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Abstract

Mesozooplankton are pivotal for Black Sea food webs, yet they are highly vulnerable
to hydrographic variability, eutrophication, and human pressures. This study analysed
mesozooplankton dynamics along the Romanian coast (2013–2020) across three sectors
(north, central, and south) and two distinct periods (cold and warm seasons), integrating
Abundance–Biomass Comparison (ABC) curves with Fuzzy Cognitive Mapping (FCM).
Results revealed a clear disturbance gradient: the Danube-influenced north supported
high abundances of small-bodied taxa; the central sector maintained the most resilient and
functionally diverse assemblages; and the southern sector showed chronic degradation
with Noctiluca scintillans dominance. ABC curves quantified disturbance, with curve
convergence in the north and near overlap in the south during summer, while FCM
highlighted network simplification and reduced functional redundancy. Climate scenario
simulations projected further declines in cladocerans and meroplankton under warming
and freshening, whereas copepods showed relative resilience. Collectively, the findings
demonstrate progressive simplification of mesozooplankton and declining energy transfer
efficiency, underscoring the need to integrate zooplankton-based indicators into Black Sea
monitoring and management frameworks.

Keywords: community structure; abundance–biomass comparison; fuzzy cognitive
mapping; eutrophication; climate change; anthropogenic pressure; zooplankton; Black Sea

1. Introduction
Mesozooplankton, the 0.2–20 mm size fraction of zooplankton [1], play a fundamental

role in marine pelagic ecosystems by transferring energy and organic matter from primary
producers to higher trophic levels, including small pelagic fish, jellyfish, seabirds, and
marine mammals [1–3]. This group encompasses both holoplanktonic taxa (e.g., copepods,
cladocerans) and meroplanktonic forms (e.g., larval stages of benthic invertebrates and fish),
which collectively contribute to essential ecosystem processes such as nutrient recycling,
grazing regulation, and carbon export through vertical migration [1,3,4]. Their rapid
life cycles, sensitivity to environmental fluctuations, and wide ecological niches make
mesozooplankton reliable indicators of ecosystem variability and disturbance [2,3,5–9].

In marine monitoring frameworks, particularly under the EU Marine Strategy Frame-
work Directive (MSFD) and Water Framework Directive (WFD), zooplankton has gained
recognition as a key indicator for assessing Good Environmental Status. Community-level
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metrics of zooplankton abundance, biomass, and functional composition provide valuable
insights into food web integrity (Descriptor 4) and eutrophication status (Descriptor 5).
Beyond these established links, zooplankton also hold substantial relevance for Descriptor
1 (Biodiversity) and Descriptor 2 (Non-indigenous Species) of MSFD. Their high sensi-
tivity to environmental fluctuations, short generation times, and central position in food
webs make them reliable indicators of ecosystem responses to both natural and anthro-
pogenic pressures [2,3,5–9]. Variations in species diversity and community composition
can reflect broader biodiversity trends, while the occurrence of non-indigenous taxa can
serve as early warning signals of ecological imbalance and biological invasion. Emphasis-
ing these cross-descriptor roles enhances the integration of zooplankton-based indicators
into ecosystem-based assessments and supports a more holistic understanding of marine
environmental status and management needs.

The Black Sea, a semi-enclosed basin with restricted exchange with the global
ocean, presents a unique natural laboratory for studying planktonic community dynam-
ics. Its pronounced vertical stratification—an oxic surface layer overlying a deep anoxic
zone—combined with strong freshwater inflows and nutrient inputs from major rivers
such as the Danube, generates sharp environmental gradients in salinity, temperature, and
nutrient availability [10–12]. These gradients, amplified by human-induced pressures such
as eutrophication, pollution, and coastal development [6,13–20], have a strong influence
on mesozooplankton structure and productivity. Understanding how mesozooplankton
respond to these spatial and temporal variations is essential for evaluating the ecological
status of the basin and anticipating climate-driven changes in the pelagic domain [3,5,21].

Despite extensive regional monitoring, integrative analyses that combine structural
community indicators with systemic modelling approaches remain scarce for the Black
Sea. Few studies have jointly assessed mesozooplankton disturbance patterns alongside
simulations of environmental drivers and climate scenarios [22–25]. Addressing this gap,
the present study analyses eight years (2013–2020) of mesozooplankton data from the Roma-
nian Black Sea coast to (i) assess spatial and cold and warm changes in community structure
and disturbance levels using Abundance-Biomass Comparison (ABC) curves, (ii) explore
causal relationships between functional groups and environmental variables through Fuzzy
Cognitive Mapping (FCM), and (iii) simulate potential responses to climate-induced shifts
in temperature and salinity.

By integrating quantitative and cognitive modelling approaches, this research provides
a novel, ecosystem-based framework for evaluating multiple stressors in coastal planktonic
systems. The results contribute to improving indicator-based assessments within the MSFD
context, particularly under Descriptor 4 (Food Webs) and Descriptor 5 (Eutrophication), and
enhance understanding of the processes shaping mesozooplankton communities—critical
sentinels of marine ecosystem functioning and resilience.

2. Materials and Methods
2.1. Study Area and Sampling Design

This study was conducted along the Romanian Black Sea coastline, covering a lati-
tudinal (north–south) gradient subdivided into three distinct sectors: North (N), Central
(C), and South (S) (Figure 1). These sectors were delineated based on latitude and the
degree of natural vs. anthropogenic influence. The northern sector is characterised by
strong hydrological and nutrient input from the Danube River, resulting in dynamic salinity
regimes and elevated primary productivity [12].
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Figure 1. Sampling stations along the Romanian Black Sea coast, grouped by sector: Northern
(triangles), Central (squares), and Southern (circles).

The central sector includes the Constant,a metropolitan area and port complex and
therefore experiences notable anthropogenic influence from urban, industrial, and mar-
itime activities, although its offshore waters maintain relatively stable physicochemi-
cal conditions [26]. The southern sector is likewise subject to multiple human pres-
sures, including coastal urbanisation, industrial discharges, shipping traffic, and intensive
tourism [14,15,18,27]. Freshening along the Romanian Black Sea coast is driven by the
Danube River discharge, which lowers surface salinity to 10–14‰ in the northern sector,
compared with 16–18‰ in the central and southern areas. This represents a north–south
salinity gradient of about 6–8‰, depending on seasonal discharge and mixing inten-
sity [28–30].

