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Abstract: The increase in atmospheric and soil temperatures in recent decades has led to unfavora-
ble conditions for plants in many Mediterranean coastal environments. A typical example can be 
found along the coast of the Campania region in Italy, within the “Volturno Licola Falciano Natural 
Reserve”, where a pine forest suffered a dramatic loss of trees in 2021. New pines were planted in 
2023 to replace the dead ones, with a larger tree layout and interspersed with Mediterranean bushes 
to replace the dead pine forest. A direct (in situ) monitoring program was planned to analyze the 
determinants of the pine salinity stress, coupled with Sentinel-2 L2A data; in particular, multispec-
tral indices NDVI and NDMI were provided by the EU Copernicus service for plant status and 
water stress level information. Both the vadose zone and shallow groundwater were monitored with 
continuous logging probes. Vadose zone monitoring indicated that salinity peaked at a 30 cm soil 
depth, with values up to 1.9 g/L. These harsh conditions, combined with air temperatures reaching 
peaks of more than 40 °C, created severe difficulties for pine growth. The results of the shallow 
groundwater monitoring showed that the groundwater salinity was low (0.35–0.4 g/L) near the 
shoreline since the dune environment allowed rapid rainwater infiltration, preventing seawater in-
trusion. Meanwhile, salinity increased inland, reaching a peak at the end of the summer, with values 
up to 2.8 g/L. In November 2023, salts from storm-borne aerosols (“sea spray”) deposited on the soil 
caused the sea-facing portion of the newly planted pines to dry out. Differently, the pioneer vege-
tation of the Mediterranean dunes, directly facing the sea, was not affected by the massive deposi-
tion of sea spray. The NDMI and NDVI data were useful in distinguishing the old pine trees suffer-
ing from increasing stress and final death but were not accurate in detecting the stress conditions of 
newly planted, still rather short pine trees because their spectral reflectance largely interfered with 
the adjacent shrub growth. The proposed coupling of direct and remote sensing monitoring was 
successful and could be applied to detect the main drivers of plant stress in many other Mediterra-
nean coastal environments. 
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1. Introduction 
Coastal dune landscapes represent complex patchworks evolving in the transitional 

interface between terrestrial and marine domains, spanning along the shoreline [1]. In 
Mediterranean areas, the degradation and deterioration of sand dune ecosystems have 
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been impressive in recent decades [2]. This phenomenon is driven by a number of envi-
ronmental and anthropic constraints, such as urban development [3], coastal erosion [4], 
the spread of invasive alien species [5], drought [6], low soil fertility [7], substrate insta-
bility [8], sea wind [9], and salinity stress [10]. The latter, brought on by groundwater sal-
inization [11], trapped paleo-salinity [12], and marine spray deposition [13], is the primary 
factor that may have an adverse effect on plants’ physiological and osmotic processes [10]. 
In addition, the increase in atmospheric and soil temperatures in the last decade has exac-
erbated the already unfavorable conditions in many Mediterranean littoral environments 
[14]. 

Pine forests, among the diverse plant communities in complex coastal ecosystems, 
are particularly vulnerable. Indeed, the extent of pine forests decline along the Mediterra-
nean coast represents a serious threat to habitat and biodiversity loss. Moreover, pine for-
ests have an important role in global biogeochemical cycles, soil conservation, and climate 
mitigation [15]. The increasing pressure from environmental and anthropic stresses has 
necessitated the development of effective tools for monitoring pine forests' health. 

In an effort to mitigate the degradation of threatened ecosystems, the European Un-
ion has adopted the Council Directive 92/43/EEC [16], also known as the Habitats Di-
rective (HD). This implies a common commitment to monitor and preserve the condition 
of ecosystems and species that are declared to be of community importance. Thus, an im-
portant scientific issue is the development of novel strategies to monitor and protect de-
graded ecosystems. Indeed, because of several ecological services provided by pine forests 
[17], afforestation interventions have been carried out in recent years and are planned for 
the future [18]. 

