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Abstract: Saltwater intrusion is a growing threat for coastal aquifers and agricultural practices
in low-lying plains. Most of the farmlands located between the margin of the Southern Venice
lagoon and the Northern Po delta, Italy, lie a few meters below mean sea level and are drained by
a large network of artificial channels and hydraulic infrastructures to avoid frequent flooding and
allow agricultural practices. This work proposes an assessment of the vulnerability to saltwater
intrusion, following a new concept of the hazard status, resulting in combining the depth of the
freshwater/saltwater interface and the electrical resistivity of the shallow subsoil. The sensitivity of
the farmland system was assessed by using ground elevation, distance from freshwater and saltwater
sources, permeability, potential runoff, land subsidence, and sea-level rise indicators. Relative weights
were assigned by a pairwise comparison following the Analytic Hierarchy Process approach. The
computed vulnerability map highlights that about 30% of the farmlands is under strong and extreme
conditions, 28% between marginal and moderate, and 40% under negligible conditions. Results from
previous vulnerability assessments are discussed in order to explain their differences in terms of
hazard status conceptualization and sensitivity characterization of farmland system.

Keywords: saltwater intrusion; salinization hazard; sensitivity indicators; farmland vulnerability

1. Introduction

Saltwater intrusion is a major concern for coastal areas, especially when they com-
prise low-lying plains where the drainage has shifted from naturally to mostly artificially
driven [1,2]. Human interventions, such as the reclamation of ancient coastal lagoons and
wetlands, as well as the exploitation of groundwater, cause the expansion of the saltwater
intrusion upward and landward in the aquifer systems. Over the last decades, the effects of
climate change, such as drought and sea-level rise, made the problem of salinization even
worse, with serious consequences on the management of farmlands and their agricultural
productivity [3]. Indeed, the salinity of the soil is addressed as a strong stress factor for
plants, limiting their growth and influencing crop yields [4].

A variety of methods is used to assess the saltwater intrusion in coastal aquifers and
soils, and the different approaches depend on the spatial scale of investigation and the
characteristics of the environment [3,5]. Once the extent of saltwater intrusion is mapped
and its driving mechanisms understood, an appropriate analysis of vulnerability of a
given environment to the salinization process must be developed as a first step toward the
planning of effective mitigation strategies and adaptation policies.

The concept of vulnerability in the literature is generally expressed in terms of the
exposure, sensitivity, and adaptive capacity of a system to a context of climate-related
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hazards [6]. However, there is a rich body of the literature on the approaches for its compu-
tation, requiring the integration of multiple quantitative and semi-quantitative data [7–9].
Index-based approaches are commonly used to assess vulnerability to saltwater intru-
sion [5]. An important advantage of these methods is the simplicity of the functional form
of the overall vulnerability index, which combines the specific magnitude of indicators,
simplifying a number of complex and interacting feedbacks to a form that is more read-
ily understood with possibly greater utility as a management tool [10,11]. For instance,
canonical [12–14] and modified forms [15–19] of the GALDIT (Groundwater, Aquifer, Level,
Distance, Impact, Thickness) method are among the most commonly used to assess vulner-
ability of groundwater to saltwater intrusion. The original form focuses on the aquifer’s
characteristics and considers a number of factors (indicators) that may concur to modify
the vulnerability magnitude. Specifically, it includes groundwater occurrence (aquifer
type; unconfined, confined, and leaky confined), aquifer hydraulic conductivity, height
of groundwater level above the sea, distance from the shore, impact of existing status of
saltwater intrusion, and thickness of the aquifer. A number of GALDIT modified methods
include, for instance, weight and classes optimization with statistical methods [20,21], or
the addition of new parameters based on local characteristics of the case studies and data
availability [16,22].

One of the main limitations of the index-based methods is the weighting and rating
of indicators, which are often highly user dependent [5], so that the assignment of scores
through expert judgments is hardly able to define a metric structure on the field of the vari-
able to be ‘measured’ through the indicators. The Analytical Hierarchy Process (AHP) [23],
implemented by pairwise comparisons among the indicators, allows us to reduce the user
subjectivity [16] and obtain a measure of the internal consistency of the assigned weights.
This method is widely used in many different fields, and it has also recently been applied to
aquifer management [24], adaptation strategies to saltwater intrusion [25], and assessment
of aquifer vulnerability to seawater intrusion [16,21]. At the southern margin of the Venice
Lagoon (Figure 1), almost 200 km2 of coastal farmlands hosts a variety of crops, such as
soybean, corn, and wheat. These farmlands, which are the result of hydraulic reclamation
of swamp areas performed at the beginning of the last century, presently lie below the sea
level, also because of the high rates of land subsidence [26,27]. The whole area is drained by
a system of pumping stations connected to a distributed network of channels and drainage
ditches that collects the excess inflow keeping the water table at optimal levels for farming.
Over the years, this hydro-morphological setting has led to the progressive saltwater in-
trusion in aquifers and soils from the sea and the nearby lagoon margin. The impact now
extends up to 20 km inland from the Adriatic coast, with the contaminating plume reaching
depths of several tens of meters and often affecting the cultivated land [28–30]. A local
mitigation of the salinity diffusion in the unconfined aquifer is provided by freshwater flow
from the network of irrigation channels and direct precipitation [31].

