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Abstract: Dissolved oxygen (DO) is a key element for the survival of marine organisms and is a
supporting element in the current Water Framework Directive (WFD). DO deficiency is a common
event that occurs in coastal environments such as estuaries and lagoons, but a long-term DO database
that helps detect daily and seasonal oscillations is difficult to obtain with commonly used sampling
and analytical procedures. In this work, a network of multi-parametric probes was deployed in
the Marano and Grado Lagoon (northern Adriatic Sea, Italy) in order to obtain a dataset from
the continuous monitoring of DO and complementary parameters. DO showed a high degree of
variability both in terms of spatial and seasonal distribution and was dependent on solar radiation
and water temperature. During the summer and in areas characterised by scarce water renewal, DO
was below the threshold set as the minimum requirement for aquatic life, thus some water bodies
(WBs) were classified as moderate sensu WFD. The inputs of freshwater discharge from inland and
marine waters during tides are, however, able to well oxygenate most of the lagoon. These results
will be useful in supporting the management and protection of this vulnerable environment.

Keywords: Water Framework Directive; dissolved oxygen; automated continuous monitoring; water
quality classification; Mediterranean Sea

1. Introduction

Lagoons are ecotones between marine and terrestrial environments and are globally
widespread, covering variable surfaces ranging from 0.01 to more than 10,000 km2. They
represent approximately 5.3% of the European coastline [1] and the Mediterranean Sea basin
comprises approximately 600 lagoons. Due to increasing anthropic pressures, coastal la-
goons are particularly vulnerable and, as a consequence, they are subjected to numerous sci-
entific studies regarding the management of their conservation, sustainable use and assess-
ment of their ecosystem services [2,3]. Lagoons are currently managed at an international
level within the framework of the Convention on Wetlands (https://www.ramsar.org/,
accessed on 10 October 2021) and through their classification as priority habitats in the more
recent Birds Directive (79/409/EEC), European Union Habitats Directive (92/43/EEC) and
in the last European Water Framework Directive (WFD) (2000/60/EEC) under the category
“transitional waters”. In particular, the goal of the WFD was to reach “good ecological
status” for all European surface water bodies by 2015 (this deadline can be postponed by
2027 if certain exemptions are invoked), by taking into account biological, chemical and
morphological conditions. In detail, the physico-chemical parameters such as transparency,
temperature, salinity, dissolved oxygen and nutrient concentration are used to support the
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classification of biological elements (composition and abundance of phytoplankton, other
aquatic flora, benthic invertebrates and fish fauna) [4].

Among the physico-chemical parameters, dissolved oxygen (hereafter referred to as
DO) plays a pivotal role in determining the adverse impact on feeding, growth, repro-
duction, respiration, survival, species diversity, biological interactions and community
structure of benthic and pelagic species when its concentration drops below a critical
level [5–7]. Dynamic patterns of DO are controlled by biological, chemical and physical
processes. It is produced in situ via photosynthesis (by aquatic plants, algae and pho-
tosynthetic eubacteria), and consumed through respiration of aerobic organisms (plants,
animals and bacteria), nitrification (mainly Nitrosomonas and Nitrobacter), oxidation and
biological and sediment oxygen demand degradation process. In addition, DO is actively
exchanged at the water–air interface depending on its saturation level and on numerous
physical parameters and processes (e.g., temperature, wind intensity, mixing, waterfalls,
tides etc.) [8].

A global decline in the DO content both in the open ocean and in coastal areas has
been acknowledged [9,10]) and the number of sites involved in this phenomena have
dramatically increased over the last 50 years [11]. Several drivers are responsible for coastal
hypoxia, which is defined as a condition where the DO is depleted to a well-defined level
(<30% saturation or <2 mg L−1), but it is necessary to emphasise that the conventional
threshold for biological stress is set to 5 mg L−1, which is the minimum required for aquatic
life in seawater, and that DO should never be below 80% saturation to sustain a healthy
biotic community [12–14]. As reported by Caballero-Alfonso et al. [15], in open waters
hypoxia is caused by anthropogenic enrichment of nitrogen and phosphorus that stimulate
the increase of phytoplankton biomass and the degradation of organic matter (OM). These
processes require oxygen as an electronic acceptor in both water and sediment, thus reduc-
ing its concentration. In addition, natural drivers such as hydrology (reduced horizontal
advection enhancing bottom-water residence time, stratification reducing vertical mixing),
changes in temperature and in wind patterns, rainfall and runoff affecting the hydrological
processes cause the occurrence of DO depletion.

The earliest records of coastal hypoxia reported in literature from Europe and North
America in terms of episodic and/or seasonal events date back to 1910–1920, when it was
recognised that coastal hypoxia represents a major threat for coastal environments [16]. In
Mediterranean coastal lagoons hypoxia and anoxia are common phenomena [17–22], thus
several regulations are in force to set limits and to periodically monitor the levels of DO
(Bathing Water Directive, Shellfish Water Directive, Urban Waste Water Treatment Directive
and Water Framework Directive). In addition, oxygen depletion is used to determine the
impact of nutrient enrichment within the OSPAR Commission [23].