In this context, environmental monitoring is helpful for recognizing and understand-
ing habitat status [19]. Remote sensing (RS) methods are useful tools for ecosystem mon-
itoring because they can record a wide range of vegetation characteristics in a consistent 
and repeatable manner [20]. Indeed, RS has emerged as a key approach for studying for-
ests’ response to environmental and human pressures, owing to its capacity to provide 
large-scale spatiotemporal data [21]. In recent decades, RS has significantly facilitated veg-
etation mapping and monitoring [22]. The Sentinel-2 program of the European Space 
Agency (ESA) provides substantial support and useful data [23]. On this topic, the Nor-
malized Difference Vegetation Index (NDVI) and the Normalized Difference Moisture In-
dex (NDMI) are valuable proxies for canopy growth and plant water status that have al-
ready found wide application in environmental monitoring. Satellite imagery has also 
been used to track and detect plant salinity stress in coastal sandhills [24]. Nevertheless, 
studying this complex topic with only hyper and multispectral RS data could face various 
limitations. For example, in the case of severe weather events, analyzing post-storm satel-
lite images can lead to inaccurate assumptions about the real vegetation response, like 
differential marsh dieback linked to differences in dominant species [25]. Furthermore, 
different species may exhibit identical spectral responses, making the differentiation 
across plant communities very challenging [26]; furthermore, different stressors could 
have similar impacts on plant reflectance, making the distinction between them difficult 
[27]. 

For this reason, traditional field investigations are still needed to understand the 
main drivers of plant stress or disease [28]. In the case of salt stress, continuous in situ 
monitoring of groundwater, vadose zone, soil, wet and dry depositions, and plant health 
status could help to investigate and understand its origin and magnitude [29].  

Following this rationale, the aim of this study is as follows: (i) to investigate the 
causes and dynamics of the “Volturno Licola Falciano Natural Reserve” pine forest de-
cline; (ii) to assess the role of salinity as a stressor for the old pine forest and for the newly 
planted pines; (iii) to test the efficacy of an integrated investigation that combines direct 
and remote sensing monitoring in identifying the main drivers of vegetation stress in 
Mediterranean coastal dune systems. 
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2. Materials and Methods 
2.1. Study Area 

The experimental field (0.6 km2; 40°59′38.14″N; 13°58′4.17″E) is located in the “Vol-
turno Licola Falciano Natural Reserve” within the Campania Plain (CP) in Southern Italy, 
along the Tyrrhenian coast (Figure 1), known as Domitian coastline. CP was shaped in the 
Early Pleistocene by post-orogenic extensional processes associated with strike–slip tec-
tonics along the eastern Tyrrhenian border [30]. During the Late Pleistocene, the entire CP 
was subjected to subaerial conditions due to lower subsidence rates [31], whereas the Hol-
ocene saw widespread floods corresponding to the post-glacial transgression [32]. As the 
sea level stabilized, the coastline moved seaward, resulting in a well-developed beach-
dune system [33]. Currently, the shoreline is characterized by a sandy coast mainly 
formed by beach-dune systems with a typical morphology related to marine–river inter-
face, interposed with human settlements [34]. The nature reserve was established in 1993 
and covers 1540 ha, stretching from the Volturno River estuary to Patria Lake, then to the 
Licola Coast. The climate is typically Mediterranean, with hot summers and temperate 
wet winters, with a mean annual temperature of approximately 14 °C and an average an-
nual rainfall of 800 mm [35]. According to the FAO classification system, the soil is a Cal-
cacaric Arenosol, with a predominantly sandy texture (Table 1), a moderate organic matter 
content, a moderate alkaline pH, and abundant litter in the pine forest area.  

Table 1. Soil chemical and physical characteristics of the studied area. 

Parameter 
Sample ID Standard for Analysis 

1 2 3 4 5 6  
Total N (%) 0.10 0.10 0.07 0.06 0.03 0.04 ISO 11261:1995 

Organic Matter (%) 2.38 2.38 1.48 1.22 0.32 0.90 ISO 23400:2021 
P (ppm) 11.2 15.1 17.1 20.9 17.6 19.9 ISO 11263:1994 
K (ppm) 316 292 517.00 509.00 326.00 598 ISO 10693:1995 

P2O5 (ppm) 25.8 34.7 39.3 48.1 40.5 45.8 ISO 11263:1994 
K2O (ppm) 382 353 625 615 394 723 ISO 10693:1995 
CaCO3 (%) 15.0 13.0 19.0 17.0 23.0 14.0 ISO 10693:1995 

pH 7.78 7.69 7.74 7.76 7.86 7.79 ISO 10390:2021 
Coarse Sand (%) 56.4 57.1 81.6 46.7 77.6 53.2 USDA soil taxonomy 

Fine Sand (%) 38.1 36.1 11.9 47.3 20.4 41.8 USDA soil taxonomy 
Silt (%) 2.0 1.5 3.0 2.5 0.5 2.0 USDA soil taxonomy 

