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Abstract: Transitional water systems (TWSs) may be threatened by various metals originating
from increased agricultural, industrial activities, or urban effluents. Macroalgae are one of the
biological quality elements used to monitor and assess the health status of TWS due to their structural
and functional key role in marine ecosystems. Here, metal accumulation from the macroalgae
Ulva laetevirens Areschoug (1854) and oxidative stress by lipid peroxidation (LPO) biomarker were
investigated during four sampling seasons from three sampling sites (SMM: Santa Maria del Mare;
PM: Porto Marghera; SG: San Giuliano) of Venice Lagoon, affected by different anthropogenic
stressors. The metal pollution index (MPI) scores for U. laetevirens increased in the order SMM < PM
< SG (sea inlet < industrial area < Osellino River estuary), with average values per site of 2.99, 4.37,
and 6.33, respectively. The level of LPO was statistically correlated with the concentration of toxic
metal(loid)s (As, Pb, Hg) measured in macroalgae, and seasonality affected both levels of LPO and
metal bioaccumulation, with peak values during spring and summer. These findings highlighted the
efficiency and usefulness of the oxidative stress test (LPO) on the common macroalga U. laetevirens as
an early warning signal for health assessment in aquatic ecosystems.

Keywords: Venice Lagoon; lipid peroxidation; oxidative stress; Ulva; metals

1. Introduction

Increased anthropogenic pressures over the last few decades have caused the ecologi-
cal deterioration of estuarine habitats of high economic value [1,2]. Transitional lagoons are
subjected to dramatic environmental changes that influence their high biological productiv-
ity [3]. TWSs are threatened by several types of potentially toxic elements (PTEs) resulting
from increasing volumes of agricultural, industrial, or domestic effluents [4]. Particularly,
it is well known that both macrophytes and sediments of TWSs can act as a sink for various
contaminants released into the environment by freshwater inputs, for instance, metals and
metalloids [5].

Macrophytes are one of the biological quality elements within the European Water
Framework Directive (WFD) (2000/60/EC) used to monitor and assess the ecological
status of TWS because of their structural and functional role in the aquatic ecosystems [6].
Macroalgae are sensitive to anthropogenic stressors, and they modify their structure and
function accordingly [7]. Thus, macroalgae and aquatic plants are indicators that pro-
vide information on the health status of TWS ecosystems. Therefore, their use as target
species for a biomarker investigation and early warning signal stress is recommended [4].
The macroalgae of the genus Ulva have been proposed as good pollution biosentinels
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due to their exceptional capacity to tolerate a broad range of environmental conditions,
e.g., [8,9]. These macroalgae are characterised by wide geographic distribution in TWS
with a high propensity to accumulate metals and possibly a potential bioindicator of metal
contamination [10]. Other favourable characteristics are their high surface area/volume
ratio (provided by a laminar structure) and a structurally uniform and physiologically
active thallus [9]. Indeed, the greater presence of nutrients in seawater, also deriving from
eutrophic phenomena, favours the increase of these macroalgae, which tend to consume
the excess of nutrients [11].

A great challenge of TWS health assessment is to distinguish between environmental
and anthropogenic stressors [12]. In fact, the complex interactions of PTEs and biota that
appear in the environment make them difficult to evaluate by means of chemical analyses
only. Accordingly, the comprehensive assessment of metal contamination in TWS must
involve both the quantification of metal accumulation in biota tissues and the assessment
of biochemical parameters [13,14]. Metal exposure can induce excessive reactive oxygen
species (ROS) production, resulting in cellular oxidative damage of lipids, proteins, or
DNA [15,16]. However, oxidative stress deteriorates the structure and functionality of
the cells. Fatty acid-rich structures, such as the cell membranes, may be oxidised by
overproduction of ROS, causing a loss of rigidity and permeability and ultimately leading
to cell death [17]. Previous studies demonstrated that the determination of the lipid
peroxide (malondialdehyde (MDA)) content is a widely used technique to estimate the
oxidative stress level in biological materials [17]. Indeed, these biochemical responses have
been less explored in macroalgae. Most of the existing studies have been conducted under
laboratory conditions [18,19], rather than in field scenarios [10,20]. In this context, this
paper aims, for the first time, to evaluate the oxidative stress responses of a model primary
producer, the macroalga U. laetevirens, to environmental metal contamination on a seasonal
basis, and to evaluate the efficiency of the oxidative stress response on monitoring of TWS.

