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Abstract: Mediterranean saline wetlands are significant ecological habitats defined by sea-
sonal water availability and various biological communities, forming a unique ecotone that
combines traits of both freshwater and marine environments. Moreover, they are regarded
as notable natural and economic resources. Since the sustainable management of protected
wetlands necessitates a multidisciplinary approach, the purpose of this study is to provide
a comprehensive picture of the hydrological, hydrochemical, and ecological dynamics
of a man-made groundwater dependent ecosystem (GDE) by combining remote sensing,
hydrochemical data, geostatistical tools, and ecological indicators. The study area, called
“Le Soglitelle”, is located in the Campania plain (Italy), which is close to the Domitian
shoreline, covering a surface of 100 ha. The Normalized Difference Water Index (NDWI), a
remote sensing-derived index sensitive to surface water presence, from Sentinel-2 was used
to detect changes in the percentage of the wetland inundated area over time. Water samples
were collected in four campaigns, and hydrochemical indexes were used to investigate the
major hydrochemical seasonal processes occurring in the area. Geostatistical tools, such
as principal component analysis (PCA) and independent component analysis (ICA), were
used to identify the main hydrochemical processes. Moreover, faunal monitoring using
waders was employed as an ecological indicator. Seasonal variation in the inundation
area ranged from nearly 0% in summer to over 50% in winter, consistent with the severe
climatic oscillations indicated by SPEI values. PCA and ICA explained over 78% of the total
hydrochemical variability, confirming that the area’s geochemistry is mainly characterized
by the saltwater sourced from the artesian wells that feed the wetland. The concentration
of the major ions is regulated by two contrasting processes: evapoconcentration in summer
and dilution and water mixing (between canals and ponds water) in winter. Cl−/Br− molar
ratio results corroborated this double seasonal trend. The base exchange index highlighted
a salinization pathway for the wetland. Bird monitoring exhibited consistency with hy-
drochemical monitoring, as the seasonal distribution clearly reflects the dual behaviour of
this area, which in turn augmented the biodiversity in this GDE. The integration of remote
sensing data, multivariate geostatistical analysis, geochemical tools, and faunal indicators
represents a novel interdisciplinary framework for assessing GDE seasonal dynamics,
offering practical insights for wetland monitoring and management.

Keywords: mediterranean wetland; NDWI; evapoconcentration; salinization; biodiversity
conservation; Le Soglitelle
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1. Introduction
Mediterranean saline and transitional wetlands have been essential resources for hu-

man civilizations throughout history [1]. They represent unique ecosystems characterized
by seasonal water availability and diverse biological communities [2]. These environ-
ments provide various valuable services such as regulation on local climate, water flow,
nutrient cycling, air purification, wastewater treatment, soil erosion prevention, and flood
control [3–6]. In addition, saline and transitional wetlands are part of a specific ecotone in-
cluding freshwater and saltwater ecosystem characteristics. They are considered important
natural resources due to their ecological and economical value [7]. Indeed, they are also
known as biodiversity hotspots because of their large gradients of abiotic and biotic factors
attracting a wide range of migratory birds and other endemic species [8]. This creates a
complex system whose balance must be preserved to ensure its attractiveness to the species
it houses [9]. This complexity is even exacerbated in drained wetlands which are composed
of ponds and canals, where waters with different chemical compositions converge [10].

In light of this, the sustainable use and management of drained wetlands require
careful planning and a deep scientific understanding of how these ecosystems work [11].
In this pursuit, in 1971 the Ramsar Convention on Wetlands was established with the
aim to preserve these unique ecosystems [12]. Actually, the Ramsar Convention Strategic
Plan’s targets have become key milestones of the Sustainable Development Goals (SDGs),
underling the importance of wetland conservation [13].

To fulfil these aims, remote sensing (RS) can be used to dynamically monitor these
types of ecosystems on both spatial and temporal scales in a real-time and simplified
way [14]. For instance, the Normalized Difference Water Index (NDWI) obtained by RS
data is extremely sensitive in detecting wetland hydrologic conditions and water coverage
over time [15].

Moreover, in saline and transitional wetlands, it is crucial to understand both the
salinity and hydrological dynamics as keys to future management plans [16], especially
considering that these ecosystems are vulnerable to climate changes [17]. Contextually,
halogens such as chloride (Cl−) and bromide (Br−) are frequently employed to fingerprint
sources of salinity in groundwater and surface water because of their highly conserva-
tive transport properties [18]. Hence, the Cl−/Br− molar ratio is a reliable approach for
identifying the salinity source of water samples [19]. These tracers have been widely
applied to track wetland water dynamics [20], like mixing from different sources [21,22].
The base exchange (BEX) index is another valid tool widely used to determine water
salinization/freshening pathways [23].

Moreover, the use of multivariate analysis, such as principal component analysis
(PCA) and independent component analysis (ICA), allows us to simplify complex systems
and obtain major readability of its main processes [24,25].

