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Abstract: Long-term data on the phytoplankton of the Bulgarian Black Sea (BBS) coast
describe three states for the ecosystem: a “pristine” reference phase (1954-1970 years); an
intensive anthropogenic eutrophication (1970-1992 years) phase; and a post-eutrophica-
tion phase after the early 1990s of the 20th century. The eutrophication period is charac-
terised by ecosystem degradation and intense phytoplankton blooms, some of which were
formed by the potentially toxic species Lingulodinium polyedra. This warm-water species is
a red tide former that is associated with fish and shellfish mortality events. In the 1980s,
L. polyedra reached the highest biomass of 84.4 g.m™ in Varna Bay, BBS. The aim of this
study (1992-2022) was to provide an overview of the development of L. polyedra in the
phytoplankton biocenosis in the Bulgarian part of the Black Sea, taking into account the
influence of anthropogenic stress and the climatic variables NAO and SST on the devel-
opment of the species population. An analysis of the distribution of the dinoflagellate L.
polyedra is based on a total of 5126 phytoplankton samples collected during the period
between 1992 and 2022 under projects led by the Institute of Fish Resources, Varna. The
samples were analyzed using standard methods validated for the Black Sea, and phyto-
plankton abundance and biomass were determined. The species are most abundant in
summer in the coastal marine areas exposed to anthropogenic influence. During the ana-
lyzed period, a decrease in the abundance and biomass of L. polyedra in Bulgarian Black
Sea waters were observed. It was found that the influence of climatic factors such as NAO
and SST on the species population is from weak to moderate, and the correlation with
NAO cycles is better expressed.
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1. Introduction
1.1. Taxonomy of Lingulodinium polyedra

The marine dinoflagellate Lingulodinium polyedra (F.Stein) J.D.Dodge 1989 (syno-
nyms: Lingulodinium polyedrum; Gonyaulax polyedra F.Stein, 1883; Hystrichosphaeridium
machaerophorum Deflandre and Cookson, 1955; Lingulodinium machaerophorum (Deflandre
and Cookson) Wall, 1967) [1], Lingulaulax polyedra (F.Stein) M.J.Head, K.N.Mertens and
R.A.Fensome 2024 [1] is a common phytoplanktonic species in the Bulgarian Black Sea
waters [2,3]. In the present study, we used the old name of the species to ensure compa-
rability with publications written over the past 20 years. In our opinion, the new name has
not yet been sufficiently established (as it was only changed in 2024).

According to Guiry and Guiry (2024) [1], the taxonomic classification of the species
is: Chromista (Kingdom)—Harosa (Subkingdom)— Alveolata (Infrakingdom)—Myzozoa
(Phylum)—Dinozoa (Subphylum)—Dinoflagellata (Infraphylum)— Dinophyceae
(Class)—Gonyaulacales (Order)—Gonyaulacaceae (Family)—Lingulodinium (Genus)—
Lingulodinium polyedra (Species).

1.2. Morphology of L. polyedra

L. polyedra “is an armoured, marine dinoflagellate species, with dark, orange-brown
chloroplasts” [4] (p. 45).

The dimensions of the cells of L. polyedra are “angular, roughly pentagonal and pol-
yhedral-shaped, 40-54 pm in length and 37-53 pum in transdiameter width. No apical horn
or antapical spines present. Thecal plates are thick, well defined, and coarsely areolate.
Distinct ridges are present along the plate sutures. Numerous large trichocyst pores are
present within areolae” [4] (p. 45).

The species found in the Black Sea do not differ from the morphology described
above.

1.3. Ecology of L. polyedra

L. polyedra is a bioluminescent planktonic species commonly found in neritic waters
[5,6]. “It is responsible for magnificent displays of phosphorescence at night in warm
coastal waters” [4] (p. 45).

The feeding of L. polyedra is mixotrophic [7]. L. polyedra “reproduces asexually by bi-
nary fission. Sexual reproduction is also part of the life cycle of this species producing
spherical spiny cysts” [4] (p. 46).

“Often, the final phase or step of a red tide (of L. polyedra) is the formation of cysts,
which act as a resistant resting stage that remains in sediments until conditions are again
favorable for growth” [8,9] (p. 2).

The warm-water species Lingulodinium polyedra “is a red tide former that has been
associated with fish and shellfish mortality events” [4] (p. 45).

The species is included in the taxonomic reference list of harmful microalgae [10].

1.4. Harmful Algal Blooms (HABs) of L. polyedra Around the World

High concentrations of phytoplankton blooms lead to a change in the colour of sea
water and depletion of oxygen in the bottom layers, which causes the demise of fish and
other benthos.

During the bloom of L. polyedra, (abundance 700 mln. cells.m=) in Serubal Bay, Por-
tugal, the sea water was reported to have changed to a brown colour [11]. In Todos Santos
Bay (Pacific coast of Mexico), the species was recorded in bloom with an abundance rang-
ing from 100 to 1000 mln. cells.m [11].
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In the period 2000-2015, in Acapulco Bay, Guerrero, Mexico, a bloom of the species
was recorded as reaching 286 min. cells.m [12].

In 2021, on the French Atlantic coast, the abundance of the species was reported to
be up to 3600 min. cells.m= [13].

1.5. Distribution and Blooms of L. polyedra in the Black Sea

The species was first described in the Black Sea by Zernov [14].

In October 1909, S.A. Zernov observed the appearance of rusty-red stripes (bloom)
caused by L. polyedra in the coastal zone of Sevastopol [15].

L. polyedra is a mass phytoplanktonic species for the Black Sea, one of the most com-
mon in the coastal waters [16,17]. It is usually found in spring and summer [18].

The higher abundances of L. polyedra in the Bulgarian Black Sea waters are related to
the influence of the eutrophication processes taking place here over the years [19].

It was found that “Regardless of the temperature variations in the Black Sea or maybe
as a result of them, the long-term data models show three states of the ecosystem of the
Black Sea North West Shelf (BSNWS) [20]. They include:

1. Alow-productive ecosystem before 1970 or the so-called “pristine” reference phase

2. A highly productive eutrophic system during the 1980s or a phase of intensive an-
thropogenic eutrophication and destruction of the Black Sea ecosystem

3. A transitional, relatively low productive system after the beginning of the 1990s or
the so-called post-eutrophication phase in the development of the Black Sea ecosys-
tem” [21] (p. 2).