2. Materials and Methods
2.1. Study Area

The Venice Lagoon (VL) (≈549 km2) is a complex dynamic system (Figure 1), in-
cluding marine and estuarine environments, salt marshes, and areas subjected to intense
anthropogenic pressures, such as the historical centre of Venice and the industrial site of
Porto Marghera [21]. Various pressures have threatened the lagoon ecosystem, including
eutrophication [22], degradation of biota due to bioaccumulation of pollutants through
the food chain [23,24], and sediment erosion [25]. The central part of the lagoon has been
affected by metal contamination originating from the industrial area of Porto Marghera [26].
However, sediments and particulate matter are also potential sources of contaminants. The
high rate of settled particulate matter [SPM] (600–1000 kg dwt m2 year−1) in the VL [25]
can redeposit in situ or spread all around. SPM contains high nutrient and pollutant
concentrations and spread the contaminants accumulated in highly polluted areas over the
entire lagoon [27,28]. Three sampling sites were selected from VL, with reference to the
central basin according to the variation in the source of anthropogenic pressures that were
expected to affect the macroalgal assemblages.

The first site, Santa Maria del Mare (SMM), is located near the Malamocco port en-
trance which experiences very effective tidal water exchanges. It is characterised by high
ecological status and is poorly affected by anthropogenic pressures [27]. The second site,
Porto Marghera (PM), is located close to the inner border of the lagoon, and it is considered
as a site of national interest (SIN) by the Italian National Law n. 426/1998 for its unprece-
dented levels of contamination [29]. PM is influenced by the pollutants released from the
industrial activities of the petrochemical industrial pole and by urban and agricultural
water inputs that released pollutants into the lagoon [26,30,31]. The third site, San Giuliano
(SG), is close to the inner border of the lagoon and has very poor water exchange with the
sea (with water residence time exceeding 60 days—[32]); it is characterised by hypertrophic
conditions and marked industrial and urban contamination [33,34]. SG is affected by
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the freshwater inputs of the Osellino River, which carries nutrients and pollutants to the
lagoon [24]. It is also characterised by the presence of anoxic sediments and persistent
water anoxia in spring–summer.

Figure 1. Sampling sites from the Venice Lagoon: SMM—Santa Maria del Mare; PM—Porto Marghera;
SG—San Giuliano.

2.2. Macroalgal Collection and Preparation

Macroalgal samples of U. laetevirens were collected at low tide from the intertidal
zone. Only thalli attached to rock/substrate were collected to verify the tissue site source.
Approximately 15 to 25 equal size thalli from different areas were collected and pooled
together in each sampling site. The thalli were washed on-site by seawater to eliminate
the trace of sediment and epiphytes. Samples were stored at room temperature in sealed
polyethylene bottles until analysis. For biochemical analyses, at least 10 equally sized thalli
were sampled at each site during low tide and pooled together with the surrounding water,
as described by Wahsha et al. [4]. Samples were packed in plastic bags not fully closed with
a non-metallic closure (allowing gas exchange) to minimise the stress during transport to
the laboratory allowing gas exchange. Before analyses, all macroalgal samples were gently
washed and rinsed with standardised seawater for 10 s to avoid any appreciable stress
decomposition.

2.3. Water, Sediments, and SPM Collection and Preparation

From each sampling site, surface water at a depth of 50 cm was collected and stored
in polyethylene bottles. Three surficial sediments (top 5 cm) samples were collected using
a Plexiglass corer (i.d. 10 cm) and mixed together according to the sampling procedure
described in Sfriso et al. [25]. Water and sediment pH (accuracy ±0.015%) and redox
potential (Eh) (accuracy ±0.15%) were measured on-site with a portable pH meter (model
HD 8705, Delta HHM, Padua, Italy). A total of 20 mL water samples were collected
to determine salinity by the chlorine titration method [35]. Sedimentation traps (base:
20 × 20 cm; mouth: 15 × 15 cm; height 10 cm) designed for shallow bottoms were used
to collect the SPM according to the sampling procedure described in Sfriso et al. [25]. An
aliquot of sediment and SPM samples were retained for physicochemical characteristics.
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2.4. Physicochemical Characteristics of the Sediment and SPM

Sediment and SPM samples from each sampling site were analysed for grain-size com-
position and total organic matter (TOM) content. The percentage of fines (fraction < 63 µm)
was obtained by sieving ca. 50 g of dried samples through 63 µm mesh sieves [25]. The
TOM content was determined by loss on ignition according to Byers et al. [36], corre-
sponding to the percentage of weight loss in 1 g of dried sediment or SPM, after 2 h of
combustion at 450 ◦C using a muffle furnace (Muffola-ZA, Padua, Italy). The concentration
of organic phosphorus (P org) and inorganic (P inorg) phosphorus in the sediment and
SPM was determined by the spectrophotometric procedure according to Aspila et al. [37].
Total phosphorus (TP) was extracted with 1 N hydrochloric acid after ignition at a high
temperature (550 ◦C), whereas P org was determined by the difference in phosphorus
content of the 1 N hydrochloric acid extract measured before and after ignition of the dry
sediments at 550 ◦C. Total nitrogen (TN) was determined by CHNS Elemental Analyser
(Vario-MICRO, Elementar CHNS, Langenselbold, Germany) after sediment pulverisation
with a sediment mill according to the procedure previously described by Sfriso et al. [38].