In spite of its importance, it should be noted that there is little published data regarding
the DO concentrations within the Marano and Grado Lagoon (northern Adriatic Sea, Italy)
which is one of the most important transitional area of the Mediterranean Sea. In this
environment, previous studies were focused on diffusive and benthic fluxes of potentially
toxic elements and nutrients at the sediment-water interface; in this case the DO level
was investigated only to detect the oxic-anoxic transitions during in situ and mesocosm
experiments [24–27]. These works showed some limitations, such as poor spatial coverage
and were limited in time. A more comprehensive study was conducted in the period
between August 2013 and July 2014 with the aim of assessing the lagoon’s trophic state [28].
The DO concentrations were lower in summer/autumn than in winter/spring periods and
ranged from 7.0 to up to 10.0 mg L−1. The authors highlighted that the DO levels indicated
generally good conditions with a mean value of 7.04 mg L−1 (10th percentile) [29], except
for most of the confined areas where values below 5 mg L−1 were detected. The major
issue is that measurements were always conducted from 9:00 to 14:00 as discrete sampling
and, as a consequence, the good level of oxygenation found did not take into account the
respiration activity that occurs in the absence of solar radiation [27], and this creates a
biased estimate of DO condition, since episodic hypoxia is more likely to occur at night [14].
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To fulfil the objectives set by the WFD/2000/60/CE, it is necessary to have a long-term
series of DO concentrations available, which is difficult to obtain by means of common
in situ sampling procedures combined with chemical and electrochemical techniques in
the laboratory [30,31]. In addition, field work also disturbs natural ecosystems such as the
Marano and Grado Lagoon. The use of permanent sampling equipment (i.e., anchored
stations, surface floating modules or buoys) is a helpful approach to investigate DO level
oscillations with low sampling time interval (from minutes to hours) and to cover the
natural day/night cycles [31–35].

The implementation of the WFD/2000/60/CE was put into law via Italian Legislative
Decree no 152/2006, and by decrees for typing (DM 131/2008), monitoring (DM 56/2009)
and classification (DM 260/2010). On the basis of geographic, geomorphological and
salinity descriptors and of drivers and pressures, the Marano and Grado Lagoon was
subdivided into 17 water bodies (WBs) which are the areas subjected to final classification.
The Marano and Grado Lagoon was the selected site where the SHAPE Project (Shaping
a Holistic Approach to Protect the Adriatic Environment) took place. This project was
focused on integrated coastal management and maritime spatial planning and, in this
context, the Environmental Protection Agency of Friuli Venezia Region (ARPA FVG) had
the opportunity to set up a real-time monitoring system for DO from 2013 to 2020 at 18 sites.
The results of the aforementioned monitoring are presented in this work, which was
focused on the detection of the degree of occurrence of hypoxic and anoxic conditions that,
in turn, influence the WBs classification (Annex V, WFD/2000/60/EC) by also taking into
account the spatial heterogeneity of the system. In addition, the global dataset provided
much needed daily, seasonal and inter-annual DO variability to determine the influence of
complementary parameters on DO dynamics.

2. Materials and Methods
2.1. Environmental Settings

The Marano and Grado Lagoon is one of the best preserved wetlands in the whole
Mediterranean Sea and since 1971 it has been protected by the Ramsar Convention and,
following the implementation of the Habitats Directive (92/43/EC), it is also identified in the
state-sponsored “Natura 2000” survey as a Site of Community Importance (SCIs–IT3320037)
(Figure 1).
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It belongs to the northern Adriatic lagoon network (Venice Lagoon, Pialassa della
Baiona, Caorle Lagoon and less important areas) and extends for approximately 32 km
reaching a width up to 5 km (A = 160 km2) between the Tagliamento and Isonzo River
deltas. As reported in Brambati [36], the lagoon can be divided into six sub-basins (Lignano,
S. Andrea, Buso, Morgo, Grado and Primero) which were also confirmed recently from the
hydrodynamic point of view [37]. The morphology and hydrology of the system are quite
complex. De Vittor et al. [27] described the western sector (Marano) as an environment with
few areas above sea level and with several channels linking the plain spring rivers flowing
into its internal edge towards the sea, whereas the eastern sector (Grado) is a shallower
(<1 m on average) complex hydrographic network including tidal flats, tidal channels and
subtidal zones. The more recent bathymetric chart well represents the complexity of the
Marano and Grado Lagoon [38]. The freshwater inputs are higher in the Marano sector
due to discharge from the Stella and Cormor Rivers (36.1 and 10.7 m3 s−1, respectively),
whereas the Turgnano, Zellina, Aussa-Corno, Natissa and Tiel Rivers are less important;
in addition, numerous drainage pumps located in the low Friulian plain also contribute.
Despite the freshwater inputs, the innermost part of the lagoon suffers from scarce water
renewal [37,39]. The exchange with the open sea (Gulf of Trieste) takes place via several
inlets. The most important are Grado (390 m wide/10 m deep, 22% of the total water
exchange), Porto Buso (430 m, 30%) and Lignano (310 m/11 m, 35%) [40]. Tides are
semidiurnal with a mean range of 0.65 m and spring and neap ranges of 1.05 and 0.22 m,
respectively [41], and, coupled with wind, act as forcing factors for water circulation and
renewal. Tides generate daily salinity gradients of more than 10 PSU, especially in the
western part of the lagoon and close to the mouths of the Aussa-Corno and Natissa Rivers,
where an average water exchange rate in the order of 5000 m3 s−1 occurs. The water
circulation radically changes in case of wind action (especially of the strong winter ENE
Bora) and the tides exert a minor role [37]. Due to these active exchanges, salinity strongly
varied moving from the tidal inlets (from 30 to 33) to the river mouths (<1), and is regulated
by the variability of river inputs: for example, a range from 27.2 to 1.29 was observed in a
WB in November and October 2013. Evaporation processes are present only in strongly
confined areas over summer [28]. Particulate matter inputs are primarily derived from
the deltas of the Tagliamento and Isonzo Rivers (silty and clayey particles, respectively)
and the inputs from the other rivers are of secondary importance, however, an estimate of
sediment loads is still lacking [42]. Sediment texture showed coarser fractions (sand) in
proximity of the tidal inlets and channels, while mud characterised the inner sectors of the
lagoon, with the highest percentage of sand, silt and clay being, respectively, 53, 81.3 and
10.4%, whereas the organic carbon content (Corg) was on average 1.23 ± 0.52% [43]. The
trophic state (in terms of nutrients) was characterised by Acquavita et al. [28] in a 1-year
cycle of physico-chemical measurements. A considerable amount of spatial and temporal
variability with the consequent broad range of classes was found (from oligotrophic to
hypertrophic depending on water bodies, index applied and period of the year).