Clay (%) 3.5 5.0 3.5 3.5 1.5 3.0 USDA soil taxonomy 

The plant community is characterized by an afforested 80-year-old pine forest, com-
posed mainly of stone pine forest (Pinus pinea L.) together with maritime pine (Pinus pi-
naster Aiton.), in association with a few specimens of Aleppo pine (Pinus halepensis Mill.), 
holm oak (Quercus ilex L.), and Mediterranean scrub plants [36]. The pine forest has suf-
fered a dramatic loss of trees in recent years [37]. In 2023, new pine trees were planted, 
with a larger planting layout, and interspersed with Mediterranean bushes to replace the 
dead pines according to the HD guidelines. Aware that persistent anticyclonic conditions 
generated exceptional dryness in 2022 [6], the newly planted plants were irrigated daily 
(3 L per plant) with local groundwater (0.8 g/L of TDS), and their growth was monitored 
weekly starting from 2023. 
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Figure 1. (A) Sentinel-2 true color mosaic image of the study area showing the boundaries (yellow 
line) of the “Volturno Licola Falciano Natural Reserve” and the location (red point) of the experi-
mental field; (B) Google Earth image of the experimental field showing piezometer locations (P1, 
P2, and P3), soil profile locations (SA, SB, SC), and soil sample locations (1, 2, 3, 4, 5, and 6); (C) 
cross-sectional diagram indicating the experimental area zonation and the piezometer locations (P1, 
P2, and P3); (D) DTM of the experimental field. 

2.2. Sentinel-2 and Meteorological Data Collection 
Global Mosaic Service (GMS) Sentinel-2 is an ESA mission aimed at systematically 

providing high-resolution multispectral imagery of global terrestrial surface. Imagery and 
data were freely downloaded from the Copernicus Browser [38]. Sentinel-2 L2A NDVI 
and NDMI data with a pixel size of 10 m and 20 m, respectively, were collected every 5 
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days, while annual images (each October) were extracted from 2016 to 2023. Only the im-
ages and the data with a cloud coverage < 10% were retained. NDVI quantifies green veg-
etation and photosynthetic capacity and ranges between −1 and 1. Negative values ap-
proaching −1 indicate water bodies, values close to 0 indicate barren areas, values between 
0.2 and 0.4 indicate grassland, those between 0.4 and 0.6 indicate shrubland, and those 
>0.6 indicate temperate and tropical forests [39]. NDVI is calculated as follows: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑅𝑅𝑅𝑅𝑅𝑅
𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑅𝑅𝑅𝑅

 (1) 

For Sentinel-2, NIR corresponds to band B8A, and RED corresponds to band B04. 
NDMI is a moisture index deployed as a proxy of leaf water content that uses NIR 

and SWIR bands to display moisture [40]. This combination is able to remove the varia-
tions caused by leaves internal structure and leaves dry matter content, ameliorating the 
accuracy of vegetation’s water content detection. It ranges between −1 and 1. Negative 
values of NDMI (approaching −1) correspond to bare soil, values between −0.2 and 0 cor-
respond to critical water stress, values between 0 and 0.2 correspond to high water stress, 
those between 0.2 and 0.4 correspond to low water stress, and those >0.6 correspond to no 
water stress. NDMI is calculated as follows: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  
𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 (2) 

For Sentinel-2, NIR corresponds to band B08, and SWIR corresponds to band B11. 
Daily mean, minimum, maximum temperature, and precipitation data from 2014 to 

2023 were extracted from the records of the “Centro Funzionale Multirischi della 
Protezione Civile Regione Campania” [41]. Actual evapotranspiration (AET) and poten-
tial evapotranspiration (PET) data were downloaded from EARTHDATA website 
(https://www.earthdata.nasa.gov/) by selecting the Moderate Resolution Imaging Spec-
troradiometer (MODIS) instrument of the National Aeronautics and Space Administra-
tion (NASA) with a pixel size of 500 m [42]. 

The integration of Sentinel-2 data, meteorological data, and field data was achieved 
by comparing trends over time. RS data trends were compared with meteorological data 
for the same periods and with field data for the monitoring time window.  