For the first time in Bulgarian Black Sea waters, the dinflagellate L. polyedra was rec-
orded in the 1950s by Vyara Petrova (IFR-Varna [22]. The species was found in a vast sea
area from the village of Kranevo to Cape Maslen. The minimum salinity at which it devel-
oped was 12%e.. It was also recorded in the brackish Varna Lake [22].

In the pre-eutrophication period, L. polyedra was recorded as a common phytoplank-
ton species in Bulgarian marine waters, but not as a causative agent of blooms [2,3,23,24].

In the autumn of 1956, it was recorded in the biomass of the dominant phytoplank-
tonic species in the southern coastal waters off the town of Michurin [25].

During most of the eutrophication period (1970 to early 1990s), L. polyedra continued
to dominate in the phytoplankton biomass, but monospecific blooms were not recorded
[16,26]. The species was found to accompany the formation of “red tides” by Prorocentrum
cordatum (Ost.) Dodge, 1976. In the 1970s and 1980s, phytoplankton blooms were a serious
environmental problem in the Bulgarian Black Sea waters [27-32].

At the end of the eutrophication period in several consecutive years (from 1987 to
1992) in the anthropogenically loaded waters of Varna Bay [21] blooms of L. polyedra were
recorded. The abundance of the species exceeded the limit for a bloom (1000 mln.
cells.m3), and due to the large cell sizes (40-54 pm in length [4]), it produced a phyto-
planktonic biomass above 30,000 mg.m=>—a “red tide” level above which degradation of
the marine ecosystem begins [19].

Such blooms were observed during the warm months of the year: 1987 —an abun-
dance of 1600.00 mIn. cells.m and biomass 84,403.20 mg.m= (September, Varna Bay),
1988 —an abundance of 1200.00 mln. cells.m and biomass 63,302.40 mg.m= (August,
Varna Bay), 1989 —an abundance of 1200.00 mln. cells.m= and biomass 63,302.40 mg.m~?
(August, Varna Bay) and 1992—an abundance of 1000.00 min. cells.m® and biomass
52,752.00 mg.m= (August, Varna Bay) [19,33].

Moncheva [33] notes that it is possible that a bloom of L. polyedra was formed as early
as November 1984 because, in the same year, cysts of the species were found in bottom
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sediments. The author assumes that the cyst formation of L. polyedra is associated with
mass development to a state of bloom [33].

Moncheva [16] has found that the strain of L. polyedra found along the Bulgarian coast
develops optimally at a water temperature of 22.8 °C and a salinity of 17.07%s.

During the post-eutrophication period, L. polyedra was periodically involved in the
formation of phytoplanktonic biomass in the northwestern shelf of the Black Sea (from
September to October) [34]. In September 2005, the species was registered in Bulgarian
waters with a maximum abundance of 8.32 mIn. cells.m [17]. In August 2008, the species
was observed in the Romanian coastal waters with a maximum biomass of 1200 mg.m
[35].

Although, in recent decades, many scientific publications on the Black Sea have re-
ported a tendency for a decrease in the concentration of nutrients [20,21,32,36—40]. In Oc-
tober 2020 (in Odessa Bay, the Northwestern part of the Black Sea), the development of
the dinoflagellate L. polyedra was registered with an abundance of 56,100 mIn. cells.m=.
“The red tide was so huge and dense that the water glowed at night due to the biolumi-
nescence characteristic of this species” [15] (p. 1).

1.6. Toxins Produced by L. polyedra

According to data in the literature, L. polyedra is associated with the production of
two types of toxic substances—saxitoxin and yessotoxins (YTXs).

In the early 1990s, Bruno et al. [41] reported “the presence of a paralytic shellfish
poison (PSP) toxin, saxitoxin, in water samples taken during a bloom of” L. polyedra [4] (p.
46). “In the case of serious intoxication, PSP leads to a variety of neurological symptoms
culminating in respiratory arrest and cardiovascular shock or death” [42] (p. 353).

L. polyedra, “the major dinoflagellate species in the recent algal blooms in southern
California in 2011 and 2013, was shown to induce allergic responses in humans exposed
to the bloom. The chemical natures of the compounds produced by L. polyedrum which
induce this response are as of yet unknown” [43] (p. 1).

In studies published in recent years, the toxins associated with L. polyedra are yesso-
toxins [13,44-49]. Huang et al. [49] (p. 2) found that “currently, several dinoflagellates in-
cluding Protoceratium reticulatum, Lingulaulax polyedra (=Lingulodinium polyedra) and a few
Gonyaulax species are known to produce YTXs”. Paz et al. [44] and Pistocchi et al. [48]
found yessotoxins in a monoculture of L. polyedra. Pistocchi et al. [48] established that
“toxic and non-toxic strains were also reported from different areas [44,47]" [48] (p. 146).
The results evidence a high variability in the toxicity of this species or, alternatively, that
L. polyedrum becomes toxic only under certain environmental conditions [48].

With regard to the Adriatic area Granéli and Tuner [50] confirmed that, “from 1976
to 1984, this species sustained severe blooms causing seawater discolorations, although
these events were never associated with toxic mussels” [48] (p. 147).

Meave del Castillo and Zamudio-Resendiz [12] determined that concentrations of L.
polyedra higher than one min. cells.m are a prerequisite for the development of a harmful
bloom and for the manifestation of the toxicity of the species.

YTXs are found in shellfish from Europe, Asia, and North America. No cases of yes-
sotoxins poisonings in humans have been reported, but in animals, YTXs have been found
to exhibit strong toxic properties [46].

Although, in 2021, a strong bloom of L. polyedra (3600 mln. cells.m=) was found along
the French coast, “concentrations of yessotoxins up to 747 pg/kg were recorded in mus-
sels, below the safety threshold of 3750 ug/kg. Oysters, clams and cockles also were con-
taminated with yessotoxins, but at lower concentrations. The established cultures did not
produce yessotoxins at detectable levels, although yessotoxins were detected in the sedi-
ment.” [13] (p. 1).



Diversity 2025, 17, 105

5 of 25

In recent years, yessotoxins have been recorded in the Novorossiysk Bay [51], the
Caucasus coast [52] and in Bulgarian Black Sea waters [17]. With an abundance of L. poly-
edra_of 0.3 mln. cells.m3, in Black Sea waters, YTXs have been found in low concentrations
in mussel tissues [17,52].

