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Abstract: The oligotrophy of the southern Adriatic Sea is characterized by seasonal stratification
which enables nutrient supply to the euphotic layer. A set of interdisciplinary methods was used to
elucidate the diversity and co-dependency of bacterio- and phytoplankton of the water column during
the stratification period of July 2021. A total of 95 taxa were determined by microscopy: 58 diatoms,
27 dinoflagellates, 6 coccolithophores, and 4 other autotrophs, which included Chlorophyceae,
Chrysophyceae, and Cryptophytes. Nanophytoplankton abundances were higher in comparison
to microphytoplankton. The prokaryotic plankton community as revealed by HTS was dominated
by Proteobacteria (41–73%), Bacteroidota (9.5–27%), and cyanobacteria (1–10%), while the eukary-
otic plankton community was composed of parasitic Syndiniales (45–80%), Ochrophyta (2–18%),
Ciliophora (2–21%), Chlorophytes (2–4%), Haptophytes (1–4%), Bacillariophyta (1–13%), Pelago-
phyta (0.5–12%) and Chrysophyta (0.5–3%). Flow cytometry analysis has recorded Prochlorococcus
and photosynthetic picoeukaryotes as more abundant in deep chlorophyll maximum (DCM), and
Synechococcus and heterotrophic bacteria as most abundant in surface and thermocline layers. Surface,
thermocline, and DCM layers were distinct considering community diversity, temperature, and nutri-
ent correlations, while extreme nutrient values at the beginning of the investigating period indicated a
possible nutrient flux. Nutrient and temperature were recognized as the main environmental drivers
of phytoplankton and bacterioplankton community abundance.

Keywords: phytoplankton; bacterioplankton; diversity; co-dependency; stratification; oligotrophic
ecosystem; South Adriatic Sea; Mediterranean

1. Introduction

Distribution patterns of primary producers are determined by a combination of
physico-chemical (e.g., light availability, nutrient supply, water column stratification) and
biological processes (e.g., microbial activity, grazing, viral lysis) [1]. Due to ongoing climate
change, which is progressively warming the ocean, we are witnessing more stratified water
columns with a decrease in mixing and subsurface nutrient supply to the euphotic layer. It
is important to understand the mechanisms of nutrient supply and to identify potential
hot spot regions of enhanced net primary production, for example, along shelf breaks, in
upwelling regions and areas of enhanced dynamic mixing.

Water 2023, 15, 2299. https://doi.org/10.3390/w15122299 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15122299
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7301-7888
https://orcid.org/0000-0002-9876-4601
https://orcid.org/0000-0002-3061-2767
https://orcid.org/0000-0003-1919-6173
https://doi.org/10.3390/w15122299
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15122299?type=check_update&version=1


Water 2023, 15, 2299 2 of 23

The climatically temperate Adriatic Sea experiences a bimodal seasonal variability in
phytoplankton biomass, typically with maxima in spring and autumn [2,3]. While pico-
phytoplankton dominates the phytoplankton community in the southern Adriatic Sea and
appears to be the overall dominant primary producer [4,5], microphytoplankton production
is restricted to coastal waters, the deep chlorophyll maximum (DCM), and periods during
or following winter convection [6–9]. Winters in the southern Adriatic Sea are characterized
by convection events and vertical mixing that occur regularly, supporting nutrient supply
to surface waters that facilitates phytoplankton development [6,7,9]. Ultimately, these
larger scale physical processes impact the whole food web of exceptionally high summer
anchovy catches following a higher than usual abundance of phytoplankton in the winter
of 2015 [10].

Upwelling on the Palagruža Sill was detected by enhanced nutrient concentrations
and abundance of primary producers [10]. Similarly, a small peak in nutrient concentra-
tions and nano- and picophytoplankton abundance was recorded close to the Lastovo
Island cliffs, indicating a possible upwelling effect near the island [5,10]. However, satellite
images do not show enhanced primary production under stratified conditions (Mihanović,
personal communication). A possible explanation may be a rapid uptake of nutrients
with efficient, almost instant, removal of primary producers by zooplankton under olig-
otrophic conditions [11]. In a flexible biome, such as the one of the Adriatic Sea, the first
signals of climate-driven changes might be represented by the spatial reorganization of
communities [12]. These findings suggest that climate change might be impacting the
biological structure of this basin more rapidly as compared to the large oceans, suggesting
the Adriatic Sea as an ideal environment model for plankton diversity and co-dependency
investigations.

Recently, an interesting oceanographic phenomenon, known as island-trapped waves
(ITW), has been recognized around Lastovo Island in the Adriatic Sea [13,14], making it
together with Bermuda [15,16], Hawaii [17,18], Gotland in the Baltic Sea [19], and Saint
Pierre and Miquelon archipelago in the northwestern Atlantic Ocean [20], one of the only
islands in the world where such waves were observed. The link between those physical
processes and ecosystem diversity and functioning has not yet been fully explored and
described. The significance of this study is to explain phytoplankton/bacterioplankton
diversity and co-dependency in the ecosystem of Lastovo Island to have a basis for com-
parison of the ecosystem response to observed island effects. Therefore, the aims of the
study are as follows: (1) to investigate phytoplankton and bacterioplankton diversity in an
oligotrophic ecosystem of the Adriatic Sea during a period of water column stratification,
and (2) to analyse the co-dependency of phytoplankton and bacterioplankton communities.

2. Materials and Methods
2.1. Study Area

The Adriatic Sea is a semi-enclosed oligotrophic basin approximately 800 km long and
200 km wide and is elongated in a northwest–southeast direction. It is of interest due to
its numerous large and small islands and islets along the eastern coast. Lastovo Island,
located in the southern part of the middle Adriatic Sea island group, is characterized by
very steep island sides and has average depths reaching 70 m at about 300 m from the
island (Figure 1).

Physical processes relevant for the island of Lastovo include resonantly excited diur-
nal internal waves that revolve around the island in a clockwise direction (island-trapped
waves). These waves result in diurnal thermocline oscillations ranging up to 30 m during
stratification periods [21]. The lower diversity of bryozoans and other benthic organisms
between the surface and 40 m depth at Lastovo’s submersed cliffs compared with other
Adriatic locations is thought to be due to large diurnal and intertidal temperature fluctu-
ations during the summer stratification periods [21,22]. Additionally, in the area around
Lastovo Island, relatively high chlorophyll a (Chl a) concentrations were recorded [10,23],
which contrasts with other parts of the oligotrophic southern Adriatic Sea [4,8,23,24].
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Figure 1. Location of study area (Lastovo Island, South Adriatic Sea) (A) and sampling station Struga
(S1) (B) superimposed on bathymetry maps.

2.2. Sampling

During the stratification period in 2021, a set of thermistors was deployed at nine
equidistant depths between 5 and 45 m at the rocky cliffs of Lastovo Island (Figure 1). Six
loggers were recovered at the end of measurement period, as loggers positioned at 15, 25,
and 40 m were either missing or not functioning properly. The measurement interval was
5 min. A ship-based survey was conducted in the period from 12 to 21 July 2021. T–S–Chl F
(temperature, salinity, Chl a fluorescence) profiles were measured using an SBE 25 CTD
probe (Sea-Bird Electronics Inc., Bellevue, WA, USA) twice a day, at around 06:00 (UTC+2),
when a deep thermocline was expected at the location, and at around 18:00 (UTC+2), when
a shallow thermocline was expected. Complementary to the CTD casts, water samples for
flow cytometry, nutrient, Chl a, and phytoplankton analyses were collected using 5 L Niskin
bottles at one station at depths determined in situ based on the position of the thermocline
(Supplementary Table S1). Samples for flow cytometry measurements of picoplankton
abundance were taken in duplicate, where 1.5 mL of sample was fixed with 100 µL of
glutaraldehyde (36%), deep frozen in liquid nitrogen, and stored at −80 ◦C until analysis.

