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Abstract: The concentrations of inorganic, organic and total carbon, and some sedimentary parameters
(sediment density, fines, pH, and shell fragments), have been analyzed in surface sediments of the
Venice Lagoon since 1987. Environmental scenarios, characterized by different anthropogenic
impacts, have been considered, especially in the central basin where more information is available.
Data collected in 2009 in the lagoons and ponds of Po Delta, in Comacchio Valleys and Pialassa della
Baiona have been also considered and analyzed together with those recorded in the whole Venice
Lagoon in 2011. The results show a strong correlation of the inorganic carbon (Cinorg) with the
carbonatic or siliceous origins of the sediments and changes of both Cinorg and organic carbon (Corg)
according to different anthropogenic impacts, especially eutrophication and clam-fishing activities.
Higher sediment density, grain-size, and pH were associated to good-high ecological conditions and
the higher presence of inorganic carbon of biological origin (shell fragments and calcified macroalgal
fragments). Conversely, Corg, which is associated to eutrophic conditions, was strongly affected
by the sediment disturbance and the presence of high concentrations of bivalves which enhance
its consumption.

Keywords: carbon concentrations; surface sediments; anthropogenic impacts; environment resilience;
transitional environments; Venice Lagoon; Po Delta; Comacchio Valleys; Pialassa della Baiona

1. Introduction

Transitional Water Systems (TWS) are water bodies (lagoons, ponds, deltas, estuaries, fjords) with
wide ecological features ranging from marine to freshwater conditions. They can be strongly affected
by freshwater inputs (i.e., Po delta lagoons and ponds in Italy [1,2]), be almost completely devoid
(i.e., Mar Menor in Spain [3]) or present intermediate conditions (i.e., Venice Lagoon, in Italy, [4]). TWS are
under severe stress conditions from both natural and anthropogenic pressures that affect the ecological
status and organism communities, including salinity [5]), nutrient/pollutant inputs [6,7], harboring [8],
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and fishing activities [9,10]. However, a high water renewal can strongly mitigate these impacts,
triggering a rapid environmental recovery [7]. Changes of nutrients and carbon concentrations in surface
sediments are the results of both human impacts and natural ecosystem resilience. When anthropogenic
pressures reduced, the sedimentary system would recover, influencing the vegetation [11] and the
benthic [12,13] and fish fauna [14,15].

Despite the wide literature concerning nutrient [6,7,10], different pollutant concentration [16–18],
and biota changes [12,13], the information on carbon concentrations is nowadays very scarce [17–19].

Therefore, the aims of the present study were mainly two: (i) to describe the spatial and temporal
variations of carbon concentrations (total, inorganic, and organic) in the surface sediment of the Venice
Lagoon since 1987 and (ii) to compare the data from the Venice Lagoon with those collected in other
TWSs in the northern Adriatic Sea (Italy).

2. Materials and Methods

2.1. Description of Study Areas and Sampling Campaigns

The Venice Lagoon, located in the north-western Adriatic Sea, is the most studied TWS of the
Mediterranean Sea. It covers an area of ca. 549 km2 accounting for ca. 39% of the total Italian TWSs [11]
and has a water surface of ca. 432 km2 (Figure 1).
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The mean depth of the Venice Lagoon is ca. 1.2 m on the mean tide level: it reaches 15–20 m in the
canals, 1–2.5 m in the water bodies and a few centimeters in the shallower areas. Water circulation in
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the Venice Lagoon is mainly driven by tidal action [19] which enables the renewal of about 60% of the
total lagoon water every 12 h [20]. Residence time varies over the lagoon and with meteorological
conditions, with average values ranging from few days, in the areas close to the inlets, to 40 days in the
inner, chocked areas [21].

Morphological barriers (Malamocco-Marghera canal at South, and the salt marshes of Burano
and Torcello at North) divide the lagoon into three basins differing from the hydrological ones whose
watersheds shift according to tides and winds. The Venice Lagoon is also characterized by strong
marine conditions resulted from the high water exchange (ca 19,000 m3 s−1) with the sea, in comparison
with negligible freshwater inputs of 34.5 m3 s−1 [22].