A first-step in mapping the vulnerability to saltwater intrusion of Venice farmlands
was proposed by Da Lio et al. [29]. They adopted a modified GALDIT approach that
considered the features of the farmlands strongly controlled by artificial infrastructures.
Specifically, relevant environmental indicators, such as the actual status of the saline
intrusion resulting from electrical conductivity data measured in wells and surficial water-
courses, the elevation of the ground, and the distance from salt- and freshwater sources,
were combined through an easy-to-use composite vulnerability index [29]. Despite this
promising approach, a satisfactory assessment of vulnerability to saltwater intrusion is still
far from being achieved.
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Figure 1. Location of the study area (yellow polygon) on the coast of the Northern Adriatic Sea, 
Italy. Base map source: Esri, Maxar, Earthstar Geographics, USDA FSA, USGS, Aerogrid, IGN, IGP, 
and the GIS User Community. 
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Figure 1. Location of the study area (yellow polygon) on the coast of the Northern Adriatic Sea, Italy.
Base map source: Esri, Maxar, Earthstar Geographics, USDA FSA, USGS, Aerogrid, IGN, IGP, and the
GIS User Community.

This study proposes an update of the assessment of the vulnerability to saltwater
intrusion previously provided by Da Lio et al. [29], on the basis of an improved concept
of vulnerability and a wider dataset of environmental indicators. The adopted concept of
vulnerability refers to the propension of farmland systems to be negatively affected by salt-
water intrusion, due to the intrinsic sensitivity of the system, when different triggers modify
the present hazard status. Intrinsic sensitivity characteristics and present hazard status are
described based on relevant indicators accurately selected (i.e., freshwater–saltwater inter-
face depth, electrical resistivity of the shallow subsoil, distance from salt- and freshwater
sources, ground elevation, permeability of the shallow subsoil, potential runoff, land subsi-
dence, and sea-level rise) and then are combined by following an index-based approach.

2. Study Area

The study area is located on the northeastern coast of Italy (45◦10′ N, 12◦12′ E) (Figure 1);
bounded by the Adriatic Sea to the east and the Venice Lagoon to the north, it extends
on a surface of approximately 200 km2. The area is crossed by the Brenta, Bacchiglione,
and Adige rivers and includes a dense network of artificial channels and drainage ditches
that are currently used to manage water flow in the low-lying farmlands. Most of this
territory has been exploited for agricultural and livestock breeding since the beginning of
1900s, when the pre-existing wetlands were reclaimed. Today the most common crops are
soybean, corn, and wheat, but in the past, sugar beet and flax were also cultivated [32].

The shallow subsoil (i.e., about 20 m depth) includes Late Pleistocene and Holocene
successions (Figure 2). The Late Pleistocene deposits consist of alluvial sand, silt, and
clay deposited during the Last Glacial Maximum (LGM), when the Venetian area was a
vast alluvial plain [33–36] and the sea level was 110–120 m lower than it is at present [37].
The top of the Pleistocene deposits shows evident signs of pedogenesis developed in a
prolonged phase of subaerial exposure [38]. A paleosol known as Caranto marks the
boundary between Pleistocene and Holocene deposits [39–41] and outlines a regional
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unconformity. The Holocene deposits [33,42] show the typical wedge-shaped architecture
containing transgressive and highstand sequences. The transgressive sequence is composed
of a thin basal layer of lagoon/back-barrier deposits passing upward to lagoon, littoral, and
shelf facies in mutual heteropic relationships. The following stratigraphic units are related
to the progradation of the system during sea level highstand. They consist of fluvio-deltaic
and lagoonal facies in heteropic relationships, gradually passing to littoral facies toward
the coast [40,41].
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The hydro-stratigraphic architecture is complex because of the lateral and vertical
lithostratigraphic variability (Figure 2). The upper 20 m of the subsoil include (i) the
phreatic aquifer, hosted in the Holocene deposits, mainly in littoral facies and channelized
sedimentary bodies of fluvio-deltaic and lagoonal facies; and (ii) the Pleistocene alluvial
aquifer, which is confined at the top by the Caranto layer (Figure 2). The phreatic aquifer,
which is the focus of this work, locally shows a semi-confinement, due to the presence of
fine-grained sediments of lagoonal and fluvio-deltaic facies.

The present-day morphology is the result of the elevation difference inherited from the
low-lying swamps and the higher fluvial and coastal ridges existing before the hydraulic
reclamation [43,44], which has been further exacerbated by land subsidence. Over the last
70 years, subsidence has led to a loss in ground elevation of 1.5–2.0 m [45], mainly caused
by the oxidation of the organic fraction as a result of soil drainage for farming [46,47]. The
present-day rate is about 1.5–2 cm/year [48]. Other types of geochemical subsidence [49], in
terms of clay-layer shrinking driven by changes of saline content in the pore water, have not
been investigated yet. The saline intrusion into the aquifer system and the contamination
of agricultural soils progressively affected the study area, especially during the last two
decades, as an effect of climate changes (e.g., droughts and sea-level rise) [29,31,50–52]. The
saline plume intrudes irregularly up to 20 km inland from the nearby sea and lagoon. Its
top varies from 0 to 10 m below mean sea level (MSL), whereas its bottom ranges between
15 and 70 m below MSL, and it locally deepens to 100 m [28]. The intrusion of saline waters
into aquifers and agricultural soils in the sectors farthest from the sea and the lagoon edge
derives from paleo-marine waters. The process is driven by the occurrence of concomitant
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factors, such as the low-lying setting of the area, the drainage network connected with tens
of pumping stations, and the effects of climate changes. In addition, the presence of several
buried paleochannels acting as preferential pathways for groundwater flow and solute
transport, together with the seawater encroachment along the river estuaries, exacerbate
the salinization of farmlands [44]. The resulting depth of the freshwater–saltwater interface
often rises to the agricultural soil, damaging crops. Salinity stress can inhibit the growth of
corn and soybean crops [4,53], especially during prolonged drought periods.

3. Materials and Methods

This study assumes that the farmland system vulnerable to the saltwater intrusion is
the subsoil, including the agricultural zone and the underneath layers up to 3–4 m depth.