It was established for the Bulgarian marine waters that “despite the variety of poten-
tially toxic species no human health problems have been recorded but it isne clear if it is
due to misdiagnosis or the strains present in the area are non-toxic or weakly toxic due to
lack of proper investigations” [17] (p. 327).

It was concluded that in the Bulgarian part of the Black Sea, “potentially toxic species
reach ten times higher abundance” [17] (p. 327) compared to other areas of the sea, and
the abundance of L. polyedra is 28 times higher [17]. “Suggesting a potential threat of toxic
event does exist” [17] (p. 327).

The aim of this study (1992-2022) was to provide an overview of the development of
L. polyedra in the phytoplankton biocenosis in the Bulgarian part of the Black Sea, taking
into account the influence of anthropogenic stress and the climatic variables NAO and
SST on the development of the species population.

2. Materials and Methods
2.1. Study Area

During various research programmes and projects, in the period 1992-2022, the Bul-
garian Black Sea water area stretching from Cape Sivriburun in the North to the Rezovska
River in the South and with a distance from the Bulgarian coast up to 30 nautical miles
was studied (Figure 1). In the study area, from North to South, the 3 main profiles in the
monitoring scheme of IFR-Varna are shown—off Cape Kaliakra, Cape Galata and Cape
Emine with location of the stations at 1, 3, 10, 20 and 30 nautical miles (used qGIS 3.34.9
Prizren with data sources) [53-54].

44.00°N

"\ Romania

Bulgaria

43.00°N

42.00°N

Turkey

A \
27.00°E 29.00°E

Figure 1. A map of the studied area of the Black Sea water (1992-2022), (Author: Ms. Radinela Stefa-

nova—IFR-Varna).
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2.2. Field Sampling

During the research period (1992-2022) a total of 5126 phytoplankton samples were
collected in Bulgarian Black Sea waters monthly and seasonally each year.

The sampling was conducted at 316 stations (as part of national and international
monitoring programs of the Institute of Fish Resources (IFR)—Varna, Bulgaria with
Niskin bottles, Hydro-Bios, Kiel, Germany (5 L) at the standard depths (0, 5, 10, 25, 50, 75,
100 m). The phytoplankton samples (500 mL) were fixed with 37% formaldehyde solution
at a final concentration of 2% on board the research vessels (RV).

2.3. Sample Handling in the Laboratory

The seawater samples were transported to the hydrobiological laboratory (IFR-
Varna) and were concentrated by the settling method [55].

The qualitative (taxonomic structure) and quantitative (abundance, biomass) anal-
yses of the samples were performed with a conventional light microscope (Reichert Carl
ZEISS, Carl Zeiss GmbH, Wien, Austria; Nikon Eclipse 400, Nikon Instruments, Melville,
USA and OlympusBX41, Olympus, Tokyo, Japan), (with magnification 100x, 200x, and
400x) in counting chambers of Palmer—-Maloney —0.05 mL and Sedgwick Rafter—1 mL,
using standard protocols for the Black Sea [56].

The cell volume of phytoplankton was calculated using geometric formulas [57,58].
The wet biomass was assumed to be equal to the cell volume (r = 1). The biomass was
determined through morphometric measurement of phytoplankton units [57].

During the period of this study (1992-2022), the qualitative and quantitative analysis
of phytoplankton samples was carried out by various researchers from the Institute of
Fish Resources in Varna (Agricultural Academy —Sofia, Bulgaria): Dr. Detelina Murdjeva
(1992), Dr. Violeta Velikova (1992-2003), Prof. Dr. Daniela Klisarova (since 1995 to the
present day) and Dr. Dimitar Gerdzhikov (since 2002 to the present day).

Taxonomic reference books on the phytoplankton of the Black Sea and the Worldes
Oceans have been used in the taxonomic determination of the dinoflagellate L. polyedra
[1,4,6,59]. In support of the taxonomic identification of the species, original microphoto-
graphs from the Black Sea were used. One of them is presented in Figure 2.

-

38 im

L=

=
20 pm

Figure 2. Microphotography of the Lingulodinium polyedra (Autors: Daniela Klisarova and Dimitar
Gerdzhikov).
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Frequency of occurrence (%) was determined by dividing the number of phytoplank-
ton samples in which the species was found by the total number of samples for a given
time period and multiplying the result by 100 [60].

The information on the maximum concentrations of L. polyedra for the period 1987-
1992 is based on literary sources and our own research [19,33].

2.4. Climate Data

The monthly data for air temperature measured at the meteorological stations Varna
and Burgas in the period 1992-2022 are used for the research. The air temperature data
are published in the meteorological annuals and bulletins of the National Institute of Me-
teorology and Hydrology (NIMH), Bulgaria. To clarify the climate impact on the fre-
quency and abundance of L. polyedra the December to March North Atlantic Oscillation
Indices (NAOI)—Hurrel station dataset [61,62] were used.

The sea surface temperature (SST) data, version v2.1, were obtained from the Inte-
grated Climate Data Center in Hamburg, Germany, covering the period from September
1981 to the present. These data, known as the OISST dataset (formerly Reynolds SST),
were generated using the optimum interpolation (Ol) technique, combining Advanced
Very High-Resolution Radiometer (AVHRR) infrared channels with buoy and ship obser-
vations. These data are provided on a 0.25° spatial grid. For analysis of the Bulgarian Black
Sea coast, monthly mean SST data were used, with bilinear interpolation applied to esti-
mate values outside the grid mesh. In order to evaluate the impact of SST on the frequency
and abundance of L. polyedra the average values from the following regions: Duranulak,
Shabla, Varna, and Tsarevo were taken (Table 1).

Table 1. The geographical location of the points for SST.

Longitude (Eastern) Latitude (Northern)
Durankulak 28.9539 43.6849
Shabla 28.9799 43.5333
Varna 28.3017 43.2026
Tsarevo 28.2239 42.1703

2.5. Studying the Dependence of L. polyedra on Sea Surface Temperature (SST) and North
Atlantic Oscillation Indices (NAOI)

The development of the species L. polyedra over the years in the BBS waters was ana-
lysed using Multivariate analysis of variance (MANOVA) with Post Hoc Tukey test, Bi-
variate correlation and Nonlinear regression analysis.

