mmagaificentdimpadt af pressued an e@sydteenr | z
functioning and thus an approximation of the natural environtni@d{. In addition, pristine waters
are not easy to be found these days and it is rather unrealistic wheernsdosied regional seas are
under examination. The need to find pristine watersrésearch purposes usually arises when
pollution problems in an area are already establi$@{d The situation is further complicated in
shallow coastal waters where autochthonous eutrophication occurs due to sediment resuspension.
This complex situation increasdwetdegree of difficulty to understand relationships between toxic
algal bloom outbursts and marine eutrophication, as the degree of uncertainty is getting remarkable.
2.5. Effects of toxic algae on human hkalt

In spite of the wele st abl i shed bel i ef t hat HABOG s for
anthropogenic nutrient enrichment, there are some doubts regarding this relafibfishgivien the
widespread enrichment of many coastal regions of the world and the putative global increase in
HABS, it is not difficult to see why anthropogenic nutrient enrichment of coastal waters is thought by
some to be one of the main drivers fioe apparent global increase of HABs. The issue of whether
anthropogenic nutrient enrichment has caused or influenced the occurrence, frequency of occurrence
and spatial and temporal extent of HABs and HAB species is complex, and the nutrient enrichment
HAB hypothesis has been widely debated in the Scientific Literature by among others, Hallegraeff
[75], Richardson[76], Smayda[77], Anderson[6,78] and Sellner et al[79) 6 Accor di ng
Richardson[76], the fact that HABs are not new phenomena, supports the view that nutrient
enrichments of anthropogenic origin are not a prerequisite for their occurrence. An example is the
presence oKarenia mikimotoblooms in the NE Atlantic coastal veais where no apparent links to
anthropogenic activities have been observed SBr

However, most researchers, like Anderson in his 1989 d8agr h o | d is holw d&rtmly A
established that there is a ditemrrelation between the number of red tides and the extent of coastal

pollutiono . K o n o[82& who vsapports a similar opinion has also expressed the view:
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fundoubtfully, the frequency and concentration of red tides is directly connected with increased
eutrophication of codal waters under the influence of anthropogenic facgiors S m#@]d a
accept ed athe implicft eoncept df Anaahthropogenic trigger seems to be the favored
notoro although he was not guite ready to embr
connections between red tides and eutrophication may be gaetly the fact the red tide formation

is a complex process with adaptation mechanisms by some cyanolnesgedies and dinoflagellates

where their dominance involves many factors; these include temperature, circulation, competition
between species of ptoplankton and grazing rates.

The potential of cyanobacteria to utilize atmospheric nitrogen, practically an unlimited source, and
convert it into bioavailable nitrogen, is influencing widely accepted views regarding nutrient
phytoplankton dynamics$n regional seas like the Baltic Sea, where international efforts aiming at
reducing nitrogen loads, fixation of atmospheric nitrogen by nitrogen fixing cyanobacteria, (often
toxic like Nodularia spumigenaDolichospermunspp. andAphanizomenomspp.) [83] can affect
nutrient balances. The fixed nitrogen in the Baltic Sea is a major contributor to the overall nutrient
budget. It has been estimated that the fixed atmospheric nitrogen acco@Ms$d®0 percent of the
new nitroger{84].

Later, Smayda reckoned that frequency and dynamics of phytoplankton blooms sbem to
connected with nutrient enrichments at a global scale. Another factor favoring bloom formations that
has not received enough attention in HABs is connected with the Redfield Ratio. Some species can
exploit specific environmental conditions, especiallyen nutrients are not in what is known as the
balanced Redfield proportion. These species, under favorable conditions, can become even more toxic
[85]. Another adaptation mechanism is based on the grazing of dinoflagellates on picoplankton.
Laboratory experiments showed that wikarenia brevigs grazing orSynechococcushe growth
rate ofK. brevisis enhanced, a fact that can furthermore sustain @§@6h. Smaydd87] has also
published work on adaptations of dinoflagellate species. A number of 27 dinoflagellate species that

bloom in upwelling systems, showed morphological, physiological, toxicological and ecological
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adaptations. Adative strategies of dinoflagellates in the Baltic Sea based on allelopathy have drawn
the attention of researchd88] . The reason wasahalthough Baltic waters were usually dominated

by diatom blooms, dinoflagellaominated bloom spring events showed high frequency in the Baltic
over the last years. Recent studies on the trophic functionalities of dinoflagellates have further
elucidatel the selectivity of their mixotrophic mechanisri89] as well as their interaction
mechanisms with other species (symbiamisparasitism)[90]. The information collected so far
suggests that the continuous changes of the physicochemical conditi@rsby human pressures
induce adaptations in phytoplankton community in a dedadabkcale.

Work by Hodgkiss and H{®1] on changes of N:Ratios in coastal areas indicated that nutrient
ratios were the key to understand the increasing number of phytoplankton bloom incidences. These
aut hor s speci fical |l y sigaificant ehanges dn phytoplankton speciest h a
occurrences, biomassd productivity, as well as shifts in predominance, occurring in regions as far
apart as the North Sea and Hong Kong support the hypothesis that phytoplankton blooms are
increasing in coastal waters on a global scale and they are linked to long terrasesran coastal
nutrient levels . Hodgki ss ¢ @1 usingqinutdetht ratios arkl inra gnore recent work
[92] confirmed the role of nutrient ratios in harmful algal bloom formations. At the same period, it
was observed93] that increased use of fertilizers in China coincided with a 20fold increase,
regarding the occurrence of algal blooms. Similar patterns were found by thexsthoes in the
United Statesarelationship between increased nutrient loading from the Mississippi River to the
Louisiana Shelf and increase abundance of the toxic diatom Psetizdohiapseuododelicatissima
has been dominatéd. A fAroundn@abdoreganiszeuds shy t he U. S.
Agency[94], finally, unanimously adopted seven statements connecting eutrophication to harmful
algal blooms. Throug these statements, they accepted the fact that increased nutrient loading
promotes HABG6s formation. It was further stat
algal blooms to be sustained; this nutrient delivery can be either chronisodiepit is interesting

t hat t he rol e of nutrients i n HABO S f ormatio
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(LMEs) bordering Ching95]. It was observethat nitrogen loading was increasing much faster than
phosphorus. The authors found that the critical threshold in #RenNlarratio was the number 25.
Once the N:P ratio was above this | imit, S O Mme
ecoystemsd functioning were observed, namel y i
and more frequent occurrence of Harmful Algal Blooms.
2.6. Understanding and predicting HABs: the machine learning approach

It is well known by nowthatHABs f or mati on depends onJ[9ot h b
Abiotic variables include salinity, temperature, inorganic nitrogen and phosphorus concentrations.
Among the biotic variables, the presence of zooplankton, bacterial cell number, |phltop
abundance and species interactions seem to be the more profijnédnpromising data analysis
methodology, known as machine learning, isngeused over the last few years with increasing
intensity with main objective the predictiai algal blooms[97]. The number of publications of
machine learning methodology in connection with algal blooms increases exponentially: according
to the Web 6Science, the annual number of publications during the period-2008 is just about
3 to 4 papers per year, whereas this number exceeds 25 publications per year since 2020.

