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Abstract: Bacterial and phytoplankton communities are known to be in close relationships, but how
natural and anthropogenic stressors can affect their dynamics is not fully understood. To study the
response of microbial communities to environmental and human-induced perturbations, phytoplank-
ton and bacterial communities were seasonally monitored in a Mediterranean coastal ecosystem,
Syracuse Bay, where multiple conflicts co-exist. Quali-quantitative, seasonal surveys of the phyto-
plankton communities (diatoms, dinoflagellates and other taxa), the potential microbial enzymatic
activity rates (leucine aminopeptidase, beta-glucosidase and alkaline phosphatase) and heterotrophic
culturable bacterial abundance, together with the thermohaline structure and trophic status in terms
of nutrient concentrations, phytoplankton biomass (as Chlorophyll-a), and total suspended and
particulate organic matter, were carried out. The aim was to integrate microbial community dynamics
in the context of the environmental characterization and disentangle microbial patterns related to
natural changes from those driven by the anthropic impact on this ecosystem. In spite of the complex
relationships between the habitat characteristics, microbial community abundance and metabolic
potential, in Syracuse Bay, the availability of organic substrates differently originated by the local con-
ditions appeared to drive the distribution and activity of microbial assemblage. A seasonal pattern of
microbial abundances was observed, with the highest concentrations of phytoplankton in spring and
low values in winter, whereas heterotrophic bacteria were more abundant during the autumn period.
The autumn peaks of the rates of enzymatic activities suggested that not only phytoplankton-derived
but also allochthonous organic polymers strongly stimulated microbial metabolism. Increased mi-
crobial response in terms of abundance and metabolic activities was detected especially at the sites
directly affected by organic matter inputs related to agriculture or aquaculture activities. Nitrogen
salts such as nitrate, rather than orthophosphate, were primary drivers of phytoplankton growth.
This study also provides insights on the different seasonal scenarios of water quality in Syracuse Bay,
which could be helpful for management plans of this Mediterranean coastal environment.

Keywords: environmental forcings; phytoplankton; bacteria; activity; Mediterranean

1. Introduction

Coastal aquatic environments are extremely vulnerable areas due to the presence of
multiple interacting forcings, both natural and anthropogenic, that occur in these environ-
ments and that may affect the dynamics of marine biota [1,2]. Among human activities,
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maritime transport, tourism, as well as aquaculture and fishery may coexist both spatially
and temporally in these areas and cause severe impacts such as pollution, biodiversity
loss and habitat destruction. This justifies the need for coastal monitoring as a key tool
to acquire updated information on the environmental status, also in relation with the
new European environmental challenges mainly focused on the achievement of the Good
Environmental Status (GES) [3].

Focusing our attention on the microbial communities, their responsiveness to forc-
ings acting over the environment suggests their potential as bioindicators and sentinels
of environmental changes, as underlined in several studies [4–6]. Indeed, microbial com-
munities are capable of modifying their distribution and metabolism in response to the
environmental perturbations they undergo and the information they can provide may find
a practical application in environmental health preservation. Although the responsiveness
of microbial communities to natural and anthropic-induced changes is well-known, only
rarely abundance and metabolic potential of both phytoplankton and bacterial commu-
nities were considered to investigate the interactions among these two components also
in relation to environmental variables. Phytoplankton is known to play a key role within
the microbial loop, a trophic pathway of the marine food web responsible for the micro-
bial assimilation of dissolved organic matter (DOM); phytoplankton-derived dissolved
carbon represents an important trophic resource for heterotrophic bacteria that convert it
into microbial biomass and further transfer towards higher trophic levels (zooplankton)
through predation [7]. In nature, many complex interactions occur at different cellular lev-
els among representatives belonging to different microbial species; this results in difficulties
in estimating metabolic interactions among microorganisms, also in consideration that a
large fraction of microbial diversity remains largely undiscovered in terms of metabolic
needs and biosynthetic capabilities [8]. Different relationships such as mutualism and
competition connect phytoplankton to bacterial species. Indeed, DOM released by diatoms
represents the main trophic source for heterotrophic bacteria; on the other hand, diatoms
and bacteria compete for several inorganic ions, such as inorganic phosphate [9,10]. Ad-
ditionally, the physical attachment of bacteria to phytoplankton cells was shown to play
a role in biogeochemical cycling in the ocean, favoring the sinking of organic matter and
the overall increase in the flux of organic carbon from the surface to deep waters [11,12].
It has therefore become clear that phytoplankton–bacteria interactions occurring at the
microscale can have ecosystem-level implications, affecting several processes involved in
ecosystem functioning such as nutrient provision and regeneration, primary production,
toxin biosynthesis and biogeochemical cycles [7,9,12].

The Syracuse Bay, located in the Ionian Sea along the SE coast of Sicily, provides a
suitable example of a coastal Mediterranean ecosystem where multiple conflicts occur.
This bay has a limited water exchange, a high nutrient supply from organic and inorganic
sources and is characterized by evident eutrophic conditions with wide water discoloration
events especially in the spring–summer period; a part of this bay is also used for productive
activities such as shellfish farming. Moreover, particular interest was also directed to this
area due to its frequent blooms of toxic algae (Harmful Algal Blooms, HABs) giving rise
to recurrent dystrophic crises. Studies performed for more than a decade [13–15] have
documented the occurrence of red tides phenomena, related to the massive proliferation
of Alexandrium species, above all of A. minutum and other dinoflagellates. Depending on
the specific hydrographic and topographic characteristics, the dynamics of these blooms
may vary from site to site. The species success, timing and recurrence of blooms are also
related to the interactions between life histories and the physical, chemical and biological
environment. The bloom season of Alexandrium minutum generally falls between March
and May [15], with maximum densities reaching a magnitude order of 106 cells L−1. During
blooms, salinity may range from 30 to 35, temperature from 17 and 23 ◦C. Salinity variations
are due to the influx of freshwater rich in nutrients.

A seasonal monitoring program was started in September 2018 in Syracuse Bay in
the framework of the international project “Mechanisms of red tides and hypoxia as eco-
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logical marine disasters and technologies for its early warning along the “Belt and Road”
Countries”, funded by the Ministry of Science and Technology (grant no. 2016YFE0202100).
The main objectives of this research were: (i) to study the dynamics and mechanisms
underlying HABs events in relation to environmental drivers, in order to propose strategies
for early warning of their occurrence and environmental management; (ii) to disentangle
the response of microbial communities to environmental and human-induced perturba-
tions in a Mediterranean coastal area where multiple conflicts co-exist; (iii) to monitor
phytoplankton blooms associated with water discoloration events and eventual hypoxic or
anoxic conditions. Based on the past knowledge gained on the phytoplankton communities
in this site, our working hypothesis was that the microbial community (phytoplankton
and bacteria) could exhibit different dynamics over a medium-term (seasonal) timescale
in response to natural versus anthropogenic forcings. In this scenario, the specific ques-
tions addressed in this survey were: (a) how the prokaryotic community abundance and
metabolism do respond to anthropic or natural changes? (b) which are the main physical–
chemical drivers of the microbial community in this highly dynamic ecosystem? (c) what
are the biogeochemical implications of prokaryotic community dynamics in this ecosystem?
To this end, the phytoplankton community was monitored with particular attention to
toxic dinoflagellates such as Alexandrium species or high biomass producers (Prorocentrum,
Lingulodinium, Gymnodinium spp.); contextually, the main environmental (temperature,
salinity, dissolved oxygen, nutrients concentration, chlorophyll-a and particulate organic
matter) and microbiological parameters (extracellular enzymatic activity rates: leucine
aminopeptidase, beta-glucosidase, alkaline phosphatase, culturable heterotrophic bacteria)
were determined.

2. Materials and Methods
2.1. Site Description

Syracuse bay is a wide coastal area bounded on the north by the Ortigia island and
on the south by the Maddalena peninsula (Figure 1). The bay measures ≈3.5 km along
the NS axis, and ≈2.0 km along the EW axis (total extension ≈700 ha). Its average depth
is 0.5–8 m at the sampling area and 25–30 m at the bay entrance. The bay (Porto Grande)
is located close to the inner city and is subject to freshwater inputs (riverine and spring
waters). Moreover, for about 20 years, the area receives urban discharge from the Syracuse
town, amounting to 9 × 106 m3 year−1 of purified sewage through the Grimaldi-Pantanelli
canal [13].

2.2. Sample Collection

During the 2018–2021 period, eight seasonal samplings of surface waters (September
2018, May 2019, August 2019, November 2019, July 2020, October 2020, March 2021 and May
2021) were performed within Syracuse Bay in correspondence with six stations differently
affected by natural or anthropic disturbances. The geographical coordinates and the main
characteristics of the sampling stations are reported in Table 1.

Table 1. Geographical coordinates of the sampling stations within Syracuse Bay.