The aim was to compile nonlinear predictive models defining the effect of SST and
NAO on the changes of the L. polyedra abundance, biomass, volume of cells and frequency
of occurrence in the Bulgarian Black Sea waters. Level of significance p < 0.05 were con-
sidered statistically significant. Levenes test of equality of error variances was used to
examine the homogeneity of the samples. Predictive models were established by the Cu-
bic equation:

Y = const.+b;x + byx? + byx3 (1)

where Y is the observed parameter (abundance, biomass, volume of cells and frequency
of occurrence of L. polyedra), x is the fixed factor (SST or NAO), and const.; by; b,; b; are
the model coefficients.

To analyze the development of the species L. polyedra over the years, the population
dynamics were examined for separate shorter periods. The following abbreviations were
used:
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D1—First decade 1992-2000; D1F1—First five-year period of the first decade 1992—
1995; D1F2 —Second five-year period of the first decade 1996-2000;

D2—Second decade 2001-2010; D2F1—First five-year period of the second decade
2001-2005; D2F2—Second five-year period of the second decade 2006-2010;

D3 —Third decade 2011-2020; D3F1—First five-year period of the third decade 2011-
2015; D3F2—Second five-year period of the third decade 2016-2020;

D4—Fourth decade 2021-2022; D4F1—First five-year period of the fourth dec-
ade2021-2022.

The basic statistics for the fourth decade are calculated but are not taken into account
in the analysis of the results, since this period covers only the last two years of the studied
period.

Specialized software for phytoplankton analyses Phytomar 2.0 [63], SPSS Statistics
26.0, and Excel (Microsoft Office, Redmond, Washington DC, USA) were used for data
calculations and graphs.

3. Results

3.1. Tendencies in the Changes of L. polyedra Abundance, Biomass, Volume of Cells and
Frequency of Occurrence in the Bulgarian Black Sea Waters

The maximum abundances of L. polyedra in Bulgarian Black Sea waters have changed
over the years, with the following trend: y = 31.493x706%2; R? = 0.1783, and maximum bio-
masses by: y = 1987.7x0756; R2 = 0.1752.

At the beginning of the study period, in August 1992 in the Gulf of Varna, L. polyedra
reached quantitative indicators describing the development of a bloom —an abundance of
1000 (mln. cells.m=) and biomass 52,752.00 mg.m=.

In the 1990s, L. polyedra continued to develop intensively with high biomass (=1000
mg.m).

In the first and second decades of the 21st century, the maximum abundances and
biomass of the species did not exceed 13 mlIn. cells.m™? and 460 mg.m= (Figure 3).

1000

y =31.493x 0692

R?=0.1783
100

10

1' VA L AT AN A AAA/\AN[

59 858115 8 7 911108 8102 5 7 9 611 7 16 9 8 4 6 5117 9115 7 9 5 7 9105 4116 8 7

92' 93 94' 95" 96' 97' 98' 99' 00' o1' 02' 03' 04' 05'06'07' 08' 09' 10' 11' 12 13'13' 14' 15' 16' 17' 18120 22"

(a)

100,000

y = 1987.7x707%¢

10,000
R2=0.1752

1000
100
10

1

59 8 5 815 8 7 911108 8102 5 7 9 6117 16 9 8 4 6 5117 9115 7 9 5 7 9105 4116 8 7

92" 93" 94! 95 96' 97' 98" 99' 0o 01' 02" 03'04' 05'06'07' 08' 09'10' 11' 12' 13'13' 14' 15' 16' 17' 1890 22"

Figure 3. Maximum abundance (mln. cells.m™) (a) and maximum biomass (mg.m) (b) of L. poly-
edra, by months, 1992-2022 (logarithmic scale).
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A decrease in the average annual abundance and biomass of L. polyedra was observed
for the period from 1992 to the present, following the trends y = 10.901x0%; R2 = 0.1973
and y = 663.14x70673; R? = 0.6707, respectively (Figure 4).

