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Abstract: Increasing water withdrawals and changes in land cover/use are critically altering surface
water bodies, often causing a noticeable reduction in their area. Such anthropogenic modification of
surface waters needs to be thoroughly examined to recognize the dynamics through which humans
affect the loss of surface water. By leveraging remotely-sensed data and employing a distance–decay
model, we investigate the loss of surface water resources that occurred in Italy between 1984 and
2021 and explore its association with land cover change and potential human pressure. In particular,
we first estimate the land cover conversion across locations experiencing surface water loss. Next, we
identify and analytically model the influence of irrigated and built-up areas, which heavily rely on
surface waters, on the spatial distribution of surface water losses across river basin districts and river
basins in Italy. Our results reveal that surface water losses are mainly located in northern Italy, where
they have been primarily replaced by cropland and vegetation. As expected, we find that surface
water losses tend to be more concentrated in the proximity of both irrigated and built-up areas yet
showing differences in their spatial occurrence and extent. These observed spatial patterns are well
captured by our analytical model, which outlines the predominant role of irrigated areas, mainly
across northern Italy and Sicily, and more dominant effects of built-up areas across the Apennines and
in Sardinia. By highlighting land cover patterns following the loss of surface water and evaluating
the relative distribution of surface water losses with respect to areas of human pressure, our analysis
provides key information that could support water management and prevent future conditions of
water scarcity due to unsustainable water exploitation.

Keywords: surface water; human pressure on surface water; human activities; water scarcity; land
cover; distance–decay; irrigation; built-up area

1. Introduction

Surface water represents a key water source for many human purposes, including,
e.g., irrigation in agricultural areas and industrial and domestic water supply in urban
areas [1–3]. Surface water bodies have been continuously altered by humans, who have
deteriorated aquatic ecosystems and have harmed local and global economies, increasing
the risk of water shortages [4–6]. During the period 1971–2000, anthropogenic water
consumption produced a mean annual decrease in the runoff of at least 5% in many river
basins, with more prominent impacts in heavily irrigated areas [7]. Similarly, over the
last three decades, unsustainable water consumption and a changing climate have caused
considerable storage losses in more than half of the largest global lakes [8]. A recent study
has shown that 61% of the global variability in seasonal surface water storage occurs in
river basins with human-managed reservoirs [9].

Irrigation is the most water-intensive sector, accounting for about 70% of global
freshwater withdrawals worldwide, with approximately two-thirds of the global irrigated
area dependent on surface water from rivers and lakes [10–13]. As surface water resources
are also used to meet almost 80% of water demand in large urban cities, urban population
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growth, and the subsequent expansion of built-up areas are additional drivers of changes in
surface water availability [14–17]. Future socio-economic development and climate change
are expected to intensify water demand across all sectors [7,12,18–20], and the resulting
human-driven losses of surface water suggest that the conservation of surface water bodies
should be a priority in both water policy and urban planning [17,21].

Addressing water shortages has become a major challenge in the southern Mediter-
ranean region, where climate change and increasing human pressure are severely impacting
water availability [22–25]. In particular, in Italy, the issue of water scarcity is attracting
increasing attention because of the frequent water shortages occurring across the whole
country [25,26]. Even though the overall water availability across Italy is abundant, the
unevenly spatiotemporal distribution of precipitation determines a heterogeneous distri-
bution of water resources across the country, which could be insufficient to meet water
demands [27]. More than half (53%) of the available surface water is located in northern
Italy, about 40% is equally split between central and southern Italy, and the remaining 7%
is found in the insular regions [28,29]. Surface water from rivers and lakes is the main
source of freshwater withdrawals, providing about two-thirds of the total water abstrac-
tion in Italy [27,30]. Rivers represent the primary source in the agricultural sector, which
actively influences river outflow patterns and the management of lakes and reservoirs [30].
Irrigation uses the majority (60%) of total water withdrawals [28] and sustains more than
half of the Italian agricultural production [31], with water withdrawals mainly occurring
in northern (67%) and southern Italy (13%) [32]. The industrial and energetic sectors ac-
count for 25% of total water withdrawals [28], and more than half of water abstractions
for manufacturing industries occur in northern Italy [32]. However, the overall industrial
use of surface water is relatively small [30]. As for public water supply, the domestic
sector uses 15% of total water withdrawals [28]. Even though groundwater and springs
generally provide water for civil uses, southern Italy and the insular regions derive up to
30% of household supply and drinking water from surface water [27,30,33]. During the last
few decades, the runoff of Italian rivers has generally declined [34], and such a decrease
was due not only to a reduction in annual precipitation (rain and snow) but also to an
expansion of cultivated and urban areas [25,35–37]. However, human pressure on surface
water depletion still remains underexplored in Italy. Moreover, even though satellite remote
sensing provides high-resolution data for the monitoring and detection of inland surface
water dynamics and land use/land cover change at the global scale [38–48], the application
of such data to investigate the influence of anthropogenic activities on surface water over
the Italian peninsula is still lacking.