2.3. Soil Sampling and Analysis 
Soil samples were collected at five different depths (0–20 cm; 20–40 cm; 40–60 cm; 60–

80 cm; 80–100 cm) in October and December 2023 to obtain three complete soil salinity 
profiles (SA, SB, SC; Figure 1B). Three replicas were obtained for each depth to obtain 
statistical significance. A total number of 45 samples were collected in each date of sam-
pling for porewater Total Dissolved Solids (TDSpw) analyses. Batch extractions were per-
formed on the 45 samples collected, following the saturation soil extraction (SSE) method 
[43]. Each batch had a liquid/solid (L/S) ratio of 5:1 to ensure total ion dissolution [44], 
with the liquid phase, consisting of Milli-Q deionized water (18 MΩ). The high-density 
polyethylene containers for the batches were sealed to prevent external influences and 
kept in darkness at a regulated temperature of 25 ± 1 °C until the equilibrium was reached. 
TDS was then detected using a HANNA multi-parameter probe (model HI98194). TDSpw 

were calculated using the following formula [45]: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝 =   𝑑𝑑 ∗  𝑇𝑇𝑇𝑇𝑇𝑇 ∗ (
𝜌𝜌𝑏𝑏
𝑛𝑛

) (3) 

where d is the dilution factor due to the batch L/S ratio, TDS are the total dissolved solids 
in the liquid phase of the batches (g/L), ρb is the dry bulk density of the sample measured 
(g/cm3), and n is the total porosity of the measured sample (-).  
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2.4. Groundwater and Vadose Zone Monitoring 
The experimental field was instrumented with 3 piezometers (P1, P2, and P3) lined 

up perpendicular to the shoreline (Figure 1). Distance between P1 and P2 was 165 m, while 
distance between P2 and P3 was 101 m. Each piezometer consisted of a 2 m long polyeth-
ylene tube with internal diameter of 3 cm and slotted with a screen of 10 cm at its bottom, 
covered with a nitex 50 µm mesh to prevent clogging. Piezometers were installed to a 
depth of 1.5 m with a motor auger and then equipped with a water level data logger to 
monitor groundwater level (H), temperature (T), and TDS (Soil & Water Diver® from 
Eijkelkamp, Giesbeek, The Netherlands). Data were corrected for atmospheric pressure 
changes via a Barologger® (Eijkelkamp, Giesbeek, The Netherlands) placed at the soil sur-
face close to P3. For each parameter of each diver, 12,710 data were collected through con-
tinuous direct measurements, reaching a total of 114,390 data. Data recording was set at 
30 min intervals, and the monitoring period ran from March 2023 to November 2023. In 
the vicinity of P3, four probes were installed in the soil at 10, 20, 30, and 40 cm depth to 
monitor volumetric water content (VWC), temperature, and Soil Bulk Electrical Conduc-
tivity (ECb) of the vadose zone. The probes were 5TE® type from Meter (Meter Environ-
ment, Pullman, WA, USA) and used a data logger to store the data. Data recording was 
set at 30 min intervals, and the monitoring period ran from March 2023 to September 2023. 
For each parameter and for each depth, the data logger stored 7364 data for a total of 
95,732 data collected through continuous direct measurements. Then, ECb was corrected 
in EC according to the model of Hilhorst (2000) [46] using the following formula: 

𝐸𝐸𝐸𝐸 =
𝜺𝜺𝒑𝒑′ 𝐸𝐸𝐸𝐸𝑏𝑏

�𝜺𝜺𝒃𝒃′ −𝜺𝜺𝑬𝑬𝑬𝑬′ 𝑏𝑏=0�
 (4) 

where 𝜀𝜀𝑝𝑝′  is the complex porewater permittivity at a given temperature, 𝜀𝜀𝑏𝑏′  is the real part 
of the bulk soil permittivity, and the offset 𝜺𝜺𝑬𝑬𝑬𝑬′ 𝑏𝑏=0 can be calculated from the 𝜀𝜀𝑏𝑏′  and ECb 
values measured at two arbitrary free water content values. Subsequently, EC was con-
verted into TDS using the standard linear conversion factor of 0.66 [47]. 

