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Abstract: In benthic ecosystems, organic matter (OM), prokaryotes, and meiofauna represent a
functional bottleneck in the energy transfer towards higher trophic levels and all respond to a
variety of natural and anthropogenic disturbances. The relationships between OM and the different
components of benthic communities are influenced by multiple environmental variables, which can
vary across different habitats. However, analyses of these relationships have mostly been conducted
by considering the different habitats separately, even though freshwater, transitional, and marine
ecosystems, physically linked to each other, are not worlds apart. Here, we investigated the quantity
and nutritional quality of sedimentary OM, along with the prokaryotic and meiofauna abundance,
biomass, and biodiversity, in two sampling periods, corresponding to high vs. low freshwater
inputs to the sea, along a river-to-sea transect. The highest values of sedimentary organic loads
and their nutritional quality, prokaryotic and meiofaunal abundance, and biomass were consistently
observed in lagoon systems. Differences in the prokaryotic Operational Taxonomic Units (OTUs)
and meiofaunal taxonomic composition, rather than changes in the richness of taxa, were observed
among the three habitats and, in each habitat, between sampling periods. Such differences were
driven by either physical or trophic variables, though with differences between seasons. Overall,
our results indicate that the apparent positive relationship between sedimentary OM, prokaryote
and meiofaunal abundance, and biomass across the river-lagoon-sea transect under scrutiny is more
the result of a pattern of specifically adapted prokaryotic and meiofaunal communities to different
habitats, rather than an actually positive ‘response’ to OM enrichment. We conclude that the synoptic
analysis of prokaryotes and meiofauna can provide useful information on the relative effect of organic
enrichment and environmental settings across gradients of environmental continuums, including
rivers, lagoons, and marine coastal ecosystems.

Keywords: North Adriatic Sea; trophic status; prokaryotes; meiofauna; ecosystem functioning

1. Introduction

Pathways and rates of sedimentary organic matter (OM) transfer to higher trophic levels in
aquatic ecosystems depend on the OM quantity and nutritional quality [1,2]. In turn, both the quantity
and nutritional quality of sedimentary OM depend on its origin (i.e., autotrophic, heterotrophic,
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and/or detrital), biochemical composition and bioavailability (i.e., refractory vs. labile fraction),
and degradation rates [3]. Therefore, the benthic trophic status of an aquatic ecosystem is not only
related to the availability of inorganic nutrients, which fuels in situ primary production, but also depends
upon the supply rates of OM, including allochthonous and detrital (i.e., not living) sources [3–6]. This,
in turn, can influence other ecosystem functions, including nutrient cycling and oxygen availability [3,7].
For instance, the accumulation of huge amounts of detrital OM in marine coastal sediments, triggering
increased benthic O2 consumption and possibly inducing hypoxic and anoxic conditions, can be
associated with a preferential accumulation of semi-labile compounds (e.g., the biopolymeric fraction
of organic carbon (OC) [8]), particularly enriched in nitrogenous (protein-like) compounds [9]. In such
conditions, the decoupling between the production/inputs of OM loads, heterotrophic consumption,
and accumulation in sediments can determine strong modifications in the structure and functioning of
benthic ecosystems [9–13].

The comprehension of the biogeochemical dynamics in aquatic environments characterized by
variable biodiversity levels (e.g., transitional, estuaries, and coastal environments) is strongly limited
by the complex and multiple interactions among different biotic components, including microbial
and meio- and macrofaunal assemblages [14,15]. In this regard, it is noticeable that changes in
the benthic trophic status and OM degradation rates mediated by microbes, through the so-called
microbial loop, can be mirrored in changes in the composition and structure of the benthic communities,
and vice-versa [16,17].

In benthic ecosystems, OM, prokaryotes, and meiofauna, being trophic resources for higher trophic
levels and, at the same time, being responsible, with different roles, for OM cycling, represent a key
functional bottleneck in the energy transfer towards a higher trophic level [18]. They also detectably
and rapidly respond to a variety of natural and anthropogenic disturbances. Heterotrophic prokaryotes
are responsible for detrital OM degradation and transformation and rapidly respond to variations in
the quantity and composition of the available OM [19,20]. Meiofauna, due to their strong sensitivity to
disturbances, high abundance, lack of pelagic larval dispersion, and short life cycles, rapidly respond
to environmental changes in both marine [21,22] and freshwater ecosystems [23].

The relationships between OM and the different components of benthic communities are also
influenced by multiple, often interacting, environmental variables, for example, currents and the
substrate composition, which, in turn, enhance the levels and variance of natural disturbance, as well as
habitat-specific conditions. Analyses of these relationships have mostly been conducted by considering
the different benthic components separately. Moreover, freshwater, transitional, and marine coastal
ecosystems, though physically linked to each other, have most often been considered as worlds apart,
and such a reductive approach especially applies to the analysis of benthic ecosystems.

Here, to provide insights on this topic, we test the null hypothesis that OM quantity, biochemical
composition and degradation rates, prokaryotic and meiofaunal biodiversity, and ecosystem functioning
do not vary among different ecosystems along a strong salinity gradient in different periods of the year.
To test this hypothesis, we investigated the OM quantity, nutritional quality, and degradation rates,
along with the prokaryotic and meiofauna biodiversity, in two sampling periods (corresponding to
high vs. low freshwater inputs to the sea) along a river-to-sea gradient, comprising Po River (Italy),
the North Adriatic Sea, and the associated lagoonal system. The sampling strategy included stations
located in the major tributaries of the Po River, in the Po main axis, in a coastal lagoon (Sacca di Goro
Lagoon) intercepting Po River outflow, and in the coastal sediments of the North Adriatic Sea facing
the lagoon and the Po River delta.

