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A B S T R A C T

This study represents the first example in which benthic heterotrophic and photoautotrophic microbial com-
munities (prokaryotes and microphytobenthos-MPB, respectively) were simultaneously investigated. To explore
how they synergistically respond to multiple natural and anthropogenic stressors, in the framework of the
Project RITMARE four lagoons of the Po River Delta were sampled in May 2016: two with more marine features,
i.e. Scardovari (SC) and Caleri (CL), and two more directly affected by the Po River flow, i.e. Canarin (CN) and
Vallona-Marinetta (MV). The abundance and structure of benthic communities were related to physical-chemical
parameters i.e. grain-size, total N, total organic C, stable C and N isotopes, and synthetic organic contaminants.
Stations were gathered into three distinct groups (Ransosim = 0.540 p < 0.001) according to their different
physical-chemical features: outer, inner-freshwater and inner-marine sites. Contamination levels did not seem to
severely affect the microbial abundances that were overall stimulated by the combined effect of high organic and
nutrient loads: prokaryotes up to +42% and MPB up to +93%. Bacteria and Archaea displayed high densities at
sites directly influenced by the freshwater input and anthropogenically derived nitrogen. Delta- (30.8%), Alpha-
(12.8%), Gamma- (11.8%) and Beta-Proteobacteria (7.1%) were the dominant classes at all sites. For both
communities, a significant inter-lagoonal (among different lagoons) and intra-lagoonal (among stations within
the same lagoon) pattern was highlighted by PERMANOVA. nMDS and SIMPER analyses revealed distinct as-
semblages in the inner and outer parts of the lagoons. We applied a novel functional approach based on diatom
life modes. At inner and outer sites, different diatom living forms developed: epipsammic (on sand) nearby the
lagoonal mouths, epipelic (on mud) at the innermost sites and non-benthic forms (planktonic, tychopelagic and
epiphytic) at sites directly influenced by freshwater. Distance-based Linear Models further indicated that sali-
nity, clay and temperature were the significant drivers of the prokaryotic spatial distribution whereas clay,
PAHs, PCBs and salinity best explained the MPB structure. The dominance of non-benthic diatom life modes in
the more polluted lagoon (CN) suggests a negative influence of contamination on the MPB structure. Two diatom
keystone species likely contribute to restore the oxic gradient in sediments frequently exposed to anoxia, al-
lowing the subsequent microbial aerobic degradation and the recolonization of higher trophic organisms. The
capacity of re-oxygenation after anoxia has important ecological and economic implications in lagoons exploited
for aquaculture.

1. Introduction

In shallow water areas, particularly in estuaries and lagoons where
the bottom substratum is soft, most important biochemical processes
take place in sediments, where phototrophic and heterotrophic

microbial communities drive central ecosystem functions, such as pri-
mary production, decomposition and nutrient cycling (Larson and
Sundbäck, 2008). In sediments, Bacteria and Archaea play a major role
in geochemical processes as the main responsible for the degradation of
organic matter, the incorporation of mobilized C into microbial biomass
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and the transfer of matter and energy to higher trophic levels (Baker
et al., 2015). Most of the phototrophic microbial organisms are eu-
karyotic (diatoms, dinoflagellates, phytoflagellates, etc.), but also pro-
karyotic photosynthetic organisms, such as cyanobacteria, contribute to
the benthic community (MacIntyre et al., 1996). Microphytobenthos
(MPB) are key to the carbon cycle in aquatic environments as producers
of new organic matter that can enter the benthic and pelagic trophic
web (Barranguet, 1997) and they constitute the only autochthonous
source of primary production on sediment in the absence of macro-
scopic vegetation (Larson and Sundbäck, 2008). Moreover, in shallow
estuaries and lagoons MPB primary production often exceeds that of
phytoplankton (Underwood and Kromkamp, 1999). As the principal
oxygen producer in coastal environments, MPB allow the aerobic de-
gradation of both autochthonous and settled organic matter in sedi-
ments. Thus, microbenthic functions are crucial not only for the overall
function of shallow-water sediments, but also for adjacent systems that
depend on shallow areas for recruitment and food supply (Larson and
Sundbäck, 2008).

The Po River Delta is subjected to multiple human-derived pressures
resulting from many activities such as agriculture, industry, urban de-
velopment and aquaculture. Through the delta high amounts of in-
organic nutrients and contaminants are delivered from the Po River
watershed, one of the most populated and productive areas in Europe,
to the Adriatic Sea. Previously collected data on organic and inorganic
pollutants in the Po River Delta system have shown high levels of
contamination, mainly heavy metals and organic contaminants (Viganò
et al., 2003). The delta systems are exposed simultaneously to com-
bined stress factors of anthropogenic origin, including (1) a suite of
chemical contaminants (e.g. metals, petroleum hydrocarbons, in-
secticides and/or herbicides), (2) organic enrichment (and oxygen de-
pletion) and (3) elevated nutrient levels. In the transitional areas of the
delta, water, sediments and biota are recipients and reactors in which
nutrients and contaminants are metabolized, transformed and even
taken up. Each stressor can uniquely affect species within a community
and may produce synergistic effects when combined. Besides those of
anthropogenic origin, benthic communities inhabiting the sediments of
the Po River Delta lagoons are simultaneously exposed to natural dis-
turbances, such as the stress caused by the alternation of flood river
conditions with the lean-season flow, and major bottom currents that
cause high turbidity. Indeed, in flood river conditions, the major bottom
currents carry away not only the resuspended fine sediments but with
them, also the microbial communities that inhabit the surface layers of
delta sediments are recurrently swept away (Cibic et al., 2016b; Vidal-
Durà et al., 2018). River discharge fluctuations have a great effect on
bacterial community composition: hydrology (flood vs drought) defines
specific environmental conditions modifying sediment characteristics
(grain-size, organic matter, and C:N content) and quality of dissolved
organic matter that affect both bacterial community composition and
function in river sediments, and consequently the community in the
receiving water bodies (Freixa et al., 2016). Further, in high tempera-
ture and low hydrodynamic conditions that often occur in the Po River
lagoons, the major organic loads trigger hypoxia and anoxia events
(Viaroli et al., 2010) with severe consequences for the lagoonal eco-
system.

Aquatic microbes are extremely sensitive to environmental changes
because of their small size, fast growth rates and genome plasticity.
Sediment contamination influences the composition of microbial com-
munities, disfavoring sensitive bacterial phyla and favoring those in-
volved in the degradation of pollutants. Consequently, the study of
microbial community diversity, and their fluctuations over spatial and
temporal scales, represents a useful tool to evaluate the consequences of
the anthropogenic perturbation on the ecosystem health of aquatic
systems (Quero et al., 2015). The development of molecular tools for
the determination of the prokaryote taxonomic and functional diversity
has enhanced our ability to investigate the relationships between pro-
karyotic biodiversity and ecosystem functioning (Danovaro and

Pusceddu, 2007). Moreover, Fluorescence In Situ Hybridization (FISH)
techniques enable us to visualize and quantify specific microbial po-
pulations, providing crucial information regarding the spatial dis-
tribution of specific microbial lineages along environmental gradients
(Fazi et al., 2007).

Marine microalgae are a particularly promising indicator of con-
tamination since they are one of the most abundant life forms in aquatic
environments and represent the base of the food chain (Torres et al.,
2008). Diatoms, in particular, occur in all types of aquatic ecosystems;
their assemblages are diverse according to the environmental status and
therefore contain considerable ecological information. They are char-
acterized by one of the shortest generation times of all biological in-
dicators that allows them to rapidly respond to environmental changes.
Consequently, diatoms have been increasingly used as indicators of
different kinds of stress. For instance, benthic diatom response to dif-
ferent nutrient concentrations was studied for the assessment of the
impact of river inflows (Cibic et al., 2012) and sewage discharge (Cibic
et al., 2008). Furthermore, changes in the community structure have
been observed in areas devoted to mussel farming (Franzo et al., 2014).
Recently, the sensitivity of benthic diatom communities to metal and
petroleum hydrocarbon contamination has been also reported
(Potapova et al., 2016; Rubino et al., 2016; Rogelja et al., 2018). While
the MPB response, in terms of community structure, to water quality
parameters has been seldom investigated in coastal marine lagoons
(Facca et al., 2002; Gambi et al., 2003; Facca and Sfriso, 2007; Rubino
et al., 2016; Di Pippo et al., 2018), similar studies in river delta systems
are even rarer (Cibic et al., 2012). Similarly, very little information is
available on the distribution and diversity of benthic prokaryotes in
relation to changes of environmental variables in these aquatic transi-
tional ecosystems. So far, only a few studies have focused on microbial
aspects in the lagoons of the Po River Delta: Manini et al. (2003) in-
vestigated the total microbial community whereas Danovaro and
Pusceddu (2007) reported on the bacterial and archaeal community
structure using FISH, and bacterial composition using Automated Ri-
bosomal Intergenic Spacer Analysis (ARISA). Both studies were carried
out at only one station of the Sacca di Goro. More recently, Pala et al.
(2018) related the variation of bacterial and archaeal abundance, as-
sessed by FISH, to physical-chemical variables at three sites of the same
lagoon. However, as far as we are aware, none of the other lagoons of
the Po River have been investigated in this regard. Therefore, the aim of
this study was to contribute to the largely unknown benthic microbial
communities and to investigate their response to cumulative effects of
co-occurring natural and anthropogenic stressors in the Po River Delta.
The assessment of the benthic microbial communities was carried out
within the framework of the large Italian project RITMARE (la Ricerca
ITaliana per il MARE – Italian Research for the Sea). We hypothesized
that the sediments in distinct lagoons of the Po River Delta harbor
differently structured microbial communities (both prokaryotes and
MPB). Specifically, in this study we seek to answer the following
questions: 1) Does the structure of the prokaryotic and MPB community
vary significantly in river-coastal lagoons that are differently affected
by freshwater input? 2) Is it possible to highlight both an inter-lagoonal
(among lagoons) as well as an intra-lagoonal (among stations within the
same lagoon) pattern in microbial composition? 3) Which are the main
physical-chemical drivers of the microbial community structure in this
highly dynamic ecosystem? 4) What might be the ecological implica-
tions of a resilient MPB community in river-coastal lagoons frequently
subjected to anoxia?

