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Abstract: During the last decades, a decrease in the nutrients and an increase in marine temperature
on the surface of the Varna Bay of the Black Sea have been registered. The main aim of this study
was to establish the influence of some environmental factors (SST, TP, DIN) on the structure of the
phytoplankton and to define what part of these dynamics results from the changes in temperature.
Bivariate correlation and Nonlinear regression analyses were used to establish the connection between
factors of the environment and the quality parameters of different size and taxonomic groups of
phytoplankton. The rising SST proved to statistically significantly influence the decrease in the
abundance of nano-phytoplankton (50.9%), the abundance and biomass of micro-phytoplankton
(53%; 33.2%), the Bacillariophyceae (49.5%; 35.6%), and the biomass of the species of group “Other”
(51.4%). The decreasing TP has a significant influence on the decrease in the abundance and biomass of
the diatoms and the biomass of group “Other”. The decreasing DIN significantly affects the decrease
in the abundance and biomass of Dinophyceae. The analyses showed that rising temperatures
had a leading role in the changes in the taxonomic and size structure of phytoplankton during the
period 1992–2019.

Keywords: Black Sea; Varna Bay; SST; nutrients; phytoplankton; size structure; taxonomic structure

1. Introduction

Temperate marine ecosystems react to climate changes at all trophic levels, both in
terms of their development and in terms of the physiological processes (metabolism rate,
breathing, nutrition of the hydrobionts [1,2]) and dynamics of the populations [3–5]. The
main limiting factors for the long-term changes in their functions and, more specifically, in
the phytoplankton structure are temperature, light, and nutrients [6].

The impact of climate change on the hydrological and hydrobiological characteristics
of the Black Sea’s ecosystem has been described by Daskalov [7], Konovalov and Murray [8],
Lancelot et al. [9], Mikaelyan [10], Niermann et al. [11], Oguz [12], and Yunev et al. [13].

The period of the 1980s and 1990s was characterized “by dramatic variations in the
regional climate” [12] (p. 124) of the half-closed and severely polluted water basin known
as the Black Sea. The winters in that region before 1995 were long and severe [12,14]. After
this phase, the annual mean sea surface temperature (SST) (◦C) started to rise [15]. Sakalli
and Basusta [16] note that during a 34-year-long period (1982–2015), the SST in the Black
Sea increased by 0.64 ◦C per decade.
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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), [15]. They include:

1. A low-productive ecosystem before 1970 or the so-called “pristine” reference phase
(1954–1970);

2. A highly productive eutrophic system during the 1980s or a phase of intensive anthro-
pogenic eutrophication and destruction of the Black Sea ecosystem (1970–1995);

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 ecosystem.

During the “pristine” period, the climate factors dominated over the anthropogenic
ones, and a large part of the phytoplankton abundance and biomass were produced during
the winter/spring period of the year with a dominance of diatoms [17–19].

During the eutrophication phase, the biomass and abundance of the phytoplankton as
well as the frequency, duration, and intensity of the phytoplankton blooms sharply increased
in the spring and summer [14,20–40]. The eutrophication seriously influenced not only the
shallow waters, but also the whole shelf area during the 1970s [36,41–48]. The high abundance
of the dinoflagellates was taken “as an indicator of an eutrophication” [45] (p.110).

The current post-eutrophication phase is characterized by a reduction of the concen-
tration of the nutrients [49–51] as well as the quantity of phytoplankton.

The frequency and length of the phytoplankton blooms decreased. The tendency for
recovery of the phytoplankton’s seasonal dynamics, which is normal for these latitudes,
was confirmed [34,52–56].

However, there are still some anomalies in the characteristics describing the “natural
state” of phytoplankton communities according to the criteria of the Water Framework
Directive [16,32,33,43,44,56–65].

Questions that remain to be answered refer to the dominance of the anthropogenic
or climate factors, their interaction with one another, and the signs of adaptation of the
systems in the Bulgarian Black Sea coastal area.

Recently, changes in climate have been considered as one of the most serious threats
to the global environment, which may adversely affect human life and economic activities,
water and food security, ecosystems, and natural resources [66].

Allan et al. [67] indicated that the global surface temperature during the period
2011–2021 was 1.09 ◦C higher than that between 1850 and 1900. Despite the cooling effect
of La Niña, the year 2021 was the seventh warmest on record. Scientific studies show that
there is no change in the long-term trend of rising temperatures [68].

Research studies show an increase in the temperature of all European seas, with the
largest trends observed for the Black Sea, where the trend values for the period 1993–2016
were 0.075 ± 0.008 ◦C/year [69].

The tendency for rising temperatures will probably continue, given the current state
of the environment [16]. In the period 1997–2020, the quantities of chlorophyll (proxy
indicator for the phytoplankton development) in the surface layer of the Black Sea waters
decreased by −1.54 per year [70].

“Many studies have shown that temperature is a strong predictor of phytoplankton
cell size in marine ecosystems [71,72] such that the average cell size within phytoplankton
communities tends to decrease with the increase in temperature” [73] (p.14).

The results “support the hypothesis that temperature effects on cell size are to a great
extent mediated by nutrient limitation. This effect is expected to be exacerbated under field
conditions, where higher temperatures of the surface waters reduce the vertical nutrient
transport” [74] (p.1).

Investigations for phytoplankton pigment from field observations and satellite data
from cruises in the Atlantic Ocean showed that the average cell size within phytoplankton
communities tends to decrease with increasing temperature [74].

Global climatic changes and regime shifts in many coastal regions (not only in the Black
Sea) negatively affected biological elements. “As an example of holistic simplicity arising
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from underlying complexity, the variance in a community variable (total abundance) is ex-
plained by a single predictor (temperature) to the extent of 75% in the marginal seas. In the
estuarine basin, weekly averages of phytoplankton and temperature computed from a 13
year time-series yield a predictive relationship with 91% explained variance” [75] (p. 1953).