2. Materials and Methods

2.1. Study Area

The Po River is the most important Italian river, with a drainage basin of 71,000 km2, 44% of
which is devoted to agricultural activities, and more than 15 million people. The mean flow discharge
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is characterized by two major flooding periods, due to snowmelt in the spring and rainfall in the
autumn [24]. The Po River outflow of water and sediments is mostly constrained along the western
coast of the Adriatic Sea, driven southward by the general circulation of the basin [25,26].

The Sacca di Goro Lagoon is a shallow (average depth 1.5 m) water embayment (27 km2) of the
Po River Delta facing the northern Adriatic Sea from the Italian counterpart (Figure 1). This lagoon is
characterized by strong daily variations of salinity and nutrient concentrations due to a microtidal
regime (with a maximum amplitude < 1.0 m) and freshwater inputs from the Po River, and saline
water input from the adjacent northern Adriatic Sea. The Sacca di Goro Lagoon, being one of the
most economically relevant clam farming sites in Europe, whilst at the same time being threatened by
dystrophic events [27–29], has largely been investigated in terms of the biogeochemistry [15,30,31],
ecophysiology of blooming macroalgae [32], meio- and macrofauna communities [33–35], and ecosystem
functions [36,37].
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Figure 1. Sampling area: (A) the Po River basin, flowing into the North Adriatic sea, Central Mediterranean
and (B) location of the sampling stations along the Po River basin, the Goro Lagoon, and at sea.

Due to the large inputs from the Po river (which alone accounts for ca. 50% of the terrigenous
flux into the whole basin), the sediments of the north western Adriatic are characterized by a strong
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accumulation of organic loads [9,38–42], which have, for years, triggered hypoxic crises [43–45].
Indeed, the NW Adriatic Sea, which is the most productive basin of the entire Mediterranean Sea,
has experienced huge and long-lasting anthropogenic environmental alterations in the last 50 years.
Such changes have led to severe consequences for the whole ecosystem functioning, which have
ultimately manifested as red tides, mucilage formation, and strong eutrophication along the entire
Italian coastline of the basin [46,47].

2.2. Sampling

The sampling stations were located as follows: “Oglio” in the Oglio River (left tributary of the Po
River), “Po” (within the Po River, just before the beginning of the Po-di-Goro River, which is part of
the Po delta and flows into the Sacca di Goro Lagoon), “Gorino” (at the end of the Po-di-Goro river),
“Giralda” (inside the Sacca di Goro Lagoon), “Delta” (located at the mouth of the Sacca di Goro
Lagoon), and “Cesenatico” (located south of the lagoon, in the marine coastal environment) (Figure 1).
The sampling was carried out in two different seasons: summer (September 2011) and winter
(February 2012), identified as representative of periods of low (late summer) vs. high (winter) river
outflow, respectively.

The bottom temperature and salinity were measured in situ by means of a multiparametric
probe. Sediment samples were collected (three independent replicates per station and sampling period,
for both OM and meiofauna) using plexiglass corers operated manually, kept at in situ temperature
after being brought to the laboratory (within 4 h), and then immediately frozen once in the laboratory
and kept at −20 ◦C until analysis (within 2 weeks). Only sediment aliquots for the measurement of
OM degradation rates were immediately treated, as described below.

2.3. Sedimentary Organic Matter Quantity, Nutritional Quality, and Degradation Rates

Once in the laboratory, the top centimeter from each sediment core was used for analyses of the
OM biochemical composition, in terms of the total phytopigment, protein, carbohydrate, and lipid
contents. Chlorophyll-a and phaeopigments were analysed fluorometrically [48]. Total phytopigment
concentrations were defined as the sum of chlorophyll-a and phaeopigment concentrations and utilized
as an estimate of the organic material of algal origin [12]. Sediment phytopigment concentrations were
converted into C equivalents using 40 µg C µg phytopigment−1 as a conversion factor [3]. Protein,
carbohydrate, and lipid analyses were carried out spectrophotometrically [49]. For the analysis of each
biochemical class of organic compound, blanks were made with the same sediment samples previously
treated in a muffle furnace (450 ◦C, 2 h). Protein, carbohydrate, and lipid concentrations were converted
into C equivalents using the conversion factors 0.49, 0.40, and 0.75 mg C mg−1, respectively, and their
sum is referred to as the biopolymeric C (BPC) [50].

The fraction of biopolymeric C represented by relatively fresh algal material was assessed as the
percentage contribution of phytopigment C to biopolymeric C contents and referred to as the algal
fraction of biopolymeric C [3]. The algal and protein fractions of biopolymeric C and the values of
the protein to carbohydrate ratio were also used as descriptors of OM nutritional quality (algal and
protein fractions) and ageing (protein to carbohydrate ratio) [50,51].