2. Material and methods

2.1. Study site and sampling

The Po River is the major Italian watercourse, which flows for about
650 km over a highly anthropized and industrialized area (estimated in
114× 106 equivalent inhabitants), collecting urban, industrial and
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agricultural discharges of its watershed. It enters the Adriatic Sea
spreading in nine branches and forming a delta originating about 50 km
from the sea. This delta system, with a daily mean discharge of
1500m3/s (ranging from 100m3/s to 11550m3/s) (Falcieri et al.,
2014), is chemically contaminated, as the river carries land-derived
nutrients, trace metals and organic micropollutants collected from the
entire Po valley and the river tributaries (Viganò et al., 2003; Casatta
et al., 2016). The River Po Delta is a complex system of flatlands and
lagoons, traditionally exploited for different types of aquaculture,
mainly mollusc farming that has become the main economic asset of the
area (Abbiati et al., 2010). In particular, the clam Ruditapes philippi-
narum is being intensively farmed reaching very high production yields
(Turolla, 2008) and making Italy the second-highest producer in the
world after China (FAO, 2014).

Among the seven lagoons of the Po River Delta system that were
sampled in the framework of the project RITMARE, in this particular
study we focused on a subset of four lagoons, two characterized by
more marine features (Scardovari and Caleri) and two more directly
affected by the Po River flow (Canarin and Marinetta-Vallona).
Following a north–south direction, the first investigated lagoon was
Caleri (45.09 °N, 12.31 °E). The hydrodynamics of this large (11.5 km2)
and shallow area (mean depth of 2.0 m; salinity varying from 15 to 35)
primarily depends on the water exchange with the sea through a
narrow mouth and only its easternmost part is devoted to clam aqua-
culture. Marinetta-Vallona (45.05 °N, 12.38 °E), a shallow water body
(area: 10.0 km2; average depth: 0.5–2m; salinity: 10–30), is connected
to the sea by a narrow mouth (about 100m wide) and directly receives
freshwater through a deltaic branch of the Po River (Po di Levante).
This lagoon has been traditionally exploited for aquaculture, and about
one-fifth of the total (about 200 millions €) northern Adriatic Sea
production of clam (R. philippinarum) farming comes from the Vallona
lagoon (Turolla, 2008; Abbiati et al., 2010). Canarin (44.92 °N, 12.49
°E; area: 10 km2; mean depth: 0.5–1.8m; salinity 14–32) currently
presents only a small mouth to the sea in its northern part. It directly
receives freshwater through minor distributaries originating from the
primary branch of the Po River, the Po di Pila, which accounts for more
than 50% of the freshwater discharge and sediment load of the Po River
(Maicu et al., 2018). Water circulation in the entire southern area of the
lagoon is very limited, whereas it is more effective in its northern part
due to the strong and direct freshwater input. Canarin is subjected to
eutrophication, with extensive growth of algae and frequent anoxic
periods (ARPAV, 2004; Casatta et al., 2016). Among the four in-
vestigated lagoons, Scardovari (44.86 °N, 12.42 °E) is the largest one
(32 km2), located between Po di Tolle and Po di Gnocca distributaries.
The lagoon is connected to the Adriatic Sea through a wide mouth,
partly obstructed by sand banks, with a depth varying from 0.5 to
2.8 m. Its northern area receives nutrient-rich agricultural run-offs,
whereas the southern area is more influenced by seawater exchanges
(salinity range: 25–28) and hosts extensive bivalve mollusc (clams and
mussels) cultures (Abbiati et al., 2010; Munari and Mistri, 2008). In its
northernmost part, less influenced by seawater exchanges, eutrophica-
tion causes seasonal blooms of opportunistic macroalgae (Natali and
Bianchini, 2018) and hypoxia or anoxia events (ARPAV, 2016).

Among these four lagoons, Caleri was reported as the most pristine
and Canarin as the most contaminated one (Casatta et al., 2016). Or-
ganic contaminants are thoroughly described in Viganò et al. (this
issue) and Zoppini et al. (this issue). For the purposes of this study, the
contaminant concentrations used in multivariate analyses are briefly
listed in Table S1. In each lagoon, we sampled three stations located at
increasing distance from the sea on one hand, and increasing freshwater
influence on the other hand, in order to represent diverse environ-
mental features inside each lagoon (Fig. 1). Sampling was carried out
between May 3rd and 5th 2016 at stations CL1, CL2, CL3 in Caleri la-
goon, MV5, MV6, MV7 in Marinetta-Vallona, CN10, CN11, CN12 in
Canarin and SC15, SC16, SC17 in Scardovari (see Table S2 for station
coordinates). At each station, sediment samples were collected by

means of a manual box-corer in four-six replicates (surface area
225 cm2; sampled volume 3375 cm3). The uppermost layer (0–1 cm)
was sampled, pooled and homogenized for the following analyses:
grain-size, total organic C (TOC) and total N (TN), stable C (δ13C) and N
(δ15N) isotopes, abundance and structure of prokaryotic and micro-
phytobenthic communities. At each site, water temperature, salinity,
pH and dissolved oxygen were recorded in situ by a multiparameter
probe YSI ECO2 EXP 7 20014.

2.2. Physical and chemical analyses

Grain size analysis was carried out on bulk samples (10–25 g), col-
lected at each station, oven-dried at 55 °C for 48 h. After a treatment
with hydrogen peroxide for 72 h, the muddy fraction was separated
from sand, shells and shell fragments by wet sieving at 63 μm. Mud was
analyzed by means of a Micromeritics X-ray sedigraph to evaluate silt
and clay concentrations after dispersion in a sodium hexa-metapho-
sphate 6‰ solution and subsequent ultrasonic disaggregation for
10–15min. Sand was dry-sieved at 2000 μm to separate shells and shell
fragments. Shells, sand, silt and clay are expressed as percentage of the
total dry weight of the four grain size classes.

TOC and TN contents were obtained by using Elemental Analyser
Flash 2000 (Thermo Fisher Scientific, Germany). For TOC analysis,
samples were acidified with HCl 1 N to remove carbonates and oven-
dried at 40 °C for 24 h (Hedges and Stern, 1984). The calibration was
performed using acetanilide as a standard. The detection limit and the
reproducibility of the method were 0.4 μmol and 3%, respectively. TOC
and TN concentrations were expressed as weight percentage of the
element on the dry sediment. δ13C and δ15N were measured in bulk
sediment samples. For δ13C analysis, samples were acidified to remove
carbonates (Hedges and Stern, 1984). δ13C and δ15N in the samples
were determined using Isotope Ratio Mass Spectrometer Delta Plus
coupled with an Elemental Analyser Flash 2000 (Thermo Fisher Sci-
entific, Germany). Isotope ratios were expressed as parts per thousands
(‰). The standard reference materials were Vienna Pee Dee Belemnite
for carbon and atmospheric N2 for nitrogen. The analytical precision of
measurements was 0.2% for carbon and 0.5% for nitrogen. Sucrose

Fig. 1. Study area and location of the sampling stations.
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IAEA-CH6 and glutamic acid were used as certified reference materials.

2.3. Prokaryotes

With the term ‘Prokaryotes’ we refer to heterotrophic microbial
organisms (Bacteria and Archaea) whereas small phototrophic
Cyanobacteria cells (< 2 μm) were not included in this community. The
total prokaryotic cell abundance was assessed by 4′-6-diamidino-2-
phenylindole (DAPI, Vector Laboratories, USA) staining, following se-
diment extraction and detection procedures described elsewhere
(Amalfitano and Fazi, 2008). Briefly, a subsample of fresh sediment was
fixed in formaldehyde solution (fc: 1%), and amended with NaCl (fc:
0.85%), Tween 80 (fc: 0.5%) and sodium pyrophosphate (fc: 0.1M).
The resulting sediment slurry (10mL) was divided into 1mL aliquots,
which were purified using Nycodenz density gradient centrifugation.
Subsamples of the purified cell suspension (1mL) were filtered onto
0.2 μm-pore size polycarbonate membranes (47mm diameter) and
frozen at −20 °C until analysis.

Quantitative community composition analysis was performed by
means of the Catalyzed Reporter Deposition - Fluorescent In Situ
Hybridization (CARD-FISH) technique, according to the protocols pre-
viously described (Fazi et al., 2007, 2013). Horseradish peroxidase
(HRP) labeled oligonucleotide probes (Biomers, Germany) were used to
target Bacteria (EUB338 I-III), Archaea (ARCH915), Alpha-Proteo-
bacteria (ALF968), Beta-Proteobacteria BET42a, Gamma-Proteo-
bacteria (GAM42a), and Delta-Proteobacteria (DEL495 a-b-c). The hy-
bridized filter sections were subsequently embedded in a mounting
mixture containing DAPI at a final concentration of 1 μgmL−1. DAPI
stained and probe hybridized cells were observed and quantified by
epifluorescence microscopy (EM) (Leica DM LB 30, at 1000X magnifi-
cation).

