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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• MOSE system built to prevent Venice 
from floods might impact Hg cycle.

• Both MOSE-closing simulations (cold 
and warm season) had distinct results.

• In the warm season simulation: higher 
THg, MeHg, DOC and Hg methylation 
(km).

• Changes in composition of OM (more 
labile) correlate to a higher Hg 
methylation.

• Similar results could be expected after a 
prolonged real MOSE closing.
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A B S T R A C T

Methylmercury (MeHg), a neurotoxic pollutant, is formed mainly under anaerobiosis. The “Modulo Sperimentale 
Elettromeccanico” (MOSE), built to temporarily close the Venice Lagoon and protect the city from flooding, 
induces changes in the hydrological regime, reducing water circulation and decreasing in the dissolved oxygen 
concentrations of the lagoon. Our study shows the potential changes in sediment and overlying water physico- 
chemistry in a simulated MOSE closing-event by incubating sediment cores for 48 h in the laboratory and 
deploying benthic chambers. In the incubated summer cores (September 2021), a significant increase in total Hg 
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and MeHg concentrations in the water column was observed and associated with an increase in MeHg formation 
rates – particularly, MeHg formation rates doubled during the simulated MOSE-closing. This increase was 
associated to a release of dissolved organic carbon and to an enrichment of proteinaceous substances and reactive 
humic acids in the overlying waters. All these effects were not evident in late autumn (November 2019), when 
water temperature was 10 ◦C lower than in September 2021. Our study suggests that hydrological changes 
caused by the MOSE closure may in some periods increase MeHg concentrations within the Venice Lagoon.

1. Introduction

Mercury (Hg) is one of the top ten chemicals of public health concern 
[1], and particularly its methylated form (methylmercury – MeHg) 
which has the greatest potential for environmental and human health 
detriment [2]. MeHg can be bioaccumulated and biomagnified through 
the aquatic food webs [3,4], making fish consumption the major source 
of human exposure to Hg. The methylation of inorganic Hg to MeHg 
occurs mainly under anoxic conditions [5,6] and it is mediated by the 
activity of anaerobic microorganisms carrying specific genes (hgcAB) 
[7]. Sediments, prone to anoxic conditions, stand out as a favored 
environment for Hg methylation [8,9,6]. Other factors such as organic 
matter (OM) concentration and composition also influence Hg methyl
ation in sediments. For example, fresh or autochthonous OM rich in 
proteins or low molecular mass molecules favor Hg methylation 
[10-13]. Meanwhile, recalcitrant OM enriched in high molecular mass 
or aromatic molecules strongly binds Hg, making it less bioavailable and 
thus reducing Hg methylation rates [11,12,14,15,16].

Coastal areas and coastal lagoons are under increasing human 
pressure from activities such as port operations and industrial devel
opment. Additionally, they are vulnerable to the effects of climate 
change, including rising sea levels and increased temperature. A rise in 
sea level between 1 and 10 cm could double the probability of flooding 
in areas with a narrow range of water levels within a period of five years 
[17], dramatically affecting coastal areas. These coastal environments 
have significant economic importance due to fisheries and mariculture 
activities, and thus is imperative to install or strengthen flood protection 
to safeguard the coastline and prevent massive population displacement 
[18]. Current trends show that sea temperature is rising at an acceler
ated rate due to climate change [19]. Increasing temperature leads to 
higher consumption of dissolved oxygen (DO) due to the higher bacterial 
respiration activity [20] and reduced DO solubility in the surface ocean 
[21], both causing a decline in the DO concentration in the oceans [22], 
especially in coastal areas [23,24].

An exemplary illustration of the multifaceted challenges these areas 
confront can be found in the Venice Lagoon, where all these diverse 
concerns converge with the installation of the high tides protection 
system, “Modulo Sperimentale Elettromeccanico” (MOSE, Experimental 
Electromechanical Module). The Venice Lagoon has long been recognized 
as a Hg contaminated area [25-27] with an important MeHg bio
magnification [28]. The high tides that submerge Venice are becoming 
more aggressive and more frequent due to sea level rise and local geo
dynamics [29-31]. As protection against flooding, the construction of 
the MOSE began in 2003. These mobile barriers isolate for hours or days 
the lagoon from the sea, stopping water exchange between them and 
thus increasing water residence time. Under these new hydrological 
conditions of the lagoon, the water renewal time is expected to increase 
as a whole [32] with a potential risk of nutrients and contaminants 
accumulation in the water column [33]. Increased frequency of high 
tides and thus longer duration of lagoon closure is expected to result in 
water stagnation, stratification, and eventually the occurrence of hyp
oxic or anoxic events in the lagoon [34], favorable for enhanced Hg 
methylation.

The objective of the present study was to assess the previously un
known potential impact of the lagoon isolation from tides, during MOSE 
closure, on the Hg mobility and MeHg concentration/production at the 
sediment-water interface. This study was designed to facilitate the 

interpretation of changes in methylation and auxiliary variables in 
relation to initial sediment characteristics (hydrodynamically and 
seasonally dependent) during core incubation experiments, which 
simulated MOSE closure conditions. Our study provides new insights 
into the risks of increased MeHg concentrations in a context of MOSE 
closing event, when DO depletion events in the lagoon are expected to 
occur more frequently in some parts of the Venice lagoon.