There are several important economic activities which take place there, benefiting
local inhabitants and the region as a whole: the most important being tourism, fishing
and aquaculture [44]. On the other hand, mercury contamination and other persistent
pollutants pose some environmental concerns [43,45–47] and in the past part of the lagoon
was declared to be a polluted site of national interest (SIN; Ministerial Decree 468/01):
currently the area of the SIN has been reduced and is not part of the lagoon but involves
only some areas located inland. Some areas are also impacted by the presence of nitrates
which are derived from agricultural practices (mainly in the Marano sector), manure, urban
wastewaters, in situ nitrification and atmospheric deposition [48]. The sediment of the
lagoon is periodically subjected to dredging in order to maintain the navigability of major
and minor waterways (for industrial, fishing and touristic purposes, (see [49]) and the
entire area is influenced by global climate changes that can alter water temperature, rainfall
and wind forces [50,51]. All these factors and the presence of areas with a scarce water
exchange [37] can affect the DO concentrations [14].
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2.2. Multiparameter Probe Characteristics

The dataset was acquired using a network of 5 multi-parametric probe units (SMATCH
“Autonomous multi-parameter probe for the measurement of Pressure, Temperature, Salin-
ity, Dissolved Oxygen and pH” Probe, NKE Instrumentation, Lorient, France). This setup
was developed by customers in collaboration with the Ifremer (Institut français de recherche
pour l’exploitation de la mer, Brest, France) for water quality control, environmental mon-
itoring, monitoring in oyster culture areas, and salinity and turbidity measurements for
the adjustment of hydrodynamic models. The probes are equipped with an integrated
GPS-GPRS modem with a submersible antenna (1.1 m cable length) to be mounted on a
specially built float that allows one to transmit the measured parameters via email. The float
eliminates the problem of the probe sinking into the sediment of the lagoon, which could
result in resuspension, perturbation and acquisition of unreliable data. The probes were
placed inside anchored buoys in order to protect them from breakage and keep them on the
seafloor during low tide. One of the main advantages of these probes is their potential to
operate for several months without human intervention. This is due to the automatic pro-
tection system to counter biofouling by means of local chlorination (©Ifremer, Brest, France)
based on the electrolysis of seawater. Chlorine is periodically produced on the chlorination
grid and spread close to the sensor. In order not to influence the measurement, chlorination
is automatically deactivated 30 s before the new measurement cycle.

The Aanderaa Optode optical sensor 4835, based on the effect of dynamic luminescence
quenching by molecular oxygen, was used as a DO sensor. The fluorescent indicator is
a special platinum porphyrin complex embedded in a gas permeable foil exposed to the
surrounding water. This sensing foil is attached to a glass window providing optical access
to the measuring system from inside watertight housing. The sensing foil is excited by
modulated blue light; the sensor measures the phase of the returned red light. For improved
stability, the optode also performs a reference phase reading by use of a red LED that does
not produce fluorescence in the foil.

In this study, the probes were used to collect continuous measurements of depth (m),
water temperature (◦C), conductivity (mS/cm), pH and DO (saturation percentage %). The
range, accuracy and resolution of the sensors are reported in Table S1 in Supplementary
Materials. The autonomy of the setup depends on the transmission, number of measure-
ments and frequency of chlorination: on average it is 12 months with standard chlorination
and daily data transmission. Data up to 4 Mb can be stored. An example of the deployment
is reported in Figure 2.
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2.3. Sampling Design

The probes were deployed from 2013 to 2020 at 18 sites (belonging to 12 WBs) where
critical DO conditions were found in previous monitoring conducted from 2008 to 2009 in
the whole lagoon (unpublished data) (Figure 3).
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Figure 3. Monitoring sites in the Marano and Grado Lagoon (from M1 to M11 Marano basin, and
from G1 to G7 Grado basin).

