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Abstract 
Purpose. Monitoring of coccolithophore “bloom” is becoming increasingly important due to their 
influence on the biogeochemical cycles. The purpose of the study is to analyze the frequency, intensity 
and area of Gephyrocapsa huxleyi “bloom” in different sub-regions of the Black Sea, as well as to 
assess the effect of environmental conditions on the intensity and interannual variability of “bloom”.  
Methods and Results. Based on the satellite data and using the regional algorithms, the values of 
chlorophyll a concentration, the particulate backscattering coefficient and the coefficient of light 
absorption by colored detrital matter were retrieved with a two-week averaging for different Black Sea 
sub-regions for the period 1998–2023. Application of the normalized anomalies made it possible to 
reveal the annual cycles of variability of these parameters, as well as to identify their common patterns 
and variability features in particular sub-regions of the sea. 
Conclusions. It has been established that in early June in all the regions of the sea, the “bloom” of 
Gephyrocapsa huxleyi was regularly observed; at that it was characterized by a year-to-year variability 
in its intensity and area. High light intensity in the sea upper mixed layer is a key factor for a shift in 
the phytoplankton species structure and for the transition to Gephyrocapsa huxleyi dominance and 
“bloom” due to the physiologically determined ability of these algae to grow at an extremely high light 
intensity with no inhibition, whereas at similar light conditions the growth of other plankton microalgae 
is suppressed. In most sub-regions of the Black Sea, the “bloom” of Gephyrocapsa huxleyi is not 
followed by an increase in the phytoplankton biomass, only the structure of phytoplankton species 
changes. The exception is the coastal waters affected by the river runoffs: the “bloom” there is observed 
when the phytoplankton biomass grows. In the coastal waters during a cold period (December, 
February), the Gephyrocapsa huxleyi abundance sometimes increases due to a decrease of nutrient 
supply that results from weakening of the river runoffs and/or increasing stability of the water column. 
Decrease in phytoplankton supply with nutrients contributes to the competitive growth of 
coccolithophores as compared to other types of phytoplankton. The development of Gephyrocapsa 
huxleyi “bloom” in different seasons can reflect its genetic and physiological plasticity. 
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Introduction 
Coccolithophores (Coccolothophyceae) are planktonic haptophyte algae that are 

ubiquitous throughout the World Ocean [1]. Their distinctive feature is calcareous 
(CaCO3) plates – coccoliths – covering the entire cell surface. The most extensively 
studied species of this group is Gephyrocapsa huxleyi (Lohmann) P. Reinhardt, 1972 
syn. Emiliania huxleyi (Lohmann) W.W. Hay & H. Mohler 1967 1. The massive 
development of this species is periodically recorded in different areas of the ocean, 
that leads to a powerful sea blooming, covering an area of hundreds of thousands of 
square kilometers [1, 2]. 

Coccolithophores are important producers of organic matter in the ocean, with 
an estimated contribution to primary production of 1–10%. They also play a crucial 
role in the downward transport of CaCO3 and the formation of calcareous bottom 
sediments [3, 4]. The optical characteristics of the sea are subject to significant 
change as a result of the accumulation of coccospheres and coccoliths in the water 
[2, 3]. It is predicted that current climate changes may significantly affect the growth 
of coccolithophores and calcification processes, in different ways at low and high 
latitudes [5, 6]. Over the past two decades, a significant increase in the number of 
coccolithophores has been noted in the Atlantic Ocean [7, 8]. Due to the essential 
impact of these microalgae on the global carbon cycle [5, 6, 9], the study of 
G. huxleyi “blooms” remains a priority [2]. 

In the most general terms, a “bloom” can be defined as the accumulation of 
phytoplankton biomass within a certain water area as a result of the microalgae 
growth rate exceeding the cell loss rate. The cell loss is determined by the natural 
mortality of algae and the consumption by zooplankton. Following an increase in 
biomass, values return to levels close to the baseline [10]. Commonly, there is an 
outbreak of one (monospecific “bloom”) or 2–3 species of microalgae, accompanied 
by an increase in phytoplankton biomass, lasting between a week and a month [11, 
12]. A high degree of dominance by a single taxon is an important sign of “bloom”, 
and it is determined by the capacity of certain species to grow faster than other algae 
species under given environmental conditions [11, 13, 14]. 