On the other hand, biological indicators are crucial factors for gaining important infor-
mation about the seasonal environmental variations in a wetland [26]. Birds are broadly
recognized as sensitive biological indicators of environmental conditions, including the sea-
sonality of salinity and water availability in wetlands [27]. Their presence and abundance
reflect the hydrological and chemical dynamics of these ecosystems, since many species
show distinct ecological preferences for certain salinity level and water availability [28].
For instance, wader birds respond quickly to seasonal variations, moving according to the
availability of suitable habitats [29]. Therefore, monitoring bird communities allows for the
detection of the health and ecological functionality of wetlands [30].
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Considering that the sustainable management of protected wetlands requires a mul-
tidisciplinary approach, this study aims to (i) identify the key seasonal hydrochemical
processes, (ii) elucidate the primary drivers of salinity variation, and (iii) assess the ecolog-
ical implications of these dynamics through avifaunal indicators. By integrating remote
sensing, geochemical tools, and wader bird’s community data, a comprehensive set of
insights was provided in order to support effective and adaptive management strategies
for saline GDEs.

2. Study Area
The wetland area of this study, called “Le Soglitelle” (40◦96′45.19′′N; 14◦01′78.97′′E),

is located in the Campania plain (CP), which is close to the Domitian shoreline, covering
an area of 100 ha (Figure 1). The CP was formed in the Early Pleistocene by post orogenic
extensional processes linked to strike-slip tectonics along the eastern Tyrrhenian bound-
ary [31]. During the Late Pleistocene, the entire CP was exposed to subaerial conditions
due to widespread volcanic activity, decreased tectonic subsidence rates, and eustatic re-
gression [32], whereas during the Early Holocene the CP experienced a transgressive phase
that led to the maximum shallow marine bay extension [33].

The studied wetland is roughly 2 km inland from the Tyrrhenian Sea and ranges
in elevation from approximately −1 to 1 m above sea level. It is part of the regional
natural reserve “Volturno Licola Falciano” and is bordered to the west by the urban area
of “Castel Volturno” and on the other sides by agricultural areas and small industrial
settlements. This area is a reclaimed land formed as a result of the drainage of the ancient
Patria Lake. Its stratigraphy is characterized by layers of evaporitic muds dated around
3.2 ky BP [32]. The area is made up of a series of man-made ponds fed by artesian wells
(approximately 35 m deep) that were built for illegal hunting purposes in the 1970s [34].
Ponds are interconnected by ditches that in turn are linked to canals discharging in the
Vena (Figure 1).

The study area can be classified as a man-made GDE that refers to a wetland sustained
by direct groundwater input, in this case through artificial artesian wells, making ground-
water the primary hydrological driver. It is important to note that not all saline wetlands
qualify as GDEs; indeed some coastal salt marshes can be influenced predominantly by
tidal action and surface runoff and are not strictly dependent on groundwater [35].

The Soglitelle area is characterized by a typical Mediterranean climate, with hot
summers and temperate rainy winters, with an average annual rainfall of 993 mm and a
mean annual temperature around 17.0 ◦C from 1940 until 2000 with an increasing trend up
to 18.9 ◦C in 2024 [36].

The vegetation is typical of brackish wetlands, with extensive salt marshes within
the ponds and along their edges, while reeds and rushes are found along the canals.
Furthermore, various bird species, including ones specifically protected by national and
international guidelines, use this area to rest or breed [34,37].
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Figure 1. (A) Sentinel-2 true colour mosaic image of the study area showing the boundaries of the “Le
Soglitelle” area, the Regi Lagni Canal, the Vena Canal, and the Patria Lake; (B) Google Earth image of
the “Le Soglitelle” showing the ponds (white lines) and channels (light blue lines), the wells’ location
(red circles), and the mist nets’ location (yellow rectangular grid).

3. Materials and Methods
3.1. Water Sample Collection and Analysis

Water samples from wells, ponds, and upstream and downstream of the canals were
collected using PVC bailers (38 × 900 mm with a volume of 1000 mL) in four different sam-
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pling campaigns: March 2023, May 2023, July 2023, and December 2023 (Figures S1–S4 in
Supplementary Information). The four sampling campaigns were strategically distributed
across different seasons (spring, early summer, peak summer, and winter) to capture the
seasonal variability of hydrochemical conditions, which is critical for understanding the
dynamic behaviour of the study area. Samples of seawater, rain, the Regi Lagni Canal,
and the Vena Canal were also collected and used as end-members. Rain samples were
collected using a bulk dry and wet deposimeter sampler (Nesa srl, Vidor, Treviso, Italy).
Electrical conductivity (EC), pH, oxidation reduction potential (ORP), and dissolved oxy-
gen (DO) were measured on site using a HANNA Instruments multiparametric probe
(HI98194) Woonsocket, RI, USA. The probe was calibrated before each sampling campaign
and washed using Milli-Q water after each measurement. Samples were stored in HDPE
bottles at 4 ◦C until analysis. Anion and cation analyses were carried out with an ICS-1000
Dionex-Thermo Scientific chromatography system equipped with an isocratic dual pump
with an IonPac AS14A 4 × 250 mm column, the pre-column AG14A 4 × 50 mm, and an
ASRS-Ultra 4 mm self-suppressor for anions and an IonPac CS12A 4 × 250 mm column,
the pre-column CS12A 4 × 50 mm, and a CRS-500 4 mm self-suppressor for cations. The
AS-40 Dionex auto-sampler was employed to run the analysis, while quality control (QC)
samples were run every 20 samples. Dissolved organic carbon (DOC) was measured using
a Pharmacia Biotech Ultrospec 2000 UV/VIS spectrophotometer following Cook et al.’s
method [38]. Total alkalinity (TA) was quantified via titration, while dissolved inorganic
carbon (DIC) was calculated with the PHREEQC-3 software [39], along with the saturation
indexes (SIs) of gypsum, halite, calcite, and dolomite.