2.4. Abundance and community structure of microphytobenthos

In this study, with the term microphytobenthos – MPB, we refer to
the microscopic eukaryotic algae (diatoms, dinoflagellates, phyto-
flagellates, etc.), and prokaryotic photosynthetic organisms, such as
filamentous Cyanobacteria. For MPB analyses, three aliquots of homo-
genized sediment (2 cm3) were withdrawn using a syringe and directly
fixed with 10mL of formaldehyde (4% final concentration) buffered
solution CaMg(CO3)2, in pre-filtered bottom seawater (0.2 μm filters).
After manual stirring, 20-μL aliquots of the sediment suspension were
drawn off from the slurries and placed into a counting chamber. Only
cells containing pigments and not empty frustules were counted under a
Leitz inverted light microscope (Leica Microsystems AG, Wetzlar,
Germany) using a ×32 objective (×320 final magnification)
(Utermöhl, 1958). When possible, at least 200 cells were counted per
sample to evaluate rare species, too. The microalgal taxonomy was
based on AlgaeBase (Guiry and Guiry, 2018) and WoRMS (WoRMS
Editorial Board, 2018) websites. The qualitative identification of MPB
assemblages was carried out using floras listed in Cibic and Blasutto
(2011) as well as identification keys of freshwater microalgae by
Canter-Lund and Lund (1995). Diatom life modes were distinguished
based on literature (Round, 1971; Cibic et al., 2007; Rogelja et al.,
2016; Rubino et al., 2016) into the following living forms: planktonic
(truly planktonic species which settled on the substratum from the
water column), tychopelagic (diatoms that are loosely associated with
the sediment, commonly found in the water column) and benthic spe-
cies. The latter were further divided into: epiphytic (attached to mac-
roalgae, phanerogams or other substrata), epipsammic (living on sand)
and epipelic (living freely on soft sediments) forms. Quantitative data
are reported as cells cm−3 of wet sediment (cells cm−3) and as Relative
Abundance (RA).

2.5. Statistical analysis

To highlight relationships between abiotic and biotic variables a
Spearmann rank correlation analysis (R) was performed using STATI-
STICA v.7. Only statistically significant results are presented and dis-
cussed. Two biological data matrices were constructed, one for pro-
karyotes (based on the abundance of Archaea and total Bacteria, and
four classes of Proteobacteria: Alpha-, Beta-, Gamma- and Delta-
Proteobacteria), and one for MPB (based on the abundance of taxa
identified at the species and genus level, excluding higher taxonomic
levels). Univariate and multivariate analyses were performed using the
PRIMER v7 software package (Clarke et al., 2014). Univariate diversity
analysis was applied to MPB abundances considering richness (d,
Margalef, 1986), equitability (J′, Pielou, 1966), diversity (H’(loge),
Shannon and Weaver 1949) and dominance (λ, Simpson, 1949).
Comparison among stations was complemented by a visual re-
presentation of diversity, using k-dominance curves (Lambshead et al.,
1983): species abundances (average of three replicates) were ranked (in
log) in decreasing order of dominance and plotted cumulatively.

To highlight inter- and intra-lagoonal variability in the distribution
of prokaryotic and MPB assemblages, a PERMANOVA test was used.
The factors ‘lagoon’ and ‘in-out’ (i.e. stations located in the inner and
outer, marine, part of the lagoon) were applied as fixed factors in a one-
way analysis. Further, a two-way analysis (‘lagoon× in-out’) (PERM-
ANOVA test) was performed, in which ‘lagoon’ and ‘in-out’ were fixed
factors, too. For both analyses, unrestricted permutation of raw data
and 9999 permutations were applied and Monte Carlo p-values were
considered. PERMANOVA was performed on two replicate samples per
station for prokaryotes and three replicate samples for MPB.

Before each multivariate analysis, the MPB matrix was square root
transformed; whereas none transformation was applied to the prokar-
yotic matrix. The data were then analyzed using cluster analysis (per-
formed with the complete linkage clustering algorithm) and for both
matrices, a Bray-Curtis similarity was applied.

To visualize differences in microbial assemblages among the 12
stations, a non-metric multidimensional scaling ordination (nMDS) was
performed separately for prokaryotes and MPB. For prokaryotes, a
Similarity Profiles (SIMPROF) analysis was used to gather significant
(p < 0.05) groups of stations that were overlaid on the nMDS ordi-
nation plot. For MPB, to highlight which taxa mainly contributed to the
spatial variation of MPB assemblages, diatom genera with a Pearson
correlation (r)≥ 0.4 were overlaid on the nMDS plot. Further, the re-
lative contribution of each MPB taxon to average dissimilarities be-
tween pairs of lagoons was calculated using a one-way similarity per-
centage procedure (SIMPER, cut-off percentage: 50%). nMDS
ordination was performed on two replicate samples per station for
prokaryotes whereas for MPB, nMDS and SIMPER analyses were carried
out on average (of three replicates) abundance values.

On both microbial communities, we performed multivariate ana-
lyses to examine spatial distributions in relation to environmental fac-
tors. The following abiotic variables were considered: i) water physical
parameters (bottom temperature and surface salinity – as a signature of
the freshwater input); ii) sediment features (sand, silt and clay frac-
tions, TOC, TN, δ13C and δ15N); iii) organic contaminants (Polycyclic
Aromatic Hydrocarbons-PAHs, Polychlorobiphenyls-PCBs, degradation
products of DDT-DDXs, and flame retardants, i.e. Polybrominated di-
phenyl ethers-PBDEs). Firstly, to define a possible correlation between
abiotic variables and the two microbial matrices, the RELATE routine
was used, separately for the two communities. The biotic and abiotic
data were compared using the RELATE function, and 9999 random
permutations were applied. This analysis uses a Spearman rank corre-
lation test to generate a coefficient, ρ, which measures the similarity of
the rank order between two matrices of the same samples. A statistic is
then derived empirically by comparing to values calculated after ran-
domizing one of the matrices. Possible ρ scores range from 1 (identical)
to −1 (opposite), with random values clustered around 0.
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Subsequently, a BIO-ENV analysis, based on Spearman's coefficient, was
used as a first explanatory approach, to assess which environmental
variables correlated best with the pattern of taxa at sampling stations
(Clarke and Ainsworth, 1993). Prior to RELATE and BIO-ENV analysis,
data were normalized and Euclidean distance was applied. The main
physical and chemical parameters correlated with the two assemblages
(prokaryotes and MPB) were further used to perform Distance-based
Linear Models (DistLM, Anderson et al., 2008) that assessed which
variables explained differences (p < 0.05) in microbial spatial varia-
bility. The data were normalized and options ‘All specified’ and R2 were
used as the selection procedure and criterion, respectively.

A Principal Component Analysis (PCA) was carried out on en-
vironmental data in order to visualize the spatial distribution of main
abiotic variables (surface salinity and bottom temperature, sand, silt
and clay fractions, TOC, TN, δ13C and δ15N). Organic contaminants (i.e.
PAHs, PCBs, DDXs and PBDEs) and the biotic components (i.e. Archaea
and Bacteria subgroups; and diatom living forms) were projected on the
factor plane as additional variables without contributing to the results
of the analysis. This can provide an insight into the possible influence of
the environmental variables upon each biotic variable.

Further, to test any spatial variations in abiotic factors among the
sampling sites, stations were gathered into groups based on their fea-
tures and position in the lagoon: outer stations, i.e. those near the la-
goonal mouths, inner freshwater stations, i.e. those near the freshwater
input, and inner marine stations, i.e. those with typical lagoonal fea-
tures. The differences among groups were tested by ANOSIM (ANalysis
Of SIMilarity). The ANOSIM statistic R is based on the difference of
mean ranks between groups and within groups. The statistical sig-
nificance of observed R is assessed by permuting the grouping vector to
obtain the empirical distribution of R under null-model. ANOSIM tests a
priori-defined groups (i.e. ‘outer’, ‘inner-marine’ and ‘inner-freshwater’
stations) against random groups in ordinate space. A zero (R=0) in-
dicates that there is no difference among groups, while a one (R= 1)
indicates that all the samples within groups are more similar to one
another than any samples from different groups (Clarke et al., 2014).
Data were normalized and the Euclidean distance was applied. PCA and
ANOSIM analyses were performed using STATISTICA 7 and PRIMER 7
software, respectively.

3. Results

3.1. Physical and chemical data

The lowest temperatures, both at the bottom and at the surface,
were recorded at MV5, whereas the highest ones were registered at
CN11. A steeper salinity gradient was observed at the shallower stations
of Canarin, with the lowest salinity (14.4) at the surface layer of CN12
and the highest one (32.7) at the bottom of CN10, while consistently
higher salinities were registered in Caleri and Scardovari (Table S2).