Spring phytoplankton “bloom”, which are regularly observed in mid- and high-
latitude regions, are associated with the rapid growth of diatoms against 
the background of favorable light conditions, abundant nutrient availability, and weak 
grazing pressure typical of that season [15–17]. The growth rate of diatoms reaches 
a maximum under conditions of intense vertical mixing of waters at high dissolved 
inorganic nutrient concentrations in the environment [13, 18]. The accumulation of 
algal biomass persists until the number of zooplankton feeding on them enhance in 
response to an increase in food availability and/or when nutrient supply becomes 
depleted [19]. The identification of the “bloom” and its subsequent dynamics 
analysis are based on the phytoplankton biomass, which is often recorded 
using the concentration of the main photosynthetically active pigment, chlorophyll 
a, as a marker [11]. 

1 AlgaeBase. Listing the World’s Algae. [online] Available at: https://www.algaebase.org 
[Accessed: 17 July 2024]. 
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In contrast to the spring “bloom” of diatoms, massive development of 
coccolithophores is typically not accompanied by a meaningful increase in 
phytoplankton biomass [20, 21]. Accordingly, the criterion for identifying 
the “bloom” of G. huxleyi is based on its abundance, with a threshold value of 
1 million cells per liter. The G. huxleyi “bloom” typically occurs in the context 
of elevated solar radiation and limited availability of nutrients [1–3]. 

Regular studies carried out in the Black Sea over a two-years period revealed 
a change in the species composition of phytoplankton in late spring – early summer, 
with a constant chlorophyll a concentration [20]. In May, dinoflagellates formed 
the majority of phytoplankton, while coccolithophores contributed up to 80% of 
the phytoplankton biomass in June [20]. Furthermore, high abundances of 
G. huxleyi, exceeding a million cells per liter, have been recorded in coastal and shelf 
waters, as well as during the cold season [22]. 

Remote sensing methods offer a broad range of opportunities for the study of 
water quality and productivity at different temporal and spatial scales. The remote 
diagnostic of coccolithophore “blooms” is based on the unique optical characteristics 
of their cells, which exhibit an order of magnitude higher backscattering index (bbp) 
compared to other microalgae due to a high refractive index of coccoliths and 
coccosphere [23]. Satellite data have demonstrated that coccolithophore “blooms” 
in the Black Sea are observed annually at the beginning of summer [24–28]. 
However, the intra-annual dynamics of G. huxleyi concentrations in different regions 
of the Black Sea have not been sufficiently studied yet, as well as their relationship 
with chlorophyll a concentration (a marker of phytoplankton biomass) and the effect 
of environmental factors on these dynamics. 

The following regional satellite algorithms have been developed for the Black 
Sea: 1) retrieval of primary hydrooptical properties of the sea surface layer [29], 
including bbp; 2) assessment of the chlorophyll a (Ca) concentration [30]. These 
allow analysis of the seasonal and interannual dynamics of these parameters in 
different areas of the sea, their relationship with environmental characteristics, such 
as sea surface temperature (SST), depth of the upper mixed layer (ZUML) and 
photosynthetically available radiation incident on the sea surface (PAR0). 

The aim of this study is to investigate the frequency, intensity, and area of 
the Gephyrocapsa huxleyi “bloom” in different parts of the Black Sea, as well as to 
evaluate the impact of environmental factors on the strength and interannual 
variation of blooming events. 

Methods 
The bbp value at 555 nm (bbp (555)) was estimated from satellite data using 

a regional model [29]. The G. huxleyi cell concentration (NEh) was determined from 
the NEh versus bbp (555) dependence established from in situ NEh data [31]. 

The values of Ca and light absorption coefficient by colored detrital matter at 
490 nm (aCDM(490)) were estimated based on satellite data using regional algorithm 
[30]. The ZUML values were determined according to [32]. 

For the Black Sea sub-regions (Fig. 1), as identified according to hydrophysical 
features [33], the mean values of the studied parameters were calculated with two-
week averaging for the period 1998–2023. A 2-km zone along the entire Black Sea 
coast was excluded from the analysis. To assess the seasonal dynamics of bbp(555), 
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NEh, SST, Ca, aCDM(490) and ZUML, the monthly mean anomalies normalized by 
the standard deviation (𝑋𝑋𝑖𝑖𝑖𝑖σ ), were used:  

𝑋𝑋𝑖𝑖𝑖𝑖σ = (𝑋𝑋�𝑖𝑖𝑖𝑖 −𝑋𝑋𝚥𝚥� ) σ𝑋𝑋𝚥𝚥�� , (1) 

where X is the parameter under consideration; 𝑋𝑋�𝑖𝑖𝑖𝑖 is its monthly mean for the i month 
and j region; 𝑋𝑋𝚥𝚥�  and σ𝑋𝑋𝚥𝚥�  are the long-term mean and its standard deviation (SD) for 
the j region.  