“Climate change leads to more nutrient-depleted conditions in the surface ocean and
that favors small phytoplankton at the expense of diatoms” [76] (p.1).

The purpose of this study was to establish how the rise of SST and the changes in
nutrient concentration over a long period of time (1992–2019) affects the phytoplankton
size structure and taxonomic structure in the surface waters of Varna Bay in the Black Sea.

This analysis contributes to a better understanding of the consequences of climate
change and local anthropogenic factors on the phytoplankton communities as an adaptive
response of the coastal ecosystems to climate change.

2. Materials and Methods
2.1. Study Area: Description of the Varna Bay

The Black Sea is one of the world’s semi-enclosed seas and is particularly sensitive to
anthropogenic impacts due to its isolation and large river inflow. “The ratio of its surface
and its catchment area exceeds 6. For this reason, the Black Sea is very vulnerable to
pressure from land-based human activity and its health is equally dependent on the coastal
and non-coastal states of its basin” [77] (p.1).

Varna Bay is situated in the northern part of the Black Sea Coast between Cape Galata
and Cape St. George (Figure 1).
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Figure 1. Map of sampling station locations (Legend: hydrobiological stations: Varna Bay (B), (B-1,
B-2, B-3, B-4, B-5, B-6, B-7, B-9, B-10); Cape Galata—(G), (G-1); Asparuhovo beach, Breakwater, South
beach, Officer’s beach, Pochivka beach, Point 1, 2, 3) (sources: https://www.boell.de/en/2020/01/21
/cooperation-between-european-small-navies-black-sea-potential-alternative-naval, accessed on 20
February 2023 and Google Maps).

Its maximum width is 3.5 nm. Varna Bay is the second largest bay after the Bay of
Burgas and runs along the Bulgarian Black Sea Coast. The bay has a flat bottom inclined
eastwards. Its maximum depth is 18.5 m. To the west, it is artificially connected to Varna
Lake, which has a great effect on the biodiversity in the two basins.

https://www.boell.de/en/2020/01/21/cooperation-between-european-small-navies-black-sea-potential-alternative-naval
https://www.boell.de/en/2020/01/21/cooperation-between-european-small-navies-black-sea-potential-alternative-naval


Water 2023, 15, 1677 4 of 21

The city of Varna is located on the northern and western part of Varna Bay and the
northeast shore of Varna Lake. The main industrial zone and the port complex are located
in the northern part of the bay area.

The climate of Varna is maritime and is relatively mild in the warm months of the year.
The absolute minimum temperature is –24.3 ◦C (measured on 10 February 1929), and the
absolute maximum temperature is 41.4 ◦C in July (2021). The average annual rainfall is
498 mm, the maximum being in June and November, and the minimum is in February. The
average height of the waves in Varna Bay is about 61cm [78]. The general circulation of the
currents in Varna Bay is cyclonic [79].

The ecological state of Varna Bay is influenced by “urbanisation, industry, transport,
and port activities. Agriculture is another major driver for the state alterations of the entire
Varna region since it is responsible for the nutrients input to the rivers, lagoons, and, the
sea. The main causes of environmental disturbance are eutrophication, coastal pollution
due to the point sources, and diffuse (non-point) sources” [49] (p. 1695). The Bay is one of
the marine “hot spots” along the Bulgarian Black Sea coast, as it is constantly changing and
at the same time is used for recreation. The long-term database on phytoplankton, SST (◦C),
total phosphorus (TP) (mg·L−1), dissolved inorganic nitrogen (DIN) (mg·L−1) used in the
study provides for a detailed analysis of the ecological changes in the coastal waters.

Figure 1 shows the study area with permanent monitoring stations for hydrological
and hydrobiological observations.

2.2. Field Sampling

A total of 473 phytoplankton samples were collected every month in May, June, July,
and August of each year during the research period (1992–2019).

The sampling was conducted during 116 research expeditions (as part of routine
monitoring programs of the Institute of Fish Resources (IFR)-Varna beginning in the 1990s,
and national and international projects) with Niskin bottles (5l) at the surface water layer
(0–1m) (Figure 1).

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. Laboratory Treatment of the Phytoplankton Samples

The bottles with preserved samples were transported to the hydrobiological labora-
tory (IFR-Varna). The seawater samples for the investigation of phytoplankton commu-
nities (taxonomic structure, abundance, and biomass) were concentrated by the settling
method. Samples were allowed to settle for 10–12 days and then slowly decanted to 50 mL
final volume [80].

2.4. Morphological Identification and Enumeration

The qualitative and quantitative analyses 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 100×, 200×, and 400×) in counting chambers of Palmer–Maloney—
0.05 mL and Sedgwick Rafter—1 mL, using standard protocols for the Black Sea [81].

The cell volume of phytoplankton was calculated using geometric formulas [82,83].
The wet biomass was assumed to be equal to the cell volume (ρ = 1). The biomass was
determined through morphometric measurement of phytoplankton units [82].

Specialized software for phytoplankton analyses Phytomar 2.0 [84], SPSS Statistics 26.0,
and Excel (Microsoft Office, Redmond, Washington DC, USA) were used for calculations
and graphs.

The distribution of species in phytoplankton classes was conducted according to
electronic databases WoRMS [85] and AlgaeBase [86].

During the research period, phytoplankton species representing 18 taxonomic classes
were found (Dinophyceae; Bacillariophyceae; Chlorophyceae; Cyanophyceae; Prymnesio-
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phyceae; Cryptophyceae; Euglenophyceae; Dictyochophyceae; Trebouxiophyceae; Chloro-
phyta incertae sedis; Zygnematophyceae; Prasinophyceae; Pyramimonadophyceae; Chloro-
dendrophyceae; Chrysophyceae; Euglenoidea; Craspedophyceae; and Dinoflagellata incer-
tae sedis), according to WoRMS [85].

