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A B S T R A C T

The anoxia risk in a shallow coastal lagoon (Sacca di Goro (SG), Italy) experiencing multiple pressures (clam 
aquaculture, anthropogenic nutrient inputs, climate change) was assessed by combining timescales of anoxia 
onset, benthic nutrient turnover, horizontal and vertical transport, multivariate statistics, and Geographic In
formation System (GIS). The biogeochemical and transport timescales were obtained by experimental mea
surements and physical modeling. To this purpose, daily oxygen (O2) and nutrient fluxes [dissolved inorganic 
phosphorus (DIP), ammonium (NH4

+), dissolved reactive silica (SiO2)] were measured in the benthic and pelagic 
compartments at six areas of the lagoon catching its complex spatial heterogeneity due to riverine and marine 
inputs, clams farming, depths, flushing and vertical exchange times, amount and quality of organic matter. Water 
quality, sedimentary features and fluxes and pore water chemistry were also measured. This approach allowed us 
to estimate the contribution of the benthic and pelagic compartments to the onset of anoxia, as well as to 
determine the main drivers that may lead to anoxia. The results show that the anoxia onset in the SG is mainly 
determined by the clam biomass. This is due to shorter timescales of both anoxia onset and benthic nutrient 
turnover times (faster rates of O2 consumption and nutrient replenishment) in farming than in non-farming areas. 
However, the anoxia onset in the deepest part of the lagoon is also favored by water column respiration. On the 
other hand, vertical exchange times shorter than flushing times suggest that vertical mixing is the dominant 
physical factor in controlling the O2 replenishment in the SG lagoon, counteracting the anoxia risk. The time
scales analysis is a simple and effective method to understand the interplay between O2 consumption and 
physical processes in a complex shallow eutrophic lagoon, which is a key issue in the environmental management 
of coastal lagoons farmed areas.

1. Introduction

Bivalve farming (e.g., mussels, oysters and clams) has undergone 
rapid expansion over recent decades in diverse coastal ecosystems 
around the world (e.g., lagoons, coastal bays, offshore areas) (Newton 
et al., 2014). In Europe, more than 90 % of seafood production consists 
of bivalve mollusks, mainly farmed in shallow and semi-enclosed coastal 

lagoons (Newton et al., 2014). This fast-growing global industry poses 
concerns with respect to its environmental impact and long-term 
ecological and economic sustainability (Marinov et al., 2007).

Bivalves displace pelagic primary production to the sediment via 
filtration and biodeposition of feces and pseudofeces and favor nutrient 
recycling via excretion, linking benthic and pelagic compartments 
(Nizzoli et al., 2007; Newton et al., 2014; Nicholaus and Zheng, 2014). 
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The whole system relevance of mollusks-mediated biogeochemical 
processes depends on the standing stock of farmed organisms (Melià 
et al., 2003). Farmed mollusks can impact ecosystem functioning due to 
large inputs of labile biodeposits, stimulating anaerobic metabolism and 
nutrient recycling, which enhance algal growth and collapse, and 
dystrophic conditions (Bartoli et al., 2001; Viaroli et al., 2006; Lacoste 
et al., 2022; Le Ray et al., 2023). Such impacts interact with other 
pressures (e.g., anthropogenic pollution, global warming) and decrease 
dissolved oxygen (DO) availability, with cascade consequences for aer
obic organisms and biogeochemical cycles (Meire et al., 2013; Gammal 
et al., 2017; Schmidt et al., 2017). The dropping of DO concentrations in 
the water column to hypoxia (<2 mg O2⋅L− 1) and anoxia (0 mg O2⋅L− 1) 
levels is a global key stressor, affecting estuarine and marine benthic 
ecosystem functioning worldwide, and a wide variety of ecological and 
economic services (Diaz and Rosenberg, 2008; Peña et al., 2010; Breit
burg et al., 2018). Low DO levels are generally attributed to the synergy 
between anthropogenic pressures and hydro-climatic forcings (Derolez 
et al., 2020; Le Ray et al., 2023). These pressures are predicted to in
crease in magnitude, duration and extension in the coming decades due 
to ongoing human-induced eutrophication and global warming (e.g., 
higher frequency of extreme climatic events such as summer heat waves 
or strong riverine outflows), potentially affecting sea-based economic 
sectors such as mollusks aquaculture (Villnäs et al., 2012; Rodrigues 
et al., 2015; Le Ray et al., 2023).

The DO concentration depends on a tight balance between its 
physical inputs (e.g., water mass transport and mixing, water- 
atmosphere exchanges), biological production (e.g., photosynthesis), 
and its removal processes, such as biological respiration, nitrification, 
oxidation of reduced chemical species (e.g., manganese (Mn[II]), iron 
(Fe[II]), free sulphides (H2S =

∑
H2S + HS− + S2− )), and outgassing 

across the air–sea interface (Zhang et al., 2010; Fennel and Testa, 2019). 
The excessive inputs of anthropogenic nutrients induce high DO con
sumption, resulting from organic matter mineralization in surface sed
iments. Sediments can account for up to 80 % of the total O2 
consumption in shallow coastal systems (Seitaj et al., 2017); this O2 sink 
can be further strengthened by other factors such as long residence time 
of the water, along with reduced horizontal advection and/or reduced 
vertical mixing due to stratification (Fennel and Testa, 2019; Rigaud 
et al., 2021; Pittaluga et al., 2022). The increase in water residence time 
enhances nutrients retention within the system, reinforcing the relative 
importance of several internal biogeochemical processes (e.g., recycling 
of bioavailable nutrients) (Mosley et al., 2023). On the other hand, in 
mollusks farming areas, filter-feeding bivalves superimpose and interact 
with physical, chemical and biological factors that contribute to the O2 
balance (Viaroli et al., 2006; Lavoie et al., 2016). High densities of 
burrowing mollusks as clams increase sediment respiration rates, 
excretion of nitrogenous compounds, and the enrichment of the sedi
ment with organic matter via labile biodeposits (Bartoli et al., 2001). 
Therefore, the accumulation and excess of both natural and anthropo
genic organic matter in the proximity of mollusks farms rapidly depletes 
DO to anoxic levels in superficial sediments, causing a shift from aerobic 
respiration to a predominance of anaerobic respiration pathways, such 
as sulfate reduction. However, clams can also contribute to sediment 
oxygenation through bioturbation activities (bioirrigation and bio
mixing) (Nizzoli et al., 2006; Nicholaus and Zheng, 2014).

The formation of hypoxia/anoxia is highly dynamic, and may vary in 
extent, severity and frequency (Villnäs et al., 2012). Assessing and 
managing the risk of hypoxia/anoxia in mollusk farms is complex, due to 
the effect of diverse forcing of site-specific factors (e.g., mollusk species 
and rearing densities, anthropogenic pollution sources, organic matter 
amount and quality, water column stratification and physical transport 
processes, climate patterns and variability, etc.) acting over a wide range 
of temporal and spatial scales (Marinov et al., 2008; Lavoie et al., 2016; 
Lacoste et al., 2022; Le Ray et al., 2023). Additionally, DO availability in 
both pelagic and benthic compartments is tightly interconnected. The 
identification of the factors that influence DO availability remains 

challenging, with the aim to better understand the duration, intensity, 
and frequency of hypoxia/anoxia events and their consequences on 
benthic-pelagic coupling in coastal ecosystems (Rigaud et al., 2021).

Hypoxia/anoxia risk has been studied using both experimental (e.g., 
sediment incubation) and a variety of modeling approaches (e.g., DO 
budgeting, hydrodynamic-biogeochemical models, indeces, timescales 
methods) (Melià et al., 2003; Druon et al., 2004; Marinov et al., 2008; 
Shen et al., 2013; Groβe et al., 2016; Fennel and Testa, 2019; Leoni et al., 
2022; Rigaud et al., 2021; Le Ray et al., 2023; Shen and Qin, 2024). 
Timescale methods are useful in simplifying, understanding and 
modeling complex coastal aquatic ecosystems, as they have the same 
units with which the speed of disparate processes can be compared. For 
instance, the use of both biogeochemical timescales (e.g., nutrients 
benthic turnover, consumption, etc.) and transport timescales (e.g., 
residence time, flushing time, and/or vertical exchange time) can help to 
understand the coupled physical-biogeochemical systems (Lucas and 
Deleersnijder, 2020).

The Sacca di Goro (SG) Lagoon is one of the most important Euro
pean sites for clam (Ruditapes philippinarum) farming, with an annual 
production that reached a maximum of approximately 15,000 t year− 1 

in the early 1990s (Marinov et al., 2007). Summer dystrophic events 
occurred since the late 80’s causing massive mortalities of clam stocks, 
which limited the annual production to about 10,000 t (Vincenzi et al., 
2006). Dystrophic crises were mainly attributed to the proliferation of 
the green seaweed Ulva rigida and water stagnation in some areas of the 
lagoon (Melià et al., 2003; Viaroli et al., 2006; Marinov et al., 2008). 
Despite interventions to improve water circulation and reduce algal 
growth, the SG remains at high risk of undergoing anoxia events. The SG 
thereby provides an excellent, complex and challenging system to 
analyze the contribution and changes of several drivers that have led 
and may still lead to anoxia events.

This work aims at improving our understanding of the physical, 
chemical and biological drivers in both pelagic and benthic compart
ments that contribute to anoxia risk in this shallow lagoon devoted to 
clam aquaculture. To this purpose, a detailed quantification and analysis 
of biogeochemical processes (i.e., anoxia onset and nutrient benthic 
turnover times) and physical processes modeling (i.e., flushing time and 
vertical mixing) was conducted across different timescales. Experi
mental work also included measurements of sedimentary features, 
porewater and water quality parameters. To identify different patterns 
and extract useful information or/and knowledge for decision-makers 
regarding anoxia risk management in the SG, we applied a combined 
analysis of timescales/multivariate analysis/Geographic Information 
System (GIS). We hypothesized that two main interacting factors 
contribute to the risk of anoxia in the SG. The first factor is the clam 
biomass, as higher biomass results in greater benthic respiration and 
excretion rates. The second factor is the physical transport process 
(vertical or horizontal) that dominates DO replenishment, as transport 
timescales larger than O2 consumption can dramatically increase the 
anoxia risk.