2. Methods

2.1. Site of study

The Venice Lagoon (Fig. 1) is the largest wetland system in Italy, and 
it has been widely described in the literature in terms of functioning and 
ecosystem characteristics (e.g., [35] - and references therein). The sur
face area is 550 km2, including mudflats, tidal marshes, islands and a 
complex network of channels and tidal creeks. The average depth is 1.2 
m and shallow water areas account for 75 % of the total surface area, but 
the depth increases to over 10 m in the main channels. The lagoon has 
three inlets that connect it to the Adriatic Sea with water residence times 
ranging from 24 h close to the inlets to 20 days in the more confined 
areas of the lagoon [32]. Releases from a chlor-alkali plant operating in 
the industrial area of Porto Marghera emitted Hg into the Venice Lagoon 
(Fig. 1) during the second half of the 20th century [36], causing this 
sector of the lagoon to be a high Hg accumulation area [35]. However, 
Marchese et al., [37] found that Hg contamination in the Venice Lagoon 
started as early as 1760 and peaked in 1810, long before the Porto 
Marghera chlor-alkali plant was open. Tides have a strong influence in 
the complex distribution of Hg and other contaminants along the lagoon 
and also between the sediment and the water column [38]. More 
recently, Rosati et al., [39] has model the changes in temporal and 
spatial distribution Hg species within the lagoon, based on hydrody
namics and sediment dynamics as well as on mercury biogeochemistry. 
The annual average surface water temperature of the lagoon is 17.6 ºC 
with a large seasonal variation; the lowest monthly temperatures are 
recorded in January (7.8 ºC) and the highest in July (26.3 ºC) ([23] - and 
references therein).

The MOSE system [40] was operated for the first time in October 
2020 [41] and with it, the Venice Lagoon has become the first large 
lagoon in the world with a regulated flow. Up to July 2024, MOSE has 
been activated 84 times (https://www.mosevenezia.eu/il-mose-in-funzi 
one/), and barrier closures have lasted from a few hours to two days, 
with a typical closure time of four to five hours [42] mainly in autumn, 
when flood conditions occur more frequently due to weather-marine 
forcing factors [43].

2.2. Sampling sites

Two shallow sites with different continental influences were selected 
(Fig. 1): i) Osellino (OS), located very close to the mainland and at about 
300 m from the mouth of a freshwater tributary of the lagoon, the 
Canale Osellino, although not directly affected by the outflow of this 
watercourse; and ii) San Giuliano (SG), situated at 1.3 km south of the 
mouth of the Canale Osellino, in a sector with greater water exchange 
than in OS site and a water depth of 56 cm, compared to 24 cm at OS, as 
referred to the zero level of the tide gauge for the lagoon. OS site is more 
confined than SG site, presenting a longer water renewal time, lower 
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hydrodynamics, and finer sediment grain size with higher organic car
bon content [34]. Both sites are located in areas characterized by highest 
accumulation of Hg (0.71 – 1.66 mg Hg /kg dry sediment) in surface 
sediments [35]. Additionally, both sites had even higher concentrations 
of Hg in the deeper sediment layers (data extracted from [35]).

2.3. Sampling and core processing

Sampling campaigns were performed in November 2019 and in 
September 2021. In both periods, seven sediment cores (core number: 6 
to 12 in Nov 2019 and 13 to 19 in Sep 2021; Table S1) were collected at 
each site by a diver driving manually Plexiglas tubes (13.4 cm internal 
diameter) into the sediment. Cores were collected with 28 cm of over
lying water, immediately sealed to avoid contact with atmospheric O2 
and carefully transported to the laboratory avoiding resuspension. Three 
cores from each sampling site were directly processed under an inert 
atmosphere (N2 - filled glove box) to avoid oxidation of sediment and 
pore water; these cores (“fresh cores”) represent the initial, pre-closing 
conditions of the lagoon. Prior to core sectioning, 750 mL of overlying 
water was collected at mid-depth with a peristaltic pump and filtered 
(Sterivex filter 0.45 µm) for dissolved organic matter characterization 
and trace element analysis, including total mercury (THg) and MeHg. 
Then sediment was vertically extruded, and two sediment layers were 
subsampled, corresponding to 0–2 and 2–4 cm depths. Aliquots of 
sediment were used for direct determination of water content and grain 
size. The remaining sediment was centrifuged in metal-free tubes 
(4000 rpm, for 60 min at 4 ◦C) to extract porewater. Supernatant was 
filtered (Sterivex filter 0.45 µm) in the N2-filled glove box and directly 
fixed with HCl (Ultrex, 0.4 %). The pellets were freeze-dried for organic 
matter characterization (C and N content, hydrogen (HI) and oxygen 
(OI) indices), and determination of THg, MeHg, and trace element 
content.

2.4. Simulation of MOSE closing-event: sediment core incubations

Three sediment cores from each site were incubated (i.e. “incubated 
cores) in a dark room at the lagoon water temperature at the time of 
collection, i.e., 14 ◦C in Nov 2019 and 24 ◦C in Sep 2021, to simulate 
stagnation of the water column. These cores were capped and sealed to 
avoid oxygen penetration (see Fig. S1 for details on the experimental set 
up). After approximately 48 h of incubation, the cores were processed in 
the glove box as described for ”fresh cores”. The extra cores (No 12 and 
19) from each site were also incubated and used for in-situ profiling with 

microelectrodes (see Section 2.6.1.).