F i g.  1. Map of Black Sea sub-regions defined by hydrodynamic features [33] 

The interannual variability of the X parameter was estimated using annual 
averages of monthly mean anomalies normalized by SD (𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖σ ), which was calculated 
as follows: 

𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖σ = �𝑋𝑋�𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑋𝑋�𝑖𝑖𝑖𝑖� σ𝑋𝑋�𝑖𝑖𝑖𝑖� , 

where 𝑋𝑋�𝑖𝑖𝑖𝑖𝑖𝑖 is its monthly mean for the i month, y year and j region; 𝑋𝑋�𝑖𝑖𝑖𝑖 and σ𝑋𝑋�𝑖𝑖𝑖𝑖 is 
the long-term mean and SD for the i month and j region. 

Radiance within the upper mixed layer was determined from PAR0 (SeaWiFS 
and MODIS spectroradiometer data) using the relationship between the depth of 
the photosynthetic zone (Z1%) and ZUML. Z1% values were estimated from the diffuse 
attenuation index of light at 490 nm wavelength, reconstructed from SeaWiFS and 
MODIS satellite data, according to [34]. 

Results 
Data series (bbp(555), NEh, SST, Ca, aCDM(490) and ZUML), calculated with two-

week averaging for each sea sub-region (Fig. 1) from 1998 to 2023, were obtained. 
Fig. 2 shows the dynamics of bbp(555) in each sub-region over the specified 
period. Seasonal and interannual variability in this parameter are evident in all sub-
regions (Fig. 2).  
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F i g.  2. Dynamics of two-week averages of particulate back scattering coefficient at wavelength 
555 nm (bbp(555)⋅102) calculated for the sub-regions of the Black Sea (in this and the following figures, 
the region number is in the upper left corner of each fragment) 

PHYSICAL OCEANOGRAPHY   VOL. 31   ISS. 6   (2024) 806 



PHYSICAL OCEANOGRAPHY   VOL. 31   ISS. 6   (2024) 807 

F i g.  3. Normalized monthly mean anomalies (η) of the particulate backscattering coefficient at 
wavelength 555 nm (bbp(555)), concentration of chlorophyll a (Ca), thickness of the upper mixed layer 
(ZUML), coefficient of light absorption by colored detrital matter at wavelength 490 nm (𝑎𝑎CDM(490)) 
in particular sub-regions of the Black Sea 



Normalized anomalies allow the identification of intra-annual cycles in all 
parameters (Fig. 3). The peak value of bbp(555) is recorded in June with a high 
probability (normalized anomaly exceeding 2) in almost all sub-regions. 
On the northwestern shelf (region 4), the bbp(555) maximum is observed in different 
months throughout summer, which reduces the statistical probability of its 
occurrence (normalized anomaly about 1) (Fig. 3). In the Black Sea, Ca 
concentrations are lowest in summer, except for areas affected by the Danube, 
Dnieper and Dniester runoff (sub-regions 4, 5 and 6, a). In these sub-regions 
an increase in Ca levels is observed during summer months (Fig. 3). The long-term 
means of the (𝑋𝑋𝚥𝚥� ) and SD (σ𝑋𝑋𝚥𝚥� ) (see Table) together with the annual dynamics of 
the normalized anomalies (see Fig. 2) allow us to calculate the monthly averages of 
each parameters in a specific sub-region of the sea using equation (1). In the deep-
water sub-regions (sub-regions 1–3), the monthly long-term mean of Ca in June was 
between 0.15 and 0.25 mg⋅m−3. 

A comparison of the annual cycles of bbp(555) and Ca revealed no relationship 
between these parameters (Fig. 3). The regularly observed maximum of bbp(555) in 
June is not accompanied by an increase in Ca values in all the sea sub-regions, with 
the exception of coastal waters subject to the Danube, Dnieper and Dniester runoff 
(sub-regions 4, 5, 6, a), where the summer maximum of bbp(555) is observed against 
a spring-summer Ca increase (Fig. 3). In these sub-regions (4, 5 and 6, a), 
the bbp(555) values demonstrate an inverse proportionality to the Ca values (Fig. 4). 

N o t e: SD is standard deviation. 

An increase in Ca and 𝑎𝑎CDM(490) is observed in the northwestern shelf (sub-
region 4) in May – June (Fig. 3). In the area of the Danube mouth (sub-region 5), 
this increase is more pronounced, and the normalized values of the anomalies of 
these parameters exceed 1 (Fig. 3). 