2.5. Metal(Loid) Determination in Sediment, SPM, and Macroalgal Tissues

The concentration of metal(loid)s was measured in the surface sediment layer, SPM,
and macroalgal tissues. Macroalgal samples were freeze-dried, pulverised, and sieved
(Retsch Sieve shaker, AS200, Haan, Germany) to a particle size of <500 µm. Aliquots
of approx. 100 mg of the lyophilised sediment, SPM, and macroalgae were completely
mineralised by a mixture of nitric acid, perchloric acid, distilled water in closed Teflon
bombs and digested at 130 ◦C for 2 h. in a microwave oven (CEM MDS-2000, Naples, Italy).
Each digest was brought to 50 mL with Milli-Q water. The extractions were performed in
triplicate on different days to ensure the reliability and reproducibility of the extraction
method [28]. Procedural blanks were prepared using the same analytical procedure and
reagents without the sample. The quantification of metal(loid)s in the extracts was de-
termined by atomic absorption spectrometry (SpectrAA-250, Plus VARIAN spectrometer,
CA, USA). Results were expressed as microgram per gram of dry weight (µg g−1). The
accuracy of the analytical procedure was verified through the analysis of certified reference
materials, MESS-3 (Marine Sediment Reference Materials for Trace Metals—National Re-
search Council Canada) and CRM N◦ 0974 (Olea Europaea) that had undergone the same
extractions of the samples. Metal(loid) recoveries were higher than 94%, while the mean
coefficient of variation was < 8%. All the quantifications were performed with samples, and
sample blanks were run in parallel. The sample blank was subtracted from each sample,
and the mean values and respective standard deviations were calculated [39].

2.6. Biochemical Analysis in Macroalgal Tissues

The LPO level (as MDA) was determined by the thiobarbituric acid reactive substance
(TBARS) reaction as described by Wahsha et al. [17]. About 0.10 g fresh weight of the
macroalgal tissues was homogenated in a 5 mL solution of 0.25% thiobarbituric acid (TBA)
in 10% trichloroacetic acid (TCA). The sample was incubated at 95 ◦C for 30 min, followed
by quick cooling for 1 min, and centrifuged at 10,000× g for 10 min. The absorbance of
the supernatant was measured by spectrophotometer (V-10 plus, ONDA, Carpi, Italy)
at 532 nm, and correction for unspecific turbidity was performed by subtracting the
absorbance of the sample at 600 nm. The concentrations of MDA were quantified and
expressed using Beer’s law with an extinction coefficient of 155 mM−1 cm−1.

2.7. Statistical Analyses

The Spearman’s coefficients (p < 0.05) among sediment characteristics (% fines and
TOM, pH and Eh), SPM (% fines and TOM), metal(loid) concentration in the sediments,
SPM and macroalgal tissues, and their spatial distribution were analysed by STATISTICA
software version 10.1 (Stat. Soft. Inc.,1998, Tulsa, OK, USA). Metal concentrations were
reported as mean values ± standard deviation for all macroalgal, SPM, and sediment
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samples. The overall metal content in sediment, SPM, or macroalgae was measured for
different sites to compare the degree of metal pollution with the metals pollution index
(MPI) using the formula reported by Usero et al. [40].

MPI = (Cf1 × Cf2 . . . Cfn )1/n

where Cfi = concentrations of the metal ‘i’ in the sample.
The concentration of metal(loid)s in macroalgae (µg g−1 dw) used for the determina-

tion of the biota-sediment accumulation factor (BSAF) as in Velez et al. [41].

BSAF =
Cf Ulva

C s

where Cf Ulva = total concentration of a given metal(loid) in the macroalgae tissue, and
C s = concentration of that metal(loid) in the sediment or SPM.

3. Results
3.1. Environmental Parameters for Water, Surface Sediments, and SPM

Physicochemical characteristics of the surficial water, superficial sediments, and SPM
from the VL sampling sites are shown in Table S1. Water samples from SMM were charac-
terised by the highest pH and salinity (8.3 ± 0.14 units, 26.6 ± 4.37 psu, respectively) and the
lowest average water temperature (19.7 ± 4.53 ◦C). Sediment from PM and SG showed more
reduced conditions ((−80)–(−193) mV) and presented lower pH values (7.4–7.9) in compar-
ison to SMM (168 mV, 8.1 units for Eh, pH, respectively). Both sediment and SPM showed
an increasing percentage of fines and organic matter (TOM) from SMM to PM and SG.

