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Abstract

The current study employed diverse statistical and machine learning techniques to in-
vestigate the biodiversity and spatial distribution of phytoplankton cysts in the Black 
Sea. The MaxEnt distribution modeling technique was used to forecast the habitat suit-
ability for the cysts of three potentially toxic microalgal taxa (Lingulodinium polyedra, 
Polykrikos hartmannii, and Alexandrium spp.). The key variables controlling the habi-
tat suitability of Alexandrium spp. and L. polyedra were nitrates and temperature, while 
for the P. hartmannii cysts, nitrates and salinity. The region with the highest likelihood 
of L. polyedra cyst occurrence appears to be in the western coastal and shelf waters, 
which coincides with the areas where L. polyedra red tides have been documented. The 
projected habitat suitability of the examined species partially overlapped, perhaps as a 
result of their cohabitation within the phytoplankton community and shared preferenc-
es for specific environmental conditions, demonstrating similar survival strategies. The 
north-western region of the Black Sea was found to be the most suitable environment 
for the studied potentially toxic species, presumably posing a greater risk for the onset 
of blooming events. Two distinct aspects of cysts’ ecology and settlement were ob-
served: the dispersal of cysts concerns their movement within the water column from 
one place to another prior to settling, while habitat suitability pertains to the particular 
environment required for their survival, growth, and germination. Therefore, it is crucial 
to validate the model in order to accurately determine a suitable habitat as well as un-
derstand the transportation patterns linked to the particular hydrodynamic properties of 
the water column and the distinct features of the local environment.

Key words: Black Sea, cyst assemblages, habitat suitability, harmful algal blooms, 
MaxEnt, potentially toxic phytoplankton

Introduction

As essential primary producers, phytoplankton biodiversity has a profound 
ecological impact on the state and dynamics of marine ecosystems and can 
influence their functioning via global biogeochemical cycling of carbon, nitro-
gen, phosphorus, and silicate, in addition to primary productivity (Ptacnik et al. 
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2008; Ellegaard and Ribeiro 2018). A considerable number of phytoplankton 
species undergo benthic dormant phases throughout their life cycles (Belmon-
te and Rubino 2019). These dormant stages may result from either sexual re-
production, such as the resting cysts of dinoflagellates and the resting spores 
of some diatoms, or vegetative division, such as the resting spores or resting 
cells of most diatoms (Ellegaard and Ribeiro 2018). Some of the species form-
ing benthic resting stages may produce harmful algal blooms, which can have 
detrimental impacts on the environment and result in substantial economic 
losses (Hallegraeff 1993). Phytoplankton cysts that have accumulated in sed-
iments may remain viable for several decades or potentially up to a century 
(Lundholm et al. 2011), serving as potential seed banks, maintaining biodiver-
sity over time (Kremp et al. 2018), and contributing to bloom dynamics (Lund-
holm et al. 2011; Anderson et al. 2014; Castañeda-Quezada et al. 2021). There-
fore, benthic seed banks hold significant ecological importance by playing a 
vital role in enhancing the resilience of phytoplankton populations, particularly 
in changing environments (Picoche and Barraquand 2022). Dinoflagellate cysts 
have been extensively utilized as a proxy for studying alterations in sea-surface 
conditions (Sgrosso et al. 2001; Godhe and McQuoid 2003; Pospelova et al. 
2004; Richter et al. 2007; Kremp et al. 2009; Zonneveld et al. 2013; Mudie et 
al. 2017; Shin et al. 2018). Given the discontinuous presence of phytoplank-
ton species in the water column (Lundholm et al. 2011), studying the structure 
and distribution of cysts’ communities can provide important insights into the 
diversity of phytoplankton (specifically those that form cysts) over time, en-
vironmental shifts, and potential harmful algal blooms associated with cysts 
(Mudie et al. 2017). The latter could have major implications for vulnerable 
ecosystems such as the Black Sea, which is characterized by its high level of 
isolation from the global ocean, substantial inflow of freshwater, pronounced 
vertical stratification, low salinity, and elevated concentrations of hydrogen 
sulfide below depths of 150–200 meters.

The composition and survival of cyst assemblages in pelagic communities 
rely heavily on the species’ distinct morphological, biochemical, and physiologi-
cal characteristics, as well as the fluctuations in biological, physical, and chem-
ical oceanographic conditions in both surface water and bottom sediments 
(Ellegaard and Ribeiro 2018 and the references therein). The Atlas of modern 
dinoflagellate cyst distributions in the Black Sea Corridor (Mudie et al. 2017) 
provides a thorough reference for enhancing our knowledge of the connections 
between surface water conditions and the distribution, diversity, and morpho-
logical variations of dinoflagellate cysts in the Black Sea. Additional research 
on cyst assemblages and their correlation with environmental variables may 
aid in the evaluation and modeling of the distinct distribution patterns of cysts 
in sediments, as well as in the expansion of our knowledge of these complex 
interactions. This is particularly essential for the mapping of cyst banks con-
taining potentially harmful/toxic species.

Spatial distribution modeling (SDM) has gained significant recognition in 
recent years as a highly effective method for assessing the spatial status of 
biodiversity (Cayuela et al. 2009). It is widely acknowledged as an accurate 
approach for identifying the habitat preferences of species in response to cer-
tain environmental variables (Guisan and Thuiller 2005). SDMs are predictive 
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models that utilize the spatial distribution of documented species occurrences 
and analyze them in relation to different environmental factors. This analysis 
is facilitated through the use of statistical algorithms that aim to elucidate the 
influence of the environment on the patterns of species presence or absence 
(Guisan and Thuiller 2005; Coops et al. 2009; Elith and Leathwick 2009). The 
present research employed the Maximum Entropy (MaxEnt) modeling tech-
nique. The latter refers to a machine learning algorithm that has been specifi-
cally designed to make predictions using incomplete data (Baldwin 2009). The 
method is to determine the sampling sites’ distribution that is the most uniform 
in comparison to the background locations, taking into account the constraints 
related to the data. The maximum entropy algorithm is a deterministic approach 
that exhibits convergence towards the probability distribution with the highest 
entropy (Baldwin 2009). Hence, the resultant output indicates the degree to 
which the model presents a more precise alignment with the location data in 
comparison to a uniform distribution. The MaxЕnt algorithm has several advan-
tages, one of the most notable being its capability to model both continuous 
and categorical variables. In addition, MaxЕnt performs variable transforma-
tion and feature selection, maximum entropy model fitting, and regularization 
techniques in order to avoid the likelihood of model overfitting. Furthermore, 
the output generated by the model is rather easy to interpret. The predictive 
accuracy of MaxEnt has consistently demonstrated comparability to the most 
efficient modeling techniques, and it has been successfully employed to model 
the biogeographic distributions of species in various regions of the world (Yost 
et al. 2008; Elith et al. 2011; Smith et al. 2012; White et al. 2012; Urbani et al. 
2015; Mamun et al. 2018; Wang et al. 2018; Holder et al. 2020; Yan et al. 2020).