2. Materials and methods

2.1. Description of the study area

The SG is a shallow and semi-enclosed coastal lagoon located in the 
southern part of the Po River Delta in the province of Ferrara, Italy. The 
SG has a triangular shape with superficial area of about 27 Km2, is 
delimited by the Po di Goro River, the southernmost branch of the Po 
River, and is partially separated from the Adriatic Sea by two spits, the 
Scanno di Goro and the Scanno di Volano (Fig. 1) (Maicu et al., 2021). 
The lagoon has an average depth of 1.5 m, a water volume of 39 × 106 

m3 and water retention times ranging from 1 to 4 days (Viaroli et al., 
2006; Marinov et al., 2007). Most of the lagoon surface (87 %) consists 
of tidal flats (Maicu et al., 2018). The SG has freshwater inputs, mainly 
from the Po di Volano River in the western area and from the Po di Goro 
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River along the eastern zone. The main connections with the Po di Goro 
River are the Gorino and Faro di Goro locks, which are manually 
managed by the local authorities to ensure the most favorable salinity 
and nutrient conditions for the lagoon productivity. These gates are 
opened during the summer to enhance the water renewal, and are closed 
during the river floods to ensure an acceptable salinity in the lagoon and 
prevent sediment deposition (Maicu et al., 2021). Pumping stations 
(Romanina, Giralda, Bonello) also provide lower freshwater inputs to 
the lagoon (Fig. 1).

Bottom sediments of the SG are composed of typical alluvial mud 
with high clay and silt deposits in the northern and central zones. Sandy 
sediments characterize the lagoon’s mouth, whilst muddy sediments are 
common in the eastern corner (Viaroli et al., 2006; Zilius et al., 2015).

2.2. Sampling strategy to assess the anoxia risk in the SG lagoon

Water and sediment sampling was carried out at six stations: St.1, 
St.3 and St.5, which are located in non-clams farming area, and St.2, St.4 
and St.6, located in the clam farming area. Stations spatial distribution 
also considered the influence of riverine and channels inputs (St.1, St.2 
and St.5) and marine water (St.3, St.4 and St.6), as well as the depth, 
distinguishing between shallow stations (St.1, St.2, St.4, St.5 and St.6) 
and a relatively deep area represented by St.3 (Fig. 1 and Table 1S).

Water quality and sediment cores samplings were carried out during 
three field campaigns on June 27th, 2023 (St.1 and St.2), July 3rd, 2023 
(St.3 and St.4) and July 11th, 2023 (St.5 and St.6) (Fig. 1 and Table 1S). 
In each field campaign, a station without and one with clams were 
sampled. Water quality parameters, including water temperature, 
salinity, DO and pH were measured in situ with a multiparameter probe 
(YSI Instruments, Mod. 556). Integrated water samples (n = 6) were 
collected at each station with a PVC pipe (i.d. 2 cm, length 2 m). Sub
samples were filtered for nutrients (Whatman GF/F glass fiber filters) 
and chlorophyll-a (Chl-a, Whatman GF/F glass fiber filters), and frozen 
for later measurements (Table 1). Ammonium (NH4

+) was determined by 
indophenol method, nitrite (NO2

− ) by sulfanilamide, nitrate (NO3
− ) by 

cadmium reduction, dissolved inorganic phosphorus (DIP) by ascorbic 
acid method and dissolved reactive silica (SiO2) by molybdate method 
(APHA, 2012). The Chl-a was extracted with 90 % acetone and deter
mined spectrophotometrically (Lorenzen, 1967). The Dissolved Inor
ganic Nitrogen (DIN) was calculated as DIN = NH4

+ + NO2
− + NO3

− .
The sediment cores sampling was conducted immediately after the 

water quality sampling at each station. Transparent Plexiglas liners (i.d. 
8 cm, length 30 cm, n = 6 per station) were used for benthic O2 and 
nutrient flux measurements, while smaller liners (i.d. 4 cm, length 20 
cm, n = 6 per station) were used for sediment features measurements. At 
the deeper sites, muddy sediments were collected using a hand-corer, 
whereas at sandy shallower sites, they were collected by hand. All 
cores had approximately equal heights of sediment and overlying water 
column. Once collected, the cores were bottom and top capped and 
brought to the boat where the top lid was removed, and the cores were 
submerged in a tank containing in-situ water cooled with ice packs. 
Bottom water (~150 L) was also collected from each site for core 

Fig. 1. Location of clam farming area in the Sacca di Goro (SG) Lagoon, including its main freshwater tributaries (Po di Volano River, Giralda, Romania and Bonello 
channels, and Gorino and Faro di Goro locks) and the stations sampled during summer 2023. The red dotted line indicates the exploited area of the lagoon for clam 
farming. The spatial distribution of the selected stations considered clams farmed (St.2, St.4 and St.6) and non-farmed areas (St.1, St.3 and St.5).

Table 1 
Summary of experimental activities carried out at each station for benthic and 
pelagic compartments in the Sacca di Goro (SG) Lagoon during summer 2023.

Measurement Sampling 
design

Parameters Methods

Water quality Sampling in 
water column

Temperature, 
salinity and ODWC

Multiparameter 
probe

DIPWC, NH4
+
wc, 

NO3wc
− , DINWC, 

SiO2 wc and Chl-a 
wc.

Spectrophotometry

Benthic 
incubations

Dark and light 
incubation. 
Large cores

O2Bc O2 microsensor
DIPBc, NH4

+
Bc and 

SiO2Bc

Spectrophotometry

​ Clam biomass 
(flesh dry weight)

Gravimetric

Water incubations Dark and light 
incubation. 
Small cores

O2Pg O2 microsensor
DIP Pg, NH4

+
pg and 

SiO2pg

Spectrophotometry

Water incubations 
with algae (Ulva 
sp., and 
Gracilaria sp.)

Dark and light 
incubation. 
Small cores

O2 O2 microsensor

Pore water 
extraction

0–4 cm layer 
with Rhizon™ 
samplers. 
Large cores

NH4pw
+ , DIPpw, 

SiO2pw and H2Spw,
Spectrophotometry

Mnpw(II) and 
Fepw(II)

Atomic absorption

Sediment features 0–4 cm 
superficial 
layer. 
Small cores

Chl-aSed (0–1 cm) Spectrophotometry
Fetot and %Fe 
(III)sed (0–4 cm)

Spectrophotometry

TOC, TN, δ13C and 
δ15N (0–4 cm)

Mass spectrometry
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maintenance, preincubation and incubation. Cores and bottom water 
were transported to the laboratory within 3 h from retrieval. The water 
inside the cores was gently stirred by a Teflon - coated magnetic bar 
driven by an external motor rotating at 40 rpm, avoiding sediment 
resuspension. During overnight preincubation, the cores were main
tained submersed with the top open and the stirring on. The water in the 
tanks (one tank per station) was maintained at in situ conditions and at 
100 % O2 saturation using aquarium pumps and aerators.

During sampling, algae (Ulva sp., and Gracilaria sp.) were only pre
sent at the St.6. Both algal genera were randomly sampled through a 
plastic square frame (30 × 30 cm) that was randomly thrown (n = 6) 
onto the sediment surface. Algae inside the frame were collected, 
separated, drained and weighed fresh to estimate in situ biomass of each 
algal genus. This provided reference values for the amounts to be added 
to seaweed incubations.

2.3. Measurements of benthic and pelagic fluxes in areas with and 
without clams in the SG lagoon

The day after sampling, the water in the tanks was exchanged with 
new water from each station. The dark incubations were carried out 
first, followed by a 2 h light preincubation period, before starting the 
light incubations. Irradiance at the sediment surface was set to repro
duce the daily average irradiance of the sampling period (180 ± 60 μE 
m− 2 s− 1). This value was obtained by halogen lamps and screens. The 
incubations began by sealing each core with gastight lids. Benthic in
cubation time varied from 1 to 3 h to keep O2 concentration at the end of 
experiments within 60–70 % of the initial value. The clam stations had 
shorter incubation times due to their higher O2 consumption rates. In
cubation time was set with pilot incubations carried out before starting 
the experiments. Nutrients (DIP, NH4

+, SiO2) and O2 concentrations were 
measured at the beginning and at the end of the incubation. As the NH4

+

benthic flux is the dominant component of DIN flux (about 90 %) in the 
SG (Bartoli et al., 2001), NO3

− and NO2
− fluxes were not measured. 

Amperometric O2 microsensors (Ox-50, UNISENSE A/S, DK) connected 
to a picoamperometer (Microsensor Multimeter, UNISENSE) were used 
to measure O2 concentrations. At time zero, four water samples (60 mL) 
were collected using plastic syringes from the incubation tanks before 
cores were capped. At the end of the incubation, lids were removed, and 
water samples were collected from each core (~750 mL). Samples were 
filtered through Whatman GF/F glass fiber filters into 20-mL plastic 
vials, frozen and later analyzed to determine nutrient concentrations 
(Table 1). Benthic O2 and nutrient fluxes across the sediment–water 
interface were calculated according to Eq. (1) (Dalsgaard et al., 2000): 

Fi =

(
Cf − Co

)
⋅V

A⋅t
(1) 

where Fi is the net flux of O2 or inorganic nutrients measured in dark and 
light conditions (mmol m− 2 h− 1), Co is concentration at time zero (mmol 
L− 1), Cf is concentration at the end of incubation (mmol L− 1), V is the 
volume of water in the core (L), A is the area of sediment surface in the 
core (m2) and t is the incubation time (h). Daily fluxes (mmol m− 2 d− 1) 
were then obtained by multiplying hourly fluxes measured in the light 
(NP, net production) and in the dark (RE, respiration) by the number of 
light (14 h) and dark hours (10 h) of the sampling period, assuming 
constant rates. Fluxes directed from the sediment to the water column 
were considered positive.

Bottom water incubations for each station were performed to 
determine its contribution to respiration, net primary production, and 
daily fluxes. The light and dark water incubations were carried out 
simultaneously in small transparent liners (i.d. 4 cm, length 20 cm, each 
one with a water volume of ~200 mL, n = 6 for light and n = 6 for dark 
measurements) maintained in the same tank and lasted 14–16 h. The 
dark cores from each station were double wrapped in aluminum foil. The 
stirring system and sampling method were the same as those used in the 

sediment cores incubation. The volumetric respiration and net produc
tion in the dark and light conditions (mmol m− 3 h− 1), respectively, were 
calculated as the difference between final and initial concentrations. 
Then, volumetric rates were depth integrated to calculate areal rates 
(mmol m− 2 h− 1) to allow comparison with benthic fluxes. Daily O2 
fluxes were also measured for Ulva sp., and Gracilaria sp. The average 
biomass of algae measured in situ (30 and 110 gdw m− 2 for Ulva sp. and 
Gracilaria sp., respectively) was incubated both in light and dark con
ditions. The incubation lasted 2–3 h; water samples were collected at the 
beginning and at the end of the incubation and processed as described 
for the water column and sediment cores incubations (Table 1).