In general, TN concentrations increased from SMM to SG and were higher in SPM than
in surface sediments. At SG, the highest TN values were 1.4 mg/g in surface sediments
and 2.3 mg/g in SPM. Total phosphorus (TP) (sum of Pinorg and Porg) showed the lowest
concentrations at SMM in both sediments and SPM. TP in SPM showed an increasing trend
from SMM to SG, whereas in surface sediment, the highest concentration was recorded at
PM but with the lowest Porg value.

3.2. Metal(Loid)s in Sediments and SPM

Metal(loid) concentrations (µg g−1 dw) in the sediments and SPM are shown in Table 1.
Most of the metal(loid)s (As, Cu, Mn, Pb, V, and Zn) showed higher concentrations in SPM
in comparison to sediment.

Table 1. Metal(loid) concentrations (mean ± SD) (µg g−1 dw) in surface sediments and SPM collected at LV: SMM—Santa
Maria del Mare; PM—Porto Marghera; SG—San Giuliano; MPI—metal pollution index.

Site As V Ni Mn Zn Cu Pb Hg MPI

SMM

Se
di

m
en

t 1.00 ± 0.14 14.0 ± 0.21 8.65 ± 1.63 258 ± 1.77 17.3 ± 1.13 6.40 ± 0.84 4.75 ± 0.07 <d.l. 10.7

PM 4.89 ± 0.21 32.5 ± 1.27 22.0 ± 0.85 242 ± 1.34 327 ± 3.39 28.4 ± 1.06 68.1 ± 1.83 1.65 ± 0.05 31.1

SG 11.2 ± 0.89 22.9 ± 0.63 15.8 ± 1.27 368 ± 28.9 428 ± 12.5 45.3 ± 2.76 56.1 ± 0.98 0.85 ± 0.02 32.9

SMM

SP
M

13.6 ± 3.39 19.1 ± 0.47 14.6 ± 0.85 365 ± 0.70 46.7 ± 0.07 9.17 ± 0.22 13.3 ± 0.78 0.29 ± 0.03 14.8
PM 16.9 ± 0.49 53.6 ± 1.41 22.1 ± 0.35 485 ± 3.53 659 ± 2.12 49.1 ± 0.85 72.8 ± 0.21 1.09 ± 0.04 47.3
SG 17.8 ± 3.89 39.5 ± 0.85 23.5 ± 0.21 606 ± 2.83 325 ± 2.83 49.2 ± 0.01 45.4 ± 0.78 0.87 ± 0.05 39.9

In surface sediments, Cu, Mn, Pb, Zn, and As were significantly higher at SG (Tukey’s
test, p < 0.05), whereas Ni and V were higher at PM. Sediments from both polluted sites (SG
and PM) showed concentrations of Cu, Pb, and Hg which fall into Class B of the ‘Venice
Special Law’ [42], whilst Zn was in class C (high contamination).

In SPM, the contamination of metal(loid)s showed a similar pattern with the highest
concentrations at SG and PM. The toxic metal(loid)s As, Hg, and Pb at PM and SG were
in class B, whereas Cu and Zn concentrations at PM were in class C (high contamination).
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Spearman’s rank-order correlations of metal(loid)s from sediment and SPM are shown in
Table S2.

Positive correlations (significant with p < 0.05) were shown for many elements, ex-
cept Mn in sediments and As in SPM. The sediment concentrations of V, Pb, Hg were
significantly correlated with those of SPM (r = 0.83, 0.89, and 0.87, respectively). The
metal pollution index (MPI) allowed the comparison of total metal(loid)s in sediments and
SPM (Table 1). The highest MPI values for both sediment and SPM were measured in the
polluted sites (PM and SG), whereas at the SMM site, MPI for sediment and SPM were 10.7,
14.8, respectively. Higher concentrations of SPM metals compared with sediment resulted
in the increase of MPI value at PM and SG (47.3 and 39.9, respectively).

3.3. Metals Accumulated in U. laetevirens

The average annual concentrations of U. laetevirens metal(loid)s in the VL sampling
sites are shown in Table 2. The concentrations of metal(loid)s in U. laetevirens recorded
during the four sampling seasons are reported in Table S3. The maximum average an-
nual bioaccumulation was observed for Cu, Mn, Pb, and Zn at the SG site. This result
corresponded to the highest MPI values. The MPI that summarises the total metal(loid)
contamination in U. laetevirens was calculated for all sites and seasons. MPI scores always
increased in the order SMM < PM < SG with average values per site of 2.5, 3.2, and 5.7,
respectively. The highest MPI values were recorded in spring and summer (5.2 and 4.9,
respectively), values almost twofold higher than autumn and winter values.