3.2. Sentinel-2 and Meteorological Data Collection

GMES Sentinel-2 is a European Space Agency (ESA) mission designed to systematically
provide high resolution multispectral images of the global terrestrial surface [40]. Imagery
and data were freely downloaded from the “Copernicus Browser”. Sentinel-2 L2A NDWI
weekly data were extracted for each pond from 2016 to 2023. Only the images and the data
with a cloud coverage <10% were selected. The NDWI dataset has a spatial resolution of
10 m, which is suitable for capturing fine-scale changes in water surface extent within small
wetlands. NDWI was used to detected changes in the ponds’ water content. If NDWI >0 a
water surface is detected, otherwise if NDWI < 0 a drought condition is detected. Sentinel-2
NDWI is calculated as follow [41]:

NDWI =
(B03 − B08)
(B03 + B08)

(1)

Daily mean, minimum, and maximum temperature and precipitation data from 2016
to 2023 were extracted by “Centro Funzionale Multirischi della Protezione Civile Regione
Campania” [42]. Potential evapotranspiration (PET) data were downloaded by “Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument” of the National Aeronautics and
Space Administration (NASA) [43].

3.3. Hydrological and Hydrochemical Data Elaboration

NDWI data were used to calculate the monthly water coverage percentage of the
wetland using the following equation:

% o f water coverage =
total ponds area covered by water

total ponds area
× 100 (2)
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The standardized precipitation evapotranspiration index (SPEI) was assessed accord-
ing to Begueria et al. [44]. Monthly water surplus/deficit was calculated as follow:

∆ = P − PET (3)

where P represents the monthly cumulative rainfall and PET is the monthly cumulative
potential evapotranspiration. PET was chosen for this study because it is better suited to the
wetlands’ abundant water conditions [45]. Since the SPEI is a climate-based drought index that
relies exclusively on the difference between precipitation and potential evapotranspiration,
hydrological fluxes such as river discharge or seawater intrusion were not considered, as they
fall outside the conceptual framework of the index. To model the statistical distribution of
the water balance, the data were fitted to a log-logistic distribution. This was later estimated
using the genlogistic.fit() function of the SciPy library, which calculates the parameters of the
distribution best suited for the observed data using the following function:

f (x; α; β; γ) = β/α (
e−

x−γ
α(

1 + e−
x−γ

α

)β+1 ) (4)

where α, β, and γ are the scale, shape, and position parameters, respectively. Then, the
cumulative probability function was carried out for each observed water balance (B) value:

P (X ≤ B)
∫ B

−∞
f (x)dx (5)

where X is the random variable representing the monthly water balance. P was transformed
into a z-score of the standard normal distribution using the inverse quantile function:

SPEI = Φ−1 (P(B)) (6)

where Φ−1 is the inverse quantile function of the normal standard distribution. For SPEI
calculation the function np.precentile() of the NumPy library was utilized with a Monte
Carlo simulation of 100,000 normally distributed random numbers. The SPEI categories
are shown in Table 1.

Table 1. SPEI categories.

Moisture Category SPEI

Extremely wet >2.00
Very wet 1.50 to 1.99
Moderately wet 1.00 to 1.49
Near normal −0.99 to 0.99
Moderately dry −1.00 to −1.49
Severely dry −1.50 to −1.99
Extremely dry <−2.00

The base exchange (BEX) index is a useful tool for understanding salinization/freshening
dynamics. BEX was computed using the two following equations for the Ca- and Mg-rich
aquifers, respectively [46]:

BEXCa = Na + K + Mg − 1.0716 Cl (7)

