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Abstract: In order to analyze how environmental factors affect planktonic organisms along the Roma-
nian Black Sea coast, this study created semi-quantitative models of the causal relationships between
phytoplankton, zooplankton, and physicochemical parameters by utilizing user-friendly modeling
tools. Eleven years of time-series data (March–September 2008–2018) were used to investigate the
relationships between phytoplankton, zooplankton, and environmental factors (such as temperature,
salinity, and nutrients). Variables such as marine reporting units and phytoplankton species and
classes were used to identify developmental patterns, utilizing the Mental Modeler platform to
consider interactions between the physicochemical parameters and phytoplankton, phytoplankton
and zooplankton, and zooplankton and physicochemical parameters. Although the increase in the
overall number of elements and linkages was uncertain in waters with variable salinity compared
to marine ones, the semi-quantitative models created for the three marine reporting units along
the Romanian Black Sea coast were comparable in terms of complexity. Across the typical and
examined types of phytoplankton proliferation (normal, abundant, and blooms), the number of
components and connections in the case of phytoplankton blooms substantially decreased as species-
and growth-promoting variables increased.

Keywords: phytoplankton proliferation; marine reporting units; modeling tools; significant correlation

1. Introduction

Despite the highly different levels of phylogenetic, biochemical, metabolic, and eco-
logical variability, marine plankton is widely distributed throughout the marine ecosystem
and plays a significant role in controlling the biological pump and global biochemical
cycles [1–3]. Because plankton adapt quickly to environmental changes, they are valu-
able biological indicators of the trophic condition of an aquatic ecosystem and its water
quality [3].

Since phytoplankton is a primary producer and can influence higher trophic levels by
providing zooplankton and other invertebrates with nutritional bases, a direct correlation
exists between the density of phytoplankton and the productivity of an aquatic environ-
ment [4,5]. Their productions are directly correlated with physicochemical parameters, and
seasonal temperature variations may be a controlling element in their growth and diversity,
in addition to other variables [4].

In today’s aquatic environment, plankton communities face a unique set of difficulties,
including the effects of climate change on ecosystems. Comprehending the interplay
between the dynamics of plankton communities and the current human-driven climate

Phycology 2024, 4, 168–189. https://doi.org/10.3390/phycology4010010 https://www.mdpi.com/journal/phycology

https://doi.org/10.3390/phycology4010010
https://doi.org/10.3390/phycology4010010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/phycology
https://www.mdpi.com
https://orcid.org/0000-0002-7118-9141
https://orcid.org/0000-0002-2116-9791
https://orcid.org/0000-0003-0498-5874
https://orcid.org/0000-0003-4144-1251
https://orcid.org/0000-0003-2428-7299
https://orcid.org/0000-0002-4559-8267
https://doi.org/10.3390/phycology4010010
https://www.mdpi.com/journal/phycology
https://www.mdpi.com/article/10.3390/phycology4010010?type=check_update&version=1


Phycology 2024, 4 169

change is, therefore, crucial and a major global challenge. Changes in the environment can
have a direct or indirect impact on the physiological characteristics and behavioral aspects
of marine plankton. This can result in changes to these organisms’ abundance, spatial
range, and community structure [6,7]. Since marine plankton is the basis of the ocean’s
life-support systems, these changes, therefore, result in changes in biological interactions
(e.g., trophic cascades, species competition, and facilitation) and ecosystem functioning
(e.g., elemental cycling) [8]. Thus, it is crucial to comprehend how marine plankton reacts
to external driving factors [3].

Not only do phytoplankton and zooplankton frequently inhabit aquatic areas, but
they also make up the entire aquatic ecosystem. Researchers have placed strong emphasis
on the global increase in dangerous phytoplankton blooms over the past 20 years, but little
is known about how harvesting affects phytoplankton–zooplankton communities [9].

The quantity of plankton in a water body determines the productivity of that ecosys-
tem [10]. The essential biological elements that provide energy to higher organisms via the
food chain are phytoplankton and zooplankton [11], which are trustworthy resources for
assessing the levels of water contamination and function as bioindicators [12]. Plankton
is, therefore, essential to the health of ecosystems and provides a variety of ecosystem
services (ES), such as acting as a sink for CO2 in order to regulate the climate and forming
the foundation of food webs that support the production of higher trophic levels [13].