Sampled stations were grouped into three main clusters considering
the sand/mud ratio and shell (gravel) concentration according to Folk
and Ward (1957): 1) muddy stations with sand concentration< 10%
and without shell fragments (CN10, CN12, SC16 and SC17); 2) sandy
muddy stations with shell fragments increasing from traces (MV6), to
2–5% (CL1 and CL2) up to 19% at MV7; 3) muddy sandy stations (CL3
and CN11), slightly gravelly (SC15 and MV5). In the gravel grain size
class, both shell fragments and whole shells were present. The sandy
fraction between 1 and 2mm was composed only of shell fragments,
while the inorganic debris was present in particle sizes< 1mm. The
highest percentage of shells and shell fragments present at MV7, and to
a lesser extent at CL2 and CL1, was due to the intensive clam farming in
these lagoons. Sediments displayed higher concentrations of sand at all
lagoonal mouths, i.e. at MV5, SC15, CN11 and CL3 (Table 1), likely due
to higher bottom current velocities. The higher clay fraction found at
CN12, CN10, SC16 and SC17 indicates lower hydrodynamic conditions
in Canarin and in Scardovari.

TOC displayed the highest value at CL3 and contents> 1% were
measured in Marinetta-Vallona and Canarin, while C/N ratios> 12
were obtained at stations with more freshwater features, particularly
CN11, CL3 and MV5, in which more negative δ13C values were ob-
tained, and confirmed by the negative significant relationship between
C/N and δ13C values (R2=0.557, p < 0.05). Higher δ15N values ob-
served at CN12, MV6 and MV7 could derive from major nitrogen loads
of anthropogenic origin (Table 1).

3.2. Benthic prokaryotic community structure

Total prokaryotic abundance, as determined by DAPI counts, ranged
from 1.13×109±0.15×109 cells g−1 at SC16 to
2.43×109±0.32×109 cells g−1 at CN12. Comparable average
abundances (as mean of three stations ± SD) were obtained in Caleri
and Scardovari (1.44×109±0.20×109 cells g−1 and
1.46×109±0.43×109 cells g−1, respectively) that were up to 42%
lower than those measured in Canarin (2.04×109±0.35×109 cells
g−1) (Fig. 2). We could affiliate to Archaea 8.5% ± 0.5% and to Bac-
teria 87.3% ± 4.5% of total DAPI stained cells. Overall, the highest
densities of Bacteria and Archaea were observed at sites with the
highest clay content (67.3%, 47.6%, 63.4% and 52.8% for CN12, MV6,
CN10 and SC17, respectively) and a significant correlation between
these communities and clay was highlighted (R= 0.64 and 0.66,
p < 0.05 for Bacteria and Archaea, respectively.) The lowest abun-
dances were observed at sites with the highest sand content, close to the
lagoonal mouths (CL3, MV5, SC15).

The direct quantification of cells belonging to four subgroups of
Proteobacteria showed that Delta-Proteobacteria represented 30.8% of
bacterial cells followed by Alpha- (12.8%), Gamma- (11.8%) and Beta-
Proteobacteria (7.1%) (Fig. 2). Delta-and Gamma-Proteobacteria fol-
lowed the same pattern of the total bacterial cells, being more abundant
in Canarin and at sites with the highest clay content. Beta-Proteo-
bacteria displayed the highest abundances at sites characterized by the
lowest salinity (MV6 and CN12). Alpha-Proteobactera displayed the
highest percentages in the northern lagoons (17.3%, 15.5%, 10.0% and
8.4% in CL, MV, CN and SC, respectively) showing the highest per-
centages (about 20% of bacterial cells) at CL1 and MV5.

The PERMANOVA main-test performed on prokaryotic assemblages
revealed that microbial communities significantly differed among la-
goons (Pseudo-F=5.14; p-value<0.01) and between their inner and
outer parts (i.e. ‘in-out’ factor) (Pseudo-F=4.8506; p-value<0.05),
whereas no significant differences emerged for ‘lagoon× in-out’ fac-
tors. The prokaryotic distribution in Canarin significantly differed from
that in Caleri, Marinetta-Vallona and Scardovari (PERMANOVA pair-
wise test: t = 3.80, 2.26, 2.90; p-value<0.05, 0.01, 0.05, respec-
tively).

The nMDS analysis showed clear spatial differences among stations
(Fig. 3). The SIMPROF test evidenced three significantly different
(p < 0.05) groups of samples that were gathered according to de-
creasing prokaryotic densities, going from the right to the left side of
the plot. The group on the right comprised stations with the highest
abundances, i.e. CN12, CN11, MV6, SC17 and CN10, while the group
on the leftmost part of the plot gathered samples of SC15, SC16 and CL3
with the lowest abundances.

Although the RELATE routine did not highlight significant differ-
ences between the prokaryotic matrix and that of the abiotic variables
as a whole, the BIO-ENV analysis revealed that the microbial assem-
blage was best correlated with surface salinity and bottom temperature,
sand, silt and clay fraction, and δ15N (R=0.35). Therefore, in order to
ascertain the role of physical and chemical variables on the structure of
the prokaryotic community, the same six significant variables, obtained
from BIO-ENV output, were used for the DistLM analysis. DistLM (best
model, R2= 0.66) showed that salinity, clay and temperature were the
significant drivers of the prokaryotic distribution since they explained
38%, 37% and 35%, respectively, of the variability (Table 2).
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3.3. Microphytobenthic community structure

Total MPB abundance ranged from 22950 ± 4031 cells cm−3 at
SC15 to 139500 ± 12304 cells cm−3 at CN12. Overall, the average
abundance (as mean of three stations ± SD) was almost double in

Marinetta-Vallona (81600 ± 22735 cells cm−3) and Canarin
(81200 ± 50938 cells cm−3) compared to Caleri (48700 ±
10086 cells cm−3) and Scardovari (42350 ± 19131 cells cm−3)
(Fig. 4). The microalgal community was dominated by diatoms, which
contribution varied between 78.8% and 95.5% of the total community

Table 1
Grain-size, expressed as percentage of dry mass, porosity and sediment organic matter features at the sampling sites: Total Organic C (TOC), Total N (TN), C and N
stable isotopes (δ13C and δ15N).

shells sand silt clay Porosity TOC TN δ13C δ15N C/N

< -1 ɸ -1-4 ɸ 4-8 ɸ 8-12 ɸ % % ‰ ‰

CL1 2.8 32.4 34.5 30.3 0.70 0.82 0.11 −22.39 3.91 8.6
CL2 4.3 41.3 29.0 25.4 0.66 0.68 0.10 −20.66 4.26 7.8
CL3 0.0 56.9 21.4 21.7 0.66 2.00 0.18 −26.16 2.73 12.8
MV5 1.8 69.8 10.3 18.1 0.63 1.22 0.11 −26.55 2.33 12.6
MV6 0.3 22.3 29.8 47.6 0.78 1.71 0.19 −25.53 4.09 10.4
MV7 19.0 34.3 15.6 31.2 0.70 1.08 0.16 −24.01 4.09 8.0
CN10 0.0 0.7 35.9 63.4 0.76 1.14 0.15 −25.60 2.02 9.1
CN11 0.2 62.1 13.8 23.9 0.66 1.30 0.10 −26.95 1.62 14.7
CN12 0.0 0.7 32.0 67.3 0.81 1.32 0.20 −25.02 4.33 7.8
SC15 1.2 68.8 10.4 19.6 0.56 0.56 0.07 −25.50 0.15 10.0
SC16 0.0 7.9 44.0 48.1 0.76 0.87 0.13 −23.81 2.32 7.9
SC17 0.0 1.1 46.2 52.8 0.74 1.03 0.13 −25.08 1.24 9.3

Fig. 2. Prokaryotic abundance and percentage of
Alpha-Proteobacteria (Alpha), Beta-Proteobacteria
(Beta), Gamma-Proteobacteria (Gamma), Delta-
Proteobacteria (Delta) with respect to total Bacteria
(other Bacteria); and total DAPI cell counts (other
DAPI stained cells). Percentage of Archaea with re-
spect to total DAPI cell counts measured at each
sampling station. Above the histograms is indicated
the mean value of three stations ± SD for each la-
goon.

Fig. 3. Non-metric MultiDimensional Scaling
(nMDS) analysis based on two replicate samples
(indicated with an “a” and “b”) of prokaryotic
abundance data from the twelve sampling sites. On
the nMDS ordination plot, groups of stations sig-
nificantly (p < 0.05) gathered by the SIMPROF test
are superimposed. Stations of distinct lagoons are
indicated with different colors and symbols: Blue
triangles=Caleri (CL); Red inverted triangles=
Marinetta-Vallona (MV); Green squares=Canarin
(CN); Pink diamonds= Scardovari. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the Web version of this ar-
ticle.)
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at CL2 and CL1, respectively. Cyanobacteria were the second most
abundant group, accounting for up to 17.1% of the whole community at
CL2 and 15.9% at CN10 (Fig. 4). At the latter station, Oscillatoria sp.
reached up to 6300 cells cm−3, and it was consistently observed at al-
most all stations. Chlorophyceae were well represented at MV5 and
CN11, with a Relative Abundance (RA) of 5.9% and 5.1%, respectively,
particularly due to the presence of Closterium cf. parvulum and Scene-
desmus sp.