BEXMg = Na + K − 0.8768 Cl (8)
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where 1.0716 and 0.8768 represent [Na + K + Mg]/Cl and [Na + K]/Cl for average seawater
(meq/L), respectively. BEXCa could not be used in a dolomitic aquifer system because a
considerable proportion of Mg comes from dolomite dissolution. For this reason, BEXMg

was also used since dolomite minerals were present in the study area in significant quanti-
ties. BEX values can be positive, negative, or equal to zero. A positive BEX value suggests
a freshening trend; a negative BEX value implies a salinization trend, while zero indicates
stable conditions. PCA and ICA were employed to determine the main hydrogeochemical
processes within the wetland. PCA was computed using the software IBM SPSS Statistics
20. The adequacy of the sample for PCA was assessed using the Kaiser–Meyer–Olkin
(KMO) measure and Bartlett’s test of sphericity. The Varimax rotation through the Kaiser
normalization procedure was selected, whereas variables exhibiting a rotated loading
higher than ±0.60 were considered significant. ICA was performed to extract independent
base vectors to determine the independent processes governing the geochemistry of the
area [47]. It was assessed using the FastICA algorithm of the scikit-learn library, setting the
number of independent components equal to the number of principal components found in
PCA [48]. Saturation indexes (SIs) of gypsum, halite, calcite, and dolomite were calculated
using the PHREEQC-3 software [39].

3.4. Wader Bird Catching and Ringing

Considering that waders are extremely susceptible to salinity and water content
dynamics in a wetland, they were used as biological indicators for this study. Capture
sessions were carried out on a decadal basis from 2019 to 2024. The COVID-19 emergency
affected the execution of the monitoring activities throughout the year 2020 and, specifically,
during the most critical months of the emergency. The dates of the ringing sessions were
also chosen considering the local weather conditions, selecting days with little or no rain
and wind. The trapping method employed consists of a 180 m long net with a surface
area of 432 m2. The installation was divided into three transects of 108 m, 36 m, and
36 m positioned along the edge of the reed vegetation (Figure 1B). The mist nets utilized
were 2.40 m tall and 12 m long, featuring four pockets and a 16 mm mesh. The nets were
checked hourly. Following removal from the nets, the trapped individuals were placed in
breathable canvas bags and transported to the field laboratory, where they were quickly
analyzed, ringed, and released. For each bird, age, sex, and biometric measurements for
the determination of the species were taken.

3.5. Wader Birds’ Data Elaboration

The number of bird species (NRSPEC) was obtained by aggregating the single indi-
vidual’s data. In addition, bird species diversity (BSD) was calculated monthly via the
Shannon–Weaver formula:

BSD = −∑s
i=1 Pi ∗ lnPi (9)

where s is the number of species and Pi is the proportion of individuals of species i to the
total number of individuals observed in a month.

4. Results
4.1. Temporal Patterns of Drought and Water Availability

Figure 2 demonstrates the intermonth variability of the SPEI value and its related per-
centage of the inundated area of the wetland. The SPEI trend shows the typical shape of a
Mediterranean area [49], characterized by summer SPEI values (Figure 2A) typical of severely
dry conditions [50] and winter SPEI values between 1 and 2 corresponding to moderately
and very wet periods, respectively. Starting from 2021 an increase in drought magnitude was
registered, with SPEI values almost reaching −3. Indeed, the high temperature in summer
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leads to very intense water evaporation from the ponds, causing water scarcity in the wetland
and even reaching water coverage percentages close to zero (Figure 2B). The intra-annual
percentage of inundated area variation is the direct evidence of the two opposing climatic
conditions described by the SPEI. Moreover, the marked contrast in pond-specific water
coverage between the winter and summer seasons provides additional evidence of the spatial
heterogeneity in water distribution, which is closely driven by seasonal climatic variability
(Figure 2C). Considering the wetland hydroperiod, it falls in the fifth subsystem of the world
wetland classification proposed by Junk [51], which includes wetlands along coastal rivers
with small dimensions and temporary shallow waterbodies. As will be further discussed
in the following paragraphs, this marked climatic variability significantly influences the
hydrochemical processes that predominate in each season.

Figure 2. (A) Monthly SPEI values from April 2016 to October 2023, where red bars represent negative
values corresponding to dry periods, while blue bars represent positive values corresponding to wet pe-
riods. (B) Percentage of the wetlands’ inundated area with respect to the total wetland area. (C) Average
water coverage (m2) for each pond during the winter (blue bars) and summer seasons (red bars).

4.2. Wetland Main Processes Based on PCA and ICA

PCA is widely used to investigate the distribution of chemical species and the main
geochemical processes of an area [52,53]. To distinguish the processes occurring during
the two different periods of the year, in this study two PCAs were performed: (i) one for
the dry period sampling dataset and (ii) one for the wet period sampling dataset. Both
were suitable for PCA, as indicated by KMO test values of 0.790 and 0.656, respectively,
and Bartlett’s test of sphericity values of 1465.7 and 698.56, respectively, with a p value
<0.005 for both datasets. PCA results are reported in Table 2, where significant loadings
(≥±0.6) have been highlighted. According to the Kaiser criterion, four components were
extracted for the dry dataset and five for the wet dataset, with a total explained variance
of 81.9% and 78.5%, respectively. For the dry dataset, PC1 shows a strong correlation
among seawater ions (Cl−, Br− , SO4