Fuzzy cognitive mapping is a technique for assessing and quantitatively contrasting
the opinions of various actors regarding ecosystem structures. The models’ responses
to different pressure conditions can be demonstrated through simulations and quantita-
tive comparisons. This can show discrepancies in the beliefs about critical interactions
in an ecosystem and about how a system will react to management activities that help
experts to understand the impact associated with environmental changes and develop
strategies for reducing unwanted outcomes by capturing, communicating, and representing
knowledge [14].

Fuzzy-ogic Cognitive Mapping (FCM) was created in 1986 to organize expert knowl-
edge through a “fuzzy” systems programming technique modeled after the decision-
making process of the human mind. Due to their adaptability, FCMs were developed to
investigate how an environmental issue is perceived or simulate a complicated system with
a lot of uncertainty and when few empirical data are available [15]. To depict the linkages
and interactions between the variables in FCMs, arrows are used to connect the variables,
which are also known as concepts [16,17]. The numbers indicating the interaction’s strength
and whether it is positive or negative also indicate the type and strength of the interaction.
According to Jeter and Kok [18] and Özesmi and Özesmi [19], a positive interaction denotes
an increase in one idea, while a negative interaction denotes a decline in another concept.

By building cognitive knowledge maps (FCMs), the Mental Modeler enables the
development of the semi-quantitative model that (1) defines the essential components,
(2) defines the strength of the relationships between the components, and (3) runs scenarios
that determine how the system reacts in certain conditions [20].

This study aims to determine the causal linkages between phytoplankton, zooplankton,
and environmental parameters using an eleven-year data set collected between 2008 and
2018 (March–September). With the use of semi-quantitative models, the dynamics of the
pelagic habitat are captured, and the “nodes” of the network are identified, representing the
attributes of the ecosystem that can be modified in different scenarios. The main purpose of
this tool is to understand the changes that occur in the ecosystem. With the aid of cognitive
maps, phytoplankton developmental patterns were identified, considering the influence
exerted by physico-chemical factors and the zooplankton community.

2. Materials and Methods

The Black Sea, with an average salinity ranging from 17 to 18 g/L, displays a pro-
nounced stratified structure, featuring distinct biogeochemical layers. Its hydrographic
pattern consists of surface waters with low salinity, originating from rivers, overlaying
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deep Mediterranean-origin waters with higher salinity. Between these layers, there exists
a well-defined and enduring pycnocline, limiting the vertical mixing depth to 100–150 m.
The oxic layer extends to approximately 50 m and aligns with the euphotic zone and the
boundary of the pelagic habitat. This layer facilitates robust biological processes, boasting
high oxygen concentrations around 300 µM, which are subject to seasonal fluctuations in
nutrients and organic matter received from rivers and coastal areas. The Black Sea’s mean
thermohaline state is governed by the balance of water and salinity (dilution at the surface
and salinification by the Mediterranean inflow), while air–sea heat exchange shapes sea-
sonal variability. In coastal zones, the oxycline, denoting a distinct oxygen gradient, begins
at depths of 70–100 m. Below this lies the suboxic layer, situated at depths of 100–130 m,
which is characterized by diminished oxygen levels (<10 µM) and escalating hydrogen
sulfide concentrations. Descending further, the anoxic layer begins at depths of 150–200 m
and is devoid of oxygen, except for sustaining sulfate-reducing bacteria through hydrogen
sulfide [21–24].

The climate in the Black Sea region is temperate-continental. Summers experience
relatively uniform air temperatures, while winters exhibit temperature variations according
to geographical locations, with minimums in the northwest and maximums in the southeast.
Water temperatures fluctuate seasonally, reaching up to 25 ◦C in summer (occasionally up
to 28 ◦C) and dropping to 6–8 ◦C in winter. The northwest coast experiences winter ice,
while the southeast remains around 9 ◦C [25].

Typically, the offshore waters of the Black Sea lack vertical circulation, which is primar-
ily attributed to significant density stratification. This stratification inhibits deep convection
processes. The currents in the Black Sea are predominantly horizontal, precluding the
occurrence of the permanent upwelling and downwelling phenomena observed in other
regions of the planetary ocean [26].