In this study, the biodiversity of modern cyst assemblages was examined 
in sediment samples collected from 30 sites (coastal and shelf) in the Black 
Sea. The species composition, abundance, diversity indices, and association of 
species with sites and sediment types were analyzed. The MaxEnt distribution 
modeling technique was employed to accurately fit habitat suitability models 
for the distribution of cysts of three potentially toxic microalgal taxa (Lingulo-
dinium polyedra, Polykrikos hartmannii, and Alexandrium spp.) in the Black Sea 
basin. The objective was to evaluate the extent to which their distribution is 
influenced by specific environmental variables.

Methods

Sampling

The study region encompassed the Black Sea waters of Bulgaria (BG), Romania 
(RO), Ukraine (UA), Georgia (GE), and Turkey (TR) (Fig. 1, Suppl. material 1: table 
S1). A total of 47 surface sediment samples (top 2 cm) were collected at 30 
sites, ranging in depth from 7.5 to 101 meters. These samples were obtained 
throughout various campaigns conducted between April 2008 and June 2016, 
primarily in the spring and/or summer seasons. The collection methods used 
either a multicorer or a Van Veen Grab sampler. The sediment samples were 
stored in a light-free environment at a temperature of 4 °C without any preser-
vatives until they were processed.
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Sediment treatment, qualitative, and quantitative analysis of cysts

An aliquot of homogenized sediment (from 2.0 to 2.2 cm3) was taken from 
each sample for cyst analysis. Additionally, a separate aliquot (≈ 10 cm3) was 
obtained to determine the water content. The wet aliquots were weighed and 
screened through a 10 μm mesh (Endecotts Limited steel sieves, ISO3310-1, 
London, England) using natural filtered (0.45 μm) seawater (Montresor et al. 
2010). The material retained on the sieve was ultrasonicated for 1 min at low 
frequency and screened again through a sieve battery (200, 75, and 20 μm 
mesh sizes). A fine-grained fraction (20–75 μm), mainly containing protistan 
cysts, was obtained. The material retained on the 75 and 200 μm mesh was not 
considered in this study. No chemicals were used to dissolve sediment parti-
cles in order to preserve calcareous and siliceous cyst walls.

Qualitative and quantitative analyses were carried out under an inverted mi-
croscope (Zeiss Axiovert 200M) equipped with a Leica MC170 HD digital cam-
era at ×320–400 magnification. Both full cysts with cytoplasmic content (i.e., 
presumably viable) and empty, already germinated cysts were enumerated, but 
the empty cysts were not considered in this study; a minimum of 200 viable 
cysts were counted for each sample to obtain abundance values as homoge-
neous as possible and evaluate rare species too.

To estimate the water content of sediment, an aliquot from each sample (≈ 
10 cm3) was weighed and dried out at 70 °C. Quantitative data are reported as 
cysts per gram of dry sediment (cysts g-1). The results from the repetitive stations 
(which were sampled more than once for the study period in separate expeditions) 
were compiled, and the highest abundance values were utilized for the analyses.

All resting-stage morphotypes were identified using previously published de-
scriptions. The organic dinocysts were analyzed using the images and keys 
supplied in Mudie et al. (2017). The currently accepted biological taxonomic 
(motile-cell) names were used preferentially according to WoRMS (2023).

Figure 1. Map of sampling sites and locations of stations in the Black Sea.
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Statistical analyses

Biodiversity indices were utilized to conduct a robust evaluation of the distinct 
patterns and preferences of species with regard to habitat or site groups. This 
included assessing the species richness per habitat/sediment type, examin-
ing the association between species and habitat/sediment type, and deter-
mining the effectiveness of species as indicators of site groups. The habitat 
types were defined according to Vasquez et al. (2021). The analyses were per-
formed using the R environment version 4.1.2 (R Core Team 2022), utilizing the 
‘BiodiversityR’ package (Kindt and Kindt 2019) and the ‘indicspecies’ package 
(De Cáceres and Jansen 2016).

In addition, the present study examined the spatial distribution of cyst as-
semblages of three potentially toxic taxa, specifically L. polyedra, P. hartmanii, 
and Alexandrium spp., utilizing the Maximum Entropy machine learning algo-
rithm. The models were initially fitted and cross-validated using MaxEnt soft-
ware Version 3.4.4 (Phillips et al. 2017) and thereafter developed in the Jupiter 
Notebook environment (Kluyver et al. 2016) using the Python programming lan-
guage (Van Rossum and Drake 1995) version 3.9.0 through the implementation 
of elapid-species distribution modeling tools for Python (Anderson 2023) that 
offer a customized implementation of the Maximum Entropy machine learn-
ing modeling technique and a collection of methods for analyzing biogeogra-
phy data. It enables the incorporation of spatial components into the model 
through features such as sample weighting and geographic k-fold cross-valida-
tion. Elapid enhances user control and comprehension of the complex MaxEnt 
approach, thereby improving flexibility. Consequently, this assists users with 
developing and evaluating their models more effectively. The latter facilitates 
the process of modeling data that varies over time across multiple scales, fit-
ting models that consider geographic weighting, creating ensembles of mod-
els, accurately defining the distribution of background points, and summarizing 
the predictions made by the model.

The input data for the MaxEnt model includes a collection of species’ pres-
ence-only (PO) locations and a set of environmental predictors within a spatial 
extent selected by the user. The MaxEnt algorithm selects a set of background 
locations, which are then compared to the known presence locations. Based on 
this comparison, MaxEnt produces an estimation of the probability of species pres-
ence or relative environmental suitability. This estimation ranges from 0 (indicating 
the least likelihood) to 1 (indicating the most likelihood) (Phillips et al. 2006, 2017).

Species data were compiled by using the present sampling data and addi-
tional published data (Mudie et al. 2017) for potentially toxic taxa cyst assem-
blages of interest (P. hartmanii, L. polyedra, and Alexandrium spp.), considering 
only sampling stations at depths up to 200 m, encompassing the coastal and 
shelf waters (0–200 m) of the Black Sea basin. As a result, the species data-
sets were constructed by taking into consideration the PO locations: 72 records 
for Alexandrium spp. cyst occurrence in sediment samples, 80 PO records for 
L. polyedra, and 38 records for P. hartmanii.

Furthermore, another suite of Python libraries commonly employed for data 
processing and visualization was utilized: the GDAL/OGR library (GDAL/OGR 
contributors 2022), numpy (Harris et al. 2020), rasterio (Gillies 2019), sklearn 
(Pedregosa et al. 2011), pandas (McKinney 2010), geopandas (Jordahl et al. 
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2020), matplotlib (Ari and Ustazhanov 2014), shapely (Gillies 2013), xarray 
(Hoyer and Hamman 2017), and cmocean (Thyng et al. 2016). The properties of 
the water column were studied in a Python programming environment through 
the use of the GSW Oceanographic Toolbox, the version developed for Phyton 
(McDougall and Barker 2011).