2.5. Benthic chambers

Concurrent with coring, a PVC cylindrical benthic chamber 
(described in [34]) was deployed at both sites for about 48 h in Sep 
2021. Benthic chambers were used to study the processes between 
sediments and overlying water, to measure the sediment oxygen de
mand and the changes in overall concentrations on Hg species. The 
chamber was 30 cm in diameter and 27 cm high, with 6 cm of the 
chamber driven into the sediment. A multi-parameter water probe 
(Aquaprobe AP 2000; Aquaread Ltd, England) was placed in the center 
of the chamber to determine the temperature and DO concentration in 
the isolated water over time. At the end of the exposure period, water 
samples were collected from each benthic chamber.

2.6. Laboratory analyses

2.6.1. In situ core profiling in September 2021
One core of each site (core 12 and core 19) was used to measure DO 

and H2S concentrations and redox potential (EH) along a water-sediment 
vertical profile, by means of a 500-μm microelectrodes (Unisense®, 
Denmark). The vertical profiles were measured with a resolution of 
500 µm, with double measurement for each point and a conditioning 
time of 25 s. The profile analysis started from a position such as to 
intercept both the well-mixed water phase and the diffusive boundary 
layer (about 5 mm above the surface of the sediment). For each subse
quent profile (at 24 and 48 h of incubation), the sensors were moved a 
few millimeters to avoid insertion into the borehole resulting from the 
previous analysis.

2.6.2. Sedimentological and geochemical analyses
A complete set of laboratory analysis was performed including water 

content, particle grain size distribution (Coulter LS-100 analyzer), 
characterization and quantification of the organic matter (OM) Total 
Organic Carbon (TOC), hydrogen index (HI) and oxygen index (OI) in
dexes using Rock-Eval 6 (method described in [44]), mineral carbon 
(MINC) and total nitrogen (TN, CHN Elemental Analyzer). Please see 
further details in SI.

2.6.3. Hg, MeHg and trace element analyses
Unless otherwise indicated, THg and MeHg analyses were conducted 

at the University of Geneva. THg in sediments was analyzed by Cold 

Fig. 1. Location of the two studied sites Osellino (OS, 45.4750◦, 12.2859◦) and San Giuliano (SG, 45.4638◦, 12.2949◦) in the Venice Lagoon (in the insert).
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Vapor Atomic Absorption Spectrophotometry (CVAAS) using a Direct 
Mercury Analyzer (DMA-80 II, MWS GmbH, Switzerland). All analyses 
were run in triplicate. The limit of detection (LOD) and working range 
were 0.01 ng and 0.05 - 600 ng, respectively. The relative error was 
usually ± 5 % and always less than 10 %. The concentrations obtained 
for repeated analyses of the certified reference material never exceeded 
the specified range of concentrations given for SRM 2702 (NIST). THg 
on water samples was analyzed by Cold Vapor Atomic Fluorescence 
Spectrometry (CVAFS) (Merx Model III, Brooks Rand, USA) following 
the EPA Method, revision E 1631 (US-EPA, 2002), with a calculated LOD 
of 0.06 ng/L and a calculated limit of quantification (LOQ) of 0.2 ng/L. 
To control the quality of the analysis, two different reference materials 
were used: ORMS-5 (National Council Research Canada), 26.2 ng/L, 
which gave a recovery percentage of 88.8 % ± 1.2 %, and a standard 
solution purchased from Brooks Rand (USA), diluted at 4 ng/L. The 
percentage of recovery of repeated analyses was between 94.1 % 
± 2.5 % and 96.3 % ± 1.3 %. Field and filtration blanks were measured 
to evaluate the possible contamination during sampling; they reached 
0.17 ± 0.04 ng/L in Nov 2019 and 1.0 ± 0.1 ng/L in Sep 2021.

MeHg analysis on sediment were carried out using a HNO3 leaching/ 
CH2Cl2 extraction method [45]. The certified reference material used in 
the MeHg analysis (ERM-CC580, European Commission) showed be
tween 91.8 % ± 5.2 % and 98.7 % ± 1.6 % recovery. MeHg analysis on 
water samples collected in Nov 2019 (overlying water, porewater and 
water from benthic chambers) was carried out by CVAFS (Merx Model 
III, Brooks Rand, USA) after distillation following the EPA Method 1630 
analysis procedure (US-EPA, 2001), with a calculated LOQ of 0.09 ng/L. 
To check the accuracy of the analysis we used a spiked sample of a 
known concentration that showed a recovery efficiency between 
89.5 % ± 8.2–96.6 % ± 1.0 %. As this LOQ was close to or higher than 
the MeHg concentrations observed in some samples, MeHg analyses in 
pore and overlying waters of samples collected in September 2021 were 
performed at the University of Grenoble. Filtered MeHg concentrations 
were analyzed using an ethylation purge and trap-gas chromatogra
ph-AFS analyzer (Tekran® 2700 Methyl Mercury Auto-Analysis System) 
following published protocols [46,47]. All samples were run in duplicate 
and quantified using the standard addition technique. The calculated 
LOQ was 0.02 ng/L.