Machine learning (ML) is a branch of artificial intelligence thatusésala t o | mpr ove ¢
performance. The gener al idea is to use part
predictions without having been programmed to do so. ML methodology is a collection of algorithms
of different types. These algthrms include Decision trees, Multinomial logistic regression, Forest
random decision trees and Randomization classifiers, just to mention a few. More information on the
algorithms used for prediction of HABs can be found in a recent review article byCaL@7].

Work [17] using a number of machine learning techniques has been applied using a number of
abiotic variables: temperature, salinity and nutri@stsnput variables and the presence/ absence of
18 genera of phytoplankton, characterized as potentially harmful algae bBYNESCO[98], as
out put vari abl es. Nutrients s ef@madod, edpeciallptha y a

phosphates. The role of nutrients in general, was confirmed by most of the machine learning methods
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used in this particular work. Correlation between the presence of algal toxins and nutrient
concentrations was also confirmed quaculture facilities in the NE Atlantic arf39]. Furthermore,
application of the Dense Forest technique, showedribatporationof nutrient fluxes of terrestrial
origin, improved model performansepporting the view about the role of nutrients in HABs events

[100].

3. Sources of nutrients and toxic algal blooms worldwide: an outline
3.1.Wastewater

Anthropogenic activities in coastal areas stimulated a massive increase of nutrient loading in the
coastal marine environment. Among the nutrient sources enriching coastal waters, industrial waste,
fertilizers, aquaculture facilities and raiff from agriailtural land, contribute to phytoplankton
growth and consequently tocrease the frequenoyf algal bloomsevents However, the most
important source of nutrients, especially nitrogen and phosphorus, is wastewater. Estimates have
been reordedin literatue regarding inputs of sewage in U.S. areas. The contribution of nitrogen
from wastewater to Long Island Sound is as high as 67% of the total nitrogenIdjtSimilar
estimates in Narragansett Bay, showed that sewage contribution accounted for 41% of the total
nitrogen; sewage contribution in the South Seamciscovas almost 100%. Studies on the relation
between nutrient coastal enrichment arghbbloomg102], using a model (the SPARROW
model), indicated that the contribution of wastewater in ningaésts and bays in the U.S., ranges
between 8 and 63% with an average value 34.1%, whereas the average contribution of atmospheric
depositions was 19.5 and 30.6% respectively. These results indicate the primary role of sewage
derived nutrients in HABs foration

A nutrient source of primary importance is also the Submarine Ground Water (SGD). Relatively
recent studies in Daya Bay, in Chid®3] on SGD have shown that theRNatio increased to 37.0,
changing therefore the nutrient regime of the coastal waters. Regarding primary productivity, the

authors evaluated that SGD accounted for 30% of the total production. These findings indicated the
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primary role of SGD as a key source of nitrogen and phosphongmstal waters. Although this
N:P ratio of 37.0 is generally considered as a rather high value, it has been supported by Klausmeier
et al.[104] that he Redfield ratio of 16 is not a universal optimal value but is rather expressing an
average. The aut hor s wor KheapgmabN® ralips camrpanges mo d e |
between 8.2 and 45.0, depending on ecological conditions. In addition, phigsicétgdies have
shown that the NP. ratio seems to be species specific. The latter is important when growth
conditions of toxic algal species are considered. Researtie assessment of optimaPNatio of
the most common bloom forming species coulavfate valuable information towards
methodologies towards the prediction of algal blooms, a relatively recent issue of ecological and
economic importancl05,106]
2.2. Atmospheric deposition

Airborne nutrient transportation and deposition is one moreigdiysechanism connected with
nutrient eutrophication and HABs formatif#2i,107] Nitrogen in the form of nitrates and
ammonium is present in rainwater, whereas the gaseous formeogenitare DM NHz and HNQ.
Measurements of NONHz and total emissions in the Mediterranean Sea, have been carried out
during the year 1999: the quantities were approximating 1,800, 2,300 and 4,200 kt respectively
[108]. Phosphorus transportation in the marine environment is limited due to low solubility (about
30%) of the available phosphord99]. Globally, the use of nitrogen in fertilizers outpabgy far
phosphorus as a fertilizE4]. A significant proportion of nitrogen, mainly in the form of ammonia,
is deposited in the marine environment through atmagptransportatiorf85]. Nitrogen favors the
growth of phytoplankton species, some of them

Work in the East Chin&ea[110], has provided direct experimental evidence that atnesgph
deposition icreases the IR:ratio, opening new niches for bloom forming diatoms and
dinoflagellates. The role of atmospheric deposition has been indicated bj1Ragrhe author
mai ntains that direct atmospheric depoalition

and pelagic waters. However, later work by CarstefisE?] concluded that direct nitrogen inputs
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through atmospheric deposition in the Kattegat area could not be linked with any bloom events. In
a recent paper, dealing with nitrogen atmospheric deposition in the southwestern partiaf fle
authors expressed the opinion that although direct atmospheric deposition of nitrogen is not likely
to initiate HABS, it is possible to sustain existing blodais3]. Blooms in the Yellow Sea of China
have shown an increase in frequency of occurrence over the last decades; this fact has been
attributed to atmospheric deposition in addition to direct nutrient r{hbf
3.3. Fertilizers

The effects of fertilizers for the formation of algal blooms has also been an issue of concern
[115,116]. The quantitative relation between fert.i
using mathematical modelin§j15]. Three factors were taken into account: input of fertilizers from
agricultural activities, other soursef eutrophication apart from fertilizers and overfishing. The
model indicated that rapid algal growth was closely connected with increasing use of fertilizers.
Recently, Hou et al[117] have carried out similar work: in addition to nitrogen and phosphorus
contribution, different environmental stressors such as climate change and different land
managementractices were included in the model. The model indicated that between the two main
nutrients, nitrogen and phosphorus, phosphorus concentrations were found more effective in
reducing HABs risks. This finding can be helpful for managers and policy makeitgegtion
measures for the use of phosphorus may reduce the frequency of HABs formations. Urea has
attracted the interest of researchers as a potential factor in HABs fornjihtiéjr The main
anthropogenic source of urea is in the form of nitrogen fertilizers, accounting for 60% of the
worl dés consumption of nitrogen fertilizers.
pesticides used in agriculturié is known that some algal species using urea, are prone in causing
toxic algal bloomg118].
3.4. Overfishing

Research on the connection of HABs formation with overfishing has received very little

attention. It has been reported by Vasas ¢f48] that overfishing of planktivorus fishes is acting
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synergistically with nutrient enrichments, pr
formations. Other authof&20] maintain that the top down marine ecosystem control from

piscivorus fishes to phytoplankton has been reversed; overfishing of piscivorus species and the
subsequent growth @llyfish biomass, fed on copepods, has allowed the expansion of
phytoplankton, favoring the formation of HABs. Maximal landings of sarfardinops sagax

within the Benguela current has been reported for the year[126b The response to this

overfishing was a population explosion of the red &gayaulax catenellahat caused serious

health problems to humans by contamination of shellfish contaminated by saKi@kinAs a
management practice to reduce HAB formations, it has been proposed that bivalve restoration could
combat algal bloom.22]. A summary of the nutrient sources connected with HABs formation and

selected literature is provided in Table 2.

Table 2 Nutrient sources connected with HABs formasio

Nutrient Source Short descrifion References

Wastewater Enormous quantities of sewage inputs, [123], [124], [101],[103]
treated or untreated, increase nutrient
concentrations in the coastal zone, boostir
algal blooms.