Sampling was carried out across all three sectors over eight years (2013–2020) to
capture interannual variability. Data were seasonally grouped into two main peri-
ods: the cold season (typically winter–spring: November to April) and the warm sea-
son (summer–autumn: May to October) [8,9,31]. This approach allowed for the anal-
ysis of shifts between the cold and warm seasons in mesozooplankton structure and
environmental conditions.

2.2. Sampling and Analysis

At each station, concurrent sampling of environmental parameters and biological
communities was conducted to enable an integrated characterisation of ecosystem structure
and functioning. A total of 533 mesozooplankton samples and 388 water samples for
the analysis of physicochemical parameters were collected from 45 monitoring stations,
encompassing all sectors of the Romanian Black Sea coast. These samples were distributed
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across the northern, central, and southern sectors, as detailed in Table 1, which summarises
the sampling effort by year and season. The difference between the number of meso-
zooplankton (n = 533) and hydrochemical (n = 388) samples reflects the depth-stratified
sampling design applied to the biological component. Mesozooplankton were collected
from discrete depth layers using vertical hauls of a plankton net to capture vertical vari-
ability in community composition. Hydrochemical parameters were measured only in
surface waters. For subsequent analyses, mesozooplankton data from individual depth
layers were depth-integrated to obtain a representative profile of the entire water column
and to ensure comparability with surface environmental variables, which exert a major
influence on upper-layer plankton productivity in the study area.

Table 1. Number of samples collected by season, sector, and year along the Romanian Black Sea coast
(2013–2020).

Season Sector 2013 2014 2015 2016 2017 2018 2019 2020 Total

Cold N - 14 - 11 12 - - - 37
C - 13 - 5 14 - - - 32
S - 11 - 13 5 - - - 29

Warm N 12 14 16 6 6 16 14 15 99
C 17 16 14 6 7 21 10 15 106
S 18 11 12 6 - 13 12 13 85

Mesozooplankton samples were collected using standard vertical tows with a 150 µm
mesh Juday plankton net, conducted from different depth strata depending on local
bathymetry, to ensure representation of the entire water column. For subsequent analysis,
data from the various depth layers were integrated to obtain depth-composite values for
each station. Each haul was performed vertically at a constant retrieval speed (~0.5 m/s) to
ensure representative sampling across the water column. The volume of filtered water was
estimated using a calibrated flowmeter mounted at the net mouth [32].

Samples were preserved in seawater with a final formaldehyde concentration of ap-
proximately 4%, using a commercially pre-buffered formaldehyde solution to prevent
acidification and maintain the morphological integrity of planktonic organisms. This
concentration and procedure are standard for mesozooplankton preservation and ensure re-
liable long-term sample stability. In the laboratory, mesozooplankton were identified under
an Olympus SZX10 stereomicroscope to the lowest practicable taxonomic level. Abundance
was calculated and standardised as individuals per cubic metre (ind/m3). Biomass was
estimated from species abundance using individual wet weights from Petipa [33], yielding
calculated wet biomass values. All biomass values were expressed as milligrams per cubic
metre (mg/m3) [32].

For ecological analysis, mesozooplankton taxa were assigned to five size classes based
on their characteristic body length ranges to support abundance–biomass comparisons
(ABC curves). The classification was size-based, while functional group identity (e.g., cope-
pods, cladocerans, meroplankton, other groups, non-fodder) was considered separately for
ecological interpretation. Copepoda, including representatives of Calanoida, Cyclopoida,
and Harpacticoida, generally occupied the small to medium size classes (0.5–2 mm). Clado-
cera comprised typical coastal genera such as Penilia, Evadne, Pleopis, and Pseudevadne,
which mainly belonged to the small size class (<1 mm) and contributed more to abundance
than to biomass. Meroplankton included larval stages of benthic invertebrates and fish,
spanning a broad size range depending on developmental stage. The heterotrophic di-
noflagellate N. scintillans was considered as the non-fodder component due to its distinctive
trophic mode and large cell size relative to most mesozooplankton. Finally, an “other
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groups” category included Chaetognatha (several millimetres to >1 cm) and Appendic-
ularia (1–2 mm). This size-based classification follows approaches commonly applied in
ecological assessments of Black Sea mesozooplankton [7–9,31,34] and provides a robust
basis for interpreting ABC curves.

Temperature and salinity were measured using a combination of classical and modern
approaches, including reversible thermometers and a CastAway CTD multiparameter probe
(SonTek CastAway-CTD, San Diego, CA, USA). Dissolved oxygen concentrations were
determined by the Winkler titration method, following standard oceanographic procedures,
while dissolved nutrient concentrations were analysed according to standardised seawa-
ter protocols [35], employing spectrophotometric methods widely validated in marine
chemistry laboratories.

For nitrates, we applied the reduction method of Mullin and Riley (1955) [36], in which
nitrate is converted to nitrite with hydrazine sulphate, then diazotised with sulphanilamide
in acidic solution. The resulting compound couples with N-(1-naphthyl)ethylenediamine
dihydrochloride to form an azo dye, whose intensity was measured spectrophotometrically.
Ammonium was quantified using the indophenol blue method [35], where ammonia
reacts with hypochlorite under alkaline conditions to form monochloramine, which in the
presence of phenol, nitroprusside, and excess hypochlorite produces a stable blue complex.

Phosphates were determined via the molybdenum blue reaction [35], in which phos-
phate ions form a phosphomolybdenum complex that is subsequently reduced to an
intensely blue compound; absorbance was read at 885 nm. A similar procedure was ap-
plied for silicates, which react with ammonium molybdate to form a silicomolybdenum
complex that, when reduced with ascorbic acid, yields a blue-coloured product measurable
at 810 nm.

2.3. Data Analysis

Variability was examined in Statistica software version 14.0.1 [37] using variability
plots, which displayed the range, mean values, and individual data points across sec-
tors and seasons. Boxplots were also generated in Statistica software version 14.0.1 [37]
to illustrate the variability of mesozooplankton group abundance and biomass across
sectors and seasons. Abundance and biomass were analysed separately to distinguish
between the numerical dominance of small-bodied taxa and biomass contributions of
larger-bodied forms.