The vulnerability of farmlands to saltwater intrusion is characterized by combining
the modeling of the present hazard status with a suite of relevant indicators potentially
concurring to modify the magnitude of the overall vulnerability. All data used in this work
were already available from previous published studies and websites. Dataset, methods,
indicators, and data sources used in the vulnerability assessment are summarized in Table 1.

Table 1. Sensitivity/hazard status indicators and available dataset used in the
vulnerability assessment.

H
az

ar
d

st
at

us

Indicators Dataset Method Data Source

Saline interface depth (SIN)

Electrical resistivity Airborne
Electromagnetic

Tosi et al. [30]
Electrical resistivity of the

uppermost subsoil layer (AER)

Se
ns

it
iv

it
y

Distance from saltwater (SAD) and
freshwater sources (FRD) Spatial information Satellite images Google Earth, accessed

on 31 October 2021

Ground elevation (GEL) Digital Terrain Model Lidar Regione del Veneto *

Permeability of the shallow
aquifer (PER)

Permeability of the
shallow subsoil

Agriculture and
pedology ARPAV **

Geomorphological map
Geology,

Sedimentology,
Geomorphology

Città Metropolitana di
Venezia ***

Potential runoff (ROF) Hydrologic Soil Groups Agriculture and
pedology ARPAV ****

Relative ground level change
(RGLC)

Ground displacements SAR interferometry Tosi et al. [54]

Sea-level time series Tide gauge time series Zanchettin et al. [55]

Note: * https://idt2.regione.veneto.it/, accessed on 31 October 2021. ** http://geomap.arpa.veneto.it/layers/
geonode%3Apermsuoli50k, accessed on 31 October 2021. *** https://documentidifesasuolo.cittametropolitana.ve.
it/area/eventi-pubblicazioni/pubblicazioni/, accessed on 31 October 2021. **** http://geomap.arpa.veneto.it/
layers/geonode%3Aidrosuoli50k, accessed on 31 October 2021.

The indicators retrieved from analyzing the datasets and the modeling approach are
described in the following subsections.

3.1. Saline Interface Depth and Electrical Resistivity

The electrical resistivity of the subsoil, as an indirect measurement of salinity, rep-
resents the present status of saltwater intrusion and can be considered a proxy of the
integrated contributions given by natural processes and human activities. The electri-
cal resistivity data were acquired by using an Airborne Electromagnetic (AEM) SkyTEM
system [30]. The dataset consists of about 150 km–long electrical resistivity sections ac-
quired along north–south and west–east profiles, crossing farmlands and watercourses in
a continuous and quasi-simultaneous acquisition. The collected data were processed by
using the Spatially Constrained Inversion (SCI) technique [51], and the AEM outcomes
were interpreted based on groundwater measurements and hydro-stratigraphic informa-
tion [28,41,50,56,57].

https://idt2.regione.veneto.it/
http://geomap.arpa.veneto.it/layers/geonode%3Apermsuoli50k
http://geomap.arpa.veneto.it/layers/geonode%3Apermsuoli50k
https://documentidifesasuolo.cittametropolitana.ve.it/area/eventi-pubblicazioni/pubblicazioni/
https://documentidifesasuolo.cittametropolitana.ve.it/area/eventi-pubblicazioni/pubblicazioni/
http://geomap.arpa.veneto.it/layers/geonode%3Aidrosuoli50k
http://geomap.arpa.veneto.it/layers/geonode%3Aidrosuoli50k
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Electrical resistivity of 10 Ωm was assumed as the limit between saline/not saline
subsoils, and the saline interface depth (SIN) is defined as the shallowest transition between
freshwater and saltwater. The average electrical resistivity (AER) detected in the 1.5 m–
thick layer of subsoil below the ground level (GL) (i.e., the agricultural zone) is used to
describe the current status of saltwater intrusion in the farmlands.

3.2. Distance from Salt- and Freshwater Sources

The water leakages from surface water bodies into the aquifer can alternate between
fresh or saline, depending on the penetration of salt wedge in the estuaries during high
tides and on the stream discharge. The bottom of the main watercourses lies a few meters
higher than the ground elevation of surrounding farmlands; thus, it locally recharges the
unconfined aquifer, according to the permeability of the subsoil. Therefore, stretches of
rivers closer to the sea affected by tidal encroachment in typical summer climatic conditions
were assumed as a source of saline water. On the other hand, sources of freshwater have
been attributed to the remaining upstream stretches. The distance from the Adriatic Sea
and the Venice Lagoon is considered in terms of surficial infiltration of saltwater caused by
storm surges. The distance of the farmlands from saltwater (SAD) and freshwater (FRD)
sources was obtained digitizing the path of the Brenta, Bacchiglione, and Adige rivers,
together with the Cuori, Valle, and Gorzone channels from satellite imagery.

3.3. Ground Elevation

As most of the study area lies below the sea level, it would be flooded by seawater
without the aid of pumping stations, which maintain the water table below the ground
surface controlling the farmland drainage. Therefore, the ground surface (GEL) is closely
linked to the saltwater intrusion.

Land-surface-elevation data were obtained by the Digital Terrain Model (DTM),
retrieved through LIDAR (Laser Imaging Detection and Ranging) survey and made
available at 5 m resolution by the Regional Government (Regione del Veneto; https:
//idt2.regione.veneto.it/, accessed on 31 October 2021).