Region aCDM(490) ± SD Ca ± SD NEh ± SD 
1 0.050 ± 0.045 0.69 ± 0.50 0.32 ± 0.30 
2 0.051 ± 0.046 0.69 ± 0.50 0.36 ± 0.38 
3 0.056 ± 0.051 0.67 ± 0.49 0.42 ± 0.45 
4 0.112 ± 0.107 0.91 ± 0.79 0.91 ± 0.93 
5 0.134 ± 0.133 1.43 ± 1.36 1.12 ± 1.17 
6a 0.109 ± 0.104 0.96 ± 0.86 0.69 ± 0.71 
6b 0.090 ± 0.083 0.75 ± 0.63 0.57 ± 0.59 
7a 0.058 ± 0.055 0.68 ± 0.58 0.35 ± 0.37 
7b 0.062 ± 0.056 0.66 ± 0.56 0.35 ± 0.35 
7c 0.064 ± 0.057 0.64 ± 0.53 0.37 ± 0.38 
8 0.077 ± 0.070 0.69 ± 0.56 0.47 ± 0.47 
9 0.074 ± 0.069 0.65 ± 0.55 0.48 ± 0.50 
10 0.084 ± 0.077 0.68 ± 0.57 0.73 ± 0.79 
11 0.068 ± 0.064 0.60 ± 0.50 0.64 ± 0.67 
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Long-term average values of chlorophyll a concentration (Ca), mg⋅m-3, light absorption 
coefficient by colored detrital matter at wavelength 490 nm (𝒂𝒂𝑪𝑪𝑪𝑪𝑪𝑪(𝟒𝟒𝟒𝟒𝟒𝟒)), m−1, and 

concentration of G. huxleyi cells (NEh), mln cell⋅l-1  
calculated for the water upper layer in different regions of the Black Sea 



F i g.  4. Interannual variability of normalized monthly mean anomalies (η) of G. huxleyi cell abundance 
(NEh), chlorophyll a concentration (Ca), sea surface temperature (SST), and thickness of the upper 
mixed layer (ZUML) in February (a, c, e), June (d, f) and August (b) in sub-regions 4, 5 and 11 
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F i g.  5. Interannual variability of normalized monthly mean anomalies (η) of G. huxleyi cell abundance 
(NEh) and thickness of the upper mixed layer (ZUML) in June in sub-regions 1, 2 and 3 in the Black Sea 

F i g.  6. Relationship between the upper mixed layer thickness (ZUML) in June and the G. huxleyi cell 
abundance (NEh) in the western deep part (sub-region 1) (a), and between (NEh) in the deep part of 
the sea (sub-region 1 and 2) and “bloom” area to the total sea area ratio (Sbloom/Stot) (b) 
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F i g.  7. Maps of G. huxleyi cell abundance (NEh) (a, c, e, g) and upper mixed layer thickness (ZUML) 
(b, d, f, h) at the onset of “bloom” in the second half of May, 1998 (a, b), 2002 (c, d), 2004 (e, f), 2008 
(g, h) (data on ZUML are from [32])  
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F i g.  8. Maps of spatial distribution of G. huxleyi cell concentration (NEh) in the Black Sea surface 
layer: in the first half of June in 1998, 2002, 2005, 2006, 2012, 2017 (left), 2001, 2009, 2011, 2015, 
2016, 2018, 2021 (right) 
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The bbp(555) maximum, which is regularly observed in all the sea regions at 
the beginning of summer, is associated with the G. huxleyi “bloom”, as confirmed 
by field observations. The G. huxleyi cell abundance (N, million cells⋅l−1) can be 
estimated with a high accuracy based on the relationship between the bbp(555) 
values, m−1, retrieved based on satellite data, and the number of coccolithophore 
cells determined directly in seawater samples [31]: 

𝑁𝑁 = 160 ∙ 𝑏𝑏bp(555) − 0.32,𝑛𝑛 = 36, 𝑟𝑟2 = 0.82. 

A thorough analysis of the interannual variability of NEh and ZUML, calculated 
bbased on normalized anomaly values, reveals that the extremes of these two 
curves are in antiphase in the majority of cases (Fig. 5). A comparison of the mean 
of NEh and ZUML for June, obtained in different years, indicates an inverse 
relationship between these parameters, which is most pronounced at NEh values less 
than 1 (Fig. 6). 