2−, K+, and Mg2+) and accounts for 45.7% of the
total variance. This confirms that the geochemistry of the area is mainly influenced by
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the saltwater sourced from the artesian wells, further exacerbated by strong summer
evaporation. PC2, which exhibits significant high loadings for NO3

− and PO4
− and

explains 13.2% of the total variance, is related to the agricultural and farming leaching
occurring upstream of the “Le Soglitelle” area and sourced by the input canals. PC3, with
significant positive loadings for DO and DIC, explains 11.7% of the total variance. This
result can be attributed to the area’s bioproductivity since oxygen and DIC cycles are linked
to underwater biological processes [54,55]. Indeed, as observed by Cai et al. [56], CO2

inputs from SOM decomposition significantly influence the water DIC concentration in
saltwater. PC4, which accounts for 11.3% of the cumulative variance, is related to redox
processes along the gradient between the reducing conditions of the wells and the oxidizing
conditions of ponds and canals. The PCA of the wet period mimics the one of the dry
period, except for the behaviour of the seawater ions, which are distributed across PC1
and PC2, jointly explaining 45.2% of the cumulative variance. This confirms that the water
sourced from the wells is the principal contributor to the geochemistry of the area even
during the winter period. Despite this, PC1 exhibits significant positive loadings for TDS,
Cl−, and Br−, while PC2 shows significant positive loadings for DOC, K+, Mg2+, and
SO4

2−. This can be explained by the weaker evaporative processes in winter, meaning that
only the concentration of the anions closely associated with evaporation is regulated by
evapoconcentration/dilution processes. In contrast, although strong evapoconcentration
was the main controlling factor for ions in solution during summer, in winter the ions
related to PC2 are influenced by other processes likely linked to the biological activity of the
various organisms. This trend is further supported by the results of the ICA (Table 3), which
is used to identify independent processes that are unrelated to one another [57]. The mixing
matrix of the dry period’s ICA reveals that Na+, K+, Ca2+, Cl−, Br−, and SO4

2− are all
associated with a single independent component (IC), confirming that summer evaporation
is the main factor regulating the concentration of these ions. In contrast, the mixing matrix
of the wet period’s ICA shows that Cl− and Br− belong to a different IC compared to the
other ions, highlighting the presence of two independent regulating processes.

Table 2. Principal component loadings (varimax-rotated) for the different variables and their ex-
plained variance for the dry period and wet period datasets. Bold values are ≥0.60.

Dry Period Wet Period

Component

ID 1 2 3 4 1 2 3 4 5
Explained Variance (%) 45.68 13.17 11.67 11.27 23.72 21.47 12.86 12.1 8.37

NO3 −0.26 0.89 −0.02 0.08 −0.09 −0.12 0.90 0.00 0.08
PO4 −0.23 0.90 −0.02 −0.10 −0.22 −0.04 0.88 −0.09 −0.04
SO4 0.96 −0.14 0.06 −0.06 0.24 0.81 −0.13 −0.04 0.38
DIC 0.18 0.04 0.82 −0.19 0.26 −0.14 0.11 0.63 −0.03
TDS 0.93 −0.21 0.23 0.04 0.86 0.40 −0.20 0.03 0.12
pH −0.14 −0.06 0.19 0.73 −0.34 0.31 −0.15 0.01 −0.30

ORP 0.10 0.03 −0.23 0.89 −0.08 −0.08 0.01 0.78 0.06
DO 0.26 −0.16 0.71 0.35 −0.14 0.14 −0.23 0.83 −0.06

DOC 0.57 0.32 0.39 −0.11 0.19 0.61 0.35 0.26 −0.31
K 0.89 −0.21 0.02 −0.13 0.33 0.86 −0.14 −0.17 0.05

Mg 0.95 −0.17 0.05 −0.05 0.38 0.87 −0.13 −0.08 0.01
Ca 0.94 −0.06 0.07 −0.01 0.70 0.51 0.02 −0.04 −0.19
F 0.53 −0.13 −0.38 −0.37 −0.01 0.13 0.02 0.00 0.93
Cl 0.89 −0.24 0.27 0.04 0.92 0.24 −0.16 0.03 0.03
Br 0.92 −0.18 0.20 0.07 0.93 0.22 −0.14 −0.01 0.02

4.3. Sources and Drivers of Salinity Variability

Despite recent studies demonstrating that most of the salinity in this area originates
from paleo-seawater affected by evapoconcentration processes [21,58], a Cl−/Br− vs. Cl−

plot (Figure 3) was performed to gain deeper insights into the salinity drivers and vari-



Remote Sens. 2025, 17, 2019 10 of 20

ability in the samples collected during the four campaigns. The results of this analysis are
consistent with those obtained from PCA and ICA. Indeed, depending on the season, two
main processes are regulating the salinity in the area; most of the samples collected during
the wet period are aligned along the mixing line between saltwater and freshwater end-
members. In summer, on the other hand, intense pond water evaporation leads to the most
saline samples, which were collected during the dry period and fell within the “seawater
brines” box. Upstream canal samples, resulting from agricultural/farming leaching of the
surrounding agricultural area [23], fall close to the “fertilizers” box. In contrast, down-
stream canals’ and some ponds’ samples are the result of the mixing processes occurring
between the pond and upstream canal water.