Focusing on diatoms and considering all the sampled stations, a
total of 55 taxa belonging to 35 genera were identified (Appendix 1). In
Fig. 5 diatom genera with an RA ≥ 2% are shown. Overall, Nitzschia
was the most abundant genus, reaching high abundances particularly at
SC17 (RA=59.0%), CL1 (RA=55.9%) and MV7 (RA=48.6%). To
this genus belonged the highest number of species (S= 15), among
them N. sigma and N. fasciculata were observed in high densities at
SC17, N. cf. dubia at CL1 and N. tryblionella at MV7. The genus Gyro-
sigma dominated in Scardovari, particularly at SC16 and SC15
(RA=53.9% and 39.0%, respectively) but it was well represented also
at MV6 (RA=27.4%). While G. spencerii prevailed at SC17 and MV6,
G. acuminatum was dominant at S16. Melosira, the third most abundant
genus, was found in high densities in Canarin, particularly at CN10 and
CN12 (RA=48.8% and 33.8%, respectively), as well as at MV6
(RA=27.4%). Two species were distinguished in this genus, namely
the highly abundant M. nummuloides and M. jurgensii.

According to their life mode, diatoms were divided into planktonic,
tychopelagic, epiphytic and benthic, and the latter were further

distinguished into epipsammic and epipelic forms (Fig. 6). The latter
prevailed in Scardovari (RA=76.47% and 59.44% at SC17 and SC16,
respectively) and at CL1 (RA=62.69%), while epiphytic diatoms were
highly abundant at CN12, where Grammatophora marina reached an RA
of 40.43%, and at MV5 mainly on the account of Synedra pulchella
(RA=27.65%). Tychopelagic diatoms, namely Melosira nummuloides
and M. jurgensii, were observed in high densities in Canarin and Mar-
inetta-Vallona and together accounted for up to 39.07% of the total
diatom abundance at CN10. Epipsamminc forms were well represented
in Caleri and MV5 with the genus Mastogloia whereas freshwater
planktonic specimens, i.e. Fragilaria cf. construens and Fragilaria cf.
crotonensis, were found at CN11 (Appendix 1).

The highest richness (d=2.91) of the MPB community was ob-
served at MV5 due to the major number of taxa (S=34) whereas the
highest diversity was found at station CL3 (H’= 2.97) in which the
MPB community was also more evenly distributed, as indicated by the
highest equitability (J’= 0.87) (Table 3). In contrast, the lowest di-
versity (H’= 1.56) as well as the major dominance (λ=0.33) were
obtained at CN12, likely due to the prevalence of Grammatophora
marina at this site.

The k-dominance plots with typical semi-sinusoidal curves were
obtained at the outer stations, i.e. CL3, MV5 and CN11, characterized
by more marine features (Fig. 7). In contrast, k-dominance curves at
CN10 and CN12 revealed the characteristic cut-off form of an altered
community, due to the dominance of a few epiphytic and tychopelagic
species with an RA>40%.

The PERMANOVA main test performed on MPB taxa highlighted
that the microalgal communities significantly differed among lagoons
as well as among inner vs outer stations of the four lagoons (Pseudo-
F=6.87, 5.77; p < 0.001, respectively). PERMANOVA pair-wise tests
confirmed highly significant differences for all couples of lagoons
(varying from t=2.00 p < 0.001 for Canarin and Marinetta-Vallona
to t= 2.78, p < 0.001 for Caleri and Canarin). Further, significant
differences in MPB distribution were obtained considering ‘la-
goon× in-out’ factor (Pseudo-F=3.81; p < 0.001). In addition, MPB
communities significantly differed between Canarin and Caleri, both at
the inner and outer stations (pair-wise test on ‘lagoon× in-out’ design:
t= 3.53; p < 0.01 and t= 4.62 p < 0.05, for levels ‘in’ and ‘out’,
respectively).

Since PERMANOVA carried out on three MPB replicate samples for
each station was highly significant, averaged data were used for nMDS
analysis. The nMDS plot showed clear spatial differences among la-
goons and stations (Fig. 8). By superimposing the main diatom genera
on the nMDS plot, different assemblages were highlighted at the inter-
lagoonal level.

Further, SIMPER analysis carried out on MPB species pointed out
the highest dissimilarity between CL and CN (69.67%), i.e. the most

Table 2
Output of the DistLM analysis on prokaryotes and microphytobenthos (MPB),
reporting results of the marginal test. SS: sum of square; Prop.: proportion of
variance explained by each variable. Statistically significant p values are
highlighted in bold.

Marginal test

Variable SS(trace) Pseudo-F p Prop.

Prokaryotic community Salinity 541.20 6.11 0.02 0.38
Temperature 504.77 5.48 0.03 0.35
Sand 339.06 3.12 0.09 0.24
Silt 98.03 0.74 0.43 0.07
Clay 531.01 5.93 0.03 0.37
δ15N 171.01 1.36 0.26 0.12

MPB community Salinity 2533.50 1.68 0.02 0.14
Shells 1893.20 1.20 0.14 0.11
Clay 2691.30 1.80 0.01 0.15
ΣPAHs 2576.10 1.71 0.02 0.15
ΣPCBs 2512.60 1.66 0.02 0.14
ΣDDXs 2217.20 1.44 0.08 0.13

Fig. 4. Microphytobenthic total and relative abundance of the microalgal groups at the twelve stations. Above the histograms is indicated the mean value of three
stations ± SD for each lagoon.
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pristine and the most contaminated lagoon, mainly due to higher
abundances of Melosira nummuloides (Contribut.%=10.26) and
Grammatophora marina (Contribut.%=6.33) in CN whileMastogloia sp.
(Contribut.%=5.46) and Psammodyction panduriforme (Contribut.
%=3.24) showed higher densities in CL. The lowest dissimilarities
were found between CL and MV (59.92%), i.e. the two northernmost
lagoons, again on the account of the same two species of CN (M.
nummuloides: Contribut.%=5.64; G. marina: Contribut.%=4.65) and

Synedra pulchella and Gyrosgima spencerii, observed in MV only
(Contribut.%=5.31 and 4.20, respectively).

The RELATE routine revealed that the MPB community structure
was highly correlated with the abiotic variables considered in this study
(ρ= 0.43, p < 0.001). In addition, the BIO-ENV analysis indicated that

Fig. 5. Relative abundance (RA) of the main diatom genera at the sampling sites. Only genera with an RA ≥ 2% are shown in the graph. Stations located at the outer
lagoonal mouths are circled in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Distinction and abundance of diatom living forms at the twelve stations. For more details, see the text.

Table 3
Diversity indices applied to the microphytobenthic community at the twelve
sampling stations: S= number of taxa; N=number of organisms; d= richness;
J’ = equitability; H’= diversity; λ=dominance. The highest values are in-
dicated in bold, the lowest ones in italics.

S N d J′ H′(loge) ʎ

CL1 22 49500 1.94 0.78 2.42 0.14
CL2 18 31800 1.64 0.81 2.34 0.13
CL3 30 28000 2.83 0.87 2.97 0.07
MV5 34 83700 2.91 0.83 2.92 0.08
MV6 21 61800 1.81 0.78 2.38 0.14
MV7 23 51900 2.03 0.84 2.62 0.10
CN10 17 39000 1.51 0.68 1.93 0.23
CN11 28 44700 2.52 0.87 2.90 0.07
CN12 21 119100 1.71 0.51 1.56 0.33
SC15 21 15150 2.08 0.74 2.25 0.18
SC16 23 29400 2.14 0.72 2.27 0.20
SC17 18 51300 1.57 0.73 2.12 0.17

Fig. 7. k-dominance curves obtained from average diatom abundance data of
the three replicate samples at the twelve sites. Stations located at the outer
lagoonal mouths are marked in blue: CL3 (open square); MV5 (open diamond);
CN11 (asterisk); SC15 (full square). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)
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the MPB assemblage was best correlated with six abiotic variables,
namely surface salinity, shells, clay, PAHs, PCBs and DDXs (R= 0.57).
Further, in order to ascertain the role of different physical and chemical
variables on the structure of the MPB community, the six significant
variables obtained from the BIO-ENV output were used for the DistLM
analysis. DistLM (best model, R2= 0.66) showed that four variables,
i.e. clay, PAHs, PCBs and salinity were significant drivers of the MPB
spatial distribution since they explained, respectively, 15%, 15%, 14%
and 14% of the variability (Table 2).

3.4. Influence of abiotic variables and contaminants on the structure of
benthic microbial communities

To integrate all the considered variables in a comprehensive
manner, a Principal Component Analysis (PCA) was carried out (Fig. 9).
The ordination plot accounted for 67.83% of total variance, the prin-
cipal component axis 1 (PC1) explained 41.34% of total variance
whereas the component axis 2 (PC2) explained 26.49% of the re-
maining variance. Clay and sand were the predominant elements of the
first factor, while the major contributors to the second one were δ13C
and TOC. On the PCA plot, stations were separated into three groups:
those nearby the lagoonal mouths (‘out’: CL3, MV5, CN11 and SC15)
were placed in quadrants I and II, in correspondence with a high per-
centage of sand. The inner stations of Scardovari and Caleri, char-
acterized by more marine features (‘in-marine’), were gathered in
quadrants I and IV, nearby high salinity and δ13C values. The last group,
located between quadrant III and IV, comprised the inner stations (‘in-
freshwater’) of Marinetta-Vallona and Canarin influenced by fine grain-
size and high organic loads (Fig. 9b). All pairwise comparisons between
these three groups were significantly different, varying from
Ransosim= 0.540 p < 0.001 for ‘out’ vs ‘in-marine’ stations to
Ransosim= 0.542, p < 0.001 for ‘in-marine’ vs ‘in-freshwater’ stations.
The position of organic contaminants on the biplot, opposite to salinity
and δ13C, is a clear indication of their freshwater origin. Archaea and all
the considered bacterial subgroups were placed in quadrant III, directly
stimulated by the freshwater input and the consequent nitrogen and
organic enrichment of these clayey sediments (Fig. 9a). Different
diatom living forms were separated on the biplot: epipsammic - nearby
the lagoonal mouths; epipelic - in correspondence with finer sediments
of the innermost sites; non-benthic forms (planktonic, tychopelagic and

epiphytic) at stations directly influenced by freshwater (Fig. 9c).