Spatial and cold–warm season variations in mesozooplankton abundance and
biomass were analysed by sector and season using species-level data. Mean values were
log-transformed and visualised as shaded plots in PRIMER 7 [38] to highlight gradients
and dominance patterns across sectors and seasons.

To test for differences in environmental variables and mesozooplankton parameters
among cold and warm seasons and sectors, an ANOSIM (Analysis of Similarities) was
performed using the PRIMER v7 software [38]. The analysis was based on Bray–Curtis
similarity matrices calculated from the environmental variables and from mesozooplank-
ton abundance and biomass data. The ANOSIM R statistic ranges from −1 to 1, where
values close to 1 indicate strong separation between groups, values near 0 indicate lit-
tle to no separation, and negative values indicate greater dissimilarity within groups
than between groups (i.e., reversed structure). Statistical significance was assessed using
999 permutations.

The Abundance–Biomass Comparison (ABC) method was applied to evaluate levels
of ecological disturbance in mesozooplankton. Within PRIMER 7 [38], taxa were ranked
in descending order of biomass, and cumulative dominance curves for both abundance
and biomass were generated on a shared scale (0–100%). In systems with low disturbance,
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biomass is concentrated in a few large-bodied, long-lived species, resulting in the biomass
curve lying above the abundance curve [39]. By contrast, in disturbed systems dominated
by opportunistic small-bodied taxa, the curves converge or even cross, reflecting a shift in
community structure.

For this study, ABC curves were constructed in PRIMER [38] separately for each
sector (north, central, south) and each season (cold and warm) for the total zooplankton
abundance and biomass. The software calculated cumulative dominance values and
produced standardised plots, enabling direct visual comparison of disturbance gradients
between spatial sectors and warm and cold seasons. This approach provided a robust
and objective assessment of community conditions under varying environmental and
anthropogenic stress regimes. To complement the graphical interpretation, PRIMER also
computes the W-statistic, which quantifies the degree of separation between biomass and
abundance curves. Positive W-values indicate communities dominated by large-bodied
taxa (low disturbance), values near zero reflect transitional states (moderate disturbance),
and negative values reveal dominance by small-bodied taxa (high disturbance) [40,41].

Before analysis, data normality and homogeneity of variance were evaluated using
the Shapiro–Wilk test. As is typical for ecological datasets, several variables deviated from
normality due to ecologically meaningful outliers such as bloom events or episodic nutrient
inputs. These values were retained because they reflect genuine ecosystem responses rather
than measurement errors.

Pearson’s correlation was applied to quantify the direction and strength of relation-
ships between environmental parameters and mesozooplankton metrics. This method
was chosen to preserve effect magnitude, as Fuzzy Cognitive Mapping (FCM) requires
continuous, weighted relationships that represent the intensity of interactions among vari-
ables. The correlations were used exploratorily to guide model construction rather than for
hypothesis testing; hence, Type I error correction was not required.

To investigate functional relationships between environmental drivers and meso-
zooplankton groups, FCM was implemented as a semi-quantitative modelling tool in
Mental Modeller. Separate cold and warm season models included mesozooplankton and
major environmental variables (e.g., temperature, salinity, oxygen, nitrate, nitrite, ammo-
nia). Relationships (edges) were established based on significant correlations (Pearson’s
r, p < 0.05) and expert knowledge, with each assigned a sign (positive or negative) and a
weight between −1 and +1 to indicate interaction strength [22,23,42–44]. The resulting net-
works provided insights into the structure and seasonal dynamics of the mesozooplankton
community under varying environmental conditions.

To ensure robustness, only correlations consistent with ecological knowledge and
validated through expert consensus were retained in the final FCM network. This pro-
cedure minimised the inclusion of spurious relationships and emphasised biologically
meaningful connections.

Redundancy Analysis (RDA) was used to examine the relationships between meso-
zooplankton functional groups and environmental variables across seasons and sectors.
Analyses were performed in STATISTICA 14, and significance was tested using Wilks’
λ and Chi-square (χ2) statistics. Separate RDAs were run for the northern, central, and
southern sectors during the cold and warm seasons. The results, expressed as canonical cor-
relations and explained variance, quantified the strength of environmental control and were
compared with FCM outputs to ensure consistency between statistical and causal models.

To evaluate the potential impact of future environmental changes, particularly those
associated with climate change, three hypothetical scenarios were simulated for the warm
season using the scenario analysis tool in Mental Modeller. These scenarios were developed
based on Intergovernmental Panel on Climate Change (IPCC) projections for the Black Sea
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region (IPCC WGII, 2014) [45] and focused on variations in sea surface temperature and
salinity (Table 2).

Table 2. Climate change scenarios used in Fuzzy Cognitive Mapping simulations for the Romanian
Black Sea coast.

Scenario Temperature Salinity Ecological Context

Improbable ↓ (cooling) ↑ (increase) Unlikely regional cooling; stronger marine influence.

Probable ↑ (warming) ↓ (decrease) Most likely outcome: warming with reduced
freshwater retention.

Extreme ↑↑ (strong warming) ↓↓ (strong decrease) High-emissions trajectory; intensified freshwater
inflow, stratification, and eutrophication risk.

Each scenario simulated the relative response of mesozooplankton groups (e.g., in-
crease, decrease, no change) based on the structure of the seasonal FCM. These qualitative
simulations were used to forecast vulnerabilities in community structure and assess the
functional implications for coastal food webs.

3. Results
3.1. Hydrographic and Nutrient Conditions

Pronounced hydrographic variability was evident between cold and warm seasons
across all Romanian coastal sectors (Table 3). Temperature ranged from 6 to 10 ◦C in winter
to 20–26 ◦C in summer, with the steepest gradients in the central and southern areas under
stronger stratification. Salinity remained relatively stable in winter (15–17‰) but decreased
in summer, particularly in the north (<14‰) under Danube influence, while the central and
southern sectors showed slightly higher yet still reduced values (Table 3).

Table 3. Hydrographic and nutrient parameters in the three coastal sectors of the Romanian Black
Sea—Seasonal mean ± Standard Deviation.