Triplicates of 15 mL sample were taken for nutrient analysis, filtered through a 0.2 µm
syringe filter, fixed with 30 µL of 6 M HCl, and stored in the dark and cold until the analysis
in the laboratory. Samples of 1 L volume for Chl a analysis were filtered in situ using 0.7 µm
pore size Whatman GF/Fs (Cytiva Whatman glass microfiber filters, Marlborough, MA,
USA) and preserved in –80 ◦C liquid nitrogen until the analysis.

Discrete and net phytoplankton samples were fixed with 2% neutralized formaldehyde
and stored in 250 mL bottles until analysis in the laboratory. Water samples for environ-
mental DNA (eDNA) extraction and small ribosomal units of bacteria and eukaryote (16S
rRNA and 18S rRNA genes) analysis were taken with Niskin bottles from surface (0 m)
and DCM (75 m) waters. A total of nine samples were taken: six samples on 13 of July
2021 and three samples on 20 of July 2021 (Supplementary Table S2). A large volume
(approx. 6 L) of seawater was filtered through 20 µm, then 3 µm, and ultimately 0.2 µm
pore-size polycarbonate filters (Cytiva Whatman Cyclopore, Marlborough, MA, USA) to
obtain plankton size-fractions: pico-nanoplankton (0.2–3 µm), nanoplankton (3–20 µm),
and micro-mesoplankton (>20 µm). Filters were immediately frozen in liquid nitrogen and
transferred to the laboratory where they were stored at −80 ◦C until eDNA extraction.
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2.3. Plankton Community and Nutrient Analysis

Light microscopy (LM) was used to determine microphytoplankton (>20 µm) and
nanophytoplankton (2–20 µm) composition and abundance. Subsamples of 100 mL were
settled for 48 h and analyzed under a Zeiss Axiovert 200 inverted microscope (Carl Zeiss
microscopy GmbH, Jena, Germany) using the Utermöhl method [25]

Abundances of heterotrophic bacteria and cyanobacteria were determined on a BD
FACSVerse flow cytometer (BD Biosciences, Franklin Lake, NJ, USA) equipped with a
standard filter setup and with 488 nm laser excitation, as described in Babić et al., 2018 [26].

Phosphate (PO4), nitrate (NO3), nitrite (NO2), and silicic acid (SiO4) concentrations
were analysed using an autoanalyzer (SEAL QuAAtro segmented flow AutoAnalyzer,
SEAL Analytical GmbH, Norderstedt, Germany), with procedures as per international
GO-SHIP protocols [27]. KANSO-certified reference materials were used to verify the
accuracy of the analysis. Chl a was analysed by the fluorometric procedure after extraction
in 90% acetone [28]. The detection limit for Chl a, considering the filtered volume of water,
was 0.01 µgL−1.

2.4. eDNA Isolation, Amplicon Sequencing and Bioinformatics

eDNA was extracted from polycarbonate filters by using a DNeasy PowerSoil kit
(Qiagen, Hilden, Germany), following the manufacturer’s instructions with minor changes.
Modifications involved mechanical disruption by vortex on a VortexGenie 2 (Fisher Scien-
tific, Waltham, MA, USA) for 15 min at maximum speed and incubation at 37 ◦C for 30 min
with the addition of 2 µL of lysozyme (0.5 mg mL–1 solution). Extracted DNA yield and
quality were measured by Qubit fluorometer (Thermo Fisher, Waltham, MA, USA), while
the integrity of DNA was checked on 1% agarose gel. Samples of total extracted DNA were
sent for 16S rRNA and 18S rRNA gene library preparation and amplicon next-generation
sequencing to the FISABIO–Public Health Sequencing and Bioinformatics Service (Servicio
de Secuenciación y Bioinformática, Valencia, Spain). Sequencing was performed on the
Illumina MiSeq (Illumina, Chesterfield, UK) platform following the manufacturer’s guide-
lines. The 16S rRNA gene V4–V5 variable region was targeted by PCR primers from Earth
Microbiome Project 515F and 806R primers: (FWD: 5′-GTGYCAGCMGCCGCGGTAA-3′;
REV: 5′-GGACTACNVGGGTWTCTAAT-3′), while the 18S rRNA gene V4 variable region
was targeted by PCR primers Reuk454FWD1 (5′-CCAGCASCYGCGGTAATTCC-3′) and
ReukREV3 modified (5′-ACTTTCGTTCTTGATYRATGA-3′), with a barcode on the forward
primer. The PCR program included a 28-cycle PCR using the HotStarTaq Plus Master Mix
Kit (Qiagen, Germantown, MD, USA) under the following conditions: 94 ◦C for 3 min,
followed by 28 cycles of 94 ◦C for 30 s, 53 ◦C for 40 s, and 72 ◦C for 1 min, with a final
elongation step at 72 ◦C for 5 min. PCR products were visualized on 2% agarose gel to
check the success of amplification and the relative intensity of bands.

Quality of raw reads was checked with FastQC ver.0.11.5. [29], after which reads were
processed using QIIME 2 2021.11 [30] in a pipeline composed of several steps: importing
and demultiplexing of raw sequence data, quality filtering and denoising using DADA2
plugin [31], and taxonomy assignment of the resulting amplicon sequencing variants
(ASVs) using a Naïve Bayes classifier pre-trained on the latest version SILVA database for
prokaryotes and the PR2 database for eukaryotes with a 99% OTU identity threshold [32].
For the 16S rRNA dataset, from a total of 1,735,345 raw reads, 1,453,307 were included
in further analysis, while for the 18S rRNA dataset, from a total of 1,262,960 raw reads,
858,740 were included for further analysis. To subsample the datasets, taxa filtering was
performed to exclude chloroplast, mitochondrial, and archaeal sequences from the 16S
rRNA dataset and chloroplast, mitochondrial, and metazoan sequences from 18S rRNA
dataset, focusing only on bacteria and cyanobacteria in the 16S dataset and true contributors
to pico-, nano-, and microplankton in the 18S dataset. Further taxa filtering for 18S dataset
was conducted to include only classes of taxa revealed by light microscopy (Dinophyta,
Bacillariophyta, Chlorophyta, Haptophyta, and Cryptophyta), thus, showing comparable
results and allowing us to compare morphological identification with 18S rRNA gene
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affiliation. Raw sequences are deposited in the European Nucleotide Archive (ENA) under
project number PRJEB59876.