Mn in water (filtered and acidified with 1 % suprapure HNO3) and in 
sediments were analyzed using quadrupole-based inductively coupled 
plasma mass spectrometry (ICP-MS, model 7700 series, Agilent). Sedi
ment digestion was performed in Teflon bombs heated to 150 ◦C in 
analytical grade 2 M HNO3 according to the Swiss Soil Protection 
Ordinance (OSol, OFEV, 1998). The total variation coefficients for 
triplicate sample measurements were better than 10 %.

2.6.4. Potential Hg methylation rate constants
A slurry, prepared with both sediment layers (0 – 2 cm and 2 - 4 cm) 

and overlying water, from each core (both fresh and incubated condi
tion), were amended with 199Hg (ISC Science, Spain) in a glove box and 
were either directly frozen (1 aliquot- t0) or incubated in a dark room for 
24 h before to be frozen (3 replicates). Determination of Hg trans
formation rate constants were carried out according to Rodriguez- 
Gonzalez et al., [48]. These determined rate constants are potential 
methylation rate constants (km; Equation 1). Briefly, inorganic Hg and 
MeHg were extracted from 50 mg of freeze-dried sediments with 5 mL 
HNO3 (6 N) under focused microwave treatment and analyzed by spe
cies specific isotope dilution gas chromatography (GC, Trace GC Ther
mofisher) hyphenated to an inductively coupled plasma mass 
spectrometer (ICP-MS, X Series Thermofisher). Methodological detec
tion limits for Hg species were 0.03 ng/g. The extraction and quantifi
cation were validated with a CRM (IAEA-405) and recoveries were 102 
± 7 % and 97 ± 4 % for MeHg and inorganic Hg, respectively. The 
concentration of the formed MeHg deriving from the enriched isotope 
199Hg was calculated by isotopic pattern deconvolution methodology 
(Eq1 following [48]).

Equation 1: Potential methylation rate constant. Me199Hg corre
sponds to the MeHg formed during the incubation time (t; days-1) 

km =

[Me199Hg]
[Me199Hg]+[I199Hg]

t 

Calculations of changes in relatives abundances of different Hg stable 
isotopes and deconvolution have been performed with a developed in- 
house R package called HgIDAR, available at https://github.com/mic 
ro-hg-cpg/HgIDAR.

2.6.5. Fluorescent and Colored Dissolved Organic Matter
The filtered overlying water samples were used for the character

ization of optical properties of dissolved organic matter (DOM). Fluo
rescent and Colored Dissolved Organic Matter (FDOM and CDOM) were 
measured simultaneously using a Horiba Aqualog spectrofluorometer. 
Duplicate fluorescence excitation emission matrices (EEMs) were 
collected for each sample in a 1-cm pathlength quartz cuvette using 
freshly produced MilliQ water as blank. Fluorescence was recorded from 
240 to 600 nm of excitation at 3 nm increments, emission was recorded 
in the same range (240–600 nm) every 8 pixels (~3 nm) using the in
strument CCD detector, and the signal integration time was set to 2 s 
using the medium gain setting. Absorbance spectra were collected 
simultaneously to EEMs using the same wavelength range and in
crements used for EEM excitation.

EMM and absorbance data processing was performed in R using the 
staRdom and pavo packages [49,50]. For FDOM processing, MilliQ blank 
fluorescence was first subtracted and the regions of the EEMs affected by 
Raman and Rayleigh scatter excluded and values interpolated [51]. 
Inner filter effects were corrected using the absorbance of each sample 
[52]. Several FDOM parameters were calculated (Table S2): fluores
cence index (FI), humification index (HIX) and biological index (BIX), as 
well as the common fluorescence peaks A, C, M, T, and B, which were 
normalized by total fluorescence and are presented as relative abun
dances [53-56].

2.7. Statistical analysis and data visualization

The statistical analyses were performed with R package stats 4.3.2. 
[57]. Principal Component Analysis (PCA) was used to study the general 
variability of the sediment samples, and we used the following param
eters: MeHg, THg, Hydrogen Index, Oxygen Index, mean diameter of the 
particles, water content, mineral carbon and the ratio of total organic 
carbon and total nitrogen. Anova analysis was used to check the dif
ferences between conditions, years and sites, for the mentioned vari
ables and the rest of parameters discussed in results and discussion. 
Visualization was generated with ggplot2 3.4.4. [58] and multi-panels 
with gridExtra 2.3 [59] of R [57]. The figures were combined and 
post-processed using Illustrator 24.0.1. The map of the study sites was 
drawn with CorelDraw.

3. Results

3.1. Characteristics of the two contrasted sampling sites

3.1.1. Geochemical differences between sampling campaigns and sites
The parameters characterizing the solid phase of studied sediments 

did not show any significant difference between the two sampled depths 
(0–2 and 2–4 cm) or among treatments (fresh vs. incubated cores). Thus, 
the data were combined to compute mean and standard deviation for 
each site and sampling campaign (n = 12) (Table S3). Moreover, a 
Principal Component Analysis (PCA, Fig. S2) was performed to explore 
the differences and similarities between the sediments at the two sites 
(OS and SG). This analysis resulted in two main components explaining 
~66 % of the variability and showing a greater difference between years 
at SG compared with OS, further details about the differences among 
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sampling sites and years can be found in supplementary results. In Nov 
2019, the dissolved organic carbon (DOC) measured in the overlying 
water of fresh cores (n = 3) was 2.31 ± 0.13 and 2.37 ± 0.22 mg/L in 
OS and SG, respectively. In Sep 2021, the DOC was higher at both sites 
with 4.17 ± 0.02 in OS and 4.07 ± 0.15 mg/L in SG (Table S4).