Sector Season T
(◦C)

S
(‰)

O2
(µM)

PO4
(µM)

SiO4
(µM)

NO2
(µM)

NO3
(µM)

NH4
(µM)

N Cold 8.07 ± 2.17 14.59 ± 3.74 345.72 ± 26.75 0.56 ± 0.53 32.49 ± 27.70 0.90 ± 1.31 5.22 ± 4.46 4.99 ± 4.67
C Cold 9.37 ± 1.98 17.05 ± 1.66 316.74 ± 26.81 0.27 ± 0.23 34.23 ± 39.15 0.30 ± 0.18 3.85 ± 4.31 5.91 ± 11.03
S Cold 8.99 ± 1.33 16.57 ± 1.17 327.52 ± 35.60 0.18 ± 0.17 20.17 ± 17.20 0.45 ± 0.23 2.59 ± 2.06 6.54 ± 5.05
N Warm 21.35 ± 2.98 12.33 ± 5.04 335.94 ± 54.68 0.47 ± 0.46 17.15 ± 19.71 2.62 ± 6.74 7.20 ± 8.09 8.65 ± 8.61
C Warm 22.53 ± 2.89 15.30 ± 2.78 310.98 ± 52.50 0.25 ± 0.31 5.08 ± 3.90 1.90 ± 4.58 4.68 ± 7.19 8.36 ± 7.47
S Warm 21.85 ± 2.98 15.09 ± 3.04 295.79 ± 44.45 0.31 ± 0.32 4.92 ± 4.52 2.64 ± 6.21 4.89 ± 9.66 7.98 ± 8.06

Dissolved oxygen concentrations were elevated in winter–spring (>300 µM) and de-
clined in summer (250–300 µM), especially in the south, reflecting stratified and productive
conditions. Nutrient patterns showed clear seasonality: mean silicate and phosphate
concentrations were higher in winter due to enhanced riverine inputs, whereas nitrate
concentrations were generally higher during the warm season across all sectors, with
particularly elevated values in the northern and central regions. This pattern likely reflects
enhanced remineralisation, local regeneration processes, and anthropogenic inputs during
summer. Reduced nitrogen forms (NH4

+, NO2
−) increased in summer, particularly in the

north, indicating contributions from Danube inflows and benthic release under hypoxic
conditions (Table 3).

Hydrographic and nutrient parameters thus revealed strong seasonal contrasts, driven
mainly by riverine influence in the north and anthropogenic pressures in the south.
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3.2. Mesozooplankton Community and Spatial–Seasonal Patterns

N. scintillans was recorded in all sectors, with notable differences between the cold
and warm seasons and spatial variability (Figure 2). Cold-season levels were consistently
reduced across all regions, while during the warm season, N. scintillans exhibited a pro-
nounced increase along the entire coast, with maximum abundance and biomass recorded
in the northern sector. The observed seasonal pattern indicates that N. scintillans prolif-
eration is stimulated by elevated temperatures and nutrient enrichment during summer,
particularly in the northern region influenced by riverine inputs and stratified conditions
that enhance localised eutrophication processes.

Figure 2. Spatial and temporal variability in the abundance and biomass of Noctiluca scintillans along
the Romanian Black Sea coast, grouped by sectors and seasons.

Copepoda dominated the mesozooplankton community throughout the study area,
showing clear seasonal and spatial variability (Figure 3). During the warm season, copepod
abundance and biomass reached their highest levels across, with maximum values recorded
in the southern sector, followed by the north and central sectors. This pattern indicates
favourable thermal and trophic conditions that support high copepod productivity in
summer. In contrast, cold-season values were consistently lower, reflecting reduced primary
productivity and weaker water column stratification. Despite these seasonal differences,
copepods remained the principal component of the mesozooplankton community in all
sectors, contributing substantially to total abundance and biomass.

Cladocera were scarce during the cold season, with very low abundances recorded
across all sectors (Figure 4). In contrast, their abundance increased markedly during the
warm season, when they became a substantial component of the mesozooplankton assem-
blage (Figure 4). Peak abundances were observed in the southern sector, while moderate
values occurred in the central and northern sectors. Despite their contribution to overall
abundance, the biomass of these organisms remained comparatively modest, reflecting their
small body size. This expansion during the warm season indicates cladoceran opportunism
under stratified conditions [46].

Meroplankton contributed significantly during the warm season, especially in south-
ern and central waters (Figure 5). Their presence indicated active benthic–pelagic coupling
during winter–spring mixing. In the cold season, both abundance and biomass decreased
substantially (Figure 5). The decline was most pronounced in the northern and central
sectors, suggesting reduced larval survival and recruitment under stressful hydrographic
regimes and anthropogenic influence.
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Figure 3. Spatial and temporal variability in the abundance and biomass of Copepoda along the
Romanian Black Sea coast, grouped by sectors and seasons.

Figure 4. Spatial and temporal variability in the abundance and biomass of Cladocera along the
Romanian Black Sea coast, grouped by sectors and seasons.

  

Figure 5. Spatial and temporal variability in the abundance and biomass of meropankton along the
Romanian Black Sea coast, grouped by sectors and seasons.
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Other mesozooplankton taxa contributed only marginally to community structure
(Figure 6). During the warm season, both abundance and biomass were markedly higher,
with maximum values recorded in the southern sector. These peaks reflect favourable
trophic conditions and elevated productivity during summer, when stratification promotes
the development of diverse mesozooplankton assemblages. In contrast, cold-season values
were consistently low throughout the study area, indicating reduced activity and limited
recruitment of these groups under less favourable thermal and trophic conditions. Although
they contributed less to total abundance, these taxa play an important functional role in
trophic transfer and energy flux within the pelagic food web.

  

Figure 6. Spatial and temporal variability the abundance and biomass of other groups along the
Romanian Black Sea coast, grouped by sectors and seasons.

In addition to the variability plots, boxplots depicting the cold and warm season and
sectoral distribution of mesozooplankton functional groups were generated to further illus-
trate the observed patterns (Figure S1). Figure S2 show the relative abundance and biomass
of mesozooplankton groups across sectors and seasons. N. scintillans, dominated both
metrics, especially in the northern and central sectors during the cold season. The southern
sector showed higher contributions from copepods and meroplankton. In the warm sea-
son, non-fodder taxa remained prevalent, but group composition became more balanced,
reflecting seasonal restructuring of the community along the north–south gradient.