The maps of NEh distribution at the end of May, when the “bloom” begins, 
demonstrate a concurrence between areas of higher coccolithophore abundance and 
those of a thinner upper mixed layer (Fig. 7). This feature of NEh distribution may 
indicate the ZUML effect on the G. huxleyi “bloom” start. In 1998, 2002, 2006, 2012, 
2017 and 2019, when a relatively narrow upper mixed layer was observed in June, 
a more intense G. huxleyi “bloom” was documented: NEh values exceeded 2 million 
cells⋅l−1, reaching 6 million cells⋅l−1 in some years. On the contrary, in 2001, 2009, 
2015, 2016, 2018 and 2021, when the upper mixed layer was more profound, 
the abundance of coccolithophores was lower (NEh less than 1.2 million cells⋅l−1) 
(Fig. 8). Furthermore, an assessment of the interannual variability of the G. huxleyi 
“bloom” area from 1998 to 2022 demonstrated that the largest areas, accounting for 
over 80% of the sea surface, were recorded in 2002, 2006, 2012, 2017 and 2019 
(Fig. 9). Moreover, the “bloom” area in particular years was directly proportional to 
the mean of NEh in the deep-water part of the sea (Fig. 6, b). 

F i g.  9. Interannual variability of G. huxleyi “bloom” area (Sbloom/Stot) in June 

On the northwestern shelf (sub-region 4), besides the bbp(555) maximum at 
the beginning of summer, a marked increase in bbp(555) is evident in December and 
February. Along the eastern coast (sub-region 11), an increase in bbp(555) 

PHYSICAL OCEANOGRAPHY   VOL. 31   ISS. 6   (2024) 813 



(normalized monthly mean anomaly greater than 1) is observed in February (Fig. 3). 
In these areas, the winter and summer bbp(555) maxima are statistically significant, 
since the normalized monthly mean anomaly is equal to 1 or greater. In contrast to 
the summer bbp(555) maximum, which coincides with the annual the annual 
minimum chlorophyll a concentration, the winter bbp(555) maximum is observed 
during a period of elevated Ca values. 

Discussion 

The growth rate of planktonic algae is regulated by a complex of factors, 
including light, temperature, and the nutrient availability [37, 38]. Of these factors, 
light has the greatest effect on changes in the phytoplankton growth [39]. 
The strategy of microalgae adaptation to light is aimed at maintaining a constant 
growth rate within a wide range of light intensities in the environment [40]. 
The light intensity saturating the growth rate of diatoms and dinoflagellates is 50–
80 μE⋅m−2⋅s−1 [40]. In earlier studies, it was observed that the G. huxleyi growth rate 
reached a state of saturation at a light intensity of 100–200 μE⋅m−2⋅s−1 [41, 42]. 
In subsequent studies [43], light saturation of the growth rate was observed at 
65 μE⋅m−2⋅s−1, which corresponds to the values characteristic of dinoflagellates and 
diatoms [40]. A constant growth rate (the so-called plateau of light curve) is 
observed up to ~ 800 μE μE⋅m−2⋅s−1. Light of higher intensity inhibits the growth of 
microalgae of different taxonomic groups [44]. However, for G. huxleyi this 
“plateau” extends up to 1200 μE⋅m−2⋅s−1 [43, 45]. 

The inhibition of cell growth rate is caused by destruction of photosystem 
reaction centers in cells, namely, D1 protein damage in the photosystem II reaction 
center [46]. A detailed study of the pigment complex structure and the functional 
characteristics of G. huxleyi demonstrated that high light intensity does not inhibit 
growth due to the active photoprotective function of the pigment-protein complex. 
Photoprotective pigments protect cells from extremely high light intensityby 
minimizing the accumulation of reactive oxygen species and preventing oxidative 
damage [9], which increases the resistance of photosystem II reaction centers 
to high-intensity light [43]. Furthermore, coccoliths covering the G. huxleyi cell 
provide more efficient light scattering compared to other types of microalgae 
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Analysis of time series of normalized monthly mean anomalies in the abundance 
of G. huxleyi cells revealed that in all the Black Sea sub-regions, the “bloom” occurs 
regularly in early June (Fig. 3). Across the sea, with the exception of specific areas of 
the northwestern shelf (4, 5, and 6, a), the G. huxleyi “bloom” is observed when 
the concentration of chlorophyll a is minimal in the annual cycle (Fig. 3) and 
the species structure of phytoplankton changes significantly [20, 21]. Such changes in 
phytoplankton are caused by a pronounced increase in the abundance of 
a particular species compared to others [11]. The increase in abundance is determined 
by the excess of the algae growth rate over the rate of cell loss, associated with 
mortality and consumption by zooplankton [14, 16, 35, 36]. Therefore, the increase in 
the G. huxleyi contribution to the phytoplankton biomass may be resulted from 
relatively high (in comparison with other species) growth rate and/or less intensive 
grazing. 