3.1.2. THg and MeHg concentrations in sediments, and overlying and pore 
waters in fresh cores

Concentrations of THg in fresh sediments were similar between years 
and depths but differed across sites, being 0.85 ± 0.05 (n = 12) and 
0.93 ± 0.05 (n = 12) mg/kg in OS and SG respectively. Between Nov 
2019 and Sep 2021, MeHg levels experienced a notable decline at both 
sites. In Sep 2021, the values, with a mean of 0.16 ± 0.10 µg/kg, were 
more than 50 % lower than those recorded in Nov 2019, where the mean 
was 0.48 ± 0.12 µg/kg.

THg concentrations in porewaters and overlying waters were 
significantly lower in Nov 2019 compared with Sep 2021 (Table S6) in 
both sites. In porewaters from Nov 2019, we found THg concentrations 
ranged from 1.9 to 6.2 ng/L, with the exception of OS 2–4 cm sample 
that reached 17.1 ng/L. In Sep 2021, THg concentrations in porewaters 
varied across depths and sites (Figs. 2A and 2C), ranging from 7.7 to 
20.4 ng/L and from 8.9 to 23.4 ng/L in OS and SG, respectively. THg 
concentrations peaked in the 2–4 cm layer, reaching 14.0 ± 5.6 ng/L 
(n = 3, Sep 2021 in fresh cores) in OS, while in SG they peaked at 
0–2 cm, reaching 14.8 ± 7.6 ng/L (n = 3, Sep 2021 in fresh cores). In 
filtered overlying waters, THg concentrations measured during the 2019 
sampling campaign were close or below the detection limits (LOD =
0.06 ng/L), but during the 2021 campaign they increased up to 3.2 
± 0.1 ng/L in OS and 4.4 ± 0.4 ng/L in SG.

3.2. Experiments with oxygen limitation: changes in THg, MeHg, km and 
sediment properties

3.2.1. Oxygen, redox and hydrogen sulfide
Sediment cores were incubated to simulate a MOSE-closing event in 

two different periods (Nov 2019 and Sep 2021). In 2019, at the end of 
incubation, DO levels at the sediment-water interface dropped to 0.07 
and 0.3 mg/L in OS and SG cores, respectively. Concentrations of Mn in 
the overlying waters did not vary indicating no significant changes in the 
redox conditions during the 2019 incubations. In contrast, in 2021, 
relevant changes in DO, redox potential (EH) and H2S (measured only in 
OS) profiles were observed after 24 h and 48 h of incubation (Fig. S3). 
Although both sites had similar DO concentrations (5.12 mg/L) at 5 mm 
above the sediments, in OS the DO concentrations decreased progres
sively to a value of 0.4 mg/L at the sediment-water interface, while in 
SG, DO concentrations were fairly constant but dropped drastically to a 
value of 1.9 mg/L at the sediment-water interface. In both sites, the DO 
decreased in overlying waters and sediments after 24 h. The EH profiles 
agreed with O2 profiles. In OS, the core reached negative EH values at 
~5 mm depth and decreased progressively with depth to a minimum 
value at 2 cm depth (Fig. S3). In SG, negative EH values started at 10 mm 
depth below the sediment-water interface after 24 h incubation time 
(− 164 mV) and continued decreasing with depth. Concomitant to the 
decrease in O2 and EH, we observed an important increase of dissolved 
Mn in the overlying water of OS and SG (Table S7). Lastly, H2S profiles 
also concurred with the EH. In OS, H2S appeared at 5 mm depth and 
continued increasing with depth and over time (24 h and 48 h, Fig. S3).

3.2.2. THg and MeHg concentrations and Hg methylation rate constants
In Nov 2019, THg and MeHg concentrations did not significantly 

changed in porewater after 48 h of incubation (Table S6), but this 
observation should be tempered by the relatively large LOQ on the 
MeHg analyses. In contrast, in Sep 2021, THg concentrations increased 
significantly from 3.2 to 10.8 ng/L in the OS overlying waters after 48 h 
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of incubation while they remained similar in SG (4.4 and 5.3 ng/L); 
however, the high variability of replicates makes comparisons difficult. 
MeHg concentrations rose in both overlying water and porewater of OS 
after incubation (Fig. 2 and Table S6). In SG, the rise in MeHg concen
trations occurred in the overlying waters – reaching approximately the 
same value as in OS (around 0.1 ng/L, Fig. 2) but remained within the 
same range in porewater before and after incubation (Fig. 2 and 
Table S6).

In Nov 2019, differences in potential methylation rate constants (km; 
i.e. MeHg formation rate constants) between fresh and incubated cores 
were not prominent (Figs. 3A and 3C). In contrast, in Sep 2021, km 
almost doubled at both sites after 48 h. Surface sediments (0–2 cm) 
presented an increase from 0.017 to 0.029 d-1 in OS and from 0.009 d-1 

to 0.017 d-1 in SG (Figs. 3B and 3D). In the 2–4 cm sediment layer, a 
similar trend was observed, with a smaller increase compared to surface 
sediments.