4. Discussion

In this study, the analytical effort was focused on the microbial
phototrophic and heterotrophic components of the benthic compart-
ment. Sediments, in fact, act as a repository of both natural and an-
thropogenic compounds from the water column and can be used as a
record of recent and past disturbance factors that have affected a par-
ticular area. In addition, benthic organisms, due to their limited mo-
bility, are exposed simultaneously to combined stressors of natural and
anthropogenic origin and respond to them both at the individual and
community level through the variation in the total numbers, the se-
lection of taxa and the elimination of the sensitive ones (Solis-Weiss
et al., 2001). Most of the available information on the relation between
biodiversity and ecosystem status in coastal lagoons has been histori-
cally obtained from studies on macroscopic components, and this holds
true also for the Italian transitional waters (Munari and Mistri, 2008;
Mistri et al., 2018). Notwithstanding, also benthic microbial commu-
nities are useful bioindicators of the ecosystem health and are in-
creasingly being used in biological monitoring (for bacteria: Sun et al.,
2012, Quero et al., 2015, for MPB and diatoms: Facca and Sfriso, 2007,
Franzo et al., 2014, Potapova et al., 2016). So far, few surveys, focused
on the structure of microbial phototrophic and heterotrophic commu-
nities, have been carried out in the lagoons of the Po River Delta, even
less in its northern part.

4.1. Microbial inter-lagoonal variability

Four lagoons of the Po River Delta system were investigated in this
study, two with more marine features (Caleri and Scardovari) and two
more influenced by the freshwater inflow (Canarin and Marinetta-
Vallona). Indeed, the different physical-chemical features of the four
lagoons greatly affected the abundance and structure of heterotrophic
and autotrophic microbial communities. We found the highest Bacteria
and Archaea abundances in correspondence to the lowest salinity,
higher percentage of clay and the organic matter entrapped onto these
fine particles, as clearly indicated by the PCA. Similarly, the almost
double MPB abundances displayed in Marinetta-Vallona and Canarin,
compared to Scardovari and Caleri, were likely due to high organic and

Fig. 8. Non-metric MultiDimensional Scaling
(nMDS) analysis based on microphytobenthic abun-
dance data (mean of three replicate samples) from
the twelve sampling sites. Stations of distinct lagoons
are indicated with different colors and symbols: Blue
triangles=Caleri (CL); Red inverted triangles=
Marinetta-Vallona (MV); Green squares=Canarin
(CN); Pink diamonds= Scardovari. On the nMDS
ordination plot, diatom genera with a correlation
(Pearson) coefficient≥ 0.4 are overlaid. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the Web version of this
article.)
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Fig. 9. Principal component analysis (PCA) ordina-
tion diagram based on the selected physical and
chemical structural parameters, plotted in black full
circles: (a) surface salinity and bottom temperature
(Temp), sand, silt, clay, Total Organic C (TOC), Total
N (TN), δ13C and δ15N. Organic contaminants, plotted
in blue triangles: Polychlorobiphenyls (PCBs),
Polycyclic Aromatic Hydrocarbons (PAHs),
Polybrominated diphenyl ethers (PBDEs) and de-
gradation products of DDT (DDXs), and the main
prokaryotic groups, plotted in red squares: Archaea,
Alpha-Proteobacteria (Alpha), Beta-Proteobacteria
(Beta), Delta-Proteobacteria (Delta) and Gamma-
Proteobacteria (Gamma) are projected on the factor
plane as additional variables without contributing to
the results of the analysis. (b) Scatter diagram plotting
factors 1 and 2 of the twelve stations sampled in the
four investigated lagoons. Yellow dashed circle en-
closes the outer stations; brown full circle encloses the
inner freshwater stations; light-blue dashed and
dotted circle encloses the inner marine stations, re-
spectively. (c) PCA ordination diagram based on the
selected variables - the same as in a) on which diatom
living forms (red squares) are projected as additional
variables. For more details, see material and methods.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web ver-
sion of this article.)
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nutrient loads of anthropogenic origin, inferred by high δ15N. Mean
TOC and TN contents were higher in the former two lagoons than in the
latter ones (Table 1), highly stimulating the microalgal development, as
highlighted by the PCA.

Overall, our total bacterial abundances were one order of magnitude
higher than those recently reported for the Goro lagoon (Pala et al.,
2018) and Manfredonia gulf (Molari et al., 2012), but in line with those
reported for the Venice lagoon (Borin et al., 2009), as well as for Goro,
Lesina and Marsala lagoons (Manini et al., 2003). At the larger geo-
graphical scale, our abundances were higher than those obtained from
the sediments of the Bay of Cadiz in Spain (Köchling et al., 2011) but
comparable to those estimated from the coastal lagoons in Japan
(Tsuboi et al., 2013). Although our archaeal abundances were in line
with those reported by Pala et al. (2018), the authors found a larger
contribution of Archaea to the microbial community (< 20% in the
uppermost sediment layer) compared to our results (< 10%). Our Ar-
chaea:Bacteria ratios were similar to those found by Borin et al. (2009)
reported for the Venice lagoon and Vidal-Durà et al. (2018) obtained
along the salinity continuum of the Humber estuary (UK).

Proteobacteria were consistently the most abundant group within
the assemblages in the four lagoons. They are typically present in
conditions of high concentrations of dissolved organic carbon and co-
lonize both water column and sediments (Zwisler et al., 2003). In our
study, Delta-Proteobacteria represented 30.8% of bacterial cells fol-
lowed by Alpha- (12.8%), Gamma- (11.8%) and Beta-Proteobacteria
(7.1%). The dominance of Proteobacteria in coastal environments, with
a typically higher relevance of Gamma- and Delta-Proteobacteria as
opposed to Alpha-, Beta- and Epsilon-Proteobacteria was already re-
ported in the Venice lagoon (Quero et al., 2017), the lagoonal system of
the Mar Piccolo of Taranto (Quero et al., 2015; Franzo et al., 2016), a
Mediterranean lagoonal complex in the Ionian Sea (Pavloudi et al.,
2016), the Bizerte lagoon in Tunisia (Ben Said et al., 2010), an enclosed
shallow coastal lagoon of the Gulf of St. Lawrence in Canada (Mohit
et al., 2015) and in a tropical coastal lagoon in India (Behera et al.,
2017).

This distributional pattern of Proteobacteria could be the result of
the typical anoxic condition of sediments in these transitional en-
vironments (Borin et al., 2009). Indeed, the lagoons of the Po River
Delta suffer from frequent hypoxia and anoxia events that in 2016 were
registered already in February, particularly in Scardovari, and in spring
and summer in the other lagoons as well (ARPAV, 2016). Molari et al.
(2012) highlighted the importance of the redox potential and trophic
resources as the main drivers for heterotrophic microbial assemblages
in coastal sediments. Although by applying different molecular tech-
niques, and at different level of taxonomic resolution, our results are
fully in line with these authors that found that the microbial commu-
nities were dominated by anaerobic groups of the Proteobacteria
phylum, families of the Deltaproteobacteria subphylum (Desulfo-
bacterales and Desulfuromonadales) responsible for sulphur and sul-
phate reduction. In addition, the family of Chromatiales belonging to
the Gammaproteobacteria subphylum, abundant in the Venice lagoon,
is believed to be involved in the complete sulphur cycle in the sedi-
ments (Borin et al., 2009). In contrast to the findings of Borin et al.
(2009) and Quero et al. (2017) for the Venice lagoon, the lower im-
portance of Gammaproteobacteria in the lagoons of the Po River could
be ascribed to the lower urban impact in these lagoons.

As highlighted by PERMANOVA, the prokaryotic distribution dif-
fered among lagoons, and particularly the microbial community in
Canarin significantly differed from those of the other three lagoons.
Indeed, in Canarin the prokaryotic assemblage was likely stimulated by
the combined effect of high organic and nutrient loads, up to +42% by
comparing Canarin to Caleri. The highest densities of Bacteria and
Archaea were observed at sites directly influenced by the freshwater
input. The four investigated lagoons differed for the occurrence of the
analyzed bacterial classes, as highlighted by nMDS analysis and
SIMPROF test. Delta-and Gamma-Proteobacteria followed the same

pattern of the total bacterial cells, being more abundant in Canarin and
at sites with the highest clay contents in which organic matter is en-
trapped. In coastal sediments, sulphur cycling community composed of
sulphur-oxidizing Gammaproteobacteria and sulphate-reducing
Deltaproteobacteria was reported to be of particular importance in the
degradation of organic matter (Mohit et al., 2015). According to these
authors, this process is accelerated with increased input of fresh organic
matter in regions with shellfish aquaculture. This is in accordance with
our results, since we found higher percentages of Gamma- and Delta-
Proteobacteria in Marinetta-Vallona, intensively exploited for clam
farming, and particularly at MV5, in correspondence to a more negative
value of δ13C and a high C:N ratio, a clear signature of organic matter of
allochthonous (riverine-terrestrial) origin (Thornton and McManus,
1994). Sediments in Marinetta-Vallona and Canarin displayed higher
concentrations of organic contaminants, mainly PCBs and PAHs. We
found a significant relation between the concentration of total PAHs,
and Beta- and Gamma-Proteobacteria (R=0.61 and 0.58, p < 0.05,
respectively). The ability of Beta- and Gamma-Proteobacteria to use
aliphatic and aromatic compounds has been previously established (Ben
Said et al., 2008; Korlevic et al., 2015). Members of the Gamma-Pro-
teobacteria group in particular are reported to aerobically degrade
PAHs (Brooijmans et al., 2009). The dominance of Gamma-Proteo-
bacteria in PAH-contaminated sediments was reported by Ben Said
et al. (2008); 75% of PAHs degrading strains isolated from con-
taminated sediments of the Bizerte lagoon were associated with mem-
bers of the genera Pseudomonas described as hydrocarbonoclastic
strains.