3.4. Permeability of the Shallow Aquifer

The permeability indicator (PER), referred to as the first meter of the subsoil, represents
the potential capability of the saline plume to migrate into the shallow subsoil. In correspon-
dence to the buried morphological bodies, such as paleochannels and littoral ridges, this in-
dicator was given a higher score, as these bodies act as preferential pathways for groundwa-
ter flow. The permeability data were obtained from the soil permeability map of the Veneto
Region (1:50,000 scale) (http://geomap.arpa.veneto.it/layers/geonode%3Apermsuoli50k,
accessed on 31 October 2021). This variable, which was identified with the saturated
hydraulic conductivity (Ksat, mm/h), was estimated with pedotransfer functions (PTFs)
elaborated on the basis of the soil characteristics detected in 73 soil horizons by ARPAV,
2011 [58]. The permeability in the study area varies from 0.36 mm/h (considered the lower
limit of the moderately low permeability class) and more than 360 mm/h (very high) [58].
The location of paleochannels and ancient littoral ridges were extracted from the geomor-
phologic map of Venice (1:50,000 scale) (https://documentidifesasuolo.cittametropolitana.
ve.it/area/eventi-pubblicazioni/pubblicazioni/, accessed on 31 October 2021) [59].

3.5. Potential Runoff of the Hydrologic Soil Groups

The potential runoff (ROF) was considered for identifying the sectors with different
capability levels of recharging the aquifer from rainfalls: in the areas where the potential
runoff is lower, freshwater from precipitation could infiltrate the shallow subsoil and
mitigate the salinity. The potential runoff was obtained from The Hydrologic Soil Group
by ARPAV (Regional Agency for Environmental Protection) [58], for which the method
USDA NRCS 2009 was used for the definition of Hydrologic Group [60]. According to
this method, each Hydrologic Group is defined on the basis of permeability (Ksat), depth

https://idt2.regione.veneto.it/
https://idt2.regione.veneto.it/
http://geomap.arpa.veneto.it/layers/geonode%3Apermsuoli50k
https://documentidifesasuolo.cittametropolitana.ve.it/area/eventi-pubblicazioni/pubblicazioni/
https://documentidifesasuolo.cittametropolitana.ve.it/area/eventi-pubblicazioni/pubblicazioni/
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of the water level, and presence/absence of an artificial control on the water table. The
Hydrologic Group layer available from http://geomap.arpa.veneto.it/layers/geonode%
3Aidrosuoli50k, accessed on 31 October 2021 was simplified by obtaining three classes of
ROF (low, moderately low and moderately high).

3.6. Relative Ground Level Change

The loss in elevation with respect to the mean sea level would bring the ground surface
relatively closer to the freshwater–saltwater interface, increasing the vulnerability of the
crops. The Relative Ground-Level Change (RGLC) consists of the combination of land
subsidence and sea-level rise and was computed by using the ground-movements data
reported in Tosi et al. [54], as obtained by SAR interferometry, and the rate of sea-level
rise recently computed by Zanchettin et al. [55] through the analysis of tide-gauge time
series. Note that, regarding land subsidence, the line-of-sight displacements detected by
the satellite were assumed to be ground vertical movements to simplify the analysis for
this study. This potentially introduces an error of 20–25%, which is reasonably negligible
for the aim of this work (i.e., considering the class intervals adopted for the data analysis).

3.7. Modeling Approach

In order to assess the vulnerability of the coastal farmlands to saltwater intrusion, SIN
and AER thematic layers, representing the present hazard status, were combined with all
the intrinsic sensitivity indicators, i.e., SAD, FRD, PER, ROF, and RGLC, which potentially
can alter the present status and, thus, increase the overall vulnerability (Table 1).

The modeling approach adopted in this work consists of a number of steps, as sum-
marized in Figure 3 and described in the following:

• Relevant indicators were selected, and the corresponding dataset was gridded on a 5 m
regular cell grid, using the kriging method [61], resulting in a total of 7,767,096 nodes
for each thematic layer.

• Each layer was classified into five intervals of increasing importance, with respect to
its contribution to sensitivity or hazard status. Maximum and minimum boundaries
between classes were chosen based on previous investigations [29,30,50,51]. The
intermediate limits were instead defined by analyzing the nodes frequency distribution
and classifying them through an equal area criterion. In order to create homogenous
ranking between different layers, a score ranging between 0 and 4 was assigned to
each class, representing the increasing contribution to the vulnerability of the system.

• The sensitivity map was estimated according to the following Equation (1):

Sensitivity =
∑n

i=1 ωi Ii

∑n
i=1 ωi

(1)

where the n sensitivity indicators (I) (i.e., SAD, FRD, PER, ROF, and RGLC) were
weighted (ω) by using pairwise comparisons, following the AHP approach [23,62], a
technique developed for multicriteria decision-making problems. AHP is a scaling
method to be applied to prioritized indicators, where relative scales are derived by
using expert judgements and given in the form of pairwise comparisons. The AHP
analysis was performed by using the R-package ahpsurvey (v. 0.4.1) by Cho [63]. The
AHP also provides a mathematical measure to determine the consistency of judgments.
The coherence of the pair-wise comparisons is calculated to ensure the proportionality
and transitivity of the results by calculating the consistency ratio (CR), as defined by
Saaty 1990 [23], who also suggests that the CR of the order of 0.1 or less is considered
to be a reasonable level of consistency [23].

• The vulnerability map was then computed by combining the sensitivity map with the
present hazard status, following Equation (2):

Vulnerability = Sensitivity + Hazard status (2)

http://geomap.arpa.veneto.it/layers/geonode%3Aidrosuoli50k
http://geomap.arpa.veneto.it/layers/geonode%3Aidrosuoli50k
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Three different hazard statuses were considered: (i) SIN; (ii) AER; and (iii) their
combination, i.e., SIN&AER.
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4. Results

Each thematic layer was categorized into five classes with respect to its contribution
to vulnerability, with progressively increasing importance. In order to determine the
boundaries between classes, two criteria were used to define the extreme and intermediate
values, respectively. Limits were chosen based on the experience of previous investigation
and by analyzing the statistical distribution of the data.