Environmental variable selection

The selection of abiotic factors as predictors was based on previous research 
into the extent of their influence and ecological principles concerning species 
preferences for habitat, as well as their impact on the variability of phytoplank-
ton biomass. The variables of interest include surface sea temperature, salinity, 
current velocities, concentrations of chlorophyll a and dissolved oxygen, as well 
as pH levels, phosphates, and nitrate concentrations in seawater, proven as pri-
mary factors affecting benthic cyst assemblages (Godhe and McQuoid 2003; 
Ribeiro and Amorim 2008; Mudie et al. 2017; Li et al. 2019; García-Moreiras et al. 
2021). The suite of selected predictor variables was processed as digital layers 
to be utilized when fitting the models. While it was expected that some of the 
chosen predictors might be correlated, the maximum entropy algorithms used 
in training the model are robust to collinearity among predictors. MaxEnt also 
accounts for redundant variables through regularization implementation (Feng 
et al. 2019). Therefore, the initial exclusion of highly correlated variables through 
feature dimension reduction methods had minimal impact on improving the 
model. Considering the latter, the initial set of predictor variables was retained.

The Copernicus Marine Environmental Service (CMEMS) data portal, ac-
cessed on 20 December 2023, was used to acquire monthly mean environmen-
tal data layers for the selected variables spanning from 1993 to 2016. These 
data layers correspond to the sampling expeditions and additional published 
data (Mudie et al. 2017) that were employed to compile the final datasets of 
species-presence-only (PO) localities.

CMEMS data were produced by numerical simulation models that combine 
in situ and satellite data for the Black Sea profile. The models used are the 
hydrodynamic NEMO (Nucleus for European Modeling of the Ocean) and the 
BAMHBI (Biogeochemical Model for Hypoxic and Benthic Influenced Areas) 
(Grégoire et al. 2008; Grégoire and Soetaert 2010; Capet et al. 2016). The data 
were constructed by utilizing two products: The Black Sea Physics Reanalysis 
(Lima et al. 2020), covering the time span from 1993 to 2016, with a spatial 
resolution of 0.037° × 0.028°, and the Black Sea Biogeochemistry Reanalysis 
(Grégoire et al. 2020). The latter offers monthly climatology fields for the spec-
ified time period, with a spatial resolution of 0.025° × 0.025°.

The datasets were averaged over the study period using MATLAB (The Math 
Works, Inc. MATLAB, version 2020a) for the Black Sea region. The original 
spatial resolution was maintained for the data obtained from the Black Sea 
Biogeochemistry Reanalysis, while the data obtained from the Black Sea Phys-
ics Reanalysis were resampled from 0.037° × 0.028° to a denser resolution of 
0.025° × 0.025°. The data for each layer was extracted in ESRI ASCII grid format 
(subsequent conversion to GeoTIFF data format took place in the maximum 
entropy models’ implementation in Python).
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Model evaluation and validation

The resultant SDMs were cross-validated with ten replicate model runs in Max-
Ent and checkerboard geographic structuring in the Python implementation for 
an adequate evaluation of their performance. Additionally, 25% of PO data was 
set aside to be utilized as a randomly selected test sample for every model run 
in MaxEnt and 50% in the Python implementation. Checkerboard partitions pro-
vide an effective solution by implementing geographical structuring and mask-
ing at the finer level, henceforth minimizing spatial correlation between training 
and testing data (Pearson et al. 2013; Muscarella et al. 2014; Anderson 2023).

The performance of the resulting SDMs was assessed using the area un-
der the curve (AUC) of receiver operating characteristic (ROC) metrics (Fielding 
and Bell 1997), and additionally, the model accuracy score and the misclas-
sification rate were evaluated for the Python implementation of the models. 
Both metrics (AUC and accuracy) are being used to evaluate SDM perfor-
mance; nevertheless, they capture different aspects of model performance. 
AUC metrics measure the model’s ability to discriminate between positive and 
negative instances, while accuracy measures the overall correctness of pre-
dictions (Hossin and Sulaiman 2015). Conversely, the misclassification rate, 
which is equal to 1 minus the accuracy (missclassification rate = 1 – accuracy 
score), is a measure of the likelihood of misclassification based on the model’s 
predictions (Bekkar et al. 2013).

Additionally, the stability of the water column was studied through the Py-
thon implementation (McDougall and Barker 2011) of the Gibbs SeaWater 
(GSW) Oceanographic Toolbox of TEOS-10 (IOC, SCOR, and IAPSO 2010) 
to address the specifics of the hydrodynamic conditions and cyst transpor-
tation patterns. Considering the latter, the in situ density of the water col-
umn ρ = ρ̂ (SA, Θ, p) was calculated for the whole spatial extent along the depth 
gradient (31 depth levels) as a function of absolute salinity (SA ) conservative 
temperature (Θ), and pressure (p) using the 75‐term expression implemented 
in GSW toolbox functions (Roquet et al. 2015). The absolute salinity SA was 
derived by the practical salinity S through the conversion functions available 
in the toolbox, and the conservative temperature (Θ) (ITS-90) by the poten-
tial temperatures θ and SA, using the computationally efficient expression for 
specific volume in terms of SA, Θ, and p (Roquet et al. 2015). The vertical sta-
bility of the water column over the latitudinal gradient was examined by the 
Brunt-Vaisala (buoyancy) frequency: N2 g2

SA
P

, where ∆SA and ∆Θ are 
the differences between the absolute salinities and conservative tempera-
tures of vertically adjacent seawater parcels separated by pressure ∆P mea-
sured in Pa. The density and the saline concentrations, including the thermal 
expansion coefficients βΘ and αΘ, were evaluated at the average values of SA, 
Θ, and p by using the functions implemented in the GSW toolbox (IOC, SCOR, 
and IAPSO 2010; Roquet et al. 2015). The Turner angle Tu and the stability 
ratio Rp of the water column were evaluated using the 75‐term expression 
ν̂ (SA, Θ, p), implemented in GSW toolbox functions (IOC, SCOR, and IAPSO 
2010; Roquet et al. 2015).

All maps and graphs were created using QGIS version 3.34 (QGIS Develop-
ment Team 2009) and the Python library Matplotlib (Ari and Ustazhanov 2014).
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Results

Species Composition and Abundance of Resting Stages in Sediments

The assemblages of phytoplankton resting stages discovered in the sediments 
of the Black Sea were highly diverse, consisting of a total of 71 distinct taxa, 
with 41 identified at the species level. These taxa were classified into 23 gen-
era, which belonged to six orders and two classes (Table 1). Furthermore, 15 
uncertain dinoflagellate taxa and six species described as fossils whose active 
stage is not known were determined in the samples but excluded from the anal-
yses. The majority of the detected taxa belonged to Dinophyceae (91.5%), and 
only 8.5% were representatives of Bacillariophyceae. The highest taxonomic di-
versity (including several unidentified species-level taxa differentiating in form 
and size) was observed within the genera Scrippsiella (13 taxa), Alexandrium 
(13 taxa), and Protoperidinium (11 taxa).