Here, we investigate the loss in surface water resources that occurred in Italy between
1984 and 2021 and explore its association with land cover change and potential human
pressure. Surface water loss is here defined as a transition from a water state in 1984
to a not-water state in 2021, leading to a decrease in the spatial extent of surface water
bodies. We combine remotely sensed datasets to (1) estimate the land cover change across
surface water loss (SWL) locations, (2) identify the SWL spatial distribution with respect
to irrigated and built-up areas that heavily rely on surface waters, and (3) analytically
reproduce this influence using a distance–decay model [16]. By disclosing how the loss
of surface water is linked to land cover change and anthropogenic activities, this study
improves our current understanding and may support the definition of sustainable and
integrated water management policies for the prevention of water scarcity [1,10].

2. Materials and Methods
2.1. Study Area

We focused our analysis on Italy, a region particularly vulnerable to water scarcity
due to a combination of climate change effects and an extensive human pressure on water
resources [37,49,50]. Italy holds the largest irrigable area among the southern European
countries [51,52] that requires considerable water withdrawals, especially during prolonged
drought periods [21,31,53]. Italy also presents a heterogeneous distribution of human
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settlements, characterized by different sizes and distinct levels of urbanization [54–56],
which can trigger a decrease in the spatial extent of surface water bodies.

To explore differences within the country, we consider two distinct spatial aggregations:
river basins (RBs) and river basin districts (RBDs). As shown in Figure 1a, Italy comprises
137 RBs and 7 RBDs (i.e., Po, Eastern Alps, Northern Apennines, Central Apennines,
Southern Apennines, Sicily, Sardinia; see also Table 1). An RBD encompasses several
neighboring RBs and the associated groundwater and coastal waters. RBDs represent
the main unit for the management of RBs and are governed by a specific administrative
authority (the River Basin District Authority) [32]. RBDs have a similar extent and entirely
cover the Italian territory, unlike RBs, which cover only 83.96% of Italy and thus provide
a partial description of surface water loss, especially in the southeastern part of Italy (see
Figure 1a).

Table 1. The main features of Italian RBDs used in this study. Columns show the RBD name, the total
area, the extent of SWL in km2 and as a percentage of the surface water extent in 1984, the prevailing
land cover classes found in 2021, and the extent of irrigated and built-up areas.

RBDs Area
[km2]

SWL Area
[km2 and %]

Main Land Cover
Classes in 2021

Irrigated Area
[km2]

Built-Up Area
[km2]

Po 82,977 521.70
(16.03%) Cropland (71.50%) 31,271 11,689

Eastern Alps 34,805 75.48
(5.42%)

Permanent water
bodies (28.60%)

Tree cover (18.50%)
10,250 4743

Northern
Apennines 24,340 12.44

(9.34%)
Tree cover (34.31%)
Grassland (19.69%) 9499 2540

Central
Apennines 42,373 15.66

(2.19%)
Tree cover (43.13%)
Grassland (19.61%) 18,407 3692

Southern
Apennines 67,646 23.05

(4.89%)

Tree cover (30.99%)
Bare/sparse

vegetation (19.28%)
37,098 5297

Sicily 25,832 7.30
(8.85%)

Grassland (38.07%)
Cropland (20.42%) 12,649 2073

Sardinia 24,100 12.11
(3.77%)

Grassland (37.53%)
Cropland (14.77%) 6577 1226

2.2. Estimation of Land Cover Conversion across Surface Water Loss Hotspots

To identify the location of surface water loss (SWL) hotspots, we employed the Global
Surface Water dataset [38], which provides multiple layers describing the location and
temporal distribution of surface waters at the global scale approximately over the last
four decades. This dataset was selected for its high temporal and spatial resolution and
extensive validation [57]. Among all the available products, we adopted the Transitions
layer, which shows changes in water seasonality between 1984 and 2021 at a 30 m spatial
resolution and describes the conversion between permanent water, seasonal water, and no
water (i.e., land) by categorizing these changes in specific classes. Among all the available
classes, we selected lost permanent and lost seasonal surface water pixels to determine the
location and extent of surface water losses in Italy. We also computed the relative loss of
surface water (%) as compared to the total extent observed in 1984. Tables 1 and A1 provide
the spatial extent of SWL at the RBD and RB level, respectively. In particular, for RBs, we
analyzed and reported data only for RBs with an SWL area > 0.5 km2.
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(RBDs) across Italy; (b) land cover data from [58] within the Po RBD, as an example of the dataset; 
(c) the spatial distribution of irrigated and built-up areas from [59] within the Po RBD, as an example 
of the datasets. 
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the ESA WorldCover product (version 2) for the year 2021 [58] to determine land cover 
classes corresponding to the location of SWL hotspots. This dataset includes 11 classes 
and has a 10 m spatial resolution, providing land cover information with an unprece-
dented resolution. Beyond its high level of accuracy, the ESA WorldCover product is par-
ticularly suitable for our analysis as it presents land cover observed in 2021, i.e., at the end 
of the period examined by the Transition layer of the Global Surface Water dataset [38]. 
To guarantee consistency in spatial resolutions among the datasets used in our analysis, 
we resample the WorldCover map to 30 m resolution. This involves coarsening the reso-
lution of land cover data to match that of the surface water data, enabling an accurate 
assignment of land cover classes to SWL locations. As an example, Figure 1b shows a 
zoom in of the 2021 land cover map derived from the ESA WorldCover product within 
the Po RBD. Table 1 shows the main land cover in each RBD, whereas a detailed descrip-
tion of the distribution of all land cover classes across the examined RBDs and RBs is pro-
vided in Tables A2 and A3, respectively. 
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tion of irrigated and built-up areas. This dataset provides the most recent and detailed 
land cover and land use classification in Europe (44 land cover classes), which allowed us 
to accurately delineate irrigated and built-up areas that may have influenced the occur-
rence of SWL during the period of 1984–2021. The selected classes for irrigated areas were 
as follows: permanent irrigated land, rice fields, vineyards, fruit trees and berry planta-
tions, olive groves, complex cultivation patterns, and land principally occupied by agri-
culture, with significant areas of natural vegetation. For built-up areas, we selected the 
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commercial units, road and rail networks and associated land, port areas, airports, min-
eral extraction, dumps, construction sites, green urban areas, and sport and leisure 