OM degradation rates were estimated from aminopeptidase and beta-glucosidase activities
determined by the cleavage of fluorogenic substrates (L-leucine-4-methylcoumarinyl- 7-amide, Leu-;
4-methylumbelliferone-β-D-glucopyranoside, respectively) at saturating concentrations. Briefly, 2.5 mL
of sediment subsamples was incubated at in situ temperature in the dark for 2 h with 2.5 mL of filtered,
sterile water containing 200 µM L-leucine-4-methylcumarinyl-7-amide and 50 µM 4-methylumbelliferyl
β-D-glucopyranoside, respectively, separately for aminopeptidase and β-glucosidase determinations.
After incubation, the sediment slurries were centrifuged and the supernatants were analysed
fluorometrically [49]. Protease and glucosidase activities (µmol of substrate g−1 h−1) were converted
into C equivalents using 72 as a conversion factor [13], and their sum is reported as the C degradation
rate (µgC g−1 h−1).
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2.4. Prokaryotic Abundance, Biomass, and Diversity

The prokaryotic abundance and biomass were determined as described by Danovaro (2009) [49].
Briefly, prokaryotic cells were extracted from the sediments according to standard procedures, stained
with SYBR Green I, and counted by epifluorescence microscopy. For determination of the prokaryotic
biomass, the cell biovolume was converted into the carbon content assuming 310 fg C µm−3 as a
conversion factor [49]. The prokaryotic abundance and biomass were normalized to the sediment dry
weight after desiccation (60 ◦C, 24 h).

The prokaryotic diversity was assessed according to Danovaro (2009) [49]. DNA was extracted
from sediment with the UltraClean soil DNA isolation kit (MoBio Laboratories Inc., Carlsbad, CA USA).
In all samples, extracted DNA was determined spectrofluorimetrically using SYBR Green I (Molecular
Probes) and quantified vs. standard solutions of genomic DNA from Escherichia coli. The extracted
DNA was amplified using universal bacterial primers 16S-1392F and 23S-125R, and the latter was
fluorescently labeled with the fluorochrome HEX (MWGspa Biotech). PCRs were performed in 50-µL
volumes in a thermal cycler (Biometra, Germany) using 30 PCR cycles. PCR products were checked
on agarose–Tris-borate-EDTA (TBE) gels (1%). Four different reactions were run for each sample
and then combined to form two duplicate PCRs, which were subsequently utilized for Automated
Ribosomal Intergenic Spacer Analysis (ARISA). The quality of amplified fragments was checked,
and the PCR products were purified and quantified spectrofluorimetrically. For each ARISA, about
5 ng of amplicons was mixed with 14 µL of internal size standard (GS2500-ROX; Applied Biosystems,
Foster City, CA, USA) and the automated detection of ARISA fragments was carried out using the
ABI Prism 3100 Genetic Analyzer (Applied Biosystems). ARISA fragments in the range of 390 to
1400 bp were determined using GeneScan analytical software version 2.02 (Applied Biosystems).
Despite the fact that the DNA fingerprinting approach utilized in the present manuscript does not
provide specific taxonomic information for the identified Operational Taxonomic Units (OTUs), it is
still a largely utilized approach when assessing the patterns of prokaryotic diversity in environmental
samples [52–55].

2.5. Meiofauna

Once in the laboratory, sediment samples for meiofaunal analyses were sliced into five sediment
layers (i.e., 0–1, 1–3, 3–5, 5–10, and 10–15 cm), fixed with 4% buffered formalin, and stained with Rose
Bengal (0.5 g L−1) until analysis. Sediments were sieved through a 500-µm mesh, and a 20-µm mesh was
used to retain the smallest organisms. The fraction remaining on the latter sieve was re-suspended and
centrifuged three times with Ludox HS40 [21,49] (diluted with water to a final density of 1.18 g cm−3).
All animals remaining in the surnatant were again passed through a 20-µm mesh net, washed with tap
water and, after staining with Rose Bengal, sorted under a stereomicroscope [49] (×40 magnification).

The meiofaunal biomass was assessed by bio-volumetric measurements for all specimens
encountered. The nematode biomass was calculated from the biovolume, using the formula reported
in Andrassy (1956) [56]: V = L × W2

× 0.063 × 10−5 (in which body length, L, and width, W, are
expressed in mm). The body volumes of all other taxa were derived from measurements of body length
(L, in mm) and width (W, in mm), using the formula V = L ×W2

× C, where C is the approximate
conversion factor for each meiofaunal taxon [57]. Each body volume was multiplied by an average
density (1.13 g cm−3) to obtain the biomass (mg DW: mg WW = 0.25) and the carbon content was
considered to be 40% of the dry weight [58]. The biomass was expressed as µgC 10 cm−2.

2.6. Statistical Analyses

For all of the investigated variables, differences among sampling stations and sampling periods
were assessed using distance-based permutational nonparametric analyses of variance (PERMANOVA)
in a univariate context [59]. When significant differences were observed, pairwise tests were also carried
out to ascertain patterns of differences among stations and/or sampling times. The sampling design
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included two fixed orthogonal factors: Station (n = 6: Oglio, Po, Gorino, Giralda, Delta, and Cesenatico)
and season (n = 2: summer and winter). Although time is typically a continuous source of variation,
in this study, we considered the two sampling periods as levels of a fixed factor, assuming that they
represented contrasting periods of the Po River discharge regime.

The same experimental design was used to test variations in i) the biochemical composition
(in terms of protein, carbohydrate, lipid, and phytopigment contents) and nutritional quality (in terms
of the protein to carbohydrate ratio, protein, and chlorophyll-a contributions to biopolymeric C) of
sedimentary organic matter, and ii) the composition of OTUs and meiofaunal assemblages (based
on abundance data only), again using PERMANOVA, in a multivariate context. The PERMANOVA
analyses were based on matrixes of the Euclidean distance after normalization of the data (OM) and
Bray Curtis similarity matrixes after square root transformations (prokaryotes and meiofauna) [60].

To visualize differences among stations and seasons in the biochemical composition, the nutritional
quality of sedimentary organic matter, and the composition of OTUs and meiofaunal assemblages,
bi-plots after a canonical analysis of the principal coordinates (CAP) were also produced [61].
Additionally, a Similarity percentage (SIMPER) analysis was carried out to assess the percentage
dissimilarity in the meiofaunal taxonomic composition among systems and seasons. All statistical
analyses were performed with the software PRIMER 6+ [62].