Since 2003, the research team at the Marine Ecology Lab, Ca‘ Foscari University of Venice (Italy)
has collected data on the Carbon of the superficial sediments in the entire lagoon. Sampling campaigns
were carried out in 2003 (165 stations), 2011 (118 stations), 2014 and 2018 (88 stations), and in the late
spring–early summer period. In this paper, the concentrations recorded in 85 common stations have
been analyzed and compared.

In addition, for the central lagoon (132 km2), carbon mapping dates back to 1987 (35 stations)
and was repeated in 1993, 1998, 2003, 2011, 2014, and 2018. This wide temporal scale allowed us to
analyze the carbon concentrations in the various events that have characterized the lagoon over the last
40 years: the macroalgal dominance (1987) [4,23]; the macroalgal decline (1993) [24]; the intense Manila
clam (Ruditapes philippinarum Adams Reeve) fishing activities (1998–2003) [10]; the clam-fishing decline
(2011) [7]; and the reduction of anthropogenic impacts and the beginning of the lagoon environmental
recovery (2014–2018) [7].

The Po Delta includes a wide water surface (ca. 204 km2) divided into many lagoons and ponds
with depth ranging from 0.5 to 2.5 m, according to the water body. Salinity is very variable depending
on the proximity and flow of the river mouths. Hard substrata are rare and mainly represented by
some oyster beds scattered on the bottoms or stone embankments. Clam-farming and clam-fishing
activities, unlike the Venice Lagoon where they declined sharply [7], are the main resources of the
basins, resulting in high sediment resuspension with severe environmental consequences. The main
primary producer of Po Delta is phytoplankton, whereas the free-floating nitrophilic macroalgae,
especially Ulvaceae, Gracilariaceae, and Solieriaceae dominate the areas with lower anthropogenic
impact. The beds of the aquatic angiosperm Ruppia cirrhosa (Petagna) Grande present until the 1990s
has now completely disappeared [25]. The ecological conditions were ranging from poor to bad [25].
For these lagoons, there is little information and these are the only data available for the carbon
species. Samples of surface sediments were collected in 2009 in 20 stations (3 at Caleri, 2 at Marinetta,
2 at Vallona, 3 at Barbamarco, 3 at Canarin, 4 at Scardovari, and 3 at Goro) during late spring–early
summer period.

The Comacchio Valleys are a complex of shallow coastal ponds of approximately 110 km2 which
have slight exchange with the sea through two small channels. The freshwater input from the Reno
River and the consequence of anthropogenic impacts like eel farming resulted in the shift of the
ecological status from good ecological conditions dominated by aquatic angiosperms and macroalgae
of high ecological value to a degraded and homogeneous basin dominated by phytoplankton and
picocyanobacterial blooms of poor status ([26] and references therein). Contrary to the other TWS
studied in this paper, water exchange with the sea is completely negligible and does not allow
an improvement in the ecological status. Regarding surface sediments, no other carbon species
information is available for this environment. Due to the homogeneity of the ecological conditions
present throughout the basin, in 2009, samples of surface sediments were only collected in two stations
during late spring–early summer period.

The Pialassa della Baiona pond is a shallow basin (mean depth: 60 cm) of approximately 11 km2

connected with the Adriatic Sea through an artificial canal linked to the Ravenna harbor. Freshwater
inputs, coming from a network of channels draining an intensively cultivated area, are negligible.
The basin is colonized by abundant populations of macroalgae, especially the non-indigenous species
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Agarophyton vermiculophyllum (Ohmi) Gurgel, J.N. Norris et Fredericq [27], and the ecological status is
poor [28]. Moreover, this TWS has been little studied and no other information is available. Samples of
surface sediments were collected in 2009 in three stations during late spring–early summer period.

2.2. Carbon Determination in Sediment

The top 5 cm sediment layer was sampled by a Plexiglas corer (i.e., 10 cm). Three subsamples
were collected in each station and mixed together. One subsample was retained for carbon analyses
and another for the determination of the sediment grain-size and density. Both subsamples were stored
at −20 ◦C until the laboratory analyses.