10,000 == Average Biomass (mg.m-3) —#— Average Abundance (mln. cells.m-3) 100
~~~~~~~~~ Power (Average Biomass (mg.m-3) -+o-oo-- Power (Average Abundance (min. cells.m-3)
1000 y = 663.14x70672 y = 10.901x 95?2
R? =0.6707 R?=0.1973
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T 100 &
£
£
1
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Figure 4. Average annual abundance (mln. cells.m=) and biomass (mg.m=) of L. polyedra, 1992-2022
(logarithmic scale).

A long-term tendency to reduce the volume of L. polyedra cells by y = -0.0368x® +
2.4444x2 — 96.898x + 55,285; R? = 0.2053 has been registered (Figure 4). These volumes in
the 1990s averaged 54,035 um?, while in the second decade of the 21st century, they de-
creased to an average of 45,457 um? (Figure 5).

y =-0.0368x° + 2.4444x%- 96.898X + 55285
R?=0.2053

115 8 7 911108 8102 5 7 9 6117 116 9 8 46 5117 91157 957 9105 4116 4 8
95' 96' 199798  99' o0 01' 02 0304 050607 08 09 10' 11’ 12 13 14' 15' 16 17 1820 22'
=== Average Volume of cell (um?) Poly. (Average Volume of cell (um3)

Figure 5. Average volume of the cells (um?) of L. polyedra, by months, 1992-2022.

Statistically significant differences were reported between the average abundance
values of L. polyedra during the first decade of the studied period and the second and third
decades (Table 2). The highest average abundance values (10.37 mln. cells.m) were ob-
served during the first decade. The same tendency was observed regarding the biomass
of L. polyedra. Again, statistically significant differences were reported in average biomass
during the first decade of the studied period and the second and third decades, with the
highest average biomass values (553.40 mg.m=) observed during the first decade. The av-
erage values of the volume of cells during the first (54,034.98 um?) and the second decade
(53,041.24 um3) differed significantly from those during the third decade (45,456.77 um3).
No statistically significant differences were reported in the frequency of occurrence of L.
polyedra during the different decades.
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Table 2. Multivariate analysis of average abundance (mln. cells.m), biomass (mg.m7), volume of

cells (um?), and frequency of occurrence (%) of L. polyedra, 1992-2022 by decade.

x+SD
Variable D1 D2 D3 D4
(n=38) (n=22) (n=28) (n=3)
Average abundance 10.37 +28.78 1.75+1.64° 2.38+1.992 2.62+2.54
(mln. cells.m3) R2=0.047; Sig.(p) = 0.043
Average biomass 553.40 + 1525.57 a 93.69+91.42 2 101.85+87.20 2 124.01 + 149.69

(mg.m?)

R?=0.050; Sig.(p) = 0.013

Average volume of cell

(um?3)

54,034.98 + 6849.47 2  53,041.24 + 6701.50>  45,456.77 + 10,846.40 > 37,427.54 +16,852.03

R2 = 0.223; Sig.(p) = 0.001

Frequency of occur-
rence (%)

24.93 +£21.79 20.42 +18.13 18.91 +11.58 28.17 +13.38

R2?=0.026; Sig.(p) = 0.510

X—mean values of the investigated variables; SD —standard deviation; R?—coefficient of determi-
nation; n—number of the observations; test: Post Hoc Tukey; D1—the first decade (1992-2000); D2—
the second decade (2001-2010); D3 —the third decade (2011-2020); D4 —the fourth decade (2021-
2022). Same superscripts within the row represent significant differences at the 0.05 level, as follows:
2 between investigated variables at D1 and the other decades; ® between investigated variables at D2
and the other decades.

For the entire period of study, L. polyedra has occurred with the highest abundances
and biomass from July to October (Table 3) at an average sea water temperature of 23.60
°C.

Table 3. Monthly development of L. polyedra abundance (mlIn. cells.m=) and biomass (min.
cells.m™), for the period 1992-2022.

Min .
Max Abundance Average Abundance .Max A.verage -Mm
Month Abundance (mln. Biomass Biomass Biomass
(min. cells.m) cells.m3) (min. (mg.m-3) (mg.m-3) (mg.m-3)
cells.m™)
2 0.10 0.08 0.06 5.42 4.55 3.67
3 20.00 11.46 2.93 769.30 458.21 147.12
4 1.24 0.39 0.08 70.24 21.09 1.94
5 8.14 2.29 0.04 460.18 130.29 2.08
6 13.33 2.60 0.03 762.13 146.11 1.52
7 81.44 3.11 0.05 4603.07 151.94 1.85
8 1000.00 13.15 0.05 52,752.00 686.72 1.40
9 40.08 5.45 0.05 2265.52 285.76 3.06
10 28.98 5.86 0.06 1528.81 298.17 3.55
11 20.00 2.40 0.05 906.83 128.27 2.08

A special feature was the intensive development of the species in March 1995 (Table
3) in the Varna Bay, a coastal zone where high values of total phytoplankton biomass are
usually observed [64].

At depth, L. polyedra develops in the well-lit layer of water from 0 m to 18 m deep
(Figure 5). The maxima of the development of the species were found at 0, 6, 14 and 18 m.
Below this depth, the species occurs with relatively minimal concentrations (below 5 min.
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cells.m=3) (Figure 6). The tendency with which the abundance of L. polyedra decreases in
depth is with power trend line: y = 17.005x0911; R? = 0.5551.

25.00

y = 17.005x~0-911

20.00 R?=0.5551

8

5
8

min. cells.m3

5.00

w00 D DY ouivio. SN R Y

Figure 6. Distribution of average abundance (mln. cells.m3) of L. polyedra in depth (m), 1992-2022.

In the period 1992-2022, in Bulgarian Black Sea waters, the species had the highest
frequency of occurrence (%) in 2000—29.68%, 2012—22.03%, 2016 —19.15% and 2022 —
21.74% (Figure 7). The trend with which the frequency of occurrence (%) changes over the

years is with power trend line: y=2x10-x¢ — 0.0015x> + 0.0556x* — 0.9708x3 + 8.1448x2 —
28.665x + 38.664; R? =0.3322.

35.00 y=2x107x® — 0.0015x° + 0.0556x* — 0.9708x3 + 8.1448x% — 28.665x + 38.664
R2=0.3322

30.00
25.00
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R
15.00
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92'93'94'95‘96'97'98'99'00'01'02'03'04'%5'06'07’08’09'10'11'12'13'14' 15'16'17'18'19'20'21'22"
ear

Figure 7. Long term dynamics (1992-2022) of frequency of occurrence (%) of L. polyedra.

It was found that the population of the dinoflagellate L. polyedra develops from Feb-
ruary to November (Figure 8). It has a low distribution during the cold months (February
to April, mean SST 8.43 °C), while in the months of January and December, the species
has not been recorded (Figure 8).

From May to November, the proportion of L. polyedra in phytoplankton samples is
over 5%, with the highest proportion of occurrences being found in July (18.90%) and Au-
gust (19.22%), when SST is higher than 23 °C (Figure 8).
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Figure 8. Percent frequency of occurrence of L. polyedra in the phytoplankton samples (left axis) and
average SST (right axis), by month, 1992-2022.

The average abundances (mln. cells.m=3) and biomass (mg.m=) of L. polyedra over
five-year periods demonstrate a decrease in quantities until 2001-2005, after which there
is an upward trend (Figure 9).

25 1400
D1F1
mmm Abundance (min.cells.m-3) 1200
20 Biomass (mg.m-3)

1000
€15 800 -
. E
a [=1]
- 600 E
£

400
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: D2F2 D3F1 D4F1
- i n
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1992-1995 1996-2000 2001-2005 2006-2010 2011-2015 2016—-2020 2021-2022