To assess whether the sedimentary organic matter content or nutritional quality explained
significant differences in the prokaryotic and meiofaunal community composition, non-parametric
multivariate multiple regression analyses, based on Euclidean distances, were also carried out using
the DISTLM forward routine [60]. The forward selection of predictor variables was carried out with
tests by permutation. P values were obtained using 9999 permutations of raw data for the marginal
tests (tests of individual variables), whereas, for all of the conditional tests, the routine used 9999
permutations of residuals under a reduced model. Linear regressions were carried out using the
Excel software.

3. Results

3.1. Environmental Parameters

The water temperature and salinity measured during the study period are reported in Table 1A.
In summer, the temperature ranged from 17 to 25 ◦C, with the lowest values at sea (Cesenatico) and
highest at the river (Oglio) sampling station, respectively. In winter, the temperature ranged from
8 to 13 ◦C, with the lowest values at the river and lagoon stations (Oglio, Gorino, and Giralda) and
highest at the lagoon mouth station (Delta), respectively. In both summer and winter, the salinity
ranged from 0 to 35, at the sampling stations located within the rivers (i.e., Oglio and Po) and at sea
(Cesenatico), respectively.
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Table 1. Temperature, salinity, organic matter contents (A), descriptors of organic matter nutritional quality, and degradation rates (B) in the sediments of the
investigated stations across the river-to-sea transect in summer and winter.

(A) Temperature Salinity Chlorophyll-a Phaeopigment Total Pigment Protein Carbohydrate Lipid Biopolymeric C

Sampling season Sampling station ◦C PSU µg g−1 µg g−1 µg g−1 mg g−1 mg g−1 mg g−1 mg g−1

avg sd avg sd avg sd avg sd avg sd avg sd avg sd

Summer River Oglio 25 0 0.08 0.00 0.30 0.02 0.35 0.05 0.30 0.02 0.17 0.00 0.03 0.01 0.24 0.02
River Po 23 0 1.12 0.09 4.00 0.53 5.12 0.68 0.71 0.08 0.38 0.10 0.14 0.05 0.60 0.12

Lagoon Gorino 23 28 3.07 0.59 68.59 19.01 71.66 19.99 14.19 1.60 3.32 0.20 1.51 0.09 9.41 0.93
Lagoon Giralda 23 5 6.29 1.03 91.37 9.93 98.66 10.50 8.18 0.92 4.05 0.09 0.64 0.06 6.10 0.53
Lagoon Delta 23 28 1.40 0.08 14.03 0.74 15.43 0.88 1.48 0.14 0.44 0.02 0.19 0.02 1.05 0.09

Sea Cesenatico 17 35 2.67 1.00 36.45 10.31 39.12 11.31 10.50 0.47 2.55 0.33 0.88 0.04 6.83 0.39

Winter River Oglio 8 0 1.38 0.00 19.35 6.24 20.72 3.61 2.45 0.23 3.71 0.99 0.74 0.19 3.24 0.65
River Po 10 0 1.31 0.15 8.73 0.17 10.04 0.02 5.80 0.11 7.44 0.27 1.37 0.31 6.85 0.39

Lagoon Gorino 8 28 8.74 1.58 125.33 3.10 134.07 4.57 4.60 0.27 7.43 0.60 2.66 0.31 7.22 0.61
Lagoon Giralda 8 9 17.28 0.55 93.74 6.60 111.03 7.15 10.34 0.25 6.03 0.68 1.65 0.13 8.72 0.49
Lagoon Delta 13 28 9.02 2.36 38.95 10.21 47.97 12.57 4.82 0.82 3.26 0.37 0.91 0.23 4.35 0.72

Sea Cesenatico 10 35 1.46 0.15 16.03 1.46 17.00 0.77 5.02 0.62 0.49 0.02 0.32 0.06 2.89 0.35

(B) Phytopigment: Biopolymeric C Protein: Biopolymeric C Protein: Carbohydrate Aminopeptidase β-Glucosidase Alkaline-Phosphatase

Sampling season Sampling station % % µg C g−1 h−1 µg C g−1 h−1 µg P g−1 h−1

avg sd avg sd avg sd avg sd avg sd avg sd

Summer River Oglio 1.32 0.03 61.30 0.78 1.25 0.02 14.20 4.38 0.49 0.24 0.67 0.25
River Po 7.56 0.91 58.12 4.69 1.19 0.10 20.48 4.81 1.76 0.12 4.82 0.91

Lagoon Gorino 1.30 0.12 73.79 1.04 1.51 0.02 13.21 5.06 0.90 0.19 3.23 0.09
Lagoon Giralda 4.10 0.33 65.56 1.72 1.34 0.04 29.82 5.11 3.39 1.27 6.53 3.70
Lagoon Delta 5.37 0.15 69.35 0.60 1.42 0.01 8.59 2.39 0.68 0.19 0.92 0.31

Sea Cesenatico 1.55 0.50 75.41 0.95 1.54 0.02 14.40 3.47 2.01 0.13 5.30 1.29

Winter River Oglio 1.75 0.35 37.67 4.19 0.77 0.09 16.60 10.94 3.56 1.14 1.70 0.62
River Po 0.76 0.04 41.55 1.57 0.85 0.03 3.51 0.83 3.85 0.77 1.46 0.46