Station Main Characteristics Latitude N Longitude E

1 Shipyard station, harbor 37.064 15.279
2 Aretusa springwater 37.056 15.292
3 Anapo-Ciane river mouth 37.056 15.272
4 Shellfish farm 37.035 15.281
5 Control marine station 37.039 15.296
6 Control marine station 37.048 15.291



J. Mar. Sci. Eng. 2022, 10, 19 4 of 25J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 4 of 27 
 

 

 
Figure 1. Syracuse Bay. Location of the sampling stations. 

2.2. Sample Collection 
During the 2018–2021 period, eight seasonal samplings of surface waters (September 

2018, May 2019, August 2019, November 2019, July 2020, October 2020, March 2021 and 
May 2021) were performed within Syracuse Bay in correspondence with six stations dif-
ferently affected by natural or anthropic disturbances. The geographical coordinates and 
the main characteristics of the sampling stations are reported in Table 1. 

Table 1. Geographical coordinates of the sampling stations within Syracuse Bay. 

Station Main Characteristics Latitude N Longitude E 
1 Shipyard station, harbor 37.064 15.279 
2 Aretusa springwater 37.056 15.292 
3 Anapo-Ciane river mouth 37.056 15.272 
4 Shellfish farm 37.035 15.281 
5 Control marine station 37.039 15.296 
6 Control marine station 37.048 15.291 

Stations 1 and 4, located in correspondence of a shipyard and of a shellfish farming 
respectively, as well as Station 3, which is affected by the Anapo-Ciane river mouth drain-
ing the wastes of agriculture farming (i.e., residuals of fertilizers) were chosen as repre-
sentative of exposure to anthropic impacts. Station 2 was also included in this study in 
relation to the natural forcings (i.e., freshwater inputs from the Aretusa springwater) 
which is exposed to. In addition, two stations (5 and 6), located in the part of the bay 
exchanging with the open sea were taken as control sites. 

At Stations 1 and 4, additional samples were also taken at middle and bottom layers 
of the water column (2 and 4 m for Station 1, and 2 and 5 m for Station 4) (Figure 1). 

2.3. Physical and Chemical Parameters 
Temperature (T), salinity (S) and dissolved oxygen (DO) measurements were taken 

using an oceanographic multiparametric sensor (SBE 19 Plus). pH measurements were 

Figure 1. Syracuse Bay. Location of the sampling stations.

Stations 1 and 4, located in correspondence of a shipyard and of a shellfish farming
respectively, as well as Station 3, which is affected by the Anapo-Ciane river mouth draining
the wastes of agriculture farming (i.e., residuals of fertilizers) were chosen as representative
of exposure to anthropic impacts. Station 2 was also included in this study in relation to the
natural forcings (i.e., freshwater inputs from the Aretusa springwater) which is exposed to.
In addition, two stations (5 and 6), located in the part of the bay exchanging with the open
sea were taken as control sites.

At Stations 1 and 4, additional samples were also taken at middle and bottom layers
of the water column (2 and 4 m for Station 1, and 2 and 5 m for Station 4) (Figure 1).

2.3. Physical and Chemical Parameters

Temperature (T), salinity (S) and dissolved oxygen (DO) measurements were taken
using an oceanographic multiparametric sensor (SBE 19 Plus). pH measurements were
performed using a portable, waterproof pH-meter (Hanna Instruments LCD) for field
measures, whereas water transparency was recorded through a Secchi disk.

Samples for ammonium (NH4), nitrite (NO2), nitrate (NO3) and orthophosphate (PO4)
determinations were filtered using GF/F glass-fibre filters and kept frozen
−20 ◦C. Analytical determinations were performed according to Strickland and Par-
sons [16], excepting NH4 that was measured according to Aminot and Chaussepied’s
method [17].

Total nitrogen (TN) and total phosphorus (TP) samples were analyzed following
persulfate digestion as described in Valderrama [18] and Koroleff [19,20]. Water samples
for the dissolved total nitrogen (DTN) and phosphorus (DTP) were filtered and measured
by the same methods as TN and TP. Dissolved inorganic nitrogen (DIN) was calculated
from the sum NH4 + NO2 + NO3. Dissolved organic phosphorus (DOP) was calculated as
the difference between DTP and PO4. Dissolved organic nitrogen (DON) was calculated as
the difference between DTN and DIN. All nutrient concentrations were determined using a
Varian Mod. Cary 50 spectrophotometer.

To assess any possible nutrient limitation of phytoplankton community, the Redfield
ratio (N/P) as the DIN: PO4 ratio was also calculated.
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Chlorophyll a (Chl a), particulate organic carbon and total particulate nitrogen (POC
and TPN) were measured according to conventional methods in use at the CNR-ISP labora-
tory. Particularly water samples (0.5–1 L) for Chl a analysis were filtered through Whatman
GF/F glass-fibre filters. After filtration, the obtained filters were immediately stored at
−20 ◦C. The photosynthetic pigment was extracted in 90% acetone and read before and
after acidification. Determinations were carried out with a Varian mod. Eclipse spectrofluo-
rometer. The maximum excitation and emission (431 nm and 667 nm, respectively) were
selected on a prescan with a solution of chlorophyll a from Anacystis nidulans (by Sigma
Co., Saint Louis, MO, USA) and the concentrations of Chl a were calculated according to
Lorenzen [21].

For the estimation of particulate organic carbon and total particulate nitrogen (POC
and TPN), 500-mL water samples were concentrated on pre-combusted Whatman GF⁄F
glass-fibre filters and processed at 980 ◦C in a Perkin–Elmer CHN-Autoanalyzer 2400, using
acetanilide as standard [22]. Moreover, total suspended matter (TSM) was gravimetrically
determined [16].

2.4. Trophic State Index (TSI) Calculation as an Index of Water Quality

As an additional parameter, the water quality of the entire Syracuse bay was classified
in relation to its trophic status according to the Trophic State Index (TSI) value. This Index
was calculated as the average TSI from the TSI (Chl a), TSI (TN) and TSI (TP) computed
using the following equations for estuaries [23]:

TSI (Chl a) = 16.8 + 14.4 × LN (Chl a) (1)

TSI (TN) = 56 + [19.8 × LN(TN)] (2)

TSI (TP) = 18.6 × LN (TP × 1000) − 18.4 (3)

According to the average TSI, the water quality is classified to be “good” for values
comprised from 0 to 49, “fair” for values from 50 to 59 and “poor” for values from 60 to 100.

2.5. Microbial Parameters
2.5.1. Extracellular Enzymatic Activities (Leucine Aminopeptidase, LAP, Beta-Glucosidase,
Beta-GLU and Alkaline Phosphatase, AP)

Microbial ectoenzymatic activity measurements were performed to estimate the po-
tential activity rates of leucine aminopeptidase (LAP), b-glucosidase (b-GLU) and alkaline
phosphatase (AP), enzymes involved in the decomposition mediated by the microbial com-
munity of proteins, polysaccharides and organic phosphates respectively. The enzymatic
assay relies on the hydrolysis of specific fluorogenic substrates, L-leucine-7 amido-4-methyl
coumarin hydrochloride (Leu-MCA), 4-methylumbelliferyl-b-d-glucoside and methylum-
belliferyl phosphate, respectively, that are derivatives of methylcoumarin (MCA) and of
methylumbelliferone (MUF), following the method reported in Monticelli et al. [24]. In-
creasing amounts (from 20 to 400 µmol) of substrates were added to 10-mL subvolumes of
water and spectrofluorometer measurements were performed at the initial time and after
incubation at in situ temperature for 2 h. Through calibration with the standard curves
obtained with known amounts of MCA for LAP and MUF for b-GLU and AP, the enzymatic
values were expressed in terms of maximum velocity of hydrolysis (Vmax, in nmol of
substrate hydrolyzed per liter and per h, nmol/L/h).

2.5.2. Culturable Heterotrophic Bacteria

To get better insights on the bacterial community actively interacting with the organic
matter pool, in this study we estimated the abundance of heterotrophic culturable bacteria,
that represent the most active fraction in the processing of organic polymers. This was
determined on Marine agar plates seeded with appropriate volumes of seawater (0.1 mL
and decimal dilutions in physiological saline). After incubation at 22 ◦C for 7 days [25], the
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number of growing colonies was counted and reported as Colony Forming Units per mL
(CFU/mL).

2.5.3. Phytoplankton Samples

To evaluate phytoplankton abundance and species composition, 250 mL of surface
seawater (according to Bužančić et al. [26]) were taken at each station by a Niskin bottle
and fixed in dark, glass bottles with Lugol’s iodine solution (1% final v/v) to determine the
abundance of the different phytoplankton taxa. At Stations 1 and 4, water samples collected
from the middle and bottom layers of the water column were also analyzed. Additional
samples from 20 µm-meshed, vertical net hauls were used for qualitative analyses that
were conducted by using a Zeiss Axiovert 200 microscope equipped with phase contrast
and epifluorescence, as well as AxioCam for photographs and measurements of cells.