2.5. Wet Deposition Sampling and Flux Calculation 
Bulk dry and wet deposimeter samplers (Nesa srl, Vidor, Treviso, Italy) were in-

stalled close to each piezometer for periodic monitoring of precipitation chemistry. Sam-
ples were collected from the deposimeter every three months. Then, samples were ana-
lyzed for anions and cations with an ICS-1000 Dionex (Thermo-Fisher, Waltham, MA, 
USA). An AS-40 Dionex auto-sampler was used to load the samples. Quality Control (QC) 
samples were integrated into the analysis routine, with QC samples analyzed every 3 sam-
ples to ensure the accuracy and reliability of the results. The bulk concentration was con-
verted in wet-only concentration using the correction factors proposed by Staelens et al. 
(2005) for field samplings [48]. Finally, the daily average deposition flux (Fω) in mg/m2 of 
the main marine aerosol components (Na+, Cl−, and SO42−) [12] was calculated using the 
following formula [49]: 

𝐹𝐹𝜔𝜔 = 𝐶𝐶𝐶𝐶 (5) 

where C is the element concentration corrected for the wet deposition in mg/L, and P is 
the amount of precipitation in the interested area in L/m2. 

2.6. Data Analysis  
Locally Estimated Scatterplot Smoothing (LOESS) regression was calculated on 

NDVI and NDMI data using Statgraphics Centurion 19 to better explore the non-linear 
trend. LOESS is defined by Span, Family, and Degree. Span represents the proportion of 
data used to fit the local polynomial at each point. Family specifies the fitting algorithm. 
Degree specifies the order in which the local polynomials are fitted to each data subset. 
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The Span was set to 0.5. Gaussian was chosen as the Family using least squares fit. The 
Degree was set to 2 to fit a quadratic function to each data subset. 

A simple NDVI qualitative accuracy assessment was carried out through periodical 
field observations of old and new pines. NDMI quantitative accuracy assessment was car-
ried out using soil volumetric water content (VWC) data from April 2023 to August 2023. 
Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and accuracy percentage 
were calculated through linear_model and sklearn.metrics python modules of the scikit-
sklearn package importing pandas and numpy libraries.  

3. Results 
3.1. Sentinel-2 Monitoring 

Sentinel 2-LA2 imagery reveals that the highest canopy and vegetation health de-
crease occurred between 2020 and 2021 (Figure 2A). The NDVI trend clearly indicates the 
pine forest decline shifting from values typical of forest (>0.6) in 2016 to values character-
istic of shrubland (0.4–0.6) at the end of 2020, reaching lower peaks between 2021 and 
2023, even assuming grassland values (<0.2) (Figure 2C). The NDVI and maximum tem-
peratures (Tmax) show opposite trends (Figure 2B,C), with NDVI peaks during periods 
with lower Tmax.  

During the monitoring period, there was a slight increase (1.5%) in Tmax (Figure 2B), 
with a remarkable increase in days with Tmax > 35 °C in 2021 (Figure S1 in the Supplemen-
tary Materials), and 19 days of Tmax > 35 °C in 2021 against the 7 days recorded in 2020.  

The NDMI trend (Figure 2D) reveals how, beginning in mid-2019, the pine forest en-
tered a permanent state of high water stress (0.0 < NDMI < 0.2), with alternating periods 
of critical water stress (NDMI < 0.0) from late 2020 to late 2023. Moreover, the lowest peaks 
of NDMI were observed in the 2021 and 2022 summers after prolonged drought periods.  

Further confirmation of this persistent water stress status is given by MODIS AET 
data (Figure S2 in the Supplementary Materials), whose trend mimicked NDMI, showing 
a significant decrease in 2020 and reaching the lowest values in 2021, while the PET trend 
was substantially constant since PET is not affected by the plant status.  

Figure 3 depicts NDVI and NDMI trends zoomed from March 2023 to January 2024, 
which correspond to the monitoring period of the new plantation growth. It is evident 
that the NDVI shows an inverse trend to that of Tmax. Indeed, the NDVI trend reveals a 
first canopy increase until the beginning of June 2023, when the increase in the tempera-
ture combined with scarce precipitation generated a rapid decrease in the NDVI, even 
dropping below the shrubland/grassland interface. The decrease in temperature and the 
increase in precipitation enhanced water availability, and the NDVI increased, reaching 
the shrubland/forest interface at the end of 2023, indicating canopy growth of the vegeta-
tion. The NDMI trend mimicked the NDVI (Figure 3B), increasing at the beginning of 
2023, reaching critical water stress values for the summer period, and rising by the end of 
October 2023, when the abundant precipitation generated a reduction in water stress. In 
fact, the AET trend (Figure S2 in the Supplementary Materials) increased at the end of 
2023, suggesting an upswing in plant activity. 
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Figure 2. (A) Annual Sentinel-2 L2A NDVI images of each October of the old pine forest in the 
experimental field from 2016 to 2024; (B) Air Tmax trend (red line) from 2016 to 2024. The black ver-
tical line indicates the new pines' plantation date; (C) NDVI trend (light green line) and NDVI LO-
ESS line (dark green line) from 2016 to 2024. The horizontal dashed black lines indicate the for-
est/shrubland interface and the shrubland/grassland interface on the basis of NDVI values, while 
the vertical black line indicates the new pines' plantation date; (D) NDMI trend (blue line), NDVI 
LOESS line (dark blue line), and daily precipitation pattern (gray line) from 2016 to 2024. The hori-
zontal dashed black lines indicate the level of water stress intervals, while the vertical black line 
indicates the new pines' plantation date. 
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Figure 3. (A) NDVI trend (green line) from March 2023 to January 2024 and daily Tmax trend (red 
line). The dashed black lines indicate the forest/shrubland interface and the shrubland/grassland 
interface on the basis of NDVI values; (B) NDMI trend (blue line) from March 2023 to January 2024 
and daily precipitation pattern (gray line). The dashed black lines indicate the level of water stress 
intervals. 