The phytoplankton species were grouped into three groups: class Dinophyceae, class
Bacillariophyceae and the other classes of phytoplankton (16 classes) united in one group
(Other) according to Oguz et al. [65] for the purpose of the taxonomic statistical analysis.

For the statistical analysis of the phytoplankton size structure, the species were clas-
sified according to their size—nano-phytoplankton (<20 µm) and micro-phytoplankton
(≥ 20 µm), according to Zeitzschel [87].

2.5. Methods for Studying the Dependence of Phytoplankton on Sea Surface Temperature (SST) and
Nutrients (TP), (DIN)

The sample selection, group identification and variable definitions, and the criteria
for data analysis were conducted in such a way as to minimize the effect of confounding
factors (physical, chemical, and biological) on the statistical analysis.

Limitations of the statistical analysis:

1. The study was conducted only in Varna Bay as an area with uniform hydrologic
conditions. This area was also selected because there is a long-term database for the
phytoplankton (1631 phytoplankton samples for the whole period 1992–2019).

2. To avoid the influence of light on the development of phytoplankton in deep water
(from 1 m to 25 m), all samples were taken from the surface water layer (0–1 m).

3. Samples from only the period of May–August were analyzed to minimize the effect
of the seasonal dynamics on the abundance and biomass of the phytoplankton.

The sea surface temperature (SST) data were obtained from the Integrated Climate
Data Center in Hamburg, Germany. The sea surface temperature (SST) data version v2.1
was taken for the computation. Data are available for the period from September 1981 to
the present. These data were obtained by the optimum interpolation (OI) technique. In the
literature, the data can be found as the OISST dataset (formerly Reynolds SST). The result
of OI is the 0.25◦ spatial grid data, which originated from the combination of the infrared
channels of the Advanced Very High-Resolution Radiometer (AVHRR), with buoy and
ship observations as reference data. This approach allows for a large-scale bias adjustment
of satellite data [88]. To analyze data from the Bulgarian Black Sea coast, the monthly
mean SST data were used. Bilinear interpolation was applied to a 0.25◦ spatial grid of
OISST data to obtain surface sea temperature outside of the grid mesh. SST data were
obtained by bilinear interpolation. For this purpose, we performed two linear interpolations
along the length and one linear interpolation along the width direction for four points of
the grid cells.

Using this technique, a time series for the period 1992–2019 was obtained for the
region of Varna Bay.

The sources of the data of TP (mg·L−1) and DIN (mg·L−1) were the international
projects of the Institute of Fish Resources-Varna and published and unpublished data from
various sources (articles, reports of the Black Sea Commission, Regional Environment and
Water Inspection-Varna, Black Sea Basin Directorate-Varna).

The relations between SST and the abundance and biomass of nano-phytoplankton
(2–20 µm) and micro-phytoplankton (>20 µm) [73,87] and the relationships between SST,
TP (mg·L−1), DIN (mg·L−1) and the groups Dinophyceae, Bacillariophyceae, and Other
were established by bivariate correlation (Spearman’s coefficient) analyses and nonlinear
(polynomial) regression analyses performed with SPSS Statistics 26.0 software. Excel
(Microsoft Office) was used for the graphical evaluations.



Water 2023, 15, 1677 6 of 21

3. Results
3.1. Tendencies in the Changes of the Phytoplankton Abundance and Biomass in the Varna Bay

The calculated nonlinear equations represent the tendencies in the changes of the
phytoplankton abundance and biomass in the surface water layer of Varna Bay during
the examined period (1992–2019) and are shown in Figures 2 and 3. The highest average
values of phytoplankton were registered in the first years of the studied period (abundance
3467 × 106 cells·m−3 and biomass 6750 mg·m−3), while in the last decade of the period,
the abundance was 2.17 times lower and the biomass was 5.02 times lower.
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Figure 2. Long-term yearly trend of the average phytoplankton abundance (×106 cells·m−3) and
biomass (mg·m−3) for May–August 1992–2019 in the surface layer of Varna Bay.

Despite the moderate values of the coefficients of determination (R2 = 0.263; 0.383),
the slope of the equations shows negative trends in the total abundance and biomass of the
phytoplankton in the surface water layer for the period May–August, 1992–2019 (Figure 2).

The tendencies of the change in abundance and biomass of the nano- and micro-
phytoplankton for the period 1992–2019 were established using nonlinear regression anal-
ysis (Figure 3). The trends of calculated cubic regression equations are negative and
statistically significant at p < 0.05 in all cases, with the exception of the trend for the biomass
of the nano-phytoplankton. According to the values of the coefficients of determination
(R2 = 0.735; 0.4039), there are moderate to strong relationships between the long-term
period (1992–2019) and changes in the abundance (73.5%) and biomass (40.39%) of nano-
phytoplankton. Concerning the abundance and biomass of micro-phytoplankton, the
coefficients of determination (R2 = 0.801; 0.806) show that 80 ÷ 80.6% of the changes were
due to the long-term period.
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3.2. Relationship between the Sea Surface Temperature (SST), Abundance, and Biomass of Nano-
and Micro-Phytoplankton

Based on the data for the Varna Bay region, we found a positive trend of the average
values of SST for the period May–August, 1992–2019 (Figure 4).
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Figure 4. Long-term year variabilities and trend of average SST for the period May–August 1992–2019
in the Varna Bay region.

Using bivariate correlation analysis, a negative, statistically significant correlation was
found between the SST and the abundance and biomass of nano- and micro-phytoplankton
(Table 1). The values of Spearman’s correlation coefficients show a well-defined rela-
tionship between temperature and nano-phytoplankton abundance (−0.431), as well as
between temperature, micro-phytoplankton abundance (−0.471), and biomass (−0.553).
The relationship between temperature and nano-phytoplankton biomass (−0.405) is weaker
compared to the dependencies for the above-mentioned parameters (Table 1).

Table 1. Bivariate correlation between SST and nano- and micro-phytoplankton parameters.