Freeze-dried sediment samples were pulverized using a sediment mill (Fritsch Pulverisette,
Idar-Oberstein, Germany). The concentration of total carbon (Ctot) was measured by a CHNS Analyzer
(Vario-MICRO, Elementar CHNS, Thermo Fisher Scientific Inc., Milano, Italy) whereas inorganic carbon
(Cinorg) was determined after samples combustion at 440 ◦C for 2 h [29] in order to eliminate most
of the organic matter with negligible loss of carbonates [30]. Organic carbon (Corg) was determined
by difference. All analyses were performed in duplicate in two different days in order to obtain
an accuracy >95%. The quality and accuracy of quantitative analyses were assured by analyzing a
certified reference material (Soil standard Ah, Carbon concentration: 7.44% ± 0.1) obtained from the
National Institution of Standards and Technology NIST (USA). For sediments with high carbonate
content (50–70%) as those present in the Venice Lagoon, heat combustion (440 ◦C) resulted to yield the
closest measured concentrations of carbon, compared to those obtained with the acidification method
described previously [31]. Both methods are affected by systematic errors arising from the elimination
of Corg and Cinorg, but the combustion method is preferable, because the acidified samples may
result in damaging of some parts of the CHNS-Analyzer. The concentrations of the carbon species
were reported in mg DWT cm−3 after normalization with the sediment amount per surface unity
(dry sediment density). Non-normalized data, expressed in mg g−1 dwt, are reported in Tables S1 and
S2 in the Supplementary Material.

2.3. Sediment Characteristic Determination

The determination of the pH (accuracy ± 0.015 units) of surface sediments (5 cm sediment top
layer) was determined in field using a portable pH-meter (pH meter PH25 + CRISON). Dry sediment
density (g DWT cm−3) was determined in laboratory by sediment desiccation at 110 ◦C in tared
crucibles of 20–30 mL. The percentage of fines (fraction < 63 µm) was obtained by wet sieving ca. 50 g
of dried sediment throughout Endecotts sieves (ENCO Scientific Equipment, Spinea (Venice), Italy).
All analyses were performed in duplicate. The amount of shell fragments was determined by sieving
the dry sediment throughout a sieve of 1 mm before sediment grinding.

2.4. Statistical Analyses

One-way analysis of variance (ANOVA) was applied to test differences of sediment parameter
in different monitoring periods. Differences were considered significant when p < 0.05. Prior to the
analyses, the distribution of each variable was checked for normality and homogeneity of variance by
the Kolmogorov–Smirnov test (p < 0.05). Non-parametric Spearman’s coefficients (p < 0.05) highlighted
the correlations among environmental parameters using STATISTICA 7.1 (StatSoft srl). The principal
component analysis (PCA) analyzed the multivariate patterns of the matrix of 113 cases (stations) in
response to the independent variables (shell fraction, sediment density, fines, inorganic, and organic
carbon concentrations). Besides, the PCA transposed matrix was created to compare the relationship
among the stations of the Venice Lagoon, the Po Delta, Comacchio Valleys, and Pialassa della Baiona.
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3. Results

3.1. Carbon Determination and Sediment Characteristics

The mean values of the carbon species (Ctot, Cinorg, Corg) concentrations and the superficial
sediment parameters collected in the studied TWS are reported in Figure 2 and Table S1 in Supplementary
Material. Total carbon was almost five times higher (72.3 mg cm−3 dwt) in the Venice Lagoon than in the
other TWSs (14.5–16.2 mg cm−3 dwt), mainly due to the highest Cinorg concentration (59.4 mg cm−3 dwt).
Similarly, in the Venice Lagoon, Corg (12.9 mg cm−3 dwt) was also markedly higher than in the other
TWSs, with concentrations more than 2 times higher than those of the Po Delta (5.8 mg cm−3 dwt) and
46–55% higher than the concentrations in Pialassa della Baiona and Comacchio Valleys, respectively.
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Figure 2. Average values of the carbon species (Ctot, Cinorg, Corg) and sediment parameters (pH, fines,
dry density, shell fragments) in the studied TWSs.