ANOSIM analysis revealed significant differences in environmental variables and
mesozooplankton metrics between seasons and sectors. The effect of the cold and warm
seasons was pronounced (Global R = 0.298, p = 0.001), indicating moderate but consistent
reorganisation of environmental and biological conditions between these two phases. The
sectoral effect was weaker (Global R = 0.033, p = 0.001), suggesting limited but detectable
spatial differentiation along the Romanian Black Sea sectors (Figure 7). The analysis
statistically confirms that differences between the cold and warm seasons were more
pronounced than spatial differences among sectors.

3.3. Abundance-Biomass Comparison (ABC) Curves

Mesozooplankton community patterns showed strong seasonal and spatial variation
across the Romanian Black Sea sectors (Figure 8). N. scintillans was the dominant component
overall, particularly in the southern and central sectors.
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Figure 7. ANOSIM R values showing differences in mesozooplankton structure between the cold
and warm seasons and across sectors.

During the cold season, N. scintillans contributed most to both abundance and biomass,
indicating its ability to maintain high standing stocks under nutrient-rich winter conditions.
In the southern sector, the community was more diversified, with higher shares of copepods
(e.g., Acartia clausi, Oithona spp.) and meroplanktonic larvae (Balanus, Polychaeta).

In the warm season, N. scintillans remained dominant in abundance but its biomass
share decreased slightly. At the same time, meroplankton, cladocerans (Penilia avirostris,
Evadne spinifera), and other large-bodied taxa (such as chaetognaths and appendicularians)
became more prominent, especially in the southern and northern sectors.

Overall, these seasonal changes indicate a shift from winter assemblages dominated
by N. scintillans toward more functionally diverse summer communities, where multiple
groups contributed to total abundance and biomass.

During the cold season, the ABC curves highlighted distinct patterns of community
structure across the three sectors (Figure 9). The northern sector exhibited a clear separation
between the biomass and abundance curves, with biomass dominance throughout most
of the species’ rank, indicating a relatively stable and undisturbed community structure.
Although small-bodied taxa, particularly copepodites, were numerically dominant, biomass
was primarily supported by larger or more robust species, reflecting a well-balanced
assemblage in which biomass contributions were not concentrated in a few opportunistic
taxa. In low-disturbance conditions, larger taxa such as C. euxinus and Chaetognata
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concentrate most of the community biomass, resulting in the biomass curve lying above the
abundance curve. Conversely, in stations affected by eutrophic or anthropogenic influences,
small-bodied Copepoda, Cladocera, and bloom-forming taxa such as N. scintillans dominate
numerically, causing the abundance curve to shift above the biomass curve. These patterns
reflect the sensitivity of mesozooplankton size structure to environmental stress and trophic
enrichment, consistent with the ABC framework.

Figure 8. Average abundance (top) and biomass (bottom) of dominant mesozooplankton taxa along
the Romanian Black Sea waters, grouped by sectors and seasons.
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Figure 9. ABC curves for mesozooplankton in the cold season across the three Romanian Black
Sea sectors.

In the central sector, the ABC curves showed a moderate separation, with the biomass
curve remaining above the abundance curve across most of the species’ rank. This pattern
suggests an intermediate level of community organisation, where larger-bodied cope-
pods and meroplankton contributed substantially to total biomass, maintaining structural
balance despite signs of mild disturbance.
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In the southern sector, the ABC curve revealed the dominance of the abundance
curve over the biomass curve, indicating a disturbed community structure. This configu-
ration is characteristic of environments under sustained stress, where small-bodied and
opportunistic species proliferate while larger, slow-growing taxa become less influential.

During the warm season, the ABC curves indicated a general trend toward community
simplification and increasing disturbance across all sectors (Figure 10). In the northern
sector, the biomass curve remained consistently above the abundance curve, showing
that larger taxa continued to contribute to community structure despite stressors such
as higher temperatures, stratification, and freshwater inputs. Although some narrowing
of the gap was evident compared to winter, the assemblage preserved a relatively struc-
tured composition. In the central sector, the ABC curves showed a narrower separation
than in winter, reflecting mild stress associated with seasonal stratification and increased
summer productivity that favoured smaller-bodied taxa. Nevertheless, the biomass curve
remained consistently higher than the abundance curve, indicating that larger organisms
still sustained biomass dominance. In the southern sector, the ABC curves showed biomass
and abundance nearly overlapping, in some cases approaching convergence. This pattern
reflected substantial disturbance, with the community increasingly dominated by oppor-
tunistic species such as N. scintillans. The reduced contribution of larger taxa was associated
with comparatively low biomass values, indicating weaker community organisation and
reduced energy transfer efficiency.

Abundance–Biomass Comparison (ABC) analysis highlighted clear spatial and sea-
sonal differences in community condition (Table 4).

Table 4. Summary of ABC curve outcomes and W statistics by sector and season.

Sector Season W Value Ecological Interpretation

N Cold 0.119 Relatively stable community. Biomass dominance indicates good structural integrity,
though small taxa remain numerous.

C Cold 0.102 Moderately stable community. Biomass above abundance, but smaller W suggests
slightly higher stress than in the northern sector.

S Cold –0.102 Disturbed community. Abundance exceeds biomass, indicating dominance of small,
opportunistic taxa and loss of structural complexity.

N Warm 0.088 Weak stability. Biomass slightly exceeds abundance; the community retains some
structure, but stress begins to increase under summer conditions.

C Warm 0.088 Weak stability. Narrow biomass–abundance gap; balanced contributions of small
opportunists and larger species.

S Warm 0.016
Transitional toward disturbance. The convergence of abundance and biomass curves
suggests declining structural stability and a shift toward opportunistic,
stress-tolerant taxa.

The interpretation of community condition considered both the W-values and the
qualitative separation between biomass and abundance curves, as curve patterns provide
complementary information on dominance and disturbance beyond the numerical index.

During the cold season, the northern sector showed a relatively stable community
(W = 0.119), with small-bodied taxa numerically dominant but larger species still contribut-
ing notably to biomass. The central sector exhibited a slightly lower W in value (0.102),
suggesting a comparable, moderately disturbed community where biomass remained
concentrated in copepods and meroplankton. In the southern sector, the biomass and
abundance curves converged (W = –0.102), indicating a shift toward more opportunistic
dominance and marginally higher disturbance relative to the other zones.