The full schedule of the deployment together with supplementary information is
reported in Table S2 in Supplementary Materials. No data were acquired from January
to April due to adverse meteorological conditions (water temperature can drop below
5 ◦C and a layer of ice is sometimes present). This period was used to conduct routine
maintenance of the probes. It should be noted that data were not continuously monitored
at the same time at all the 18 sites for numerous reasons (i.e., high surface of lagoon system,
number of probes available, costs of supply and maintenance). During deployment, the
probes were checked monthly to assure the correct position of the buoys and the effective
operation of the chlorination process, and the calibration was compared with an Idronaut
Ocean Seven 316 probe. In order to extend the deployment time without the need to change
the battery pack over a long period, the acquisition time was set to 30 min and the data
were transmitted once per day.

2.4. Statistical Assessment and Mapping

The dataset was statistically treated using EXCEL™ and the PAST (Paleontological
STatistics) statistical program version 2.17 [52]. The Shapiro–Wilk test was used to test the
normal distribution [53] and the non-parametric Kruskal–Wallis H test (K–W) to determine
whether there were statistically significant differences between two or more groups of
an independent variable after testing the normality [54]. The dataset was represented by
means of a box and whisker plot: the median is represented by the horizontal bold line
within the box, and 25th and 75th percentiles are at the top and bottom respectively. In this
representation, the presence of outliers is shown as circles if values are 1.5 times out of the
box and as stars for values which are 3 times out of the box. It should be noted that after a
preliminary treatment of the data, the DO measurements which were found to be out of the
covered saturation range (0–150 ± 5%), with a pH out of the 7–9 range, with a conductivity
out of the 2.00–60.00 mS/cm, measurements resulting from a depth = 0 m, and errors in
data acquisition, were not considered in further analysis or discussion.

The distribution maps (IDW, Inverse Distance Weighted) were realised using the QGIS
Version 3.16.3 “Hannover” program.
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3. Results and Discussion
3.1. Complementary Parameters

The final dataset consists of about 200,000 measurements (for each parameter) and, as
a preliminary statistical assessment, every parameter was checked for normal distribution
at each monitoring site (see Table S3 in Supplementary Materials).

Surface water temperature showed a high degree of variability ranging from the
minimum of 3.0 ◦C measured in December 2013 (M1) to the maximum of 33.5 ◦C in June
2019 (G7). On average, temperature was 20.4 ± 6.0 ◦C (median = 21.0 ◦C, n = 205,533), and
no significant difference was found among the investigated sites (K-W = (chi2) = −3.8 × e7,
p(same) = 1).

On the contrary, the seasonal variability was significant (K-W = (chi2) = 3.6 × e−7,
p(same) = 0), which is typical of several lagoons found in the Mediterranean basin [55–58]
(Figure 4).J. Mar. Sci. Eng. 2022, 10, 208 8 of 21 
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Figure 4. Boxplot representation of seasonal variability of the measured parameters: (a) temperature
(◦C), (b) salinity, (c) pH, (d) DO (mg L−1), DO (%). The dashed line in (d,e) represents the limit for
sensitive species of fish and invertebrates and the minimum imperative standard required by the EC
Shellfish Waters Directive, respectively [59]. In this representation, the presence of outliers is shown
as circles if values are 1.5 times out of the box and as stars for values which are 3 times out of the box.
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Salinity ranged from 1.1 to 39.9 (21.8 ± 9.3; median = 24.1; N observations = 205,533)
and is strongly influenced by the amount of freshwater inputs that, in the westernmost
part of the lagoon, is related to the degree of precipitation occurring inland, and to a
lesser extent, to the active water evaporation that occurs in the shallower part of the basin
during summer (easternmost part).Generally, the sites that belong to the Marano basin
showed lower values than those at Grado (17.0 ± 8.54 and 29.3 ± 4.63, respectively), thus a
significant difference was found in salinity distribution considering the whole basin (K-W:
H(chi2) = −1.39 × e7; p(same) = 0) (Figure 5).
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In detail, at M1, M3, M5, M6, M7 and M11, salinity showed several values close
to 1, and at M2 and M4, the lowest values recorded were slightly higher (2.09 and 1.56,
respectively). Due to the effect of freshwater discharge, the salinity was more variable at
Marano than Grado. In this latter, only site G5, which receives discharge from the Natissa
River, showed comparable minimum values (1.62), but was on average 25.1 ± 6.3. The
entire basin is not subject to the intense evaporation that strongly influences the salinity of
other Mediterranean lagoons such as the Mar Menor (Spain) and Korissia lagoons (Greece)
where average values of 39–45 and > 50 are reported [60,61]. This is likely due to the
good water exchange and circulation which is mostly influenced by the tides [37] and is
also evidenced by the short water residence time and frequent water renewal found in
the investigation of the nutrient dynamic [28]. Taking into account the annual trend in
the whole Marano and Grado Lagoon (from May to December), a high variability was
observed: late spring and autumn showed the lowest values (18.3 ± 8.9 and 19.7 ± 7.8 in
June and November, respectively), whereas in September, the salinity reached an average
of 24.3 ± 7.7 (Figure 4). However, there was no significant difference between sample
medians calculated for each individual month (K-W: H(chi2) =−1.16 × e7; p(same) = 1).