3.2.3. DOC content and DOM properties in overlying water
In Nov 2019, no significant changes in the concentration of dissolved 

organic carbon (DOC) or the composition of the dissolved organic matter 
(DOM) were found after incubation of the sediment cores (Table S4). By 
contrast, in Sep 2021, DOC in the overlying waters of OS increased 
significantly from 4.2 mg/L to 10.6 mg/L during the incubation (Fig. 4A 
and Table S4). A smaller increase in DOC from 4.1 to 6.0 mg/L was also 
observed in SG (Fig. 4A and Table S4).

Regarding the optical properties of DOM in the overlying water, 
different DOM fluorescent peaks showed changes during the 2021 in
cubations (Fig. 4). Humic peak A and marine peak M decreased signif
icantly after incubation in OS overlying water. Humic peak C remained 
unchanged after incubation. In contrast, a different trend was observed 
in SG, as peaks A, C and M were not affected by the incubation (Fig. 4

and Table S4). Both sites, and especially OS, presented a smaller A/C 
peak ratio after incubation (Fig. 4B). An increase in the C/M ratio was 
also observed (Table S4). Peaks T and B, associated to tryptophane and 
tyrosine respectively, increased in overlying waters during the incuba
tion in both sites (Fig. 4F and Table S4). The T/C ratio, used as a proxy of 
the proportion of proteinaceous substances (often more available for 
bacteria) over the humic substances, also increased during the incuba
tion, with a greater increase in OS than in SG (Fig. 4C).

The protein related components might be explained by either the 
release from the sediments or the formation due to a higher microbial 
activity. Peak A represents general terrestrial humics, while peak C 
represents a more degraded humic component. The decrease in the A/C 
ratio thus indicates a change in humic composition towards the domi
nance of more degraded substances. Taken together DOC and optical 
properties of DOM, our results hint towards a release of organic matter 
from the sediments to the overlying waters, with an associated enrich
ment in labile/available substances (more proteinaceous), and a higher 
proportion of reactive humic substances (decrease in A/C ratio). All 
likely promoting MeHg formation in surface sediments and potentially 
in the overlying waters.

3.3. Changes in THg and MeHg in benthic chambers

In Sep 2021, benthic chambers were deployed at OS and SG to 
measure in situ DO consumption and to complement the incubations 
performed in laboratory conditions. The confined overlying water 
reached total anoxia after 11 and 18 h in OS and SG, respectively 
(Fig. 5). After 48 h, concentrations of THg, MeHg and DOC and organic 
matter composition were measured in the overlying water. THg con
centrations were 13.5 ng/L in OS and 10.4 ng/L in SG (Table S8). The 
increment in OS is comparable to the one observed in the overlying 
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water of the sediment cores during the incubation (THg concentrations 
increased from 3.2 to 10.7 ng/L, Fig. 2). In the SG benthic chamber, 
however, THg concentrations were higher compared to those in the 
cores (4.4 ng/L in fresh cores and 5.3 ng/L in incubated cores, Fig. 2). In 
benthic chambers, MeHg concentrations after 48 h were 0.07 ng/L in OS 
and 0.13 ng/L in SG (Table S8). These MeHg concentrations are similar 
to those measured in incubated cores (0.11 and 0.13 ng/L in OS and SG 
respectively, Fig. 2), although a lower MeHg concentration was 
observed in the OS benthic chambers than in the incubated cores. Both 
DOC content and DOM composition of the benthic chambers were 

similar to the values found in the fresh cores of the experiments 
(Table S7). Additionally, Mn, that is released from the sediment to the 
overlying water when EH decreases, increased during benthic camber 
deployment from 28.5 to 216 µg/L and from 7.4 to 115 µg/L in OS and 
SG respectively, as observed in incubated sediment cores.

4. Discussion

4.1. Contrasting study sites

The PCA analysis shows that sediments from OS in both sampling 
years and from SG in Nov 2019 are very similar with respect to the 
analyzed sedimentological characteristics (grain size and organic matter 
content and composition). Surface sediments from SG in Sep 2021 are 
different, with lower water and OM content, higher TOC/N and lower HI 
which is indicative of a less degraded OM [60,61]. Additional observa
tions of sediment cores (CT image, trace element profiles – not shown) 
strongly suggests more dynamic sedimentary conditions at site SG, 
which, furthermore, is located in an area with a greater probability of 
sediment disturbance by anthropogenic activities. Changes in sediment 
characteristics at the same site (grain-size, OM and MINC) on an yearly 
scale are not unusual as observed by Guédron et al. [38] in the northern 
part of the lagoon. Sediment heterogeneity at site SG estimated by the 
variability coefficient of the auxiliary variables was clearly higher than 
at the OS site in both sampling periods. However, the heterogeneity at 
the SG site was not higher in Sep 2021 than in Nov 2019, except for 
mean grain-size which is driven by a larger proportion of particles of 
16 µm in core SG17 at 2–4 layer. If this sample is not considered, grain 
size distribution does not change between years.