(bbp differs by almost an order of magnitude) [23], which additionally protects 
the photosynthetic apparatus of coccolithophores [2]. 

The June G. huxleyi “bloom” period in the Black Sea is characterized by 
the highest levels of the sea surface insolation (50 ± 4.3 E⋅m−2⋅day−1) of during 
the annual cycle [47, 48] and the thinnest upper mixed layer (Fig. 3),  associated with 
the beginning of a seasonal water stratification [21, 33, 49]. The temperature 
stratification of surface waters was observed at the beginning of summer during 
the G. huxleyi “bloom” in various sub-regions of the World Ocean [50–53], while 
the light intensity within the upper mixed layer was extremly high levels of within 
the annual cycle (approximately 1000 μE⋅m−2⋅s−1) [1, 21, 53–57]. 

In such conditions, the morphological features and stability of 
the photosynthetic apparatus of coccolithophores provide them with an advantage in 
terms of growth rate over other planktonic algae. As a result, an increase in 
the number of coccolithophores leads to the development of a “bloom”. At its peak, 
the phytoplankton biomass in the Black Sea can be represented mainly (up to ~ 80%) 
by one species – G. huxleyi [20, 21]. 

The maximum growth rate of algae (the plateau on the light curve) was shown to 
decrease under nutrient limitation [37, 58–60]. The seasonal water stratification results 
in limited nutrient supply to the upper mixed layer from the nutrient-rich lower layers 
of water. This results in reduced nutrient availability to phytoplankton in surface 
waters [5]. Numerous studies demonstrate that at low concentrations of inorganic 
nitrogen and phosphorus compounds, G. huxleyi grows at higher rate compared to 
other microalgae taxa. Furthermore, the competitive advantages of G. huxleyi growth 
under phosphorus deficiency are manifested to a greater extent than under nitrogen 
deficiency [44, 61–63]. This may provide additional advantages for the G. huxleyi 
growth in the Black Sea at the beginning of summer. During the formation of seasonal 
stratification of surface waters due to depletion of nutrients in the cold intermediate 
layer as a result of winter convection, their upward flow into the euphotic zone is 
sharply reduced [64]. The plankton community undergoes a transition from external 
sources of nutrients to internal ones [65]. Here, an imbalance between the influx and 
consumption of inorganic phosphorus in the euphotic zone is more pronounced than 
that for nitrogen compounds [66]. As a result, G. huxleyi has additional advantages for 
growth compared to algae of other taxonomic groups. 

It is assumed that certain coccolithophores may adopt a mixotrophic or 
phagocytic lifestyle, as evidenced by their occurrence below the euphotic zone [67]. 
Experimental studies on algae cultures have demonstrated that mixotrophy is 
a survival strategy for coccolithophore at light intensities below the compensation 
point (light intensity where the photosynthesis rate is equal to the respiration rate) 
due to the use of organic compounds as energy and/or carbon sources [68]. 
At the same time, in the surface layer with high light intensity, G. huxleyi 
coccolithophores are evidently typical autotrophs. 

The calcareous shell weakly protects coccolithophores from grazing by both 
micro- and mesozooplankton. [69]. However, the level of phytoplankton grazing is 
likely to decrease with an increase in the proportion of coccolithophores in 
the community. Studies in the Black Sea have shown that the proportion of 
coccolithophores in the copepod diet is negligible. However, G. huxleyi may form 
the basis for the nutrition of filter feeders Oikopleura dioica and the heterotrophic 
dinoflagellate Noctiluca [70]. Consequently, an increase in the proportion of 
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coccolithophores in phytoplankton may result in a decrease of its grazing by 
mesozooplankton, particularly if the latter is dominated by crustacean. 

As a consequence, the increase in G. huxleyi biomass may lead to an increase in 
the abundance of filter feeder species. At the same time, in most part of the Black 
Sea, there is a decrease in mesozooplankton biomass from May to June, which is 
observed simultaneously with changes in community structure. Cold-water 
crustaceans dominate in March – April, while warm-water species begin their 
intensive growth in June [71, 72]. Therefore, a decline in the grazing pressure 
exerted by forage zooplankton at the beginning of summer can stimulate an increase 
in the phytoplankton biomass at that time. 