2.4. Measurements of pore water and sedimentary properties in the SG 
lagoon

At the end of sediment incubations, pore water was extracted from 
the upper superficial sediment layer (0–4 cm) using Rhizon™ samplers 
in large cores. After inserting the samplers, a 10-mL syringe was con
nected to each one by a luer-lock for water collection. An aliquot was 
transferred to 5-mL glass vial containing 50 μL of concentrated HNO3 for 
dissolved Fe(II)pw and Mn(II)pw analyses via atomic absorption (Varian, 
Model AA240 Atomic Absorption Spectrometer). Subsamples of 1 mL 
were transferred to 10-mL glass vials for DIPpw spectrophotometric 
analysis. Subsamples of 3 mL were transferred to plastic vials and frozen 
for NH4

+
pw and SiO2pw analyses. For H2Spw, 1 mL of pore water was 

immediately transferred into a plastic vial containing 2 mL of 2 % zinc 
acetate solution to precipitate H2Spw as ZnS. Free sulphides were 
determined spectrophotometrically by releasing S2− from the ZnS pre
cipitate using an acidified solution of phenylenediamine and ferric 
chloride (Cline, 1969).

The remaining sediment in each core was sieved through a 500 μm 
mesh sieve to determine the clams and other macrofauna species density 
and biomass. The flesh of the collected clams was then weighed fresh 
and after drying at 60 ◦C until constant weight.

Sedimentary features analysis was conducted on subsamples from 
the upper sediment layer (0–4 cm) in six small cores per station 
(Table 1). The Chl-ased was extracted from 1 mL of sediment taken from 
the upper 1 cm with 5 mL of 90 % acetone and then determined spec
trophotometrically (Lorenzen, 1967). Each sediment slice was then 
homogenized, and sediment subsamples were taken using a cut-off 5 mL 
syringe. A 1 mL subsample was transferred to a pre-weighted 40 mL 
glass vial containing 5 mL of 0.5 M HCl to measure solid-phase iron 
pools. Total iron, hydroxylammine-reducible-ferric iron and 
HCl-extractable ferrous iron were measured as Fe(II) using the ferrozine 
method, after extraction from the sediment. Iron reducible with 
hydroxylammine is considered the more reactive form of ferric iron. The 
hydroxylammine-reducible-ferric iron plus the 0.5 M HCl 
extractable-ferrous iron can be considered as total reactive iron, which 
can be involved in redox processes (Lovley and Phillips, 1987).

Another subsample of sediment (5 mL) was dried at 60 ◦C until 
constant weight to measure water content and porosity. Each sample 
was then homogenized and ground with a porcelain mortar and pestle 
prior to the analysis of total organic carbon (TOC), total nitrogen (TN) 
and isotopic composition (ẟ13C and ẟ15N). TOC, TN, ẟ13C and ẟ15N were 
measured with a Thermo Fisher Flash HT plus Elemental Analyzer 
coupled with Delta V Advantage isotope ratio mass spectrometer after 
the removal of carbonates with HCl (1.0 M), rinsing with deionized 
water to neutralize the pH and drying the samples at 60 ◦C. The samples 
were run in duplicate and the analytical precision of both TOC and ẟ13C 
was ±0.07 %. TOC and TN were corrected for the weight loss during 
decalcification. For ẟ13C, the reference was Vienna Pee Dee Belemnite 
(VPDB), and for ẟ15N, it was atmospheric nitrogen. Isotopic ratios were 
expressed in the usual ẟ-notation (part per mill, ‰). Samples replicate 
analyses were within ±0.07 % for ẟ13C and ±0.14 % for ẟ15N.

Measurements of ẟ13C and ẟ15N were also performed for seaweeds 
biomass (Ulva sp., and Gracilaria sp.) and clam tissue at St.6 after drying 
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and powdering in a porcelain mortar. Sample replicates analyses were 
within ±0.07 % for ẟ13C and ±0.35 % for ẟ15N.

2.5. Calculation of the trophic index, organic matter quality, 
biogeochemical timescales and anoxic risk in the SG lagoon

2.5.1. The trophic index (TRIX)
The trophic index (TRIX, Vollenweider et al. (1998)) was calculated 

to characterize the water quality in each station. The TRIX has been used 
for assessing the risk of eutrophication of different marine ecosystems 
(Nasrollahzadeh et al., 2008; Cutrim et al., 2019). This index is a linear 
combination of the logarithms of four variables related to eutrophica
tion: chlorophyll-a, DIN, DIP, and percent deviation from O2 saturation 
values. The TRIX was calculated from Eq. (2): 

TRIX=
log[ ChlaWC ⋅aD%O⋅DINWC⋅DIPWC] − [k]

m
(2) 

where, Chl-aWC is the concentration of chlorophyll-a in the water col
umn (mg m− 3); aD%O (abs|100-%O2|) is the absolute value of the dif
ference between measured and 100 % dissolved O2 saturation; DINWC 
and DIPWC are the dissolved concentrations of inorganic nitrogen and 
inorganic phosphorus in the water column, respectively. The constants k 
and m are scalar values introduced to adjust the lower limit value of the 
index and the range of the related trophic scale. Where k is the lower 
limit sum of the required variables for TRIX and m is calculated by the 
difference between the lower and upper limits of each variable, divided 
by 10 (Nasrollahzadeh et al., 2008). From the monitoring data, the 
calculated constants values of k and m were 3.3 and 0.6, respectively.

Trophic scales and descriptors for water quality were adopted from 
Giovanardi and Vollenweider (2004), Nasrollahzadeh et al. (2008) and 
Cutrim et al. (2019). Numerically, the index is scaled from 0 to 8, 
covering a wide range of trophic conditions from ultra-oligotrophic to 
hypereutrophic (Table 2S, Supplementary material).

2.5.2. Organic matter quality of sediments in the SG lagoon
The contribution of terrestrial and marine organic matter to sedi

ment organic carbon was estimated using a two-end-member mixing 
model based on the equation derived by Calder and Parker (1968), taken 
from Schlunz et al. (1999). This approach has been widely applied in 
marine sediments subjected to organic matter pollution (Zhou et al., 
2006; Li et al., 2016; Arroyave Gómez et al., 2020). The terrestrial 
organic carbon contribution was calculated using Eq. (3): 

TOCTerr(%)=

(
δ13Cmarine-δ13COrg

)

(δ13Cmarine-δ13Cterrestrial)
x 100% (3) 

The contribution of marine organic carbon to the TOC was then 
estimated from Eq. (4): 

TOCMarine(%)=100 - TOCTerr(%) (4) 

where ẟ13Cmarine is the ẟ13C of marine end member, ẟ13Cterrestrial is the 
ẟ13C of terrestrial end member and ẟ13Corg is the measured value in 
sediment samples. A ẟ13Cterrestrial value of - 27.23 ‰ was used as end 
member based on the low ẟ13C values of sediment samples in the study 
area (Magri et al., 2020). For the marine end member (ẟ13Cmarine) a 
value of − 22.0 ‰ was used as this isotopic composition considers the 
contribution of seaweed and clam (Ruditapes philippinarum) tissue in the 
SG Lagoon for the summer season (Bianchini et al., 2021). We also 
corroborated this value through ẟ13C measurements for seaweeds (Ulva 
sp. and Gracilaria sp.) and clam tissue at St.6.

2.5.3. Benthic nutrient turnover
The nutrient turnover time is the time (days) required to replenish 

water column nutrient pools via nutrient recycling from sediments, and 
under steady state conditions. This parameter provides an estimate of 
the importance of sediment-water interface exchange processes as 

nutrient sources to the overlying water column. Turnover time is ob
tained by the ratio between the water column nutrient pool and the daily 
benthic flux (Pratihary et al., 2009).

2.5.4. Timescale to the onset of anoxia (TAnoxia)
The degree of O2 depletion depends on the magnitude of the net O2 

sink and the duration for which this O2 sink occurs. Specifically, hypoxia 
and ultimately anoxia will occur when sinks exceed sources for long 
enough to drive O2 below the hypoxic/anoxic thresholds from its initial 
concentration (Fennel and Testa, 2019). The timescale to anoxia 
occurrence or the onset of anoxia (TAnoxia), formally defined by Fennel 
and Testa (2019), indicates how long it will take for a control water 
volume to reach anoxia conditions from an assumed initial O2 concen
tration. This timescale was calculated for each station using Eq. (5): 

TAnoxia =
O2in

NetO2D
(5) 

where O2in (mmol O2 m− 2) is the initial O2 availability at each station 
and was calculated from DOWC and depth of the water column. The daily 
O2 net consumption rate (NetO2D [mmol O2 m− 2 d− 1]) was considered a 

Table 2 
Results of Kruskal-Wallis (KW) to test significant difference between stations for 
parameters of water column, sedimentary features, pore water, and daily O2 and 
nutrient fluxes of pelagic and benthic compartment in the SG during summer 
2023.

Dependent 
variable

ᵡ2 p-value Pairwise Dunne test

Water quality
Temperature 33.97 <0.0001 St.3-St.5, St.3-St.6, St.4-St.5, St.4-St.6
Salinity 31.31 <0.0001 St.1-St.6, St.2-St.4, St.2-St.6, St.5-St.6
DOWC 33.44 <0.0001 St.1-St.3, St.1-St.6, St.2-St.3, St.3-St.4
DIPWC 28.75 <0.0001 St.1-St.3, St.1-St.4, St.1-St.6, St.2-St.6
NH4
þ
WC 33.02 <0.0001 St.1-St.4, St.1-St.6, St.2-St.4, St.2-St.6

NO3
¡
WC 24.33 <0.002 St.1-St.4, St.3-St.5, St.4-St.5

DINWC 29.45 <0.0001 St.1-St.4, St.1-St.6, St.2-St.4, St.4-St.5
SiO2WC 24.55 <0.002 St.1-St.3, St.2-St.3, St.2-St.6, St.3-St.5
Chl-aWC 27.66 <0.0001 St.2-St.6, St.3-St.5, St.3-St.6
TRIX 29.55 <0.0001 St.1-St.4, St.1-St.6, St.2-St.4, St.2-St.6
Sedimentary features
TOC 32.06 <0.0001 St.1-St.4, St1.-St.6, St.3-St.4, St.3-St.6
TN 33.278 <0.0001 St.2-St.3, St.3-St.4, St.3-St.6
ẟ13C 25.74 <0.0001 St.1-St.3, St.1-St.4, St.1-St.6, St.2-St.6
ẟ15N 33.356 <0.0001 St.2-St.3, St.2-St.5, St.3-St.4, St.3-St.6, 

St.4-St.5, St.5-St.6
TOCTerr 31.144 <0.0001 St.1-St.3, St.1-St.4, St.1-St.6, St.2-St.6
Chl-aSed 21.72 <0.0001 St.2-St.3, St.3-St.4, St.3-St.5
Fetot 23.45 <0.0001 St.1-St.4, St1.-St.6
Fe(III)Sed 11.22 <0.05 St.3-St.6
Pore water
DIPpw 30.29 <0.0001 St.1-St.4, St.1-St.5, St.1-St.6, St.3-St.6
NH4
þ
pw 22.99 <0.0001 St.2-St.3, St.3-St.4, St.3-St.6, St.4-St.5