Atmospheric deposition Atmospheric deposistiofavors nitrogen [107],]110],[112]
forms, especially ammonium and urea.
Increased N/P ratios provide advantages t
some species with a dominant role in HAB

Fertilizers Fertilizers are amondné primer cause in [115],[116], [118]
HABs formation. Modelling ecosystemic
processes has confirmed the role of N anc
Mitigation practice are recommended,

especially decrease of P as fertilizer.

23



4. Regional Seas: a review on toxic phytoplankton
4.1.Environmental Policy and Governance in the regional seas

The term fAiregional seaso has been adopted by
Conference on the Human Environment in 1pIZ25]. The Stockholm Conference also gave birth
to United Nations Environment al Programmes (U
seasasoneoftleer gani z at i andlédsto the developmentiofahe Regional Seas
Programme (RSP). Since theeth RSP i s UNEPG6s most i mportant r
protection of the marine environmdaf6]. The Programme encompasses 18 regional se&3; in
out of the 18 regional seas, their environmental governance is administered by UNEP. There are
Action Plans, which are the executive arm of UNEP. This Programme has been signed by 149 states
(95% of the Worl dbébs St at eogramme fotmaiing entirbnementali g g e s
protecti on; pr oigter aliag maudesguidelnéseard adtionefar the control of
marine pollution and for the protection of aquatic resources. The impact of pollution on human
health, marine ecosystems, emties as well as management of marine and coastal resources are
al so within dbjeative27b The fasinimerrational Convention for marine
environmental protection within the UNEP framework was sigoethe Mediterranean Sea in
1974. The BARCON Convention that is the Barce
number of similar agreements signed for the regional seas that are mentioned in the present work
[21,23]

The strategies to be used for the protection andldpment of the regional seas, according to
the decision of the Governing Council of UNEP in 1978, include guidelines and actions for the
control of marine pollution, protection of aquatic resources, environmental impact on human health,
e cosyst eand grotebhtiernsof amanities. It is obvious that all the objectives mentioned above

are directly or indirectly connected with toxic algal formatif28.
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The key role in marine environmental governance is the effectiveness. The effectiveness can be
addressed in practical terms by adopting appropriate cijf8131]. In simple terms the
ef f e ct demotes @&sslgtionfof an environmental problem that brought togetieenational
actors to confront @[23]. Effectiveness can be realized by conitg institutional output with
expertodés advice. The knowledge of physical p a
political relations. However, the problem according to Kil8] i s thé states dt times rely on
imperfect knowledge andformation when attempting to meet their obligations and consequently,
compliance is not always achieved even when states have employed their best efforts to do so
There is always a degree of uncertainty about the nature and severity of the problesth€his
case regarding HABs. As HABG6s formation is an
information may fail to be collected. Even if a monitoring program is in progress, which is the rule
for most of the regional seas as part of theiloagtlans, HABs phenomena might take place at a
much shorter timacale that is during the time interval between two successive field surveys. In
addition, even when data are available, data interpretation is not always possible or easy and
therefore, laclof understanding makes any measures to be proposed rather doubtful regarding their
effectivenes.

Within these constraints, the problem of HABs will be reviewed in the seven regional seas
already mentioned. On the other hand, there is sufficierispeld work for marine eutrophication
and toxic algae in the selected regional seas. In these seas, HAB formation seems to be a serious
ecological and socieconomic problem closely connected with eutrophication. This is the reason
that toxic algal bloomdrmations should be considered within a framework that includes the
physiography of the regional sea, environmental pressures, water quality and marine policy. This is
the approach that has been followed in the present work

The criteria used for theekection of the case study areas were: (a) accessibility of relevant
scientific information and conditions (water

and causes of environmental impacts (c) information on the governance schemes &bhieaigr
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dispersion of the case study areas (e) eutrophication status (f) information on toxic algal events (g)
policy schemes: international conventiénStrategy - Action Plans’ Proposed solutioris
Assessments
4.2. The Mediterranean Sea
4.2.1.Physiography and environmental pressures

The Mediterranean Sea is an evaporation basin, which means that evaporation rates are higher
than the rates of precipitation (rain, snow, hale) and river inffl@8]. This semienclosed basin is
exchanging water masses with the Atlantic Ocean through the Straits of Gibraltar, beintbabout
km wide (Figure 1). The coastline of the Mediterranean is aboud@iéh, bordered bg2
countries. The Mediterranean Sea is also connected with the Black Sea through the Straits of
Dardanelles (maximum width 7 km and average depth 55 m) and sincevitB88e Red Sea
through the Suez Canal. The length of the Mediterranean basin from east to west is 3,800km and the
maximum distance from north to south about 900km. The surface area is about 2.5 milion km
which is equivalent to 0.82% of the total acdahe world oceans. More information on the
physiography of the Mediterranean has been given in previous sf2itj22] Due to the high
inhomogeneity of the Mediterranean environment, the Mediterranean basin has been subdivided

into ten sukbasing134,135], shown in Figure 1.
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Figure 1. Subbasins of the Mediterranean. | Alboran Sea, Il Northwestern basin, Ill Southwestern
basin, IV TyrrheniarBea, V Adriatic Sea, VI lonian Sea, VIl Central basin, VIl Aegean Sea, I1X

North Levantine Sea and X South Levantine Sea. Source UNEP/MAP (2012), modified

The main driver of environmental pressure in the Mediterranean Sea is the continuous
populaton growth. While the population of the coastal states was 246 million in 1960, these days
the population has exceeded the number of 500 million people. It has been estimated that at least
one third of the population lives in the coastal zone. Mass toumisine Mediterranean has grown
exponentially after the Second World War. Many areas along the Spanish, French and Italian coasts
as well as manpjegean Islands are suffering fnavertourism Mediterranean is the biggest
holiday resort in the world accoumg for 30 percent of the international tourist arrivals. The
number of tourists is expected to exceed 350 million tourists by the year 2025. Agricultural
activitieshave to be adde the environmental pressures: plant cultivation, irrigation, dairy
farming and pasture. In addition, aquaculture production follows an exponential trend. The result of
all these pressures is marine eutrophication, mainly along coastal areas andilgaris h@avy
metal pollution seem to be the second on the list, although their footprint is continuously eliminated
over the last decades due to measures adopted by international conventions and administrative
practices.

The main legal instrument for the protection of the Mediterranean marine environment is the
Barcelona Convention. Environmental law, environmental protection policy, protocols referring to
specific forms of pollution, marine monitoring programs and impteaten measures, they all
make up the ABarcelona Systemo6. This system i
and the science estgi86]and has been the Amodel 6 for a nun
regional seas; some of them will be mentioned in subsequent chapters. The Strategic Action Plan
(SAP) for the Mediterranean, functioning withime UNEP framework, has catalogued 131

pollution hot spots most of them characterized by eutrophic condjfi8i@$ More information on
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the physiography ahe area, environmental pressures and the governance of the Mediterranean
have been given in previous wdel].
4.2.2 Trophic conditions in the Mediterranean Sea