The pH was on average 8.21 ± 0.28 (median = 8.23) which is typical of marine waters
with values close or lower than 8.00 recorded in sites subjected to freshwater inputs (M6,
M7, M3 and M4) and also at G2, but generally, the Grado sector exhibited values slightly
higher than Marano (8.26 ± 0.29 and 8.17 ± 0.27, respectively) and there was a significant
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difference between medians (K-W: (chi2) = 2.20 × e7; p(same) = 0). Taking into account the
annual variability, there was no significant difference (K-W: (chi2) = −1.15 × e7; p(same) = 1)
in spite of the highest values recorded in May and the lowest in September and October
(Figure 4).

3.2. Dissolved Oxygen

DO content was expressed in terms of concentration (mg L−1) and derived percentage of
saturation (%). In the first case, a wide range of concentrations was observed (<1.0–18.1 mg L−1,
mean ± dev. std = 7.1 ± 2.13 mg L−1; median = 7.1 mg L−1; N observation = 199,439) and there
was a significant difference among the monitored sites (K-W: H(chi2) =2.22 × e7; p(same) = 0)
(Figure 6).
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On average, the highest value was recorded at G3 (8.3 ± 2.1 mg L−1), which is
located in an open part of the Grado Lagoon, whereas the lowest was recorded at G2
(3.6 ± 2.8 mg L−1), which is a confined area within the commercially active Valle Noghera
fish farm. Here, the presence of several man-made embankments has heavily altered the
pristine morphology and the hydrodynamics of the area, with water exchange limited and
regulated by the periodic opening of the sluice gates [62]. As a consequence, the turnover
of nutrients and OM is also altered: in fact, D’Aietti et al. [63] drew attention to the high
levels of ammonium in the water column as a product of the respiration that, in the event
of low DO levels, uses NO3

- as a final electron acceptor.
One of the main characteristics of lagoon systems is the high morphological and physico-

chemical variability that can be detected even in a small-scale basin, and this is also true for
the Marano and Grado Lagoon [27]. Taking into consideration the whole dataset, the oxy-
genation in the Marano basin was higher than at Grado (7.59 ± 1.86 and 6.40 ± 2.32 mg L−1,
respectively), whereas, at the whole basin scale, DO decreased from late spring to late summer
(8.5 ± 1.6 and 6.4 ± 1.8 mg L−1 in May and September, respectively) followed by an increase
until reaching the maximum in December (8.9 ± 1.6 mg L−1) (Figure 3), thus there is a sig-
nificant difference throughout the year (K-W: H(chi2) =−1.56 × e7; p(same) = 0). In the 1-year
cycle of physico-chemical measurements conducted in the Marano and Grado Lagoon over
2013 by means of discrete sampling, Acquavita et al. [28] reported that DO values were lower
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in summer/autumn (from 7.0 to 8.6 mg L−1) than in winter and spring (up to 10.0 mg L−1),
whereas the highest values were recorded in early spring (10.8 ± 1.55 mg L−1). However,
sampling was always conducted from 9:00 to 14:00 and thus did not account for processes
occurring in the absence of solar radiation and was, on average, higher (8.75 mg L−1). Overall,
the results in this work are comparable to those reported for other Mediterranean lagoons
(Table 1).

Table 1. Comparison of dissolved oxygen contents measured in some lagoons in the Mediterranean
area. The notation n.a. means not available.

Site DO (%) DO (mg L−1) References

Ria de Aveiro (Portugal) n.a. <1–12 [8]

Fogliano Lagoon (Italy) n.a. 2–11.5 [32]

Ria Formosa Lagoon (Portugal) 30–140 1.9–10.9 [35]

Korissia Lagoon (Greece) n.a. 3.5–11.2 [61]

Orbetello Lagoon (Italy) 26.39–144 ± 44.0 n.a. [64]

Orbetello Lagoon (Italy) n.a. 0.2–8.65 [65]

Foz de Almargem
Lagoon (Portugal) 69.88–121.8 5.49–12.65 [66]

Orbetello Lagoon (Italy) 20.10 ± 9.30/89.60 ± 9.00
(mean ± s.d) n.a. [67]

Varano Lagoon (Italy) 77.46 ± 4.40/95.48 ± 6.39
(mean ± s.d) n.a. [67]

Venice Lagoon (Italy) 112±34.5/133 ± 36.6
(mean ± s.d) n.a. [68]

Akgöl Lagoon (Turkey) n.a. 7.5–8.2 (mean) [69]

Berre Lagoon (France) 40–100 n.a. [70]

Marano and Grado
Lagoon (Italy) <5–155 <0.5–17.99 This work

The condition of hypoxia (DO < 2 mg L−1) was recorded in approximately 1.8% of the
199,439 observations and up to 85% were ascribed to the measurements conducted at sites
G2 and G7. As previously mentioned, G2 is an active fish farm, whereas G7 is located in a
confined area (easternmost part of the Grado basin) characterised by a strong modification
of the hydrological regime which occurred as a consequence of a bridge built in 1936 that
connects the urban area of Grado to the inland [49]. If the measurements conducted in the
fish farm (G2) are not included, hypoxia occurred mostly during summer, especially in
August (N = 329, 1.16% of total measures) and is absent in both May and December. Values
below the threshold of 5 mg L−1, which represent a potential threat for sensitive species of
fish and invertebrates, were recorded in 14.3% of the measurements (n = 28,438).