Overall, the distribution of most species in the studied area was not uni-
form. The most prevalent taxa, detected at 70% or more of the stations, were 
Scrippsiella acuminata (found at all stations), followed by Scrippsiella sp. 1, 
Pentapharsodinium tyrrhenicum, Pentapharsodinium dalei, Lingulodinium poly-
edra, Gonyaulax sp., Protoperidinium sp. 1, Scrippsiella sp. 5, Calciodinellum al-
batrosianum, Scrippsiella sp. 4, and Chaetoceros sp. 1. A total of 17 additional 
taxa, on the contrary, were recorded as a single entry.

Considerable spatial variability in total cyst concentration has been ob-
served, ranging between 5 cysts g-1 (st. VB and B202/June 2008) and 11,929 
cysts g-1 (st. B305/July 2013) (Suppl. material 1: table S2). The most abundant 
taxa, in terms of relative abundance, were the diatom resting stages of Chaeto-
ceros sp. 1, which made up over 40% of the total cyst count in 13 samples, and 
Chaetoceros sp. 2, which accounted for up to 28% of the total cyst count in one 
sample. Additionally, Scrippsiella acuminata dinoflagellate cysts were present 
in relative abundance, ranging from 10% to 100%; Scrippsiella sp. 1 cysts pre-
sented between 12% and 33% in 13 samples; and Lingulodinium polyedra cysts 
were between 12% and 25% in 4 samples. The diatom species Chaetoceros 
sp. 1 and Chaetoceros sp. 2 had the highest concentrations of 6793 cysts g-1 
and 1598 cysts g-1 at station B305 in July 2013. The dominant dinoflagellates 
Scrippsiella acuminata, Lingulodinium polyedra, and Scrippsiella sp. 1 had the 
highest concentrations at station U01 in May 2016, with 2741 cysts g-1, 1722 
cysts g-1`, and 1463 cysts g-1, respectively. The diatom resting stages of Chaeto-
ceros sp. 2 were quite abundant (exhibiting peaks in certain samples); however, 
their occurrence was sporadic, being found at only 7 sites. In contrast, several 
common taxa (Calciodinellum albatrosianum, Gonyaulax sp., Pentapharsodin-
ium dalei, Protoperidinium sp. 1, Pentapharsodinium tyrrhenicum, Scrippsiella 
sp. 4, and Scrippsiella sp. 5) found in over 57% of the samples, despite being 
present in a wide range of cyst reservoirs, do not reach high abundances, with 
the highest concentrations being less than 190 cysts g-1.

Out of the resting stages that were detected, eight types were assigned to po-
tentially toxic microalgae species: Alexandrium minutum, A. pseudogonyaulax, 
A. tamarense, A. taylorii, Gonyaulax spinifera, Lingulodinium polyedra, Polykrikos 
hartmannii, and Protoceratium reticulatum. The cysts of these potentially toxic 
dinoflagellates, except for L. polyedra, were in low abundance, with the highest 
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concentrations not exceeding 81 cysts g-1. The majority of the species exhibit-
ed sporadic distribution, being present in just 2–23% of the samples (3–33% of 
the sampling stations). However, Polykrikos hartmannii and Alexandrium minu-
tum were more widespread, being detected in 40% and 49% of the samples and 
50% and 60% of the stations, respectively.

Diversity indices and species association to sites and sediment type

The species richness detected at each station exhibited significant variability 
(Suppl. material 1: table S3), ranging from 2 (st. VB) to 45 (st. B305), with just 
one species, Scrippsiella acuminata, consistently present in the cyst assem-
blages. The Shannon diversity index (H) varied between 0.41 (st. G11) and 2.05 
(st. U06) (Suppl. material 1: table S3). The highest values (> 1.89) were calcu-
lated for the Ukrainian coastal stations (U06, U05, U15, and U12). The stations 
exhibiting the lowest diversity indices were G11 (H = 0.41) and VB (H = 0.45), 
mostly due to the dominant presence of Scrippsiella acuminata and Scrippsiella 
sp. 1, which accounted for 91% of the overall abundance at both stations. The 
lower values of Pielou’s evenness index (J), ranging between 0.21 (st. G11) and 
0.71 (st. B204), in 80% below 0.6 (Suppl. material 1: table S3), indicated the 
dominance of specific taxa in the cyst assemblages.

The species richness per sediment type showed a high degree of similarity, 
with an average of 9.7 ±0.4 species per sediment type. Additionally, the Fishers’ 
alpha diversity index values were comparable across all five sediment types, 
ranging from 1.256 (sand) to 1.596 (muddy sand) (Suppl. material 1: table S4). 
The beta diversity displayed a range of values from 0 (“Muddy sand”) to 0.418 
(“Fine mud”), with an average of 0.234.

The indicator species analysis displayed a statistically significant associa-
tion between specific sediment types and cyst species (Suppl. material 1: ta-
ble S5). Eight species were associated with the group (sediment type) “muddy 
sand” (Chaetoceros sp. 3, Chaetoceros sp. 6, Protoperidinium sp. 9, Diplopsalis 
sp., Protoperidinium claudicans, Protoperidinium sp. 6, Alexandrium margalefii, 
and Pyrophacus horologium), whereas one species (Alexandrium tamarense) 
was associated with the group “mixed sediment + muddy sand.” The remaining 
types of sediments showed low indicator values (ind val) and no statistically 
significant results; hence, no associated species were detected.

A statistically significant association was found between certain site group-
ings (areas) and certain cyst species (Suppl. material 1: table S6). Three spe-
cies (Protoperidinium sp. 9, Scrippsiella kirschiae, and Scrippsiella sp. 2) were 
indicative for the Bulgarian sites, six species (Alexandrium margalefii, Alexandri-
um pseudogonyaulax, Calciodinellum albatrosianum, Oblea rotunda, Scrippsiella 
lachrymosa, and Scrippsiella sp. 8) were associated to Romanian sites, three 
species (Alexandrium taylorii, Archaeperidinium minutum, and Scrippsiella sp. 
9) were indicator species for Turkish sites, and 13 species (Alexandrium sp. 
10, Alexandrium sp. 4, Alexandrium sp. 7, Chaetoceros sp. 4, Diplopsalis lentic-
ula, Dissodinium pseudocalani, Ensiculifera carinata, Gymnodinium impudicum, 
Levanderina fissa, Lingulodinium polyedra, Pentapharsodinium dalei, Scrippsi-
ella sp. 1, and Scrippsiella sp. 5) were related to Ukrainian sites. No indicator 
species were found for the Georgian site group.
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Table 1. Cyst species identified in the samples and number of stations (%) within different geographic locations. In the 
table, the different cyst types unidentified at the species level were pooled as spp. and their types noted in brackets. 
(* potentially toxic species; + species not reported in Mudie et al. 2017). The taxonomic nomenclature is according to 
WoRMs (https://www.marinespecies.org/; accessed on 23 April 2024).