The Mediterranean ecosystem is characterized by very high diversity. The list of marine species
includes 8,500 speci¢$38]. This number accounts for 7.5% of the species living in the world
ocean. There are estimates that the total number of species in the Mediterranean is about 17,000
[139]. Mediterranean marine habitats support 28 animal phyla. Thirteen out of the 28 are endemic
in the marine environmefit38]. The Mediterranean Action Plan provides guidelines to the
signatory states of the Barcelona Convention for their protection. The Mediterranean Sea is
subdivided into ten majoug-basing21] and this affects the heterogeneity of the distribution
pattern of diversity. For example, tAdriatic Sea hosts 38% of the total species number, the
Central Mediterranean 35%, the Aegean 44% and the Levantine SdaZ28%d he western part of
the Mediterranean (Alboran Sea) is influenced by the Atlantic through the Straits of Gibraltar. The
Northern Adriatic Sea characterized by high nutrient concentrations and minor temperature and
salinity values, presents a floristic and faunistic regimelar to the Black Sea. It is beyond any
doubt that the role of climate change and nutrient enrichments in the Mediterranean are factors
affecting biodiversity138]. However, marine scientists should not ignore that the phenomenon of
species composition changing is not new in the Mediterranean, influenced by different climatic
regimes that prevailed in the area over the last ten million years. A extield on biodiversity
changes in the Mediterranean Marine Environment has been published and all these problems are
presented in detdil38]. Thepresemtday problem regarding biodiversity changes in the
Mediterranean is that this phenomenon has been accelerated due to additional causes: destruction of
habitats, fishery practices, pollution and invasive/ alien species are factors of anthropagenic or
Al | these factors affect ecosystembs stabilit

4.2.3 Toxic phytoplankton

28



A growing threat for the Mediterranean is the invasion of alien species, some of them toxic.
They invade mainly through the Suez Canal but also through the Straits of G{li&8faiT he
main concern for species invasions is the negative effects that have been observed in most cases on
ecosystemdbs funct i o [l40hBedeficalcetiestyfiom ievasive speciesom i ¢ e S
ecosystem services and biodiversity are scdmt¥]. This phenomenon is mainly due to the
combination of two factors: trade at a global scale and climate change thadalowmber of
invasive species to settle. There are many different ways for species to eti@gdographic
space of the Mediterranean Sea and sgiflg]. The abundance of alien species in the Levantine
Sea is so0 high that this stlasin is considered as a different biogeographic[aB&]. Alien
specieonce settled, they affect ecosystemsd dyna
formation. This situation may act as a potential mechanism for the formation of algal blooms. A
more serious mechanism is due to alien harmful algal species. Maram@iLtl43] have found
out, after a literature review, that at least twenty harmful algal species have been introduced in the
Mediterranean. These include microalgal species from the galeadrium, Chaetoceros,
Dinophysis, Ostreopsis, Prorocentrum and Pseniioschia

Blooms in the Mediterranean had not received the interest of the scientific community until the
706s and they wer e gen §d4a The fyequencyno§HAB evenesséhthas r a
Mediterranean and the subsequent impact on the economy has convinced both governments and
international agencies to support monitoring and research. Tsikot{ 4%l have mined
publications regarding eutrophication and related algal blooms, providing a graph that shows an
exponential increase of relevant papers for the Mediterranean, mainly over the perkad2000
short review will be given below for each biogeographic area of the Mediterranean. The description
of the presence and expansion of algal blooms with emphasis on toxic microalgae will follow the
subbasin division of the Mediterranean Sea as shownguaré 1. The most common toxic or
potentially toxic species in the Mediterranean Sea and the areas they usually occur are given in

Table 3
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Table 3. The most common toxic or potentially toxic algae in the case study areas. The most

common areas recordingrfbloom forming are also provided

Regional Sea

Toxic or potentially toxic microalgae

HAB events occurrence and

their references

Mediterranean

Alexandrium catenella, A. minutum, A.
tamarense, Prorocentrum lima, Chaetocerg
Dinophysis sacculus , D. tgs, D. cauda,
Ostreopsis ovata, Prorocentrum minimum

Pseudenitzschia verruculosandKarenia

Moroccan Coastil46],
Annaba Bay[147] , French
coasts[148], Tunis area
[149], Adriatic Sed150],

Lebanon[151], Alexandria

Caribbean Sea

GonyaulaxandPhaeocystis, Gymnodinium
catenatum, Pyrodinium bahamense,

Dinophysis ovum, Pyrodinium bahamense

selliformis, [152], Spanish coastal area
[153]

Black Sea Dinophysis rotendata, D. caudata, D. Azov Sed[154], Black Sea
accuminata, D. hastata, D. fortind Basin [155], shores of
Prorocentrum lima, Alexandrium andersonii| Caucasu§l56], NE Black
A. minutumandA. ostenfeldii, Dinophysis Sea[157,158], W-NW Black
acuta, D. acuminata, Prorocentrum cordatuj Sea[159]

Caspian Sea Pseudenitzschia seriata, Nodularia Southern parfl60,161],
spumigena, Gonyaulax polygramma, EasteraMiddle part[162]
Nodulariaspinifera

Baltic Sea Nodularia spumigenaAphanizomenosp., Baltic Sea Basin
Lepidodinium chlorophorum, Tripospp., [16,163,164] Bothnian Bay
Karenia mikimotoi, Prymnesium polyleptis | [165], Swedish coas{d66]

North Sea Phaeocystis globosa, Dinophysis.,Pseude | Southern North Sefd66],
nitzschiasp.,Alexandrium minutum, A. English Channel[167],
ostenfeldii, Gonyaulax spinifera, Karlodiniurl Belgian coastfl68]
venefcumandProrocentrum cordatum

Wider Margalefidinium,Prorocentrum Mesodnium, | Coast of Florid4169,170],

Caribbean Sef 71], Yucatan
coastal zong172], Cuba

[173]
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South China Sea Noctiluca scintillans, Phaeocystis globosa, | South China aref74], Mirs
Skeletonema costatyrscrippsiella Bay [175], Daya Bay

trochoidea, Heterosigma akashiwo, [176,177] Guangdongl178]
Chatonella marina, Karenia mikimotoi,

Phaeocystis globosa,

The Alboran Sea (Figure 1, sblasin ) is the westernmost sbhsin of the Mediterranean
characterized by an intense circulation pattern. Geographically is defined by the Moroccan coastline
in the south and southern coastline of Spain in the northerofghe Alboran Sea. There is a
strong inflowing surface current from the Atlantic. Eutrophication and harmful algal blooms have
been observed along the coastal waters of Morfiet®,179] Urban, industrial and agricultural
development are the main causes of eutrophic trends especially in the Lagune de Nador, the largest
lagoon in Moroccg180].

Studies performed along the Maan coastal zor{@46] have also focused on phytoplankton.

The number of taxa found were 92 and numerous HAB species tend to appear in a regular pattern
round the year. The presenceDohophysisspecies an&rorocentrum limashowed the highest
frequencyin the samples collected. Recent work published in 20232], based on fiel work

between 2018 and 2019 showed tRs¢udenitzschiaspp., a producer of domoic acid was present

in many samples. The spec@mophysis caudataéProrocentrum lima, Gonyaulax spinifera,
Prorocentrum reticulatum and Karemia selliformvere alsadentified The authors ended with the
conclusion that the observed toxic algae were the source of toxins found in mollusks.