Seawater samples collected for phytoplankton analysis were stored in the dark at 4 ◦C
until analysis. Quantitative analyses were performed following the Utermöhl method [27],
by settling 50 mL of sample or less, according to the cell concentrations, except in bloom
occasions with exceptionally high abundances, when cell counts were made in a 1 mL-
Sedgewick Rafter chamber. With the term “larger phytoplankton”, we considered the
so-called “Utermöhl phytoplankton”, which includes mostly all micro-phytoplankton (size
20–200 µm) taxa recognizable in light microscopy (200×–400× magnification) and nano-
phytoplankton (size 2–20 µm), analyzed at a magnification of 630×. All phytoplankton
was counted over random fields (30–60); in addition, half of the Utermöhl chamber was
also examined at a magnification of 200×, to obtain a more correct evaluation of less
abundant taxa.

2.6. Statistical Analysis

During this study, a total of 80 data (n = 10 sampling points × 8 samplings) per each
parameter were collected, which were all used to calculate the arithmetic mean and standard
deviation as well as for Pearson correlation and multiple regression analyses. Conversely, all
the other statistical tests were performed on the surface data only (n = 48) to better compare
among the stations. Analysis of variance (ANOVA) test was used to identify possible
significant differences due to the sampling stations and the time periods; a difference was
considered significant at a p < 0.05 probability level. Prior to ANOVA, all variables were
logarithmically transformed to comply with the assumption of normal distribution of the
data. The one-way analysis of variance on ranks (Kruskall–Wallis analysis) was applied to
variables that were not normally distributed. The relative importance of each group was
investigated by a pairwise multiple comparison procedure (Dunn’s method). All these
analyses were performed with the Sigma Stat software version 3.1 (SYSTAT Software, Inc.,
San Jose, CA, USA).

Pearson correlation coefficients were also calculated to measure the associations be-
tween pairs of parameters. To assess the relative strength of each abiotic parameter in
controlling microbial abundance and metabolism, a multiple regression analysis was per-
formed by plotting all the biological parameters (as dependent variables, n = 13 in total)
versus the physical–chemical ones (as independent variables). The regression analysis was
performed using the PAST3 software [28].

Hierarchical clustering of variable data (Cluster analysis) was also carried out; clusters
were obtained by calculation of the Bray–Curtis similarity coefficients and the group
average linkage method between similarities. The similarity matrix was used to perform
the Multi-Dimensional Scaling (MDS) analysis of the dataset, on which the factors “station”
and “season” were superimposed.

Analysis of similarities (ANOSIM) was carried out to assess if there were statistical
differences between groups within the multivariate dataset. ANOSIM is a nonparametric
permutation procedure that analyses whether differences in dissimilarity between groups
exceed differences within groups [29]. ANOSIM outputs produce a sample statistic, R,
which represents the degree of separation between test groups: an R-value close to 1 in-
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dicates that all replicates within a group are reciprocally more similar than any replicates
of different groups, while an R-value close to 0 indicates that there are no differences. As
a post-hoc test, pairwise ANOSIMs between all pairs of groups were also computed and
comparisons at p < 0.05 were considered statistically significant. To identify the percentage
contribution of each parameter to the observed differences between groups of samples,
the SIMPER (Similarity Percentage) analysis was performed, which sorted in the output
table the relative contribution of each parameter to any difference detected between groups.
The contribution of each parameter to the dissimilarity between groups, as well as to the
similarity within each group, was assessed using the Similarity Percentages (SIMPER)
analysis [30].

All physico–chemical and biological parameters were elaborated through the principal
component analysis (PCA), which was performed on the normalized dataset. This multi-
variate analysis generates new variables, named principal components (PC) which explain
the highest dispersion of the samples. Samples were clustered according to the Euclidean
distances, and the obtained information was superimposed onto the PCA plots. PCA is
useful to group variables that are correlated and make predictions on processes causing
these association patterns among parameters through the calculation of PC loadings, which
are the correlations between each response variable and the PCs. PC loadings reveal how
closely a variable and a PC are related, and the patterns of associations among variables
that load on the same and/or different PCs [31].

MDS, Cluster analysis, ANOSIM, SIMPER, and PCA were carried out using the Primer
6 software, version 6β R6 (PRIMER-E Ltd., Plymouth, UK) [32].

3. Results and Discussion

The ANOSIM analysis, performed as a Two-Way Nested analysis, confirmed that
the differences between the three station groups chosen for this study (human-impacted
stations (HIS), Stations 1, 3 and 4; freshwater-affected (FAS), Station 2; control stations
(control), Stations 5–6) were statistically significant (Global R = 0.293, p < 0.1%). The
SIMPER analysis, whose results are summarized in Table 2, pointed out the reciprocal
separation of the station groups according to their distinctive abiotic and biotic parameters.
Stations 1, 3 and 4 were characterized by similar values of nutrients (TN and N salts); at
Station 2 the contribution percentages of S and TSM were observed, while the drivers that
showed the highest contribution at both Stations 5 and 6 were TN, pH, DO.

Table 2. Outputs of SIMPER analysis showing, in a decreasing order, the percentage contribution of
each parameter to the within-groups similarity. The parameters shared as highly contributing drivers
are reported in bold.

Station Main Characteristics Squared Distance Highly Contributing
Parameters

1 Human-impacted 29.64 NO3, TN
3 Human-impacted 34.37 NH4, TN, PO4, S
4 Human-impacted 14.74 DO, TP, TN, NO3
2 Freshwater-affected 26.36 S, TSM, NH4, NO3, DO
5 Control 16.18 TN, pH, DO
6 Control 29.20 pH, TSM, TN, S, DO

The mean values and the standard deviation of the measured environmental and
microbiological parameters are reported in Tables 3 and 4 respectively, at the HIS, FAS and
control stations, separately.
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Table 3. Mean values ± standard deviation of the environmental parameters measured in the
Syracuse bay, separately per human-impacted stations (HIS), Stations 1, 3 and 4; freshwater-affected
(FAS), Station 2; control stations (control), Stations 5–6.

Stations

HIS FAS Control

Parameters 1 3 4 2 5 6

Temperature (◦C) 22.77 ± 4.18 22.73 ± 5.05 22.01 ± 4.41 22.08 ± 4.57 22.72 ± 4.71 22.18 ± 4.88

Salinity 38.56 ± 0.35 38.06 ± 0.99 38.10 ± 0.64 37.55 ± 1.55 37.98 ± 0.29 38.10 ± 0.77

Diss.Oxygen (mg/L) 6.72 ± 0.96 7.22 ± 0.97 7.08 ± 1.04 6.87 ± 1.35 7.14 ± 1.10 7.65 ± 0.94

pH 8.22 ± 0.28 8.34 ± 0.48 8.24 ± 0.28 8.17 ± 0.33 8.31 ± 0.37 8.37 ± 0.49

NH4(µM) 1.06 ± 0.44 1.68± 1.17 1.13 ± 0.33 1.65 ± 1.65 1.15 ± 0.50 1.06 ± 0.51

NO2 (µM) 0.23 ± 0.29 0.61 ± 1.09 0.15 ± 0.09 0.20 ± 0.31 0.19 ± 0.09 0.18 ± 0.08

NO3 (µM) 3.90 ± 4.30 3.81 ± 2.52 3.91 ± 4.14 5.01 ± 5.45 2.07 ± 1.20 3.07 ± 2.29

TN (µM) 7.78 ± 5.00 9.75 ± 7.81 8.75 ± 6.83 8.15 ± 6.17 7.31 ± 6.90 7.39 ± 5.82

PO4 (µM) 0.33 ± 0.26 0.91 ± 1.23 0.26 ± 0.19 0.24 ± 0.12 0.25 ± 0.21 0.25 ± 0.13

TP (µM) 1.81 ± 0.77 2.56 ± 1.53 2.18 ± 2.10 1.59 ± 0.98 1.40 ± 0.54 1.38 ± 0.47

N/P 15.51 ± 14.11 6.74 ± 13.71 20.08 ± 23.12 28.58 ± 29.81 13.64 ± 18.16 17.24 ± 18.20

TSM (mg/L) 82.91 ± 136.83 75.41 ± 54.43 43.46 ± 42.47 172.92 ± 348.66 40.24 ± 22.41 120.80 ± 187.06

POC µgC/L) 818.23 ± 1497.82 2496.55 ± 5375.91 504.21 ± 409.47 333.01 ± 264.87 433.66 ± 425.30 553.87 ± 651.08

PN (µgN/L) 159.53 ± 332.92 430.50 ± 933.11 82.62 ± 61.36 45.04 ± 22.94 73.59 ± 63.75 97.17 ± 116.46

C/N 6.04 ± 0.92 6.02 ± 0.59 6.11 ± 1.21 7.17 ± 2.45 5.85 ± 0.84 5.86 ± 0.49

Table 4. Mean values ± standard deviation of the microbiological parameters measured in the
Syracuse bay, separately per human-impacted stations (HIS), Stations 1, 3 and 4; freshwater-affected
(FAS), Station 2; control stations (control), Stations 5–6.