Class Order Species
% Stations Where Detected

BG RO UA GE TR
Dinophyceae Gonyaulacales Alexandrium cf. margalefii Balech, 1994 + 33 100 17 0 100

Alexandrium cf. taylorii Balech, 1994 * + 0 0 0 0 25
Alexandrium minutum Halim, 1960 * + 42 100 67 0 100
Alexandrium pseudogonyaulax (Biecheler) 
Horiguchi ex K.Yuki & Y.Fukuyo, 1992 *

25 40 0 0 100

Alexandrium tamarense 
(Lebour) Balech, 1995 * +

33 80 0 0 50

Alexandrium spp.(8 different cyst types/
species)

8, 8, 8, 25, 0, 
17, 0, 8

0 17, 0, 0, 83, 
17, 67, 17, 

33

67, 0, 0, 33, 
0, 33, 0, 0

0, 0, 0, 0, 0, 
0, 0, 25

Gonyaulax sp. 67 100 67 100 100
Gonyaulax spinifera (Claparède & Lachmann) 
Diesing, 1866 *

0 40 17 0 50

Lingulodinium polyedra 
(F.Stein) J.D.Dodge, 1989 *

67 100 83 67 100

Protoceratium reticulatum 
(Claparède & Lachmann) Bütschli, 1885 *

8 20 0 67 25

Pyrodinium bahamense L.Plate, 1906 17 60 0 0 50
cf. Pyrophacus horologium F.Stein, 1883 + 17 60 0 0 0

Gymnodiniales Gymnodinium cf. litoralis A.ReÃ±é, 2011 + 25 60 33 33 25
Gymnodinium impudicum (S.Fraga & I.Bravo) 
Gert Hansen & Moestrup, 2000 +

50 20 67 0 100

Gymnodinium nolleri M.Ellegaard & 
Ø.Moestrup, 1999

42 100 83 100 50

Gymnodinium spp.
(4 different cyst types/species)

0, 0, 17, 8 20, 20, 40, 0 0, 0, 17, 0 0 0, 0, 25, 0

Nematodinium armatum 
(Dogiel) Kofoid & Swezy, 1921 +

0 0 0 0 25

Polykrikos hartmannii 
W.M.Zimmermann, 1930 *

42 80 17 67 75

Warnowia rosea 
(Pouchet) Kofoid & Swezy, 1921 +

25 40 0 0 50

Dinophyceae 
incertae sedis

Levanderina fissa (Levander) Moestrup, 
Hakanen, Gert Hansen, Daugbjerg & 
M.Ellegaard, 2014 +

25 0 17 0 0

Peridiniales Archaeperidinium minutum 
(Kofoid) Jørgensen, 1912 +

8 0 0 0 25

Calciodinellum albatrosianum 
(Kamptner) Janofske & Karwath, 2000 +

58 100 67 67 100

Diplopelta parva (T.H.Abé) K.Matsuoka, 1988 + 0 0 17 0 0
Diplopsalis lenticula Bergh, 1882 + 42 80 83 33 75
Diplopsalis sp. 17 0 0 0 0
cf. Ensiculifera carinata 
Matsuoka, Kobayashi & Gains, 1990 +

42 100 83 33 100

Kryptoperidinium foliaceum (F.Stein) 
Lindemann, 1924 +

0 20 50 0 50

Oblea rotunda (Lebour) 
Balech ex Sournia, 1973 +

33 100 50 0 25

Pentapharsodinium 
dalei Indelicato & Loeblich III, 1986

75 100 67 67 100

Pentapharsodinium tyrrhenicum (Balech) 
Montresor, Zingone & Marino, 1993 +

100 100 67 67 100

Protoperidinium claudicans (Paulsen, 1907) 
Balech, 1974

17 40 0 0 0

Protoperidinium compressum 
(Abé) Balech, 1974 +

8 20 0 0 0

Protoperidinium conicum (Gran) Balech, 1974 42 100 33 0 25
Protoperidinium oblongum 
(Aurivillius) Parke & Dodge, 1976

25 100 17 0 50

https://www.marinespecies.org/
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SDM and model validation

The grid output of the maximum entropy species distribution models (SDMs) 
uses a gradient color scale to represent the mean predicted probability (rang-
ing from 0 to 1) of the most suitable habitat for the species being studied. 
The models produced clear visual representations (Fig. 2A–C) (MaxEnt Version 
3.4.4 gridded outputs are shown in Suppl. material 1: fig. S1A–C) that showed 
a concentrated area with a high likelihood of the species being present, based 
on its preferred habitat. This area mainly occurred within the depth range of 
2.5–100 meters and extended across the entire western coast of the basin. The 
most distinct distribution patterns were observed on the North-Western shelf. 
Moreover, the region that exhibits the highest suitability is evidently coincident 
with each of the studied species.

Model performance evaluation

In general, AUC values ranging from 0.8 to 0.9 are regarded as very good, while 
values over 0.9 are considered excellent (Peterson et al. 2012) (Table 2). The 
aforementioned conditions are equally applicable to the accuracy of the model. 
Caution should be applied when interpreting the AUC and accuracy results for 
imbalanced sets. However, the objective of the current study was to model hab-
itat suitability rather than anticipate projections under various environmental 
conditions or introduce novel grounds.

According to MaxEnt outcome on predictor variables contribution to SDMs 
relative predicted probabilities (Table 3), the mean values of nitrates, tem-
perature, salinity, and phosphates have the highest contribution in modeling 
the training data. Additionally, the permutational importance of variables was 
assessed in the SDMs Python implementation, and the variables that had the 
highest fitting test data were phosphates, temperature, and salinity.