Lagoon Gorino 4.82 0.47 31.25 0.78 0.64 0.02 23.31 16.39 1.55 0.52 3.31 0.39
Lagoon Giralda 7.94 0.20 58.20 1.87 1.19 0.04 24.91 2.44 3.04 0.16 5.23 1.37
Lagoon Delta 8.20 0.83 54.30 0.20 1.11 0.004 20.75 9.63 4.07 1.25 2.01 0.31

Sea Cesenatico 2.02 0.04 84.91 0.11 1.73 0.002 8.47 1.49 1.02 0.24 1.98 0.26
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3.2. Content, Biochemical Composition, Nutritional Quality, and Degradation Rates of Organic Matter

The chlorophyll-a, phaeopigment, total phytopigment, protein, carbohydrate, lipid, and biopolymeric
C contents; algal and protein contributions to biopolymeric C; values of the protein to carbohydrate ratio;
and OM degradation rates are reported in Table 1A,B.

The results of one-way PERMANOVA tests reveal a significant effect of the factor Station × Season
for organic matter contents (Table S1A). In both seasons, the contents of almost all investigated variables,
with only a few exceptions, were significantly the highest at the lagoon stations (Giralda and Gorino).
At each station, almost all variables displayed contents in winter that were significantly higher than
those in summer, with the exception for those at sea (Cesenatico), where the highest values occurred
in summer.

The results of the multivariate PERMANOVA test also show a significant effect of the factor
Station × Season on the OM biochemical composition, with significant differences among sampling
stations in both seasons and between seasons at each station (Figure 2A).
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The results of univariate PERMANOVA tests on the nutritional quality and ageing of OM are
reported in Table S1B. The factor Station × Season had a significant effect on all descriptors of OM
nutritional quality, with values varying significantly among stations in both seasons and between
seasons at almost all stations. Specifically, in summer, the algal fraction of biopolymeric C was the
highest at the Po River station and lowest at the Oglio River, lagoon (Goro), and sea (Cesenatico)
stations; in winter, values at the lagoon stations Delta and Giralda were higher than those in all other
stations, whereas the lowest values occurred at the Po River station. The algal fraction of biopolymeric
C was only higher in summer than in winter at the Po River station.

In both seasons, the protein fraction of biopolymeric C and the values of the protein to carbohydrate
ratio were highest at sea (Cesenatico) and higher in summer than in winter at all sampling stations,
except for the marine station (Cesenatico). Overall, the nutritional quality of OM varied significantly
among all sampling stations in each season and between seasons at each sampling station (Figure 2B).

The results of one-way PERMANOVA and the consequent pair wise tests carried out on enzymatic
activities are reported in Table S1C. In both seasons, the aminopeptidase activity was highest at the
lagoon stations Giralda and Gorino, and significantly higher in summer than in winter at the Po
River and Cesenatico (sea) stations. The β-glucosidase activity was highest at the lagoon station
Giralda in summer and at the lagoon Delta and Po and Oglio River stations in winter. Values of the
β-glucosidase activity were higher in winter than in summer at Oglio and Po River stations and at
the lagoon Delta station, whereas at sea (Cesenatico), the highest values occurred in summer. In both
seasons, the alkaline-phosphatase activity was highest at the lagoon Giralda station. Moreover, it was
higher in summer than in winter at Po, Giralda, and Cesenatico stations, with the opposite pattern at
Oglio and Delta stations.

3.3. Prokaryotic Abundance, Biomass, and Diversity

The prokaryotic abundance, biomass, richness of OTU, and OTU composition are illustrated in
Figure 3A–D. The results of PERMANOVA tests reveal a significant effect of the interaction Station × Season
on the prokaryotic abundance, biomass, and OTU composition (Table S2A). Both in summer and winter,
the prokaryotic abundance and biomass were the highest at the lagoon (Gorino and Giralda) and sea
(Cesenatico) stations. At all stations, with exceptions for the Delta and sea stations, the prokaryotic
abundance and biomass were higher in winter than in summer. The richness of prokaryotic OTU
was highest at the Po River station in summer and at the Gorino Lagoon station in winter. At all
stations, except for the Oglio and Po River and lagoon Delta stations, the richness of prokaryotic OTU
was higher in winter than in summer (Figure 3C). The bi-plot produced after the CAP confirms the
presence of strong spatial and temporal variations in the OTU composition of prokaryotic assemblages
(Figure 3D).

3.4. Meiofaunal Abundance, Richness of Taxa, and Community Structure

The meiofaunal abundance, biomass, richness of taxa, and taxonomic composition are reported in
Figure 4A–D. The results of two-way PERMANOVA tests reveal a significant effect of the interaction
Station × Season on the meiofaunal abundance, biomass, and taxonomic composition (Table S2B).
The results of the pair wise tests (Table S2B) reveal that both the meiofaunal abundance and biomass
varied significantly among stations in both seasons and between seasons at almost all sampling stations.
Specifically, the highest meiofaunal abundance and biomass occurred at lagoon stations in both seasons
(Giralda in summer and Gorino and Giralda in winter). At the Po River and Delta lagoon stations,
the meiofaunal abundance was higher in summer than in winter, whereas at the Gorino Lagoon
(Gorino) and marine (Cesenatico) stations, values were the highest in winter. At the Delta lagoon
station, the meiofaunal biomass was higher in summer than in winter, whereas at sea (Cesenatico),
the highest values occurred in winter.
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The richness of meiofaunal taxa did not display significant differences among sampling stations,
or between seasons (Table S2B). At all stations and in both seasons, the meiofaunal community
was dominated by nematodes (51–98%), followed by copepods (1–22%). “Other” taxa included
Bivalvia, Kinorhyncha, Cumacea, Isopoda, Nemertea, Platelminta, Tunicata, and Gnatostomulida,
each accounting for <1% of the total meiofaunal abundance.