Table 3. Independent component analysis mixing matrix for the different variables for the dry period
and wet period datasets. Bold values are ≥0.50.

Dry Period Wet Period

Independent Component

ID 1 2 3 4 1 2 3 4 5
pH 0.08 0.21 0.16 0.71 0.06 0.11 0.46 0.25 0.09

ORP 0.08 0.19 0.44 0.79 0.41 0.08 0.36 0.61 0.03
DO 0.34 0.64 0.40 0.18 0.27 0.27 0.06 0.79 0.08

DOC 0.16 0.39 0.43 0.38 0.16 0.28 0.29 0.41 0.39
Na 0.30 0.07 0.86 0.28 0.37 0.43 0.33 0.18 0.19
K 0.29 0.12 0.73 0.46 0.03 0.20 0.82 0.15 0.44

Mg 0.27 0.08 0.82 0.41 0.02 0.21 0.77 0.06 0.41
Ca 0.17 0.04 0.85 0.38 0.31 0.11 0.55 0.07 0.42
F 0.09 0.47 0.29 0.41 0.75 0.05 0.03 0.36 0.16
Cl 0.38 0.12 0.82 0.31 0.25 0.30 0.29 0.18 0.80
Br 0.31 0.06 0.87 0.30 0.25 0.30 0.31 0.23 0.80

NO3 0.90 0.21 0.12 0.12 0.09 0.89 0.17 0.00 0.01
PO4 0.89 0.20 0.15 0.06 0.03 0.89 0.00 0.01 0.07
SO4 0.25 0.07 0.83 0.43 0.38 0.19 0.72 0.17 0.49
DIC 0.17 0.78 0.13 0.30 0.01 0.03 0.43 0.50 0.21
TDS 0.34 0.08 0.86 0.33 0.07 0.37 0.18 0.21 0.86

4.4. Initial Stages of Brine Formation

As discussed in the previous paragraph, most of the dry period pond samples fall in
the “Seawater Brines” box. To further explore this, the evolution of major ions and minerals
of the pond’s samples was also investigated. Cl− was used as an indicator of evaporation,
and the behaviour of major ions and TDS was analyzed during Cl− fluctuations (Figure 4).
High Cl− levels suggest an intense evapoconcentration process, as Cl− is only removed
during the final stages of brine formation when halite precipitate [59]. The concentration
of the major ions indicates that most of the dry period samples fell within stage 1.0 of
brine development, corresponding to the onset of gypsum brines [60]. SI values provide
further insights into the early-stage brine formation (Figure 5). All samples, except for a
few ones, showed oversaturation for calcite and dolomite, which is consistent with the
hydrogeochemistry of this area [21,61]. Indeed, despite the enrichment in alkali ions due
to the water–rock interaction with the reworked volcanic material, the area maintains the
original chemical composition of the lateral recharge from the neighbouring carbonate
reliefs, as witness by the TA values being much higher than expected [62,63].
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Figure 3. Cl−/Br− molar ratio vs. Cl− plot. The red arrow indicates the mixing line among saltwater
and freshwater end-members, while rectangular boxes are reported from Alcalà and Custodio [18].
Circles refer to pond samples; squares refer to well samples; triangles refer to upstream canal samples,
and rhombuses refer to downstream canals. Red symbols and (D) refer to dry period data, while blue
symbols and (W) refer to wet period data. The stars refer to the rain (light blue), Vena Canal (Violet),
and Regi Lagni (Pink) end-members.

 

Figure 4. (A–H) Scatter plots of major ions and TDS vs. Cl− (mg/L) used as an indicator of
evaporation. Numbers represent the brine stage level. Grey squares represent the concentration
values of the different ions for the corresponding brine stages reported by Fontes and Matray [60].
Blue circles refer to the ponds’ samples of the wet period, while red circles refer to the ponds’ samples
of the dry period.
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Figure 5. Scatter plots: (A) calcite saturation index vs. TDS (g/L); (B) dolomite saturation index vs.
TDS (g/L); (C) gypsum saturation index vs. TDS (g/L); (D) halite saturation index vs. TDS (g/L).
Blue circles refer to the ponds’ samples during the wet period, while red circles refer to the ponds’
samples during the dry period.