Spearman’s
Coefficient

Nano-Phytoplankton Micro-Phytoplankton

Abundance
(×106 Cells·m−3)

Biomass
(mg·m−3)

Abundance
(×106 Cells·m−3)

Biomass
(mg·m−3)

SST (May-August) −0.431 * −0.405 * −0.471 * −0.553 *

Note(s): * Correlation is significant at the 0.05 level.

The relationship between SST and abundance and biomass of nano- and micro-
phytoplankton was studied by nonlinear regression analysis, and quadratic regression
equations were compiled (Table 2).

Table 2. Model summary and parameter estimates for the influence of SST on parameters of nano-
and micro-phytoplankton.

Regression Equation
Coefficient of

Determination
R2

Significance

Nano-phytoplankton (n)

Abundance (×106 cells·m−3) (n) = 50,183.57 − 4511.78 × SST + 101.58 × SST2 0.509 0.0001

Biomass (mg·m−3) (n) = 2331.002 − 153.55 × SST + 2.293 × SST2 0.182 0.081

Micro-phytoplankton (m)

Abundance (×106 cells·m−3) (m) = 14,530.32 − 1301.47 × SST + 29.18 × SST2 0.530 0.0001

Biomass (mg·m−3) (m) = 22,724.72 − 1924.57 × SST + 40.79 × SST2 0.332 0.007
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The empirical significance levels confirm the statistically significant results from the
nonlinear regression analysis for all parameters (except biomass) of nano-phytoplankton
(Table 2). Moreover, the coefficients of determination (0.509; 0.530; 0.332) show that the
change in the SST had an influence of 50.9% and 53% in the abundance of nano- and
micro-phytoplankton, and 33.2% in the biomass of the micro-phytoplankton.

3.3. Relationship between SST, TP, DIN, and Abundance and Biomass of the Groups Dinophyceae,
Bacillariophyceae, and Other

We studied the three groups: Dinophyceae, Bacillariophyceae, and Other, which are
the most important ones in the sea phytoplankton by bivariate correlation and nonlinear
regression analyses and tried to find any relationship between their abundance and biomass
and the values of the sea surface temperature (SST) (Figure 4) and the nutrients TP and
DIN (Figures 5 and 6). As can be seen in Figures 5 and 6, a negative trend of the average
values of TP and unstable variations in the average values of DIN with tendencies to reduce
were found.

Water 2023, 15, x FOR PEER REVIEW 9 of 21 
 

 

Biomass 

(mg·m−3) 

(m) = 22,724.72 − 1924.57 × SST + 40.79 × 

SST2 
0.332 0.007 

The empirical significance levels confirm the statistically significant results from the 

nonlinear regression analysis for all parameters (except biomass) of nano-phytoplankton 

(Table 2). Moreover, the coefficients of determination (0.509; 0.530; 0.332) show that the 

change in the SST had an influence of 50.9% and 53% in the abundance of nano- and micro-

phytoplankton, and 33.2% in the biomass of the micro-phytoplankton. 

3.3. Relationship between SST, TP, DIN, and Abundance and Biomass of the Groups  

Dinophyceae, Bacillariophyceae, and Other 

We studied the three groups: Dinophyceae, Bacillariophyceae, and Other, which are 

the most important ones in the sea phytoplankton by bivariate correlation and nonlinear 

regression analyses and tried to find any relationship between their abundance and bio-

mass and the values of the sea surface temperature (SST) (Figure 4) and the nutrients TP 

and DIN (Figures 5 and 6). As can be seen in Figures 5 and 6, a negative trend of the 

average values of TP and unstable variations in the average values of DIN with tendencies 

to reduce were found. 

The analyses of the nutrient dynamics in Varna Bay indicated that “in spite of varia-

bility by seasons nutrients demonstrated a decreasing trend or remained at the same 

level” [49] (p. 1701). 

 

Figure 5. Long-term year variabilities and trend of average total phosphorus for the period May–

August 1992–2019 in Varna Bay. 

 

Figure 6. Long-term year variabilities and trend of average dissolved inorganic nitrates for the pe-

riod May–August 1992–2019 in Varna Bay. 

Figure 5. Long-term year variabilities and trend of average total phosphorus for the period May–
August 1992–2019 in Varna Bay.

Water 2023, 15, x FOR PEER REVIEW 9 of 21 
 

 

Biomass 

(mg·m−3) 

(m) = 22,724.72 − 1924.57 × SST + 40.79 × 

SST2 
0.332 0.007 

The empirical significance levels confirm the statistically significant results from the 

nonlinear regression analysis for all parameters (except biomass) of nano-phytoplankton 

(Table 2). Moreover, the coefficients of determination (0.509; 0.530; 0.332) show that the 

change in the SST had an influence of 50.9% and 53% in the abundance of nano- and micro-

phytoplankton, and 33.2% in the biomass of the micro-phytoplankton. 

3.3. Relationship between SST, TP, DIN, and Abundance and Biomass of the Groups  

Dinophyceae, Bacillariophyceae, and Other 

We studied the three groups: Dinophyceae, Bacillariophyceae, and Other, which are 

the most important ones in the sea phytoplankton by bivariate correlation and nonlinear 

regression analyses and tried to find any relationship between their abundance and bio-

mass and the values of the sea surface temperature (SST) (Figure 4) and the nutrients TP 

and DIN (Figures 5 and 6). As can be seen in Figures 5 and 6, a negative trend of the 

average values of TP and unstable variations in the average values of DIN with tendencies 

to reduce were found. 

The analyses of the nutrient dynamics in Varna Bay indicated that “in spite of varia-

bility by seasons nutrients demonstrated a decreasing trend or remained at the same 

level” [49] (p. 1701). 

 

Figure 5. Long-term year variabilities and trend of average total phosphorus for the period May–

August 1992–2019 in Varna Bay. 