The results of the multivariate PERMANOVA tests reveal a significant effect of the factors Station
and Station × Season on the meiofaunal taxonomic composition (Table S2B). Specifically, the results
of the pair wise tests show that the meiofaunal taxonomic composition varied significantly among
sampling stations in both seasons and between seasons at four of six sampling stations (Po, Gorino,
Delta, and Cesenatico). The bi-plot produced after the CAP analysis confirms the presence of strong
spatial and temporal variations in the meiofaunal taxonomic composition (Figure 4D).

SIMPER analysis (Table 2) revealed that the % dissimilarity among different systems was 50–76%
in summer and 64–80% in winter, and that the observed % was mainly due to the higher contribution
of nematodes in the lagoon community structure and to the absence/reduction of the other taxa,
in both seasons.

Table 2. Output of SIMPER analysis (cut off 90%), testing for % dissimilarity among systems in each
season and between seasons in each system.

% Dissimilarity Responsible Taxa Presence/Absence
% Dissimilarity Responsible Taxa

In summer river vs. lagoon 75.3 Nematoda 41.3
Amphipoda, Rotifera, Ostracoda, Oligochaeta,
Tardigrada, Acarina, Polychaeta, Nemertini,

Bivalvia, Platelminta

lagoon vs. sea 76.1 Nematoda 36.2
Kinorhyncha, Ostracoda, Rotifera, Priapulida

larvae, Polychaeta, Acarina, Cumacea,
Oligochaeta, Amphipoda, Nemertea

river vs. sea 50.0 Nematoda,
Copepoda 49.4

Kinorhyncha, Amphipoda, Rotifera, Ostracoda,
Polychaeta, Oligochaeta, Tardigrada,
Priapulida larvae, Cumacea, Bivalvia

In winter river vs. lagoon 80.0 Nematoda 41.8 Amphipoda, Rotifera, Ostracoda, Tardigrada,
Polychaeta, Oligochaeta, Acarina, Copepoda

lagoon vs. sea 63.7 Nematoda 22.0 Oligochaeta, Ostracoda, Tardigrada, Acarina,
Rotifera, Polychaeta, Amphipoda

river vs. sea 65.3 Nematoda,
Copepoda 40.7 Amphipoda, Rotifera, Oligochaeta, Tardigrada,

Polychaeta, Acarina, Copepoda,

In river system summer vs. winter 63.4 Nematoda,
Copepoda, Acarina 37.9

Tardigrada, Polychaeta, Oligochaeta, Rotifera,
Ostracoda, Acarina, Copepoda, Amphipoda,

Bivalvia, Platelminta

In lagoon system summer vs. winter 39.3 Nematoda 28.3
Ostracoda, Oligochaeta, Acarina, Amphipoda,

Tardigrada, Rotifera, Nemertea, Polychaeta,
Bivalvia, Isopoda, Kinorhyncha

In sea system summer vs. winter 37.0 Nematoda,
Copepoda 31.3 Kinorhyncha, Oligochaeta, Polychaeta,

Rotifera, Priapulida larvae, Ostracoda

The % dissimilarity between summer and winter was lowest at sea (31%) and highest in river
(38%) systems, and such differences were driven by different sets of taxa, depending on the system.

3.5. Relationships between Prokaryotes, Meiofauna, Organic Matter, and Environmental Characteristics

The results of the linear regression analyses indicate a significant and positive relationship
between the BPC sedimentary contents and prokaryotic abundance (p < 0.05, R2 0.622; Figure 5A) and
biomass (p < 0.01, R2 0.611; Figure 5B), as well as between the chlorophyll-a sedimentary contents and
meiofaunal abundance (p < 0.05, R2 0.590; Figure 5C) and biomass (p < 0.05, R2 0.372; Figure 5D).

The results of the multivariate multiple regression analysis (DISTLM forward; Table 3), conducted
on the composition of prokaryotic OTUs and meiofaunal assemblages, reveal that, when pooling
together all data irrespective of season and station, the sub-set of variables that explained significant
variations in the prokaryotic OTU composition explained a total of ca. 85% of variance and included
all of the considered variables, with the exception of the protein to carbohydrate ratio.
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Table 3. Results of the multivariate multiple regression analysis carried out to ascertain the effect of the
quantity and nutritional quality of sedimentary organic matter on the prokaryotic OTU composition (A)
and meiofaunal taxonomic composition irrespective of the season (B), in summer, (C) and in winter (D).
% Variance = percentage of explained variance (SS = sum of squares; F = F statistic; P = probability
level; *** = P < 0.001; ** = P < 0.01; * = P < 0.05; ns = not significant).