Table 2. Metal(loid) average annual concentrations (Mean ± SD) (µg g−1 dw) in U. laetevirens collected at VL: SMM—Santa
Maria del Mare; PM—Porto Marghera; SG—San Giuliano; MPI—metal pollution index.

Site As V Ni Mn Zn Cu Pb Hg MPI

SMM 1.6 ± 0.7 10 ± 10.6 2.4 ± 1.0 38 ± 20.9 14.7 ± 11.1 8.6 ± 2.8 0.3 ± 0.3 0.1 ± 0.1 2.99
PM 9.9 ± 3.7 2.3 ± 2.0 1.4 ± 0.5 31.3 ± 11.6 33.3 ± 24.1 28.8 ± 30.5 0.6 ± 0.5 0.2 ± 0.1 4.37
SG 4.8 ± 1.2 1.5 ± 1.6 1.9 ± 1.0 164.8 ± 159.4 56.2 ± 35.3 29.2 ± 22.0 2.7 ± 1.3 0.3 ± 0.1 6.33

The concentrations of Cu and Zn were significantly higher in U. laetevirens during
spring and summer. U. laetevirens collected at the SMM site showed a significantly higher
accumulation of V in summer and autumn. The site comparison revealed significant Mn
(spring) increases at SG and Cu (summer) at the PM site. The macroalgae collected at the
SMM site had no seasonal differences for Cu and Ni, whereas Hg did not exhibit specific
seasonal changes at all sapling sites. The toxic metal(loid) [As and Pb] in U. laetevirens
from PM and SG showed higher accumulation during spring. Moreover, metal(loid)
accumulation showed a less pronounced increase during the lowest growth period (winter),
compared to the other seasons.

The BSAF values for metals in U. laetevirens varied between sediment and SPM
(Table 3). The highest BSAF values (>1.0) in sediments were obtained for As and Cu at
SMM and PM. Generally, BSAF values were higher between U. laetevirens and sediments
than between U. laetevirens and SPM. The lowest accumulation factor was recorded for
Pb in both sediment and SPM. Moreover, BSAF values of metal(loid)s were lower in SPM
except for Hg.

Table 3. Biota-sediment accumulation factors (BSAF) for metals of sediment and SPM in U. laetevirens collected at LV:
SMM—Santa Maria del Mare; PM—Porto Marghera; SG—San Giuliano.

Ulva/Sediment As V Ni Mn Zn Cu Pb Hg

SMM 1.62 0.72 0.28 0.15 0.85 1.35 0.05 0
PM 2.03 0.07 0.06 0.13 0.10 1.02 0.01 0.14
SG 0.43 0.06 0.12 0.45 0.13 0.64 0.05 0.30

Average 1.36 0.28 0.16 0.24 0.36 1.00 0.04 0.15

Ulva/SPM As V Ni Mn Zn Cu Pb Hg

SMM 0.12 0.53 0.17 0.10 0.31 0.94 0.02 0.44
PM 0.59 0.04 0.06 0.06 0.05 0.59 0.01 0.21
SG 0.27 0.04 0.08 0.27 0.17 0.59 0.06 0.30

Average 0.33 0.20 0.10 0.15 0.18 0.71 0.03 0.32
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3.4. Oxidative Stress Biomarker (LPO)

The level of LPO (expressed as MDA content) in tissues of U. laetevirens in the different
sampling periods is shown in Figure 2. One-way ANOVA (p < 0.05) results showed that
the biological responses of U. laetevirens from polluted sites (PM and SG) were significantly
different, compared to the SMM site. The maximum levels of LPO were recorded at PM and
SG in spring (42.1 and 67.9 µM/g, respectively) (Table S4). Moreover, the level of LPO at the
SMM site was low and showed negligible seasonal fluctuations (7.9 ± 4.3 µM/g) compared
with the levels obtained from the other stressed sites during all sampling seasons.

Figure 2. Boxplot with median and mean (•solid circles) of LPO (as MDA concentration) in U. laete-
virens from the VL: SMM—Santa Maria del Mare; PM—Porto Marghera; SG—San Giuliano. *, ** de-
note significant difference (p < 0.05, p < 0.01, respectively) between sampling sites.