3.2. Field Monitoring 
The vadose zone monitoring reveals a depth-progressive drop in the VWC (Figure 

4A). The decrease in the VWC started at −10 and −20 cm because of the double effect of 
scarce precipitation and plant root water suction. Upon reaching critical VWC values (<0.2 
m3/m3) at −10 and −20 cm, a progressive VWC decrease was observed at −30 cm and sub-
sequently at −40 cm. This happened because there was insufficient water available for 
plants in the first 20 cm; hence, roots began to extract water from deeper soil horizons. 
This is despite daily irrigation, which was recorded by the sensors at −10 and −20 cm with 
small fluctuations. Plants’ water suction combined with the high temperatures recorded 
during the monitoring period (Figure 4C), even reaching atmospheric temperature peaks 
of 40 °C (on the soil surface) and a vadose zone temperature of 28 °C (at −10 cm) at the 
end of July (Figure 4D), triggered salt evapoconcentration in the vadose zone. Indeed, the 
depth-progressive plants’ water suction is further confirmed by the salt movement 
through the vadose zone. Initially, the highest TDS values were observed at −20 cm, while, 
when the roots started to draw water from the deeper layer, TDS peaks were observed at 
−30 cm and finally at −40 cm at the end of the monitoring period. TDS at −10 cm has been 
kept lower and more stable by daily irrigation with 0.8 g/L of water. The infiltration of 
irrigation water also contributed to the salt leaching into the underlying strata, with the 
largest salinity peaks observed between −30 cm and −40 cm.  
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Figure 4. (A) Volumetric water content (VWC) of the vadose zone from March to September 2023 at 
different depths (−10; −20; −30; −40 cm) and daily precipitation (gray line); (B) TDS of the vadose 
zone from March to September 2023 at different depths (−10; −20; −30; −40 cm) and daily precipita-
tion (gray line); (C) average daily temperature of the vadose zone at different depths (0.0; −10; −20; 
−30; −40 cm) from March to September 2023 and daily precipitation (gray line); (D) daily oscillations 
of the vadose zone temperature at different depths (−10; −20; −30; −40 cm) and the air temperatures 
(gray line) from June to August 2023. 

The results of the shallow groundwater monitoring showed that the groundwater 
salinity was low (0.35–0.40 g/L) near the shoreline since the dunes allowed for rapid rain-
water infiltration and deep drainage, preventing seawater intrusion (Figure 5), also 
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indicating the effectiveness of the dunes in blocking the marine spray deposition. P3 
showed the highest values of TDS (2.5–2.75 g/L) between the end of October and the be-
ginning of November 2023. Groundwater levels (H) clearly reveal that groundwater is 
moving from inland (P3) to the shoreline (P1) since H always followed the scale of H(P3) 
> H(P2) > H(P1) during the whole monitoring period. Only the persistent precipitation in 
November 2023 that completely saturated the dunes generated intervals with H values 
higher in P1 than in P2 (but never surpassing H in P3). The direction of groundwater flow 
combined with a lower groundwater TDS close to the shoreline further indicates that the 
salinity detected in the pine forest is not attributable to saltwater intrusion into the shallow 
aquifer but to salt evapoconcentration created by plant water withdrawal combined with 
a persistent period of high temperature. Because the soil texture is prevalently coarse 
sand, the excessive rainfall during the last period of monitoring resulted in significant 
water infiltration and deep drainage, dragging the salt trapped into the vadose zone 
downward to the saturated zone. 