Figure 9. Average of five-year periods, abundance (mln. cells.m=?) and biomass (mg.m=) of L. poly-
edra, 1992-2022 (D1F1—First five-year period of the first decade 1992-1995; D1F2 —Second five-year
period of the first decade 1996-2000; D2F1—First five-year period of the second decade 2001-2005;
D2F2—Second five-year period of the second decade 2006-2010; D3F1—First five-year period of the
third decade 2011-2015; D3F2—Second five-year period of the third decade 2016-2020; D4F1 —First
five-year period of the fourth decade 2021-2022).

Statistically significant differences were found between the average values of the
abundance and biomass of L. polyedra during the first and second five-year periods of D1
and D2 (Table 4). Regarding the average volume of cells and the frequency of occurrence
of L. polyedra, no statistically significant differences were reported during the first and
second five-year periods of the decades.

Table 4. Multivariate analysis of the average abundance (mln. cells.m=), biomass (mg.m=), volume
of cells (um?), and frequency of occurrence (%) of L. polyedra by the five-year periods over the dec-

ades.

Variable

Period

x+ SD Period x+ SD Period x+SD
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(n) (n) (n)
DI1F1 D2F1 D3F1
Average 16 19.61 + 42.96 = 1) 0.97 +0.89 2 ( ;’ 0 222 +1.96
abundance
DI1F2 D2F2 D3F2
(mln. cells.m?) 3.65+5294 2.89+1.840 278 +2.14
(22) ) ®)
DIF1 D2F1 D3F1
1035.50 + 2277.40 b 50.03 + 45.63 96.72 + 89.51
Average biomass (16 * (13) * (20) *
(mg.m™) DIF2 D2F2 D3F2
202.78 +300.10 b 156.74 + 106.03 ® 114.68 + 85.56
(22) ) 8)
DIF1 D2F1 D3F1
54,497.53 + 5503.18 52,301.22 + 7254.58 46,237.62 +10,572.75
Average volume of  (16) * (13) * (20) *
1 (um?
cell (pm?) DIEZ 3608584770401 D22 5411014+6063871 o2 4350468 +12,010.96
(22) ) 8
DIF1 D2F1 D3F1
25.78 +17.63 21.93+ 1651 18.32+9.52
Frequency of oc-  (16) * (13) * (20) §
currence (%) D1F2 D2F2 D3F2
2432 +24.78 18.24 +21.09 20.38 + 16.37
(22) 9) (8)

X¥—mean values of the investigated variables; SD—standard deviation; R?-coefficient of determi-
nation; n—number of the observations; test: Post Hoc Tukey; D1F1 —First five-year period of the first
decade D1 (1992-1995); D1F2 —Second five-year period of the first decade D1 (1996-2000); D2F1—
First five-year period of the second decade D2 (2001-2005); D2F2 —Second five-year period of the
second decade D2 (2006-2010); D3F1—First five-year period of the third decade D3 (2011-2015);
D3F2—Second five-year period of the third decade D3 (2016-2020). Same superscripts within the
column represent significant differences at the 0.05 level, as follows: » between the average abun-

dances over the decades; ® between the average biomass over the decades.

Tracking the frequency (%) of occurrence of L. polyedra for these periods, it was found
that the proportion of occurrence of the species increased at the beginning of each decade.
At the end of the decade, L. polyedra occurred with a lower percentage (Figure 10). It is
possible that this periodicity is a consequence of the phenomenon recorded by Oguz et al.
(2006) [65], that the periodicity in the cycles of NAO affects the enrichment of the surface
(photic) water layer of the Black Sea with nutrients at the beginning of each decade.

16.00
14.00
12.00

D2F1
D1F1 b12
10.00 DAFL
D3F2

D3F1
I I I I I

1992-1995 1996-2000 2001-2005 2006-2010 2011-2015 2016-2020 2021-2022

X 8.00

6.00

4.00

2.0

o

0.00

Figure 10. Five-year periods, percent frequency of occurrence of L. polyedra in the phytoplankton
samples, 1992-2022 (D1F1—First five-year period of the first decade 1992-1995; D1F2—Second five-
year period of the first decade 1996-2000; D2F1 —First five-year period of the second decade 2001—
2005; D2F2 —Second five-year period of the second decade 2006-2010; D3F1 —First five-year period
of the third decade 2011-2015; D3F2—Second five-year period of the third decade 2016-2020;
D4F1—First five-year period of the fourth decade 2021-2022).
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Summarising the literature data for 1987-1992 [19,33] and the data from our study
(1992-2022), it is possible to determine the Bulgarian water areas with maximum abun-
dances and biomass of the potentially toxic species L. polyedra (Table 5).

L. polyedra developed most intensively in the eutrophic waters of Varna Bay, Burgas
Bay, and Cape Galata (offshore). In all other water areas, the species is with maximum
abundance of 18.29 min. cells.m? and maximum biomass of 965.08 mg.m (Table 5).

Table 5. The maximum values for the species in Bulgarian waters between 1987 and 2022: offshore

(to3n.m.), open sea (>3 n.m.).

Distance from Max of Abundance Max of Biomass

Ne Regions the Shore (mln. cells.m-?) (mg.m-)
1 Biala offshore 3.35 70.96
2 Albena offshore 0.16 8.79
3 Balchik offshore 491 121.48
4 Beloslav lake offshore 11.59 799.35
5 Burgas bay offshore 40.08 2114.22
6 cape Emine offshore 18.29 965.08
7 cape Emine open sea 14.67 674.27
8 cape Galata offshore 81.44 4603.07
9 cape Galata open sea 9.43 532.90
10 cape Kaliakra offshore 9.01 191.15
11 cape Kaliakra open sea 1.19 67.49
12 cape Maslen offshore 0.55 31.25
13 Dvoinitca offshore 0.43 21.41
14 Ilandzhik offshore 1.51 85.36
15 Kamchia offshore 0.34 19.00
16 Krapec offshore 0.26 9.91
17 Rusalka offshore 2.43 93.32
18 Shabla offshore 5.67 160.28
19 Sozopol offshore 2.72 104.73
20 Varna bay offshore 1600.00 84,403.20

21 Varna lake offshore 8.14 460.18

22 Varvara offshore 0.66 37.58
23 Veleka offshore 1.94 87.86

3.2. Climate Characteristics and Observed Changes in Air and Sea Surface Temperature
(1992-2022).

According to the Koppen climate classification [66], most Bulgarian Black Sea coast
has climatic type Cfa (warm temperate climate, fully humid with a hot summer). Only the
southernmost parts of the coastline fall within the Cs (warm temperate climate with dry
summer) climate-type zone [67]. The annual cycle of the air temperature is characterized
by a minimum in January when average monthly temperatures drop to 2-3 °C, and a
maximum in August, reaching 23-24 °C. The average annual air temperature for the study
period (1992-2022) is approximately 13 °C. The SST is higher than the air temperature,
especially during the colder part of the year.

Long-term temperature changes are characterized by a positive statistically signifi-
cant trend, with values of 0.6-0.7 °C per decade for annual air temperatures and 0.5 °C
per decade for annual SST. The trend during the cold part of the year (November—April)
is 0.8 °C per decade (both for air and sea surface temperatures) while in the warm part
(May-October) the trend is 0.6-0.7 °C per decade.
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The analysis of temperature anomalies calculated relative to the average for the pe-
riod 1992-2022 for annual air and sea surface temperatures, shows that most of the study
period exhibits positive temperature anomalies, while negative anomalies are mainly ob-