Stations

HIS FAS Control

Parameters 1 3 4 2 5 6

Tot.Phytopl.
(cells/L)

8.70 × 105 ±
3.66 × 106

3.99 × 106 ±
1.03 × 107

4.65 × 105 ±
8.79 × 105

3.39 × 105 ±
4.78 × 105

1.80 × 105 ±
1.88 × 105

5.77 × 106 ±
1.57 × 107

Diatoms
(cells/L)

1.04 × 104 ±
1.90 × 104

6.09 × 104 ±
1.58 × 105

5.73 × 104 ±
1.64 × 105

1.31 × 105 ±
3.57 × 105

3.71 × 104 ±
9.15 × 104

5.57 × 106 ±
1.57 × 107

Dinofl.
(cells/L)

8.92 × 105 ±
3.74 × 106

3.93 × 106 ±
1.03 × 107

3.57 × 105 ±
8.97 × 105

1.80 × 105 ±
4.04 × 106

8.19 × 104 ±
1.69 × 105

1.65 × 105 ±
2.36 × 105

Others (cells/L) 6.44 × 103 ±
9.67 × 103

1.13 × 104 ±
1.46 × 104

5.11 × 104 ±
9.54 × 104

2.76 × 104 ±
2.07 × 104

6.14 × 104 ±
1.05 × 105

4.01 × 104 ±
9.63 × 104

Chl a (mg/m3) 2.95 ± 4.04 7.02 ± 9.92 3.00 ± 2.39 1.23 ± 1.16 3.21 ± 2.16 3.63 ± 2.21

Het. Bacteria
(CFU/mL)

2.88 × 103 ±
2.81 × 103

2.46 × 103 ±
2.37 × 103

2.39 × 103 ±
1.40 × 103

1.64 × 103 ±
5.84 × 102

1.21 × 103 ±
3.97 × 102

2.28 × 103 ±
9.24 × 102

LAP
(nmol/L/h) 41.75 ± 81.45 54.58 ± 113.91 36.56 ± 70.55 12.31 ± 13.11 48.35 ± 94.40 36.43 ± 82.29

GLU
(nmol/L/h) 6.91 ± 14.12 5.39 ± 5.36 3.42 ± 4.21 2.50 ± 2.51 2.69 ± 5.16 4.06 ± 4.81

AP (nmol/L/h) 61.77 ± 80.50 79.36 ± 142.33 91.25 ± 164.63 65.27 ± 126.83 82.56 ± 124.12 53.90 ± 105.16
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The outputs of MDS analysis (Figure 2) highlighted a clear separation among HIS,
FAS and control stations (C) according to their physical–chemical properties (T, S, DO,
transparency and pH) as well as the occurrence of seasonal dynamics, with samplings
separated each to other according to T and S data. Particularly, summer T and S values
were significantly different from winter ones; a widespread variability was also observed
in spring, compared to the other seasons.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 10 of 27 
 

 

 
Figure 2. Multi-Dimensional Scaling (MDS) analysis computed on physical–chemical parameters 
(above) and on T and S data (below). 

  

Figure 2. Multi-Dimensional Scaling (MDS) analysis computed on physical–chemical parameters
(above) and on T and S data (below).

3.1. Human-Impacted Stations (HIS)
3.1.1. Environmental Parameters

HIS showed mean T values (22.43 ± 4.34 ◦C) similar to those recorded at the control
stations and a range of variation of 15.69 to 29.80 ◦C; ANOVA results (Table S1) confirmed
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that spatial T variations were not significant. Vertical profiles (not shown in Figure) depicted
decreasing T values from the surface towards the bottom during the water stratification
periods (summer and spring). Salinity values, with a mean of 38.29 ± 0.64 and ranging
from 36.63 to 39.11, were statistically comparable to control stations, with no significant
spatial variations (Table S1). Warmer and saltier waters were detected in summer periods
compared to winter ones, as confirmed by significant (p < 0.001) F values calculated among
seasons for T and S (Table S1, Figure 3). DO values were comprised between 4.70 and
9.51 mg/L with a mean concentration of 6.95 ± 1.00 mg/L; no anoxic conditions were
detected and maximum values were reached during winter–spring periods. pH varied
from 7.90 to 9.12, with a mean value of 8.23 ± 0.30 and significant (p < 0.001) temporal
variations (Table S1).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 11 of 27 
 

 

3.1. Human-Impacted Stations (HIS) 
3.1.1. Environmental Parameters 

HIS showed mean T values (22.43 ± 4.34 °C) similar to those recorded at the control 
stations and a range of variation of 15.69 to 29.80 °C; ANOVA results (Table S1) confirmed 
that spatial T variations were not significant. Vertical profiles (not shown in Figure) de-
picted decreasing T values from the surface towards the bottom during the water stratifi-
cation periods (summer and spring). Salinity values, with a mean of 38.29 ± 0.64 and rang-
ing from 36.63 to 39.11, were statistically comparable to control stations, with no signifi-
cant spatial variations (Table S1). Warmer and saltier waters were detected in summer 
periods compared to winter ones, as confirmed by significant (p < 0.001) F values calcu-
lated among seasons for T and S (Table S1, Figure 3). DO values were comprised between 
4.70 and 9.51 mg/L with a mean concentration of 6.95 ± 1.00 mg/L; no anoxic conditions 
were detected and maximum values were reached during winter–spring periods. pH var-
ied from 7.90 to 9.12, with a mean value of 8.23 ± 0.30 and significant (p < 0.001) temporal 
variations (Table S1). 

 
Figure 3. Seasonal trends of autotrophic abundance and biomass (as Chl a content) and hetero-
trophic bacterial abundance, together with microbial activity rates, observed at human-impacted 
stations (HIS, Stations 1, 3, 4). 

Figure 3. Seasonal trends of autotrophic abundance and biomass (as Chl a content) and heterotrophic
bacterial abundance, together with microbial activity rates, observed at human-impacted stations
(HIS, Stations 1, 3, 4).

Nutrient concentrations pointed out the predominance of NO3 (min–max range:
0.21–21.66 µM) as the main component within the DIN pool, and lower percentages of
NH4 and NO2 (0.01–4.22 µM and 0.05–3.28 µM, respectively). High TN, NH4 and NO3
values were measured in spring and autumn. Within the TP pool, ranging from 0.53 to
8.80 µM with peaks in May 2019 and October 2020, the inorganic fraction (0.01–3.00 µM) was
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available at moderate concentrations. Temporal variations were not statistically significant
(Table S1).

Other trophic parameters such as TSM, POC and PN showed concentrations of sus-
pended and particulate matter of 6.67–675.33 mg/L and 0.067–15.76 mgC/L, respectively,
that were comparatively higher than FAS, and PN concentrations of 16.12–2733.60 µgN/L.
This yielded to mean C/N ratios around 6.0, a value referable to the presence of active
phytoplankton biomass within the organic matter pool, particularly frequent in summer
periods; except for a peak of 9.24, referable to detritus, observed in August 2019, C/N ratios
lower than 6, ascribable to bacteria, were found during the remaining time periods. For all
of these parameters no significant variations in relation to space or time were observed by
ANOVA (Table S1).

3.1.2. Microbial Parameters

The temporal trends of microbial abundance and activity recorded at HIS are shown
in Figure 3. The mean abundance of phytoplankton was in the order of 106 cells/L,
varying between 5.64 × 102 and 2.95 × 107 cells/L. This last value, exceptionally high, was
recorded at Station 3 in May 2019, when a dinoflagellate bloom occurred. Decreasing trends
of microbial abundance and activity along the water column were generally observed. High
concentrations were observed in spring–summer months, while minima were reached in
November 2019; ANOVA, however, did not show statistically significant seasonal variations
(Table S1).

Dinoflagellates were often the predominant component of the phytoplankton commu-
nity, as shown by their mean densities in Table 3, with two distinct blooms recorded in May
2019 and March 2021 (Figure 3). Diatoms often represented the second component, with a
few exceptions in September 2018 and a bloom in August 2019.

Phytoplankton biomass as Chl a had a mean concentration of 3.56 ± 4.89 mg/m3, with
a wide variation range (0.49–30.58 mg/m3) and significant variations over time (Table S1);
peak values were recorded in spring.

Heterotrophic bacteria showed abundances in the range of 103 CFU/mL, on average
1.5 times higher than control stations; they ranged from 3.60 × 102 to 1.04 × 104 CFU/mL
and reached high densities during autumn. In warm periods, particularly in autumn at
Station 3, surface layers generally hosted higher numbers of bacteria (5.90–6.56 × 103

CFU/mL); temporal variations of bacterial abundances were highly (p < 0.001) significant
(Table S1).

Microbial activity rates were in the order AP > LAP > GLU, with mean values of
77.19, 41.35 and 5.17 nmol/L/h and variation ranges of 0.92–783.33 nmol/L/h, 0.14–384.67
nmol/L/h and 0.03–69.03 nmol/L/h respectively. Proteolytic and phosphatasic activities
peaked during summer and spring periods, decreasing during colder months; their vari-
ability over time, however, was not statistically significant (Table S1). No clear seasonal
trends were observed for the glycolytic activity.