Microzooplankton can also affect the abundance of G. huxleyi cells [73]. 
A number of studies indicate that dinoflagellates are a higher priority food source 
for protozoa compared to coccolithophores [74–76]. Therefore, it is possible to allow 
some reduction in grazing pressure from the side of microzooplankton, too, under 
the dominance of G. huxleyi. The combined effect of these factors can result in 
a consistent increase in the G. huxleyi abundance during the early summer in 
the majority of sub-regions of the Black Sea. 

F i g.  10. Interannual variability of normalized monthly mean anomalies of G. huxleyi “bloom” 
intensity (NEh), chlorophyll a concentration (Ca) and light absorption coefficient by colored detrital 
matter (𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶(490)) in June in sub-regions 4 and 5 in the Black Sea 
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In coastal waters influenced by the Danube, Dnieper and Dniester runoff (sub-
region 4, 5, 6a), the summer bbp(555) maximum is observed in conjunction with 
an increase in phytoplankton biomass (Fig. 3). The interannual variability of Ca, 
which is considered a marker of phytoplankton biomass in these waters, shows 
a close correlation with 𝑎𝑎CDM(490) (Fig. 10). 

It should be noted that the 𝑎𝑎CDM(490)  value in estuarine areas is mainly 
determined by the amount of suspended and dissolved substances entering with river 
runoff [77]. In addition, river waters carry nutrients required for phytoplankton 
growth [78], therefore, variability of the river runoff intensity during the flood 
period determines the interannual variability of Ca (phytoplankton biomass) 
at the beginning of summer (Fig. 10). 

The observed increase in bbp(555) during this time is primarily associated with 
an increase in the content of coccolithophores and coccoliths. This is because organic 
suspended matter, including other types of phytoplankton, has an order of magnitude 
lower bbp(555) values [23]. The influence of non-algal particles on the bbp(555) was 
minimized by excluding from the analysis a 2-kilometer zone of coastal waters, 
where most mineral particles brought in with river runoff are deposited.  

It should be noted that interannual variability in the normalized anomalies of 
bbp(555) in these sub-regions was inverse to variability of the Ca and  𝑎𝑎CDM(490) 
anomalies (Fig. 10). Based on such dynamics, it can be assumed that, the relatively 
low level of river runoff and, accordingly, a lower input of nutrients create favorable 
conditions for the competitive growth of coccolithophores, which are able to 
maintain higher growth rates under conditions of low nutrient supply compared to 
other species, especially diatoms [1, 13]. 

In the shallow northwestern shelf (sub-region 4), high anomalies in the seasonal 
variation of bbp(555) are observed not only in June, but also in the winter months 
(Fig. 3). A comparison of the interannual variability of February values of 
the bbp(555) and Ca anomalies (Fig. 4) demonstrates that in most cases the extremes 
of these two curves are in antiphase. This suggests that the increase in 
the abundanceof coccolithophore on the northwestern shelf occurs concurrently with 
a decline in the total phytoplankton biomass, which is associated with the deceasing 
of the growth of a typical winter phytoplankton complex dominated by 
by the diatoms.  

Regular monitoring in 1998–2000 allowed for the comparison of the intra-
annual dynamics of the phytoplankton structure in the western deep-sea in years with 
cold and warm winters [20]. In the cold winter of 1998, phytoplankton was 
represented by a complex of diatom species, and a sharp increase of 
phytoplankton biomass was observed in early March caused by an intense ”bloom” 
of Proboscia alata. 

During the relatively warm winter of 1999, a significant number of 
the G. huxleyi coccolithophores were observed. Its contribution to the total 
phytoplankton biomass in the central western deep-water part and in the continental 
slope area reached 40–70% [20]. No spring “bloom” of diatoms was observed after 
the warm winter [20]. The elevated abundance of G. huxleyi in the phytoplankton 
during this period can be explained by the higher stability of the water column. leads 
to a decrease in upward inorganic nutrient fluxes, which are the main source for 
phytoplankton growth in the euphotic zone during the cold period [64, 65]. 
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The decrease in the availability of dissolved inorganic nitrogen and phosphorus 
gives G. huxleyi an advantage, allowing it to achieve higher growth rates compared 
to diatoms in low nutrient environments [1, 79–81]. In combination with favorable 
light conditions due to weak vertical mixing of waters, this leads to an increase in 
G. huxleyi abundance in warm winters. Conversely, during cold winters, active 
mixing of waters significantly worsens light conditions in the photosynthesis zone. 
However, mixing intensifies the upward nutrient fluxes into the euphotic zone, 
thereby creating favorable conditions for the diatoms growth. This is due to the fact 
that the level of light saturation of growth for diatoms is significantly lower 
compared to coccolithophores [3, 22, 82]. 