THg concentrations in sediments at both sites, ranging between 0.72 
and 1.08 mg/kg, are lower than those measured in 2008 (1.66 mg/kg in 
the 5 upper cm) in the vicinity of Osellino canal [35]. In the overlying 
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and pore waters, the differences in THg concentrations between sam
pling campaigns could be a result of the tide phase. In Nov 2019, the 
samples were taken during an ebb tide, while in Sep 2021, they were 
collected during a flood tide. This interpretation agrees with the results 
of Guédron et al. [38], who observed the highest concentrations of THg 
during the rising tide in the northern part of the lagoon.

4.2. Increase in methylmercury formation and concentration in a 
simulated MOSE closing-event

Our experiment in Sep 2021 consistently showed an increase in 
MeHg concentrations in overlying waters after both simulations of the 
MOSE closing-event: benthic chambers (Table S8) and incubation of 
sediment cores (Figs. 2C and 2D). This increase in MeHg concentrations 
was associated with oxygen depletion (Fig. 5) and a decrease in EH 
(Fig. S3). Decreases in EH have been associated with a release of DOC 
and an enrichment of humic substances in porewaters, especially under 
sulfate-reducing conditions [62]. Indeed, Hg is strongly bound to sulfur 
sites of organic matter, in particular humic acids [63] and, as a conse
quence, positive correlations between THg and DOC concentrations 
have often been reported in aquatic systems [11,64,15,65,66] and in our 
experiments (Fig. 6, r = 0.96, p-value < 0.001). In our incubations, DOC 
concentrations in overlying waters doubled and reached up to ~ 6 and 
10 mg/L in SG and OS, respectively. A previous study conducted under 
laboratory conditions, showed that an increase in DOC led to a raise in 
Hg-availability until ~ 11 mg/L and then to a decline at higher DOC 
concentrations [12]. The increase of DOC could have thus similarly 
increased Hg availability during the simulated MOSE-closing event. 
Moreover, we observed in the incubated samples a decrease of humic 
peak A but also of the A/C peak ratio (Fig. 4 and Table S7), indicating an 
enrichment in degraded humic compounds which could result from an 
intense sulfate reduction [62]. Indeed, the A/C ratio correlated nega
tively with the km (r = − 0.66 and p-value = 1.8 ×10-5, Fig. 6). After 
48 h, we also observed an enrichment in labile protein-like substances 
(peak T, Fig. 4), generally produced by the activity of bacteria and 
phytoplankton [53,67,68] and was positively correlated to the km 
measured in surface sediments (Fig. 6, r = 0.63 and p-value = 0.05). 

Taking all this into consideration, it is plausible that the increase in 
MeHg concentrations in overlying waters observed in this study resulted 
from an enhanced Hg methylation (Fig. 3), fostered by the release of 
available Hg, associated to the increase in DOC [11,12,16], and labile 
dissolved organic matter (peak T) (Fig. 4) [15]. The low oxygen con
centrations found in the studied sediments together with an enrichment 
in labile dissolved organic matter have been associated to a higher 
presence of Hg methylating microorganisms [69].

Noteworthy to mention that Hg methylation and MeHg demethyla
tion after 48 h incubation have likely reached a steady state [48,70] and 
we can assume that measured potential methylation reflect the net 
MeHg formation in sediment. Hg methylation rate constants measured 
in this study were higher than pristine coastal sediments such as those of 
the Gulf of Trieste [71], but ranged within the known limits for the 
Venice Lagoon described in previous studies [38,72] and other urban 
coastal areas [70,73]. Bouchet et al. [70] also measured higher values of 
km during the warmer season in the Arcachon Bay (France).

The observed increase in MeHg concentrations in the overlying and 
porewater in our experiments of Sep 2021 could impact MeHg bio
magnification because filter-feeding benthic bivalves have been identi
fied as key organisms in the transfer of MeHg from sediments to higher 
levels of the food chain in the Venice Lagoon [25,28] and in other 
Mediterranean lagoons, like Grado and Marano [74]. Furthermore, the 
bioavailability of Hg might have increased at the measured DOC con
centrations and thus could lead to enhanced Hg accumulation in food 
webs [75].

According to a current estimate of the Hg budget [27], sediments 
remain the main source of Hg to the lagoon water. Although surface 
sediment layers lose Hg by burial and export to the Adriatic Sea, Hg 
inventory is high enough to support considerable MeHg formation for 
decades. Potentially, increasing MeHg formation may compensate for 
decreasing Hg inventory.

The experimental design in this study attempt to replicate the con
ditions of a long MOSE closing event, but both approaches, benthic 
chambers and sediment core incubations, have limitations. The 
complexity of the natural environment is too large to completely repli
cate experimental conditions. Both methodologies isolate completely 
the sample, which would not happen as drastically in reality as the 
lagoon has its own internal currents and exchanges. Additionally, tem
perature seems to play an important role in the interpretation of the 
results; temperature remained constant in the experiments however in a 
real long lasting event of the MOSE, the temperature would shift along 
the day.