The hydrological and hydro-chemical attributes of the coastal water bodies in the
Black Sea exhibit notable variations. The coastal marine environment undergoes rapid and
substantial changes in both spatial and temporal dimensions compared to shelf waters. The
plankton community near the shore is not only influenced by river flow but also by local
coastal runoff, encompassing sewage and agricultural drains, various human activities,
local wind-driven surface currents leading to upwelling and downwelling, and additional
natural and anthropogenic factors [27,28].

The samples were collected between 2008 and 2018 (March to September, in spring
and summer seasons) along the Romanian Black Sea coast (Table S1) within three marine
reporting units (MRU). The sampling network covered 40 stations, of which, 9 stations were
in waters with variable salinity, 14 stations were in coastal waters, and 17 stations were
in marine shelf waters (Figure 1 and Table S1). Seawater and biological (phytoplankton
and zooplankton) samples were collected from standard depths (0, 10, 20, 30, 50, 70, and
bottom) from stations with maximum depths of 100 m.

For the investigation of phytoplankton communities (taxonomic structure, numerical
abundance, and biomass), 500 mL seawater samples were collected using 5 L Teflon
Niskin. The samples were fixed immediately with formaldehyde at a 37% concentration.
In the laboratory, the samples were concentrated using the sedimentation method down
to approx. 30 mL by settling and removing the supernatant in two stages. This was
performed once every two weeks [29] (Moncheva and Parr, 2010). Each sample was
then homogenized, and a sample fraction of 0.1/1 mL was completely analyzed under
an inverted microscope (Olympus IX73). For the identification of the species, we used
both identification keys [30–33] and online databases (World Register of Marine Species,
Nordic Microalgae, AlgaeBase). All microalgae encountered were identified at the level
of species, genus, or algal group, counting all the cells of each species/genus/group
encountered. With the primary data thus obtained, the abundance (cells/L) and wet
biomass (mg/m3) were calculated for each species and for the highest taxonomic level that
could be identified. The individual cell biovolume (V, µm3) was derived via measurements
through the approximation of the cell shape of each species to the most similar regular



Phycology 2024, 4 171

solid. This was calculated by utilizing the respective formulas used routinely in the lab,
working according to the MISIS project inter-calibration exercise [34]. Cell biovolume was
converted into weight (W, ng) following the method of Hutchinson [35]. The taxonomic
nomenclature was updated according to the World Register of Marine Species (WoRMS).
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Zooplankton samples were collected by employing vertical tows, with a Juday net
(0.1 m2 mouth opening area, 150 µm mesh size) equipped with a flow meter used to
estimate the filtered water volume [36]. The zooplankton samples were subjected to both
quantitative and qualitative assessments using an Olympus SZX10 stereomicroscope. To
identify the taxonomic affiliation of zooplankton and determine species, we referred to
appropriate manuals and guides [37,38]. The classification of identified taxa was carried
out, following the World Register of Marine Species (WoRMS). Not all organisms could
be identified at the species level; meroplanktonic elements were only identified at the
group level. In the subsample(s) examined in the Bogorov chamber, all organisms were
counted until a minimum of 100 individuals were recorded for each of the three dominant
taxonomic groups. For large organisms, the entire sample was examined in a Petri dish. We
employed the count of individuals and mean individual weights to estimate the density in
ind/m3 and biomass in mg/m3 of wet weight, respectively. These estimations were based
on the tables of constant weight for Black Sea zooplankton [36,39].

Temperature and salinity were measured using the reversible thermometer, the titra-
tion method, and the CastAway CTD multiparameter probe (YSI Cast Away model). Dis-
solved nutrient concentrations were determined according to the standard methods used
for seawater analysis [40]. Thus, nutrients were quantified via spectrophotometric analyti-
cal methods validated in the laboratory and having as reference the manual “Methods of
Seawater Analysis” [40] and investigations into nitrate we used as references (Mullin and
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Riley, 1955) [41]. The methods were manual, and each sample was treated individually
and manually for each parameter. The determination of nitrate was based on the method
of Mullin and Riley (1955) [41]. Nitrate was reduced to nitrite using hydrazine sulfate.
The nitrite produced was reacted with sulfanilamide in an acid solution. The resulting
diazonium compound was coupled with N-(1-Naphthyl)-ethylenediamine dihydrochloride
to form a colored azo dye, the extinction of which can be measured spectrophotometrically.