4.1. Sensitivity Layer Classification

The classification of salt- and freshwater distance thematic layers (SAD and FRD) was
based on the expected effect of salinization/freshening of the subsoil by the nearby water-
courses, as observed through the monitoring well networks and in the AEM data [29,30,50].
Overall, salt- and freshwater dispersion significantly decreases within some hundreds of
meters from the source. The classification of distance adopted for saline watercourses was
applied also to seashore and lagoon margins affected by surficial infiltration of saltwater
due to storm surges. The minimum and maximum distances considered in the classification
of SAD and FRD are 100 and 800 m (Figure 4).
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Figure 4. Frequency distribution of each sensitivity layer in the dataset (i.e., percentage of nodes in
each thematic layer class over the total amount of nodes considered in the study area) confined within
the minimum and the maximum boundaries set for scores 0 and 4, respectively. The abbreviation
mod. means moderately, the acronym MSL stands for mean sea level.

The ground elevation level is considered to highly influence salinization processes,
since a large part of the study area lies below the mean sea level, and without the artificial
management of the water table, most of the coastland would be naturally flooded by the
sea. Locally, freshwater lenses could develop in the surficial aquifer where the ground
elevation is above the mean sea level (e.g., in the littoral sector). Therefore, areas with
ground level higher than 1 m above MSL were assumed to be negligibly sensitive to the
salinization process, while those lying below −2 m were given the highest importance.

The classification of the permeability and potential runoff layers was primarily based
on the original classification [58]. Considering that geomorphological structures, such as
paleochannels and coastal ridges, act as preferential pathways for saltwater intrusion, we
combined the information obtained from the geomorphological map with the PER layer. In
particular, each PER class was increased by one (e.g., class 1 was raised to class 2) wherever
a buried permeable sedimentary body occurred. Overall, about 19% of the study area
changed to a worse class due to this effect (Figure 4).

For the classification of the relative ground-level change, which results from the land
subsidence increasing from the sea-level rise, the values of −3.5 and −6 mm/year were
used for defining the lowest and highest classes of importance, respectively. Within this
range, about 97% of the study area is included (Figure 4).

The intermediate limits, as classified through an equal area criterion of the nodes
distribution, are shown in Table 2, which reports the ranges and scores of the thematic layer
classification (Figure 4).
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Table 2. Sensitivity-layer classification: ranges and scores. The values of 0 and 4 represent low and
high contribution to vulnerability, respectively. Note that PER ranking is increased of one score point
in correspondence to geomorphological structures.

SAD
m

FRD
m

GEL
m above MSL

PER
mm/h ROF RGLC

mm/Year Score

>800 <100 >1 moderately low
0.36–3.6 low >−3.5 0

546–800 100–300 0.0–1.0 moderately high
3.6–36 −4.2 to −3.5 1

300–546 300–542 −0.8 to 0.0 high
36–360 moderately low −4.8 to −4.2 2

100–300 542–800 −2.0 to −0.8 very high
>360 −6.0 to −4.8 3

<100 >800 <−2.0 moderately high <−6.0 4

Once the sensitivity layers were classified, a score from 0 to 4 was assigned, going from
low to high contribution to vulnerability, in accordance with several methods available in
the literature [16,22,64]. Figure 5 shows the results of the classification of each thematic
layer in the study area, with color-coding highlighting the rating in accordance with the
classification shown in Table 2.

Water 2022, 13, x FOR PEER REVIEW 10 of 23 
 

 

The intermediate limits, as classified through an equal area criterion of the nodes 
distribution, are shown in Table 2, which reports the ranges and scores of the thematic 
layer classification (Figure 4). 

Table 2. Sensitivity-layer classification: ranges and scores. The values of 0 and 4 represent low and 
high contribution to vulnerability, respectively. Note that PER ranking is increased of one score 
point in correspondence to geomorphological structures. 

SAD 
m 

FRD  
m 

GEL 
m above MSL 

PER 
mm/h ROF 

RGLC 
mm/Year Score 

>800 <100 >1 moderately low  
0.36–3.6 low >−3.5 0 

546–800 100–300 0.0–1.0 moderately high  
3.6–36   −4.2 to −3.5 1 

300–546 300–542 −0.8 to 0.0 high  
36–360 moderately low −4.8 to −4.2  2 

100–300 542–800 −2.0 to −0.8 very high 
>360  −6.0 to −4.8  3 

<100 >800 <−2.0   moderately high <−6.0 4 

Once the sensitivity layers were classified, a score from 0 to 4 was assigned, going 
from low to high contribution to vulnerability, in accordance with several methods avail-
able in the literature [16,22,64]. Figure 5 shows the results of the classification of each the-
matic layer in the study area, with color-coding highlighting the rating in accordance with 
the classification shown in Table 2. 
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Coordinate system: UTM33, WGS84.
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4.2. Hazard-Layer Classification

The present status of the salinity hazard is described by the magnitude of the saliniza-
tion process in relation to the farmland systems. The magnitude was retrieved by the AEM,
survey reaching almost 100 m depth below the ground level in terms of electrical resistivity
sections, here used as an indirect measurement of the subsoil salinity. Therefore, the two
indicators obtained by AEM dataset, i.e., the depth of the freshwater–saltwater interface
and the average electrical resistivity of the shallow subsoil, were selected to describe the
actual salinization state of the farmland systems.

The hazard layers (i.e., SIN; AER; and their combination, i.e., SIN&AER) were catego-
rized into five classes with respect to their contribution to vulnerability, with progressively
increasing importance, following the same criteria adopted for the classification of the
sensitivity layers.

For the saline interface depth, the highest level of hazard is assumed to be at a depth
lower than 1.5 m, in order to account for the seasonal variations of the water table induced
by hydraulic regulations. The lowest level of hazard was defined at a depth of 6 m below
ground, reasonably assumed as the maximum depth where land-reclamation activities and
climate changes have acted, at least over a decade.