Variable SS F P % Variance % Cumulative

(A) Temperature 5505.6 2.8388 *** 13.6 13.6

prokaryotic OTU composition

Phaeopigment 4690.3 3.1907 ** 11.6 25.2
Salinity 4165.5 2.3033 * 10.3 35.5

Chlorophyll-a 4003.7 2.3956 ** 9.9 45.4
Chlorophyll-a/Biopolymeric C 3940.8 5.3008 ** 9.8 55.2

Lipid 3410 3.3767 * 8.4 63.6
Protein 3293.7 2.4585 * 8.1 71.8

Carbohydrate 3227.5 2.702 * 8.0 79.8
Protein/Biopolymeric C 2512.2 4.4342 * 6.2 86.0
Protein/Carbohydrate 801.55 1.4831 ns 2.0 88.0

(B) Phaeopigment 27,987 14.951 *** 30.5 30.5

meiofaunal taxonomic
composition

Salinity 15,291 10.435 ** 16.7 47.2
Chlorophyll-a/Biopolymeric C 8447.1 6.7732 *** 9.2 56.4

Protein 4192.5 3.639 ** 4.6 61.0
Carbohydrate 3872.8 4.4542 ** 4.2 65.2

Protein/Carbohydrate 3817.2 3.59 ** 4.2 69.4
Chlorophyll-a 3680.3 3.7822 * 4.0 73.4
Temperature 2270.2 2.7766 * 2.5 75.9

Protein/Biopolymeric C 1294.4 1.6557 ns 1.4 77.3
Lipid 1235.1 1.5408 ns 1.3 78.7

(C) Chlorophyll-a 9912.3 4.7556 ** 22.9 22.9

meiofaunal taxonomic
composition in summer

Temperature 8016.6 4.7468 ** 18.5 41.4
Lipid 7348.9 19.458 ** 17.0 58.4

Salinity 7045.1 5.3933 ** 16.3 74.7
Chlorophyll-a/Biopolymeric C 6406.7 7.0101 ** 14.8 89.5

Protein 824.86 2.8042 * 1.9 91.4
Phaeopigment 765.74 2.2364 ns 1.8 93.2

Protein/Carbohydrate 351.13 1.22 ns 0.8 94.0
Protein/Biopolymeric C 342.36 1.2184 ns 0.8 94.8

Carbohydrate 110.93 0.36334 ns 0.3 95.1
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Table 3. Cont.

Variable SS F P % Variance % Cumulative

(D) Phaeopigment 20,442 12.098 *** 43.1 43.1

meiofaunal taxonomic
composition in winter

Salinity 13,045 13.987 *** 27.5 70.5
Protein 4212.2 6.0307 *** 8.9 79.4

Chlorophyll-a 2762.1 5.1176 *** 5.8 85.2
Carbohydrate 2283.7 5.7903 ** 4.8 90.0

Protein/Biopolymeric C 785.55 2.0692 ns 1.7 91.7
Protein/Carbohydrate 466.83 1.266 ns 1.0 92.7

Lipid 364.15 0.91691 ns 0.8 93.4
Temperature 323.36 0.86176 ns 0.7 94.1

Chlorophyll-a/Biopolymeric C 166.23 0.39556 ns 0.4 94.5

The multivariate multiple regression analysis also reveals that, when pooling together all data
irrespective of season and station, a total of 75% of variation in the meiofaunal community composition
is significantly explained by the phaeopigment, salinity, chlorophyll-a to biopolymeric C, protein,
carbohydrate, protein to carbohydrate ratio, chlorophyll-a, and temperature.

The DISTLM forward analysis carried out separately for the two seasons revealed that two
different sub-sets of variables significantly explained the observed variations (ca. 91% and 90% in
summer and winter, respectively). In summer, the most important variables explaining the observed
variations in the meiofaunal taxonomic composition were chlorophyll-a and temperature, whereas in
winter, they were phaeopigment and salinity.

4. Discussion

The rapid increase of human activities has substantially altered the biogeochemical cycles of
carbon, nitrogen, and phosphorous, thus becoming, in the last decades, a major issue for most of the
freshwater and coastal marine ecosystems worldwide [63,64].

For many years, the North Adriatic Sea has been the most productive region of the whole
Mediterranean Sea, with high marine production at all trophic levels, from phytoplankton to fish.
Nevertheless, during the last decades, this basin has experienced severe eutrophication, beside
hypoxic/anoxic crises and mucilage spreads [47,65]. These events have caused the mass mortality
of pelagic and benthic organisms, as well as a deep degradation of the benthic compartment [66].
In the last two decades, the combination of reduced nutrient loads (due to recent regulations limiting
detergent use and to a continuously diminished runoff due to climate change [67]) has caused an
overall trend of oligotrophication in the basin [68], although some authors recently highlighted that
the continental loads of nutrients are still high [63,69].

According to previous studies [3,70], the sedimentary trophic status can be assessed through
rankings based on the quantity, biochemical composition, and nutritional quality of organic matter,
and their combinations. Such studies have proposed a marine benthic trophic status classification based
on the sedimentary contents of protein, carbohydrate, and biopolymeric C and the algal fraction of
biopolymeric C [3,70]. In this study, applying the classifications proposed above, all of the investigated
sediments can be ranked as meso-eutrophic. Specifically, we observed that, during our study, either the
marine or lagoon sediments can be ranked only partially as eutrophic. Our results, when compared with
early studies carried out in the same area [3,9,16,33,38,71], pinpoint the decrease of the benthic trophic
status, and confirm the “regime shift” of the Adriatic Sea towards progressively more oligotrophic
conditions [68,72–74].

Extending the classification proposed by Dell’Anno et al. (2002) [70] and Pusceddu et al. (2009) [3]
to the river sediments, the Po and its tributary sediments would be meso-eutrophic. Unfortunately,
the lack of similar data from previous study periods in Po River sediments does not allow any inference
on temporal changes in the benthic trophic status of the riverine station. Nevertheless, the overall
BPC contents in the Po River sediments during our study were in the lowest range observed in other
rivers, although in largely different ecological contexts and latitudes [75]. This would suggest that,
most likely due to the increased use of inner freshwaters for human usage [76], the sediments of the Po
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River could also have recently experienced a decrease in the benthic trophic status. However, most
recent studies have demonstrated that excessive simplification of the landscape due to the removal of
buffer strips and riparian wetlands has accelerated the nutrient transfer to water bodies [37,63].