 

Figure 6. Long-term year variabilities and trend of average dissolved inorganic nitrates for the pe-

riod May–August 1992–2019 in Varna Bay. 
Figure 6. Long-term year variabilities and trend of average dissolved inorganic nitrates for the period
May–August 1992–2019 in Varna Bay.

The analyses of the nutrient dynamics in Varna Bay indicated that “in spite of vari-
ability by seasons nutrients demonstrated a decreasing trend or remained at the same
level” [49] (p. 1701).

The dynamics of the abundance and biomass of the groups Dinophyceae, Bacillario-
phyceae, and Other during the studied period are shown in Figure 7. Since the coefficients
of determination for all examined groups (except for the abundance of species of the group
Other) varied from 0.337 to 0.763, the compiled regression equations show a moderate
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relationship between the dynamics of abundance and biomass of the groups and the
studied period.
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Figure 7. Dynamics of the abundance (×106 cells·m−3) (a) and the biomass (mg·m−3) (b) of the
groups Dinophyceae, Bacillariophyceae, and Other during the studied period.

In all three groups (Dinophyceae, Bacillariophyceae, and Other), there was a negative
correlation with SST (Table 3). The Spearman’s correlation coefficients show moderate
and significant relationships between temperature and Bacillariophyceae abundance and
biomass, as well as between the temperature and biomass of the Other group. The rela-
tionship between temperature and group Dinophyceae abundance and biomass and the
abundance of the Other group is weak and insignificant.

Table 3. Bivariate correlation between SST, TP, DIN and the abundance and biomass of the groups
Dinophyceae, Bacillariophyceae, and Other.

Spearman’s
Coefficient

Dinophyceae Bacillariophyceae Other

Abundance
(×106 Cells·m−3)

Biomass
(mg·m−3)

Abundance
(×106 Cells·m−3)

Biomass
(mg·m−3)

Abundance
(×106 Cells·m−3)

Biomass
(mg·m−3)

SST
(May–August) −0.322 −0.287 −0.563 * −0.682 * −0.282 −0.534 *

TP (mg·L−1) 0.559 * 0.540 * 0.600 * 0.616 * 0.432 * 0.637 *

DIN (mg·L−1) 0.415 * 0.450 * 0.265 0.337 0.083 0.154

Note(s): * Correlation is significant at the 0.05 level.

A positive, statistically significant correlation was reported between TP (mg·L−1) and
abundance and biomass for all three studied groups. The Spearman’s correlation coefficient
showing the strength of the relationship between TP and the biomass of the Other group
is the highest (0.637). This does not change the fact that the strength of the relationship
between TP and abundance and biomass for all three studied groups is moderate.
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Regarding DIN (mg·L−1), a statistically significant correlation was reported only for
the abundance and biomass of the Dinophyceae group. Spearman’s correlation coefficients
(0.415 and 0.450) indicate a moderate relationship between DIN (mg·L−1) and the abun-
dance and biomass of this group. The strength of the relationship between DIN (mg·L−1)
and the abundance and biomass of Bacillariophyceae and the Other group is positive
but weak.

The results from the nonlinear regression analysis showed statistically insignificant
relationships between the abundance and biomass of Dinophyceae and SST (Table 4).

Table 4. Model summary and parameter estimates showing the relationship between SST and
abundance and biomass for groups Dinophyceae, Bacillariophyceae, and Other.

Regression Statistics Abundance Biomass

Dinophyceae

R2 0.125 0.136

Significance 0.189 0.161

Regression equations AD = 6997.026 − 616.024 × SST + 13.61 × SST2 BD = 6585.15 − 496.66 × SST + 9.223 × SST2

Bacillariophyceae

R2 0.495 0.356

Significance 0.0001 0.004

Regression equations AB = 44,305.918 − 3963.06 × SST + 88.72 × SST2 BB = 79,85.64 − 520.07 × SST + 7.431 × SST2

Other

R2 0.063 0.514

Significance 0.441 0.0001

Regression equations AO = −17,043.57 + 1857.56 × SST − 47.58 × SST2 BO = 167,448.308 − 15,137.41 × SST + 342.18 × SST2

The relationship between abundance and biomass and SST is statistically significant,
with moderate strength for class Bacillariophyceae (Table 4). The temperature change can
account for 49.5% (R2 = 0.495) of the changes in the abundance of Bacillariophyceae and
35.6% (R2 = 0.356) of the changes in the biomass. The regression analysis established a
weak statistically insignificant relationship between the abundance of group Other and SST
(Table 4). The coefficient of determination (0.063) showed that the temperature changes
influenced only 6.3% of the changes in the abundance of group Other. The change in
biomass of group Other showed the highest statistical significance. The changes in the
temperature account for 51.4% of the changes in the biomass of group Other, according to
the coefficient of determination (R2 = 0.514).

Table 5 presents the results of the non-linear regression analysis examining the re-
lationship between TP (mg·L−1) and the abundance and biomass of the three groups
(Dinophyceae, Bacillariophyceae, and Other) during the observed period. As with sea
surface temperature, a statistically insignificant relationship between the abundance and
biomass of Dinophyceae and TP was obtained. The coefficient of determination indicated
that only 13% (R2 = 0.13) of the changes in abundance and 29.3% (R2 = 0.293) of the changes
in biomass were due to total phosphorus levels.

The results for group Other are similar. A weak, statistically insignificant relationship
between the abundance of group Other and total phosphorus was reported. Only about
16.8% of the changes in the abundance of group Other are due to the changes in TP, evident
from the value of the coefficient of determination (0.168). Regarding the biomass of group
Other, the non-linear regression analysis showed a statistically significant relationship
between biomass and TP. The coefficient of determination (0.413) is an indicator that 41.3%
of the changes in the biomass of group Other are due to the changes in total phosphorus.

The relationship between the abundance and biomass of the Bacillariophyceae class is
statistically significant, and according to the coefficients of determination (0.395 and 0.387),
it can be concluded that about 39.5% of the abundance changes and 38.7% of the biomass
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changes of the Bacillariophyceae group are due to the changes in total phosphorus for the
studied period.