The cladogram (tree containing representative sequences from filtered dataset) was
constructed using plugin q2-phylogeny: the MAFFT program was used to perform multiple
sequence alignment, masking ambiguously aligned regions and applying FastTree for
creating a cladogram from the masked alignment. The generated tree had 1070 sequences
and was visualized in iTOL 4.4.2. [33]. The taxonomy dataset generated in QIIME2 using
PR2 database [Taxonomy.qza] was added to the visualization of the tree to apply leaf
identification. Sequences that were poorly identified or defined as “uncultured” were
searched in the NCBI GenBank database using the BLAST search tool, and those with a
low identity threshold were pruned from the tree. We additionally pruned out identical
sequences that taxonomically corresponded to the same species or strain. The final tree
was composed of 211 relevant taxa spread through Dinophyta, Cryptophyta, Haptophyta,
Chlorophyta, and Bacillariophyta. The sample frequency (number of ASVs identified
as an individual representative sequence) was added using FeatureTable [Frequency]
(Supplementary Figure S1). Taxa bar plots visualization were performed in RStudio version
1.2.1335, using the ‘qiime2R’ [34], ‘phyloseq’ [35], and ‘ggplot2’ [36] packages.

2.5. Statistical Analyses

For the purposes of data visualization and statistical analyses, sampling depths were
grouped into three categories: surface, thermocline, and deep chlorophyll a maxima layer
(DCM) according to temperature (surface and thermocline) and Chl a concentration (DCM)
(Supplementary Table S1). The values were as follows: surface layer, 22.6–25.5 ◦C; thermo-
cline layer, 17.3–22.3 ◦C; DCM layer, 0.120–0.222 µgL−1

.
Statistical analyses were performed in Primer 7.0. (Primer-E Ltd. 2021, Auckland, New

Zealand) and in R studio using ‘vegan’ [37] and ‘Hmisc’ [38] packages. Data editing and
reading in R studio were performed using the ‘tidyverse’ [39], ‘tibble’ [40], and ‘readr’ [41]
packages. Prior to statistical analyses, plankton community data including phytoplankton
and bacterioplankton counts were log-transformed, while environmental data were log-
transformed, normalized, and standardized. Transformations were carried out in order
to create resemblance matrices and to combine them in correlation analysis, canonical
correspondence analyses, and principal component analysis.

Phytoplankton community diversity was defined by calculating biodiversity indices,
and dominant taxa were determined by maximum abundances and frequency of ap-
pearance in samples. Significant average dissimilarity in phytoplankton community and
nutrient composition between the surface, thermocline, and DCM layers were tested using
analysis of similarities (ANOSIM). The contribution of dominant taxa to the observed dis-
similarity of water layers was determined using similarity percentage analysis (SIMPER).

Nutrient and Chl a distribution in the water column and changes over the investigating
period were analyzed in Primer using principal component analysis (PCA). The significance
of clusters revealed by PCA was tested using ANOSIM, performed within the two factors
(factor period and factor water column), determined by differences visualized with linear
scatter plots. Prior to ANOSIM, a resemblance matrix was calculated using Euclidean
distance for environmental data, and Manhattan distance (Bray–Curtis similarity) for biotic
data.

Spearman’s rank correlation analysis was carried out between the environmental data.
Furthermore, a percentage of plankton community variability that can be explained by
environmental variables was calculated using canonical correspondence analyses (CCAs).
The model used nutrients as constrained variables for bacterioplankton and phytoplankton
data. Variance inflation factors were calculated for each constraint in order to eliminate
those which are highly correlated from the model, making the CCA more constrained.
Statistical significance of the CCA model and constrained axes was tested using analysis of
variance (ANOVA).
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3. Results
3.1. Water Column Structure

Vertical profiles of temperature at station Struga elucidate a stratified water column
with intermittent diurnal vertical thermocline oscillations. Chl a fluorescence (Chl F)
retrieved by CTD cast elucidated a DCM layer that followed the thermocline oscillation,
showing diurnal depth variations with maximum values observed from a 30 to 70 m depth
(Figure 2).

Figure 2. Chlorophyll a (Chl a) fluorescence vertical profiles recovered from CTD casts (A) and
temperature data recorded on loggers from the cliff at S1 station (B). Vertical dotted lines indicate
CTD casts. Black horizontal ticks in panel (B) indicate deployment depths of recovered temperature
loggers.

Maximum Chl a concentration in the DCM, thermocline, and surface layers was
0.222 µgL−1, 0.098 µgL−1, and 0.071 µgL−1, respectively. Three peaks of Chl a concentra-
tion in the DCM layer through investigated period were recorded on 12, 14, and 20 July
(Figure 3). Maximum NO2 concentration was 0.013 µmol L−1 at the surface, while
NO3, PO4, and SiO4 reached their maximum in the DCM layer with concentrations of
10.26 µmol L−1, 0.761 µmol L−1, and 3.530 µmol L−1, respectively. Nutrient concentrations
were higher at the beginning of the study period, and then significantly decreased by the
end (Figure S3A and Figure 3). Maximal values of NO3, PO4, and SiO4 in the thermocline
and DCM layer were recorded on 12 July with second peak after 14 July, while in the
surface layer the maximal values of NO3, PO4, and SiO4 were recorded on the 15 July 2021
(Figure 3).

In the stratified water column, nutrients exhibited significant distinct vertical distribu-
tion confirmed by PCA (Supplementary Figure S2) and the ANOSIM test (Supplementary
Figure S3B). PCA elucidated a trend of increases in PO4 and NO2 concentrations in the sur-
face and thermocline layers, and NO3 and SiO4 in DCM layer (Supplementary Figure S2).
PC 1 and PC 2 axes explain 49.6% and 73.4% of the total data variability, respectively.
Temperature and NO3 had the highest correlation with the PC 2 and PC 1 axes, respectively
(Supplementary Table S3).
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Figure 3. Chl a, nitrite (NO2), nitrate (NO3), phosphate (PO4), and silicate (SiO4) concentrations
during the study period (12–21 July 2021).

3.2. Phytoplankton Community Diversity
3.2.1. Taxonomic Composition and Abundance

A total of 95 taxa were determined, of which there were 58 diatoms, 27 dinoflagellates,
6 coccolithophores, and 4 other autotrophs, which included chlorophyceae, chrysophyceae,
and cryptophytes (Supplementary Table S4). The microphytoplankton community was
dominated by diatoms (36.5%), while dinoflagellates (3.2%) and coccolithophores (0.6%)
contributed less. Nanophytoplankton was comprised of dinoflagellates (37.8%), coccol-
ithophores, (6.8%), and other autotrophs (15.1%) (Figure 4).

Figure 4. Phytoplankton taxonomic composition at station Struga (S1), Lastovo Island.
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The maximum recorded cell abundance was 23.4× 103 cells L−1 (Supplementary Table
S4), and the species richness was 10.2 (Supplementary Table S5). Maximal nanophytoplank-
ton and microphytoplankton abundance was 36.9 × 103 cells L−1 and 28 × 103 cells L−1,
respectively (Figure 5). The phytoplankton community had uneven species distribution,
as confirmed by Pielou’s evenness (J′ = 0.58) (Supplementary Table S5). Shannon–Weiner
(H′ = 2.67), and Simpson diversity index (1 − λ′ = 0.84) confirmed a low phytoplankton
community diversity (Supplementary Table S5).

Figure 5. Phytoplankton (micro- and nano-fraction), picophytoplankton (photosynthetic picoeukary-
otes, or PPEs, Synechococcus sp., and Prochlorococcus sp.), and bacterioplankton (heterotrophic bacteria)
abundance distribution (surface, thermocline, deep chlorophyll maximum, or DCM, layer) during
the investigating period.