4.5. Salinization Pathways

Since the aquifer consists of sediments from carbonate and dolomitic massifs surround-
ing the CP, Figure 6 depicts both the BEXCa and BEXMg indices. The BEX values of the well
samples are negative since the salinity is attributable to evapoconcentrated paleo-seawater
entrapped within the sediments [32] and subsequently flushed by recharge waters [21,58].
Therefore, a positive trend in BEX should be detected [64]. The values found in this study
are most likely due to well intra-borehole mixing, where the upcoming of saltwater due
to artesian conditions caused the salinization of the entire water column [65], resulting in
negative BEX values for the wells’ samples. Likewise, as recently described by Habakaramo
Macumu et al. [24], the slow release of salts from fragments of halophytes forming the
peaty lenses, here consisting mainly of Salicornia europaea L., could represent an additional
source of salinity contributing to a further decrease in the BEX values. However, additional
investigations are needed to better understand the importance of this mechanism in this
area. Pond samples predominantly show negative BEX due to the perennial input of salt-
water from the wells, exacerbated by evaporative processes. Since the study area is located
close to the Phlegraean Field volcanic area, Figure 6B provides further information on the
role of carbonates and silicates in wetland hydrogeochemistry. The majority of the data fall
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below the bisectrix line, which may be attributed to the prevalence of bicarbonates in the
aquifer matrix from which the wells draw water. Indeed, the average pH of the samples is
around 7.8 since the dissolution of carbonates usually contributes to water alkalinity [66].
The few samples that exhibit clear silicate weathering are those collected during the dry
period from the ponds. In this case, the Na+ excess over DIC could be imputable to the
high salinity developed during summer evapoconcentration. Indeed, the SI of calcite was
higher than 0.0, while the SI of halite was lower, meaning that the calcite precipitation,
coupled with evapoconcentration, could have exacerbated the discrepancy between the
concentration of Na+ and DIC in solution. Thus, the combination of DIC and Na+ can
provide some constraints to identify the salinity sources, although it may be difficult to
discern when volcanic deposits, calcareous deposits, and hypersaline environments coexist
like in this area [67].

Figure 6. Scatter Plots: (A) BEXCa vs. TDS; (B) BEXMg vs. TDS; (C) Na+ vs. Cl−; (D) Na+ vs. DIC.
Blue circles refer to the ponds’ samples during the wet period, while red circles refer to the ponds’
samples during the dry period.

4.6. Wader Bird Monitoring

BSD and NRSPEC showed consistency with hydrochemical and climatic monitoring
(Figure 7). The highest values of BSD and NRSPEC were found in the dry period when
the brines were fully concentrated, and the water content of the area was significantly
lower. Moreover, since 2022, a drop in August’s BSD and NRSPEC values has been detected
compared to previous years.
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Figure 7. (A) Monthly bird species diversity from April 2019 to August 2024 and (B) monthly number
of bird species.

5. Discussion
The convergent approach of this study shows that dry periods are characterized by

the evapoconcentration of the pond’s saltwater and the consequent salts’ precipitation,
while wet periods are marked by the dilution of the pond’s water and the mixing processes
between the different sources of water (rain, wells, and upstream canals). This high
seasonal variability is a key factor for the unique biodiversity of the area, although the
biological community consists mainly of organisms (both animals and plants) adapted to
the area’ salinity. During the wet periods the biological community is characterized by
species adapted to aquatic or semi-aquatic conditions, which exploit water availability and
thermal stability. On the other hand, during the dry periods, the ecosystem is dominated by
organisms highly specialized to survive in extremely severe salinity and drought conditions.
As further evidence, the findings by Guglielmi et al. [68] showed, in this area, the highest
richness in dragonfly (Odonata genus) species within the entire natural reserve, with
“Volturno Licola Falciano” emerging as a hotspot for its conservation despite the trend
that Odonata in Europe is declining [69]. Indeed, the dragonfly “double life” perfectly
matches the double behaviour of the area because of the biphasic life cycle characterized by
an aquatic larval stage and an adult winged life [70].

However, in winter, as confirmed by PCA, ICA, and the Cl−/Br− molar ratio, rainfall
and upstream canal water dilute the saltwater sourced from the wells. In summer, on
the other hand, intense pond water evaporation leads to the most saline samples having
a typical seawater brine fingerprint. A further confirmation of this trend was given by
the brine stages and SI analyses. Indeed, some of the pond samples collected during the
dry period showed values close to gypsum saturation, while all ponds’ samples remained
undersaturated for halite, confirming that the brines are still in the initial stage (1.0) of
formation. This process represents a key factor in the ecological importance of this area
since saltwater brines are characterized by extremely high primary productivity [71]. More-
over, gypsum precipitation in brines provides an ideal habitat for aquatic invertebrate
communities [72] that represent a source of food for many aquatic birds [73].