H2Spw 16.61 <0.005 St.1-St.3, St.2-St.3, St.3-St.4, St.3-St.5
SiO2pw 13.16 <0.05 –
Mn(II)pw 20.86 <0.001 St.2-St.5, St.4-St.5, St.5-St.6
Fe(II)pw 24.21 <0.0002 St.1-St.3, St.2-St.3, St.3-St.5
SO4

2-
pw 24.90 <0.0002 St.1-St.4, St.1-St.6, St.2-St.6

Fe(II)pw: DIPpw 29.28 <0.0001 St.1-St.6, St.3-St.5, St.3-St.6
Daily benthic fluxes
O2Bc 29.22 <0.0001 St.1-St.2, St.1-St.4, St.3-St.4, St.4-St.5
DIPBc 23.92 <0.0001 St.1-St.4, St.3-St.4, St.4-St.6
NH4
þ
Bc 15.58 <0.01 St.1-St.4, St.4-St.5, St.4-St.6

SiO2Bc 9.12 0.1044 ​
Daily pelagic fluxes
O2Pg 31.54 <0.0001 St.1-St.3, St.2-St.3, St.3-St.4, St.3-St.5, 

St.3-St.6, St.4 -St.5
DIPPg 25.56 <0.001 St.1-St.6, St.2-St.5, St.2-St.6
NH4
þ
Pg 27.43 <0.0001 St.1-St.3, St.1-St.4, St.1-St.6, St.2-St.3, 

St.2-St.4
SiO2Pg 21.80 <0.001 St.1-St.3
Anoxia risk
NetO2D 31.354 <0.001 St.1-St.3, St.1-St.4, St.3-St.5, St.4-St.5
TAnoxia 29.017 <0.001 St.1-St.2, St.1-St.4, St.2-St.5, St.4-St.5
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positive value in Eq. (5) and was calculated from Eq. (6): 

NetO2D=
(
O2Bc +O2Pg +O2Alg

)
+ RAir (6) 

where O2Bc is the daily O2 flux measured in benthic compartment in 
incubations of intact sediment cores (mmol O2 m− 2 d− 1), O2Pg is the 
daily O2 flux measured in pelagic compartment in water incubations 
(mmol O2 m− 2 d− 1) and O2Alg is the daily O2 flux measured for seaweeds 
(Ulva sp. and Gracilaria sp.) in water incubations (mmol O2 m− 2 d− 1), 
respectively. Negative daily O2 fluxes (e.g. O2Bc, O2Pg and O2Alg) indicate 
oxygen consumption plus physical supply by the air-water exchange in 
Eq. (6). RAir is the reaeration coefficient (mmol O2 m− 2 d− 1) and was 
estimated for each station using Eq. (7): 

RAir = k1(CSat − CWC) (7) 

where k1 is the O2 exchange coefficient between the water surface and 
the atmosphere (m h− 1), CWC is the DO concentration in the water col
umn and CSat is the O2 concentration at saturation (mmol O2 L− 1). A 
positive value of RAir represents input of O2 from the atmosphere to the 
water. The calculation of CSat and k1 were performed with equations 
outlined by Staehr et al. (2010). CSat was derived from the equation of 
Weiss (1970) and corrected for barometric pressure. k1 was calculated 
using Eqs. 8–10: 

k1 = k600

(
Sc

600

)− 1 /2
(8) 

The Schmidt number (Sc) is required to determine the physical air- 
water O2 exchange. Sc is calculated as a function of water column 
temperature (Wanninkhof, 1992): 

Sc= 0.0476T2 + 3.7818T2 − 120.1T + 1800.6 (9) 

k600 is estimated as a function of wind speed at 10 m above the 
surface of SG Lagoon. The average wind speed was obtained from hourly 
value in each station by the hydrodynamic model SHYFEM (Umgiesser 
et al., 2004): 

k600 =

(
2.07 + 0.215U1.7

10
)

100
(10) 

The TAnoxia was assessed for three different scenarios of Re-aeration 
coefficient (Eq. (7)) to analyze its effect on this timescale. (i) CWC = 30 % 
saturation O2, (ii) CWC = 100 % saturation O2 and (iii) CWC = daily 
average concentration (O2mean) is equal to that obtained in the sam
pling of the water column in each station.

2.5.5. Statistical analyses of experimental data
Kruskal-Wallis (KW) test was applied to verify significant (p < 0.05) 

univariate differences between stations for water quality, sedimentary 
properties, pore water and daily nutrient fluxes because data did not 
fulfill the assumption of normality. When KW was significant, the 
Dunn’s post-hoc test was used to obtain pairwise comparison results. 
The p-values were adjusted with the Bonferroni method.

Correlations between biogeochemical drivers and response variables 
were analyzed using simple and multiple linear regression models, 
Pearson’s correlations (significance level p < 0.05) and redundancy 
analysis (RDA), respectively.

RDA was used to assess the influence of a broader range of potential 
drivers (e.g., pore water, sedimentary features, water quality, and clams’ 
density) on nutrient daily fluxes and biogeochemical timescales 
(response variables). Before RDA analysis, (i) a Detrended Correspon
dence Analysis (DCA) was used to determine the length of the gradient. 
Results showed that the gradient length represented by the first ordi
nation axis was shorter than 3 SD (standard deviation). This corre
sponded to a linear data structure; therefore, the RDA can be used to 
determine the functional relationship between explanatory and response 
variables. (ii) A data exploratory multivariate analysis through Principal 

Component Analysis (PCA) was made on biogeochemical drivers 
(explanatory variables) to detect and remove redundant variables 
leading to multicollinearity and affecting data interpretation (data not 
shown). The variance inflation factor (VIF <2) was also monitored, as an 
indicator, to reduce the collinearity among explanatory variables (Zuur 
et al., 2010).

After removing redundant variables, RDA models with the set of 
environmental variables that best explained the nutrient daily fluxes and 
biogeochemical timescales were selected through a forward stepwise 
process (‘‘ordistep’’ function in R-package ‘vegan’, model choice 
comparing AIC scores). The statistical significance of the RDAs was 
tested against 999 permutations of ANOVA, with a p-value <0.05. RDA 
results were interpreted based on the scaling 2. Angles between all 
vectors reflect linear correlation (Legendre and Legendre, 1998).

All analyses and graphs were performed using the R computational 
framework version 4.3.0 (R Core, 2020). The R-package ‘corrplot’ was 
used to perform Pearson’s analysis (Wei et al., 2017). RDA was made 
using the R-package ‘vegan’ (Oksanen et al., 2013). Graphs were made 
with R-package ‘ggplot2’(Wickham et al., 2016).

2.5.6. Horizontal and vertical transport timescales in the SG lagoon during 
summer 2023

The horizontal timescales in each station were estimated by the hy
drodynamic model SHYFEM (System of HydrodYnamic Finite Element 
Modules; Umgiesser et al., 2014), an open-source 3D hydrodynamic 
model that operates on unstructured triangular meshes (https://github. 
com/georgu/shyfemcm-ismar). The model with its finite element 
approach provides a key advantage for complex bathymetric environ
ments, such as shallow coastal waters and continental shelf seas, by 
allowing variable grid resolution to enhance accuracy in regions 
requiring finer detail (Umgiesser et al., 2004). The model has previously 
been applied to the SG Lagoon and has been calibrated and validated 
(Valentini et al., 2019; Maicu et al., 2021).

The setup of the model used in this study differs from the previous 
implementations mainly due to the modeled domain, which is larger 
than in the previous studies, including parts of the Adriatic shelf. The 
numerical domain consists of 45,400 nodes and 81,879 elements, with a 
maximum depth of approximately 55 m offshore, structured into 27 
vertical z-levels, where the first layer has a thickness of 1.5 m. The 
horizontal mesh size varies from 10 m in the Po branches to 3 km in the 
open sea. More details are given in Biolchi et al. (2025).

The simulation was configured for the year 2023, using observed Po 
River discharge and temperature data at the Pontelagoscuro station. 
Open boundary conditions in the Adriatic Sea were obtained from the 
Copernicus Marine Environment Monitoring Service (CMEMS; 
https://doi.org/10.25423/CMCC/MEDSEA_ANALYSISFORECA 
ST_PHY_006_013_EAS8) (Clementi et al., 2021), providing hourly ver
tical outputs of salinity, temperature, and current velocities, as well as 
total sea level, including the astronomical tide component. Atmospheric 
forcing at the surface was supplied by a high-resolution (2.2 km) 
implementation of the COSMO meteorological model (Steppeler et al., 
2003) for the Italian territory (Gastaldo et al., 2021). The meteorological 
inputs include 10-m zonal and meridional wind components, 2-m air 
temperature and dew point temperature, mean sea level pressure, pre
cipitation, total cloud cover, and net shortwave radiation flux. Other 
details on how the model was set up can be found in Biolchi et al. (2025).

The horizontal transport timescale was estimated by computing an e- 
folding flushing time (Tf). The lagoon was filled with a conservative 
tracer and its decay was computed. By either integrating the curve or by 
fitting the log of the concentration to a line, the Tf was estimated for each 
point in the lagoon. Both approaches gave approximately the same 
values. This procedure was repeated every 14 days to produce flushing 
time data every two weeks. Details can be found in Cucco and Umgiesser 
(2006) and Umgiesser et al. (2016). The e-folding flushing time is a 
timescale commonly used to measure the water retention time in aquatic 
ecosystems (Monsen et al., 2002), and integrates the net effect of all 
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flushing processes acting on the SG such as the tidal exchange flow from 
Adriatic Sea and river inputs (Cucco and Umgiesser, 2006). Addition
ally, in this work it was decided to follow the e-folding flushing time 
approach, to be consistent and to compare the results with those re
ported by Maicu et al. (2021). The vertical mixing timescale (TV) was 
estimated through the vertical turbulent diffusion coefficient (KV), ob
tained from the model and depth (H) in each station using Eq. (11)
(Lucas and Deleersnijder, 2020): 

TV =
H2

KV
(11) 

2.5.7. Spatial analysis of anoxia risk in SG lagoon
The nondimensional number (γ), defined by Fennel and Testa 

(2019), relates the timescale of anoxia occurrence (TAnoxia) to the water 
residence time (TR) by Eq. (12): 

γ =
TAnoxia

TR
(12) 

when γ < 1 (biogeochemical O2 depletion is faster than replenish
ment) occurs an anoxia event. However, in Eq. (12), the water residence 
time does not account for the vertical exchange that is a key parameter 
for DO replenishment in estuaries characterized by long water residence 
time. Recently, Shen and Qin (2024) demonstrated that the shortest 
timescale between vertical and horizontal transport is the dominant 
factor physically controlling the DO replenishment in estuaries. Shen 
and Qin (2024) introduced that if the vertical transport timescale is 
much shorter than the horizontal transport timescale (TV ≪ TR), γ should 
be calculated by Eq. (13) for the anoxia condition. In contrast, if the 
horizontal transport is much shorter than the vertical transport (T ≪ TV), 
γ should be estimated by Eq. (12). 