3.2.2. Vertical Distributions and Dominant Taxa

Microphytoplankton dominated the DCM layer, while nanophytoplankton contributed
most to the thermocline layer (Figure 5). Maximum microphytoplankton and nanophy-
toplankton abundance was recorded on 21 and 20 July, respectively (Figure 5). Distinct
phytoplankton vertical distribution was also observed by CCA ordination (Figure 6) and
confirmed as significant using ANOSIM (Supplementary Figure S3).

Dominant taxa, defined as species or groups with maximum abundance >500 cellsL−1,
and the frequency of occurrence in samples >50%, were Cylindrotheca closterium, Guinardia
flaccida, Guinardia striata, Hemiaulus chinensis, Leptocylindrus danicus, Proboscia alata, Pseudo-
nitzschia delicatissima, Rhizosolenia imbricata, Thalassionema frauenfeldii, Gyrodinium fusiforme,
nano- and micro-scale dinoflagellates, penatae, and nano-scale coccolitophorids (Table 1).
The micro-fraction was dominated by diatoms, and P. delicatissima, and T. frauenfeldii had the
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highest maximum abundances, while dinoflagellates, coccolithophorids, and cryptophytes
contributed most to the nanophytoplankton (Table 1). The distribution of dominant taxa
abundances remained constant throughout the investigating period.

Figure 6. Canonical correspondence analysis (CCA) of environmental variables and plankton groups
(pico-, nano-, and microphytoplankton and heterotrophic bacteria). Circles represent sample (N = 59)
scores and constraints (weighted averages of plankton groups and linear combinations of constrained
variables, respectively) colored by factor water layer (surface, thermocline, and DCM), while as-
terisk represent scores of plankton groups. Superimposed vectors (arrows) represent explanatory
environmental variables: temperature, phosphates (PO4), nitrates (NO3), nitrites (NO2), silicates
(SiO4), and Chl a. Abbreviations: PRO (Prochlorococcus); SYN (Synechococcus); PPEs (photosynthetic
picoeukaryotes); HB (heterotrophic bacteria).

Table 1. Maximum abundances (cells L−1) and frequencies of appearance (%) for phytoplankton
dominant taxa/groups (dominance is defined as fr > 50%, and max > 500 cells L−1) at station Struga
(S1), Lastovo Island, South Adriatic Sea.

Dominant Taxa/Group Max (Cell L−1) Fr (%)

Dinoflagellates indet. (<20 µm) 23,430 91.67
Penatae indet. 1135 85.00
Pseudo-nitzschia delicatissima (Cleve) Heiden 14,060 81.67
Proboscia alata (Brightwell) Sundström 1325 80.00
Rhizosolenia imbricata Brightwell 755 75.00
Gyrodinium fusiforme Kofoid & Swezy 570 58.33
Coccolitophorids indet. (<10 µm) 5680 55.00
Cylindrotheca closterium (Ehrenberg) Reimann & J.C. Lewin 945 53.33
Leptocylindrus danicus Cleve 3220 53.33
Guinardia flaccida (Castracane) Peragallo 570 51.67
Guinardia striata (Stolterfoth) Hasle 2270 51.67
Hemiaulus chinensis Greville 1135 51.67
Dinoflagellates indet. (micro) 970 51.67
Thalassionema frauenfeldii (Grunow) Tempère & Peragallo 1515 50.00
Cryptophyta 8510 50.00
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Average dissimilarity in phytoplankton structure was the highest between the surface
and DCM layers (48.9%), where Thalassionema frauenfeldi contributed the most. Cryptophyta
and nano-scale coccolithophorids contributed the most to the thermocline and DCM layers’
dissimilarity (46.47%), while surface and thermocline layer dissimilarity (36.53%) was
observed for Leptocylindrus danicus and Pseudo-nitzschia delicatissima. Cryptophyta, nano-
scale coccolithophorids, and nano-scale dinoflagellates contributed the most to overall
average dissimilarity in the water column (Table 2).

Table 2. Similarities percentage (SIMPER) analysis of phytoplankton dominant taxa/groups between
surface (S), thermocline (T), and deep chlorophyll maximum (DCM) layers, and their contribution
to average dissimilarity. Abbreviations: average contribution/standard deviation (δ/σ), species
contribution (Σδ%), average dissimilarity (Av. Diss%).

S and T
(δ/σ; Σδ%)

S and DCM
(δ/σ; Σδ%)

T and DCM
(δ/σ; Σδ%)

Dominant taxa/groups Av. Diss% = 36.53 Av. Diss% = 48.86 Av. Diss% = 46.47

Cryptophyta 1.10; 10.2 0.99; 7.49 1.41; 10.58
Coccolitophorids indet. (<10 µm) 1.02; 8.66 1.16; 8.64 1.21; 9.03
Leptocylindrus danicus 1.18; 8.85 1.07; 6.83 1.16; 7.65
Thalassionema frauenfeldi 0.97; 6.54 1.41; 8.09 1.34; 6.99
Cylindrotheca closterium 1.11; 6.45 1.09; 6.05 1.20; 6.61
Guinardia striata 1.30; 7.08 1.45; 7.76
Dinoflagellates indet. (<20 µm) 0.78; 6.71 0.86; 7.04
Proboscia alata 1.19; 6.81 1.15; 6.20
Pseudo-nitzschia delicatissima 1.13; 8.67 1.11; 7.74
Combried 1.20; 7.58 1.32; 7.35
Gyrodinium fusiforme 1.20; 6.11 1.57; 7.16
Hemiaulus chinensis 1.21; 6.14 1.14; 5.71
Rhizosolenia imbricate 1.00; 5.96

3.3. Picophytoplankton and Bacterioplankton

Picophytoplankton was comprised of cyanobacteria Prochlorococcus sp. and Syne-
chococcus sp., and photosynthetic picoeukaryotes (PPEs). Its specific vertical distribution
was observed (Figures 5 and 6) and confirmed to be significant by ANOSIM and PCA
(Supplementary Figures S2 and S3C). Prochlorococcus sp. and PPEs had the highest abun-
dances in the DCM layer (3.52 × 104 cellmL−1 and 1.51 × 103 cellmL−1 respectively),
while Synechococcus sp. dominated in the surface and thermocline layers (maximum
abundance of 1.47 × 104 cellmL−1 in thermocline layer) (Figure 6, Supplementary Table
S6). Heterotrophic bacteria were comprised of high nucleic acid (HNA) and low nucleic
acid (LNA) heterotrophic bacteria (HB), and were most active in the thermocline layer
where they had maximum abundance of 6.28 × 105 cellmL−1 (Figure 6, Supplementary
Table S6). Maximum abundances of HNA HB and LNA HB were 3.22 × 105 cellmL−1, and
3.62 × 105 cellmL−1, respectively (Supplementary Table S6). Overall, LNA HB had higher
abundance than HNA HB, except in the surface layer, where HNA HB were more abundant
(Supplementary Table S6).

3.4. Correlation between Physico-Chemical Parameters and Plankton Community

The highest positive correlations were determined between NO3 and SiO4, and NO2
and PO4. Chl a had a significantly negative correlation with temperature, and significant
positive correlations with NO3 and SiO4 (Table 3). Observed relationships were confirmed
by CCA, indicating different environments in the stratified water column (Figure 6).