Figure 1. Study area and remotely sensed data. (a) River Basins (RBs) and River Basin Districts
(RBDs) across Italy; (b) land cover data from [58] within the Po RBD, as an example of the dataset;
(c) the spatial distribution of irrigated and built-up areas from [59] within the Po RBD, as an example
of the datasets.

In order to interpret the human-induced mechanism of surface water loss and its
possible driving processes, it is crucial to assess the land cover change in SWL hotspots,
which could offer insightful recommendations for water conservation strategies. We
employed the ESA WorldCover product (version 2) for the year 2021 [58] to determine
land cover classes corresponding to the location of SWL hotspots. This dataset includes
11 classes and has a 10 m spatial resolution, providing land cover information with an
unprecedented resolution. Beyond its high level of accuracy, the ESA WorldCover product
is particularly suitable for our analysis as it presents land cover observed in 2021, i.e., at the
end of the period examined by the Transition layer of the Global Surface Water dataset [38].
To guarantee consistency in spatial resolutions among the datasets used in our analysis, we
resample the WorldCover map to 30 m resolution. This involves coarsening the resolution
of land cover data to match that of the surface water data, enabling an accurate assignment
of land cover classes to SWL locations. As an example, Figure 1b shows a zoom in of
the 2021 land cover map derived from the ESA WorldCover product within the Po RBD.
Table 1 shows the main land cover in each RBD, whereas a detailed description of the
distribution of all land cover classes across the examined RBDs and RBs is provided in
Tables A2 and A3, respectively.

2.3. Identification of the Spatial Distribution of Surface Water Loss Hotspots with Respect to
Irrigated and Built-Up Areas

We employed the Corine Land Cover (CLC) 2018 dataset [59] to identify the distribu-
tion of irrigated and built-up areas. This dataset provides the most recent and detailed land
cover and land use classification in Europe (44 land cover classes), which allowed us to
accurately delineate irrigated and built-up areas that may have influenced the occurrence
of SWL during the period of 1984–2021. The selected classes for irrigated areas were as
follows: permanent irrigated land, rice fields, vineyards, fruit trees and berry plantations,
olive groves, complex cultivation patterns, and land principally occupied by agriculture,
with significant areas of natural vegetation. For built-up areas, we selected the following
classes: continuous urban fabric, discontinuous urban fabric, industrial and commercial
units, road and rail networks and associated land, port areas, airports, mineral extraction,
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dumps, construction sites, green urban areas, and sport and leisure facilities. To homoge-
nize the resolution of all datasets, we resampled the CLC data from its original 100 m spatial
resolution to the 30 m resolution of surface water data. The overall extent of irrigated and
built-up areas at the RBD and RB level is reported in Tables 1 and A1, respectively.

Then, we evaluated the spatial behavior of SWL hotspots by analyzing their occurrence
as a function of the distance from three alternative areas of human pressure, namely
the following:

1. Irrigated areas (IRR);
2. Built-up areas (BUP);
3. Anthropogenic areas (ANT), indicating areas of either irrigation practices, or human

settlements (i.e., the sum of IRR and BUP areas).

We first identified clusters (i.e., pixel aggregations) of IRR, BUP, and ANT areas and
computed the Euclidean distance of SWL hotspots from such areas. We defined 1 km-wide
distance bins, and for each bin, di, we calculated the frequency of occurrence of SWL
hotspots with respect to IRR, BUP, and ANT areas across each RB and RBD. Afterwards,
we evaluated the mean and the maximum distance of SWL from IRR, BUP, and ANT areas.

2.4. Analytical Representation of the Spatial Distribution of Surface Water Loss Hotspots with
Respect to Irrigated and Built-Up Areas

We analytically reproduced the observed pattern of frequency of SWL occurrence with
a distance–decay model (SWL-DD in what follows), originally designed in Palazzoli et al.
(2022) [16]. Here, we applied the SWL-DD model to a completely different geographical
context, and we expanded its scope to illustrate the spatial influence of both irrigated and
built-up areas, unlike the previous study, which focused solely on urban influence across
the US.