Maximum and minimum values of the average electrical resistivity hazard of the
shallow subsoil were set at values of 2 and 10 Ωm, respectively. In fact, based on monitoring
wells’ data [28,50], these resistivity values generally refer to a groundwater salinity of
approximately 30–35 g/L and 3–5 g/L.

When considering the average electrical resistivity combined with the saline interface
depth, the five AER classes were combined with only the SIN classes belonging to the
depth interval 0–1.5 m, representing the agricultural zone. The frequency distribution of
the nodes of the thematic layers and the thematic layer classification are shown in Figure 6
and Table 3, respectively.
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Figure 6. Frequency distribution of the dataset in each hazard layer (i.e., percentage of nodes in each
thematic layer class over the total amount of nodes considered in the study area) confined within the
minimum and the maximum boundaries set for score 0 and 4, respectively. The acronym GL means
ground level.

Table 3. Hazard-layer classification: ranges and scores. The values of 0 and 4 mean low and high
contribution to vulnerability, respectively.

SIN
m below GL

AER
Ωm Score

>6.0 >10.0 0

4.0–6.0 8.0–10.0 1

2.5–4.0 5.5–8 2

1.5–2.5 2.0–5.5 3

<1.5 <2.0 4

The classified hazard layers are reported in Figure 7. The map obtained by SIN depicts
a general variability of the hazard classes, with the worse conditions being in the sectors
close to the lagoon margin (Figure 7a). Regarding the hazard mapped by the AER, it shows
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0-score extent for the most part of the study area, and it increases to the highest, i.e., 4-score,
only close to the lagoon margin (Figure 7b). The combined threat of SIN and AER highlights
a general decrease hazard condition when considering high scores of SIN combined with
low scores of AER in the uppermost soils (Figure 7c).
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Figure 7. Classification of the hazard layers: (a) freshwater–saltwater interface depth (SIN),
(b) average electrical resistivity (AER), and (c) freshwater–saltwater interface depth (SIN) combined
with average electrical resistivity (SIN&AER). Scores from 0 to 4 identify low-to-high contributions to
vulnerability. Coordinate system: UTM33, WGS84.

4.3. Sensitivity Setup of the Farmland System

The sensitivity map was obtained by combining the classified sensitivity layers ac-
cording to Equation (1). The AHP process [23] was implemented through the judgments of
six experts in different disciplines related to the saltwater intrusion in coastal areas (e.g.,
hydrogeology, stratigraphy, and oceanography) by compiling a pairwise comparison matrix
for the sensitivity indicators.

The individual preference weights (green dots in Figure 8) were computed by using
the Dominant Eigenvalue method described in Saaty [62] and were then aggregated by
arithmetic averaging (red crosses in Figure 8). A certain degree of heterogeneity (Table 4)
resulted, despite the fact that the six expert judgements were consistent, with an overall
mean consistence ratio (CR) of 0.03, which is well below the suggested threshold (one case
exhibiting CR = 0.1, red dots; the remaining five cases being largely <0.1).

The resulting weights (Table 4) allow us to rank the factors with respect to their
expected contribution in the sensitivity computation. The weight of ground-elevation
resulted in being the highest, almost double that of the relative ground-level change,
whereas the other contributions are significantly lower.

The resulting sensitivity map (Figure 9) shows high heterogeneity in the distribution
of the sensitivity classes, thus emphasizing the geomorphological conditions of the study
area, i.e., the ground elevation and the presence of the buried sand bodies. Extreme and
negligible sensitivity classes are limited in extent and generally correspond to narrow strips
along the Gorzone Channel, along the Brenta and Bacchiglione rivers, and in the inner part
of the coastal ridges. Sectors with marginal-to-strong sensitivity classes are almost evenly
distributed and cover most of the central area.
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Table 4. Weights assigned to each sensitivity indicator resulting from the AHP process: mean,
standard deviation (SD), and percentage.

Sensitivity Indicators Weight

Mean SD (%)

SAD 0.117 0.06 11.7

FRD 0.084 0.07 8.4

GEL 0.373 0.14 37.3

RGLC 0.208 0.06 20.8

PER 0.145 0.09 14.5

ROF 0.073 0.01 7.3
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4.4. Vulnerability Analysis of the Farmland System

According to the adopted procedure, three vulnerability maps were produced (Figure 10).
Vulnerabilities are described by five classes: negligible, marginal, moderate, strong, and
extreme. Specifically, the vulnerability is investigated by considering three hazard statuses.
The first and second statuses separately account for the indicators representing the depth
of the freshwater–saltwater interface and the average electrical resistivity of the shallow
subsoil. The third one combines the former status to capture the threat of the resistivity in
specific sectors of the farmlands where the saline interface is at depths lower than 1.5 m
below the ground.

The vulnerability map, computed by considering the SIN-hazard status, results in
rather equally spatially distributed classes, covering 15% to 25% of the area (Figure 10).
Conversely, in the vulnerability maps computed by considering AER- and SIN&AER-
hazard statuses, the marginal (46%) and negligible (41%) classes prevail, respectively. All
the vulnerability maps are clearly a signature of the considered hazard status. Interestingly,
strong-to-extreme classes occur in specific areas for all the vulnerability maps. In detail,
lagoon borders, the littoral at the Brenta–Bacchiglione river mouth, the seaward portion of
the Adige river, and some local sectors up to 10–15 km inland exhibit the highest scores.
Similarly, some areas fall into the negligible class in all the vulnerability maps, e.g., the area
of Sottomarina (Figure 1), the northwestern inland between the Brenta and the Bacchiglione
rivers, and the right side of the Valle channel.
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while accounting for the sensitivity of the farmlands and the three hazard statuses: (a) SIN hazard,
(b) AER hazard, and (c) SIN&AER hazard. Coordinate system: UTM33, WGS84.