Class Order Species
% Stations Where Detected

BG RO UA GE TR
Dinophyceae Peridiniales Protoperidinium parthenopes A.Zingone & 

M.Montresor, 1988 +
33 60 50 33 50

Protoperidinium steidingerae Balech, 1979 + 0 0 17 0 0
Protoperidinium thorianum (Paulsen, 1905) 
Balech, 1973 +

25 40 0 33 50

Protoperidinium spp.
(4 different cyst types/species)

58, 8, 25, 8 100, 40, 
20, 0

100, 33, 0, 0 33, 0, 33, 0 100, 25, 
25, 0

Scrippsiella acuminata (Ehrenberg) 
Kretschmann, Elbrächter, Zinssmeister, 
S.Soehner, Kirsch, Kusber & Gottschling, 2015

100 100 100 100 100

Scrippsiella kirschiae Zinssmeister, S.Soehner, 
S.Meier & Gottschling, 2012 +

8 0 0 0 0

Scrippsiella lachrymosa J.Lewis, 1991 + 33 100 0 0 50
Scrippsiella ramonii M.Montresor, 1995 + 8 0 17 0 0
Scrippsiella spinifera 
G.Honsell & M.Cabrini, 1991 +

17 20 0 0 25

Scrippsiella trifida J.Lewis, 1991 42 40 0 0 50
Scrippsiella spp.(7 different cyst types/species) 83,  8,  58,  

58,  25,  
25,  0

100, 0, 100, 
80, 40, 40, 0

100, 0, 83, 
100, 50, 0, 0

100, 0, 33, 
33, 33, 0, 0

100, 25, 75, 
100, 100, 

25, 25
Pyrocystales Dissodinium pseudocalani (Gonnert) Drebes ex 

Elbrachter & Drebes, 1978 +
25 60 50 0 50

Bacillariophyceae Chaetocerotanae 
incertae sedis

Chaetoceros spp. 
(6 different cyst types/species)

33, 25, 8, 8, 
8, 0

100, 60, 0, 
0, 0, 0

100, 0, 0, 17, 
0, 0

67, 0, 0, 0, 
0, 33

100, 25, 0, 
0, 0, 0
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Figure 2. Maximum Entropy Habitat suitability maps (representing the elapid (python implementation tools for SDM) 
models’ outcome) of A Alexandrium spp. B L. polyedra C P. hartmanii in the Black Sea coastal and shelf waters (repre-
sented with a color scheme, with light blue indicating the least likelihood of suitable conditions, light orange indicating 
conditions matching those where species were found, and purple corresponding to the highest predicted probability of 
a suitable environment).

A

B

C
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Buoyancy frequency (N2), Turner angle (Tu) and stability ratio (Rp) were ob-
tained to address the specifics of the hydrodynamic conditions over the latitu-
dinal gradient in the studied region. The calculations were performed at pres-
sure midpoints ranging from a depth of -5.005 m to -2001.135 m, covering the 
latitudinal gradient of the Black Sea region based on mean annual datasets (po-
tential temperature and practical salinity) obtained by CMEMS for three years: 
2011, 2013, and 2015 (only the results for 2013 are presented).

High positive buoyancy frequency values indicate stable stratification and min-
imal vertical mixing, while lower positive N2 values indicate a gradual change in 
density with depth (Monin 1990; McWilliams 2006), which can lead to weaker strat-
ification and increased vertical mixing in the upper layer (0–25m), coinciding with 
the average mixed layer thickness (Fig. 3) over the latitudinal gradient in the spatial 
range confined within 41–45N. Low to moderate values of N2 (evident in the latitu-
dinal range from 45–46N) imply a moderate level of stratification, with a balance 
between stability and vertical mixing, suggesting specific water column dynamics 
in the north-western region. Furthermore, lower to moderate levels correspond to 
conditions promoting vertical exchanges in the water column, resulting in more 
effective nutrient transfer and increased biological production in the top layer.

The Turner angle reveals shifts in the orientation of water velocity at depths 
near 50 meters (Fig. 4), potentially impacting the patterns of horizontal trans-
port. The values of the stability ratio (Rp) (Fig. 5) showed unstable stratification, 
implying a potential for vertical mixing and overturning of water masses at the 
surface to depths of 50 meters. A stability ratio of 0 is a precise point denoting 
a neutral state (Monin 1990; McWilliams 2006; Traxler et al.  2011), and the 

Table 3. Variables contribution to species spatial dispersal MaxEnt Version 3.4.4.

Alexandrium spp. L. polyedra P. hartmanii

Variable Percent 
contribution (%) Variable Percent 

contribution (%) Variable Percent 
contribution (%)

mean_NO3 78.3 mean_NO3 78.5 mean_NO3 64.3

mean_temp 10.2 mean_temp 7.8 mean_sal 27.3

mean_PO4 5.3 mean_sal 6.5 mean_PO4 5.4

mean_sal 3.0 mean_PO4 4.6 mean_temp 2.7

mean_pH 1.6 mean_DO 1.2 mean_pH 0.1

currents_speed 0.8 mean_Chl 1.0 currents_speed 0.1

mean_Chl 0.6 mean_pH 0.3 mean_Chl 0

mean_DO 0.3 currents_speed 0.2 mean_DO 0

Table 2. SDM performance evaluation metrics.

Alexandrium spp. L. polyedra P. hartmanii

MaxEnt Version 3.4.4 Avg AUC – replicated SDMs overall performance 0.904±0.056 0.901±0.030 0.920±0.033

Maxent Python Elapid Unweighted naïve* AUC score – training data 0.935 0.901 0.913

Maxent Python Elapid Weighted naive AUC score (training data with 
samples’ geographic weights)

0.925 0.887 0.989

Maxent Python Elapid Checkerboard Cross-validation AUC score – test data 0.926 0.896 0.904

Maxent Python Elapid Checkerboard Cross-validation AUC score (test data 
with samples’ geographic weights)

0.882 0.862 0.868

Maxent Python Elapid Model accuracy 0.935 0.911 0.920

Maxent Python Elapid Misclassification rate 0.065 0.089 0.080

* The term “naive” refers to a basic measure of a model’s ability to distinguish between positive and negative instances, with higher AUC 
values indicating better performance.
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behavior of the water column will be influenced by the entirety of the oceano-
graphic conditions in the area.

The combined effect of stability and stratification patterns in the water 
column is expected to affect the settling, vertical distribution, and horizontal 
transportation of cysts. The presence of a strong stratification can result in the 
formation of stable layers that facilitate the accumulation of cysts. Moreover, 
changes in the water mass flow direction, as indicated by the Turner angle, can 
affect the horizontal dispersal of cysts.

Figure 3. The buoyancy frequency (N), estimated using the Gibbs SeaWater (GSW) Ocean-
ographic Toolbox of TEOS-10 (IOC, SCOR, and IAPSO 2010) implementation for Python.

Figure 4. The Turner angle (Tu), estimated using the Gibbs SeaWater (GSW) Oceano-
graphic Toolbox of TEOS-10 (IOC, SCOR, and IAPSO 2010) implementation for Python.
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Discussion

Knowledge regarding the spatial dispersal, abundance, and diversity of cyst as-
semblages holds significant value in accurately evaluating phytoplankton biodi-
versity. It aids in comprehending how it is associated with biological, physical, 
and chemical oceanographic conditions of the surface water, identifying hot 
spot areas where resting cysts accumulate (cyst banks), and predicting poten-
tial harmful algal blooms (Genovesi-Giunti et al. 2006; Anderson et al. 2014; 
Mudie et al. 2017). This study provides a valuable supplement to the extensive 
mapping of dinoflagellate cysts in the surface sediment of the Black Sea (Mud-
ie et al. 2017). It contributes new information regarding the occurrence, distri-
bution, and abundance of 65 different taxa of dinoflagellate cysts, covering 27 
species that were not previously documented in the Atlas, including 6 dormant 
forms of Chaetoceros diatoms (Table 1).