The southwestern basin (sbhsin II, Figure 1) is mainly affected by the Algerian coastal line
[147]. The surface inflowing Atlantic water, poor in nutrients and the gyre in the Algerian waters,
shape the nutrient regime in the area. Environmental disturbance malyrdrilture, heavy
urbanization, industrialaivities and aquaculture. However, information on nutrients and
phytoplankton is scanf21]. Work in the Anaba Bay (Algeria) has shown that cysts of
Alexandrium pacificumvhen germinate they provide populations with remarkable physiological
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plasticity with up to 30 strains éflexandrium pacificunfil47]. The authors maintain that this
physiological plasticity can render the microalga, able to respond in the surrounding environment.
This is possibly the reason that this specfeg@cificun) is distributed and expanded worldwide.

The North Westersubbasin (sukbasin Ill, Figure 1) is extending over the Mediterranean
coastal zone of Spain and Frafi2g&]. Eutrophication is mainly due to agriculture, aquaculture,
tourism, intense urbanization and industrializafi8i]. Along the Spanish coastline &
occurrences have been reported with dominant species the micragaedrium catenella, A.
minutum, A. tamarense, Ostreopsis ovagavell as species of the genBiaophysisand
Karlodinium[145]. Diatom blooms were dominated by speciePsd¢udenitzschia The Gulf of
Lions in the French coastal zone is the most eutrophic system in tHe@ Hrezutrophic conditions
in the Gulf of Lions stem from municipal waste and industrial effluents through the Rhone River.
Among the dinoflagellates involved in HABs, specie®ofophysisandAlexandriumshowed the
most frequent occurrence. Specie©stre@sisand the speciddrorocentrum minuturwere
identified. Among the diatom blooms specie$studenitzschia, SkeletonenaadLeptocyndridus
have been reportdd82].

The northern coastal areas of Tunis, the Northern Sicilian coastal area, the western coasts of the
Italian peninsula and the eastern coastal areas of Corsica aimieSaefine the sulbasin 1V, the
Tyrrhenian Sea (Figure 1). It exchanges water masses with the NW Mediterranean as well as the
Central Mediterranean stiiasin (VI1). Eutrophication events in the Tyrrhenian Sea are rather
episodic, not widespread and wittsignificant secondary effects. However, areas in Campania are
suffering from anthropogenic pressures that is domestic sewage, industrial waste and agricultural
activities[21]. HABs in the Gulf of Tunis have been dominated by the dinoflagelbtexphysis
sacculus, Ostreopsis siamendi83] andPeridinium quinquecorngl49].

The Adriatic Sea (subasin V, Figure 1) is an elongated system extending from north to south
over a distance of 800km. The width varies between 100 and 200km. The Adriatic communicates

with the lonian Sea through the Straits of Otrando, 75km wide. It is a shallow water system,
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especially in the northern part of the Adriatic, with a depth of about 70m. Due to hydrodynamic
reasons, water mass circulation is redydql. Eutrophication in the Adriatic is rather serious.
Phenomena of anoxia have been reported and the benthic population has beerj2géHuced

Adriatic Sea is known for frequent blooms causing health hazards and affecting esthetic values with
impact on the economy. The organisms causing blooms are mainly dellafleg and diatoms.
Phytoplankton abundance reaching 48k#0st! has been reportgd84]. Among the
dinoflagellatesDinophysis tripos, D. sacculus, D. caudata, Alexandrium minutum, Gonyaulax spp.,
Prorocentrum spandOstreopsis ovatare themost common potentially toxic speci&keletonema
marinoi, Chaetocerospp. andCylindrotheca closteriurare the most common diatoms causing

algal bloomq184,185]

The lonian Sea (subasin VI, Figure 1), extends over the central part of the Mediterranean Sea,
located between the Italian and Bakan Peninsula. The lonian Sea is connected with the Adriatic
through the Straits of Otranto and with the Tyrrhenian Sea through the Strait of Messina. The
physiography of the lonian Sea has been described in a previoug2igdpBegarding trophic
conditions, there is a gradient from the north (mesotrophic conditions) to the south (oligotrophic
conditions). HAB events have been recorded in gulfs and coastal areas. The dominant presence of
the raphidophyteéPseudochatonella verruculosaas recorded in Amvrakikos Gulf (Greece) during
1998, causing fish killgL86]. The presence ¢frorocentrum minimurandAlexandrium insuetum
have also been found in blooms that caused water discoloration and nuisance to fishery and
recreatior{187].

The Central Basin (subasinVII, Figure 1) is defined by the southern coasts of Sicily, the
eastern coast of Tunisia and the coastal area of Libya. Infornmateming totrophic conditions,
especially from Libya is limited. However, it is known that the main water mass of th&lCen
Mediterranean subasin is highly oligotrophif21]. Most of the information regarding the trophic
status and phytoplankton regarding Tunisia comes from the Gulf of (@&8%89] The coastal

zonecharacterized byigh nutrient concentrationgsasdominated byDictyocha fibula an
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opportunistic species. Work carried out within the UNEP frame\i®@] has identified eight toxic
dinoflagellates. The most dominant species among thenKaramiac.f. selliformisaccounting for
40% of the total dinoflagellate cells.

The Aegean Sea (stiasin VIII, Hgure 1) is the third major sea in the eastern Mediterranean.

An irregular coastline, many islands and rocks characterize the Aegearh8ewrthern Aegean
communicates with the Black Sea through the Straits of Dardanelles. It also receives freshywaters
several rivers. The southern Aegean Sea communicates with the main water masses of the
Mediteranean through the eastern straits of the Aegean Arc and the Cretan Arc. Information on the
topography and circulation has bgaovidedin a previous work21]. Regarding the trophic state

of the sea, the Northern Aegean is mesotrophic, whereas the Southern Aedjeaoligotrophic.

However, there are gulfs and coastal waters near urban areas, characterized by eutrophic conditions
[21].

Numerous HAB incidents have been reported, mainly dominated by dinoflagellates, diatoms
and to a lessaxxtentby haptophyte§l91]. Red tides caused B®texandrium minuturhave been
recorded in the Ismir Bay (1983 and 1988), whereas widespread blooms ca@&setbbgntrum
ssp. andProrocentrum micasoccurred during 2015. Along the eastern coastline (Asia Minor), the
dinoflagellatesGymnodinium catenatum, Gonyaulax fragdisd the diatonSkeletonema costatum
complex, Thalassiosira sp., Cylindrotheca closteramdPseudenitzschia pungenisave alsdeen
identified[192]. In a review article by Ignatiades et[dl91], it has been found that the most
common microalgal species in HABs in the eastern, central and southern Aege&ineplg/sis
accuminata, Karenia Brevis, Alexandrium insuetum, Prorocentrum minimum, Phaeocystis puchetti
andNoctiluca scintilans All these species are potentially toxic. Detailed information on HABs in
the Aegean has been given in a recent Jbik].

The North Levantine Sea (stdasin IX, Figure 1) is borderday the south coasts of Turkey as
well as by the Syrian and Lebanese coastline from the east. The western area of the North Levantine

is the Island of Crete. The south coasts of Cyprus are the southern limit of the North Levantine sub
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basin. The main watenass of the area ¢haracterized asligotrophic. However, some coastal
areas show eutrophic conditions. The physiography in the area and trophic conditions have been
presentedh previous worl21].

Algal blooms ofProrocentrum micanandHeterocapsa triquetréiave been reported in the
Mersin Bay[193]. There is a deficit of information regarding eutrophication and phytoplankton
along the southern coasts of Turkey, Cyprus and Lebanon. A recent work ifL20Pdas
focused on biotoxins produced by algae with negative effects on gastropods, bivalves and fishes.
Samples were collectdtbm three sites, Beirut, Tripoli and Tyre. High abundandessfude
nitzschiaspp.,Gymnodiniunspp. andAlexandriumspp. had been observed. They were considered
as the source of domoic acid, gymnodimine and spirolid that were detected in the gastropods,
bivalves and fishes.