The SWL-DD model describes the exponential decline in the probability of SWL
occurrence, px(di), as a function of the distance, di, from an area of human pressure, x,
as follows:

px(di) = αxe−βxdi (1)

where di is the 1 km-wide distance bin (going from 0 km to the maximum distance reached
by SWL hotspots from the considered area of human pressure x) and αx and βx are the
model parameters. In particular, αx [-] represents the frequency of occurrence of SWL
hotspots within the first km, whereas βx (>0 [km−1]) estimates the decay rate of SWL
occurrence. The model parameters are estimated with a non-linear regression of the
frequency of SWL occurrence, and we employed the Pearson’s correlation coefficient, r, to
evaluate the goodness of the fit. For further details about the modeling approach and a
discussion of its assumptions, we refer the readers to Palazzoli et al. (2022) [16].

We adopted the 1 km-wide distance bins to group SWL hotspots, as this width offers
the best compromise between noise reduction and level of resolution for the model fit
application (i.e., at least three distance bins with a frequency of SWL occurrence ̸= 0
must be available). Moreover, in order to consider regions with a reasonable extent of
SWL, we focused our analysis only on RBs having an SWL area greater than or equal to
0.5 km2, which reduced the number of RBs from 137 to 34. Despite this selection, in some
RBs, the application of the model was still limited by the fact that SWL hotspots were all
concentrated in the first distance bin.

3. Results
3.1. Observed Land Cover Conversion across Surface Water Loss Hotspots in Italy

From 1984 to 2021, about 7% of the total surface water extent in Italy has disappeared
(667.74 km2), showing an uneven distribution of SWL across the country. We find that the
majority of SWL hotspots (78.13%) are located within the Po RBD, followed by the Eastern
Alps RBD (11.30%), while the rest of the RBDs include approximately 1% to 3.5% of the
remaining SWL (Figure 2a and Table 1). The Po RBD also exhibits the largest reduction of
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the original extent of surface water (16.03%), followed by the Northern Apennines (9.33%)
and Sicily (8.85%) RBDs (Table 1). A more detailed representation considering the 34 RBs
with an SWL area ≥ 0.5 km2 is available in Table A1 and Figure 2b.
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overall distribution across the 7 RBDs; (b) SWL as a fraction of the surface water extent in 1984 across
RBs. Values are shown only for RBs with an SWL area ≥ 0.5 km2.

By coupling SWL hotspots and ESA WorldCover classes for 2021, we find that at the
national level, almost 60% of SWL hotspots (corresponding to about 383.04 km2 of SWL
area) faced a conversion into cropland, followed by tree cover (15%), permanent water
bodies (8.71%), grassland (7.03%), bare/sparse vegetation (5.40%), herbaceous wetland
(5.06%), built-up (0.94%), and shrubland (0.21%) classes (Figure 3a). As expected, some
SWL hotspots are still classified as permanent water bodies in the 2021 land cover map.
This discrepancy arises because SWL and land cover data derive from two independent
datasets, i.e., the Global Surface Water dataset [38] and the ESA WorldCover product [58],
which were developed using distinct methods of classification (Landsat versus Sentinel-
1 and Sentinel-2 for [38] and [58], respectively). However, this disagreement does not
compromise the robustness of our study, as it affects a relatively small fraction (<9%) of the
total extent of SWL.

For each land cover class conversion, we analyze its spatial distribution across the
RBDs (Figure 3b–e). Locations experiencing SWL across the Po RBD are now classified as
cropland (71.53%), followed by tree cover (13.11%) (Figure 3c). In the Eastern Alps RBD,
surface water is mainly replaced by herbaceous wetlands (19.84%), bare/sparse vegetation
(19.84%), and tree cover (18.51%) (Figure 3c). In the Northern, Central, and Southern
Apennines’ RBDs (Figure 3d), SWL hotspots are mostly associated with tree cover (34.31%,
43.13%, and 30.99%, respectively) and grassland (19.69%, 19.61%, and 17.79%, respectively)
land cover classes. Similar trends in surface water conversion also characterize the Sicily
and Sardinia RBDs (Figure 3e), with most of the SWL hotspots replaced by grassland
(38.07% and 37.53%, respectively) and cropland (20.42% and 14.77%, respectively).
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3.2. Observed Surface Water Loss Distribution across Italy

When analyzing the spatial distribution of SWL, we find that SWL hotspots are mainly
concentrated around areas of human pressure and their frequency of occurrence declines
as the distance from these areas increases (see dots in Figures 4 and A1).
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We find that SWL hotspots generally reach larger maximum distances from IRR areas
(between 7 and 33 km) than from BUP areas (between 11 and 30 km) in all RBDs (Figure 5
and Table A4). As expected, maximum distances from ANT areas are characterized by
smaller values (between 5 and 16 km) since IRR and BUP areas are combined together.
The mean distance of SWL hotspots tend to be below 2 km from ANT and IRR areas and
between 2 and 4 km from BUP areas. The results at the RB level are provided in Table A5.
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Figure 5. The observed mean and maximum distance of SWL hotspots from irrigated, built-up, and
anthropogenic areas in each RBD across Italy.