Overall, our total MPB abundances were comparable to that re-
ported at sites with similar salinity of the Grado-Marano lagoonal
system (Cibic et al., 2012) but about one order of magnitude lower than
the microphytobenthic densities found in the Lesina lagoon (Gambi
et al., 2003) and the Venice lagoon (Facca et al., 2002; Facca and Sfriso,
2007). Further, compared to other Mediterranean lagoons, our MPB
densities were similar to those observed in a Turkish lagoon connected
with the Marmara Sea (Polge et al., 2010) and those reported for the
Homa lagoon (Izmir Bay) (Ҫolak Sabanci, 2011).

In terms of the MPB composition, in the four investigated lagoons of
the Po River Delta system, the microalgal community was largely
dominated by diatoms while Cyanobacteria were the second most
abundant group. This is in accordance with previous findings from
other lagoonal systems (Gambi et al., 2003; Polge et al., 2010; Cibic
et al., 2012) and with the microphytobenthic taxonomic report by Di
Pippo et al. (2018) on the Cabras lagoon (western Mediterranean).
Regarding Cyanobacteria, Oscillatoria sp. was highly abundant in Ca-
narin, particularly at CN10, with an RA of 13.9%, likely due to N input
of freshwater origin. This is in accordance with Underwood et al.
(1998) who reported high densities of Oscillatoria limosa and O. princeps
in muddy estuarine sediments following NO3

¯and NH4
+ enrichment. In

mesotrophic lakes, mass occurrence of cyanobacteria or green algae are
known to be directly linked to high water column nutrient loadings
(Aberle and Wiltshire, 2006). In our study, chlorophytes, namely
Closterium cf. parvulum and Scenedesmus sp. were observed in Marinetta-
Vallona and Canarin only, at sites exposed to a direct riverine inflow.
These are typical freshwater species (Guiry and Guiry, 2018) and their
occurrence at these sites is a clear signature of the major river input. In
more marine features, freshwater chlorophytes are usually not en-
countered and were not observed in sites with higher salinities (Gambi
et al., 2003; Polge et al., 2010).

The four investigated lagoons differed mainly for the occurrence of
diverse diatom genera, as highlighted by PERMANOVA and nMDS
analyses. Interestingly, the dominant diatom taxa in the four lagoons
displayed different life modes. Averaging the abundance data of the
three stations, in Canarin the tychopelagic diatom Melosira prevailed
(RA=32.0% of the total MPB), followed by the epiphytic
Grammatophora (RA=27.6%), while also the planktonic Fragilaria
(RA=6.3%) was well represented. High densities of tychopelagic
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forms indicate low hydrodynamic conditions: indeed, with high bottom
velocities these species would be likely swept away by the current
(Cibic et al., 2016b) and may not develop. In contrast, the dominance of
Grammatophora marina was linked to the dense cover of the red algae
Gracilaria sp., that was not observed in the other sampling sites, re-
presenting an optimal substrate for this epiphytic diatom. The occur-
rence of freshwater planktonic diatoms, such as Fragilaria spp., was
instead due to the major river inflow in this lagoon and could be related
to high nutrient availability. In fact, Fragilaria crotonensis, observed at
CN11 and CN12, has been reported as an important component of the
spring bloom in eutrophic lakes (Reynolds, 1983). Fragilaria is an op-
portunistic, fast-reproducing genus with a broad tolerance to many
environmental gradients, which makes them competitive under un-
stable, changing conditions (Weckström and Juggins, 2005).

Epiphytic and tychopelagic forms were observed also in Marinetta-
Vallona, but they co-occurred with other epipsammic and epipelic
diatoms. Epiphytic and epipsammic life modes, such as those belonging
to the genera Synedra (RA=11.9%) and Amphora (RA=5.7%) were
linked to the extremely high amount of mussel shell and fragments (up
to 19% at MV7) as well as the presence of the nitrophilous macroalgae
Ulva sp. Epiphytic and epipsammic diatoms are able to attach to these
substrata through the production of mucous stalks, discs and apical
pads (Round, 1971). In Marinetta-Vallona, with an RA of 26.3%, Nitz-
schia was the most abundant diatom genus. Particularly at MV7, where
the total C reached 4.74% (Zonta et al., 2019) as a consequence of the
intensive clam farming, the species Nitzschia tryblionella (RA=19.1%)
prevailed. This species has been previously described as a nutrient-
loving species thriving under high organic matter conditions (Agatz,
1999).

On sandy sediments of Caleri lagoon, typical epipsammic forms
developed, such as Mastogloia and Amphora that were encountered next
to epipelic diatoms belonging to the genera Psammodictyon and
Nitzschia. Again, the genus Nitzschia dominated, reaching 36.6% of the
total MPB abundance, mainly due to the presence of the following
species: N. tryblionella, N. lorenziana, N. dubia, N. fasciculata and N.
vermicularis. N. dubia, in particular, with an RA of 17.9%, was well
represented at CL1. This brackish species was previously reported in
high numbers in the second inlet of the Mar Piccolo of Taranto (Rubino
et al., 2016) that displays more lagoonal features.

The great majority of the observed diatoms in Scardovari displayed
an epipelic life mode. Interestingly, in this lagoon only two diatom
genera accounted for 78% of the total MPB: Nitzschia (RA=39.2%) and
Gyrosigma (38.8%). Nitzschia sigma was the dominant species and co-
occurred alongside other Gyrosigma species, namely: G. spencerii, G.
acuminatum and G. fasciola. The innermost part of Scardovari is fre-
quently subjected to hypoxia/anoxia events (ARPAV, 2016; Maicu
et al., 2018). Benthic diatoms have shown remarkable resistance to
anoxic conditions (Admiraal, 1984; Larson and Sundbäck, 2008). There
is experimental evidence that although sulphide-rich conditions de-
crease total microalgal biomass by 50%, diatom biomass remains un-
altered (Sundbäck et al., 1990). In the innermost sites of Scardovari, G.
spencerii and N. sigma were the two keystone species (RA=18.6% and
25.5%, respectively). If, on one hand, G. spencerii has been described as
a sulphide tolerant species and N. sigma as a sensitive one, on the other
hand only the latter is able to use organic substrates for heterotrophic
growth (Admiraal and Peletier, 1979). These different capacities may
be responsible for the abundance of both species in diatom assemblages
in estuaries and lagoons subjected to anaerobic conditions, as often
occur in Scardovari. It is worth pointing out that the same dominance of
a very few taxa in Scardovari has been also observed for higher trophic
levels, i.e. the nematofauna (Franzo et al., 2019) and the macrofauna
(Nasi et al. this issue), indicating that all benthic communities in-
habiting the inner part of this lagoon are highly adapted to frequent
anoxia events.

4.2. Microbial intra-lagoonal variability

A clear intra-lagoonal pattern was evidenced by the PCA performed
on abiotic variables that allowed us to separate three distinct groups of
stations: the outer marine, the inner marine and the inner freshwater
one. The different grain-size, δ13C and TOC, that largely explained the
variance of the first two axes in the PCA, were responsible for this
dissimilarity. These groups of sites had different physical-chemical
features, as confirmed by the ANOSIM test for all pairs of groups, which
selected specific microbial assemblages. This was further corroborated
by the PERMANOVA main-test that pointed out significantly different
prokaryotic assemblages between the inner and outer parts of the la-
goons. The highest prokaryotic densities were observed in sites located
in the inner parts of the lagoons characterized by fine grain-size (CN12,
MV6, CN10 and SC17). Indeed, Bacteria and Archaea were significantly
correlated with the clay content. In contrast, the lowest abundances
were observed at sites with the highest sand content, close to the la-
goonal mouths (CL3, MV5, SC15). There results suggest that moving
away from the lagoonal mouths, the muddier sediments exerted a
greater retention of sediment-bound organic matter. While Delta-and
Gamma-Proteobacteria followed the same pattern of the total bacterial
cells, being more abundant at sites with the highest clay content, Beta-
Proteobacteria displayed the highest abundances at sites characterized
by the lowest salinity (MV6, CN12 and CN11). Indeed Beta-
Proteobacteria subclass is more easily found in freshwater and typically
accounts for up to 4% in marine and up to 30% in freshwater assem-
blages (Glockner et al., 1999; Sekar et al., 2004). These contributions
are in line with our results, since in the Po River Delta Beta-Proteo-
bacteria ranged from 5.4% at the marine CL2 to 9.6% at the inner MV6.
They are also in agreement with the findings of Vidal-Durà et al. (2018)
who reported Beta-Proteobacteria varying from<3% to 9% in the
outer and inner parts of the Humber estuary, respectively.