The determination of ammonia was based on the indophenol blue method [40], where
ammonia reacts with hypochlorite in a moderately alkaline solution to give monochlo-
ramine which, in the presence of phenol, catalytic amounts of nitroprusside ions, and excess
hypochlorite, gives indophenol blue.

The inorganic phosphate ions present in water reacted with ammonium molybdate in
an acidic medium to form a yellowish phosphomolybdenum complex. This complex was
immediately reduced to a blue-colored compound, whose intensity was proportional to
the concentration of phosphate ions. The intensity of the blue color was measured with a
spectrophotometer in the visible range and had a wavelength of 885 nm [40].

The silicon ions reacted with ammonium molybdate in an acidic medium to form
a yellowish silicomolybdenum complex. In the presence of a reducing agent (ascorbic
acid), the complex was reduced to an intensely blue-colored compound, the intensity of the
color being proportional to the concentration of silicon present in the water. The intensity
of the blue color was measured with a spectrophotometer in the visible range and had a
wavelength of 810 nm [40].

Data analyses were conducted using PRIMER v. 7.0 [42], and statistical analysis was
performed via XLSTAT [43] and Statistica® 14.0.1.25 (TIBCO Software Inc., Palo Alto, CA,
USA) [44]. The semi-quantitative modeling was carried out with the Mental Modeler
software (open-source, https://www.mentalmodeler.com/) (accessed on 15 January 2024)
by using significant correlation coefficients to indicate the strength of the linkages between
components [20]. FCM produced qualitative static models that were subsequently trans-
formed into quantitative dynamic models. It encapsulated knowledge by specifying the
three key attributes of a system: the constituents of the system (plankton and abiotic pa-
rameters), the positive or negative associations between these constituents, and the extent
of influence one component can exert on another. This influence was characterized using
qualitative weightings such as high, medium, or low, with significant Pearson correlation
coefficients serving as the basis for these qualitative weightings [14,20]. For model de-
velopment, the Mental Modeler software (http://www.mentalmodeler.org/) (accessed
on 15 January 2024) was utilized to input the noteworthy (p < 0.05) Pearson correlation
coefficients. These were obtained between physicochemical parameters and planktonic
components and were based on marine reporting units. In the visualization, positive
correlations are depicted as blue arrows, while negative correlations are represented as
orange arrows. The weightings of these correlations are reflective of the coefficient values.

Spatial distribution maps were produced with ArcGIS Desktop 10.7 [45]. GIS mod-
eling tools are employed for spatial interpolation, a technique that predicts the values
of unsampled points or data gaps within a study area [46]. Using this method proves
particularly valuable in examining extensive marine environments, where constraints such
as time and financial resources hinder comprehensive data collection across entire study
areas [47]. Spatial interpolation involves predicting the value of a variable at a location
where it has not been directly measured based on data collected at known locations. In our
study, we utilized local interpolators, specifically inverse distance weighting (IDW) [46,47].

3. Results
3.1. Physicochemical Factors

The general physicochemical parameters and nutrient levels exhibited considerable
variability due to the extensive spatiotemporal distribution (Table S2). There were notable
temporal trends, with both temperature and salinity showing significant increases over
time, growing at rates of 0.1 ◦C/year and 0.28‰/year, respectively (Figures 2 and 3).

https://www.mentalmodeler.com/
http://www.mentalmodeler.org/
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In terms of spatial distribution, the temperature gradient underscores a decline from
north to south, mirroring the overall pattern of sea currents. Conversely, salinity exhibits
an opposite trend, decreasing from shore to the shelf in marine waters (Figure 4). Dissolved
nutrient concentrations show no significant temporal fluctuations; however, their spatial
distribution varies notably. The highest values are observed in regions directly influenced
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by the Danube, followed by the coastal area and shelf marine waters (Figures 5 and 6).
There are significant differences in environmental parameters among MRUs. In summary,
ANOVA results show that the environmental parameters (t, S, nutrient concentrations)
significantly vary among different MRUs (Figures 4–6).
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3.2. Phytoplankton Spatial Distribution in 2008–2018