The groundwater monitoring results are consistent with the soil salinity profiles (Fig-
ure S3 in the Supplementary Materials) in October 2023 and December 2023. In both sam-
pling campaigns, higher TDSpw were detected in SC, which is the more inland profile, 
confirming evapoconcentration as the main driver of salt accumulation in the soil and rul-
ing out that salinity origin may derive from marine intrusion. The sampling campaign of 
December 2023 shows lower TDS values within all the profiles in comparison to the values 
of October 2023, confirming the downward movement of salt transported by the infiltrat-
ing water. 

 
Figure 5. (A) Water table level from March to December 2023 in the 3 piezometers P1, P2, and P3, 
and daily precipitation (gray line); (B) groundwater TDS from March to December 2023 in the 3 
piezometers P1, P2, and P3, and daily precipitation (gray line). 

3.3. Marine Spray Wet Deposition Flux 
In Figure 6, the wet deposition flux of marine spray is shown. The largest values were 

detected in the period between the end of October 2023 and the beginning of November 
2023, when persistent storm conditions allowed massive salt spray deposition. During this 
period, Cl− and Na+ repeatedly showed values greater than 400 mg/m2. Indeed, in four 
storm events that occurred between October and November 2023, the critical level of 
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airborne salinity represented by Cl− wet deposition flux (300 mg/m2) [50] was largely over-
stepped. 

 
Figure 6. Na+ (blue line), Cl− (red line), and SO42− (green line) wet deposition fluxes from March to 
December 2023. The dashed black line represents the critical level of airborne salinity for Cl− follow-
ing the international standard ISO 9223:2012. 

NDVI and NDMI images pre and post mid-November 2023 storms, combined with 
the shift in pixel frequency histograms toward higher values, show an increase in the pho-
tosynthetic activity of the vegetation canopy and a decrease in water stress (Figure 7). 
Despite this period, field observations revealed a dramatic photosynthetic activity loss 
(about 40%) for the new pines during November. This underlines one of the main limita-
tions of RS monitoring, being not able to discriminate different species, since they may 
exhibit identical spectral responses [26]. The persistent and intensive storm events allowed 
salt spray deposition that completely desiccated the seaward exposed part of newly 
planted pines (Figure S4 in the Supplementary Materials) [13]. Indeed, the growth of 
young pine trees can be affected by high doses of Cl− deposition and even dying prema-
turely [51], particularly in the aftermath of extreme storm events [13]. Although most 
plants have recovered from the damage of the November storms, during the field moni-
toring at the end of December, 15% mortality of the newly planted pines was detected. 
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Figure 7. (A) NDMI and NDVI images and pixel frequency histograms of NDMI and NDVI pre-
storm (10/2023); (B) NDMI and NDVI images and pixel frequency histograms of NDMI and NDVI 
post-storm (11/2023). 
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4. Discussion 
RS monitoring with Sentinel 2 imagery and data has effectively detected the gradual 

decline in the old pine forest (Tables S1 and S2 in the Supplementary Materials). On the 
one side, NDMI clearly showed how the pines were in a constant state of water stress; on 
the other side, NDVI was effective in capturing the pine forest canopy decrease. Due to 
the high water stress status, the pine forest’s canopy activity started to decrease gradually 
in 2017. Accordingly, long and severe drought is the most extended driver of pine mortal-
ity in the Mediterranean Basin [52]. The dramatic rise in temperature in 2021, combined 
with the protracted drought, proved to be a fatal stressor to the aged pine forest, whereas 
temperatures higher than 35 °C could cause stomatal closure, limiting gas exchange and 
irreversibly damaging the photosynthetic apparatus [53]. Moreover, the pine forest was 
already facing several stresses: (i) the high-density plantation layout (2 m × 3 m, 2 m × 4 
m, 3 m × 3 m totaling 2500 trees/ha) that could have exacerbated the water stress, since 
density larger than 500–1000 trees/ha can have negative impact on plant moisture content 
[54]; and (ii) the proven presence of Tomeyella parvicorsis (Cockerel), known as the pine 
tortoise scale insect, in this area since 2015, that made the already fragile pine forest even 
more susceptible to further stress [55]. In the same area, Niccoli et al. (2024) [56], using an 
integrating approach between dendrochronological, isotopic, and remote sensing analy-
sis, revealed the physiological responses of Pinus pinea L. to Tomeyella parvicorsis (Cock-
erel), identifying the first signs of tree decline and the critical moments that led to the 
death of the plantation, mainly due to the pest outbreak. Pest attacks and outbreaks are 
usually the consequence of a progressive weakening of vegetation due to other kinds of 
stresses. In fact, the most vulnerable plants are those attacked by pests, at least at first. 
Rubio-Cuadrado et al. (2021) [57] reported several Greek pine forest deaths between 2016 
and 2019 because of combined influences of pests, drought, and excessive plantation den-
sity.  