At Stations 1 and 4, both microbial abundances and activity rates generally showed
vertically decreasing values from the surface towards the deep (data not shown).

3.2. Freshwater-Affected Station (FAS)
3.2.1. Environmental Parameters

At FAS mean T was lower than HIS and control stations, showing a mean value
of 22.08 ± 4.57 ◦C, and varying within a range of 15.68–27.50 ◦C. Moreover, S was the
main environmental variable that distinguished these stations, with its low mean value
(37.55± 1.55) and a wide variation range (from 34.84 to 39.02) related to the inputs of
freshwater, particularly in September 2018 and spring–summer 2019. ANOVA confirmed
the occurrence of seasonal T variations (p < 0.001). Space or time variations in water
transparency values were not significant (Table 3, Table S1).

DO values were close to those recorded at HIS but lower than control stations, with a
mean value of 6.87 ± 1.35 mg/L and a range of variation of 4.10–8.53 mg/L. Additionally,
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pH, with a mean of 8.17 ± 0.33 and a variation range from 7.90 to 8.71, was lower than at
HIS and control stations.

Nutrient concentrations showed TN ranging from 3.56 to 19.95 µM, with a mean value
of 8.15 ± 6.17 µM. Within the inorganic N ions, NO3 was generally predominant, with
concentrations lower than 14.05 µM and a high mean value of 5.01 ± 5.45 µM; although
not significantly different, NH4 and NO2 concentrations were higher than those measured
at the HIS, varying between 0.08–5.26 µM/L and 0.06–0.95 µM and with a mean value
of 1.65 ± 1.63 and 0.20 ± 0.31 µM, respectively. P compounds were available with mean
PO4 concentrations about a third of the values measured at Station 3 (0.24 ± 0.12 µM) and
small variations (0.11–0.39 µM); also TP was lower than at the HIS, with a mean value of
1.59 ± 0.98 µM and a variation range of 0.61 to 3.40 µM. Peaks of N nutrients were observed
in September 2018 and October 2020, while peaks of PO4, found during autumn, were
temporally delayed with respect to those of TP, recorded in May 2019 and July 2020. For all
the nutrients, no statistically significant differences were detected (Table S1).

TSM showed concentrations about three times those measured at the HIS; conversely,
POC and PN were, respectively, about 1/3 and 1/4 of the ones recorded at those stations.
However, seasonal trends were not significantly different for both TSM and PN (Table S1).
C/N ratios ranged from 4.75 to 12.32, with a mean value of 7.17 ± 2.45 typical of active
phytoplankton biomass; ratios referable to bacterial biomass were detected in autumn and
spring, while a peak of 12.32 was recorded in August 2019.

3.2.2. Microbial Parameters

Total phytoplankton had a mean concentration of 3.39 × 105 cells/L, lower than
the values at the HIS and control stations (3.16 × 106 cells/L); similarly, phytoplankton
biomass as Chl a showed significantly lower mean values (1.23 ± 1.16 mg/m3), with values
comprised between 0.30 and 3.90 mg/m3. Temporal patterns of phytoplankton abundance
and biomass followed seasonal cycles, with peaks during spring periods (2019 and 2021,
Figure 4). Temporal Chl a and dinoflagellates variations were significant (p < 0.01 and 0.001,
respectively) (Table S1).
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Heterotrophic bacteria abundances ranged in the order of 103 CFU/mL with values
slightly lower compared to the marine stations, which reflected the influence of freshwater
inputs at this station. In winter, significantly (p < 0.01) low abundances were recorded.

Microbial activity was characterized by levels of AP and GLU similar to those found
at control stations, while LAP activity rates were 1/4 compared to those recorded at the
HIS and control stations. High levels of microbial activities were observed in summer and
autumn, while in winter the turnover of organic matter was sensibly reduced; the spring
season was characterized by a further increase in microbial activity after the winter decline.

3.3. Control Stations
3.3.1. Environmental Parameters

Control stations unaffected by freshwater inputs or anthropic impacts were charac-
terized by mean T values (22.43 ± 4.64 ◦C) such as those recorded in the other stations
(HIS and FAS). Their variations over time (15.37–28.30 ◦C) were statistically significant
(p < 0.001, Table S1). S values were comprised between 36.83 and 38.91, with a mean value of
38.04 ± 0.58, close to values measured at HIS. Compared to the other sites, Control stations
were characterized by higher mean pH and DO values (8.33 ± 0.39 and 7.41 ± 1.01 mg/L,
respectively); their variation ranges were 7.94–9.37 and 5.20–8.97 mg/L, respectively and
were significant over time for DO (p < 0.01) (Table S1).

Very low concentrations of both TN and NO3 were observed (7.36 ± 6.11 µM and
2.60 ± 1.87 µM, respectively), with wide variability (2.65–22.75 and 0.55–6.66 µM, re-
spectively). The levels of NH4 and NO2 were comparable to those measured at the HIS
(1.10 ± 0.49 µM and 0.18 ± 0.08 µM, respectively); they ranged between 0.20–2.19 and
0.08–0.33 µM, respectively. P compounds were also measured at low levels; mean PO4
and TP concentrations were 0.25 ± 0.17 µM and 1.39 ± 0.49 µM, with variation ranges of
0.02–0.58 µM and 0.54–2.58 µM, respectively. TSM and POC showed intermediate con-
centrations compared to other stations; their mean values were 83.20 ± 139.43 mg/L and
497.77 ± 541.59 µgC/L respectively, while min–max ranges were 15.29–568.33 mg/L for
TSM and 39.68–1956.67 µgC/L for POC. Conversely, PN was at minimum values, varying
from 8.80 to 355.00 µgN/L and with a mean value of 86.17 ± 93.12 µgN/L. Mean C/N
ratios (5.86 ± 0.65) suggested the predominance of the bacterial biomass within the organic
matter, with some values >6 referable to the phytoplankton biomass during spring and
summer. No significant variations over time were found for these trophic parameters
(Table S1).

3.3.2. Microbial Parameters

Intermediate phytoplankton abundance and biomass were detected; their mean values
were, respectively, 3.16 × 106 cells/L and 3.44 mg/m3, respectively. Seasonal variations in
phytoplankton biomass as Chl a were observed at a p < 0.05 (Table S1).

Within the phytoplankton community, diatoms and other taxa were the main represen-
tatives (mean concentration values: 2.99 × 106 and 5.00 × 104 cells/L, respectively) while
dinoflagellates showed the lowest concentrations (1.26 × 105 cells/L). Seasonal peaks in
phytoplankton abundance were recorded in spring 2019 and winter 2021 (Figure 5).

Heterotrophic bacteria varied from 6.60 × 102 CFU/mL to 3.60 × 103 CFU/mL, with
mean values of 1.78 × 103 CFU/mL; these microorganisms were more abundant during
warm seasons, although their variations were not significant (Table S1).

The microbial community exhibited rates of proteolytic activity similar for magnitude
order to the HIS (mean 41.99 nM/L/h; range: 0.59–260.38 nM/L/h), while glycolytic
activity was similar to the FAS (3.42 nM/L/h; 0.21–14.35 nM/L/ h). AP showed low
activity rates, comprised between 0.22–330.59 nM/L/h, with a mean value of 67.28 nM/L/h.
Evident peaks of activity were observed for AP in August 2019 and March 2021, while for
LAP in September 2018 and March 2021.
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3.4. Water Quality Status Assessment of the Entire Syracuse Bay from the TSI Value

Except for the spring 2019 sampling, where an average TSI value of 53.94 ± 18.79 was
calculated, the Syracuse bay was characterized by a “good” water quality status, with an
average TSI value around 30. The TSI (Chl a), TSI (TN) and TSI (TP) calculated separately
at each sampling station often gave not reciprocally comparable results in terms of water
quality classification; indeed, the TSI (TP) and TSI (Chl a) played a major role, accounting
for 59 and 41% of the average TSI value respectively (data not shown).

3.5. Qualitative Analysis of the Phytoplankton Community

The phytoplankton community was characterized by the predominance of diatoms in
summer and dinoflagellates in winter–spring. Compared to the control stations, increased
percentages of other species were found at HIS and FAS in summer and a lower incidence
of diatoms at FAS in autumn. In spring most evident changes were observed, with the
appearance of other species at both HIS and FAS, vs. a decrease in the dinoflagellate
contribution (Figure S1).

The species of dinoflagellates most widely spread over the sampling stations were
Alexandrium minutum, A. pacificum and Alexandrium sp., microorganisms known as respon-
sible for PSP (Paralysing Shellfish Poisoning). These species bloomed in spring, often in
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association with Prorocentrum micans and P. triestinum, giving water discoloration events.
Lingulodinium polyedra was also often found in spring and Gymnodinium spp. in summer
and later on. Protoperidinium occurred in all the sampling months. The diatom taxon was
mostly present in autumn, e.g., with the species Chaetoceros decipiens, but sometimes it
occurred in summer with other Chaetoceros spp. and in late summer with Skeletonema spp.
(see other diatom species in Supplementary materials (Table S2). Other taxa were scarcely
represented, mostly with silicoflagellates, such as Dictyocha fibula and Parapedinella reticulata,
and euglenophyceans.