3.3. Modeled Surface Water Loss Distribution across Italy

We apply the SWL-DD model to all RBDs (see lines in Figures 4 and A1) and to
the 34 selected RBs. Our model successfully reproduces the spatial distribution of SWL
hotspots with respect to any area of human pressure and across both spatial aggregations
(Tables A6 and A7), confirming the robustness of the proposed approach for built-up areas
and, most importantly, extending for the first time its applicability to irrigated areas. When
applying the model to RBs, we find that in two and six RBs (with respect to irrigated and
anthropogenic areas, respectively), all SWL hotspots fall in the first distance bin, which
impedes the model fit.

The correlation between the modeled and observed frequency of SWL occurrence with
respect to IRR areas is above 0.99 at the RBD level (Table A6), while at the RB level, r values
vary between 0.20 and 1.00, except for two RBs, in which the model cannot be applied due
to data paucity (see Table A7).

Regarding BUP areas, the frequency of the occurrence of SWL hotspots from these
regions is accurately modeled by the SWL-DD model, as proven by the correlation between
observations and predictions, which is overall greater than 0.90 in all RBDs (Table A6)
while ranging between 0.20 and 1.00 at the RB level (Table A7). A few exceptions are found
for the Birgi and Biferno RBs, which show a mild increasing trend of the frequency of SWL
occurrence (as confirmed by the negative values of the decay rate β), and for the Fortore
RB, where SWL occurs up to 3 km from BUP areas. For these reasons, we prefer to exclude
these RBs (highlighted by an asterisk in Table A7) from the forthcoming analysis.

The modeled distance decay of SWL occurrence from anthropogenic areas provides
an excellent fit to the observed data, as proven by r values, which are around 1.00 in all
RBDs (Table A6) and greater than 0.80 at the RB level (with the exception of the Carapelle,
Coghinas, Lemene, and Vomano RBs, where r is less than 0.50, Table A7).

We estimate the values of the SWL-DD model parameters, α and β, and examine
their distribution across the RBDs and RBs. The concentration of SWL hotspots in the first
distance bin (0–1 km), as represented by α, is larger in the proximity of anthropogenic areas,
followed by irrigated and built-up areas, with a median value at the RBD level equal to
0.71, 0.57, and 0.31, respectively (Figure 6). This result suggests that the spatial distribution
of SWL hotspots with respect to anthropogenic areas usually mirrors the behavior observed
for irrigated areas (Figure 6b–d). The only exception is the Sardinia RBD, which exhibits
a larger concentration of SWL hotspots close to built-up areas (44%) rather than irrigated
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areas (31%) (Table A6). Overall, α shows the largest variability when it is computed with
respect to irrigated and anthropogenic areas both across the RBDs and RBs (Figure 6a). A
similar distribution of α values is also found at the RB level (Figure 6e–g), where the finer
level of detail captures local patterns, which may differ from the regional ones. For instance,
some RBs belonging to RBDs with relatively low α values show a higher frequency of
SWL occurrence in the first distance bin (see, e.g., irrigated areas in the Crati RB within the
Southern Apennines RBD and built-up areas in the Adige RB within the Eastern Alps RBD).
Likewise, some other RBs show lower concentrations of SWL hotspots in the proximity of
areas of human pressure than their respective RBDs (see, e.g., irrigated areas in the Simeto
RB within the Sicily RBD and built-up areas in the Coghinas RB within the Sardinia RBD).
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Figure 6. The distribution of α values with respect to different areas of human pressure across Italian
RBDs and RBs. (a) The boxplot distribution of α values, where horizontal lines show the 1st, 2nd,
and 3rd quartile. The spatial distribution of α values across RBDs with respect to (b) irrigated areas;
(c) built-up areas; (d) anthropogenic areas. (e–g) The same as in the panels (b–d) but for RBs. The
model is not applied to RBs in gray.

Moving to the spatial distribution of the decay rate of SWL occurrence, which is
represented by β, we observe a faster decline (i.e., surface water losses are located within a
shorter distance range from areas of human pressure) for anthropogenic areas, followed
by irrigated and built-up ones (Figure 7). The values of β associated with built-up areas
are larger than those for irrigated areas in the Northern Apennines and Sardinia RBDs,
while the opposite pattern is found across the remaining RBDs (Figure 7b–d and Table A6).
This indicates that in most of the RBDs, a higher concentration of SWL hotspots in the
proximity of irrigated (or built-up) areas (i.e., higher α) usually corresponds to a faster
decay in SWL occurrence from irrigated (or built-up) areas (i.e., higher β). We find only a
couple of exceptions to this general trend at the RB level, where the Brenta and Sile RBs
show a larger concentration of SWL hotspots close to built-up areas and a faster decline of
SWL occurrence from irrigated areas (Table A7). Similarly to what we found for α, some
RBs reveal specific patterns of β that do not align with the general trend of their RBD,
proving once again that at a smaller scale, the influence of any area of human pressure may
exert a stronger or weaker influence on the spatial decline of SWL occurrence (Figure 7e–g).
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4. Discussion

We investigate the loss of surface water resources (defined as a conversion of perma-
nent/seasonal surface water into land) that occurred in Italy between 1984 and 2021 across
RBD and RB spatial aggregations, using remotely sensed data with high spatial resolution.
In particular, we focus our attention on the influence of relevant human activities on losses
of surface water, neglecting potential effects due to changes in climatic forcings. To do so,
we quantify the overall extent of SWL and examine the subsequent associated land cover
classes. We then analyze and model the occurrence of SWL hotspots with respect to three
areas of human pressure, i.e., irrigated, built-up, and anthropogenic areas, to determine the
influence of anthropogenic activities on the spatial distribution of SWL.