5. Discussion

There is a wide agreement that coastal farmlands are being negatively affected by
saltwater intrusion and soil salinization, which alter the quality of natural groundwater
resources and reduce the overall agricultural productivity.

Over the last decades, saltwater intrusion in the Venice coastland has drawn the
attention of farmers and water authorities, giving grounds for several studies aimed at
understanding the mechanisms driving the salinization of aquifers and soils. The collection
of a large amount of information over the last decades has significantly improved our
knowledge on the mechanism driving salt intrusion [28,30,31,50–52,65]. However, it is still
essential to assess the vulnerability of farmlands to saltwater intrusion, understanding
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how it is generated and how it may increase, to effectively manage present and future
threats. In this section, results, limits, and uncertainties of the vulnerability analysis are
firstly discussed. Secondly, the outcomes of this work are compared with those reported by
Da Lio et al. [29].

An important point to be considered in the analysis of the vulnerability to saltwater
intrusion is the definition of the environmental target. Clearly, the vulnerability analysis of
the aquifer is different from that of the farmlands. In addition, a specific model of farmland
system must be conceptualized according to the boundary conditions. In this study, the
farmland system that is likely vulnerable to the saltwater intrusion is assumed to be the
subsoil, which includes the agricultural zone and the underneath layers up to 3–4 m depth.

Looking at the SIN and AER hazard status (Figure 7), we see that farmlands should
be strongly affected by saltwater intrusion where the freshwater–saltwater interface rises
close to agricultural soil and high AER values occur. However, our SIN- and AER-hazard
comparison shows rather opposite conditions in some areas. For this reason, the SIN&AER
was deemed to be more representative of the farmland-system hazard status than those
computed by considering the indicators separately. In fact, according to our definition of
farmland system, the vulnerability assessment computed by using the SIN-hazard status
is likely overestimated with respect to that of AER-hazard status (Figure 10). Meanwhile,
the use of the SIN&AER-hazard status permits us to adjust some classes apparently over-
or underestimated by hazard status, based on SIN and AER separately. For example, the
northern area bounding the lagoon margin increases in vulnerability when moving from
the strong to extreme class, while the inner region behaves oppositely, and vulnerability
decreases from the strong to the negligible class. Consequently, the contrast on the map
is enhanced, and buffering zones of smooth transition between intermediate and extreme
vulnerability are absent. SIN&AER is more coherent with AER where vulnerability is low
(about 12,000 hectares); vice versa, it is more coherent with SIN where vulnerability is
extreme (about 6000 hectares). This means that the remaining 10% of the study area is in
the intermediate-vulnerability class.

A comparison between the three vulnerability maps is summarized in Figure 11. A
rather equal spatial distribution of the vulnerability classes results by considering the
SIN-hazard status, covering 15% to 25% of the area. Conversely, the marginal (46%) and
negligible (41%) classes prevail when using the AER- and SIN&AER-hazard statuses.
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Overall vulnerability assessments are commonly based on the proper aggregation
of a selection of multiple relevant indicators, concerning sensitivity and hazard status of
a system.

Beyond the intrinsic limitation of the methods of acquisition and setup of the thematic
layers, the major limit of these assessments is the high degree of subjectivity. In fact,
the choice of indicators relevant for the specific threat, their classification based on the
importance, the aggregation procedures, and the indicator weighting are not standardized,
and, thus, they are affected by subjective judgments. In this study, it should be noted that the
chosen indicators are not exhaustive for a comprehensive description of the vulnerability
status of the farmland system. Specifically, the variability of precipitation and details
on the agricultural type covers and crop physiology are not included in this analysis.
However, the use of these indicators would have required specific skills; consequently,
we preferred to simplify the assessment by avoiding evaluation errors that would have
increased subjectivity.

Concerning the classification, an intrinsic subjectivity is due to both the selection of
minimum and maximum limits, defined based on previous knowledge, and the decision
to define intermediate classes through an equal area criterion. Even though the use of the
AHP approach through pairwise comparison reduced the subjectivity of expert judgments
and verified their consistency, the aggregation and weighting of sensitivity/hazard indica-
tors still maintain a degree of subjectivity. The comparison between vulnerability results
obtained from different studies has to be carefully considered, because the concept of vul-
nerability in the literature is complex, and it is described by a variety of definitions [66,67].
Furthermore, the concept of vulnerability to saltwater intrusion in coastal plains still as-
sumes various meanings, which are often ambiguous. In addition, over the last decades, the
greater attention given to this issue has brought a significant increase in the number of case
studies worldwide. This gave rise to a multitude of methodologies, which differ for the type
and number of indicators chosen for the sensitivity and hazard computation. The choice of
one methodology instead of another mostly depends on the availability of the indicator
dataset and the specific characteristics of the study areas. Therefore, despite the use of a
specific methodology and the subjective assumptions, the comparison among different
research studies is often limited due to the adoption of different types of sensitivity- and
hazard-status indicators. For example, Da Lio et al. [29] proposed a first assessment of the
vulnerability of low-lying farmlands to saltwater intrusion in almost the same area of the
present research.