J. Mar. Sci. Eng. 2025, 13, 2151 15 of 27

 
Figure 10. ABC curves for mesozooplankton in the warm season across the three Romanian Black
Sea sectors.

In the warm season, disturbance signals increased slightly across all sectors. The
northern and central sectors maintained low positive W values (0.088), reflecting moderate
disturbance but retention of a relatively balanced community structure. The southern sector
displayed nearly overlapping curves (W = 0.016), consistent with disturbance intensity and
reduced community stability. Overall, W values across sectors remained within a narrow
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range, indicating only subtle spatial differences in disturbance level rather than statistically
significant contrasts.

3.4. Fuzzy Cognitive Mapping (FCM) of Mesozooplankton–Environment Interactions

During the cold season, the cognitive maps revealed a cohesive and positively struc-
tured set of relationships between environmental variables and mesozooplankton groups
across all sectors (Figure 11, Table S1), reflecting a more stable ecological context with
relatively fewer stressors.

Figure 11. Fuzzy Cognitive Map (FCM) of hydrographic–nutrient interactions with mesozooplankton
during the cold season by sector in the Romanian Black Sea (blue arrows—positive correlations,
orange arrows—negative correlations).

In the northern sector, FCM analysis revealed strong negative associations between
meroplankton and nutrient concentrations, particularly nitrate and silicate, indicating
that elevated riverine inputs from the Danube are associated with reduced meroplankton
abundance, likely due to increased turbidity and transient deterioration of pelagic con-
ditions that limit benthic–pelagic coupling and larval recruitment during winter–spring.
Copepoda showed moderate responses to ammonium enrichment, while N. scintillans
correlated positively with temperature and nitrate, reflecting their tendency to occur under
nutrient-rich, warmer conditions.

The central sector exhibited the most interconnected network, with Cladocera, Cope-
poda, and meroplankton all influenced by temperature, nitrate, and salinity. This pat-
tern indicates a structurally balanced community supported by stable hydrographic
conditions and moderate nutrient enrichment, consistent with the sector’s intermediate
disturbance regime.

In the southern sector, copepod abundance was negatively correlated with tem-
perature but positively associated with silicate concentrations, suggesting that cooler,
nutrient-enriched conditions supported higher copepod densities. Cladocerans showed
a positive correlation with nitrate (NO3

−), indicating a response to nutrient availability
during colder months. Network connectivity remained relatively weak, reflecting lower
trophic integration compared with the northern and central sectors.

Overall, cold-season FCMs highlighted temperature and nitrate as the primary drivers
shaping mesozooplankton structure, with increasing complexity from south to north along
the Romanian coast.
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RDA confirmed the FCM patterns (R = 0.87–0.96; p < 0.01), showing nutrients as key
drivers of mesozooplankton structure (Table S2). In the north, nutrients and temperature
gradients strongly structured the community under Danube influence, whereas the central
sector maintained balanced conditions supporting community stability. In contrast, the
southern sector displayed reduced structural complexity, highlighting the influence of
temperature and nutrient-related variables on mesozooplankton composition during the
cold season.

In the warm season, the FCM networks became increasingly fragmented and polarised,
dominated by a rise in negative correlations and declining influence of key mesozooplank-
ton groups, reflecting intensification of environmental stressors (Figure 12, Table S1).

Figure 12. Fuzzy Cognitive Map (FCM) of hydrographic–nutrient interactions with mesozooplankton
during the warm season by sector in the Romanian Black Sea (blue arrows—positive correlations,
orange arrows—negative correlations).

In the northern sector, Copepoda exhibited significant negative correlations with
both temperature and salinity, suggesting that their abundance increased under cooler
and less saline conditions typically associated with freshwater influence and moderate
nutrient enrichment. In contrast, Cladocera showed a positive correlation with temperature,
indicating that their occurrence increased under warmer conditions, likely reflecting their
preference for more productive, thermally stratified environments.

In the central sector, copepods showed a negative correlation with dissolved oxygen
and an inverse relationship with temperature and salinity, indicating reduced abundance
under warmer, oxygen-poor conditions. Overall, these patterns suggest that copepods are
sensitive to thermal and salinity stress, while cladocerans tend to proliferate under warmer,
more eutrophic conditions.

In the southern sector during the warm season, N. scintillans showed a positive corre-
lation with nitrite (NO2), suggesting an association with nutrient regeneration processes
and moderate eutrophic conditions. Its abundance also increased with higher oxygen
levels, indicating tolerance to well-mixed, oxygenated environments. The “other taxa”
category exhibited positive correlations with oxygen, phosphate (PO4), and nitrite (NO2),
reflecting a preference for nutrient-rich and oxygenated conditions that support secondary
productivity. Overall, these relationships highlight the influence of nutrient availability and
water column mixing on the composition and abundance of dominant mesozooplankton
groups in the southern sector during the warm season.
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RDA results were consistent with FCM patterns, confirming spatial contrasts in
mesozooplankton–environment relationships (Table S3). In the northern sector, the ordina-
tion reflected the influence of freshwater input and nutrient enrichment, where Copepoda
were associated with cooler, less saline waters and Cladocera responded positively to
warmer, more productive conditions. The central sector displayed a more balanced struc-
ture, shaped by the combined effects of temperature, oxygen, and phosphate. In contrast,
the southern sector showed a stronger coupling with salinity and oxygen, indicating a shift
toward marine-controlled and functionally simplified assemblages.

3.5. Climate Change Scenario Simulations

The climate change scenario simulations, based on projected variations in temperature
and salinity, provide critical insight into the potential long-term impacts of environmental
change on mesozooplankton communities along the Romanian Black Sea coast. Using the
FCM framework and Mental Modeller’s scenario testing interface, three scenarios were
explored: improbable (decrease in temperature, increase in salinity), probable (increase
in temperature, decrease in salinity), and extreme (strong increase in temperature, strong
decrease in salinity).