4.3. Negative consequences of oxygen depletion events on coastal Hg 
cycling

Temperature is one of the key factors to consider in the current sit
uation of the Venice Lagoon. To study the potential impact of MOSE 
closing-events in different times of the year, we performed the same 
experiment in different seasons. In 2019, we collected the sediments in 
November, and incubated them at the water temperature (14 ºC) 
simulating the autumn conditions. In 2021, we collected the cores in 
September and incubated them at 24 ºC, simulating the end of summer 
conditions. These differences in setup helped us to understand what 
could potentially happen if the MOSE closes when temperatures are 
higher, either because closure occurs earlier in the year with respect to 
the present situation or because temperatures increase during the fall 
due to climate change. By choosing different seasons we took into ac
count not only temperature differences, but also potentially different 
types of OM in surface sediments. During the Nov 2019 campaign, we 
did not observe any significant changes in the concentration or 
composition of organic matter or in km after incubation. In contrast, the 
results of the Sep 2021 campaign showed a different outcome. In Nov 
2019, there was still some DO in the water after 45 h, whereas in Sep 
2021 there was no DO after only 11 h or 18 h (OS and SG respectively) 

Fig. 6. Pearson correlation matrix between km, Hg and MeHg concentrations 
and organic matter composition. Data from both fresh and incubated cores from 
Sep 2021 sampling were used to construct the Pearson correlation matrix. Only 
significant (p < 0.05) correlations are shown.
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(Fig. 5). Although we measured similar DO concentrations at both sites 
at the beginning of the experiment in 2021, we detected a faster 
reduction of DO in OS than in SG. A considerably lower sediment oxygen 
demand (SOD) throughout the year was measured at sites close to SG 
than near OS [34]. This may explain a lower km at SG compared to OS 
not only in September, but also during all warm months. Moreover, the 
increase in protein-like substances suggests a higher bacterial activity. 
This effect was more pronounced in OS and helps to explain the faster 
decrease in DO. Higher bacterial activity, less DO and an enrichment of 
proteinaceous OM, potentially caused by MOSE-closing events, are 
important drivers for Hg methylation [11]. However, the differences 
observed between SG and OS highlights that the impact of MOSE-closing 
events may not be homogeneous across the lagoon, and that further 
studies are required to better constrain and predict the effects of MOSE 
in the increase in MeHg concentration in the entire lagoon.

As a consequence of rising temperatures, the sea level increases [30, 
40], a fact that has been observed in the Venice Lagoon, where the 
number of flooding events have doubled in the last decade (2010s) [30]. 
Currently, the MOSE normally closes for short periods of time and 
during cold months of the year, minimizing the impact of the MOSE on 
the sediment oxygen demand [34] but the ongoing global change could 
modify the situation, in fact during the summer of 2023 the MOSE had to 
close three times. As sea temperature rises [19,23], the SOD will start to 
increase, more rapidly in confined areas (such as OS) where unusually 
high values of SOD were already found [34]. At the same time, higher 
temperature might lead to a decline in oxygen solubility [21] and 
enhanced bacterial activity [20], also favoring MeHg formation in the 
lagoon.

Overall, our study shows that the difference in MeHg formation and 
MeHg concentrations found after incubation would be intensified by the 
rising temperature and this may result in periods of MeHg formation as 
the MOSE closes more often and for longer periods. As well, a larger 
increase of MeHg formation in marginal sites such as OS during a MOSE 
closing event, may act as a hot spot for MeHg formation followed by 
redistributed across the lagoon during the tidal cycling [38] and 
potentially enter the food web. Considering Rova et al. [76] demon
strated that the seafood resources are abundant in the confined waters of 
the lagoon and partly in open water borders, including San Giuliano 
area, where an increased production and release of MeHg can be ex
pected during prolonged isolation of the lagoon from the Adriatic, this 
should be considered in future monitoring strategies.

5. Conclusions

The MOSE was built to isolate temporarily the Venice Lagoon from 
the Adriatic Sea during high tide events and protect the city of Venice 
and its cultural heritage from flooding. In this study, we simulated the 
potential effect of a prolonged MOSE-closing event and showed that 
MeHg concentrations increased in porewaters and overlying waters as a 
result of an enhanced MeHg formation caused by a release of labile DOC. 
This increase might have a relevant impact on MeHg accumulation in 
the Venice Lagoon biota. The incubation experiments cannot reproduce 
all of the conditions occurring during a real MOSE closure event and 
might have created more extreme isolation conditions. Nevertheless, in 
the context of global change, with rising temperatures and declining 
oxygen concentrations in coastal areas prone to MeHg methylation, our 
study highlights the need to monitor the MeHg concentrations after 
activation of the MOSE system, especially during warm months. Low 
water temperatures did not foster a relevant DO consumption and 
therefore did not enhance MeHg formation but long-lasting MOSE 
closure at higher temperatures in the future may lead to an increase in 
MeHg concentrations in water and food webs of the Venice Lagoon.

Environmental implication

Coastal areas are experiencing the consequences of global change 

(oxygen depletion, rising temperatures, direr floods…). We focused on 
the Venice Lagoon to assess the changes in MeHg formation under a tide- 
regulation system (MOSE). The MOSE is needed to prevent flooding, but 
the consequences of its operation (e.g. higher MeHg formation) could be 
critical for the lagoon’s environmental health. The increase in MeHg 
concentrations within the lagoon is specially concerning, since it might 
lead to an increase of MeHg in biota, especially during warm seasons. 
This study features the importance of investigations under actual MOSE- 
closing events and similar coastal ecosystems.
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