Within the phytoplankton community, a total of 347 species belonging to 16 classes
were identified. Bacillariphyceae, Dinophyceae, Chlorophyceae, and Cyanophyceae were
the most diverse classes. The diatoms (Bacillaryophyceae) reached their highest propor-
tions during March and April (43%, respectively, 38%), and then decreased to 23–34%
during the warmer months (May–September). During June, July, and August, a higher
diversity of the dinoflagellates (30–37% of the total) could be observed. The chlorophyte
(Chlorophyceae) and cyanobacteria (Cyanophyceae) proportions in the qualitative structure
of the phytoplankton also increased during the warmer months, beginning with May (up
to 17% and 11%, respectively) (Figure 7).
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Figure 7. Matrix of the qualitative structure of phytoplankton (percentage from the total species
number by month), Black Sea waters, 2008–2018. * The diversity data of Chlorodendrophyceae,
Chrysophyceae, Conjugatophyceae, Dictyochophyceae, Ebriophyceae, Euglenoidea, Prasinophyceae,
Prymnesiophyceae, Ulvophyceae, and Xanthophyceae was merged in the “Other classes” as their
proportion was very low.
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The phytoplankton distribution map shows that the highest values were recorded in
waters with variable salinity (the stations under the influence of the Danube’s mouths),
but also in the coastal waters near Constanta harbor and the marine waters of Mangalia
profiles (Table S3 and Figure 8). According to one-way ANOVA, the p-value was less than
0.05 for both phytoplankton density and biomass, suggesting significant differences among
marine reporting units (Table S4).
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Figure 8. Spatial distribution of phytoplankton (abundance and biomass), Black Sea waters,
2008–2018.

3.3. Zooplankton Spatial Distribution in 2008–2018

In order to analyze the zooplankton community of the Romanian Black Sea, we
separated the fodder component, which comprised copepods, cladocerans, meroplankton,
and “other groups”, from the nonfodder zooplankton, represented by Noctiluca scintillans.
The latter, due to its large cell size (>200 µm) and phagotrophic feeding behavior, was
assessed within the zooplankton community [48]. There were variations for N. scintillans,
which was found to be less prevalent in coastal waters but to have high density and biomass
values in marine waters and waters with variable salinity (Table S3 and Figure 9). The
dynamics of N. scintillans are complex and depends on many factors, which can differ
among locations [49]. Numerous studies have identified a range of factors associated with
the densities of N. scintillans. These factors include eutrophication and specific nutrients,
particularly phosphate; chlorophyll a; the presence of other plankton species such as diatom
spring blooms; and zooplankton biomass [49–52]. Additionally, the physical characteristics
of the water column, such as winter sea surface temperature, have been found to correlate
with N. scintillans densities. Furthermore, weather conditions, including factors like rainfall
and wind direction, have also been identified as influential in understanding the variations
in N. scintillans populations [49,53,54].
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Figure 9. Spatial distribution of N. scintillans (abundance and biomass), Black Sea waters, 2008–2018.

Coastal waters displayed the most significant presence of fodder zooplankton (Table S3
and Figure 10), with copepods, cladocerans, and meroplanktonic elements constituting the
bulk of the community (Figure 11). The ANOVA results show that biological parameters
(zooplankton density and biomass) significantly vary among different MRUs (Table S4).
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3.4. Semi-Quantitative Models of the Causal Relationships between Phytoplankton, Zooplankton
and Physico-Chemical Parameters

Semi-quantitative models, illustrating the causal relationships between phytoplankton,
zooplankton, and physicochemical parameters, were constructed through the application
of statistical analysis and the Mental Modeler software. The data entered into the model
(Table 1) included significant (p < 0.05) correlation coefficients and these were used to deter-
mine the physico-chemical parameters with phytoplankton, phytoplankton–zooplankton,
and zooplankton linkages. These connections are organized based on various variables,
such as marine reporting units, class, and specific phytoplankton species.

Thus, in waters with variable salinity under the direct influence of the Danube, tem-
perature reduction favors the development of diatoms (r = −0.39) and copepods (r = −0.23).
In addition to positively influencing the development of cladocerans (r = 0.28), the de-
velopment of dinoflagellates is favored by rising temperatures (r = 0.24) and lower PO4
(r = −0.35). The development of species belonging to the Chlorophyceae class is favored
by an increase in temperature (r = 0.27) and NH4 concentration (r = 0.26) and a decrease
in salinity (r = −0.35) and PO4 (r = −0.35). Temperature improves the development of
species in the Cyanophyceae class (r = 0.27), which in turn has a good effect on the growth
of copepods (r = 0.37) and meroplankton (r = 0.21) (Figure 12 and Table S5).
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Table 1. Characteristics of FCM causal links by classes (phytoplankton) and marine reporting units
from the Romanian Black Sea coast, 2008–2018.