Environmental variables significantly explained 18.3% of phytoplankton and bacte-
rioplankton variability (p = 0.003), while the most significant effect was in the CCA1 axis
(p = 0.001) (Supplementary Table S7). NO3, NO2, and SiO4 were positively correlated with
the CCA1 axis, while temperature and PO4 were negatively correlated (Supplementary
Table S7). Samples represented as weighted averages of species and linear combinations of
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constrained variables tend to cluster according to water column stratification into surface
water, thermocline, and DCM groups, therefore, elucidating a distinct plankton vertical
distribution and significant nutrient gradient, as shown in Figure 6. The CCA indicated
heterotrophic bacteria, PPEs, Prochlorococcus, nanophytoplankton, and micro-scale dinoflag-
ellates to have a niche in the surface and thermocline layers, while Synechococcus, micro-
phytoplankton, and micro-scale diatoms had a trend of linear increase towards the DCM
layer (Figure 6). Furthermore, CCA showed that temperature, NO3, and SiO4 were the
main factors influencing the vertical distribution and abundances of phytoplankton and
bacterioplankton.

Table 3. Spearman’s rank order correlation matrix for physico-chemical parameters. Only significant
correlations are shown (p < 0.05, N = 59) Only significant correlations are shown (p < 0.06, N = 59).
Bold values represent the highest correlations for each parameter.

NO2 NO3 PO4 SiO4 Temp Chl a

NO2 (µM) 1.00
NO3 (µM) 0.45 1.00
PO4 (µM) 0.63 0.65 1.00
SiO4 (µM) 0.37 0.85 0.56 1.00
Temperature (◦C) 0.53 −0.42 1.00
Chlorophyll a (µgL−1) 0.57 0.50 −0.74 1.00

3.5. Plankton Community Composition Revealed through HTS

The prokaryotic plankton community revealed by high-throughput sequencing (HTS)
was dominated by Proteobacteria (41–73%), Bacteroidota (9.5–27%) and cyanobacteria
(1–10%; higher relative abundances in pico- and nano-fractions sampled at the beginning
of the study period in the DCM) (Figure 7A). Proteobacteria are equally represented with
alphaproteobacteria (relative abundancy alternated) and gammaproteobacteria (increased
in relative abundancy towards the end of investigating period). Planctomycetota (1–15%)
had the highest values in the DCM layer nano-fraction sampled at the beginning of the
experiment (Figure 7A). Surface water samples had higher relative abundances of Ver-
rucomicrobiota at both beginning and end of the experiment (5% and 9%, respectively).
Firmicutes and Marinimicrobia were generally less represented in samples (the highest
relative abundances of Firmicutes were in the micro-fraction surface sample at the end of
the study period (~6.5%), while Marinimicrobia had ~5% in the pico-fraction at DCM and
surface layers, at the beginning and end of experiment, respectively. Differences between
fractions are most prominent between the pico- versus micro-fraction (Supplementary
Table S2, Shannon diversity index for the 16S rRNA gene).

The eukaryotic plankton community as determined by amplicon sequencing of the
18S rRNA gene after filtering out metazoan sequences (fragments of crustacean skeletons or
higher mesozooplankton), mitochondria, chloroplast, and unassigned sequences is shown
through relative abundance bar plots as a phylum-ranked taxonomy and order-ranked
heatmap (Figure 7B). In congruence with microscopy abundances, the eukaryotic plankton
community was composed of dinoflagellates of which the majority represent parasitic
Syndiniales (45–80%), followed by Stramenopiles (Ochrophyta; 2–18%), Ciliophora (of
which the majority are parasitic Spirotrichea; 2–21%), chlorophytes (2–4%), and haptophytes
(1–4%). Phyllum Ochrophyta dominated with diatoms (Bacillariophyta; 1–13%), while
a significant proportion of samples also showed the phyla Pelagophyta (0.5–12%) and
Chrysophyta (0.5–3%). Class Prymnesiophyceae dominates in phyllum Haptophyta with an
average of 0.5–3.5%, while cryptophytes comprise only 0.3–1% of assemblages throughout
all samples (Figure 7B).
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explaining symbols of fractioned samples and colors of sample dates positioned in the bottom right
corner of panel A.

Differences between the fractions (pico-, nano-, and micro-) were most prominent
between pico- and nano-fractions versus micro-fractions (Figure 7). The micro-fraction
was generally less diverse (Supplementary Table S2, Shannon diversity index for the 18S
rRNA gene), containing significantly more radiolarian and dinoflagellate sequences, while
in smaller fractions the diversity increases with Ochropyta and Chlorophyta increasing in
ASV frequencies (Figure 7B).

The cladogram with adjacent ASV frequencies showing the microscopy relevant
211 taxa is presented in Figure S3. The most frequent taxa belong to the dinoflagellate
genus Gyrodinium within the nano-fraction collected at the beginning of the experiment,
while the most frequent dinoflagellate genus within the pico-fraction was Amphidinium,
detected at the end of the experiment. The most frequent diatoms were pennate genera
Pseudo-nitzschia (highest ASV frequencies detected at DCM at the beginning of the ex-
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periment) and multipolar centric Chaetoceros, which had slight peak in ASV frequency in
the pico-fraction DCM layer sample collected at the beginning of the experiment (Sup-
plementary Figure S1). Chlorophyta were represented with omnipresent genera, such as
Ostreococcus, Bathycoccus, Pycnococcus, Mamiella, Pterosperma, and Halosphaera, while Hapto-
phyta sequences were identified mostly as class Chrysochromulinaceae or Phaeocystaceae
(Supplementary Figure S1).

4. Discussion
4.1. Nutrients and Thermal Stratification

The South Adriatic Sea is characterized by relatively low phosphate and nitrate con-
centrations (generally less than 0.2 µmol L−1, and 3 µmol L−1, respectively), and primary
production is often limited by phosphate [42,43]. However, during winter mixing and en-
hanced river inflow, nitrate can reach maximum values of 2.5 µmol L−1 in offshore areas [42]
and up to 14–20 µmol L−1 in eutrophic estuaries [44]. The nutrient concentrations recorded
in the Lastovo archipelago (Figure 3) are, therefore, in congruence with previous studies and
with oligotrophic stratified ecosystems. However, extremes recorded at the beginning of the
study period with values of 10.3 µmol L−1, 0.76 µmol L−1, and 3.53 µmol L−1 for NO3, PO4,
and SiO4 (Figure 3), respectively, are more typical for eutrophic systems, such as the Neretva
Estuary (11.6 µmol L−1, 0.81 µmol L−1, and 13.9 µmol L−1—averaged annual values for
NO3, PO4, and SiO4, respectively [45]), Mali Ston Bay (9.73 µmol L−1, 0.33 µmol L−1,
and 6.24 µmol L−1 [46]), and Boka Kotorska Bay (9.92 µmol L−1, 0.581 µmol L−1, and
14.0 µmol L−1 [47]). Furthermore, maximum values for NO3, PO4, and SiO4 measured
in the Eastern Mediterranean are 9.011 µmol L−1, 0.381 µmol L−1, and 10.660 µmol L−1,
respectively [48]. Therefore, we can discuss the extremes at Lastovo Island as indicators of
nutrient influx to the euphotic layer during thermal stratification.