The average pH values of superficial sediments of the Venice Lagoon and Pialassa della Baiona
were similar (7.41–7.40), whereas the lower mean value was recorded in the Comacchio Valleys (7.31)
(Figure 2). This was strictly related to the lower percentage of fines (57%) and sediment dry density
(0.59 g dwt cm−3) of these TWSs. Furthermore, the lowest shell fragments percentage was observed in
the Po Delta lagoons and ponds (1.90%), while the highest percentage was detected in the Comacchio
Valleys (22.3%) (Figure 2).

3.2. Carbon Variations in the Venice Lagoon (2003–2018)

The concentrations of the carbon species (Ctot, Cinorg, Corg) in surface sediments of the whole
Venice Lagoon were recorded in different periods (2003; 2011; 2014 and 2018) (Figure 3 and Table S2 in
Supplementary Material).
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The average Corg concentrations (Figure 3a) showed an increasing trend from 2003 (6.2 mg dwt
cm−3) during the intense clam-fishing activities to 2018 (15.6 mg dwt cm−3) when these activities
were negligible.

The mean Corg difference contributed significantly to increase the average concentration of Ctot
that changed from 65 mg dwt cm−3 (2003) to 71.7 mg dwt cm−3 (2018). Indeed, the concentrations of
Cinorg were quite similar, ranging from 56.1 to 59.5 mg cm3. In parallel, sediment density (Figure 3b)
increased from 0.93 to 1.05 mg cm−3 with loss of the fine fraction.

The difference of Corg among the considered years was highly significant (one-way ANOVA)
between 2003 and the other years: 2011, 2014, and 2018 (p < 0.001, Table 1). A significant difference
(p < 0.05) was also recorded between Corg of 2011 and 2018. Significant differences were obtained for
Ctot between 2003–2011 and 2003–2014; whereas, no significant differences occurred between Cinorg
among all sampling years.

Table 1. One-way ANOVA analysis between the different sampling periods; n.s.: not significant values.

One-Way ANOVA

Ctot Cinorg Corg

2003–2011 p < 0.050 n.s. p < 3.26 × 10−15

2003–2014 p < 0.025 n.s. p < 7.10 × 10−18

2003–2018 n.s. n.s. p < 2.10 × 10−14

2011–2014 n.s. n.s. n.s.
2011–2018 n.s. n.s. p < 0.029
2014–2018 n.s. n.s. n.s.

n.s. = not significant

The carbon distribution maps reported in Figure 4 show that the highest Ctot concentrations were
recorded in the central and northern basins around the historical centre of Venice, the watershed of
Lido Island, and the salt marshes of Burano and Torcello. Conversely, Corg showed the maximum
concentrations close to the saltmarshes of the southern lagoon and in the extreme northern lagoon.
It is noteworthy observing that Corg intervals represented in Figure 4 for 2003 are considerably lower
than others, otherwise no differences could have been appreciated in the map.

The measurements of carbon in the central part of the Venice Lagoon referred to recent years
(2003–2018) were then merged with three additional previous campaigns, carried out in 1987, 1993,
and 1998 (Figure 5 and Table S3 in Supplementary Material).
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Figure 5. (a) Average values of the carbon concentrations recorded in the surface sediments (35 stations)
of the central Venice Lagoon during different periods. (b) Amount of dry sediment (dry density) for
volume unit.

In 1987, Ctot and Corg concentrations were 74.0 and 8.9 mg dwt cm−3, respectively. Organic carbon
dropped to 5.9 mg cm−3 in 1998, whereas, in the following years, it increased to up to 13.9 mg cm−3

in 2018 (Figure 5a). Since 2011, Corg increased significantly, whereas Ctot ranged between 86.0 and
87.5 mg dwt cm−3. The dry density of surface sediments (Figure 5b) followed the same trend of Ctot
increasing from 1987 to 2018, due to the loss of the fine fraction.