Across all three sectors, the simulations revealed consistent patterns of sensitivity
among mesozooplankton (Figure 13). The “extreme” scenario, which IPCC projections for
the region under high-emissions pathways [45], resulted in the greatest overall decline in
mesozooplankton abundance and biomass. The most pronounced decreases were observed
in N. scintillans and the “Other groups” category, both of which showed strong negative
deviations from baseline values. Meroplankton also declined moderately, while Copepoda
experienced smaller reductions. In contrast, Cladocera exhibited little to no decline, even
showing a slight increase under the most severe conditions, suggesting a comparatively
stable response.

Figure 13. Projected relative changes in mesozooplankton groups under different climate forcing
scenarios in the Romanian Black Sea.

The “probable” scenario, representing a moderate increase in temperature and mild
salinity reduction, also had negative effects—especially in the southern sector. Elevated
temperatures and reduced salinity promote stratification and eutrophication, processes
that lead to oxygen depletion in bottom waters and compressed vertical niches for plank-
ton [17,47]. Under this scenario, Copepoda demonstrate moderate resilience, maintaining
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relative stability compared to other groups. This is in line with their physiological tolerance
and trophic flexibility, which allow them to adapt to variable environmental conditions [5].

The “improbable” scenario, with decreased temperature and increased salinity, was
associated with the smallest change in mesozooplankton community structure. In fact,
under this scenario, some recovery in biomass and diversity was observed—particularly in
the central and northern sectors. These results suggest that cooler, more saline waters could
act as buffering conditions that mitigate eutrophication and improve oxygen conditions,
supporting a more balanced plankton community [48]. However, such a scenario is unlikely
under current climate trajectories and thus primarily serves as a baseline for resilience.

4. Discussion
4.1. Spatial–Seasonal Differentiation of Mesozooplankton Communities

Mesozooplankton along the Romanian Black Sea coast exhibited pronounced spa-
tial and cold and warm season differentiation, shaped by hydrographic forcing, nu-
trient inputs, and anthropogenic pressures. A clear north–south gradient emerged,
with the Danube-influenced north displaying variable but productive conditions, the
central sector maintaining relative stability, and the southern coast showing chronic
ecological degradation.

In the northern sector, strong Danube discharge supported high mesozooplankton
abundances dominated by small-bodied Copepoda and meroplankton. This configuration
reflects nutrient enrichment, stimulating primary productivity and favouring opportunistic,
fast-reproducing taxa with limited biomass accumulation. Similar dynamics occur in other
river-affected seas, where eutrophication promotes small zooplankton dominance and
fluctuating community structures [8,31,49–54].

The central sector hosted the most balanced assemblages. High abundance and
biomass during winter, coupled with moderate summer stress, indicate that stable hydro-
graphic conditions and moderate nutrient enrichment provide buffering capacity, allowing
trophic integrity to persist through seasonal changes. This state is typical of mid-shelf
transition zones that mediate between disturbed coastal and more stable offshore ecosys-
tems [6,9,55].

In contrast, the southern sector exhibited persistent degradation, typified by recur-
rent dominance of N. scintillans—an established indicator of eutrophication and organic
enrichment [56–59]. Its proliferation coincided with reduced Copepoda and meroplankton
biomass, signalling weakened trophic efficiency. The replacement of crustacean zooplank-
ton by gelatinous zooplankton typically indicates eutrophication and hypoxic stress in
semi-enclosed basins [34,60–62].

4.2. Community Disturbance and Abundance–Biomass (ABC) Patterns

Abundance–Biomass Comparison (ABC) patterns and W-values revealed moderate
disturbance across sectors, with small but consistent spatial contrasts. Following PRIMER-E
guidelines [38], positive W-values denote undisturbed communities, negative values indi-
cate disturbed systems, and values near zero reflect moderate disturbance.

During the cold season, the northern (W = 0.119) and central sectors (W = 0.102) exhib-
ited positive W-values, indicating relatively structured mesozooplankton where biomass
dominance reflected stable, low-disturbance conditions maintained by large-bodied taxa.
In contrast, the southern sector (W = –0.102) showed a negative W-value, with abun-
dance exceeding biomass. This pattern suggests a disturbed community dominated by
small, opportunistic species, consistent with higher anthropogenic pressure and reduced
structural complexity.
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In the warm season, W-values declined across all sectors, indicating intensified dis-
turbance under stratified, oxygen-depleted conditions. In the northern sector (W = 0.088),
smaller taxa gained numerical dominance, while the southern sector (W = 0.016) showed
near-overlapping curves, characteristic of eutrophic, hypoxic systems dominated by
N. scintillans [57–59,63–66].

These results confirm a persistent disturbance gradient, with the central sector retain-
ing structural integrity, the north experiencing fluctuating stress–recovery dynamics driven
by Danube input, and the south reflecting sustained ecological impairment. Seasonal
stratification and nutrient regeneration amplify this imbalance, whereas winter mixing
supports partial recovery.

4.3. Environmental Drivers and Network Connectivity

FCM provided a causal framework for interpreting environmental controls on meso-
zooplankton dynamics. During winter, the central sector displayed the most balanced and
connected interaction network, with Cladocera and meroplankton linked to nitrate and
nitrite, reflecting efficient use of nutrient pulses during mixing [67,68]. The northern sector
showed strong meroplankton–nitrate relationships consistent with Danube-driven enrich-
ment and enhanced benthic–pelagic coupling [69–72]. In the southern sector, Copepoda
exhibited a negative correlation with temperature and a positive association with silicate
(SiO4), suggesting that their abundance increased under cooler, silica-rich conditions likely
linked to enhanced diatom productivity or episodic upwelling events. These findings
indicate that copepod dynamics in this area are strongly influenced by local hydrographic
variability rather than by thermal stratification alone. Cladocera, by contrast, showed a pos-
itive relationship with nitrate (NO3), reflecting their capacity to exploit nutrient-enriched,
phytoplankton-rich environments typical of eutrophic coastal waters. Together, these
patterns suggest that nutrient availability and productivity gradients play a key role in
shaping mesozooplankton structure in the southern sector, modulating the balance between
copepod-dominated and cladoceran-dominated assemblages under variable hydrographic
regimes [60,73].

In summer, networks simplified markedly across all sectors, especially in the south,
where negative interactions increased and functional redundancy declined. The disappear-
ance of Cladocera and meroplankton from key network positions indicates diminished
adaptive capacity under the combined influence of warming, stratification, and oxygen
depletion [68,74].