served up until 1998 (Figure 11). A relatively cold period was observed from 2002 to 2006.
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Figure 11. Annual temperature anomalies according to the average for the period 1992-2022.

A similar occurrence of negative and positive temperature anomalies was established
for the cold (November—April) and warm (May-October) parts of the year (Figure 12a,b).
After 2000, the years with negative anomalies for both the cold and warm half of the year
were 2012 and 2017. The notable years are 2016 and 2020 also, with the highest tempera-
ture anomaly for the cold half of the study period —over 2 °C. For water, the temperature
in 2020 was 3.7 °C higher than the 1992-2022 average.

The highest positive anomalies for the warm half of the year were recorded in 2012,
as well as for the period 2018-2020. The first decade of the study period is marked by
negative temperature anomalies for May-October (Figure 12).
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Figure 12. Temperature anomalies according to the average for the period 1992-2022 —for Novem-
ber-April (a) and May-October (b).

3.3. Relationship Between the Average Abundance (min. cells.m3), Biomass (mg.m=3), Volume of
Cells (um?), Frequency of Occurrence (%) of L. polyedra, and the Sea Surface Temperature and
North Atlantic Oscillation Indices

For greater clarity, the relationships between average abundance, biomass, the vol-
ume of cells, and the frequency of occurrence of L. polyedra and SST and NAO were inves-
tigated for the individual decades. The outliers were removed from the sample to achieve
higher accuracy of the developed models. The results show weak correlations between all
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the monitored parameters and SST and NAO (Table 6). The correlation between the fre-
quency of occurrence and SST and NAO for the first decade (0.374), as well as between
the average volume of cells and NAO for the second decade (0.554), is moderate and sta-
tistically significant.

Table 6. Bivariate correlation between the average abundance (mln. cells.m), biomass (mg.m3),
volume of cells (um?), frequency of occurrence (%) of L. polyedra, and the SST and NAO by decade.

D1 D2 D3
SST NAO SST NAO SST NAO

n =88

Average abundance (min, 0118 0110 0242  0.038 0051 -0.300

cells.m3)
Average biomass (mg.m) 0.172 0.090 0.216 0.155 -0.085 -0.303
Average volume of cell (um?) 0.003 0.037 0.056 0.554* -0.188 0.067

Frequency of

0374* 0374* -0.152 0.103 -0.054 0.162
occurrence (%)

* Correlation is significant at the 0.05 level (2-tailed); SST—sea surface temperature; NAO—North
Atlantic Oscillation indices.

The influence of SST and NAO on average abundance, biomass, the volume of cells,
and the frequency of occurrence of L. polyedra by decade was examined through the ob-
tained nonlinear regression models (Figures 13-16). The calculated models showing the
relationship between SST and the average abundance of L. polyedra for the three decades
are statistically insignificant (Figure 12). The coefficients of determination (0.036, 0.132,
and 0.067) indicate that only 3.6 to 13.2% of the variations in abundance over the three
decades are due to the influence of SST.

In turn, the obtained models showing the relationship between NAO and the average
abundance of L. polyedra over the three decades are statistically significant (0.013, 0.044,
0.018). NAO weakly to moderate (R2=0.275, 0.151, 0.336) influence the average abundance
of L. polyedra over the three decades.
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Figure 13. Nonlinear regression models showing the relationships between the SST or NAO and the
average abundance (mlIn. cells.m?) of L. polyedra by decade.

Similar results were obtained for the models showing the relationship between SST
and the average biomass of L. polyedra over the three decades (Figure 14). The models are
statistically insignificant (0.707, 0.332, 0.455). From the coefficients of determination (0.041,
0.122, and 0.101), it can be concluded that 4.1% to 12.2% of the variations in the average
biomass of L. polyedra over the three decades are due to the influence of SST. The NAO
has a weak to moderate (R? =0.242, 0.128, 0.210) but statistically significant (0.026, 0.046,
0.024) effect on the average biomass of L. polyedra over the three decades.
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Figure 14. Nonlinear regression models showing the relationships between the SST or NAO and the

average biomass (mg.m=) of L. polyedra by decade.

The models expressing the relationships between SST and the average volume of cells
of L. polyedra are statistically insignificant (0.791, 0.280, 0.505) for all three decades, indi-
cating that SST does not significantly influence the average volume of cells of L. polyedra
(Figure 15).

On the other hand, NAO significantly influences the average volume of cells of L.
polyedra across all decades (0.043, 0.049, 0.037). The coefficients of determination (0.049,
0.362, 0.129) show that during the first decade, only 4.9% of the variations in the volume
of cells of L. polyedra result from the influence of NAO. During the third decade, 12.9% of
the variations in the volume of cells of L. polyedra are attributed to NAO. The impact of
NAO is most pronounced in the second decade, as 36.2% of the variations in the volume
of cells of L. polyedra result from its influence.
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Figure 15. Nonlinear regression models showing the relationships between the SST or NAO and the

average volume of cells (um?3) of L. polyedra by decades.

When examining the relationships between SST, NAO, and the frequency of occur-
rence of L. polyedra over the decades, contradictory results are obtained (Figure 16). For
the first decade, the influence of SST is statistically insignificant (0.080), while the impact
of NAO is statistically significant (0.030). According to the coefficient of determination
(0.235), 23.5% of the variations in the frequency of occurrence of L. polyedra during the first
decade are due to the influence of NAO.

According to the models obtained for the second and third decades, the influence of
SST is statistically significant (0.046, 0.040), while the impact of NAO is statistically insig-
nificant (0.678, 0.564). The influence of SST is more pronounced during the second decade,
with 27.4% of the variations in the frequency of occurrence of L. polyedra due to its impact.
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Figure 16. Nonlinear regression models showing the relationships between the SST or NAO and the

frequency of occurrence (%) of L. polyedra by decade.

4. Discussion

Blooms of L. polyedra in Bulgarian marine waters were observed exclusively in the
late 1980s and early 1990s (Figure 2). Since the early 1990s, blooms of L. polyedra have not
been observed, and higher concentrations of the species have been recorded during the
warmer months only (Figures 3 and 8, Table 3).