The analysis of variance (one-way ANOVA) revealed that Corg concentrations were significantly
different (p < 0.05; p < 0.001) during the majority of the sampling periods (Table 2), whereas no
significant differences were recorded for Ctot and Cinorg, except the significant difference between
1987 and 2011 for the Cinorg concentration.

3.3. Carbon Variations in all TWSs

The statistical analysis (non-parametric Spearman’s coefficients) between the stations of all the
considered TWSs showed a high number of positive and inverse correlations between the carbon
species and the considered parameters and between the same environmental parameters (Table 3).
Among them, the negative correlations between fines and dry density (r ≤ −0.65) and fines and pH
(r ≤ −0.59) and the positive correlations between dry density and pH (r ≤ 0.53) and dry density and
Cinorg (r ≤ 0.53) are particularly relevant.
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Table 2. Statistical correlations (p-value) between carbon species (Ctot, Corg and Cinorg) during
different sampling periods in the central part of the Venice Lagoon; n.s.: not significant.

One-Way ANOVA

Ctot Cinorg Corg

1987–1993 n.s. n.s. 0.042
1987–1998 n.s. n.s. 2.49 × 10−4

1987–2003 n.s. n.s. 0.026
1987–2011 n.s. 0.041 n.s.
1987–2014 n.s. n.s. 3.13 × 10−4

1987–2018 n.s. n.s. 3.69 × 10−6

1993–1998 n.s. n.s. n.s.
1993–2003 n.s. n.s. n.s.
1993–2011 n.s. n.s. 8.59 × 10−4

1993–2014 n.s. n.s. 1.98 × 10−7

1993–2018 n.s. n.s. 6.14 × 10−9

1998–2003 n.s. n.s. n.s.
1998–2011 n.s. n.s. 2.10 × 10−6

1998–2014 n.s. n.s. 7.84 × 10−11

1998–2018 n.s. n.s. 1.14 × 10−11

2003–2011 n.s. n.s. 5.42 × 10−4

2003–2014 n.s. n.s. 4.08 × 10−7

2003–2018 n.s. n.s. 4.70 × 10−9

2011–2014 n.s. n.s. n.s.
2011–2018 n.s. n.s. 8.03 × 10−4

2014–2018 n.s. n.s. n.s

Table 3. Non-parametric Spearman’s coefficients between carbon compounds and some parameters
of surface sediments of all the considered lagoons and ponds. In red, significant values: p < 0.05 for
r ≥ 0.19.

Spearman’s Non-Parametric Coefficients

p < 0.05 per r ≥ 0.19

pH Fines Shells Dry Density Corg Cinorg Ctot

pH 1.00
Fines −0.59 −0.59
Shells 0.27 −0.34 1.00

Dry density 0.53 −0.65 0.07 1.00
Corg −0.25 0.32 0.26 −0.42 1.00

Cinorg 0.19 −0.04 0.26 0.45 0.05 1.00
Ctot 0.01 0.08 0.31 0.20 0.35 0.85 1.00

The principal component analysis (PCA) of the first two components applied to the whole stations
sampled in 2009 in the Po Delta, Comacchio Valleys, and Pialassa della Baiona, and in 2011, the closest
date of those sampled in Venice Lagoon, are shown in Figure 6a. The first two components explained
the 61.1% of the total variance and the four sediment parameters, namely: pH, dry density, fines,
and shell fragments showed a loading >0.7. The explained variance increased to 79.6% by considering
three components. In addition, PCA highlighted the affinity among parameters confirming the results
of the correlations coefficients: pH and the sediment density were associated to the concentration of
Cinorg and the presence of shell fragments, whereas Corg was clustered in the same side of fines.
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Figure 6. (a) Principal component analysis (PCA) among carbon species and surface sediment
characteristics. Red small circles represent values of loading >0.7. Large circles show the different
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Venice Lagoon; in black: lagoons and ponds of the Po Delta; in green: Pialassa della Baiona; in red:
Comacchio Valleys.