Table 5. Model summary and parameter estimates showing the relation between TP (mg·L−1) and
abundance and biomass for groups Dinophyceae, Bacillariophyceae, and Other.

Regression Statistics Abundance Biomass

Dinophyceae

R2 0.13 0.293

Significance 0.175 0.103

Regression equations AD = −14.704 + 3075.81 × TP − 14,605.36 × TP2 BD = 41.85 + 4528.87 × TP − 6260.64 × TP2

Bacillariophyceae

R2 0.395 0.387

Significance 0.002 0.002

Regression equations AB = −56.12 + 8830.05 × TP − 28,102.21 × TP2 BB = 91.63 + 4848.21 × TP − 614.57 × TP2

Other

R2 0.168 0.413

Significance 0.101 0.001

Regression equations AO = 359.17 + 21,831.08 × TP − 94,401.01 × TP2 BO = −588.40 + 42376.15 × TP − 185,415.56 × TP2

Table 6 presents the results of the non-linear regression analysis examining the re-
lationship between DIN (mg·L−1) and the abundance and biomass of the three groups
(Dinophyceae, Bacillariophyceae, and Other) during the observed period. A statistically
significant relationship was obtained only between the abundance and biomass of the
Dinophyceae group and DIN (mg·L−1). Changes in DIN (mg·L−1) during the observed
period can explain 23.7% of the changes in abundance (R2 = 0.237) and 40.8% of the changes
in biomass (R2 = 0.408) of the Dinophyceae group.

Table 6. Model summary and parameter estimates showing the relation between DIN (mg·L−1) and
Abundance and Biomass for groups Dinophyceae, Bacillariophyceae, and Other.

Regression Statistics Abundance Biomass

Dinophyceae

R2 0.237 0.408

Significance 0.034 0.001

Regression equations AD = 5.28 + 1014.33 × DIN − 1551.36 × DIN2 BD = 52.26 − 1424.08 × DIN + 7095.5 × DIN2

Bacillariophyceae

R2 0.052 0.133

Significance 0.512 0.168

Regression equations AB = 230.37 − 2807.4 × DIN + 17,931.8 × DIN2 BB = 184.98 − 211.59 × DIN + 9292.15 × DIN2

Other groups

R2 0.057 0.100

Significance 0.482 0.269

Regression equations AO = 960.06 − 6104.9 × DIN + 43,687.8 × DIN2 BO = 718.71 − 13,704.5 × DIN + 79,298.7 × DIN2

The relationship between the abundance and biomass of class Bacillariophyceae and
group Other with DIN (mg·L−1) is weak and statistically insignificant. The coefficients of
determination (0.052 and 0.057) show that only about 5% of the changes in the abundance
of Bacillariophyceae and the Other group result from the changes in DIN (mg·L−1). Similar
results were obtained for changes in the biomass of Bacillariophyceae and group Other.
About 13% of the changes in the biomass of Bacillariophyceae (R2 = 0.133) and 10% of the
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changes in the biomass of group Other (R2 = 0.100) are due to the changes in DIN (mg·L−1)
for the studied period.

4. Discussion

At present, coastal habitats are vulnerable to climate change, but the research on these
areas has not been organized in a coherent manner. Therefore, any research in this direction
(including the results of this research) can contribute to the appropriate adaptation of the
habitats in these areas to a changing climate.

“The unprecedented rates of warming observed during recent decades exceed the
natural variability to such an extent that this phenomenon is widely recognized as a major
environmental problem not only among scientists” [89] (p.203).

The increase in sea surface temperature (SST) in the Black Sea in recent decades is a
fact [66,68,90]. The results from our study also demonstrate a positive trend in temperature
increase and a possible significant influence on the biocoenosis in Varna Bay (especially on
the phytoplankton, which is the first target of nutrient changes and is a critical factor in
marine water quality and ecosystem health).

Why was Varna Bay chosen for this study? In order to execute a scientific comparison
between different coastal ecosystems in the Black Sea, it is necessary to have a long-term
data set for the period 1992–2019.

The only other heavily eutrophicated bay that is subject to human impact on the
Bulgarian Black Sea coast is Burgas Bay. Unfortunately, there has not been enough data on
it over the years. The authors’ have insufficient observations that do not allow for long-term
analyses to be conducted. There are not enough publications on phytoplankton biocenoses.
Available publications are for different years, different seasons, and different taxonomic
compositions. Therefore, for the purpose of this study, Varna Bay has been chosen.

“Eutrophication has been described as one of the greatest contemporary threats to the
integrity of coastal ecosystems. The increased availability of nutrients (generally N and P)
is a major factor that drives eutrophication in coastal areas” [91] (p.40).

Increased nutrient input into the sea can lead to undesirable effects associated with eu-
trophication, including harmful algal blooms, undesirable changes in species composition,
bottom layers’ anoxia, mass mortality of fish and benthic organisms, etc. Eutrophication
has severely affected both the shallow waters as well as the entire shelf area of the Black
Sea since the early 1970s.

“In 2007, eutrophication has been determined as one of the key transboundary prob-
lems in the Black Sea despite all evidence, compiled since 1995, which substantiate a certain
decrease in its intensity as compared to the period of 1970–1990” [91] (p.41).

The research question of our study was “How do the temperature and nutrient changes
in Varna Bay influence the size of the phytoplankton species and the abundance and
biomass of the different taxonomic groups?” We tried to answer it by studying the re-
lationships between the temperature and nutrients and the structure of phytoplankton
through appropriate statistical procedures. The results seem to indicate that there are
certain dependencies between these variables.

Our results show that one of the factors that has a strong influence on phytoplankton
productivity is SST. This result is similar to what Stelmakh et al. (2023) [92] found in their
study of a different Black Sea region.