Marine Reporting Unit Variable Salinity Coastal Marine

N 97 172 193

Total components 22 24 27

Total connections 28 35 36

Drivers—Components in a system that affect other components and which are
not affected by other parts of the system 7 8 8

Receiver—Components in a system that are affected by other components and
do not affect other parts of the system 11 12 12

Ordinary—both influenced and influencing components 4 4 7

Complexity score 1.6 1.5 1.5
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Figure 12. Fuzzy cognitive map showing the relationships between physicochemical parameters,
phytoplankton classes, and zooplankton groups in Black Sea waters with variable salinity, 2008–2018,
where all links represent statistically significant correlations calculated between components (blue
arrows—positive correlations, orange arrows—negative correlations).

In coastal waters, the following patterns were observed: the increase in NH4 and NO2
concentrations favored the formation of diatoms (r = 0.27). At the same time, rising temper-
ature (r = 0.27), lower salinity (r = −0.2), and high NH4 concentration (r = 0.22) promoted
the growth of dinoflagellates. Low salinity (r = −0.5), rising temperature (r = 0.27), and a
high NH4 concentration (r = 0.28) promoted the development of species belonging to the
Chlorophyceae class. All these factors also had a beneficial impacts on the development of
meroplankton (r = 0.18) and cladocerans (r = 0.31). The NH4 concentration (r = 0.2) and
salinity (r = −0.45) had an impact on species belonging to the Cyanophyceae class, and they
also had a favorable effect on meroplankton development (r = 0.2) (Figure 13 and Table S6).
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Figure 13. Fuzzy cognitive map showing the relationships between physicochemical parameters,
phytoplankton classes, and zooplankton groups in Black Sea coastal waters, 2008–2018, all links
represent statistically significant correlations calculated between components (blue arrows—positive
correlations, orange arrows—negative correlations).

In marine shelf waters at a distance from the shore, the growth of diatoms was stimu-
lated by a drop in salinity (r = −0.32) and temperature (r = −0.17), as well as by an increase
in PO4 concentration (r = 0.32). The latter had an adverse effect on copepod development
(r = −0.18). On the other hand, increasing temperature (r = 0.36), NH4 concentration
(r = 0.27), and decreasing salinity (r = −0.17) were favorable for dinoflagellate and copepod
development (r = 0.16). The rise in PO4 (r = 0.2) and NH4 (r = 0.17) concentrations, as well
as the fall in salinity (r = −0.35), promoted the development of species belonging to the
Chlorophyceae class, while the drop in salinity had a positive impact on the species in the
Cyanophyceae class (r = −0.19) (Figure 14 and Table S7).
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The outcomes of the phytoplankton growth models show that, at normal densities,
salinity, phosphate, silicate, and ammonium concentrations considerably impact the species
Chaetoceros socialis. When the diatom C. socialis is present in amounts of less than 106 cells/L,
it promotes zooplankton growth, while blooms surpassing 106 cells/L have an adverse
effect on copepod development (Figure 15).
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Figure 15. Fuzzy cognitive map, showing the relationships between physicochemical factors, phyto-
plankton species, and zooplankton groups, Black Sea, 2008–2018, where all links represent statistically
significant correlations calculated between components (blue arrows—positive correlations, orange
arrows—negative correlations).

Eutreptia lanowii is the primary component in the model of abundant growth up to
106 cells/L because of its robust correlations with nutrients (phosphates, nitrates, and
ammonium) and with “other groups” (Figure 16). While it was previously uncommon or
nonexistent in Romanian coastal waters, it became common between 1976 and 1977 due to
high nutrient concentrations [55].
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Skeletonema costatum and N. scintillans have been identified as the prevailing species
of bloom. Thus, the pelagic habitat’s condition is influenced by abiotic variables such as
temperature, phosphates, and salinity, causing disturbances (Figure 17).
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4. Discussion

The current study found that, while the average temperature significantly increased
during the study period, there were distinct correlations between temperature and the
presence of phytoplankton and zooplankton, indicating that seawater warming has wide-
ranging effects on marine plankton. It has been noted in the literature that the abundance
of phytoplankton and zooplankton is influenced by various factors, including climatic,
hydrological, biological, geological, and anthropogenic elements [56–58]. Additionally, both
physical and chemical variables are significant contributors to the composition, diversity,
and abundance of species [59–61], including marine organisms such as plankton [57,62].
Studies have shown that changes in the composition and abundance of phytoplankton
and zooplankton communities are linked to fluctuations in environmental factors due to
seasonality [63–66]. In our current research, both phytoplankton and zooplankton exhibited
quantitative variations according to seasonal patterns. During the summer season, their
abundances and biomasses were observed to be higher compared to those in the spring
season (Table S3).