The PCA of the transposed matrix applied to the same parameters and stations (Figure 6b) shows
the clustering among the stations of the different TWSs. All the stations of the Venice Lagoon and
Po Delta are evenly distributed in the biplot showing a high heterogeneity and partially overlap,
whereas the stations of the Comacchio Valleys and Pialassa della Baiona are clustered in the lower side
of the biplot showing minor differences.

4. Discussion

Carbon concentrations in surface sediments showed a close relationship with sediment origin
and the anthropogenic activities that affected the TWSs of the Northern Adriatic Sea. Indeed, in the
northern basin of the Venice Lagoon, during the periods of the 16th and 17th centuries, the main rivers
were diverted into the sea in order to avoid the landfill of the lagoon [32], and some of them enriched
the sediments with high amounts of carbonates [17]. Inorganic carbon was transported and released
into the lagoon by rivers Piave and Brenta originating from the Dolomites (i.e., the limestone mountain
system located in the north-eastern Alps). The TWSs located southern of the Venice Lagoon instead
were formed by the Adige and Po rivers originating in the central-western Alps and consist mainly of
siliceous minerals. These different contributions of carbonates explain the decreasing concentrations
of Cinorg and Ctot observed from North to South in the TWS in the western coasts of the North
Adriatic Sea, as previously reported in a study [33] that described richer silicate-related elements in the
sediments from the southern lagoon in comparison with the calcite/dolomite rich sediments of the
northern lagoon.

Apart from this, the concentrations of the Corg seem to be affected mainly by the presence of
macrophytes, the abundance of clams, and by clam-fishing activities. Notably, the presence of massive
angiosperm meadows and macroalgal beds in Venice Lagoon enriched the sediments with organic
matter [34,35]. To these should be added the considerable carbon sequestration rates of salt-marshes
and reeds from freshwater flooded areas (psu < 9) mainly colonized by Phragmites australis (Cav.)
Trin. ex Steud. whose root-rhizome and stem fragments are still clearly recognizable in the peat
deposits of the sediments alongside the landward area of the southern Venice Lagoon [36,37] and in
the surrounding watershed lands [38]. These areas evolved over the last five centuries from palustrine
reed/salt-marsh dominated environments toward depositional tidal-flat/subtidal environments storing



Water 2020, 12, 3430 10 of 13

elevated Corg concentrations in the sediments [36,37]. Despite the intense clam fishing activities in
these areas, the high degree of confinement allowed the retention of the fine fraction resuspended
preserving a higher carbon content in the superficial sediments. A similar reasoning can be developed
for the Corg-rich areas of the Northern Lagoon near the mouth of the River Dese where reeds and
salt-marshes are constantly evolving.

Instead, the other TWS are characterized by the absence of aquatic angiosperms that favor the
sediment enrichment with organic matter. However, due to the lower dry density recorded in the
lagoons of the Po Delta (0.86 g dwt cm−3), Pialassa della Baiona, and Comacchio Valleys (0.59 g
dwt cm−3), the mean Corg concentrations in surface sediments resulted further reduced (Figure 2).
However, Comacchio Valleys were completely deprived of vegetation, whereas the lagoons and ponds
of the Po Delta, in spite of the high organic inputs from the Po river, were affected by anthropogenic
activities. Indeed, in the latter TWSs, the availability of Corg was reduced both by (i) high concentration
of clams (on average 3–6 kg m−2 [7]) that filtered the organic matter present in the water column
near the surface sediment, and (ii) sediment disturbance caused by clam-fishing with hydraulic and
mechanical dredges, which mixed the first 10–15 cm of surface sediment releasing nutrients and organic
matter in the water column [10]. The above-mentioned impacts are clearly observed by examining the
data of carbon distribution obtained in the central basin of the Venice Lagoon, during different times:
(a) 1987: The lagoon was dominated by a massive algal growth with a biomass ranging from 5 to 20 kg
fwt m−2 in 65 km2 out of 132 km2 of the whole basin [35]); (b) 1993: Macroalgal biomass decreased
from 4.78 to 0.69 kg m−2 fwt [7,24,35]; (c) 1998: Clam-fishing occurred in the entire central lagoon and
the macroalgal biomass decreased further to 0.11 kg fwt m−2 with significant decrease of nutrient
concentrations in surface sediments [10]; (d) 2003: Clam-fishing reached its excessive impact and lasted
until 1999–2000 when clam production reached 40,000/60,000 tons y−1 [39]; (e) 2011: Clam-fishing
declined to ca. 2000 tons y−1 and the lagoon showed a progressive ecological recovery [7]; (f) 2014:
Aquatic angiosperms and macroalgae of high ecological value started to recolonize the lagoon [7];
and (g) 2018: The lagoon recovery continually increased and the aquatic angiosperm Ruppia cirrhosa,
which disappeared in the open lagoon during the massive macroalgal development [40], started to
re-colonize the choked areas.