γV =
TAnoxia

TV
(13) 

Maps were made from data collected at the six sampling stations for 
TAnoxia and γ using the Inverse Distance Weighting (IDW) interpolation 
technique in the ArcGIS 10.8 software. In the IDW, the interpolation is 
estimated based on the values at neighboring locations, primarily 
weighted by distance from the interpolation location. The IDW is one of 
the commonly used techniques for spatial interpolation methods in GIS 
(Lu and Wong, 2008). Additionally, maps for nutrient benthic turnover 
were also created to assess the spatial variation of the nutrient replen
ishment in the SG Lagoon.

3. Results

3.1. Spatial variability of water quality parameters and TRIX for the SG 
lagoon

Features of water quality and trophic state for the SG are summarized 
in Fig. 2. Stations influenced by riverine and freshwater channels (St.1, 
St.2 and St.5) had higher nutrient and lower DOWC average concentra
tions than stations influenced by marine water (St.3, St.4 and St.6). The 
water quality in the northwestern area (St.1, St.2) of the lagoon was 
lower than in the central and southeastern zone (St.4, St.5 and St.6) 
during the sampling (Figs. 1 and 2). This pattern is confirmed by the KW 
test and pairwise comparison between stations for all the measured 
parameters (Table 2 and Fig. 2). According to the relationship between 
the trophic level and water quality descriptors (Table 2S), the SG waters 
ranged from very productive and high trophic status (TRIX 6–8) at St.1 
and St.2 to poorly productive and low trophic status (TRIX 2–4) at 
marine stations (St.4 and St.6) (Fig. 2J).

3.2. Spatial variability of sedimentary features, organic matter quality 
and pore water chemistry at the SG lagoon

Sediments from the three stations with clams were sandy and were 
markedly different in terms of density, porosity, water content, TOC, TN 
and ẟ15N signatures compared to the stations without clams (Table 3S 
and Fig. 3). The average TOC ranged from 0.15 ± 0.02 % at St.6 to 0.36 
± 0.05 % at St.2 in clams farmed stations, while outside farmed areas, 
TOC varied from 1.34 ± 0.03 % at St. 5 to 1.77 ± 0.13 % at St.3 
(Fig. 3A). Higher average TOC values were observed at non-farmed 
stations (St.1 and St.3), that were significantly different from clams 
farmed stations (St.4 and St.6) (Table 2). The mean TN was lower than 
the detection limit at clam stations, whereas at stations without clams, 
values ranged from 0.22 ± 0.01 % at St. 1 to 0.31 ± 0.03 % at St.3 
(Fig. 3B). Pairwise comparisons suggested significant differences be
tween TN values measured at St.3 and those measured at clam sites, but 
not between St.1 and St.5 (Table 2). The northwestern stations (St.1 and 
St.2) displayed more depleted ẟ13C signatures as compared to stations 
located in the central and southeastern area (Fig. 3C). The average 
relative contribution of TOCterr ranged from 94.28 ± 1.18 % at St.1 to 
21.21 ± 3.19 % at St.6 according to two-end-member mixing model. 
Although St.1 and St.3 had similar average TOC (Fig. 3A), their ẟ13C 
signatures and therefore TOCTerr were significantly different (Fig. 3 and 
Table 2). The lower contribution of TOCterr at St.3 was consistent with 
the high Chl-a concentrations found in the water column and in the 
superficial sediment at this site during sampling (Figs. 2I and 3G). The 
average ẟ15N signatures were quantified only at sites without clams. The 
most depleted average ẟ15N values were found at St.1, whereas the 
signatures were similar at St.3 and St.5 (Fig. 3D). Pairwise comparisons 
of ẟ15N indicated significant differences between clams farmed stations 
and St.3 and St.5, but not with St.1 (KW and Dunnet’s test, p < 0.05, 
Table 2). The molar ratio TOC:TN showed little variation, ranging be
tween 6 and 7 at sites without clams. The average Fe(III) oxyhydroxide 
ranged from 2.02 ± 0.90 % at St.3 to 13.08 ± 3.64 % at St.6 (Fig. 3H and 
I). Pairwise comparison showed a significant difference between these 
two stations (Table 2).

The DIPpw, NH4
+
pw and Mn(II)pw were generally higher at stations 

without clams (Fig. 4 and Table 2). Sediments at St.3 were chemically 
reduced with high average TOC (~50 % terrestrial OC, Fig. 3F), H2Spw 
and NH4

+
pw concentrations. The variation in SO4

2−
pw concentration over

lapped that of salinity (Figs. 2B and 4G), with lower values at St.1, and 
higher values at St.6. The highest average Fe(II)pw:DIPpw molar ratio 
was found at St.6 (0.16 ± 0.08), while the lowest was calculated at St.3 
(~0). These values correspond to the highest and lowest average Fe(III) 
oxyhydroxide concentrations measured at St.6 and St.3, respectively 
(Figs. 3I and 4H).

3.3. Oxygen and nutrients daily budget in the benthic and pelagic 
compartments of the SG lagoon

The daily O2BC fluxes in the SG were negative at all stations (Fig. 5A). 
The highest average daily O2BC consumption was found at St.4 (− 468.09 
± 60.47 mmol O2 m− 2 d− 1), where the greatest average clam biomass 
was recorded (481.05 ± 91.54 g DW m− 2). In contrast, the lowest O2BC 
consumption was measured at St.1, which had no clams (− 54.11 ± 5.62 
mmol O2 m− 2 d− 1) (Figs. 5A and 6D). Overall, stations with clams dis
played higher daily O2BC consumption compared to those without clams. 
Although, the St.6 did not show significant differences from any station 
without clams (KW and Dunnet’s test, p < 0.05, Table 2). Daily O2BC 
fluxes and clam biomass were negatively correlated (Fig. 6A). The 
intercept of the regression line calculated using 36 sediment cores was 
− 56.8 mmol O2 m− 2 d− 1 and represents the theoretical average O2 de
mand of the SG sediments, excluding the contribution of clams to 
respiration. The daily O2BC consumption at clam sites was around 4.5 
times higher than the respiration measured in the 18 cores without 
clams. On the other hand, the depth integrated daily O2pg flux in the 
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Fig. 2. Summary of water quality parameters and trophic status classification in six stations of the SG Lagoon sampled during summer 2023. (A) Water temperature, 
(B) Salinity, (C) DOwc, (D) DIPWC, (E) NH4

+
WC, (F) NO3

−
WC, (G) DINWC, (H) SiO2WC, (I) Chl-aWC and (J) Trophic index (TRIX). (Stations without clams: St.1, St.3 and St.5; 

Stations with clams St.2, St.4 and St.6). (Average ± standard error, n = 6).
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pelagic compartment was negative at all stations except for St.5, where 
its value was around zero. The highest depth integrated daily O2pg was 
measured at St.3, the deepest station with the highest Chl-a concentra
tion (Fig. 5B and Table 2).

Some general patterns emerged for the NH4
+ and DIP fluxes in both 

the benthic and pelagic systems. Daily, sediment was a source of NH4
+
BC 

and DIPBC at all the stations. The highest average daily NH4
+
BC and DIPBC 

fluxes were found at St. 4 with 34.19 ± 5.27 mmol NH4
+ m− 2 d− 1 and 

3.61 ± 0.78 mmol DIP m− 2 d− 1, respectively (Fig. 5C and E). The daily 
NH4

+
BC and DIPBC fluxes at St.4 showed significant differences compared 

to the other stations (KW and Dunnet’s test, p < 0.05, Table 2). Both 
benthic fluxes were positively correlated with the clam biomass. The 
daily NH4

+
BC and DIPBC fluxes from sediments, excluding contribution of 

clams, were 2.97 mmol NH4
+ m− 2 d− 1 and 0.47 mmol DIP m− 2 d− 1, 

respectively. Such values are the intercepts of the linear regressions 
between NH4

+ and DIP fluxes and clam biomass (Fig. 6B and C). On 
average, the daily NH4

+
BC and DIPBC fluxes were around 5.8 and 3.8 times 

higher at clams farmed than at non farmed sites, respectively. The depth 
integrated daily NH4

+
Pg and DIPPg in the pelagic system were negative at 

St.1 and St.2, which is consistent with the eutrophic status and greater 
concentration of these nutrients in the water column (Fig. 2). The 
pairwise comparison of these stations with the others for NH4

+
Pg and DIPPg 

is shown in Table 2.
The daily SiO2BC fluxes did not display a clear difference, as observed 

for O2BC, NH4
+
BC and DIPBC, between sites with and without clams, and 

SiO2BC fluxes were not correlated with clam biomass (Table 2). While 
the St.2 and St.6 acted as a sink of SiO2BC, the St.4 was a weak source. 
Depth integrated daily SiO2Pg showed significant differences between 
St.1-St.3.

3.4. Timescales of anoxia onset and nutrient turnovers in stations with 
and without clams in the SG lagoon

The contribution of daily O2BC to NetO2D was higher than that of 
O2Pg in all stations except for St.3 (Fig. 7A and Table 4). Daily O2BC at 
clam stations 2 and 4 was responsible for up to 80–90 % of total O2 
consumption, whereas this share was lower at the St.6 (~60 %), with 
Ulva sp. and Gracilaria sp. respiration accounting for ~20 % of NetO2D 
(Fig. 7A and Table 3). The reaeration coefficient reported in Fig. 7A was 
estimated from the average O2 concentration obtained in the water 
column during the sampling (O2 mean). We calculated an O2 vertical 
replenishment by reaeration at St.1, St.2, St.4 and St.5, and an outgas
sing across the air–sea interface at St.3 and St.6. Pairwise comparison 
suggests significant differences in NetO2D values between both the 
deepest site (St.3) and the highest clam biomass site (St.4) and the sta
tions St.1 and St.5 (Table 2).