SWL hotspots appear to be heterogeneously distributed across the Italian peninsula,
with most of surface water loss occurring within the Po RBD and Po RB. Across the Po
area, our results clearly indicate how human activities for agricultural production influence
surface water dynamics given that most of the SWL hotspots are replaced by cropland, thus
confirming previous independent findings [60]. Almost 70% of the Po valley is covered
by intensively irrigated fields, mainly irrigated with surface methods, such as permanent
flooding and paddy fields for rice cultivation [61,62], generating a high level of water
stress [63–65], as also reflected by a reduction in crop yield and an increase in water use for
irrigation during recent droughts [19,66]. Since 2000, the rice cultivation area of northern
Italy faced the largest European reduction in seasonal surface water, mainly due to the
shift from traditional continuous flooding to paddy management (i.e., dry-seeding with
delayed flooding) [60]. The spreading of this new irrigation technique determined a change
in flooding conditions, with an overall reduction of the rice surface flooded during seeding.
Despite saving water at the beginning of the growing season, this dry-seeding practice
actually reduces water availability, further depleting surface water, as it requires more water
later in the season, when water availability is lower and water demand from concurrent
crops is higher [67].
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The second highest fraction of SWL hotspots is found in the Eastern Alps RBD and
the Tagliamento RB, suggesting that overall surface water losses are concentrated in north-
ern Italy. We find that in the Tagliamento RB, SWL hotspots are mainly converted into
bare/sparse vegetation and permanent water bodies, which confirms the presence of a
changing landscape with a mosaic of vegetation patches and riparian trees along the
river [68,69]. The Tagliamento RB is considered to be the last natural Alpine River in
Europe, being a large morphologically intact gravel-bed river, generally free of intensive
management and representing a reference ecosystem for many rivers draining the Euro-
pean Alps [70]. This highly dynamic environment is constantly changing through bar and
island erosion, sediment deposition, channel avulsion, the mobilization and deposition of
large wood, and the development of vegetated patches [71].

Another RB showing significant losses of surface water is the Tiber RB in central Italy,
where about 70% of total freshwater withdrawals are destined to irrigation, especially
in the upper region of the basin [72]. Areas across central Italy tend to show a greater
concentration of rural inhabitants and small-size farms, where the use of water for irrigation
is generally based on an autonomous (and possibly unregulated) management, driving
surface water depletion [72]. This approach to water management is proven by the similar
patterns of the distribution of land cover classes in SWL hotspots that emerged in the
Northern, Central, and Southern Apennines RBDs as well as in the Sicily and Sardinia RBDs.

While surface water results to be mostly replaced by agricultural land, the distance–
decay behavior describing the spatial distribution of SWL hotspots is found to be enhanced
also by the influence of built-up areas, especially in the Apennines, southern Italy, and the
insular regions. Indeed, areas of human settlements tend to attract a higher concentration of
SWL hotspots in their proximity, even though their extent is usually smaller than irrigated
land. Noticeably, the influence of anthropogenic areas on the spatial occurrence of SWL
hotspots is more pronounced, as this area accounts for the pressure exerted from irrigation
practices as well as activities in urban and industrial areas. In general, the majority of losses
are concentrated close to any area of human pressure, and their frequency of occurrence
exponentially decreases with distance. We observe analogies in the spatial distributions
in the Po and Eastern Alps RBDs, where SWL hotspots reach the largest distances from
all areas of human pressure and the decline in their frequency of occurrence is faster with
respect to irrigated areas rather than built-up areas. In particular, high values of maximum
SWL distances in northern Italy reflect the wide radius of influence of heavily water-
demanding activities that affect the surrounding environment over far-reaching areas [73].
Similarly, the remaining RBDs of central and southern Italy share comparable SWL spatial
occurrence, with SWL hotspots substantially distributed along narrower distances and
being more influenced by built-up areas. Interestingly, in the Sicily RBD the average SWL
distance from irrigated areas is smaller than the distance associated with built-up areas
and the decay rate of SWL occurrence is steeper from irrigated areas than from built-up
areas in contrast to the general observed trend. This trend may be caused by the rising
irrigation demand in response to climate change impacts (e.g., less abundant precipitation)
on agricultural production [73,74].

5. Conclusions

By leveraging data from satellite observations and employing a distance–decay model,
we investigate the loss of surface water resources that occurred in Italy between 1984 and
2021 and explore its association with land cover change and potential human pressure.
Our results reveal that losses of surface water are mainly concentrated in northern Italy,
and they generally occurred within cropland areas, such as the Po valley area, probably
following the adoption of a new irrigation technique. Furthermore, the modeling of SWL
spatial distribution suggests that surface water resources are more frequently depleted in
the proximity of irrigated and urban areas, showing the remarkable contribution of the
anthropogenic activities to the exploitation of local surface water resources. In particular,
the spatial distribution of SWL is more concentrated around and declines faster from



Sustainability 2024, 16, 8021 12 of 21

irrigated areas in the Po and Sicily RBDs. On the other hand, built-up areas exhibit a
more dominant effect in the Apennines and Sardinia. In the Eastern Alps RBD the spatial
distribution of SWL is found to be affected by both irrigated and built-up areas, as SWL is
more concentrated around built-up areas, but its occurrence declines faster with respect to
irrigated areas.