The presence of a large number of recorded cyst species confirms that Black 
Sea sediments have the ability to sustain significant biodiversity (Mudie et al. 
2017). The Ukrainian coastal stations had the highest diversity indices (Suppl. ma-
terial 1: table S3), which aligns with the abundance of phytoplankton species doc-
umented in this region (Moncheva et al. 2019). Peaks in total cyst concentration 
were observed in some samples, primarily due to the dominance of particular taxa 
(mainly Scrippsiella and Chaetoceros). The resting spores of Chaetoceros were 
both abundant and broadly distributed in the samples collected in the current re-
search. The findings align with molecular data, which indicated that the genus 
has been among the most abundant and diverse taxa (Dzhembekova et al. 2018). 
Similar tendencies have been observed in other areas where seed banks were 
similarly characterized by predominant resting stages of Chaetoceros (Montresor 
et al. 2013; Casabianca et al. 2020). The seed banks of Chaetoceros spp. ensure 
their survival in unfavorable conditions (Pelusi et al. 2020) and enhance their abil-
ity to sustain the planktonic population in the water (Itakura et al. 1997; Ishikawa 

Figure 5. The stability ratio (Rp), estimated using the Gibbs SeaWater (GSW) Oceano-
graphic Toolbox of TEOS-10 (IOC, SCOR, and IAPSO 2010) implementation for Python.
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and Furuya 2004). Confirming these findings, Chaetoceros spp. are among the 
most dominant species in the plankton community in the Black Sea, often forming 
blooms (Nesterova et al. 2008; Moncheva et al. 2019). Resting stage formation 
appeared to be an advantageous strategy for other dominant cyst species, such 
as Scrippsiella acuminata, to dominate both sediment assemblages and plankton 
communities in the Black Sea (Dzhembekova et al. 2022a, and references there-
in). In contrast, certain species (Pentapharsodinium tyrrhenicum, Pentapharsod-
inium dalei, and Calciodinellum albatrosianum) that were present in the sediment 
samples are rarely observed or documented in the plankton of the Black Sea (Kra-
khmalnyi et al. 2018). The latter demonstrates the benefits of conducting cyst 
surveys for detecting rare species, hence uncovering the ‘hidden flora’ in the basin 
(Persson et al. 2000; Godhe et al. 2001). Previously, there has been a documented 
disparity between the species that were dominant in the sediment’s cyst assem-
blages and the typical members of the plankton community in the water column 
(Persson et al. 2000; Godhe et al. 2001; Rubino and Belmonte 2021). The latter 
can be attributed to several factors: a limited number of species that produce 
resting stages (McQuoid and Hobson 1996; Bravo and Figueroa 2014); many spe-
cies spend longer periods resting in the sediment compared to the water column 
(Godhe and McQuoid 2003); there is a temporal and spatial mismatch between 
the occurrence of vegetative cell blooms and resting stage peaks, which can be 
caused by horizontal transfer in the water column or bioturbational mixing (Kirn 
et al. 2005; Ribeiro and Amorim 2008; Balkis et al. 2016); and incomplete inven-
tories. Nevertheless, the benthic seed banks provide substantial genetic diversity 
and likelihood for survival, making a considerable contribution to the long-term 
viability of species that produce dormant stages (Lundholm et al. 2011, 2017).

Eight cyst taxa of potentially toxic dinoflagellates were identified in this study 
(Table 1). Despite the fact that the majority of them had a low concentration 
and a limited spread, Lingulodinium polyedra, Alexandrium spp., and Polykrikos 
hartmannii exhibited a higher likelihood of influencing bloom dynamics. The 
interaction between benthic cyst assemblages and pelagic active stages (one 
aspect of the benthic-pelagic coupling) is critical in encystment and excyst-
ment cycles, connecting blooms and subsequent cyst abundance, and vice 
versa (Anderson et al. 2014; Ishikawa et al. 2014). Sediment seed banks not 
only serve as historical records of past bloom occurrences, but they also signal 
a specific basin’s future productivity potential and could be used to forecast 
forthcoming bloom events (Rubino et al. 2000; Anderson et al. 2014).

On a global scale, the dinoflagellate genus Alexandrium is one of the fore-
most harmful algal bloom-causing genera in terms of diversity, scale, and im-
pact of blooms (Anderson et al. 2012). In this study, the genus Alexandrium 
was represented by a total of five determined and eight unidentified species 
(Table 1, Suppl. material 1: table S2), which exhibited variations in their mor-
phology and size. In order to gain a more comprehensive understanding of the 
spread of the genus, Alexandrium cysts were combined and referred to as Al-
exandrium spp., due to the challenges associated with species identification. 
Several taxa were found to coexist in sediment samples in both the current and 
previous studies (Aydin et al. 2015; Mudie et al. 2017) and also in plankton sam-
ples (Dzhembekova et al. 2022b). Although Alexandrium spp. often do not oc-
cur in large abundances, blooms of A. monilatum and A. ostenfeldii have been 
documented (Moncheva et al. 2001; Mavrodieva et al. 2007). The occurrence of 
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toxins linked to Alexandrium species has been recorded in the Black Sea, albeit 
at low concentrations (Vershinin et al. 2006; Kalinova 2015; Peteva et al. 2019).

Polykrikos hartmannii cysts, another potentially harmful dinoflagellate widely 
distributed in the Black Sea (Mudie et al. 2017), as well as identified in the plank-
ton community with the application of a molecular approach (Dzhembekova et 
al. 2022b), were detected in 40% of the samples, encompassing all specified 
locations (Table 1, Suppl. material 1: table S2). The highest abundances were 
registered in samples collected from the western region of the basin. Although 
there have been no reports of blooms at the regional level, bloom densities and 
ichthyotoxicity have been observed in a brackish estuary (Tang et al. 2013).

The potentially toxic dinoflagellate Lingulodinium polyedra was found to be 
widely distributed and abundant in the sediments of the Black Sea, as shown in 
both the current study (Table 1, Suppl. material 1: table S2) and prior research 
(Nikonova 2010; Aydin et al. 2015; Mudie et al. 2017). It is also prevalent in phy-
toplankton communities (Moncheva et al. 2019). A significant correlation has 
been discovered between the abundance of Lingulodinium polyedra cells and 
the presence of yessotoxins (YTXs) in the Black Sea, thereby substantiating the 
ability of local strains to produce toxins (Dzhembekova et al. 2022b). The latter 
emphasizes further the significance of delineating regions that represent the 
highest environmental suitability to serve as cyst beds.