The development of G. huxleyi in different seasons reflects its genetic and 
physiological plasticity [1]. Molecular genetic studies have revealed the presence of 
at least two distinct groups within G. huxleyi, distinguished by variations in 
the mitochondrial genome sequences. These groups exhibit different temperature 
preferences, with the cold-water group inhabiting the subarctic waters of the North 
Atlantic and Pacific Oceans, and the warm-water group occupying the subtropical 
waters of the Atlantic and Pacific Oceans, as well as the Mediterranean Sea [81]. 
The relationship between specific genetic strains of G. huxleyi and the physical and 
chemical conditions of their habitats is illustrated through the analysis of data from 
various sub-regions of the World Ocean [83]. Intraspecific genetic variability can be 
traced observed not only between strains of G. huxleyi from different sub-regions, 
but also within the boundaries of a single “bloom”. This variability is associated with 
key physiological processes in cells, such as rates of calcification, photosynthesis, 
sulfur and lipids biochemical transformation, nitrogen and phosphorus assimilation, 
which ultimately affect the entire ecosystem [84]. Therefore, targeted genetic studies 
of the Black Sea population of G. huxleyi are essential to identify patterns in 
the dynamics of “bloom” of this species or a complex of related species. 

Conclusions 
Based on satellite data and regional algorithms, the values of chlorophyll 

a concentration, the particulate backscattering coefficient and the absorption 
coefficient of light by colored detrital matter, were retrieved with two-week 
averaging for various sub-regions of the Black Sea from 1998 to 2023. 

The analysis of the normalized monthly mean anomalies’ variability allows us 
to reveal annual cycles of these parameters, to determine the general patterns and 
features of their dynamics in particular sea sub-regions. It was demonstrated that in 
early June, coccolithophores “bloom” with interannual variations in its intensity and 
area is regularly observed in all sub-regions. The G. huxleyi “bloom” is observed 
annually at the beginning of summer in many regions of the World Ocean under at 
least one general condition – the highest light intensity within the upper mixed layer 
(about 1000 μEm−2⋅s−1). This is evidently a key factor in the changing 
the phytoplankton species structure, leading to the dominance of coccolithophores 
(particularly G. huxleyi). The G. huxleyi dominates due to its physiologically 
determined capacity to grow without inhibition under extremely high light 
intensities, which inhibit the growth of most other algae. 

It has been demonstrated that in the majority of sub-regions in the Black Sea, 
during the G. huxleyi “bloom” in early summer, the algae species are replaced by 
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G. huxleyi, which is not accompanied by an increase in phytoplankton biomass 
(using the concentration of photosynthetically active pigment as a biomass marker). 

In coastal waters influenced by river runoff, G. huxleyi abundance and 
phytoplankton biomass increase. Level of river runoff was shown to influence 
the increase in phytoplankton biomass in spring in these Black Sea sub-regions. 
Higher abundance of coccolithophores was observed while the chlorophyll 
a concentration decreased. In addition, increase in the number of coccolithophores 
in the Black Sea has been observed in the cold period; however, the intensity and 
time scale of such processes vary significantly across the water area in different 
years. Consequently, no significant increase in normalized anomalies of particle 
backscattering coefficients in the cold period is observed in most sub-regions.  

 However, a notable and relatively consistent increase in this indicator is 
observed during the cold period (December – February) on the northwestern shelf. 
Significant increase in the number of G. huxleyi is evident, despite a decline in 
the total phytoplankton biomass. Significant increase in the number of G. huxleyi is 
observed, while the phytoplankton biomass decreases. 

It is evident that the primary factor contributing to abundance of G. huxleyi in 
the Black Sea throughout the year is the capacity of coccolithophores to maintain 
elevated growth rates in low-nutrient environments. Consequently, the proportion of 
G. huxleyi in the phytoplankton exhibits a periodic increase in different sub-regions, 
coinciding with nutrients depletion. This is particularly evident in instances of 
decreased nutrient flow, resulting from increased water column stability and/or 
reduced coastal runoff levels. However, at the beginning of summer, the key factor 
determining the regular “bloom” of G. huxleyi throughout the Black Sea and other 
World Ocean sub-regions is the capacity of coccolithophores to maintain maximum 
growth at a wide range of light intensity, extending to extremely high intensity, 
inhibiting the growth of all other groups of microalgae. 
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