The results of our study indicate that, in both seasons, the lagoon sediments (i.e., Gorino, Giralda,
and Delta stations) were characterized by the highest sedimentary organic loads and OM nutritional
quality. This result is in agreement with the general view of Mediterranean coastal lagoons as
transitional water sites of high production [77], where the accumulation of organic matter turns these
ecosystems into ‘detritus traps’ [16,78], and they are net heterotrophic [79,80].

Moreover, according to previous studies [16,20], both the lagoon and marine sites under scrutiny,
showing the highest sedimentary BPC concentrations, were characterized by the highest values of
prokaryotic abundance, biomass, and diversity. This result confirms the presence of an overwhelming
positive effect of OM quantity and bioavailability on benthic prokaryotes [19], but it can also be
interpreted on the basis of concurrent physical-chemical gradients along the investigated transect.
Indeed, a strong difference in the prokaryote assemblage’s composition was observed along the salinity
gradient across the river-lagoon-sea transect and was accompanied by an increasing dominance of
exclusive taxa in each of the investigated systems. This result corroborates previous investigations
showing either an increasing presence of freshwater taxa at stations more influenced by the river
discharge or a core microbiome present across all study areas [81]. Unfortunately, as our results do not
allow us to provide information on the prokaryotic taxonomic identity (due to the limitations of the
ARISA molecular technique, which does not allow DNA sequencing), we cannot make inferences about
the specific ecological role of the different prokaryotic groups in each investigated system. Despite this,
we observed the highest values of extracellular enzymatic activities in the lagoon sediments, where
the highest prokaryotic biomass and diversity were also observed. These results let us hypothesize
that lagoons not only behave as ‘detritus traps’ (sensu [78]), but also as OM degradation hot spots,
such as deltas and estuaries, already identified as metabolic reactors for OM and nutrients [63].
The rates of enzymatic OM degradation have been repeatedly used as proxies of benthic ecosystem
functioning [12,13]. We report here a clear coupling between OM degradation and prokaryotic and
meiofaunal biomass and diversity, so we can infer that the investigated lagoon sediments are hotspots
of ecosystem functioning, and that this, at least partially, is promoted by either prokaryotes [19]
or meiofauna.

Our results also provided evidence of a concurrent positive relationship between sedimentary
OM and meiofaunal abundance and biomass. Meiofauna are considered to be highly sensitive to
environmental changes, so they can provide useful information about the benthic component response
to ecosystem “regime shifts” in a variety of aquatic ecosystems [16,82–84]. Previous studies carried
out in typically oligotrophic conditions (like the coastal W Mediterranean Sea) reported an evident
decrease of the abundance, biomass, and richness of higher meiofaunal taxa exposed to high (excess)
organic loads [82]. In contrast, our results, obtained in even more eutrophic conditions, show that the
higher the organic loads, the higher the values of meiofaunal abundance and biomass. This result
suggests that the apparent positive relationship between sedimentary OM and meiofaunal abundance
and biomass observed across the river-lagoon-sea transect is more the result of a pattern of prokaryotic
and meiofaunal communities specifically adapted to different habitats, rather than an actually ‘positive’
response to OM enrichment. Accordingly, despite no differences being observed in the richness of
prokaryotic OTUs and meiofaunal higher taxa among stations or between seasons, the multivariate
analysis revealed that different stations in the two seasons were characterized by very different
prokaryotic and meiofaunal assemblages. In this regard, SIMPER analyses also revealed a high %
of dissimilarity among systems (particularly between river and lagoon/sea systems) and seasons in
each system. These results suggest that meiofaunal assemblages retrieved in the different investigated
environments appear well-adapted to the specific trophic and environmental characteristics they face
in each environment. Indeed, when the data are presence/absence transformed, different sets of taxa
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are responsible for the observed dissimilarity (mostly rare taxa, i.e., accounting for <1% of the total
assemblage, each, [16]).

In this regard, the results of the multiple multi-regression analysis (DISTLM forward) indicated
that both the compositions of prokaryotic OTUs and meiofaunal assemblages were significantly affected
by environmental settings (temperature and salinity, cumulatively explaining ca. 24% and 19% of
the observed variance in prokaryote and meiofauna assemblages, respectively), the trophic resource
quantity (cumulatively 46% and 43%, respectively), and the nutritional quality (cumulatively 16% and
13%, respectively).

5. Conclusions

Our results allow us to reject the null hypothesis that the OM quantity, biochemical composition
and degradation rates, prokaryotic and meiofaunal biodiversity, and ecosystem functioning do not
vary among different ecosystems along a strong salinity gradient in different periods of the year.

Overall, the results of this study also allow us to conclude that the synoptic analysis of prokaryotes
and meiofauna can provide useful information on the relative effects of organic enrichment and
environmental settings across gradients of the environmental continuum. Our results also pinpoint that
transitional water systems, including rivers, lagoons, and marine coastal ecosystems, represent a sort
of end-of-pipe of the watershed continuum connecting the terrestrial and coastal domains, and acting
as either a filter or source for nutrients and contaminants [64].

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/5/189/s1,
Table S1. Results of the one-way PERMANOVA testing for differences in the concentration of biochemical
compounds and composition (A), descriptors of nutritional quality (B) of organic matter in the sediment between
sampling stations and seasons. Table S2. Results of multivariate PERMANOVA and pair wise test on prokaryotic
(A) and meiofaunal (B) abundance, biomass, richness of meiofaunal taxa and taxonomic composition in the
sediment among stations and sampling seasons.
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