The South Eastern Mediterranean Sea-{sagin X, Figure 1), is affected by the coastal line of
Egypt and I srael. The Egyptian part of the <co
hot spoto due t o bddahe funoff fhomtha Nilglp7]. €hse wtal anawgal input of
dissolved nitrogen input is about Hiyear and of dissolved phosphorus abowt&®ar[145].

This eutrophic regime has stimulated many toxic algal blooms and a number of toxic algae, between
29 to 38 taic species, have been reported soAéExandrium minuturshows the highest

frequency resulting in many fish kills. The most serious HAB events that happened in Alexandria
where the community was dominatedAlgxandrium minuturfil94], Prorocentum triestinum

[195] andEutreptiellabelonging to class Euglenophyceace reaching a biomass of 17x106cells|
These genera may Vv@been introduced via ballast waE®6]. Apart from theA. minutum,the

speciedA. ostenfelddidominated in a HAB during 2007 that caused fish mortalities. During the
sameyear,a HAB dominated byPeridinium quinquecornbad an impact on the internal tourism.
Gymnodiniunspp, Prorocentrunmspp, Pseudenitzschia spandSkeletonema costatuoomplex

have also been mentioned in the ddekb].

4.3 TheBlack Sea
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4.3.1 Physiography and environmental pressures

The Black Sea is a seranclosed basin surrounded by six countries: Russia, Ukraine, Romania,
Bulgaria, Turkey and Georgia. The total area of the Black Sea is about 4602p0@kiangth of
the coastline is about 4,020340km[197] and the maximum depth 2,200m. The Black Sea is
connected with the Mediterranean throughShmits of Dardanelles (Figure 2). The Black Sea is
characterized by a very large catchment area (about 1,900,00@&oeiving fresh waters from 23
countries. Most of the fresh water inflows into the Black Sea through three main rivers: the Danube,
Dnieper and Don rivers. This sea is characterized by excess of fresh water and there is therefore an
outflow into the Mediterranean Sea. The northwestern region that covers about 25% of the total area
of the Black Seghas a rather shallow continental shdig tlepth being less than 200m. The three
rivers accounting for 85% of the total riverine input into the Black Sea and cover an area larger than
two million square kilometers; the impact on the northwestern basin is therefore remgré&ple

Environmental pressures in the Black Sea have changed a highly diversified system into a
eutrophic water mass. A number of 17.5 millmgrmanent inhabitants plus 6 to 8 million tourists
inhabits the coastal zone of the basin. Additional nutrient loading comes from the rivers. River
runoff is the biggest nutrient source for the basin. Nitrogen fluxes have been estimated to about
760,000ty during 20062005, whereas the phosphorus fluxes during the same period were
estimated about 70,000ty24]. More informaton on water quality of the Black Sea basin and
eutrophication status have been given by Karydis and KifgRjuFish species have been reduced
in number: from 26 species of commercial interest, only 5 species are present these days. In

addition, an alien specigginemiopsis leidyihas significantly affected the marine ecosysf£a9].
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Figure 2. The Black Sea

The eutrophic areas in the Black Sea are located in the Azov Sea, thevesten part of the
basin as well as the estuaries of Danube and Dnieper rivers. According to[RDUERhe most
critical environmental issue in the Black Sea is eutrophication. Eutrophic trends in the Black Sea
were observed [R0lpbMoretinforenatiereon theyenvirdhental status and
eutrophication of the Black Sea has been provided by Vespremedu@oiumbeany,199] .
Hypoxic water masses rich in organic matter trigger and maintain freglgeh blooms that are
fairly often dominated by toxic algal species. These events are very common over the last thirty
years. Dam constructions along the rivers have reduced the suppiya@sd therefore the ratios
N:P:Si affect phytoplankton commiiy structure, favoring the presence of dinoflagellates. But
even when changes in the N:P:Si ratios are milderstiligpossible hatdiatom successiowill be
induced Example: the large diatoiirhalassiosira oestrupiin silica deficient conditionsireplaced
by the small diatonCyclotella choctawhatcheeanBominance of dinoflagellates often favors toxic
speciescausingnter alia, hypoxia and fish degit?02]. Phytopankton community showed a
succession over the last twenty years. The spring bloom is considered as the turning point of the
annual cycle of phytoplankton succession in the Black Sea marine ecosystem. The dominant species
during the spring waBseudenitzschia pseudodelicatissinfallowed by the small diatom

Chaetoceros curviset$57]. These diatoms had been succeeded by coccolithophores that had
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gained dominance during late spring. A hypothesis, widely accepted, isishdbhinance is

coupled with Si deficienc{203]. Silicate seems to be the key factor in species succession in the
Black Sea. During the summer, the diatdPngboscia alateandPseudesolenia calcaravisare

usually the dominant species. The diat®ralatais also the dominant species during the autumn
period.The winter period is characterized by the dominance of various large diatom species and
coccolithophores. Dominance of the coldthophoreEmiliania huxleyihad been observdzktween
2005 and 2010; its relative abundance was sometimes exceeding 90 per cent. Dominance of the
diatomChaetoceros curvisetus, Pseudosolenia cakoas andDactyliosolen fragilissimus/as
observed (2002009) in the offshore arga04].

4.3.2 Toxic phytoplankton

According to a recent work by Dzhembekova ef1d9], 27 operational taxonomic units were
usedand they were assigned to 18 potentially toxictpphankton species. The most diversified
group in terms of toxic species was the group of dinoflagellates. Among the dinoflagellates, three
species oflexandriumwere identified that i&\. andersonii, A. minutugndA. ostenfeldii The
speciessonyaulax piniferaandKarlodinium veneficurshowed dominance in certain sampling
sites. The specid3inophysis acuta, D. acuminata, Prorocentrum cordatum, Amphidoma laguida,
Phalacroma rotundatuprandGymnodinium catenaturpotentially toxic microalgae, have also
been reported. Among the diatoms, three speci@sefidenitzschia potentially toxic, were
detectedP. callianthapresent in 80% of the samples as welPadelicatisimaandP. pungenshat
showed sporadic presence. The most common toxic or potemdigltyspecies in the Black Sea and
the areas they usually occur are given in Table 3.

The northeastern part of the basin as well as the central regions are less affected by nutrient
loading because the influence by rivers is weak due to the smatenent area. Phytoplankton
biomass is therefore lower in the northeastern part, although peaks in phytoplankton abundance and
red tide events have been observed. When nutrient concentrations are high, a phenomenon is often

happening during the spring thatdiatoms characterized by their small cell size sudPsaside
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nitzschia pseudodelicatissintend to prevail. On the contrary, when high phosphorus and silica
concentrations are coupledth low nitrogen concentrations, the coccolithophBneiliania huxlei
prevails. Diatoms of a larger size liRseudosolenia calcaavis dominate during the summer time
[157]. Published work on toxic phytoplankton in thertheastern basin is generally scarce and
sporadic. The presence Aliexandrium tamarendeas been recorded along the northeastern coast of
the Black Sea during 20Q158].