The effect of the reaeration coefficient on the TAnoxia was assessed in 
three different scenarios (CWC = 30 % saturation O2, CWC = 100 % 
saturation O2 and CWC =O2mean) (Fig. 7B). The influence of reaeration 
was higher at shallow stations without clams (St.1 and St.5) compared to 
stations with clams and the deepest station (St.3). From results of rea
eration coefficient, we calculated the TAnoxia from O2mean as we 
considered O2mean as a realistic condition between 30 % and 100 % of 

O2 saturation.
The calculated anoxia timescale and nutrient turnover times (NH4

+

and DIP) at all stations are shown in Fig. 7C. The SiO2 turnover time was 
not calculated because ~70 % of the daily fluxes were negative. Overall, 
clam stations showed shorter TAnoxia (faster O2 consumption rates) and 
shorter nutrient benthic turnovers (faster nutrient recycling) than the 
sites without clams. The St.4 had the shortest TAnoxia, TNH4 and TDIP than 
the other stations, with average values of 0.19 ± 0.02 d, 0.02 ± 0.004 
d and 0.05 ± 0.01 d, respectively. These outcomes mean that a clam 
biomass of 481.05 ± 91.54 gdry m− 2 can produce a significant drop in O2 
concentration in the water column in ~4.5 h and that the benthic fluxes 
can replenish the whole pelagic NH4

+ and DIP inventory in ~0.5 h and 
1.2 h, respectively, under steady state condition. Pairwise comparison 
suggests significant differences for TAnoxia between stations with high 
clam biomass (St.2 and St.4) and the non-farmed sites St.1 and St.5 (KW 
and Dunnet’s test, p < 0.05, Table 2).

3.5. Biogeochemical drivers of the timescale of anoxia onset

A correlation analysis was made on the benthic system by Pearson’s 
correlation after removing redundant variables of the pelagic compart
ment by PCA (Fig. 8). The TOC and TN had a high collinearity (r = 0.98, 
p < 0.0001, Fig. 8). Since the TOC was measured at all the stations, the 
TN was removed, and TOC was retained for subsequent analyses. The 
Pearson’s correlations between biogeochemical drivers (sedimentary 
features and pore water) and timescales (TAnoxia, THN4 and TDIP) in the 
benthic compartment showed that TOC was highly correlated with all of 
these parameters, except with Fe(II)pw (Fig. 8). A negative correlation 
was found between TOC and clam biomass (r = − 0.73, p < 0.0001, 
Fig. 1S). Biogeochemical timescales had a significant positive correla
tion with TOC, ẟ15N, DIPpw and NH4

+
pw, whereas they showed a strong 

negative correlation with clam biomass, Fe(II)pw:DIPpw ratio and SO4
2−
pw. 

On the other hand, TAnoxia and TNH4 were negatively correlated with 
ẟ13C and positively correlated with Mn(II)pw. Instead, TAnoxia and TDIP 
had negative correlation with the percentage of Fe(III) calculated over 
the total Fe pool.

The RDA analysis showed that the clam biomass was the main driver 
of daily benthic fluxes, explaining approximately 40 % of variation on 
the axis RDA1 (Fig. 9A and Table S4 in the Supplementary material). 
Results from the RDA for daily benthic fluxes (Fig. 9A) align with those 
found through Pearson pairwise correlations (Fig. 8). Additionally, since 
SiO2Bc was not correlated with clam biomass, an RDA model excluding 
this benthic flux was carried out and showed an increase of the 
explained portion of the clam biomass on the total variation by about 53 
% on the response variables (O2Bc, NH4

+
Bc and DIPBc) (not shown). On the 

other hand, the clam biomass and NH4
+
pw were the most significant var

iables explaining 29 % of changes in the biogeochemical timescales in 
the two axes that were statistically significant (Fig. 9B and Table 5S 
Supplementary material). The NH4

+
pw was chosen over the TOC to 

represent the organic matter in the model because there was a high 
collinearity between clam biomass and TOC according to VIF (>2). The 
clam biomass had a higher negative correlation with TAnoxia and TNH4 
than with TDIP, whereas NH4

+
pw showed a greater positive correlation with 

TNH4 and TDIP than with TAnoxia. Regarding biogeochemical timescales, 
TAnoxia had a stronger positive correlation with TNH4 than with TDIP.

3.6. Spatial variability of timescales of anoxia onset and nutrient turnover

The timescale of anoxia onset was shorter in the clam farming area 
and in the deepest zone around St.3 than at sites without clams towards 
the northwestern (St.1) and southeastern (St.5) part of the lagoon. While 
the drop in water column O2 concentration to anoxia level can take 
around 0.19–0.76 d in clams farming areas and around St.3, in the rest of 
the lagoon this can take about 1.2–1.9 d (Fig. 10 A). However, the 
smaller timescale of anoxia in the area near the St.3 was due to high 
contribution in the depth integrated daily O2pg of the pelagic 

Table 3 
Relative contribution of benthic and pelagic processes and of macroalgae to total 
daily O2 consumption in SG Lagoon during summer 2023.

Station Sediment (%) Water column (%) Macroalgae (%)

St.1 63.13 ± 3.32 36.87 ± 3.32 0 %
St.2 85.12 ± 2.20 14.88 ± 2.20 0 %
St.3 13.81 ± 5.94 86.19 ± 5.94 0 %
St.4 91.50 ± 1.02 8.50 ± 1.02 0 %
St.5 ~100.00 0 % 0 %
St.6 61.50 ± 3.18 17.31 ± 1.38 21.19 ± 2.24a

a The daily O2 consumption of Ulva sp. and Gracilaria sp. was 20.11 ± 0.72 % 
and 79.89 ± 0.66 % of total macroalgae consumption, respectively.

D.M. Arroyave Gómez et al.                                                                                                                                                                                                                  Journal of Environmental Management 393 (2025) 126955 

9 



compartment rather than benthic respiration (Fig. 5b). Therefore, the 
timescale of anoxia onset is approximately 2–10 times faster (smaller 
timescales) in the clam farming areas as compared to surrounding non- 
farmed shallow stations.

Overall, the spatial pattern of TNH4 was similar to TAnoxia (Fig. 10 B). 
The TNH4 varied from 0.02 to 1.05 d in clam farming areas, while it 

ranged from 2.09 to 3.11 d in non-farming sites. This indicates that the 
replenishment rate of NH4

+ from the benthic to the pelagic system in 
clam farming area can be from 3 to 100 times faster, under steady state 
conditions, as compared to non-farmed sites. On the other hand, the 
spatial variability of TDIP was different from that of TAnoxia and TNH4. The 
TDIP varied by one order of magnitude and ranged from 0.05 to 0.61 d in 

Fig. 3. Summary of sedimentary features measured in the upper layer (0–4 cm) in six stations of the SG Lagoon sampled during summer 2023. (A) TOC, (B) TN, (C) 
ẟ13C, (D) ẟ15N, (E) TOCTerr, (F) TOC:TN molar ratio, (G) Chl-ased, (H) Fetot and (I) Fe(III)sed (Stations without clams: St.1, St.3 and St.5; Stations with clams St.2, St. 4 
and St.6). (Average ± standard error, n = 6). Note: TN and ẟ15N values are not reported (NR) as concentrations were close to the detection limit of the method.
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the clam farms and in the southeastern area (around St.5) of the SG 
while it varied from 0.77 to 1.32 d in the northern area. However, the 
DIP turnover (0.05–0.19 d) at St.4 was ~5–26 times faster than at St.3 
and St.5 (1.05–1.32 d) (Fig. 10C).

3.7. Influence of transport timescales on the anoxia risk

The pattern of average flushing times estimated by the 

hydrodynamic model for June and July 2023 showed shorter water 
retention times in the central and southeastern lagoon areas (~5.0 d) 
compared to the northern and northwestern zones of the lagoon 
(8.0–10.0 d) (Fig. 11 and Table 4). The calculated flushing times at each 
station during every month of 2023 exhibited a similar trend as during 
summer. A minimum and a maximum Tf value of 2.7 d and 10.4 d were 
obtained in November at St.6 and in May at St.3, respectively (Fig. 2S - 
Supplementary material). On the other hand, vertical exchange times 

Fig. 4. Summary of surface pore water parameters (0–4 cm) in six stations of the SG Lagoon measured during summer 2023. (A) DIPpw, (B) NH4
+
pw, (C) H2Spw, (D) 

SiO2pw, (E) Mn(II)pw, (F) Fe(II)pw, (G) SO4
2−
pw and (H) Fe(II)pw:DIPpw (Stations without clams: St.1, St.3 and St.5; Stations with clams St.2, St. 4 and St.6). (Average ±

standard error, n = 6).
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Fig. 5. Average light, dark and daily benthic and pelagic fluxes measured in the lab at six stations in the SG Lagoon during summer 2023. Benthic fluxes: (A) O2Bc, (C) 
NH4

+
Bc, (E) DIPBc and (G) SiO2Bc. Pelagic fluxes: (B) O2Pg, (D) NH4

+
Pg (F) DIPPg and (H) SiO2Pg. Light (NP, net production), dark (RE, respiration) and net daily fluxes 

were calculated multiplying NP and RE by the corresponding number the light and dark hours in a day. (Stations without clams: St.1, St.3 and St.5; Stations with 
clams St.2, St. 4 and St.6). (Average ± standard error, n = 6).
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estimates from Eq. (11) had a variation range from around 5 min at St.2 
and St.6–104 min at the deepest station (St.3). As the vertical transport 
timescales (TV) were around three orders of magnitude shorter than the 
horizontal transport timescales (Tf) in the SG lagoon (Table 4), the 
vertical mixing is the dominant transport process supporting DO 
replacement in the lagoon. The estimated average values of γV (γV > 1) 
during summer 2023 were consistent with the DOWC concentrations in 
the water column (Fig. 2C).

4. Discussion

4.1. Drivers with the potential to trigger anoxia events in the SG lagoon

Our calculations suggest that the timescales to anoxia onset can be 2 
to 10 times faster at clam farming stations and at the deepest station than 
at shallow non-farmed stations. While the anoxia onset in clams farming 
stations is mainly due to respiration by clam biomass, at the deepest part 
of the lagoon it can also be modulated by the water column respiration. 
The shorter biogeochemical timescales indicated faster rates of both O2 
consumption and nutrient replenishment (NH4

+ and DIP) to the pelagic 
compartment in farming areas. During summer, in the SG, such fast 
dynamics can be counteracted by the O2 supply hydrodynamically 
driven by the vertical exchange timescales (γV > 1), but not by hori
zontal transport timescales (γ < 1) (Figs. 10D and 11 and Table 4). A 
different situation may occur during extreme events like macroalgal 
blooms that prevent both vertical and horizontal transport mechanisms, 
leading to oxygen depletion, as reported by Viaroli et al. (2006).

Hypoxia and/or anoxia occurrence is considered a major global 
stressor impacting estuarine and marine ecosystems, and several 

globally widespread records suggest a rapid increase in their frequency, 
magnitude and extent over the last century (Diaz, 2001; Diaz and 
Rosenberg, 2008; Zhang et al., 2010; Breitburg et al., 2018). The risk of 
hypoxia/anoxia is currently one of the most relevant economic and 
environmental issues in estuarine and coastal marine systems, and it is 
most likely accelerated by human activities and climate change, 
potentially leading to seasonal chronic O2 deficiency in many aquatic 
ecosystems in the coming decades (Schmidt et al., 2017; Rigaud et al., 
2021; Le Ray et al., 2023). Therefore, the understanding of the complex 
interplay of physical and biogeochemical factors that promote hypo
xia/anoxia is essential for developing effective management strategies 
to limit deoxygenation in changing climatic and environmental condi
tions in coastal areas.