The present study introduces a more detailed concept of farmlands potentially im-
pacted by salinization and some important methodological differences with respect to the
previous investigation [29]. The first main difference regards the target of the vulnerability.
Indeed, Da Lio et al. [29] refers to a generic farmland concept whose assessment results in
its being much more fitting to the vulnerability of the aquifer rather than the agricultural
soil and the shallow subsoil. Since, in Da Lio et al. [29], the depths of the well filters are
generally deeper that 4–5 m below the ground surface, electrical conductivity (EC) mea-
surements missed the salinity status in the agricultural zone. In addition, fresh/brackish
layers were neglected for piezometers filtered along the entire length, since Da Lio et al. [29]
considered the worst condition of the EC values collected in the density-stratified water
column. Conversely, the present study benefitted from the AER resistivity of the first 1.5 m,
which provided salinity information on the subsoil layer directly in contact with crops
and the upper part of the aquifer. The second difference regards the number of indicators.
Only three sensitivity and one hazard indicators were used by Da Lio et al. [29], instead
of the six and two, respectively, used in this work (Table 5). The third difference concerns
the classes of importance related to the distance from the saline water bodies. Account-
ing for the results from previous investigations [31,50–52], the maximum and minimum
distances adopted by Da Lio et al. [29], i.e., 500 and 4000 m, resulted in overestimating
the saline impact on the farmland system. Therefore, it is reasonable to assume that the
distances adopted in the present study (i.e., 100 and 800 m) better fit with those used in
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Kazakis et al. [16], who assessed the aquifer vulnerability to seawater intrusion in the Po
river lowlands just south of the study area. Considering the aforementioned differences
and that only minor changes occurred in the salinization process during the time interval
between the two studies, the present and previous assessment [29] clearly differ in some
sectors (Figure 12a,b). The vulnerability map of the present study shows a general less
critical situation than that provided by Da Lio et al. [29]. This is because (i) the present
study successfully captures the fresh or brackish shallow subsoil (about 1–1.5 m thick)
pertaining to the farmlands system that, for the reasons stated above, cannot be detected
through the network of wells installed in this area; and (ii) the watercourse influence acts on
shorter distances, e.g., the area adjacent of the Gorzone Channel and Brenta–Bacchiglione
rivers. It should also be noted that areas not devoted to agriculture were excluded from the
present study. The most obvious case is the Sottomarina sector, where the common areas
analyzed by the two studies differ significantly for the reasons discussed above.

A more comprehensive comparison can be performed by considering the study area
as a whole. In this case, a rather different distribution of the vulnerability classes emerges
(Figure 12c). The negligible class shows the major difference, having increased by 38%
compared to Da Lio et al. [29], while the moderate and strong classes decreased by about
18%. The extreme and marginal classes increased and decreased, respectively, by less than
10%, thus showing almost similar values for the two studies.

Table 5. Summary of the target and sensitivity/hazard status indicators used in this study and by Da
Lio et al. [29] for the vulnerability assessment.

Present Study Da Lio et al. [29]

Target
A specific farmland system by referring to the

subsurface layer that includes the agricultural zone
and the underneath shallow subsoil up to 3–4 m depth

Generic farmlands taking into account
the phreatic aquifer up to 10 m depth

Sensitivity indicators

Distance from salt- and freshwater sources (100 and
800 m are considered as likely the minimum and

maximum distances influencing the sensitivity of the
farmland system); Ground elevation; Permeability of
the shallow aquifer; Potential runoff; Relative ground

level change

Distance from salt- and freshwater
sources (500 and 4000 m were considered

as likely the minimum and maximum
distances influencing the sensitivity of

farmlands); ground elevation

Hazard indicators
Saline interface depth; electrical resistivity of the

uppermost subsoil layer (1.5 m thick), which includes
unsatured and satured agricultural soils

Electrical conductivity detected in wells
screened at depths between 2 and 10 m

below ground level or taking into account
the worst condition in wells with the

entire length screened where the water is
density-stratified in the water column
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6. Conclusions

This work proposes an assessment of the vulnerability of the Venice coastland farm-
lands to saltwater intrusion by combining the intrinsic sensitivity characteristics with the
present hazard status of salinization. The farmlands were studied by referring to a farm-
land system assumed as the subsurface layer that includes the agricultural zone and the
underneath shallow subsoil up to 3–4 m depth, where saltwater intrusion may threaten
agricultural productivity. The sensitivity to saltwater intrusion was set up by aggregating
six physical indicators that potentially concur to intensify or mitigate salinization effects
on the farmland system. The aggregation was computed by using pairwise comparisons
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among the indicators, following the AHP approach. Regarding the salinization status, a
new approach was defined for delineating the saline-hazard status on the system. The
approach consisted of considering the freshwater–saltwater interface depth and the average
electrical resistivity of the shallow subsoil, firstly as separate indicators of hazard status,
and then as combined factors.

The main outcomes can be summarized as follows:

• The use of the AHP approach allowed the authors to prioritize indicators by using
different weights provided by pairwise comparisons and to verify the consistency.
Nevertheless, a certain degree of subjectivity remains, which is intrinsic in the classifi-
cation and weighting.

• The combined hazard map of freshwater–saltwater interface depth and average electri-
cal resistivity allowed the authors to capture the salinization threat on the agricultural
zone without neglecting that on the underlying shallow subsoil. The vulnerability
maps that were obtained by considering the two hazard statuses separately depict
a less realistic representation of the fragilities of the farmland system, while their
combination adjusts some classes apparently over-/underestimated.

• The vulnerability of Venice farmland system is in the strong and extreme classes in
about 30% of the area, marginal and moderate in the 28%, and negligible in the 40%.

• The outcomes of this research, compared with the previous assessments, confirm
the heterogeneous distribution of the vulnerability in the study area. However, the
differences between the two maps should be cautiously interpreted, because they
focus on different targets, characterization of the sensitivity of the farmland system,
and conceptualization of the hazard status.

Although this study represents a step forward in understanding the Venice farmland’s
vulnerability to saltwater intrusion, the authors are aware that a number of uncertainties
still need to be resolved by further studies, especially to address optimal strategies for
mitigation and water-management plans. Therefore, the authors claim the need to account
for further indicators to better describe the sensitivity of the farmland system, such as the
variability of the precipitation, details on the agricultural type cover, and the physiology of
crops. In addition, the authors raise the issue of defining fixed rules both in the vulnerability
assessment approach and in the choice of indicators acting to facilitate comparisons among
different case studies.
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