The LPO levels in macroalgae varied accordingly with the level of metal(loid)s in the
tissues of the corresponding sites, indicating a close relationship between LPO and metals
(Figure 3). Significant increasing coefficients were recorded for As, Pb, and Hg in U. laetevirens
that seemed to contribute most to the LPO changes. This was supported by the significant
correlation (p < 0.05) between these metals(loid)s accumulated in U. laetevirens and the LPO
levels (Table S5). The scatter plot of Figure 3 showed that the highest degree of correlation
was recorded between LPO and Hg concentration alone, with the steepest line. Middle scores
(r value) were performed instead by the MPI averaging the concentrations of Hg, As, and
Pb, the three most toxic elements. The MPI calculated on the overall metal(loid)s displayed a
much lower degree of correlation with an angular coefficient that was only a small fraction of
the most toxic metals. The response recorded by the LPO seems to be attributable mainly to
the three toxic (As, Pb, Hg) metal(loid)s and among them, especially to Hg.

Figure 3. The plot of correlation between MPI and LPO levels for U. laetevirens collected in the three VL
sites. Solid white squares � indicated MPI/concentration of Hg alone, solid black squares � indicated
MPI calculated for As, Hg and Pb together, and solid gray squares � indicated the MPI calculated for
the overall metals.
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4. Discussion
4.1. Metal Concentrations in Sediment and SPM

The highest concentrations of metal(loid)s were recorded in the sediments from PM
and SG sites, whilst SMM can be considered a reference site for both sediments and SPM.
Most toxic metal(loid)s (As, Hg, Pb) were abundant, especially at PM, which is continuously
exposed to contaminants originating from the industrial area of Porto Marghera and the
so-called oil canal for oil transport in the central lagoon. Our results are in accordance
with those reported in the recent papers for VL by Masiol et al. [31] and Picone et al. [43],
especially for As and Ni. In surface sediments, the metalloid As showed an increasing
concentration trend on a transect from Lido (close to SMM) towards the mainland of
VL [44]. However, our results showed that metalloid (As) was surprisingly high in SPM
from the SMM site, which was expected to be the less polluted site than the other sampling
sites. The most plausible explanation is that the biogeochemical processes of As along the
sea coast of the North Adriatic Sea are different from those inside the lagoon, especially the
processes related to the variability of sediment hydrodynamics and redox conditions. The
aerobic conditions characterised marine sediments, favouring the precipitation of As in
the sediments, bounded to Fe/Mn oxides/hydroxides [45]. Indeed, Sfriso et al. [46] found
that the concentrations of As in the sands of the sea were higher than that recorded in
the lagoon, also in comparison with the polluted area of PM. The SMM site is subject to
sedimentation of suspended matter coming both from the polluted areas of PM during ebb
tide and from the seawater entering the lagoon during flood tide.

On the other hand, the chemical composition of sediments from the inner part of
the lagoon (SG, PM sites) promotes the high accumulation of organic matter in the finest
sediments observed in previous studies [25,47,48]. Organic loads enter the innermost
parts of the VL through river flows (Osellino and Brentella), and the weak tidal currents
and long residence time in these choked areas facilitate the settling down of organically
enriched particles. Indeed, the mobility of heavy metals can be remarkably affected by
the changes of physicochemical parameters occurring on the surface sediments [49]. The
high concentration of nutrients (TN and TP) at SG, reflects mainly the outflow of organic
matter by the river Osellino into the inner part of the VL. This study shows that, in general,
the study sites exhibited Hg and Pb concentrations higher than the reference values of
class B and C of the ‘Venice Special Law’ [44]. The current results show that anthropogenic
inputs are still present in these areas (SG, PM), revealing chronic contamination, while
SMM is a less contaminated area. Therefore, they should be duly taken into account in
future monitoring plans.

Sediment characteristics (%fines, TOM, Eh) were also differentiated among the inves-
tigated sites. In detail, PM and SG showed the highest percentage of fines and content of
TOM and the lowest Eh values. Sediment grain size and organic matter play a key role in
metal–particle binding, where metal(loid)s preferentially interacts with the finest sediment
surface [50] and have a great affinity for organic matter [51]. Indeed, sites characterised by
high sediment and SPM percentage of fine particle and TOM content generally showed
also high metal(loid) concentrations [8,52,53]. The accumulation of TOM in fine sediments
and SPM of these sites was related to the urban effluents, agricultural runoff, and industrial
activities, combined with the relatively long residence time of waters (especially at SG) that
can reach up to 60 days [54], promoting the settlement of organically enriched particles.