Stratification in the southern Adriatic Sea generates a thermocline in April and culmi-
nates in August [43], with temperatures above the thermocline being between 22 ◦C and
26 ◦C [49], as observed with our temperature data loggers (Figure 2). The maximum Chl
a concentration recorded at Lastovo Island was 0.2 µg L−1 in the DCM layer at 65–75 m,
which coincided with higher SiO4 and NO3 concentrations and microphytoplankton abun-
dances. Thermal stratification at Otranto Strait was recorded in the layer between 10 and
50 m with maximum Chl a concentrations being between 0.17–1.1 µg L−1 [50,51]. Chl a and
temperature showed significant negative correlations, while Chl a, NO3, and SiO4 showed
significant positive correlations, which indicated the DCM (Table 3) [51–54].

4.2. Phytoplankton Community in the Oligotrophic Ecosystem

Contrary to the northern Adriatic Sea, the oligotrophic southern Adriatic Sea is char-
acterized by low phytoplankton abundances with maximum abundances occurring in
spring [42,49]. Nanophytoplankton and microphytoplankton abundances (36.9 × 103 cells L−1

and 28 × 103 cells L−1, respectively) (Figure 5) are characteristic for the South Adriatic
Sea [43,51,53,55] and oligotrophic Mediterranean Sea [56–60]. In the stratified South Adri-
atic Sea, microphytoplankton abundances range between 49.2 × 103 cells L−1 in open sea
areas [43], 21.3 × 105 cells L−1 in bays [46], and up to 7.9 × 106 cells L−1 in karstic estuar-
ies [45], while offshore nanophytoplankton abundances are between 1.1 × 105 cells L−1

and 1.5 × 105 cells L−1 [42]. In general, ecosystems rich in inorganic nutrients will support
microphytoplankton, while organic nutrients are preferred by nano- and picophytoplank-
ton [51,61]. Diatoms, one of the main constituents of microphytoplankton, rapidly respond
to higher nitrate concentrations and outcompete other phytoplankton [62] which may ex-
plain their development in the DCM layer. Diatoms dominating microphytoplankton, and
dinoflagellates dominating the nanophytoplankton community (Figure 4), are characteristic
for the South Adriatic Sea [9,44,46,63,64]. In the oligotrophic Mediterranean Sea they thrive
only in areas of nutrient inflow increase, and picophytoplankton dominates [65].

Nano-scale dinoflagellates were the most dominant taxa (Table 1), which is supported
by records of nano-scale dinoflagellates and coccolithophorids being more frequent than
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micro-scale diatoms in the stratified Mediterranean Sea [66] and in the Adriatic Sea [67].
In addition, HTS results recognize dinoflagellates over diatoms as the main contributors
to the plankton community, of which most reads are annotated to parasitic Syndiniales
(Figure 7B). This can be explained with multiple copies of dinoflagellate genomes [68]
and/or PCR biases in the metagenomic amplicon sequencing approach [69]. The prevalence
of sequences of these, for hosts, fatal parasites, are shown in all major oligotrophic oceans
and seas, including the Mediterranean [70] and Adriatic Sea [71] especially within the
smallest size-fraction (<5 µm) [72].

4.2.1. Microphytoplankton

Of the micro-scale diatoms revealed by light microscopym Pseudo-nitzschia delicatissima,
Proboscia alata, Rhizosolenia imbricata, and Thalassionema frauenfeldii were most abundant in
more than 50% of samples (Table 1). Pseudo-nitzschia spp., Proboscia alata, and Rhizosolenia
spp. were also identified among the 18S rRNA ASVs (Figure S3), of which Pseudo-nitzschia
spp. contributed the most, confirming its dominance among diatoms within this study.
Other (multipolar) centrics identified among the 18S rRNA ASVs predominantly belonged
to genus Chaetoceros (species: Ch. diversus, Ch. throndsenii, Ch. decipiens, Ch. vixvisibilis,
Ch. anastomosans, C. lauderi, Ch. socialis, Ch. tortissimus, and Ch. curvisetus), followed by
Minidiscus, Thalassiosira, Leptocylindrus, and Hemiaulus, which is congruent with Piredda
et al., 2018 [73], who showed the dominance of Chaetoceros–Leptocylindrus–Thalassiosira
assemblages in coastal European seas.

Pseudo-nitzschia spp. is described to be distributed across the Adriatic Sea and frequent
in all seasons [74], but is also characteristic for nutrient enriched ecosystems [74–76]. A sim-
ilar diversity was observed in other studies in the South Adriatic Sea, with Pseudo-nitzschia
delicatissima, Pseudo-nitzschia spp., Leptocylindrus danicus, Proboscia alata, T. frauenfeldii,
and Thalassionema nitzschioides often being dominant diatoms [43,46,51,77]. In general, it
is recorded that centric diatoms characterize the South Adriatic Sea, in contrast to pen-
natae diatoms that are more frequent in the North Adriatic Sea [49]. Dominant diatom
species often found in the DCM in the Mediterranean Sea are Dactyliosolen fragilissimus,
Pseudo-nitzschia sp., Pseudo-nitzschia delicatissima, Rhizosolenia sp., Thalassiosira sp., Thalas-
sionema nitzschioides, Th. frauenfeldii, Leptocylindrus danicus, Bacteriastrum sp., and Hemiaulus
sp. [78–80]. These findings are consistent with observed diatom assemblage in the Las-
tovo archipelago (Table S3) that can be described as part of the Chaetoceros–Rhizosolenia
(Proboscia) community characteristic of the eastern Adriatic and Mediterranean and which
often includes the following genera: Chaetoceros, Pseudo–nitzschia, Proboscia, Rhizosolenia,
Bacteriastrum, Cerataulina, Leptocylindrus, and Thalassionema [50,81,82]. Differences in diatom
composition in the northern and southern Adriatic can be explained with the nitrogen
availability, since the availability of nitrogen can be a driver of development and abundance
of different diatom species [83].

4.2.2. Nanophytoplankton

Nanophytoplankton was dominated by dinoflagellates, coccolithophorids, and cryp-
tophytes (Table 1), which is in accordance with previous studies of the South Adri-
atic [47,54,84,85], and Mediterranean Sea [80,86,87].

Frequent dinoflagellate genera in the South Adriatic Sea are Dinophysis, Gonyaulax,
Gymnodinium, Oxytoxum, Prorocentrum, Protoperidinium, and Tripos [43,46,47,88], of which
only a few were recorded in the Lastovo archipelago (Supplementary Table S4). In the
Mediterranean Sea, frequently observed taxa are Gymnodinium, Gyrodinium, Tripos, Pro-
toperidinium, and Oxytoxum [89–91], all of which were observed at Lastovo Island (except
D. fortii), but not frequently (Supplementary Table S4). Common coccolithophorid species
observed in South Adriatic Sea are Calyptosphaera oblonga, Calciosolenia brasilliensis, Emiliana
huxley, Helicosphaera walichii, Rhabosphaera tignifera, and Syracosphaera pulchra [92]. The
coccolithophorid community is also highly diverse in the Mediterranean Sea, and Emilia-
nia huxleyi is an often dominant and widespread species [93]. A similar community was
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found at Lastovo Island, except H. walichii and R. tignifera (Supplementary Table S4). The
silicoflagellate species Dictyocha fibula was also recorded in studies of the South Adriatic
Sea phytoplankton community [47], and in the Mediterranean Sea where it is scarce and
mostly found in surface layers [94,95].