3.6. Statistical Analysis of the Dataset

ANOVA test (Table S1) revealed significant (p < 0.001) spatial differences for wa-
ter transparency only. Conversely, significant variations over time were observed for T
(p < 0.001) at all the stations, for DO at control stations (p < 0.01) and pH at HIS (p <
0.001). Among the biological parameters, phytoplankton biomass as Chl a was everywhere
significantly (p < 0.001) different over time; significant differences were also found for the
abundances of dinoflagellates and heterotrophic bacteria respectively at FAS and at HIS
and FAS.

Pearson correlation coefficients (Table S3) pointed out in the Syracuse bay several
direct relationships between the autotrophic component (Chl a), microbial activities and
nutrients, especially for Nitrogen compounds. At both HIS and control stations, microbial
metabolism was stimulated by the trophic conditions, as indicated by the significant
relationships observed between enzymatic activities, POC and NO3.

At HIS the growth of total phytoplankton and dinoflagellates was associated with
the availability of nutrients and organic matter (POC, PN), while water transparency had
negative effects on the autotrophic component. The abundance of heterotrophic bacteria
was stimulated by PO4, while their metabolism (in terms of enzymatic activities) was
negatively affected by the allochthonous inputs derived from anthropic activities (i.e.,
diluted waters related to aquaculture or agriculture wastes).

At FAS (Station 2), T affected negatively the dinoflagellates abundance, while water
transparency had a negative influence on the heterotrophic metabolic activity.

At the control marine stations, the growth of heterotrophic bacteria was stimulated by
TSM; conversely S and water transparency affected negatively the heterotrophic decompo-
sition process.

Results similar to Pearson correlation were provided by the multiple regression analy-
sis performed among microbial parameters (abundance and activity) and physical–chemical
ones (Table S4). Significant (at least at a p level <0.05) associations were observed at HIS
only. Particularly, the abundances of total phytoplankton were associated with PO4 (nega-
tively) suggesting that this nutrient was consumed to sustain phytoplankton development.
With respect to microbial metabolism, several positive associations were observed between
proteolytic activity, T and DO, while negative associations were found with N salts (NH4
and NO3). AP was positively associated with T and DO, and negatively with NO3. All
enzymatic activities were positively associated with TN.

The results of SIMPER analysis performed with respect to the “season” factor
(Table S5) indicated that the highest squared distances within seasonal campaigns oc-
curred during spring and summer. The most important parameters responsible for this
variability within the summer group were the microbial activities and the diatoms taxon;
during autumn, the variables that explained better the distances among the sampling
campaigns were TSM and heterotrophic bacteria, while in winter the nutrient concentra-
tions. During the spring season, the role of the autotrophic component (dinoflagellates and
phytoplankton biomass as Chl a) and organic polymers (POC, PN), becomes predominant.
Comparing season groups, summer and autumn were separated by TSM and heterotrophic
bacteria, while autumn and winter by nutrients, heterotrophic bacteria and TSM. The spring
season was separated by the other seasons (especially summer, with a squared distance of
60.77) by dinoflagellates and trophic conditions (PN).
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The influence of environmental abiotic parameters on microbial communities was
further investigated by means of PCA; the Eigen coefficients showing the weight of each
parameter on PCs are reported in Table 5.

Table 5. Eigenvectors values showing the relative contribution of each parameter to Principal
Components at human-impacted stations (HIS), freshwater-affected stations (FAS) and control
stations (Controls).

Variable
HIS FAS Controls

PC1 PC2 PC1 PC2 PC1 PC2

T 0.072 0.258 −0.326 0.061 −0.168 0.219
S 0.208 −0.222 0.249 0.197 0.311 −0.003

DO 0.027 0.136 0.257 −0.183 0.072 −0.353
Transp 0.194 0.111 −0.287 0.013 0.245 0.088

pH −0.011 0.296 −0.280 −0.041 −0.252 0.252

TP −0.122 −0.237 0.103 −0.112 0.145 0.101
PO4 0.018 −0.133 −0.153 0.234 −0.090 0.283
TN −0.261 0.256 −0.107 −0.365 −0.285 −0.237

NH4 −0.038 0.236 0.043 −0.285 −0.227 −0.081
NO2 −0.042 −0.147 0.059 −0.218 −0.085 −0.163
NO3 −0.287 0.094 −0.133 −0.344 −0.304 −0.017
-TSM −0.145 −0.178 0.015 0.082 0.123 0.030
POC −0.364 −0.044 −0.182 0.164 −0.292 0.077
PN −0.371 −0.047 −0.053 0.018 −0.298 0.018

Tot Phytopl. −0.367 −0.076 0.067 0.276 −0.120 0.262
Diatoms 0.010 0.310 −0.228 0.228 −0.123 0.263

Dinoflagellates −0.367 −0.080 0.283 0.122 0.128 −0.102
Others 0.096 −0.115 −0.025 0.080 0.163 −0.050
Chl a −0.349 −0.036 0.282 0.175 −0.248 0.199
Phaeo −0.140 0.103 0.290 0.132 0.034 0.285

Het.bacteria 0.085 −0.081 −0.321 0.009 0.049 0.117

LAP −0.022 0.376 0.021 −0.282 −0.195 −0.249
GLU −0.089 0.233 0.176 −0.207 −0.257 −0.297
AP 0.011 0.410 −0.161 −0.234 −0.233 −0.126

PC1 explained 27.50% and PC2 20.10% of total variability at HIS, while at FAS they
accounted for 29.60% and 23.80% of total variability, respectively, and for 32.20% and 17.70%
of total variability at control stations (data not shown).

At HIS, positive correlations were found between total phytoplankton, dinoflagellates,
POC, PN, Chl a, TN, NO3, which contributed significantly to PC1 and were inversely
related to transp, DO, S and heterotrophic bacteria. PC2 was dominated by pH, T, NH4,
TN, which correlated positively with microbial activities (AP, LAP, GLU); all these were
positively affected by T, but negatively by S.

At FAS, PC1 was dominated by dinoflagellates, Chl a, DO, S that correlated positively
with each other and inversely to T, pH, Transp and heterotrophic bacteria. PC2 was
dominated by PO4, total phytoplankton and diatoms; close direct relationships were
observed between LAP and N salts, GLU and AP.

At control stations, PC1 was dominated by S and Transp. Positive relationships were
detected among GLU, AP, N salts (TN, NH4 and NO3), POC, PN and Chl a, that were
related negatively with Transp. T, pH, PO4 dominated PC2 and correlated positively
with total phytoplankton and diatoms, but negatively with DO, LAP and GLU. AP was
negatively related to PO4.

The low values of Eigen coefficients obtained for the heterotrophic bacteria suggested
that the Syracuse bay was mostly an autotrophic ecosystem; Eigen coefficient values
highlighted that NO3, within TN, as well as POC and PN, played a key role in supporting
the phytoplankton community.
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3.7. General Considerations

This study aimed at integrating different features of the microbial community, such
as heterotrophic bacterial abundance, quali-quantitative composition of phytoplankton
community and microbial decomposition activity, as an approach to assess the variability of
microbial communities and their response to cumulative effects of co-occurring natural and
anthropogenic forcings in a Mediterranean coastal aquatic ecosystem. Multiple forcings
such as pollutants, nutrients, HABs and hypoxia, turbidity, suspended sediments, and
altered habitat and hydrologic regimes are all factors that can impact marine ecosystems
through single, cumulative, or synergistic processes [33]. Moreover, taking into considera-
tion that marine ecosystems are extremely diversified in their hydrodynamic regimes, T,
organic matter and nutrient concentrations, the local variability in abiotic factors can result,
in turn, in significant spatial and temporal variability of microbial metabolism [34]. Within
Syracuse Bay, the coexistence of different forcings such as the impact of freshwater sources
or riverine inputs, the water enrichment by aquaculture farming wastes and potential
release of contaminants from the shipyard and maritime activities makes this area an ideal
natural laboratory for studying the biological and biogeochemical effects on microbial
community abundance and activities, respectively.

In synthesis, this survey showed that the Syracuse bay is an autotrophic system, domi-
nated by the phytoplankton component with concentrations in the order of
106 cells/L. Both microbial abundances and activity rates were enhanced at HIS, in re-
sponse to the water enrichment with organic matter and nutrient inputs; microbial dynam-
ics were characterized by a marked seasonality, with phytoplankton peaking in spring and
heterotrophic bacteria in autumn. Within the phytoplankton community, dinoflagellates
predominate throughout the year, with a shift towards diatoms that become prevalent
during summer and mostly at the marine stations.

Salinity was the most relevant physical–chemical driver of the microbial assemblage,
particularly at FAS and control marine stations, as confirmed by the Eigen coefficients
(Table 5). Similar to our findings, in a temperate Mediterranean coastal area affected by
freshwater inputs marine microbial dynamics depended on a combination of T, S and Chl
a [35].