It is well known that prolonged periods characterised by such low values are detri-
mental to fish resulting in a substantial effect on growth, physiological and immune
responses [71,72], but which also alter the biogeochemical cycle [73]. In this context, low
levels of DO influence the mobility of nutrients, with the shift from oxidised forms (NO3

−)
to a reduced one (NH4

+) [74] and the release of PO4
3−, from the conversion of insoluble

FePO4 to the more soluble Fe3(PO4)2, and H2S [75], and of potentially toxic elements [76–80].
This is the case of the Marano and Grado Lagoon where some contaminants such as Hg [43]
and polycyclic aromatic hydrocarbons (this latter in a very limited area [46], and in the case
of Hg, diffusive and benthic fluxes at the sediment-water interface, and production during
sub-oxic/anoxic condition of the most toxic organic form mono-methylmercury, MeHg)
have previously been observed [24,25,81].
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Best et al. [59] attempted to set the thresholds for the WFD dissolved oxygen (5%ile)
on the basis that the DO content should reflect the reducing solubility when the salinity
increases [82,83] by suggesting five classes: high, good, moderate, poor and bad. As
reported in Table 2, G2 and G7 are classified as bad, whilst 10 sites are classified as moderate
and six as good.

Table 2. Classification of investigated sites on the basis of salinity DO mixing curves proposed by
Best et al. [59].

Site <2 mg L−1 <5 mg L−1 5%ile Salinity Classification

M1 35 464 5.6 12.6 Good

M2 3 855 4.7 21.5 Good

M3 3 148 6.1 8.9 Good

M4 2 504 4.5 17.7 Moderate

M5 21 763 4.1 13.6 Moderate

M6 16 1721 4.2 17.9 Moderate

M7 40 847 4.6 9.4 Moderate

M8 1 151 5.7 17.8 Good

M9 6 457 5.2 28.5 Good

M10 141 1295 4.1 28.0 Moderate

M11 44 1859 4.3 13.0 Moderate

G1 195 3057 3.2 28.4 Moderate

G2 1545 3197 0.1 26.5 Bad

G3 2 652 5.0 31.3 Good

G4 14 518 3.8 29.4 Moderate

G5 50 4431 3.8 25.8 Moderate

G6 3 1386 4.5 31.5 Moderate

G7 1510 6919 1.1 30.4 Bad

DO expressed as % of saturation ranged from 0 to 155% (mean = 87.3 ± 26.0%; median
= 84.6%). Overall, the results are lower than those reported by [45] (30-40%, median/mean
value close to 100% saturation, 93%/92%) and a significant difference was found among
the investigated sites (K-W: H(chi2) = 2.16 × e7; p(same) = 0) with the highest average found
at M9 (104.1 ± 25.6%) and the lowest at G2 (46.0 ± 37.4%). Taking monthly variability
into consideration, there is a general decrease from May to November (from 104.5 to 78.7%
on average) and a slight increase until December, thus there was a significant seasonal
difference (K-W: H(chi2) = 1.55 × e7; p(same) = 0) (Figure 4). The Shellfish Water Directive,
which deals with the quality of waters suitable for the development of shellfish (bivalve
and gastropod molluscs), sets the minimum mandatory standard at 60%, with 70% as the
50%ile (mandatory) and 80% as the 95%ile (guideline value) [59]. Site G2 showed an average
DO% lower than the minimum mandatory standard, whereas all the other sites showed on
average values suitable for shellfish growth.

The relationships of DO with the other parameters are reported in Figure 7. A significant
positive correlation was found between temperature and salinity (r = 0.1715; p(uncorr) = 0).
Regarding DO, an inverse relationship was found with temperature (r = −0.1745; p(uncorr) = 0)
and salinity (r = −0.2887; p(uncorr) = 0) and this is in accordance with the literature which states
that an increase in water temperature and salinity decreases DO solubility [35,59,84], whereas a
positive correlation was found with pH (y = 1.4673 ×−4.8995; r = 0.1897; p(uncorr) = 0), likely due
to the decrease in CO2 during photosynthetic processes that increase both DO and pH. Finally, it
was found a significant inverse relationship with mean depth (r = −0.5242; p(uncorr) = 0.0020),
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whereas the distance from the main channel did not show a significant influence (r = 0.19363;
p(uncorr) = 0.2899).
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3.3. Influence of Solar Radiation and Tides on DO Content

The influence of solar radiation on DO content was checked over 2019 and 2020 in
three sites (M5, M9 and G7) for the selected time intervals reported in Table S4 in Supple-
mentary Materials. It is well known that biological activity occurring during the alternate
photosynthesis/respiration cycles is affected by solar radiation, thus a clear relationship
between the intensity of solar radiation and DO produced during photosynthesis could be
expected. This behaviour is clearly demonstrated by the single plot reported in Figure 8,
where it is clear that the peak of DO is subject to a relative delay with respect to the ex-
pected metabolic activation of photosynthesis, which is set from 6 to 8 h from the maximum
incident radiation (the remaining plots that confirm the aforementioned trends are reported
in Supplementary Materials S1).

Diurnal patterns of DO in the Marano and Grado Lagoon were previously investi-
gated by means of deployed benthic chambers, where the discrete collection of water was
performed every 2 or 3 h [24,27]. In both cases, a peak in DO was reached with a significant
delay from peak solar radiation (i.e., 18:00 in June) and this could be ascribed to the fact
that DO production can be balanced and sometimes surpassed by respiration, especially in
the early morning hours [27]. In addition, the heterotrophic prokaryotes, which remove the
labile DOM released by phytoplankton when the radiation is at its maximum, could also
be responsible for oxygen consumption [85,86]. However, in all cases under consideration,
there was a significant positive correlation between the intensity of solar radiation and DO
levels (see Table S5 in Supplementary Materials) with the exception of the data collected at
M5 over 2020.