In the study area, salinity stress, although not the main driver, was an additional 
pressure. Salt, delivered through wet and dry deposition of sea spray [58] and through 
irrigation water [59], was subsequently evapoconcentrated by plant roots [60]. As a result, 
when rainfall becomes abundant, the rapid water infiltration and deep drainage over the 
sandy soil profile leads to salt leaching and thus an increase in groundwater salinity [61]. 
The threshold limit of water TDS values for plant growth (2.5 g/L) [62] was slightly over-
come only in a small window of the monitoring period, confirming that groundwater and 
soil salinity cannot be the main drivers of the old pine forest demise, but could have rep-
resented an additional stress. Inversely, these constraints could be an issue for the newly 
planted pine forest, considering that young plants are more salt-susceptible than adult 
ones [63].  

Salt spray fluxes generally decrease from the end of the spring to late summer before 
rapidly increasing during autumnal storms [64]. However, alternating periods of severe 
storms and low precipitation could accentuate the negative impact of Cl− deposition since 
salt wash-out could be limited [65]. Similar results were found by Raddi et al. (2009) [66], 
which investigated the depletion of an Italian coastal Pinus pinea L. forest (in Tuscany), 
identifying sea spray exposure as the primary cause of foliage mortality. Instead, the Med-
iterranean pioneer vegetation was not affected by these combined salinity stress condi-
tions because of its halophytic resistance [67], and its canopy development rendered the 
detection of young pines’ stress through RS monitoring ineffective. These results depict 
an important warning for the management of Mediterranean pine forests, given that the 
Intergovernmental Panel on Climate Change (IPCC) projections for the Mediterranean re-
gion [68] predicted an increase in the frequency and intensity of abnormal storm surges 
in the next years, representing a non-negligible issue for the preservation of pines and 
other salt-susceptible species. 
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5. Conclusions 
This study documented the decline in the pine forest of the “Volturno Licola Falciano 

Natural Reserve” through remote sensing (RS) and field monitoring, quantifying the main 
stressors that contributed to this phenomenon. Increased temperature and prolonged pe-
riods of water stress were the driving factors of the old pine forest extinction, while salin-
ity stress was just an additional stressor. RS was useful to precisely locate the area of pine 
forest gradual stress and death using NDVI and NDMI, but RS data alone were not able 
to identify the vegetation stress of newly planted pines, as depicted in the accuracy assess-
ment, since the main indices were affected by the Mediterranean shrubs’ growth. Thus, 
RS data must be validated with field-based data to correct biases and avoid misinterpre-
tations. Indeed, while Sentinel-2’s spatial resolution was suitable for most study purposes, 
including the old pine forest monitoring, it had major constraints for new pine forest mon-
itoring. For instance, the resolution was insufficient to discern differences in responses to 
environmental stress across the many plant species found in the new pine plantation. Sen-
tinel-2 was unable to accurately capture physiological differences due to the greater het-
erogeneity of the species and the small size of the individual vegetation patches, compro-
mising the achievement of some specific objectives related to the monitoring of the new 
pines. Therefore, it is preferable to use RS to monitor resilient adult forests for which there 
is time to plan interventions and contrast the perish. Conversely, in stress-susceptible 
phases, such as early growth, RS should be coupled with field-based monitoring to 
promptly identify any criticalities. The proposed coupled monitoring could be largely 
adopted to understand the main causes of plants’ salinity stress in many other coastal 
environments. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/rs16173150/s1, Figure S1: (A) Number of days with Tmax > 
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trend (blue line) and PET trend (black line) from 2015 to 2024; Figure S3: TDSpw values at different 
depths of three soil profiles (SA, SB, and SC) for two sampling campaigns, one in October 2023 (left 
panel) and one in December 2023 (right panel); Figure S4: Desiccated young pines detected during 
field inspection in November 2023; Table S1: Qualitative accuracy assessment of NDVI data; Table 
S2: Quantitative accuracy assessment of NDMI data using VWC data as proxy. 
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