In coastal waters near Sevastopol (the Quarantine Bay and Sevastopol Bay), Black Sea
“during the last years, significant changes in the phytoplankton biomass annual dynamics
and its dominant species composition have taken place. At the end of the last century
and in the early 2000s, the authors observed an intensive development of small species of
diatoms S. costatum, C. socialis, and C. curvisetus” [92] (p.11). They also comment that “this
is mainly due to the influence of increased water temperature and growing anthropogenic
pollution. At the same time, interannual variability of phytoplankton parameters cannot be
ruled out” [92] (p.11).
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“Currently, as a result of the phytoplankton species composition restructuring, the
maximum values of the phytoplankton growth rate and microzooplankton grazing have
significantly decreased compared to the respective values in the early 2000s. Reduced nutri-
tion quality for microzooplankton and the suppressive effects of water pollutants on them
caused a twofold decrease in the relative share of primary production consumed by micro-
zooplankton. This suggests that the flow of matter and energy from phytoplankton through
microzooplankton to the highest trophic levels has significantly decreased” [92] (p.12).

In another study on the Atlantic Ocean (Maranon et al., 2012 [93]), the authors were
faced with the same question for a different region.

Maranon et al. (2012) [93] (p. 1266) “have recently suggested a direct and important
effect of temperature on the size structure of phytoplankton assemblages, such that warmer
temperatures would cause an increased contribution of small cells to total phytoplankton
biomass reported that 73% of the variability in the contribution of picophytoplankton to
total phytoplankton biomass in temperate waters of the North Atlantic is explained by
temperature alone, irrespective of trophic status and resource supply as inferred from in
situ nutrient concentrations”.

Long-term temperature change in ocean waters associated with climate trends has
been shown to affect phytoplankton abundance, phenology [3], and shifts in taxonomic
composition. Such changes can be spread to the higher levels of the food web [75].

Our statistical analyses demonstrate that temperature changes significantly affect the
abundance of nano- and micro-phytoplankton (up to 51–53%), but influence the biomass of
micro-phytoplankton to a lesser extent and do not affect nano-phytoplankton.

The above-quoted results support our conclusions.
Climate-driven changes in nutrients, temperature, and light have regionally varying

and sometimes counterbalancing influences on phytoplankton biomass and structure [87].
The complex interaction of environmental factors (temperature, turbulence, nutrient assim-
ilation, light, grazing, etc.) impacts the taxonomic structure of the phytoplankton and the
size of mass-developing phytoplankton species [6,73,94,95].

The phytoplankton data reflect the long-term (1992–2019) results from the field re-
search of the phytoplankton population in the Bulgarian coastal waters. It is possible that
during this long period of 28 years, different environmental factors interacted with each
other and influenced to a different extent the development of phytoplankton, taxonomic
structure, and the size of mass-developing phytoplankton species.

Our multi-year monitoring analysis in Varna Bay took into account seasonality, succes-
sion, and other environmental factors. In the period of May, June, July, August, mainly heat-
loving phytoplankton species develop, and during the transition from late spring to sum-
mer, phytoplankton succession takes place in which, if there are enough nutrients during
these months, blooms mainly of dinoflagellates, diatoms and Prymnesiophycea develop.

In the 1990s, eutrophication caused a high abundance (blooms) of phytoplankton.
A total of 25 dominant phytoplankton species were recorded. From the class Bacillario-
phyceae, 15 species prevailed in abundance: Skeletonema costatum (Greville) Cleve, 1873;
Cyclotella caspia Grunow, 1878; Chaetoceros socialis H.S. Lauder, 1864; Cerataulina pelagica
(Cleve) Hendey, 1937; Thalassiosira sp.; Chaetoceros sp.; Thalassiosira nana Lohmann, 1908;
Chaetoceros muelleri Lemmermann, 1898; Chaetoceros similis Cleve, 1896; Nitzschia tenuirostris
Mer., 1902; Nitzschia sp. Hassall, 1845; Leptocylindrus danicus P.T. Cleve, 1889; Melosira sp.
C.Agardh, 1824; Dactyliosolen fragilissimus (Bergon) Hasle in Hasle and Syvertsen, 1996;
Pseudo-nitzschia seriata (P.T. Cleve, 1883) H. Peragallo in H. and M. Peragallo, 1900. From the
dinoflagellates, four species were found: Prorocentrum cordatum (Ostenfeld, 1901) Dodge,
1975; Gymnodinium catenatum L.W. Graham, 1943; Heterocapsa triquetra (Ehrenberg, 1840)
Stein, 1883; Scrippsiella trochoidea (Stein, 1883) Balech ex Loeblich III, 1965. The other classes
were represented by 1–2 species of each.

In the first decade of the 21st century, the number of bloom species was reduced to
eight species, with dominating species Pr. cordatum (Dinophyceae); Ps.-nit. delicatissima,
Dact. fragilissimus and Cer. pelagica (Bacillariophyceae); the classes Cyanophyceae, Prymne-
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siophyceae, Cryptophyceae were represented by one species each: Oscillatoria sp.,
Merismopedia elegans A.Braun ex Kützing, 1849 and Emiliania huxleyi respectively.

In the second decade of the 21st century, only six species were found with bloom
condition: Pr. cordatum, Sk. costatum, Ps.-nitzschia delicatissima, Oscillatoria sp., Emiliania
huxleyi and small Flagellates (Cryptophyceae). Among the species that developed in
high abundance in the second decade of the 21st century, the usual for the eutrophic
period microplankton representatives such as Heterocapsa triquetra, Scrippsiella trochoidea,
Cerataulina pelagica, Dactyliosolen fragilissimus, Thalassiosira sp., Euglena viridis, Euglena sp.,
Astasia sp., which were common in the 1980s, are no longer present [36].

It is known that multiannual changes are accompanied by variations in the peaks of the quan-
titative development of phytoplankton, which depends on numerous environmental factors.