Our outcomes show that clam biomass was the dominant factor 
regulating daily benthic fluxes, while clam biomass and NH4

+
pw were the 

main predictors modulating the biogeochemical timescales (TAnoxia, 
TNH4 and TDIP). The average daily O2BC consumption and nutrient 
recycling (NH4

+
BC and DIPBC) were stimulated several folds by the clams 

presence, which is in accordance with results found in the SG during 
summer by Bartoli et al. (2001) and Nizzoli et al. (2007). Bartoli et al. 
(2001) estimated that in the presence of the clam R. philippinarum (349.4 
± 203.8 gdry m− 2) benthic O2 consumption and NH4

+ and DIP recycling 
in the SG were stimulated by a factor of 1.8, 6.5, 4.6, respectively, as 
compared to sediments without clams. Nizzoli et al. (2007) reported that 
R. philippinarum biomass of 355 ± 30 gDW m− 2 and 408 ± 146 gdry m− 2 

increased in June and August daily O2BC consumption and NH4
+ recy

cling in the SG sediment by a factor of 3.0–3.6 and 1.9–4.9, respectively, 
compared to control sediments. The strong influence of clams on benthic 
fluxes and nutrient turnover times is due to their respiration and 

Fig. 6. Scatter plot between (A) O2BC, (B) NH4
+
BC, (C) DIPBC vs clam biomass, average clam dry weight at stations (St.2, St.4 and St.6) (D) in the SG Lagoon during 

summer 2023. Pearson correlation was used to obtain the p and R2 values in linear regressions (n = 36). The grey lines indicate 95 % confidence intervals.
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excretion rates that are major components of their bioenergetic (Nie 
et al., 2017). For instance, Murphy et al. (2016) estimated that around 
15–30 % of the C and N assimilated by the clam Mercenaria mercenaria is 
subsequently respired and excreted. The high bacterial biodegradability 
of clam’s feces and pseudofaeces can in turn favor their fast minerali
zation, with a positive feedback on O2 consumption and nutrient recy
cling (Bartoli et al., 2001; Viaroli et al., 2006). Indeed, the large 
influence of clams on the recycling of NH4

+ more than of DIP could be 

explained by the ammonification of labile and N-rich organic matter 
from excretion (Nizzoli et al., 2007; Nicholaus and Zheng, 2014; Murphy 
et al., 2016). On the other hand, nutrients regeneration and O2 con
sumption rate across the sediment-water interface are also stimulated by 
bioturbation activities (reworking and bioirrigation) through burrow 
construction in the sediments, feeding, crawling and burial by clams 
(Nicholaus and Zheng, 2014). Macrofauna bioturbation enhances the 
oxidation of anoxic sediments and increases the aerobic microbial 

Fig. 7. Sources of consumption and supply of oxygen in the daily O2 net consumption rate (A); the effect of the reaeration on timescale of anoxia ocurrence (TAnoxia) 
(30 % O2 saturation, 100 % O2 saturation and O2 mean: O2 concentration measured during sampling) (B); and biogeochemical timescales (TAnoxia (O2mean), TDIP and 
TNH4) at the six stations in the SG Lagoon during summer 2023 (Stations without clams: St.1, St.3 and St.5; Stations with clams St.2, St. 4 and St.6.) (C). (Average ±
standard error, n = 6).
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activity over the anaerobic one (Benelli et al., 2025).
The higher recycling of NH4

+ and DIP in clam stations was consistent 
with the low amounts of TOC and TN in the sediment and DIPpw and 
NH4

+
pw concentrations in the pore water compared to non-farmed stations 

(Figs. 3 and 4). The farmed area located near St.2 had more chemically 
reduced conditions than the other two clam stations due to higher 
concentration of Fe(II)pw and DIPpw. This is probably explained by a 
higher prevalence of the terrestrial material (TOCterr) from northwestern 
than from the central and southeastern areas. The St.2 had around 2–3 
times more TOCterr than St.4 and St.6 during the sampling. On the other 
hand, the higher Fe(II)pw:DIPpw at St.6 suggests a potentially large buffer 
capacity of these sediments as traps of DIPpw via precipitation with Fe 
(III) oxyhydroxides (Fig. 3I ad Fig. 4H) as suggested by Benelli et al. 
(2025). Our results did not show an enrichment in organic matter and 
elevated pore water nutrient concentration by clam activity because we 
analyzed the spatial variation considering the heterogeneity of the 
lagoon and we did not consider temporal variations. However, studies 
that have assessed both the spatial and temporal impacts during the 
clam farming cycle have found an increase in chemically reduced con
ditions in sediments along with a clam production cycle (Nizzoli et al., 
2007). The ẟ13C signatures of superficial sediments indicated a differ
ence in the nature and origin of organic matter in the SG Lagoon. The 
spatial trend of ẟ13C values showed an increase of their signatures (less 
negative values) from northwestern (St.1 and St.2) towards central and 
southeastern areas (St.3, St.4, St.5 and St.6). This suggests that the Po di 
Volano River and freshwater channels probably have a higher contri
bution of terrestrial material (e.g., fertilizers from agricultural activities, 
wastewaters, etc.) than the Po di Goro River. This spatial pattern is in 
agreement with the results of trophic state (Fig. 2) and the results re
ported by Bianchini et al. (2015) and Natali and Bianchini (2018).

The negative correlation of clam biomass with TOC, NH4
+
pw, DIPpw, 

H2Spw, SiO2pw and Mn(II)pw suggests that the sediment quality in clam 
rearing areas in the SG should be maintained with low organic matter 
content and pore water nutrient concentrations (Figs. 8, 9 and 1S). Other 
studies suggest that sediments with higher sand content are a better 
substratum than muddy bottom for clams (Melià et al., 2003; Vincenzi 
et al., 2006). The low levels of TOC (0.09–0.57 %) and TN (lower than 
detection limits) in the three stations with clams are likely due to marine 
water flushing that displaces to low-energy areas the large inputs of 
labile biodeposits produced by clams (Figs. 1S and 3B). As the sedi
mentary features and pore water concentrations were highly correlated, 
RDA results showed that NH4

+
pw along with clam biomass were the main 

predictors of biogeochemical timescales (Fig. 9B). The smaller time
scales occur in clam areas with low NH4

+
pw. The strong influence of clams 

on benthic N cycling, and particularly on NH4
+ production and its efflux, 

has been reported by Nizzoli et al. (2007) and Murphy et al. (2016).
Generally, the O2 consumption rates in shallow coastal lagoons are 

mainly driven by the benthic rather than the pelagic system (Fennel and 
Testa, 2019; Rigaud et al., 2021). We investigated the spatial hetero
geneity of the benthic and pelagic O2 dynamics as well as their 

contributions to the whole O2 consumption rates and the establishment 
of anoxia in the SG (Table 3 and Fig. 7). While the anoxia onset was 
driven by clam biomass in farming areas, in the vicinity of St.3 it was 
also modulated by water column respiration, even though the St.3 had a 
low TOCterr and a high accumulation of reduced chemical species in 
surface sediments (Figs. 3 and 4). The St.3 was located in the lagoon 
deepest zone (~3–5 times deeper than other stations) and had the 
highest Chl-a concentrations in the water column suggesting that the 
pelagic biomass respiration was quantitatively comparable to the sedi
ment respiration at the other stations (Table 3).

4.2. Do anoxia onset timescales versus transport timescales suggest a risk 
of O2 depletion in the SG lagoon?

Our results show that the anoxia risk in the SG Lagoon can be 
counteracted by the vertical mixing (γV > 1), but not by horizontal 
transport (γ < 1) as vertical exchange times (0.003–0.072 d) were al
ways shorter than timescales of anoxia onset (0.19–1.9 d) (Figs. 10A and 
11, Table 4). These findings are consistent with Shen and Qin (2024), 
who demonstrated that the shortest timescale between vertical and 
horizontal transport determines the DO replenishment and is the 
dominant factor physically controlling DO dynamics in estuaries. With 
the average values of γV estimated using TV, we obtained a more accu
rate representation of the DOWC conditions in the water column as 
compared to γ values estimated using Tf (Fig. 2C–Table 4). This high
lights the importance of considering both vertical and horizontal 
transport to understand the DO dynamics in an estuary using timescale 
analysis. The pattern of flushing time computed in the SG during sum
mer 2023 by averaging the months of June and July (Fig. 11) aligns with 
the results of Maicu et al. (2018, 2021). The riverine inputs of the Po di 
Volano and Po di Goro are the main drivers of the estuarine circulation 
of the lagoon. The highest average Tf value in the northwestern area was 
due to the lower discharge of Po di Volano compared to Po di Goro 
during the simulation period. On the other hand, mean values of Ks used 
to estimate TV are consistent with values for shallow lagoons (Cousins 
et al., 2010).

The importance of the vertical exchange in the O2 replenishment is 
also evident by the effect of reaeration on TAnoxia (Fig. 7B). Reaeration 
had a strong effect on the re-oxygenation in shallow non-farmed areas 
(St.1 and St.5) for the scenario considering a 30 % O2 saturation in the 
water column. However, the reaeration effect could be even higher in 
the SG lagoon considering the large variations of the O2 saturation in the 
SG, between 200 % in the afternoon and 0 % in the night (Viaroli et al., 
2006).

The biogeochemical and transport timescales analysis proved to be a 
powerful method to quantify the DO conditions and understand the 
intricate interplay between O2 consumption and physical processes that 
can potentially trigger anoxic events in a complex shallow eutrophic 
lagoon with clam’s aquaculture. Indeed, the SG lagoon did not show 
anoxic conditions during the sampling. However, the average values of 

Table 4 
Average values of timescales of anoxia onset, horizontal and vertical transport and anoxia risk in the SG Lagoon during June and July 2023.