3.8. Microbial Response to Anthropic Activities

The metabolic activity data provided by the enzyme activity measurements (LAP, GLU
and AP) have allowed for obtaining a picture of the functional diversity and metabolic
potential of the whole microbial community against different organic substrates such as
proteins, polysaccharides and organic phosphates, respectively. Compared to control
marine sites, HIS were characterized by low concentrations (about 1/2 ) of total phyto-
plankton and high (about 1.5 times) of heterotrophic bacteria; peaks of GLU and AP were
also detected. Microbial abundances and metabolic activities varied in ranges compara-
ble with the control stations, as shown by the lack of significant spatial variations (see
Table S1). Nevertheless, peaks of total phytoplankton (mainly dinoflagellates), total biomass
(Chl a), and heterotrophic bacteria characterized Station 3; these high abundances were
consistent with high enzyme activity rates and high POC and PN contents. At HIS, trophic
conditions and metabolic activity rates were similar to those of other coastal Mediterranean
areas under mesotrophy [36–39]. Culturable heterotrophic bacteria are the most active
microbial component involved in organic matter decomposition and nutrient regeneration,
therefore culture methods cannot be excluded from studies focused on biogeochemical
processes occurring in marine environments; indeed, although molecular methods such
as 16S rRNA gene sequencing ad metagenomics were widely used in microbial ecology,
DNA sequence data can rarely infer on the bacterial physiology [40]. In Syracuse Bay, the
mean heterotrophic bacterial abundances were in a range higher than that reported from a
Mediterranean coastal lagoon (Ganzirri lake, 103 CFU/mL), although similar seasonal vari-
ations, with higher summer–autumn concentrations, were reported. This result confirmed
that T was a major driver of microbial community structure and function, similar to what
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was observed in other coastal environments [34]. All microbial activities were reciprocally
related, indicating a synergy towards the decomposition process. Anthropic activities
related to fishing, shipping or tourism may release pollutants causing water quality deteri-
oration, habitats destruction as well as losses in biodiversity, with severe consequences for
coastal ecosystems [41]. Microbes are very sensitive to the environment they inhabit, and
the impact of anthropogenic activities on natural aquatic ecosystems may be reflected in
changes in their community [6,42,43]. Marine microbial communities are able to respond
to anthropogenic stress by activating a range of adaptation strategies, among which the
formation of dormant stages, or using contaminants as carbon or energy sources, or their
transformation into less toxic or volatile forms or transport outside the cell, or adopting
repair mechanisms. Microbial biomarkers of exposure to contaminants may be useful to
assess the health of microbial communities and provide useful information to indirectly
evaluate the effects of anthropogenic perturbations on aquatic ecosystem health [43,44].
On the other hand, within the Syracuse bay, nitrate was the predominant N salt compared
to nitrite; phosphate was readily regenerated via AP activity. The bacterioplankton and
phytoplankton responses to high nutrients and suspended particles, such as those driven
by riverine inputs, were widely studied [44–47] and it was found that microbial structure
and function are strongly affected by changes in the trophic conditions, especially those
regarding the magnitude and nature of such inputs [46]. In Syracuse Bay, all the autotrophic
variables were inversely related to water transparency and S; significant, negative rela-
tionships with S and TP were detected with heterotrophic metabolism in terms of enzyme
activities. S was an important environmental forcing for microbial metabolism along the
Po delta, where high rates of microbial activities were detected [48,49]. Freshwater from
rivers was found to be a critical determinant in shaping microbial communities; in surface
waters along the Pearl River Estuary Li et al. [50] detected high numbers (>106 cells mL−1)
of heterotrophic bacteria during the wet season, with different bacterioplankton structure
between fresh-and saltwater sites as well as between wet and dry season. Additionally in
the Delta Po River, the structure of the benthic microbial (autotrophic and heterotrophic)
community was affected by both natural and anthropogenic disturbances [51].

3.9. Microbial Response to Freshwater Inputs

The presence of coastal aquifers, made of carbonate and volcanic rocks, is a typical
feature of southeastern Sicily. Station 2 is influenced by natural freshwater inputs and
organic sources drained by the Aretusa spring; indeed, since ancient times this site was
well known for a groundwater flux through the faults directly to the sea forming visible
submarine springs, locally called “bugli”. The material released by submarine groundwater
discharges might cause seawater quality deterioration; moreover, groundwater spring can
be important for the geochemical cycles of elements [52]. In spite of high TSM values, the
low microbial abundance and enzymatic rates recorded at Station 2 were consistent with
the low amounts of POC and PN, suggesting that the suspended material was scarcely
bioavailable and that a typically marine cultivable bacterial flora accounted for only a small
fraction of the whole microbial community. Moreover, the inverse relationships observed
between enzyme activities and water transparency, between pH, TN, nitrate and S, as well
as between phytoplankton and heterotrophic bacteria (Table S3) suggested that at this
station microbial dynamics were affected by both abiotic (i.e., suspended matter, S) and
biotic factors.

Regarding the phytoplankton community, at Station 2 dinoflagellate abundance was
on average 1.5 times higher than at control stations, while low concentrations of diatoms
were found, confirming that several environmental factors—in addition to T and nutri-
ent availability—may influence the diatom–dinoflagellate patterns and succession. The
prevalence of diatoms independently on T and N:P supply ratios and a switchback towards
the dinoflagellates’ dominance at high T and nutrient concentrations have recently been
observed [53].
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3.10. Bacteria–Phytoplankton Interactions

This two-year study allowed us to monitor over a seasonal scale the interactions be-
tween phytoplankton and bacterioplankton as two components of the microbial assemblage.
In Syracuse Bay, similar to other coastal Mediterranean waters, phytoplankton blooms—
especially of harmful Alexandrium species—are recurrent events [13,15]; in our survey, we
observed uncoupled distribution patterns of bacterial and phytoplankton, with phytoplank-
ton peaking in spring and declining in summer and high abundances of heterotrophic
bacteria in autumn. More evident was the production of phytoplankton biomass—as
shown by Chl a values—at HIS in spring, when bacterial abundance was low (Figure S4).

Phytoplankton blooms and their effect on the bacterial community have previously
been studied in several field surveys [54,55]. Phytoplankton-derived organic matter repre-
sents the main trophic source for bacteria [56,57]. Extracellular dissolved organic carbon
(DOC), such as polysaccharides, monosaccharides, and free amino acids, released by phy-
toplankton species supported the growth of some bacterial genera during the decline of
phytoplankton bloom [57]. In mesocosm experiments, bacterioplankton and phytoplankton
dynamics were similar during a Microcystis bloom [58]. Bacterioplankton succession was
found to be related to that of Thalassiosira nordenskioeldii during the bloom phase [54], while
bacterial diversity was reported to decrease during a phytoplankton bloom in natural
conditions [59]. On the other hand, phytoplankton development depends on favorable T
and nutrient availability, which are both conditions promoting also bacterial growth [60];
this makes sometimes difficult to disentangle the relative importance of abiotic and biotic
factors in driving microbial distribution patterns and their seasonal dynamics.

Thanks to their widespread occurrence in different aquatic ecosystems, short genera-
tion times and rapid response to environmental stress, marine microalgae and particularly
diatoms were proposed as indicators of environmental quality, such as in response to
aquaculture activities [61,62]. Benthic diatoms were found to respond to nutrient con-
centrations from river inflows or sewage discharges [63]. Within marine food webs, the
phytoplankton community was also recognized to have a critical role in biogeochemical
processing and climate modulation [64]. Biogeochemical activities are typically played
also by heterotrophic microorganisms, that are responsible for organic nitrogen and phos-
phorous decomposition [65]; Mediterranean ecosystems such as coastal urbanized areas
enriched in nutrients host high numbers of such components [66,67] and are characterized
by high levels of proteolytic and phosphatasic activities [68].

3.11. Biogeochemical Implications of Microbial Activities and Related Stoichiometric Ratios

Excessive nutrient discharges from agriculture, aquaculture, industry effluents are
recognized as the main responsible for the eutrophication process, an issue characterized
by massive algal proliferation and consequent anoxia that is particularly relevant in coastal
areas with restricted water circulation [69,70]. Eutrophication is one of the main water
quality concerns in Europe that has stimulated increasing efforts devoted at reducing
anthropogenically-related pollution (i.e., Marine Strategy Framework Directive [71]). Chl
a concentration is the most used proxy for phytoplankton biomass and an indicator for
ecological status assessment [72].

As the abundance and metabolism of all microbial components are closely dependent
on the availability of nutrients, and microbial metabolism plays a critical role in the organic
matter turnover and biogeochemical cycles [34], in this study we estimated the N/P and
C/N ratios, as well as the percentage of organic matter potentially mobilized by the
microbial assemblage, that all together shed light on the biogeochemical implications of
microbial activities and on the overall stoichiometry of the study area.