The bias of comparing taxa lists obtained by different observers/taxonomers should be
considered, as well as seasonality, sampling location, and the different methodologies used,
as shown in the more diverse dinoflagellate community revealed by HTS vs. microscopy.
Some genera were recorded only via the 18S rRNA ASVs: Ceratoperidinium, Karlodinium,
Azadinium, Lepidodinium, Blastodinium, Heterocapsa, Karenia, Torodinium, Biecheleria, Pelago-
dinium etc., all of which were reported previously in the South Adriatic [71] and in other
coastal marine areas [73,96–98]. Relative abundances of ASVs belonging to dinoflagellate
genera revealed their dominance in the phytoplankton community, especially Gyrodinium,
which was dominant in reads in all samples, with the highest number observed in the
surface pico-fraction collected at the beginning of experiment (13 July 2021) (Supplementary
Figure S1). In general, smaller fractions, such as pico-nano cell sizes, mostly accumulate
the classes Dinophyceae and other MALVs (marine alveolates, mostly parasitic), followed
by Rhizaria and Stramenopiles [68,99]. Within haptophytes, HTS data associated most ASVs
to Chrysochromulina, Phaeocystis, Prymnesium, Haptolina, Algirosphaera, Helicosphaera, and
Syrachosphaera, while the rest of the reads belonged to Haptophyta_Clades HAP4 and
HAP5. Interestingly, there were no E. huxley ASVs in our dataset, nor was it recorded via
light microscopy, which can be corroborated with the findings of Piredda et al., 2017 [70]
and Gran-Stadniczeñko et al., 2019 [95]. They noted that higher abundances of Emiliania
huxley regarding the V4 region of the 18S rRNA gene are expected in late summer and fall
in coastal seas [98,100], allowing us to conclude that the period of our experiment was not
favorable for E. huxley growth.

4.3. Phytoplankton Vertical Distribution

Significant distinct phytoplankton vertical distribution was driven by temperature
and nutrients (Figure 6). Cryptophytes, nano-scale coccolithophorids, and dinoflagellates
contributed the most to the statistically significant dissimilarity between surface, ther-
mocline, and DCM layers (Table 2). Dinoflagellates and diatoms’ opposite responses to
temperature are observed in other studies [54], which can be explained by dinoflagellates
having their temperature optima higher than 24 ◦C, while diatoms are most abundant in
bottom layers where temperature is between 16 ◦C and 24 ◦C [46]. Furthermore, there is a
tendency of the microphytoplankton community sinking to the bottom layers towards the
end of summer [53,77]. Similar significant vertical distribution is also recorded in studies
of the stratified Mediterranean Sea [65,99] where the community in the DCM is often
comprised of diatoms [79,101] and picoplankton, specifically Prochlorococcus [56,102,103],
while Synechococcus thrives in the surface layer [48,104]. Although we did not observe tem-
perature as a significant constraint for picophytoplankton and bacterioplankton (Figure 6),
the neural network analysis study revealed positive correlation of PPEs, cyanobacteria, and
heterotrophic bacteria with temperature in the oligotrophic South Adriatic [102].

A common trend of linear increase is evident for NO2 concentration, microphyto-
plankton, and micro-scale diatom abundances (Figure 6). TIN (total inorganic nitrogen)
was eliminated from the CCA as a highly correlated variable with NO2 (calculated using
variance inflation factors test) which is, therefore, its proxy. As a result, we can discuss
TIN as an influential factor in phytoplankton community diversity [45], which is in ac-
cordance with previously observed high microphytoplankton abundances in areas rich
with inorganic nutrients, while nanophytoplankton thrives in layers where organic nutri-
ents are formed [51,61,105]. Nano-scale groups followed an inverse trend with nutrients
(Figure 6), which indicates a preference for low-nutrient environments. Such nutrient–
phytoplankton correlations were confirmed by other studies in the oligotrophic South
Adriatic Sea [45,54,97], and the Mediterranean Sea [99,105,106].
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4.4. Picophytoplankton and Heterotrophic Bacteria

Picophytoplankton tends to dominate the photosynthetic biomass in the oligotrophic
Mediterranean Sea [96]. The cyanobacteria distribution is constant [107], while picoeukary-
otes are frequently observed in the Ionian Sea, Strait of Sicily, and the Levantine Basin [65].
The community at Lastovo Island was comprised of the cyanobacteria Prochlorococcus sp.
and Synechococcus sp., and PPEs (Figure 5). Prochlorococcus and Synechococcus abundances
(103 to 104 cell mL−1, Figure 5) are typical for the oligotrophic South Adriatic open sea
regions [103,108], and for the Mediterranean Sea [109–111]. Synechococcus was more suc-
cessful in the surface and thermocline layers, while Prochlorococcus peaked in the DCM
(Figure 5). The observed distinct niches of Prochlorococcus and Synechococcus are characteris-
tic for oligotrophic waters [112,113], and are often recorded in the South Adriatic [4,8,114],
and the Mediterranean Sea [87], Temperature and nutrients are important factors deter-
mining their distribution [4,109,115–117], especially Synechococcus, which easily adapts to
different temperatures and nutrient sources [104,118].

Prochlorococcus and Synechococcus were also identified as photosynthetic counter-
parts of bacterial ASVs congruently to previous studies within the same area [26,71,119].
However, in those studies, Cyanobacteria relative OTUs abundance in the winter were
higher compared to our results [26,71]. Nevertheless, as it was observed by Korlević et al.,
2015 [119] that an unusually strong winter deep convection event adds up to those higher
relative abundancies, question of methodology used (454-pyrosequencing along with clas-
sification to OTUs instead of ASVs in post-bioinformatic analysis of raw reads) should be
considered.

PPEs’ abundance follows the trend of increased NO2 and PO4 concentrations (Figure 6),
which confirms they are very successful in ecosystems with elevated nutrient levels [116].
Their abundance remained constant throughout the water column (Figure 5). Maximum
abundance was recorded in the DCM layer (Table S5), which is congruent with other studies
carried out in the Mediterranean in summer [99] and in the Adriatic Sea in spring [114,120].
Due to their size and lack of distinguishing characters, most PPE cells are overlooked
in traditional monitoring by light-microscopy studies [121]. Therefore, the importance
of sequencing that fraction arose with global expeditions, such as the Biosope and Tara
Oceans [100,122], which showed that most PPEs belong to the classes Prymnesiophyceae,
Prasinophyceae, Mamiellophyceae, Cryptophyceae, Pelagophyceae, Chrysophyceae, and
Dictyochophyceae [123]. Heterotrophic counterparts of pico-nano size-fractions as con-
firmed within this study are mostly bacterivorous (alveolates and stramenopiles) and play
a key role in nutrient recycling [124] and community control through predation pressure or
parasitism [117].

High bacterial activity in the nutrient-poor surface and thermocline layers (Supplementary
Table S6, Figure 3) was confirmed by HNA and LNA HB maximum abundances
(Supplementary Table S6) characteristic of the oligotrophic South Adriatic Sea in sum-
mer (104–105) [102,103,114]. The increase in bacteria in the surface layer of the stratified
South Adriatic Sea [4,114,125,126] can be explained by nutrient utilization in the productive
surface layers (low nutrients and high bacteria abundances), and nutrient regeneration and
accumulation in deeper layers (high nutrient and low bacteria abundances) [4]. LNA HB
had higher abundances than HNA HB (Supplementary Table S6), often observed in the
South Adriatic Sea [26,114] because LNA HB are dominated by the alphaproteobacterial
group SAR11 which prefers oligotrophic waters [26,114] and is well adapted to low nutrient
concentrations [103].