Our findings demonstrate that humans influence surface water dynamics, as surface
water losses often reflect changes in land cover and thus in human activities. The analysis
here presented represents an initial contribution aimed at the investigation of surface
water loss across Italy, which can improve our current understanding of anthropogenic
disturbances on surface water resources. Further investigations should be carried out
to focus on surface water loss at the local scale, should recognize contributions coming
from different sectors of water use, and should also properly consider the effects due to
decreasing precipitation trends and increasing temperatures associated with climate change.
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Appendix A

Table A1. The main features of the considered 34 RBs in this study (i.e., RBs with an SWL
area > 0.5 km2, see also Figure 2 of the main text). Columns show the RB name, the total area,
the extent of SWL in km2 and as a percentage of the surface water extent in 1984, and the extent of
irrigated and built-up areas.

RBs Area
[km2]

SWL Area
[km2 and %]

Irrigated Area
[km2]

Built-Up Area
[km2]

Po 69,918.34 502.29 (16.91%) 25,528.25 10,087.55
Tevere 17,187.79 7.14 (2.27%) 7241.48 1656.46
Adige 12,049.60 9.99 (11.25%) 2940.14 811.96
Arno 8507.76 4.35 (16.64%) 4524.02 1037.80
Brenta 6131.03 4.10 (14.47%) 2043.06 1157.46
Volturno 5627.20 1.16 (15.72%) 2916.62 369.96
Reno 4914.24 3.42 (24.63%) 2430.17 556.64
Simeto 4193.23 2.04 (15.89%) 1645.67 163.57
Piave 4094.71 6.79 (22.11%) 963.89 268.00
Ombrone 3544.34 1.31 (29.20%) 1166.90 86.65
Tirso 3509.07 0.71 (2.19%) 850.73 127.29
Canale Bianco 2864.13 9.15 (6.29%) 787.30 504.98
Ofanto 2761.26 3.45 (39.61%) 988.58 95.07
Tagliamento 2705.91 21.97 (60.20%) 454.09 150.15
Coghinas 2483.54 2.14 (8.22%) 465.52 48.81
Crati 2449.69 1.15 (10.74%) 1242.72 145.88
Candelaro 2254.91 0.64 (70.10%) 647.82 130.67
Livenza 2167.08 1.69 (16.98%) 1128.32 416.55
Imera Meridionale 2015.29 0.53 (27.40%) 588.52 68.68

https://doi.org/10.5281/zenodo.12547464
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Table A1. Cont.

RBs Area
[km2]

SWL Area
[km2 and %]

Irrigated Area
[km2]

Built-Up Area
[km2]

Sangro 1748.97 0.55 (5.55%) 530.39 41.51
Magra 1695.13 0.90 (24.97%) 552.83 100.22
Agri 1676.12 1.72 (17.41%) 509.49 30.44
Fortore 1614.90 0.66 (3.45%) 628.17 32.65
Bacino Scolante Laguna Veneta 1459.13 3.01 (10.55%) 457.27 546.54
Serchio 1432.83 0.70 (20.51%) 347.95 127.70
Biferno 1316.89 1.17 (12.87%) 447.08 48.83
Chienti 1311.85 0.56 (15.19% 442.73 98.28
Isonzo 1070.76 3.03 (42.87%) 518.78 160.89
Carapelle 976.47 2.55 (43.37%) 246.97 23.62
Lemene 892.17 2.43 (8.28%) 396.38 180.51
Sile 850.33 0.56 (10.11%) 371.58 303.55
Vomano 791.31 2.59 (11.32%) 340.42 19.39
Lago Di Lesina 487.10 0.55 (0.68%) 63.14 22.91
Birgi 330.08 0.63 (26.98%) 245.29 4.15

Table A2. Distribution of land cover classes in 2021 within RBDs expressed in percentage values.
Snow and ice and moss and lichen classes are not shown, as their contribution is negligible (<0.1%).

RBDs Tree
Cover Shrubland Grassland Cropland Built-Up Bare/Sparse

Vegetation
Permanent

Water Bodies
Herbaceous

Wetland

Po 13.10 0.02 4.16 71.50 0.46 2.69 5.53 2.48

Eastern
Alps 18.50 0.03 10.96 2.86 1.31 17.87 28.60 19.83

Northern
Apennines 34.31 2.83 19.69 9.41 7.73 6.84 14.04 5.15

Central
Apennines 43.13 1.27 19.61 8.77 2.25 8.86 14.60 1.51

Southern
Apennines 30.99 1.29 17.79 8.03 3.38 19.28 5.84 13.40

Sicily 11.85 1.70 38.07 20.42 4.89 9.00 8.44 5.63

Sardinia 5.33 2.25 37.53 14.77 3.69 9.64 14.38 12.41

Table A3. Distribution of land cover classes in 2021 within RBs expressed in percentage values. Snow
and ice and moss and lichen classes are not shown, as their contribution is negligible (<0.05%, except
for the moss and lichen class in Adige RB).