A phytoplanktommonitoring project was carried out in the northeastern Black Sea along the
shores of Caucasus during 268002. A number of 93 species was identified, belonginguerse
classes. Thirteen out of 93 species were potentially fd%ig]. Among the toxic diatoms, the
speciePseudenitzschia pseudodelicatissirmadP. pungensvere identified. Among the
dinoflagellates,he potentially toxic specid3inophysis rotendata, D. caudata, D. accuminata, D.
hastata, D. fortiandProrocentrum limavere recorded. In addition, the authors have found the
ichthyotoxic dinoflagellateMargalefidinium polykrikoidesvhich is consideredsaa risk factor in
aguaculture facilitief205].

4.4 The Caspian Sea
4.4.1. Physiography and environmental pressures

The Caspian Sea located between the eastern side of CaMicasuainand the southwestern
area of Europgés a landlocked sea. The area of the sea is abol@Gmd? and the volume
80,000kni (Figure 3). The catchment area is about 3,500,080Kkhe Caspian Sea has been
characterized as one of the most polluted regional seas. Sources of marine pollution in the Caspian
Sea are discharges of agricultural and intistvastewaters, domestic sewage effluents and
atmospheric deposition of various toxic compounds. However, the main source of pollution comes
from drilling, extracting, transporting and refining hydrocarbons. Baku is the largest city and capital
of Azerbajan with population exceeding 2,000,000 people. Baku is the economic center of the
country for petroleum production argan important tourist resoas well Other Caspian cities

causing environmental problems are Astrakhan (Russia) built on the bahksuvwlga River,
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Makhachkala (Daghestan), Enzeli and Babol (Iran) and two regional centers Aktau and Atyran
(Kazakhstan). Ranking the pollution problems, oil pollution is on top of the list followed by
eutrophication. More information on the physiographyhe sea, pollution sources and eutrophic

conditions have been given in a previous WarK.
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Figure 3. The Caspian Sea

The pattern of phytoplankton distribution in the Caspian Sea is also influenced by the
hydrographic conditions. In addition, large fresh water masses from rivers in the northern part
decrease salinity favoring specific sped@6], therefore decreasing diversity. An example is the
high dominance dRhizosolenia calcaavis as this diatom is naasilygrazed by zooplanktois
deposited on the bottom and contributes to anoxic conditions. Sampling carried out during March
2001 in the southern Caspian Sea (Iranian coasts) andstieene@aspian Sea (Kazakstan), showed
average abundanc el AMdal 0045 GadhIvere fOuad) 20 ofehken teing diatoms
and 17 dinoflagellates. The remaining taxa belonged to minor gf@@ips A more recent work

[160] on phytoplankton abundance along the Iranian coastline of the Caspian waters, during a four
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season bloomeriod, showed minimurma x i mum val ues 73N31 ard 501K
respectively
4.4.2. Toxic phytoplankton

The diatomActinocyclus ehrenbergiénd the pyrophyt&xuviella cordataare also showing
dominance. Invasive microalgae also causeithance of the phytoplankton community dynamics.
The presence of the alien diatom spedsetoceros peruvianus, Cerataulina pelaghcel
Pseudenitzschia seriatdnave been recordg¢d08]. The occurrence of a potentially toxic invasive
speciesGonyaulax polygrammwaas recorded as well as blooms during the summer of 2010 and
2013 wherG. polygrammavas the dominant specifl62]. The most common toxic or potentially
toxic species in the Caspian Sea and the areas they usually occur are given in Table 3

Algal blooms have often been observed. The first report on algal blooNwldfria spinifera
with a relative abundance of about 90%, in the southern part of the Caspian Sea was first reported in
2005[209]. Rhizosolenia calcaavishas dominated in a bloom by 95%, affecting sturgeon fishing.

In the same area (the Southern Caspian Sea), algal blooms were recorded dur2@120TBe
speciesStephanodiscus socialis, Binuclearia lauterboamdThalassionema nitzschioidesre

obseved in bloons during spring, summer and aotn, whereas the harmful specieseude

nitzschia seriatavas recorded during winter tinji@60]. The cyanophyt&lodularia spumigenavas

the dominant species in a bloom event in the Southern Caspian Sea during 2009, causing a risk to
marine water quality161]. N. spumigenahowed the highest abundance values in some cases
approaching 99%.

There is a recent paper on phytoplankton community structuteeaastern part of the Middle
Caspian Sef210]. The top laye(0-50m) was the most productive, biomass values ranging between
98 and 109 mg/f The most dominant phytoplankton species viRdtizosolenia calcaavis,

Anabaena bergii, Exuviella cordatandBinuclearia lauterbornii Studies on bloom development in
the Caspian Sea (2012013) showed blooms associated with the seasonal upwelling system in the

eastern Middle Caspian area, dominated by the potentially toxic dinoflagetiat@aulax
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polygrammaAlthough it was distributed all over the Caspian, most of tleatswvere located in
the Middle Caspian region. The concentratiosopolygrammaccounted for 75 to 99% of the
total community[162]. The mean phytoplankton abundance was 4 5zals/n?.
4.5 The Baltic Sea
4.5.1. Physiography and environmental pressures

The Baltic Sea is an almost landlocked regionakseamunicating with the North Sea only with
the Straits of Kattegat and $éndthetotal langthoftBea s i n 6
coastline is about 40,000 Kh97], the average depth being about 50m in more than 50% of the
area (Figure 4). The basin is surrounded by 14 states. The hydrology of the Baltic Sea is influenced
by 250 streams and rivers, contributing about &0 fresh wateper year Oder River, Vistula
River, Neman River, Daugava River and Neva River are the major rivers in the area. The
hydrological budget, precipitatieevaporation is positive. Water excess is driven into the North Sea
through the DanisBtraits. Although there are many pollution sources in the area, eutrophication is
the main environmental issue in the Baltic Sea. The Helsinki Commission (HELCOM) has adopted
programs to mitigate eutrophication by reducing nitrogen by 25%. More inforntatiobe found
in textbooks for the sea conditions and the governance of the R&ltias well as for the
eutrophication issuR4]. A detail account of the eutrophication issue in the Baltic Sea and the
policy measures have been published by HELC@M.,212]

The largest groumicroalgaen the Baltic Sea is dinoflagellates, being dominant during the
spring because sttified waters favor their presence; this mayats®due to the fact that they can
choose the optimal water depth. The second important group in the phytoplankton community in the
Baltic Sea is the group of diatoms. Turbulent waters facilitate diatontlyemsithey keep them
suspended. Dinoflagellates, diatoms and cyanobacteria are the three functional groups dominating
on a seasonal basis in the Baltic £%8]. Phytoplankton compdson on a longtermbasis has
been analyzed in the Western and Central Baltid&kY . The results havehown that the Baltic

Sea is not a uniform water body. The authors found-teng oscillations between diatoms and
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dinoflagellates. They have stressed the importance of monitoring with frequent sampling, so that

shortlived blooming populations could bégerved.
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Figure 4. The Baltic Sea
4.5.2 Eutrophic conditions

Phytoplankton growth and community structure is a combination of two driving forces: nutrient
concentrations and hydrological conditions. Chlorophyll measurements duringg@06showed
substantial deviation from the reference conditions set by HELCOBIs&ime problem was also
observed in the Gulf of Riga and the Northern Baltic Proper. During winter time there is nutrient
abundance but as the system is liljinited, excessive phytoplankton growth is confined. The
upper mixed layer is well illuminated dag springtime favoring phytoplankton outburst. A spring
bloom of the diatontkeletonema costatumppears often, especially in the Southern Baltic Proper
in March[213]. The end of this bloom is follosd by various phytoplankton specibgsodinium
rubrum, Dictyocha speculuand various dinoflagellates, capable of vertical migration and
therefore they can use nutrients from the deeper layers. The dinoflaBeltatimiella catenatas

often the dominarspecies during spring blooms along the Central region of the Baltic Sea. The
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most common toxic or potentially toxic species in the Baltic Sea and the areas they usually occur
are given in Tabl&.