The frequent presence of several peaks on a sub-daily scale is notable. These natural
oscillations have been described by D’Autilia et al. [32], where differences of 1.5 mg L−1

were observed in less than 20 min, and also by Facchini et al. [65], thus are a common
behaviour observed in oxygen dynamics. This behaviour could be influenced by physical
factors (wind and tides) and also by biological ones such as photorespiration, the light-
dependent uptake of oxygen and release of carbon dioxide in the photosynthetic tissues
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which act as photoprotection [87], which in particular takes place during strong irradiation
and at high DO concentrations in the aqueous media [88].
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As previously mentioned, tides act as a forcing factor for DO content because they
strongly influence the hydrodynamics and this is also true for this lagoon where the water
transport time scale is in the order of one or two days [37]. In this work, DO peaks (both
maximum and minimum) followed the tidal cycle (Supplementary Material S2). This is evi-
denced by the significant correlation found at M5 and M9 during 2019, but it is also notable
that at G7 there is a considerable delay of DO rising with respect to the tide, the resulting
correlation being insignificant. This is likely related to the scarce water exchange of the area
which does not allow for the prompt renewal of the DO pool. Surprisingly, this situation
was also found at M9 in 2020 where a significant negative correlation occurred (see Table
S6 in Supplementary Materials). It could be hypothesised that the significant abundance of
phanerogams (i.e., Ruppia cirrhosa, Rupia marittima, Zostera marina and Cymodocea nodosa) in
these areas is responsible for the constant DO oversaturation and that the inflow of marine
waters can dilute the DO content rather than cause its enrichment. Overall, the coastal
water entering in the Marano and Grado Lagoon from the Gulf of Trieste is capable of
adding an important pool of oxygenated water masses.

3.4. Dissolved Oxygen Content and Management in the Context of WFD

As previously mentioned, DO level is critical for the life of marine organisms, thus it
has been identified by the WFD/2000/60/CE among the five chemico-physical elements
supporting biological elements. However, the threshold set to confirm a good ecological
status is not uniform in the European jurisdiction. In Italy, it is set as follows: in the case of
good status, the water body quality is downgraded to sufficient if the condition of anoxia
persists for 1 or more days during the year or if the condition of anoxia persists for less
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than 1 day but is repeated for consecutive days and/or hypoxia is present for 1 or more
days a year.

The high frequency of monitoring conducted in the Marano and Grado Lagoon high-
lighted the occurrence of hypoxic events during summer and these could impact the aquatic
fauna and fishery resources [71] of the area described in Bettoso et al. [89]. The classification
of the three-year period from 2017 to 2019 took into account the continuous monitoring of
seven different deploying sites in the following WBs: FM3 (G6 and G7), TEU4 (M9), TME3
(M5 and M6), TPO2 (G1 and G4), TPO3 (M8 and M10), TPO4 (M3 and M4) and TPO5 (M1
and M2), which were selected as the most critical areas according to historical data (for the
complete list of correspondent stations see Table S2 in Supplementary Materials).

The results showed that the highest content of DO occurs in the early afternoon when
the photosynthetic process has enriched the water with produced oxygen, whereas the
breathing process prevails during the night and the DO is mostly consumed, thus reaching
the lowest values in the early hours of the day. During 2017, the WBs TPO3 and FM3
showed conditions of both hypoxia and anoxia. In detail, at TPO3, anoxia occurred for
four consecutive days (from 3 to 6 August) and was followed by periods of hypoxia.
The situation was very critical on the 4 and 5 of August when, on average, DO was
0.14 ± 0.29 and 1.64 ± 1.64 mg L−1, respectively. At FM3, anoxia was recorded for several
consecutive days (from 26 August to 7 September and from 9 September to 15 September),
however it was never present for an entire day.

In 2018, the occurrence of some episodic events at FM3 and TPO2 always occurred with a
maximum duration of a few hours. Finally, FM3 and TME3 showed critical levels in 2019. At
FM3, DO dropped until anoxia/hypoxia conditions occurred from 24 July to 15 August and
from 18 August to 5 September, which is a situation similar to that observed in 2017. Overall,
during this period, the DO content was, on average, very low (3.07 ± 1.93 mg L−1). The water
quality was slightly better at TME3 with anoxia/hypoxia occurring in the first half of July and
overall the degree of oxygenation was on average 6.09 ± 2.32 mg L−1. Thus, the WBs TPO3,
FM3 and TME3 were classified from good to moderate on the basis of DO content.

However, the final classification under the WFD/2000/60/CE follows the rule “one
out–all out” [89], and the aforementioned WBs suffered from other ecological problems
such as the abundance and composition of macrophytes and fish fauna, nutrient contents
and chemical status. For example, one previous study showed that the macroalgae and
angiosperms tend to colonise the central area of the lagoon, whereas in other areas they
were poor both in biomass and species richness, especially at FM3 WB [90] and also the
macrozoobenthic communities were in moderate/scarce status on the basis of the M-AMBI
index [49,91,92]. In our work, there is a disagreement between the classification and the
state of the DO levels in the WBs investigated. In fact, even in WBs where the DO was
found to be at good levels, the final classification (ecological status) was moderate or poor,
and taking into consideration the chemical status, the final classification was even worse
(Table 3).