The structure of the MPB community differed not only among the
four lagoons, but also among stations of the same lagoon. This intra-
lagoonal variability, corroborated by the PERMANOVA test, was likely
ascribable to the confinement gradient, a hydrological parameter linked
mainly to water exchange/renewal (Guelorget and Perthuisot, 1983),
present inside each lagoon that selected different microalgal assem-
blages. Diversity indices and k-dominance curves revealed that the MPB
community was more biodiverse at stations closest to the sea, compared
to the innermost stations where the lowest biodiversity was found. This
is in accordance with the findings of Miho and Witkowski (2005) from
Albanian coastal lagoons and Rubino et al. (2016) for the Mar Piccolo.
In the Po River Delta system, the highest richness was observed at MV5,
the highest diversity at CL3 and the highest equitability at CN11. The
higher biodiversity at the lagoonal mouths is likely due to the con-
comitant presence of typically marine taxa, such as Biddulphia bid-
dulphiana, Dimeregramma sp., Nitzschia distans, and typically brackish
ones. Moreover, due to higher bottom velocities at the outer stations,
the seabed was constituted by coarser sediments (Table 1) that favored
particularly epiphytic (e. g. Grammatophora marina, Synedra sp.) and
epipsammic (e. g. Navicula cancellata, Nitzschia angularis, N. commutata)
life modes that were well represented at these sites (Appendix 1). Some
of these diatoms live attached to sand grains that prevents them from
being carried away by strong bottom currents. Therefore, they may
thrive also under high hydrodynamic conditions (Cibic et al., 2016b).
Several other diatom life modes and microalgal groups, from green
algae to Cyanobacteria (Oscillatoria sp., Spirulina sp.), co-occurred at
these outer stations, leading to the highest biodiversity values. Further,
lower contamination levels at the outer stations, due to a higher dilu-
tion effect induced by seawater might have favored the development of
more sensitive taxa that at higher contamination levels would not de-
velop (Rubino et al., 2016), enhancing the overall biodiversity at these
sites.
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4.3. Main physical-chemical drivers of the microbial community structure

According to the DistLM analysis, clay, PAHs, PCBs and salinity
were found to be the significant drivers of the MPB structure. Our re-
sults are partially in accordance with those of Ribeiro et al. (2013) who
reported that mud content alone was the environmental variable most
correlated to the benthic diatom assemblage in the Tagus estuary. In-
deed, the grain size is considered one of the most important factors
influencing the colonization of sediments by MPB (Round et al., 1992).
Salinity is also a significant structuring factor for diatoms living in
brackish environments (Weckström and Juggins, 2006). Recently,
Sawai et al. (2016) found a clear relationship between diatom species
and salinity in Oregon and Washington estuaries. Similarly, epipelic
diatom species were correlated with salinity along the Colne Estuary in
Great Britain (Underwood et al., 1998). Regarding the other two dri-
vers, higher levels of PAHs and PCBs were reported by Casatta et al.
(2016) particularly in Canarin, and lowest ones in Caleri. Indeed, MPB
communities significantly differed between Canarin and Caleri, both at
the inner and outer stations (PERMANOVA pair-wise test on ‘la-
goon× in-out’ design). In addition, the SIMPER analysis carried out on
MPB species pointed out the highest dissimilarity between these two
lagoons. Interestingly, the MPB community in Canarin was principally
constituted by epiphytic, tychopelagic and planktonic diatom forms, i.e.
life modes that are loosely or not at all associated with the sediments. In
contrast, proper benthic forms, i.e. epipsammic and epipelic, were less
represented. Diatoms with these life strategies, i.e. thriving just above
the surface sediments rather than within them, were the only forms
observed in a highly contaminated site of the Mar Piccolo of Taranto
(Rubino et al., 2016). According to these authors, subsurface sediments
were likely too contaminated to become a favourable environment to be
colonized by benthic diatoms. This could represent an adaptation
strategy of the benthic diatom assemblage to severe contamination.
Similarly, the paucity of benthic diatoms compared to their planktonic
counterparts was recently highlighted by Potapova et al. (2016) in la-
goonal sediments contaminated by heavy metals and PAHs.

In Canarin, the contamination levels are not so high as in sediments
of the Mar Piccolo (Cibic et al., 2016a). However, diatoms loosely or
not at all associated with the sediments prevailed over the typically
benthic ones, suggesting a negative influence due to contaminants ac-
cumulated in surface lagoonal sediments. Yet, had the structure of the
MPB community and the functional aspects deriving from the diatom
life modes not been considered in this study, a different picture would
have emerged. Taking into account the total MPB abundance only, the
higher contamination levels in Canarin did not seem to severely affect
the microalgal community that was overall stimulated by the combined
effect of high organic and nutrient loads, up to +93% comparing Ca-
narin to Caleri. According to the DistLM analysis, organic contaminants
were more important drivers of the MPB community than either TOC,
TN, δ13C or δ15N. Benthic diatom biomass is stimulated by anthro-
pogenic N load (Mallin et al., 2007), but there is an objective difficulty
in separating the effect of contaminants from other factors, especially
eutrophication (Potapova et al., 2016). There is still little information
concerning the combined effects of pollutants + nutrients on diatoms.
Nutrient-rich systems are less sensitive to stressors: increased nutrient
load may decrease the toxicant effect due to high nutrient status of
organisms and dilution of the toxicant in increasing amounts of biomass
(Sundbäck et al., 2007). Further, according to the authors, benthic
diatom mats are rich in extracellular polymeric substances that may
function as a protective barrier against toxic compounds, as well as
enhance the uptake of favourable ones. This feature could decrease the
vulnerability of microbial mats to toxic compounds. We believe that the
toxic effect that might have been induced by organic contaminants on
diatoms was hidden, to some extent, by the stimulating effect of the
nutrient load.

According to the BIO-ENV output, the microbial heterotrophic as-
semblage was best correlated with surface salinity, bottom temperature,

the three grain-size fractions, and δ15N. The DistLM analysis further
indicated that salinity, clay and temperature were the significant dri-
vers of the prokaryotic distribution. Our findings are consistent with
those of Pavloudi et al. (2016) and Vidal-Durà et al. (2018) who, by
applying the BIOENV analysis, found that salinity was the environ-
mental factor that best correlated with the bacterial community com-
position in a Mediterranean lagoon and in the Humber estuary. Grain-
size was reported to be among the most important drivers shaping the
sedimentary microbial community structure in an estuary of East China
Sea (Ye et al., 2016). The DistLM model applied by Quero and co-
workers. (2017) to their dataset revealed that the variation in benthic
microbial composition was mainly associated with temperature which
alone explained 19% of the variance within the Venice lagoon. In
contrast, TN displayed the highest partial contribution to the variation
in sediment bacterial biodiversity in a coastal lagoon of Canada (Mohit
et al., 2015).

Interestingly, none of the organic pollutants considered in the
BIOENV analysis showed to be correlated with the prokaryotic com-
munity composition, i.e. none of them seemed to directly affect the
prokaryotic spatial distribution, at least at a broad taxonomic resolu-
tion, as they did for the MPB community. This could be due to the fact
that several bacterial strains are able to utilize PAHs containing up to
four benzene rings as sole carbon source (Ben Said et al., 2008).
Members of Gamma- and Alpha-Proteobacteria in particular are key-
players in oil hydrocarbon degradation, oxidizing more reactive com-
ponents such as n-alkanes and more recalcitrant ones such as PAHs
(Korlevic et al., 2015). In contrast to our findings, the DistLM analysis
carried out by Quero et al. (2015) revealed that contaminants sig-
nificantly shaped the community composition in the chronically pol-
luted sediments of the Mar Piccolo of Taranto. Their results were,
however, based on Illumina sequencing of 16S rRNA gene amplicons
and, therefore, the analysis was performed at a finer taxonomic re-
solution. Moreover, the contamination levels in the Mar Piccolo were
much higher than those reported for the Po River Delta lagoons: PCBs
levels up to 100 times higher (Cibic et al., 2016a), and PAHs up to 42
times higher (Bellucci et al., 2016). Consequently, the microbial com-
munity was likely highly adapted to contaminant levels in the Mar
Piccolo, and PCB- and PAH-degrading taxa (Quero et al., 2015; Franzo
et al., 2016) have been potentially selected in this historically polluted
site. However, Lear and Lewis (2009) highlighted how difficult it is to
find significant relationships between the anthropogenic impact and
microbial community structure, given the synergistic effect of multiple
stressors and the highly dynamic nature of riverine environments.
Overall, our study underlines how in the Po River Delta lagoons, sali-
nity, grain-size, temperature, anthropogenically derived N and C loads
seem to overcome other drivers shaping the prokaryotic community.

5. Conclusions

This study represents the first example in which benthic hetero-
trophic and photoautotrophic microbial communities, in terms of
abundance and diversity, were simultaneously investigated. We applied
a novel functional approach based on diatom life modes that allowed us
to highlight a negative influence of contaminants on the phototrophic
community that would have not emerged with the traditional taxo-
nomic analysis. Our results further revealed the presence of two diatom
keystone species in sediments frequently exposed to anoxia. This has
important ecological implications, since these diatoms likely contribute
to rapidly restore the oxic gradient in the uppermost sediments, al-
lowing the subsequent microbial aerobic degradation and the re-
colonization of higher trophic organisms. The future study of these
microbial communities in relation to their capacity of recovery after an
anoxic event is of paramount importance for an efficient management
and sustainable use of coastal resources, and in particular lagoons that
are exploited for aquaculture.
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