The convergence of ABC and FCM results underscores a consistent ecological trajec-
tory: the central sector maintains the highest structural and functional integrity, the north
remains highly variable yet resilient, and the south experiences chronic stress and low re-
dundancy. This alignment of structural and functional indicators highlights the cumulative
influence of anthropogenic and climate-sensitive stressors along the Romanian coast.

4.4. Climate Change Scenarios and System Sensitivity

Scenario simulations revealed the vulnerability of mesozooplankton communities to
projected changes in temperature and salinity.

Under the extreme scenario, representing high-emission IPCC trajectories, total meso-
zooplankton abundance and biomass declined sharply, with the strongest numerical reduc-
tions observed in N. scintillans and the “Other groups” category. Meroplankton showed
moderate declines, while Copepoda decreased slightly and Cladocera remained relatively
stable. This suggests that extreme warming and freshening disproportionately affect gelati-
nous and opportunistic taxa, reshaping functional composition. Although Cladocera and
Meroplankton were identified in FCM analyses as sensitive to temperature and salinity
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changes, their vulnerability is primarily ecological rather than numerical, reflecting high
sensitivity to environmental stress rather than steep abundance loss.

The probable scenario, with moderate warming and mild salinity decline, produced
notable effects in the southern sector, where local eutrophication and hypoxia amplify
climate pressures. The improbable scenario, characterised by cooler, more saline waters,
showed partial community recovery, particularly in the north and central sectors, consistent
with improved oxygenation and nutrient balance during colder periods [10,75].

Collectively, the simulations indicate a trajectory of progressive simplification and
functional erosion, especially in the southern waters. The central sector retains buffering
capacity under moderate change, while the south—already under chronic anthropogenic
influence—is projected to experience the strongest synergistic impacts of warming, strat-
ification, and nutrient loading. These findings highlight the importance of integrated
assessment frameworks for anticipating ecosystem responses under climate change.

4.5. Body Size as an Indicator of Environmental and Ecosystem Change

Body size offers a sensitive proxy for ecosystem alteration. The dominance of
small-bodied Copepoda and Cladocera during the warm season, coupled with reduced
contributions from meroplankton and N. scintillans, aligns with the “temperature–size
rule,” which predicts smaller organism size under warmer, nutrient-enriched, and hypoxic
conditions [76–78]. In coastal and semi-enclosed seas, such shifts are amplified by eutrophi-
cation and stratification, favouring opportunistic species and diminishing the role of larger,
energy-demanding taxa [77,79–81].

This miniaturisation enhances short-term persistence but reduces trophic efficiency
and system resilience. Smaller organisms transfer less carbon to higher trophic levels, weak-
ening energy flow and food-web connectivity [77,82,83]. The observed size reduction along
the Romanian coast thus signals both metabolic adjustment and ecological degradation,
reinforcing body size as a practical indicator for detecting cumulative environmental and
climatic stress.

4.6. Implications for Ecosystem-Based Management and Limitations

The integrated evidence from community structure, ABC trends, network connectivity,
and scenario testing demonstrates a progressive weakening of food-web functions, par-
ticularly in the southern coastal sector. This trend likely reflects the cumulative effects of
anthropogenic and climatic stressors that have reshaped trophic interactions and reduced
system resilience [27,84].

The increasing dominance of small-sized copepods and other opportunistic taxa,
combined with diminished predator–prey coupling, suggests a shift toward a simplified
food-web configuration with lower energy transfer efficiency [85–88]. Network analyses
reveal weakened connectivity among functional groups, indicating a decline in trophic
redundancy and an increased vulnerability to perturbations. Such changes are consis-
tent with previous observations along the Romanian coast, where nutrient enrichment,
coastal engineering, and temperature anomalies have collectively altered plankton dynam-
ics [25,34,89].

Under projected climate scenarios, further disruptions in energy flow may occur,
reinforcing the need for ecosystem-based management approaches. Integrating functional
indicators such as ABC metrics and network-derived connectivity indices into monitoring
programmes could provide early warnings of food-web degradation in the Black Sea.

Within the framework of the EU Marine Strategy Framework Directive (MSFD), these
results are directly relevant to Descriptor 4 (Food webs) and Descriptor 5 (Eutrophication).
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The combined use of W-statistics from ABC and connectivity metrics from FCM offers a
robust diagnostic approach for evaluating Good Environmental Status (GES).

Despite its scope, this study has limitations. Temporal coverage was uneven across
years, and environmental data was limited to hydrographic and nutrient parameters,
excluding pollutants and invasive species. The climate scenarios were simplified to temper-
ature and salinity changes, capturing key tendencies but not the full complexity of Black
Sea hydrography. Expanding future assessments to include additional stressors, longer
time series, and transboundary monitoring will strengthen predictive capacity and inform
ecosystem-based management strategies.

5. Conclusions
This study provides an integrated assessment of mesozooplankton dynamics along

the Romanian Black Sea coast, combining community structure, abundance–biomass com-
parisons, and fuzzy cognitive mapping. The results reveal pronounced spatial and seasonal
contrasts driven by hydrographic variability, nutrient enrichment, and local anthropogenic
pressures. The northern sector, strongly influenced by Danube inputs, supported high abun-
dances of small-bodied plankton, while the central sector maintained relatively balanced
communities with higher resilience. In contrast, the southern sector exhibited persistent
degradation, with N. scintillans dominance and loss of functional redundancy.

ABC curve analyses quantified disturbance levels through W-statistics, highlighting
a north–south gradient that intensified during the warm season. FCM analyses further
demonstrated the mechanistic links between environmental drivers and mesozooplank-
ton groups, while climate scenario testing indicated future simplification of community
networks under warming and freshening conditions.

Given the pivotal role of mesozooplankton as the main food source for pelagic fish
and early life stages of demersal species, the documented decline in functional diver-
sity and connectivity has direct implications for trophic transfer efficiency and fishery
recruitment. These findings demonstrate that current conditions fall short of Good Envi-
ronmental Status under the MSFD Descriptor 4 and underscore the need to incorporate
mesozooplankton-based indicators into regional monitoring and ecosystem-based manage-
ment frameworks, ecological status, and support adaptive, ecosystem-based management
in the Black Sea.
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