The analysis of the multi-year phytoplankton data raised another question—why,
even though the number of phytoplankton blooms, the abundance and biomass of phyto-
plankton, and the concentration of nutrients decrease, can the characteristic features of the
so-called “pristine” period in the ecology of the Black Sea ecosystem not be restored?

Based on our results, we can make a generalization that, if during the “pristine” period
the climatic factors prevailed over the anthropogenic ones, then nowadays, the two types
of factors act together and alternate in different variations.

This determines the still-unstable state of the Black Sea ecosystem, despite the imple-
mented laws and policies for the protection of marine waters.

During the period of 1992–2019, the average yearly value of the phytoplankton abun-
dance, biomass, the number and intensity of the phytoplankton blooms, and the nutrient
content display a decreasing tendency, which marks a reduction of eutrophication in the
Bay [36,41,96–99]. At the same time, parallel to these processes, the effect of temperature
changes is observed.

On the one hand, the temperature increase suppressed the abundance of the di-
atoms [76] and thus changed the ratio between diatoms and dinoflagellates [99]. On the
other hand, the increased temperatures accelerated the metabolism of the phytoplank-
ton [99], which stimulates the development of small opportunistic dinoflagellates [100],
which are an indicator of eutrophication [23].

The results from the key research studies describe temperature and the presence
of nutrients as the two major factors driving the growth and structure of phytoplank-
ton [16,98]. The temperature might affect not only the development of the different phy-
toplankton taxonomic groups, but also the groups of different sizes—nano- and micro-
phytoplankton [3,76,99].

Our results support these conclusions and illustrate the significant role of temperature
and nutrients as the factors of greatest importance for the development and structure of
phytoplankton communities in Varna Bay over the years.

Bopp et al. (2005) [76] (p.1) found that “climate change leads to more nutrient-depleted
conditions in the surface ocean and that it favors small phytoplankton at the expense of
diatoms.” Ray et al. (2001) [101] (p.1) claim that “Size appears to be an important parameter
in ecological processes. All physiological processes vary with body size ranging from small
microorganisms to higher mammals.“ Edwards and Richardson (2004) [3] (p. 883) also
conclude that “although many pelagic organisms are responding to climate warming, it is
the intensity of the response that varies considerably amongst the pelagic assemblage.”

In our analysis rising SSTs moderately influence the reduction in abundance and
biomass of the class Bacillariophyceae. A statistically strong influence of the rising tempera-
tures on the reduction of the biomass of the representatives of the group Other was found.

It is possible that the established strong influence of increasing SST on the reduction
of the biomass of species in group Other is due to the reduction in the size of these species.

The increasing temperature in Varna Bay does not affect the species of the class Dino-
phyceae. The results from the statistical analysis demonstrate that higher concentrations of
dissolved inorganic nitrogen (DIN) have a moderate effect on the increase in the biomass
of dinoflagellates, but they have a relatively weak effect on the increase in their abundance.
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On the other hand, TP has a moderate effect on increasing the abundance and biomass
of the class Bacilariophyceae, as well as on increasing the biomasses of the representatives
of the group Other.

A routine practice in calculating species biomass is to measure individual sizes under
a microscope. In these measurements over the last two decades, we observed that the
typical species have been smaller in size (unpublished data).

The diversity in the structure of the dominant diatoms decreased, leading to significant
changes in the ratio between nano- and micro-phytoplankton.

“Phytoplankton phenology and size structure are key ecological indicators that influ-
ence the survival and recruitment of higher trophic levels, marine food web structure, and
biogeochemical cycling. For example, the presence of larger phytoplankton cells supports
food chains that ultimately contribute to fisheries resources“ [102] (p.1).

To the authors’ knowledge, the paper is the first in Bulgarian research work that ana-
lyzes the long-term impact of SST and nutrients by the application of statistical methods for
the evaluation of the changes in the taxonomic and size structure of the phytoplankton com-
munities in Varna Bay. This determines the significance of this study. The obtained results
could contribute to a better understanding of the processes taking place in coastal ecosys-
tems and their effective management. Determining the specific contribution of the different
factors on the phytoplankton changes requires additional holistic and modelling research.

The results from this study demonstrate a need to continue researching the dependence
between SST/nutrients and changes in the group Other, which will be the subject of
subsequent publications.

5. Conclusions

Our results illustrate the significant role of temperature and nutrients as factors of
greatest importance for the development and structure of phytoplankton communities in
the Varna Bay of the Black Sea over the years.

The results show that the increase in the sea surface temperature has a significant
impact on the formation of the size structure of the phytoplankton community in Varna
Bay, as the SST explains 50.9% of the abundance of nano-phytoplankton and 53% of the
micro-phytoplankton, respectively. The effect of SST ranged from statistically weak on
micro-phytoplankton biomass to insignificant on nano-phytoplankton biomass.

The long-term positive trend of SST in Varna Bay affects the reduction of the abundance
and biomass of the class Bacillariophyceae and the biomass of the species in the group Other.
An increase in SST slightly affects the abundance and biomass of the class Dinophyceae
and does not affect the abundance of the species in the group Other.

The influence of TP (mg·L−1) is stronger than that of DIN (mg·L−1). The decrease
in TP (mg·L−1) had a statistically significant effect on the decrease in the abundance and
biomass of Bacillariophyceae, as well as on the decrease in biomass in the group Other.

The concentrations of DIN (mg·L−1) decrease and have a statistically significant effect
exclusively on the reduction of the abundance and biomass of Dinophyceae.

The dynamics of SST and TP (mg·L−1) most significantly affect the reduction of the
biomass of the species of the group Other (the determined dominant species are of small
sizes from the classes Cryptophyceae, Prymnesiophyceae and Cyanophyceae).

The statistical analyses show that the increase in SST has a significant impact on the
changes in the taxonomic structure of phytoplankton compared to the dynamics of the
concentration of the analyzed TP (mg·L−1) and DIN (mg·L−1) during the period 1992–2019.
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