Insights on the role of the microbial community in organic matter transformation by
production and decomposition processes are of crucial importance especially in marine
ecosystems affected by eutrophication episodes similar to Syracuse Bay. The quantification
of nutrient pools and elemental ratios of suspended particles, together with the study
of phytoplankton nutrient limitation patterns or interactions among C, N and P cycles
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contribute to our comprehension of the biogeochemical processes taking place at sea [73].
The N/P ratio—which is a keystone in marine biogeochemistry—provides insights on
nutrient limitation in phytoplankton biomass; ratios lower than 16 indicate an N-limitation
for phytoplankton, whereas values higher than 16 indicate P-limitation [74]. Mean ratios
calculated in the Syracuse bay were 14.11 ± 18.61, 28.58 ± 29.81 and 15.74 ± 18.19 at HIS,
FAS and Control, respectively, confirming that DIN was largely available in the entire area.
Oscillations in the Redfield ratio were observed on a seasonal scale: while no nutrient limi-
tation was observed during productive periods (summer and spring), in autumn–winter
periods, N limitation was observed, with a minimum value of 3.37 recorded at FAS in
winter (Figure S3). In other aquatic ecosystems, deviations with slightly higher (22:1) ratios
than the canonical Redfield’s estimates (16:1 N:P ratio) were observed at different spatial
and temporal scales [74]. Nutrient pools at sea come from runoff and internal cycling
and are inversely related to oxygen content [75]; indeed, N balance is the result of several
processes, including nitrification, denitrification in the hypoxic layer, anammox (where
there are newly anoxic conditions) and dissimilatory nitrate reduction to ammonia (in
anoxic conditions) [76], while P and NH4 can be released from the sediments when the
water becomes anoxic [77], further stimulating phytoplankton bloom. Therefore, changes
in nutrient ratios are relevant in driving the eutrophication process [78]. Phytoplankton
communities are known to influence water turbidity and the dissolved oxygen content,
and, because of their responsiveness to nutrient or S changes in terms of their structure and
distribution, they are regarded as sensitive proxies for several ecosystem processes [79,80].
Through symbiosis or resource competition, phytoplankton communities also interact with
other planktonic components; the associations/interactions between microbial community
members allow us to understand the effect of changing environmental conditions on ecosys-
tem functioning [53,81]. Within the phytoplanktonic community inhabiting the Syracuse
bay, dinoflagellates prevailed throughout the study period and, occasionally, diatoms in
summer at marine stations; moreover, the negative association found between these two
taxa could be explained by the high optimal N/P ratio of dinoflagellates in contrast to the
low optimal N/P ratio that favors the growth of diatoms, by the different mechanisms of
nutrient uptake [81]. Diatoms are amongst the most widespread phytoplankton groups,
adapting or surviving to sub-optimal conditions and restarting their growth as soon as
nutrient concentrations allow it [82]. Moreover, the detection of some bloom-forming and
potentially toxic species belonging to Dinophyceae and Bacillariophyceae in the Syracuse
Bay requires further attention because of their recurrent and massive development during
the study period.

Regarding C/N ratios calculated from POC/PN measurements, the mean values
obtained in the Syracuse bay at HIS and FAS were higher than those obtained at the
control stations. Generally, C/N ratios were comprised between 6 and 8 during summer–
autumn, suggesting that in this period the organic matter was mostly derived from the
photosynthetic production; conversely, in spring mean C/N ratios lower than 6 at all
the stations provided evidence of the predominance of heterotrophic biomass within the
particulate matter. Particularly interesting was the maximum value of 9.70 recorded at
FAS in summer, suggesting that the detrital fraction was predominant within the organic
matter pool. C/N ratios lower than 5 were observed in a Mediterranean coastal area
(Cape Peloro) [39]. Low C/N ratios (from 2.39 to 5.98) indicated the recent origin and the
predominance of new bacterial biomass within the particulate matter [83]. Additionally for
natural marine bacterial biomass, Lee and Fuhrman [84] reported a C/N mean value of
3.7 ± 0.2. Because of its high nitrogen content, fresh organic matter represents an available
food source for heterotrophic bacteria.

To estimate the biogeochemical role played by the microbial community in Syracuse
Bay, the percentage of organic matter potentially decomposed by microbial enzyme activity
rates was calculated. To this end, LAP and GLU rates were previously converted from
nmoles L−1 h−1 into nanograms of mobilized Carbon assuming that 72 nanograms of C
were released per 1 nanomole of hydrolyzed substrate [85]. We estimated that, on average,
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the amount of Carbon mobilized by LAP + GLU was 80.29 and 22.70 mgC L−1 per day,
at HIS and FAS respectively, compared to 60.93 mgC L−1 per day at the control stations.
Moreover, microbial activities together were able to hydrolyze, per day, as much as the
18.39 and 14.23% of POC, at HIS and FAS respectively, compared to the 21.43% of the
control stations.

The seasonal patterns of microbial activities were reflected in seasonal variability in the
process of organic matter decomposition (Figure S4). Compared to control stations, lower
percentages were mobilized at both HIS and FAS, with similar seasonal trends, except
for the spring season at FAS. In summer and winter, the percentage of organic matter
potentially mobilized was generally higher than in autumn and spring. In this latter period,
the microbial community was able to mobilize a high percentage of organic matter at FAS,
probably due to the low amount of POC that was decomposed at high efficiency.

In response to both human and natural impacts, the levels of microbial metabolism
were found to decrease compared to those measured at control stations. However, the
microbial activity was able to decompose a substantial percentage of organic matter even
during winter, due to the low amount of POC available and the presence of a still enhanced
hydrolytic activity, similar to what is observed in Mediterranean brackish areas [37,85]. On
the other hand, the responsiveness of microbial communities to organic matter inputs is
affected by changes in the community composition or in its physiological adaptation to the
nature of organic matter [25,39,47,51,86,87].

4. Conclusions

The integrated study of the bacterial and phytoplankton abundance, phytoplankton
composition and microbial metabolism allowed us to depict the microbial community
dynamics in Syracuse Bay in response to different environmental drivers.

The organic matter and nutrient inputs that characterized the HIS were reflected in
significant increases of Chl a, total phytoplankton and heterotrophic bacterial abundances
and metabolic activities (LAP, GLU, AP). Microbial abundances and activities were par-
ticularly stimulated at the sites—such as Station 3 (Anapo-Cyane river)—directly affected
by land inputs (i.e., from agriculture activities). The quick remineralization of the organic
matter pool—mediated by microbial metabolism—avoided anoxic conditions or substantial
decreases in water quality which could develop in the bay, in spite of the recurrent blooms
observed in the entire study area. Similar to other temperate aquatic ecosystems, the
significant correlations observed with T suggested that seasonality was the major driver of
trophic inputs and consequently of microbial dynamics. At FAS, also significant, negative
correlations of microbial abundances and activities with S indicated that the microbial
community was affected by organic sources driven by freshwater inputs. This led us to
conclude that in Syracuse Bay, multiple environmental factors such as T, S, DO, pH, nutri-
ents and POC contributed to the spatial and seasonal variability in microbial distribution
and metabolic activities. The autumn peaks recorded in the enzymatic activity rates and
heterotrophic bacterial abundance suggested that not only phytoplankton-derived but also
allochthonous organic polymers strongly stimulated microbial metabolism. The different
seasonal trophic and microbial scenarios observed in Syracuse Bay highlighted that both
microbial activities and abundances can be suitable indicators to monitor the environmental
status and manage this Mediterranean coastal environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse10010019/s1, Figure S1: Seasonal percentage contribution of the main phytoplankton taxa:
dinoflagellates (red), diatoms (blue), and other species (yellow) observed at human-impacted stations
(HIS), freshwater-affected station (FAS) and marine control stations (Control); Figure S2: Seasonal
patterns of total phytoplankton abundance and biomass (as Chlorophyll a) and of heterotrophic
bacteria at human-impacted stations (HIS), freshwater-affected station (FAS) and control stations;
Figure S3: Seasonal patterns of N/P (above) and C/N ratios (below) obtained at human-impacted
stations (HIS), freshwater-affected station (FAS) and control stations; Figure S4: Percentage of organic
matter mobilized by LAP+ GLU activities calculated on a seasonal scale at human-impacted stations
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(HIS, Stations 1, 3, 4), freshwater affected station (FAS, Station 2) and control stations (Stations
5 and 6). Table S1: Results of Analysis of Variance (ANOVA) performed on the environmental and
microbiological dataset referred to surface waters (n = 80); Table S2: List of main phytoplankton
taxa and species identified over time at the different stations sampled in the Syracuse bay; Table S3:
Pearson correlation coefficients calculated among biotic and abiotic parameters. The highly significant
relationships (p < 0.01) are reported in bold; Table S4: Multiple regression analysis among dependent
(biological variables) and independent parameters (environmental variables) at human-impacted
stations (HIS). Only the significant relationships (p < 0.05) are shown; Table S5: Results of similarity
percentage (SIMPER) analysis within and between “Season” groups.
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