Thus, warming changes the composition of the phytoplankton community by promot-
ing dinoflagellates, which can mean fewer food sources for zooplankton [67]. Also, warmer
temperatures can increase the basal metabolic rates of zooplankton. However, they can
also increase respiratory demand, which reduces their aerobic range of motion and leaves
them with less energy for growth and reproduction [68]. Lastly, a partial explanation for
the decrease in zooplankton in warmer temperatures can be found in the disturbance of
zooplankton’s overwintering strategies [69].

Changes in salinity have an impact on photosynthetic rates, especially for some phyto-
plankton groups which can only exist in narrow salinity ranges [70]. In the present study,
species belonging to the Clorophyceae and Cyanophyceae classes had significant negative
correlations with salinity. Several studies have reported the dominance of Chlorophyceae
and Cyanophyceae in estuarine ecosystems dominated by freshwater inputs [71,72].

It is well recognized that salinity is a powerful driver of change in the zooplankton
community [3]: a rise in salinity alters zooplankton composition and abundance [35]. In this
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study, copepods and cladocerans had a significant positive correlation with salinity, show-
ing their preference for higher salinity. High-salinity-tolerant zooplankton progressively
select out species with low salinity tolerance and thrive and reproduce quickly as salinity
rises, with zooplankton responding differently to varying salinity concentrations [73].

The temporal and spatial variability of nutrient availability controlled the phytoplank-
ton population composition and distribution. Thus, while high nutrient levels promoted
phytoplankton proliferation, low nutrient concentrations close to the cell surface restricted
nutrient uptake, which had an impact on biomass yield (Liebig’s Law) and growth rate
(Blakman rate limit) [74].

The results obtained using FCM revealed that phytoplankton can suppress copepods’
development. This mainly occurs in waters with variable salinity and marine shelf waters
because diatom development leads to a reduction in copepods, which happens mainly
at lower temperatures and when salinity occurs. Other studies have shown that diatoms
block the embryonic development of copepods [75]. Diatoms interfere with copepod
embryogenesis and induce strong developmental aberrations in nauplii development stages.
Evidence of diatoms’ inhibitory effect on copepods was also reported by several authors,
who found that hatching success in copepods was modified after diatom blooms [75] by
synthesizing hydroxy-fatty acids (HFA) and their derivatives, which have teratogenic as
well as hatching and growth-inhibiting properties [76].

Large diatoms, commonly referred to as “storage specialists”, are also noted for their
exceptional efficiency in absorbing and storing available nutrients in vacuoles [77], as
shown in the present study, where the increase in NH4 and NO2 concentrations in coastal
waters favored the formation of large diatoms. Compared to small cells, whose relative
abundance tends to decline with increased nutrient availability, large-celled phytoplankton
tend to become more common and dominate under high nutritional circumstances [78,79].

On the other hand, when mainly feeding on phytoplankton, copepods can modify the
dynamics of phytoplankton [68–70,80,81]. Copepods are the predominant zooplankton
species in most marine water bodies worldwide [80,81] and they are crucial in transferring
carbon from phytoplankton to species at higher trophic levels, including fish and marine
mammals [82].

In our study, an increase in temperature showed better development for species be-
longing to the Cyanophyceae class in waters with variable salinity, promoting copepod and
meroplankton development. On the other hand, other studies showed that cyanobacteria
had neutral or positive effects on zooplankton egg production, hatching, and juvenile
development due to complimentary nutrients and microelements, e.g., amino acids, antiox-
idants, vitamins, proteins, phosphorus, and nitrogen [83–86]. Offering particular value for
copepods, summer blooms of diazotrophic filamentous cyanobacteria could be essential for
their growth and reproduction, providing complementary food, supporting high antioxi-
dant levels, and fueling the growth of microbial prey [87]. The populations of zooplankton
that cooccur with dense cyanobacterial populations may be better able than unexposed
zooplankton to digest cyanobacteria [88].