The results of our study indicate that the distribution of Lingulodinium poly-
edra cysts relative probability of occurrence in terms of suitable habitat is sig-
nificantly influenced by nitrates and temperature. The key variables controlling 
the habitat suitability of Alexandrium spp. were nitrates and temperature, while 
for the Polykrikos hartmannii cysts, the main factors were nitrates and salinity 
(Table 3). The availability of nutrients, temperature, and salinity are typically re-
garded as the primary triggers for the encystment processes (Genovesi-Giunti 
et al. 2006 and references therein). Comparable findings were documented for 
other basins (Godhe and McQuoid 2003). The formation of resting cysts is a 
proven survival strategy employed by L. polyedra in response to adverse envi-
ronmental conditions, such as nitrogen depletion and fluctuations in tempera-
ture (Ganini et al. 2013). The region with the highest likelihood of L. polyedra 
cyst occurrence appears to be in the western coastal and shelf waters (Fig. 2A), 
which includes areas where L. polyedra red tides have been documented (Te-
renko and Krakhmalnyi 2021 and references therein). The projected habitat 
suitability of the other studied taxa, Alexandrium spp. and Polykrikos hartman-
nii (Fig. 2B–C), partly coincided with the modeled distribution of L. polyedra 
cysts, likely due to the coexistence of the three genera and their shared prefer-
ences for environmental conditions, productivity, and survival strategies. Addi-
tionally, local hydrodynamic conditions and the transportation of cysts before 
their settlement in sediments could also contribute to this overlap.

Understanding the interplay among the water column dynamics, the sedi-
mentation processes, and cyst settling is essential for investigating the ecol-
ogy and life cycles of organisms that form cysts. The latter necessitates the 
evaluation of various elements, including water column stability, currents, mix-
ing patterns, and the properties of the sediments. In general, the density of 
the water column plays a role in the larger environmental context that affects 
how cyst assemblages are distributed in the aquatic sediments (Nehring 1993; 
Harland et al. 2004; Genovesi-Giunti et al. 2006; Ribeiro and Amorim 2008). 
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Moreover, the overall hydrodynamic processes and sediments’ characteris-
tics have been indicated as having a major impact on cyst concentrations in 
the sediments (Ribeiro and Amorim 2008; Li et al. 2019; García-Moreiras et 
al. 2021). The vertical stability of the water column, which is advantageous 
for many dinoflagellate species, has been recognized as a pivotal factor af-
fecting the seasonal variations in cyst production (Harland et al. 2004; Ribeiro 
and Amorim 2008). Additionally, the density of the water column might impact 
the sedimentation rates, therefore influencing the distribution of cysts (Cho 
and Matsuoka 2001). A water column with a lower density may undergo more 
intense vertical mixing. The process of mixing can impact the dispersion of 
particles, such as cysts, throughout the water column prior to their final set-
tlement into sediments. Therefore, areas with minimal water current velocities 
exhibited higher cyst densities (Azanza et al. 2004). Considering the distinct 
vertical structure of the Black Sea (Oguz et al. 2000; Yakushev et al. 2008; Ca-
pet et al. 2016; Kaiser et al. 2017; Zatsepin and Podymov 2021), our findings 
can be concisely stated as follows: The water column exhibits unstable strat-
ification in the upper layer (0 to 25 m, coinciding partly with the mixed layer 
depth thickness) along the latitudinal gradient, potentially influencing the ver-
tical distribution of water properties and the settling of organisms, including 
cysts. The fluctuations in buoyancy frequency (N2) indicate alterations in the 
intensity of stratification, exhibiting a prominent maximum at a depth close to 
25–35 meters (the average thermocline layer depth) (Fig. 3). The Turner angle 
reveals shifts in the density gradients and the orientation of water velocity at 
depths near 50 meters in the latitudinal range from 45–46N (Fig. 4), potentially 
impacting the patterns of horizontal transport. Furthermore, riverine freshwater 
input plays a significant role in influencing the Western Black Sea by creating 
stratification and nutrient gradients, having further impact on the primary pro-
duction, abundance, and composition of phytoplankton communities, including 
cyst-forming species (Moncheva et al. 2019; Dzhembekova et al. 2022a). The 
latter is related to the significant nutrient input (including nitrogen and phos-
phorus), the transportation of sediments (cysts, being relatively heavy, can set-
tle in these sediments), and the sedimentation process, which can influence 
the spatial distribution of cysts along the river’s plumes and in the adjacent 
Black Sea region.

The distribution of cysts is also significantly affected by sediment composition 
(Cho and Matsuoka 2001). Dinoflagellate cysts, due to their similar mass and hy-
drodynamic properties, are often distributed and deposited in sediment alongside 
fine-grained particles (Godhe and McQuoid 2003; Rachman et al. 2022), and gener-
ally higher concentrations of dinoflagellate cysts are observed in muddy sediments 
than in sandy sediments (Cho and Matsuoka 2001; Anderson 2023). Consistent 
with these findings, the area in the Western region of the Black Sea exhibiting the 
highest habitat suitability > 80% (at depths 50–100 m) is primarily represented by 
mixed sediments (shelly mud) for all modeled species (Suppl. material 1: table S7).

The north-western region of the Black Sea was identified as the most favor-
able habitat for the examined potentially toxic species (Fig. 2), posing a greater 
risk for the onset of algal blooms. Furthermore, this region aligns with predict-
ed zones of very high risk of mass outbreaks of potentially toxic dinoflagellate 
Prorocentrum cordatum in the Black Sea (Goncharenko et al. 2021). Consider-
ing the aforementioned results, the identified hotspots provide potential inocu-
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lum for bloom initiation (seed banks) and a suitable environment for vegetative 
growth and mass development of toxic dinoflagellates in the water column.

In conclusion, the accumulation of cysts pertains to how they are dispersed/
transported within the water column from one location to another before settlement 
in sediment, whereas habitat suitability refers to the specific environmental condi-
tions required for their survival, growth, and germination. Cysts can be dispersed 
in aquatic ecosystems by water currents, facilitating their colonization of new hab-
itats. Both aspects, particularly the autoecology of the species and their life cycle, 
are crucial factors to comprehend when studying organisms that undergo cyst for-
mation. However, the problem of modeling habitat suitability becomes challenging 
due to the spatial dispersal caused by horizontal transportation. This is because 
the specimens that have been sampled and documented as occurrences may have 
reached areas that are unsuitable or novel areas that could be suitable through hori-
zontal transportation in a highly stratified environment. Therefore, model validation 
(Fig. 2, Table 2) is essential for accurately identifying suitable habitat and under-
standing the prospective transportation patterns associated with the local water 
column hydrodynamic properties and unique characteristics of the environment.
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