Furthermore, the salinization pathway highlighted by the BEX index is alarming as
it could be even boosted, especially considering that a decrease in precipitation (a 20%
decrease by 2100) and an increase in temperature (between a 1.0 and 3.1 ◦C increase by
2100) are expected in the Mediterranean area [74].
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Contextually, wader birds’ seasonal distribution is a clear indication of the dual be-
haviour of the area since summer evaporation leads to the formation of super-salty, muddy
paddles, which are preferred environments for these birds to catch food. This is an im-
portant outcome considering that migratory species are globally becoming increasingly
vulnerable to climate change and the resulting habitat losses to a disproportionate extent
compared to non-migratory species [75]. The drop in BSD and NRSPEC in the last two
years of monitoring could be related to the increased magnitude of the dry period, as
demonstrated by the SPEI values, which led to the complete drying out of the ponds. This
trend, coupled with a marked salinization pathway, may pose a serious risk to the conser-
vation of this unique habitat and its hosts. Indeed, despite brines being highly productive
environments, their progressive salinization could decrease their productivity and the over-
all ecological performance. For example, as stated by Saccò et al. [76], the number of aquatic
invertebrate taxa decreases dramatically when TDS values exceeded 130 g/L, thus reducing
the amount of food available for waders. Indeed, almost 70% of the species detected in this
area suffer from global population declines, and some of them are classified as “Vulnerable”
and “Near Threatened” by the International Union for Conservation of Nature (IUCN).
Moreover, degradation is expected for 73% of Mediterranean wetlands [77], so hypersaline
ecosystems are in dire need of tempestive conservation actions. Regulating and improving
the inflow from freshwater end-members could limit, control, and even reverse the salin-
ization trend [78]. Nevertheless, a considerable reduction in salinity patterns caused by
freshwater restoration did not necessarily indicate simultaneous improvements in other
wetland properties, and ecosystem restoration is known to be a long-term process [79].

Overall, while the individual components of this study approach are well established
in the literature, the novelty of this study lies in the convergent approach used to analyze
such a complex GDE. For instance, a combined strategy using RS data and field monitoring
of soil and groundwater was successfully adopted by Alessandrino et al. [80] for inves-
tigating the plant salinity stress of a Mediterranean pine forest in a coastal back-barrier
environment. By combining RS data, hydrochemical monitoring, multivariate statistical
analyses, geochemical tools, and ecological indicators, this study offers a comprehensive
approach to characterize seasonal ecohydrological dynamics. This convergence allows for a
nuanced understanding of how climatic variability and groundwater input and chemistry
jointly shape the behaviour of this system. Despite the known limitations of NDWI [81],
such as the misclassification of turbid water, the results obtained in this study showed
strong consistency with field observations. Although NDWI may not be suitable for precise
hydrological budgeting due to its sensitivity to environmental noise, it remains an effective
RS index for capturing seasonal fluctuations in wetland water availability, which is closely
linked to hydrochemical and ecological dynamics.

6. Conclusions
This study shows how the integration of hydrochemical, RS, geostatistical, and eco-

logical approaches is an effective method for understanding the environmental dynamics
of an artificial saline GDE. NDWI monitoring confirmed the strong seasonal variability
of the wetland inundated area, which is closely correlated to the SPEI, suggesting a high
vulnerability of these ecosystems to ongoing and future climate change. The analysis of
hydrochemical data allowed for the identification of the salinization/dilution dynamics,
with evaporation playing a dominant role in dry periods and dilution in wetter ones. The
application of multivariate techniques (PCA and ICA) revealed the main drivers of the
hydrochemical processes and provided valuable insights for the management of the area.
In parallel, the monitoring of the wading bird community has highlighted their role as
bioindicators, showing a clear correlation between specific diversity, hydrochemical, and
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hydrological variations. Indeed, the increased severity of drought in recent years, coupled
with the detected salinization pathway, poses a threat to the biodiversity of the area, with
possible repercussions on this wetland to host migratory species in future. The results
of this study emphasize the importance of a convergent approach to manage protected
wetlands, providing quantitative tools to monitor and mitigate the effects of salinization
and habitat loss. For example, regulating freshwater inputs to control the salinization
trend, coupled with the continuous monitoring of hydrochemical and ecological conditions
throughout the year, emerges as a priority action to ensure the hydroecological functionality
of the wetland and its resilience to future climate change. Finally, it should be stressed
that both hydrochemical, RS, and migratory bird monitoring could be easily replicated
in other Mediterranean wetlands facing similar issues. In fact, it is precisely the choice
of migratory and non-stationary species that allows them to be tracked and monitored in
other comparable environments.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/rs17122019/s1. Figure S1. Google Earth image of the “Le Soglitelle”
showing the ponds (white lines) and channels (light blue lines), the wells’ location (red circles) and
the observation points (yellow crosses) of the March 2023 sampling campaign. Figure S2. Google
Earth image of the “Le Soglitelle” showing the ponds (white lines) and channels (light blue lines), the
wells’ location (red circles) and the observation points (yellow crosses) of the May 2023 sampling
campaign. Figure S3. Google Earth image of the “Le Soglitelle” showing the ponds (white lines)
and channels (light blue lines), the wells’ location (red circles) and the observation points (yellow
crosses) of the July 2023 sampling campaign. Figure S4. Google Earth image of the “Le Soglitelle”
showing the ponds (white lines) and channels (light blue lines), the wells’ location (red circles) and
the observation points (yellow crosses) of the December 2023 sampling campaign.
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