In 1997, surface sediments of the central part of the Venice Lagoon showed the lowest dry
density (0.99 g cm−3) and Corg was relatively high (8.9 mg cm−3) (Figure 5). In the following years,
dry density progressively increased until 1.17 g cm−3, due to the loss of the fine fraction [41,42].
In 1998, Corg reached the minimum value (5.9 mg cm−3) when sediments were affected by intense
clam-fishing activities [10,12,41] (Figure 5a). In 2003, Corg began to increase (7.0 mg cm−3, Figure 5a).
In 2011, clam-fishing activities dropped significantly due to stock reduction and carbon concentrations
consequently increased. In the subsequent years, Corg concentrations continuously increased due to
lack of clams, the absence of sediment disturbance by clam-fishing activities, and the recolonization
of macrophytes (mostly aquatic angiosperms and sensitive macroalgae) [7]. Eventually, either a
high clam density or clam harvesting with sediment resuspension and fine fraction loss contributed
significantly to Corg reduction as it was also recorded for the Po Delta lagoons, where the mean
Corg concentration was 7.0 mg cm−3 dwt (Figure 2) and where intense clam fishing activities are
regularly carried out. Sediment resuspension promotes biodegradation of sedimentary organic
matter [43]; moreover, the disruption of organic carbon distribution due to clam mechanical fishing
activities was previously reported by [44] on a study of the immediate effects of mechanical clam
harvesting. Indeed, the concentrations of Corg were strongly correlated to sediment fines percentage,
whereas Cinorg was associated to sediment density and pH (Table 3). The positive correlation between
Cinorg and pH (Table 3) may be explained by the reduction or disappearance of crustose coralline
algae at low pH values (6.7 ≤ 8.0), and as a consequence, the loss of the sediment carbonate fraction,
as previously described [45–47] for studies on volcanic marine CO2 vents in the sea around Ischia Island.
Likewise, researchers [48] found that pH had a strong correlation with Cinorg produced from the small
microcalcareus macroalgae belonging to the epiphytic genera Pneophyllum, Hydrolithon, and Melobesia,
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which grow on the largest macroalgae and aquatic angiosperms of the Italian TWS. These taxa, under an
acidic water column (pH < 7.93), were not able to grow, thus reducing significantly the production of
carbonates trapped by these small algae and accumulated in surface sediments [48]. In extreme cases of
acidic sediment (pH < 7.0), as in the canals of the historical center of Venice, the shells of bivalves and
gastropods are not present, as they dissolve rapidly. On the other hand, Corg showed a high affinity for
Fine sediments, nutrients, [10] and pollutants [49–51], due to the larger surface area of smaller sediment
particles. Therefore, in the case of the Po Delta lagoons the high filtration due to the abundance of
clam populations and intense clam-fishing activities, resulted in the re-suspension of high amounts of
sediments and the decrease of the organic matter rich fine fractions. This scenario significantly lowered
the Corg concentrations, as recorded in the Venice Lagoon between the 1990s and 2010 [10,41,42].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3430/s1,
Table S1: Carbon concentrations in the lagoons and ponds of the North Western Adriatic Sea; Table S2: Sediment
density and carbon concentrations in the Venice Lagoon during different scenarios: 2002, 2011, 2014, 2018; Table S3,
Mean sediment density and carbon concentrations in the central Venice Lagoon during different scenarios.
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