Station TAnoxic (d)a Tf (d)b γc KV (m2 s− 1) x 10− 4 Depth (m) TV (d) x 10− 3d γV
e T’Anoxia (d)f

St.1 1.9 ± 0.6 8.2 ± 0.5 0.2 3.7 ± 1.2 0.52 9.2 ± 2.7 206.4 0.8 ± 0.1
St.2 0.3 ± 0.1 7.6 ± 0.3 0.04 3.4 ± 0.8 0.3 3.2 ± 0.7 84.6 0.2 ± 0.0
St.3 0.7 ± 0.3 8.2 ± 0.9 0.1 3.9 ± 1.5 1.47 72.0 ± 25.9 9.5 0.7 ± 0.3
St.4 0.2 ± 0.0 5.5 ± 0.2 0.03 2.8 ± 1.2 0.47 10.0 ± 3.7 18.4 0.2 ± 0.0
St.5 1.8 ± 0.2 5.5 ± 0.4 0.3 2.8 ± 1.3 0.5 13.0 ± 6.2 141.0 1.6 ± 0.1
St.6 0.6 ± 0.0 4.9 ± 0.4 0.1 5.4 ± 1.9 0.4 3.8 ± 1.2 146.6 0.6 ± 0.0

a Calculated considering the O2 consumption within the water column and sediments and the contribution of reaeration.
b Calculated as e-folding flushing time.
c Comparison between timescales of anoxia onset and horizontal transport (flushing time).
d Estimated as the square of the water column depth divided by vertical turbulent diffusion coefficient.
e Comparison between timescales of anoxia onset and vertical transport.
f Calculated considering only the O2 consumption within the water column and sediments as Fennel and Testa (2019) and Shen and Quin (2024).
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γV at the deepest station (St.3) and at the greatest clam biomass station 
(St.4) were around 5 to 20 times lower than at the other stations (Table 4
and Fig. 10D). This suggests for instance that an increase in clam 
biomass above the average value of 481.05 ± 91.54 g DW m− 2 at St.4 or 
an increase of Chl-a above the mean value of 56.77 ± 12.42 μg L− 1 at St. 
3 may rapidly turn specific lagoon areas anoxic. The dynamics of ODWC 
in shallow eutrophic coastal lagoons are demonstrated to fluctuate 
rapidly during the day, dropping from oversaturation to hypoxia/anoxia 
within a few hours during the night (D’Autilia et al., 2004; Xu and Xu, 
2016; Shadrin et al., 2023). The O2 dynamic in shallow eutrophic lagoon 

with clam’s aquaculture also evolves through complex feedback loops. 
For instance, another factor contributing to the variability in water 
quality and DOWC at farming stations is the filtration capacity of clams, 
which also depends on their relative abundance. A more accurate esti
mation of γV in the SG requires the implementation of high-frequency O2 
measurements in the water column and a coupled 3D 
hydrodynamic-ecological model. Such implementation would allow 
improving the quantification of all processes and understanding the 
synergy among them (e.g., changes in water quality of rivers, wind 
stress, clam filtration rates, etc.) in the context of hourly and not daily O2 
budgets (D’Autilia et al., 2004; Spillman et al., 2008).

The anoxia risk assessment of mollusk aquaculture in shallow, 
microtidal coastal lagoons is a complex issue, as O2 concentrations in 
very productive coastal ecosystems are highly variable. They depend on 
the interplay of hydrodynamic conditions and biogeochemical processes 
with site-specific features and forcing events, acting over a wide range of 
temporal and spatial scales. Consequently, the timescales taken into 
account in the present work integrated multiple biogeochemical and 
physical processes, measured and modeled (O2 and nutrients daily fluxes 
in benthic and pelagic compartment, reaeration coefficient, vertical and 
horizontal transport). On the other hand, the RDA was used to assess the 
influence of a large number of potentially important environmental 
factors, and to identify the main predictors of both daily fluxes and 
timescales. Finally, the spatial representation of the timescales in GIS 
allowed to obtain a better understanding of timescales of anoxia onset 
and nutrient recycling, and the potential risk of anoxia, considering the 
large spatial heterogeneity of the lagoon.

It is worth noting that the spatial representation of biogeochemical 
timescales and γV in GIS provides essential information that can be used 
by decision makers to develop effective management strategies and 

Fig. 8. Pearson correlation coefficients (r) between biogeochemical timescales 
(TNH4 and TDIP and TAnoxia) with sedimentary features and pore water con
centrations in the benthic system (A), and statistical significance level: p – 
value < 0.0001 = ***, p-value <0.01 = ** and p-value<0.05 = * (B).

Fig. 9. RDA analysis triplots showing the main environment parameters 
driving (A) daily benthic fluxes (O2Bc, NH4

+
Bc, DIPBc and SiO2Bc) and (B) 

biogeochemical timescales (TNH4, TDIP and TAnoxia) in the SG Lagoon during 
summer 2023. The analysis is based on scaling 2 method. The cosine of angles 
between response variables and explanatory variables, as well as the cosine of 
angles of the same response and explanatory variables reflect their linear cor
relation coefficients (e.g., no correlation: cos (90◦) = 0, strong positive corre
lation: cos (0◦) = 1, positive correlation: cos (30◦) = 0.87, strong negative 
correlation: cos (180◦) = − 1.
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adaptation to changing climatic and environmental conditions in the SG 
lagoon. The increasingly severe and prolonged episodes of summer heat 
waves in the Mediterranean region can intensify the frequency of anoxia 
risk events in the SG Lagoon as a result of the drastic decrease in water 
circulation patterns and the increase of retention times due to the 
reduction of river discharge and inflow. Furthermore, higher tempera
tures and salinities diminish O2 solubility and increase O2 consumption 
rates, therefore reducing O2 concentration in the water column. The 

interactive combination of these effects would suggest a reduction of the 
density of farmed clams in areas under major risk to avoid economic 
losses and impacts to the benthic system in terms of biodiversity and 
functioning. Indeed, deoxygenation events often result in build-up of 
toxic free sulphides and short circuits of both N and P removal/retention 
benthic mechanisms, with positive feedback for eutrophication.

This work is not conclusive as unpredictable changes in both pelagic 
and benthic diversity and abundance of organisms, including 

Fig. 10. Spatial distribution of timescale anoxia occurrence (TAnoxia) (A), NH4
+
BC turnover times (TNH4) (B), DIPBC turnover (TDIP) (C), and γV, which relates the 

timescale of anoxia onset (TAnoxia) to the vertical exchange time (TV) (D) in the SG Lagoon during summer 2023.

Fig. 11. Average flushing time (Tf) estimated during June and July 2023 in the SG lagoon by the SHYFEM model.
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opportunistic invasive species, are expected along extreme events 
related to climate change. We strongly suggest increasing the frequency 
of monitoring activities in coastal lagoons in this period of transition to a 
new climatic regime, and to include, besides traditional parameters, the 
measurements of communities and processes. In the present study the 
clearance rate of clams in the different cultivated areas and the phyto
plankton production were not measured. In situ filtration rate is an 
important process to characterize how clams control phytoplankton 
growth, and to couple suspended particle-associated nutrient removal, 
nutrient regeneration from sediment, and nutrient retention in buried 
biodeposits. In situ evaluation of phytoplankton production is important 
as well, as it provides information on the net budget of microalgal 
biomass, resulting from filtration, in situ growth, freshwater input and 
marine export. Future studies in the SG lagoon should include these 
measurements.
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Glossary

Fi =: Net fluxes of O2, DIP, NH4
+, SiO2 measured in dark and light conditions (mmol m− 2 

h− 1)
Co =: Concentrations of O2, DIP, NH4

+, SiO2 at time zero of incubation (mmol L− 1)
Cf =: Concentrations of O2, DIP, NH4

+, SiO2 at the end of incubation (mmol L− 1)
V =: Volume of water column in the core (L)
A =: Area of sediment surface in the core (m2)
t =: Incubation time (h)
O2Bc, DIPBc, NH4

+
Bc and SiO2Bc =: Daily O2 and nutrient fluxes in the benthic compartment 

(mmol m− 2 d− 1)
O2Pg, DIPPg, NH4

+
Pg and SiO2Pg =: Daily O2 and nutrient fluxes in the pelagic compartment 

(mmol m− 2 d− 1)
DIPWC, NH4

+
WC, NO3WC

− , DINWC, SiO2 WC =: Nutrient concentrations in the water column 
(μM)

DOWC =: Concentration of O2 in the water column (mg O2 L− 1)
Chl-aWC =: Concentration of chlorophyll-a in the water column (mg Chl-a m− 3)
aD%O (abs|100-%O2|) =: the absolute value of the difference between measured and 100 

% dissolved O2 saturation (%)
k and m =: Scalar values introduced to adjust the lower limit value and the range of the 

TRIX

TRIX =: trophic index of the water column
NH4

+
pw, DIPpw, SiO2pw =: Nutrient concentrations in the pore water (μM)

Mnpw(II) and Fepw(II) =: Reduced iron and manganese concentrations in the pore water 
(μM)

H2Spw =: Free sulphides concentration in the pore water, 
∑

H2S + HS− + S2− (μM)
SO4

2−
pw =: Sulfate concentration in pore water (μM)

Fetot =: Total iron pool in solid-phase in sediment (μmol ml− 1)
%Fe(III)sed =: Proportion of oxidize iron pool in solid-phase in the sediment (%)
Chl-ased =: Concentration of chlorophyll-a from the upper 1 cm of superficial sediment (μg 

L− 1)
TOC and TN =: Total organic carbon and nitrogen pool in the sediment (%)
ẟ13C and ẟ15N =: Carbon and nitrogen isotopic composition in the sediment (‰)
ẟ13Cmarine =: The ẟ13C of marine end member of two-end – member mixing model (‰)
ẟ13Cterrestrial is the: ẟ13C of terrestrial end member of two-end – member mixing model (‰)
ẟ13Corg is the: measured value in sediment samples (‰)
TOCTerr =: Contribution of terrestrial organic carbon to TOC calculated using the two-end- 

member mixing model (%)
TOCMarine =: Contribution of marine organic carbon to the TOC (%)
TAnoxic =: The timescale to anoxia occurrence or the onset of anoxia (d)
TNH4 and TDIP =: Benthic turnover times for NH4

+ and DIP to water column (d)
O2in =: Initial O2 availability in each station (mmol O2 m− 2)
NetO2D =: Daily O2 net consumption rate (mmol O2 m− 2 d− 1)
O2Alg =: Daily O2 flux measured for seaweeds (Ulva sp., and Gracilaria sp.) in water in

cubations (mmol O2 m− 2 d− 1)
RAir =: Reaeration coefficient (mmol O2 m− 2 d− 1)
k1 =: O2 exchange coefficient between the water surface and the atmosphere (m h− 1)
CWC =: DO concentration in the water column (mmol O2 L− 1)
CSat =: DO concentration at saturation (mmol O2 L− 1)
Sc =: The Schmidt number to determine the physical air-water O2 exchange, dimensionless
k600 =: Coefficient of gas exchange with a Schmidt number = 600 (m h− 1)
KV =: Vertical turbulent diffusion coefficient (m2 s− 1)
U10 =: Average wind speed at 10 m obtained in each station by the hydrodynamic model 

SHYFEM (m s− 1)
Tf =: Flushing time estimated by the hydrodynamic model SHYFEM (d)
TR =: Residence time (d)
TV =: Vertical exchange timescale (d)
γ =: nondimensional number that relates the timescale of anoxia occurrence to the water 

residence time.
γV =: nondimensional number that relates the timescale of anoxia occurrence to the ver

tical exchange timescale
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