In coastal waters, NH4 and salinity impact species belonging to the Cyanophyceae
class, and they also have a favorable effect on meroplankton development [89]. Several
studies have stated that the size distribution of organisms and the coupling between
primary and secondary producers are also highly influenced by input frequency and
seasonality [52,53]. An abundant food supply for planktotrophic larvae can lead to indirect
induction through the control of both the phytoplankton blooms and gamete, larval release
by the physical environment, or direct induction, with the increasing phytoplankton
abundance acting as a chemical triggering cue for spawning [90,91].

The seasonal reproductive pulse can boost interspecies competition and decrease an
individual’s predation risk [92]. According to several studies [93,94], many benthic species
have a single prominent hatching peak that coincides with warmer water temperatures,
implying shorter developmental times, or with spring phytoplankton blooms, involving
greater food availability and diminished competition [90].
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Being an inland water body, the Black Sea is highly susceptible to changes in the
surrounding environment. It has been dramatically impacted over several decades by
many phenomena, including invasive species introduction, eutrophication, climate change,
and overfishing [95]. Toxic blooms of diatoms and dinoflagellates occur relatively frequently
in the NW Black Sea along the coasts of Romania and Bulgaria [95–102]. This was seen in
the present study, where the dominant species in phytoplankton blooms were the diatom S.
costatum and the dinoflagellate N. scintillans.

Consequently, complex environmental factors and their combination, including light
availability, nutrient supply, vertical mixing rate, grazing pressure, and meteorological
conditions, affect blooms, while they vary depending on the oceanographic conditions of a
given region [99,100,102,103].

Fuzzy cognitive mapping, a soft system methodology capable of semi-quantifying
qualitative data, was already being used in the Romanian Black Sea area, resulting in
the production of several scientific articles [104–106]. The findings suggest that certain
significant concepts play crucial roles in the perceived resilience of the Black Sea and its
attainment of a good environmental state. The resultant fuzzy model offers the capability
to analyze, simulate, and assess the impact of parameters, thereby predicting the behavior
of a system. Semi-quantitative models provide unique approaches for studying the state of
the Black Sea and the combined effects of different parameters on its condition. They have
the potential to serve as decision-making tools for assessing various scenarios.

5. Conclusions

Although the structure of biological communities in all marine habitats is mainly deter-
mined by the interaction of physical and biological processes, it is important to understand
the intricacy of this interaction at all scales. The distribution patterns of planktonic organ-
isms offer a conceptual framework for the evaluation of the different variables that produce
and sustain those patterns; therefore, knowledge of basic processes and the integration of
models are necessary for forecasting and comprehending the functioning of ecosystems.

In order to preserve the Black Sea’s natural biodiversity, phytoplankton must be moni-
tored. This is for the purpose of accurately identifying and diagnosing the “plankton bloom”
brought on by the development of potentially toxic species. The growing coastal pressures
from anthropogenic activities pose severe problems for these algae; hence it is important
to monitor their levels. Time-series analysis is an exclusive technique used for evaluating
changes and patterns linked to regional impacts, experimenting with theories about phy-
toplankton ecology, and offering a consistent image of the yearly cycle of phytoplankton
populations, as well as the interactions with other biotic and abiotic elements.

This study establishes a foundation for understanding the complex interactions be-
tween abiotic variables and pelagic habitat components. It may help to create forecasting
models and support policy decisions about the management of nutrient releases and other
factors that stimulate the growth of harmful algae, particularly in the era of climate change.
The results can also help in the preparation of policies and management activities by
showing specific alterations that might harm aquatic environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/phycology4010010/s1, Table S1. Sample size for each season
and marine reporting unit, Table S2. Descriptive statistics of physicochemical parameters and
dissolved nutrients in Black Sea waters (2008–2018), Table S3. Phytoplankton and zooplankton
abundances and biomasses for each marine reporting unit and season, Table S4. One-way ANOVA
for Biological parameters grouped by MRU (calculated with STATISTICA), Table S5. Correlations
between biological and environmental parameters in FCM, waters with variable salinity, Table S6.
Correlations between biological and environmental parameters in FCM, coastal waters, Table S7.
Correlations between biological and environmental parameters in FCM, marine waters.
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