The microbial community at Lastovo Island was comprised mostly of Proteobacteria,
represented by Alphaproteobacteria and Gammaproteobacteria, followed by Bacteroidota
and Cyanobacteria (Figure 7A). Šantić et al., 2021 [102] neural network analysis revealed
similar dominance of Proteobacteria in the oligotrophic South Adriatic Sea, followed by
Bacteroideota and Actinobacteriota, which were not observed in high relative abundances
at Lastovo Island (Figure 7A). HTS revealed dynamic vertical distribution of the bacterial
community, with Marinmicrobia being more frequent in DCM and surface layers at the
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beginning and end of the experiment, respectively (Figure 7A). Verrucomicrobiota had
higher relative abundances at the surface layer, while Planctomycetota had the highest
values in the DCM layer (Figure 7A). Similarly, the San Pedro Ocean Time series study
(2005–2018) revealed prokaryotic community diversity that has steady dynamics and is
vertically distinct [127]. The euphotic zone is dominated by Rhodobacterales, SAR86, and
Puniceispirillales (SAR116) that represent the small size-fraction, with Synechococcales,
Actinomarinales, Cellvibrionales dominating the large size-fraction. Deeper layers are
dominated by Nitrosopumilales Archaea, Thiomicrospirales, Nitrospinales, Marinimicrobia,
and SAR234 predominated, all representing small size-fraction [127].

There are numerous case studies confirming the HTS method to add to the value of
investigating plankton community diversity [128]. For example, it elucidated that the most
diverse and dominant diatom genus in the plankton is Chaetoceros with over 200 validated
species. Light microscopy is limited in identifying species by morphological characteristics
only, while HTS can help identify rare and cryptic species [73,100]. However, the HTS
method has disadvantages, such as bias in choosing the marker region, no universally
accepted gene for algae barcoding, presence of intros, etc. [128]. Therefore, combining HTS
metabarcoding and light microscopy methods yields valuable results on phytoplankton
and bacterioplankton community diversity, and both were used to examine phytoplankton
and bacterioplankton diversity and co-dependency at Lastovo Island.

5. Conclusions

Diatoms and dinoflagellates contributed the most to micro- and nanophytoplank-
ton, respectively, while the pico-fraction comprised of PPEs and the cyanobacteria Syne-
chococcocus sp. and Prochlorococcus sp. Bacterioplankton comprised of HNA and LNA
heterotrophic bacteria, and the main prokaryotic groups revealed by HTS were Proteobacte-
ria, Bacteroidota, and cyanobacteria. Differences in pico-, nano-, and microphytoplankton
community diversity were most prominent between pico- and nano-fractions versus the
micro-fraction, which was generally less diverse. Temperature vertical profiles, correlations
between nutrients, Chl a, and temperature, and overall nutrients and Chl a concentration
indicated a stratified water column. In addition, phytoplankton and bacterioplankton
community vertical distribution additionally supported dissimilarity between surface,
thermocline, and DCM layers. Cryptophytes, nano-scale coccolithophorids, and nano-scale
dinoflagellates contributed the most to this distinction, as they were most frequent and
abundant, which is typical for the oligotrophic South Adriatic Sea ecosystem. However,
the dominant diatoms Pseudo-nitzschia delicatissima, Proboscia alata, Rhizosolenia imbricata,
and Thalassionema frauenfeldii (present in more than 50% of samples in high numbers) can
be indicators of a nutrient-enriched area. In addition, nutrient extremes observed at the
beginning of the study period are unusual for the stratified and oligotrophic South Adriatic
Sea ecosystem in summer, therefore, indicating a possible nutrient flux to the euphotic
layer that could affect the observed phytoplankton community diversity.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w15122299/s1, Figure S1: Cladogram with adjacent ASV
frequencies showing microscopy relevant 211 taxa. Cladogram was constructed using plugin q2-
phylogeny, MAFFT program, and FastTree, and visualized using iTOL 4.4.2. Taxonomy dataset
generated in QIIME2 using PR2 database was added to the cladogram, representing 211 relevant taxa
spread through Dinophyta, Cryptophyta, Haptophyta, Chlorophyta, and Bacillariophyta. Sample
frequency (number of ASVs identified as individual representative sequences) was added using Fea-
tureTable; Figure S2: Principal component analysis (PCA) of environmental variables with overlaid
vectors whose direction and length indicate negative or positive correlations of abiotic variables with
PC1 and PC2 axes.; Figure S3: Analysis of similarities (ANOSIM) test confirming: (A) significant
nutrient concentration decrease after 16 July 2021, (B) significant nutrient gradient with distinct
concentrations between surface, thermocline and deep chlorophyll maximum layer, (C) significant
vertical distribution of nano-, micro-, picophytoplankton, and bacterioplankton; Table S1: Sampling
categories with corresponding sampling depths at station Struga (S1) (N 42.72285, E 16.88676) during
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investigating period. Abbreviations: DCM (deep chlorophyll maximum); Table S2: eDNA samples
(Station-depth-fraction-date) with numbers of raw input reads, filtrated, denoised, and non-chimeric
reads.; Table S3: Principal component analysis (PCA) of environmental variables showing loadings
(eigenvectors) of environmental variables, with highest values highlighted, and cumulative variabil-
ity explained by PC1 and PC2 axes with corresponding eigenvalues; Table S4: List of groups/taxa
determined by the Utermöhl method from samples taken at station Struga (S1) at Lastovo Island in
the Adriatic Sea, with corresponding maximum abundances (cell L−1), minimum abundances (cell
L−1), and frequency of appearance in samples (%). The total number of samples is 60. Abbreviations:
Min (minimum abundances), Max (maximum abundances), Fr (frequency of appearance), N.D (not
determined); Table S5: Phytoplankton community biodiversity indices at station Struga (S1), Lastovo
Island, South Adriatic. Abbreviations: S (total species number), N (total number of individuals),
d (species richness), J′ (Pielou’s evenness), H′ (Shannon–Weiner diversity), 1 − λ (species diversity);
λ (Simpson’s Index); Table S6: Maximum bacterioplankton and picophytoplankton abundance deter-
mined by flow cytometry. Abbreviations: Max (maximum abundance), HB (heterotrophic bacteria),
HNA HB (high nucleic acid heterotrophic bacteria), LNA HB (low nucleic acid heterotrophic bac-
teria), PRO (Prochlorococcus), SYN (Synechococcus), PPEs (Photosynthetic picoeukaryotes).; Table S7:
Canonical correspondence analysis (CCA) results showing percentage of variability explained by
constrained and unconstrained axes, eigenvalues for constrained axes and ANOVA permutation test
results (F and p value) for entire model and for constrained axis.
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42. Viličić, D.; Vučak, Z.; Škrivanić, A.; Gržetić, Z. Phytoplankton Blooms in the Oligotrophic Open South Adriatic Waters. Mar. Chem.
1989, 28, 89–107. [CrossRef]
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