The summer time (July and August) where nutrienitéitton appearss often characterized by
nitrogen fixing cyanobacteria, supplying the fixed nitrogen to other phytoplankton organisms. The
specieNodularia spumigenandAphanizomenosp. are in most cases the dominant species
among the cyanobacteria.t&f the summer bloom, large dinoflagellates, exatiumsp., develop
slowly, forming the algal bloom of the autumn. During Nobemand December, thermal
convetion causes mixing, bringing nutrients to the surface layer. Flagellates of small sizegdfavor
by the low light conditions, dominate over other phytoplankton species, during winter. A trophic
classification scheme regarding nutrient concentrations and phytoplankton primary preduction
biomass has been given by Wasmund §2al].

4.5.3. Toxic phytoplankton

Harmful algal blooms in the Baltic occur frequently, affecting aquaculture, fisheries, tourism and
recreation. The most common blooms in the brackish waters in the Baltic Sea are caused by
cyanobacteri§il65]. Cyanobacterial bloom events were reported every year during2la®7
[166]. Themost bloom forming cyanobacterium is the cyanotoxin nodularin (NOD) producer,
Nodularia spiniferamainly occurring in the Baltic Proper, in the Gulf of Finland and over the last
few years in the Bothnian Bay. The presence of NOD has alreadyletsstedn fish and
shellfish

Environmental impacts in the area are rather significant. The presence of high cyanobacterial
biomass in bathing waters leads to beach closures due to concerns about human health; bathing
restrictions due to algal blooms ars@mlecommended in the Bathing Water Directive (2006/7/EC).
This causes a serious impact on tourism. The cyanobactBaliolhospermunsp. occurs
throughout the brackish waters of the Baltic Sea, producing toxins. A common bloom forming
cyanobacterium in #thareaAphanizomenon fleaquaeis among the potentially toxin producing

organisms. The endotoxins produced, once ingested can damage liver and nerve tissues in
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mammals. However, even bloomsAfflosaquaethat are not toxic can have negative effeces du
to high biomass accumulation. These effects are having an impact on leisure and[8uAsgal
blooms connected with harmful effects are the spaa@gsdodinium chlorophorum
(dinoflagellates), producing blooms in the Western Kattegafapds, spp. (dinoflagellate) that
appeared at high densities on the Swedish coast of Kattegat; these eveets ireuli oxygen
concentrations near the bottom water layer

Species oDinophysisthat produce arrheic Shellfish Toxins (DSTgppear in dense subsurface
layers in stratified waters in the Baltic. Cell toxicity@ihophysiscells has been shown vary
depending on cell densif215]. The phototrophic dinoflagellatéarenia mikimotoi(first known as
Gyrodinium aureolumcommonly known as a fiskilling species)80] appears frequently. Blooms
of K. mikimotoiwere observed sporadically along the Swedish Skagerrak coast, although in these
days are rather rare. The phototrophic flaaeDictyochaspp., with siliceous skeleton, widely
distributed in the Northern Europe, has been found in the Baltic. In addtbactis speculuira
fish-killer, affecting aquaculture, was reported in the Southern Baltic during 2004. A bloom of
Pseudechatonellasp., a flagellate belonging to Dictyophyceae was recorded in the Arhus Bay, in
the Danish part of Kattegat. Among the twenty speciéayhnesiumP. polyleptis was observed
in the Kattegat during Mayune 1998. The bloom impact on the ecosystas serious; it affected
plankton communities, the benthic ecosysterdcaused serious fish mortality65,166]

Apart from the bloom forming species mentioned above, a number of potentially toxin
producing species have been observed. The spgealamphora coffeaeformis, Pseudizschia
calliantha, P. delicassima, P. seriata, P. pungens, Phaeocystis globosa, P. puchetti, Prymnesium
polyleptis, Amphidinium carterae, A. operculatum, Dinophysis acuminata, D. acuta, D. mervesia,
D. tripos, Alexandrium minutum, A. ostenfeldii, A. pseudogonyaylax, A. tamarengau@an
spinifera, Lingulodinium polyedra, Prorocentrum reticulatum, P. lima, Karenia mikimotoi,
Larlodinium polyedra, Prorocentrum lima, Azandinium spinosum, Fibrocapsa japanttalso a

number of cyanophyceae have been repqfté€].
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4.6. The North Sea
4.6.1. Physiography and environmental pressures

The North Sea is a marginal sea of the Atlantic Ocean (Figure 5). It communicates with the
Atlantic through the Norwegian Sea in the north and the English Charthel #outh. The length of
the North Sea is about 970km and the width about 580km. The area of the North Sea is 570,000
km?® and the maximum depth 700m. It receives freshwater from the British Isles as well as from
European watersheds, the largest being the &nd the Rhinéleuse watershed22]. More
information about the physiography and the environmentaspres of the North Sea have been
give elsewher§24]. The North Sea is subdivided into twob region$197]: (a) a shallow
eutrophic coastal system along the southeagtart and (b) a deeper oliggphic system in the
open sea. Forty million people suira the North Sea. In addition, the states surrounding the North
Sea are heavilindustrializedtherefore the environmental pressures are severe. Pressures coming
from the tourist industry during the summer months should be added to the existing pressure
Nitrogen loadings have been estimated between 1,400 and 2 ,080ykear. A percentage of this
guantity, about 30% enters the North Sea through the atmogghéjeAlthoughnitrogen inputs
in the Greater North Sea have been stabilized over the last two decades and nutrient inputs from the
Bay of Biscay as well as the Iberian coast have followed a downward trend, the problem of nutrient

enrichments remains.
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Figure 5. The North ®a

Common procedures applied by the OSPAR contracting parties for assessing levels of
eutrophication, have concluded that eutrophication is still a prof@d&w). Eutrophic waters cover
about seven per cent of the North Sea area mainly along coastal [24}ehs the Greater North
Sea, ararea, whichs estimated about 100,000 krhas been identified as eutrophic, extending
over the coastal waters of Belgium, the Netherlands, Germany, Denmark and Sweden. Satellite
images in the Naoh Seg22], have shown mesotrophic to eutrophic characteristics. Eutrophic areas
in the southwestern areatended offshore during winter and spring. On the contrary, northern
offshore areas showed mesotrophic trends. High concentrations of nitrogen and phosphorus have
led to silicon deficiency. This deficiency increases the risk for bloom formations dominyatead
diatom species. These can be toxin producing species but even if they are not toxic they may disrupt
coastal ecosystems. Phosphorus reduction has also been observed, leading to an overall change in
the N:P ratios. The 45:1 ratio in 1990, becamd &02014[217], P being the limiting nutrient. The
benthiepelagic coupling is important for the functioning of the ectesysbecause shallow waters

extend over wide areas.
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