4.2. Metal Levels in U. laetevirens

Our study explores whether metal accumulation in U. laetevirens reflects environmental
contamination in VL. In general, macroalgae collected from the stressed sites (PM and SG)
showed a significant metal (As, Mn, Cu, Pb, Zn) uptake, confirming the potential of U.
laetevirens as a bioindicator for metal contamination. In this direction, an overall inter-site
comparison (by MPI) revealed that the accumulation of metal(loid)s was in agreement with
their environmental bioavailability (i.e., the concentration of metals in surface sediment and
SPM). Metal concentrations in macroalgae from polluted sites were ca. 2–3 fold higher than
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samples from the less polluted SMM, in accordance with the results previously reported
by Vasconcelos and Leal [55]. Overall, except for Pb, the concentrations of metal(loid)s
found in U. laetevirens were in accordance with the results reported for macroalgae in VL
by Caliceti et al. [56]. However, As was generally higher at PM. High As concentrations in
the freshwater flowing into PM area, mainly in a bio-available form (soluble or adsorbed
by particulate matter) were reported by Zonta et al. [29].

The metabolic increment promoted by higher water temperature [57] during spring
and summer periods can be suggested as the main factor explaining the higher metal(loid)
accumulation recorded at PM and SG. Current results revealed seasonal variations at SG,
where the accumulation of Mn, Pb, and Zn occurred mainly in spring. Indeed, higher rates
of photosynthesis were found to favour the uptake of metals by U. laetevirens, as occurred
in summer periods [58]. Furthermore, metal(loid) accumulation can also be favoured
by the highest water temperature that promotes both metabolism and protein synthesis,
resulting in enhanced metal uptake [57]. Metal accumulation in biota is a complex process
which depends on the metal bioavailability in the environment [59], as well as on metal
toxicokinetic (regarded as a set of processes including uptake, distribution, sequestration,
and elimination) in the macroalgal tissues (e.g., [60]). In fact, particular attention should
be given to endogenous and exogenous factors such as nutrient availability. The highest
accumulation of toxic metals (Pb and Hg) in U. laetevirens at PM and SG sites was consistent
with higher C, N, and P concentrations in sediment and SPM. This is in agreement with the
fact that higher metal bioaccumulation occurs with increasing nutrient availability from the
water column, as previously found in the laboratory for U. fasciata by Lee and Wang [61].

The BSAF values correspond for each metal(loid)s calculated in both sediment and
SPM to realise the processes of metal(loid) bioaccumulation in the VL sites. High BSAF
values (≥1) occurred only for As and Cu at PM and SMM. The highest BSAF value
was observed for As at the PM site. These results were in agreement with previous
studies, especially for BSAF values of As and Cu [62,63] on the capability of Ulva sp. to
bioaccumulate these metal(loid)s. These metal(loid)s are present in a variety of association
forms, with different metal–matrix bonds intensity, that exhibits a different bioavailability
and a different potential for remobilisation [64]. indeed, contamination of macroalgae
in TWS is related to the metal(loid) existence in the sediments and to the combining
processes that influencing their bioavailability and bioaccumulation in the biota [45]. The
anoxic conditions which frequently occurred during summer lead to significant changes in
environmental parameters in the inner part of VL [65]. Such changes could enhance the
bioavailability of metal(loids)s at PM and SG. However, Pb and Hg were correlated with
each other in the macroalgal tissues such as in sediments and SPM (Spearman’s coefficients
between sediment and SPM, Table S2). Despite this relationship, no bioaccumulation
(BSAF > 1) was recorded either from sediments or SPM for Hg and Pb.

Referring to the limits established by the EU for certain contaminants in the foodstuff
(EC, 1881/2006), it is noteworthy to observe that Pb at the SG site exceeded this limit during
spring and summer. This increment can be explained by the pollution resulting from the
Osellino River effluents and the engines gasoline of boats that are largely present in this
area, as well as by the long residence time of waters, as previously mentioned.

4.3. Oxidative Stress and Metal Exposure

This study investigated whether metal accumulation in macroalgae and the oxidative
stress response reflect the health status in the VL, particularly, the highest availability of
toxic metals in areas affected by strong stressors. The significantly higher LPO levels in
U. laetevirens collected from the contaminated sites (SG, PM), when compared with the
control site (SMM), indicated an overproduction of ROS in U. laetevirens which reinforced
the existence of oxidative damage. The current findings showed that the maximum levels
of LPO were recorded at SG in accordance with the higher metal(loid)’s concentrations
measured in the tissues of U. laetevirens (by MPI). This could suggest that the antioxi-
dant defence of the macroalgae is not able to prevent the LPO probably induced by the
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metal(loid)’s exposure. Indeed, impairments of the cell defence system by chemically
reactive species, which can act as antioxidant enzyme inhibitors, may reduce cell protection
which becomes precarious [66]. The significant increase in LPO level was in accordance
with a previous investigation [67] which showed significant increases in the LPO level in
the tissues of Ulva spp. collected from sites characterised by a high level of anthropogenic
disturbances. Moreover, significant correlations were detected between polluted sites
(refineries in proximity) and the level of MDA measured in mussel Mytilus galloprovincialis
on eastern Mediterranean coasts [68]. After one month of laboratory maintenance, MDA
levels in a gill of Mytilus edulis were significantly reduced in sites at New Brighton, UK [69].
These results confirmed the use of LPO in the assessment of health status for aquatic
environments.