Table 3. Classification of the Marano and Grado Lagoon water bodies sensu WFD (2017–2019). The
notation n.c. means not classified.

Water Body Phytoplankton Macrophyte Benthos Fish Fauna Nutrients Chemical DO

TEU 1 Good High Good Good Moderate Poor n.c.

TEU 2 High High Moderate High Moderate Good n.c.

TEU 3 High High Good High Moderate Poor n.c.

TEU 4 High High Moderate Good Moderate Good Good

TPO 1 Good Moderate Good Good Moderate Good n.c.

TPO 2 High Good Good Good Moderate Good Good
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Table 3. Cont.

Water Body Phytoplankton Macrophyte Benthos Fish Fauna Nutrients Chemical DO

TPO 3 Good Moderate High Good Moderate Good Moderate

TPO 4 Good Moderate Good High Moderate Poor n.c.

TPO 5 Good Poor Good Good Moderate Poor Good

TME 1 Good Poor Good Good Good Poor n.c.

TME 2 Moderate Poor Moderate Moderate Moderate Good n.c.

TME 3 Good Poor Good Moderate Moderate Good Moderate

TME 4 Good Poor Good Moderate Moderate Poor Good

FM 1 Good Poor Moderate n.c. Good Good n.c.

FM 2 High High Moderate Moderate Good Poor n.c.

FM 3 High Good Good Moderate Good Poor Moderate

FM 4 High High Poor High Moderate Poor n.c.

4. Conclusions

The Marano and Grado Lagoon displays numerous characteristics common to other
Mediterranean lagoons such as a significant temporal variability in temperature and salinity,
which are driven by season, river discharge and amplitude of tides. In addition, this
system is characterised by a very heterogeneous spatial distribution of physico-chemical
parameters that is a reflection of the morphology [28,37]. Due to the importance of DO for
aquatic life and its relationship with the well-known occurrence of nutrient inputs, recycling
processes at the sediment–water interface [25,27,28,48,62] and to the European application
of the WFD/2000/60/CE [4], the implementation of the SHAPE Project answered the need
for classification tools capable of highlighting the natural variability of the system and with
regard to the management of the area, it is very important from the environmental and
socio-economic points of view.

The deployment of the SMATCH multiparameter probes from 2013 to 2020 covered
the entire lagoon surface (it is notable that this was not simultaneously) and the continuous
data acquisition allowed for the description of the DO dynamics and the relationships with
complementary parameters, however no data are available for the coldest period of the
year (from January to April) due to logistical problems. Temperature showed significant
variability throughout the year, comparable to that found in other similar Mediterranean
environments, but was nearly the same at the scale of the entire basin. On the contrary,
salinity is strongly influenced by riverine discharges and tidal inputs, thus significant
differences were found among the investigated sites. Finally, pH showed both spatial and
temporal variability.

Overall, the lagoon is well oxygenated with values that, on average, surpass the thresh-
olds set by the Shellfish Water Directive (in terms of DO expressed in %) and the aquatic life
of sensitive species (in terms of DO expressed in mg L−1) and that are inversely related to
temperature and salinity. However, the occurrence of conditions of both anoxia and hypoxia
for one or more consecutive days cannot be neglected and should carefully be taken into ac-
count. These events, which occur mostly during late summer, in the absence of solar radiation
and are typical of the more confined areas, are counterbalanced by the increase of DO during
the day, when the intensity of solar radiation increases, and are also buffered by the ingression
of well-oxygenated marine waters during the tidal cycle and by riverine freshwater discharge.
In addition, the presence of a daily marine breeze and a strong wind (mainly the Bora from
ENE) could also favour oxygenation, but this aspect has not been considered in this work
and further investigation should be planned. The classification of the lagoon’s water bodies
benefits from the results obtained through continuous monitoring. In fact, the DO oscillations
were well detected and permitted one to distinguish the hypoxia/anoxia conditions that
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occurred for prolonged periods of time. With this approach, 3 out of 17 WBs were classified as
moderate, but it should be noted that the DO content is not the only parameter involved in
the worsening of the WB classification.

Based on the results obtained in this study, the deployment of these probes also
appears to be promising for the management of areas of commercial importance subjected
to periodic oxygen crisis. This is the case of fish farms that cover about 14% of the Marano
and Grado Lagoon area, where the water exchange is regulated through sluice gates, of
shellfish/mussel farming and of some protected confined areas (i.e., the mouth of the Stella
River, Valle Cavanata).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/jmse10020208/s1, File S1: Radiation and DO, File S2: Dissolved oxygen and tides, Table S1: Overview
of the characteristics of the sensors as reported by the NKE Instrumentation, Table S2: Identification
and deployment of the 5 multiprobes from 2013 to 2020 in the Marano and Grado Lagoon, Table S3:
Application of the test for normality Shapiro-Wilk, Table S4: Sites and periods considered for DO and solar
radiation/tide relationship, Table S5: Relationships between DO and solar radiation intensity, Table S6:
Relationships between DO and tide.
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