This is consistent with the trend of overall reduction in the concentration of biogenic
elements [21,68]. “The decreasing DIN (Dissolved Inorganic Nitrogen) significantly affects
the decrease in the abundance and biomass of Dinophyceae” [21] (p. 1).

At the same time, long-term temperature changes are being recorded in Bulgarian
marine waters, characterized by a positive statistically significant trend, with values of
0.6-0.7 °C per decade for annual air temperatures and 0.5 °C per decade for annual SST.
The trend during the cold part of the year (November—April) is 0.8 °C per decade (both
for air and sea surface temperatures) while in the warm part (May—October) the trend is
0.6-0.7 °C per decade.

In the 1990s, when temperature anomalies were predominantly negative, there was
a more intensive development of the species (Figures 3, 4, 11 and 12).

Opver the past three decades, numerous scientific publications have reported a trend
of decreasing phytoplankton abundance, biomass, and the number and intensity of phy-
toplankton blooms in the Bulgarian marine waters of the Black Sea [20,21,36-38]. The
number of recorded phytoplankton species causing harmful algal blooms in Bulgarian
Black Sea waters has also decreased [21].

Similarly, during our study, we also observed a trend of decreasing abundance, bio-
mass, and distribution of the dinoflagellate L. polyedra (Figures 3 and 7).
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After 1992, when L. polyedra was last recorded with a high abundance (1000.00 mIn.
cells.m=?) and biomass (52.752 mg.m3), (“red tide”), the maximum concentrations in Bul-
garian marine waters have not exceeded 115.25 min. cells.m= (observed in August 1994 in
the waters of Varna Bay), and in recent years they have been steadily lower (Figure 3).

During this study, a trend of decreasing cell volumes of the species was also ob-
served. Most likely, this phenomenon is related to the established trend of increasing SST
and decreasing the amounts of nutrients [21] (Figure 5).

The results of the statistical analysis on the influence of the climate parameters NAO
and SST on the population dynamics of L. polyedra indicate that changes in SST have a
weak to negligible impact on the quantitative development (abundance, biomass) of the
species (up to 12.2-13.2% of the variations in abundance and biomass are attributed to SST
influence). The NAO cycles have a stronger impact on L. polyedra, accounting for 12.8% to
24.2% of the variations in abundance and biomass of the species across different decades
(Figures 13 and 14). This appears to be due to the impact of NAO cycles on the physical
and biogeochemical properties of Black Sea waters [65].

We found that the NAO has a more significant impact on the morphological charac-
teristics of the species, such as the volume of its cells (Figure 14). NAO significantly influ-
ences the average volume of cells of L. polyedra across all decades (0.043, 0.049, 0.037). The
impact of NAO is most pronounced in the second decade, as 36.2% of the variations in the
volume of cells of L. polyedra result from its influence (Figure 15).

The correlation between the frequency of occurrence and SST and NAO for the first
decade (0.374), as well as between the average volume of cells and NAO for the second
decade (0.554), is moderate and statistically significant.

L. polyedra predominantly develops in coastal waters at depths of up to 18 m. Verti-
cally, it is found in higher concentrations either at the surface or in the bottom layer, where
nutrients are more readily available (Figure 6).

As a result of the conducted analysis, we determined that the Bulgarian marine areas
where L. polyedra develops with high densities and biomass are Varna Bay, Cape Galata
(offshore), and Burgas Bay (Table 5).

The Varna Bay is one of the marine “hot spots” along the Bulgarian Black Sea coast
[21]. “The quality of sea water in the bay is largely determined by the water exchange with
the Varna Lake from which eutrophic waters constantly flow in” [69] (p. 71).

On the other hand, the development of phytoplankton in the coastal area near Cape
Galata (offshore) is influenced by the currents from the eutrophied Varna Lake and Varna
Bay [70].

The waters of Burgas Bay are also strongly influenced by waste emissions from var-
ious industries, petroleum derivatives, and wastewater from livestock farms as well as the
densely populated residential areas [71].

Since L. polyedra forms cysts after blooming, which are preserved in the sediment
[8,9,33], we can expect that under favorable environmental conditions, the species will
reach high abundance and biomass again in areas where it has been previously recorded
during a bloom.

At the same time, the immense potential of the dinoflagellate L. polyedra to cause red
tides under suitable conditions, which threaten both the ecosystem balance of the Black
Sea and human health (due to toxins produced by the species), was demonstrated by the
intense bloom of the species (56,100 million cells.m=) observed in October 2020 in the an-
thropogenically influenced waters of Odessa Bay [15].

“The presence of such high abundances is primarily associated with the “closeness”
of this area of the Odesa Bay. It is characterized by a limited water exchange with the open
water area of the bay, which contributes to an increase of the trophic state of the water.”

[15] (p. 4).
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It seems that controlling the blooms of L. polyedra is directly dependent on managing
coastal pollution sources, as they have the strongest impact on the nutrient supply to the
coastal areas and bays where this dinoflagellate is typically found in high concentrations.

5. Conclusions

The results of the present study seem to indicate that the development of the dino-
flagellate Lingulodinium polyedra depends on the depth of the water body and the influence
of coastal pollution sources. As the distance from the shore increases, the abundance and
biomass of the species decrease. This is most likely related to the characteristics of its life
cycle. Under unfavorable conditions in the coastal areas, the process of cyst formation
intensifies.

On the one hand, the quantitative indicators of L. polyedra in Bulgarian marine waters,
such as the abundance, biomass and volume of cells of the species show a persistent trend
of reduction. On the other hand, this characteristic demonstrates a reduced threat to hy-
drobionts from toxin intoxication.

The established influence of climatic factors such as NAO and SST on the species
population varies from weak to moderate, with the correlation with NAO cycles being
better expressed. This is probably due to the stronger impact of changes in winter temper-
atures of the 18 m surface water layer, where the species mainly develops. Monitoring of
potentially toxic species (including L. polyedra) in the Bulgarian waters of the Black Sea
remains a priority for protecting human health.
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