Macroalgae collected during the warm period revealed significantly lower levels of
LPO in comparison with the cold seasons for all sites in VL. This result was correlated
with the metal accumulation in U. laetevirens during winter and spring. For instance, the
metals Cu, Pb, and Zn, and the metalloid As were accumulated at higher concentrations
during spring, in agreement with the highest level of LPO measured in U. laetevirens. In
fact, low temperature during cold seasons reduced the metabolic rates and the enzymatic
activities [70]; this could induce the ROS production and oxidation of polyunsaturated
fatty acids of macroalgal cells and increase the LPO values during the colder seasons.

Strong statistical correlations were found between the toxic metal(loid)s (As, Pb and
Hg) in U. laetevirens and the level of LPO. The induction of oxidative stress at PM and SG
sites agreed with the spatial differences recorded for accumulation of As, Pb, and especially
Hg in U. laetevirens. Under laboratory conditions, Lin et al. [71] found a significant increase
in the LPO levels under high exposure of metals (Cu, Pb, and Cd) in the leaves of the
seagrass Zostera japonica. Similarly, the pro-oxidant levels accompanied the enhanced
accumulation of metal(loid)’s As and Pb in the digestive gland of the Manila clam Ruditapes
philippinarum collected in a contaminated site in Tagus estuary [Portugal] [72]. The mussels
Mytilus galloprovincialis exposed to seawater enriched with trace metals (Cu, Hg, and Cd)
caused oxidative damage that was milder in the cases of Cu and Hg and more pronounced
for Cd [73]. Significant different values of MDA were recorded after 15 days of exposure to
Cd+2 [74].

Mercury was also reported to induce oxidative stress in microalgae [75]. It was strongly
phytotoxic [76,77] and was reported as the most toxic metal for aquatic organisms [78].
The quantification and speciation of Hg in the VL was previously performed by Bloom
and Lasorsa [79] and Bloom et al. [80] that reported peak values of CH3Hg (the most
toxic and bioaccumulation form of Hg) in the surface sediments in spring with higher Hg
concentrations in front of PM area and in the northern part of the lagoon. The same authors
highlighted as the contamination source was probably not bound to inflowing rivers or
seawater but to past pollution by Hg cell chlor–alkali complex of PM and sewages from
the historical centre of Venice. The changes in Hg speciation and bioavailability bound to
bacterial methylation of Hg in spring could affect its uptake by U. laetevirens producing
oxidative stress in conjunction with other metals. Peak concentrations in spring were
recorded also for Pb in U. rigida C. Agardh from the shallow waters of Palude della Rosa, in
the northern part of the lagoon, by Favero et al. [81], which reported higher metal scores in
sites with lower salinity. Moreover, Sfriso et al. [82] recorded average Pb concentrations from
macroalgae 6 times higher at SG than in a site (Alberoni) close to the Malamocco Sea inlet.

Undoubtedly, the effect of environmental parameters in the induction of macroalgal
oxidative stress could not be excluded. However, U. laetevirens is a species present in a
wide range of conditions [83], and it is probable that the effect of environmental parame-
ters more than directly influencing the production of ROS alter the bioavailability of the
local pollutants especially metal(loid)s that are prone to seasonal changes and uptake by
macroalgae.
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5. Conclusions

Despite the complexity of the processes affecting metal(loid) uptake and accumulation,
the macroalgal (U. laetevirens) metals load consistently reflected their occurrence in sediment
and SPM, especially in the sites close to the landward area of the VL. The accumulation of toxic
metal(loid) in U. laetevirens (mainly As, Pb, and Hg) was strongly correlated with the induction
of oxidative stress in macroalgal tissues. Seasonality affected both metal bioaccumulation and
oxidative stress in U. laetevirens, with higher scores measured in spring and summer. The
results of this work demonstrated the efficiency of the oxidative stress biomarker (LPO) as an
early warning signal for health assessment in aquatic environments, with particular attention
to seasonal changes in ecosystem assessment programs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13192626/s1, Table S1: Physicochemical parameters and nutrient concentrations for water,
sediment, and SPM of VL sampling sites, Table S2: Spearman correlation matrix of metals in sediment
and SPM, Table S3: Metal concentrations in U. laetevirens tissues within sampling seasons (µg/g dw)
at LV, Table S4: Lipid peroxidation (LPO) seasonal measurement at LV sites, Table S5: Spearman
correlation matrix of metals in U. laetevirens and oxidative stress damage (LPO).
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