RBs Tree
Cover Shrubland Grassland Cropland Built-Up Bare/Sparse

Vegetation
Permanent

Water Bodies
Herbaceous

Wetland

Po 13.25 0.01 3.48 74.05 0.43 2.50 5.14 1.09

Tevere 62.42 0.90 6.11 13.87 0.55 0.93 14.13 1.08

Adige * 46.95 0.00 9.35 1.89 2.79 2.42 35.81 0.56

Arno 42.88 4.45 16.18 21.43 0.62 0.52 11.54 2.38

Brenta 28.29 0.00 10.02 12.66 1.54 3.67 41.43 2.40

Volturno 67.93 0.15 5.95 11.59 0.62 0.93 11.51 1.31

Reno 33.68 0.47 22.67 15.78 0.82 2.08 10.44 14.07

Simeto 5.77 4.36 40.11 40.46 0.09 1.10 6.35 1.76

Piave 30.92 0.00 24.09 7.15 0.20 26.87 10.46 0.32
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Table A3. Cont.

RBs Tree
Cover Shrubland Grassland Cropland Built-Up Bare/Sparse

Vegetation
Permanent

Water Bodies
Herbaceous

Wetland

Ombrone 61.04 3.22 10.15 4.25 0.14 4.46 14.13 2.61

Tirso 12.04 0.38 38.91 24.97 0.63 1.65 14.70 6.72

Canale Bianco 3.46 0.00 10.67 4.41 0.86 0.54 20.47 59.59

Ofanto 76.50 3.00 12.22 7.42 0.39 0.21 0.16 0.10

Tagliamento 13.01 0.00 8.39 0.39 0.85 39.15 37.88 0.33

Coghinas 2.61 0.00 33.07 57.09 0.00 1.81 5.30 0.13

Crati 62.62 2.12 18.03 8.23 0.31 0.47 7.60 0.63

Candelaro 1.54 0.28 7.41 54.27 0.00 0.28 1.54 34.69

Livenza 25.00 0.00 18.60 1.44 0.37 11.73 40.30 2.56

Imera Meridionale 34.91 0.34 39.29 17.88 0.17 0.17 7.25 0.00

Sangro 76.07 0.83 9.74 7.92 0.50 1.82 2.81 0.33

Magra 48.65 0.70 8.32 2.11 1.20 16.45 21.46 1.10

Agri 7.75 1.31 52.65 2.62 5.34 4.30 7.18 18.86

Fortore 88.99 0.14 2.72 1.22 0.82 0.00 0.54 5.57

Bacino Scolante
Laguna Veneta 12.54 0.00 14.70 1.35 1.14 0.99 20.87 48.41

Serchio 65.68 0.13 4.13 1.29 0.39 0.77 26.06 1.55

Biferno 59.40 8.71 22.42 4.01 2.31 0.31 2.70 0.15

Chienti 58.88 2.24 9.44 4.80 0.32 1.28 22.88 0.16

Isonzo 51.81 0.06 6.44 1.90 0.98 13.11 25.00 0.71

Carapelle 0.00 0.00 13.89 4.79 0.00 58.37 0.81 22.14

Lemene 5.49 0.00 4.63 25.36 0.19 0.11 28.22 36.00

Sile 27.63 0.00 27.30 6.46 2.75 1.45 32.15 2.26

Vomano 7.22 0.59 72.87 1.39 0.10 2.43 14.14 1.25

Lago Di Lesina 0.00 0.00 0.50 0.99 0.00 0.00 10.73 87.79

Birgi 0.86 0.86 56.12 37.41 0.00 0.00 4.75 0.00

* In Adige RB, the Moss and lichen land cover class covers 0.14% of the RB area.

Table A4. Mean and maximum distance of SWL hotspots from areas of human pressure across RBDs.

RBDs

Irrigated Area Built-Up Area Anthropogenic Area

Mean
Distance [km]

Max
Distance [km]

Mean
Distance [km]

Max
Distance [km]

Mean
Distance [km]

Max
Distance [km]

Po 0.98 33.23 2.19 30.68 0.39 15.08

Eastern Alps 2.50 19.90 2.27 20.09 1.45 16.68

Northern
Apennines 1.07 7.48 1.48 16.70 0.42 5.94

Central
Apennines 1.57 9.97 3.57 11.82 1.21 9.10

Southern
Apennines 1.40 11.62 2.66 12.90 0.98 8.73

Sicily 0.83 8.15 3.55 13.02 0.59 6.26

Sardinia 2.28 11.50 2.10 13.09 1.05 11.50
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Figure A1. The frequency of the occurrence of SWL hotspots as a function of distance from areas of
human pressure and SWL-DD model fit across RBDs, except the Po RBD (see Figure 4). Confidence
intervals are the standard error associated with the model fit. Model application with respect to
(a) irrigated areas; (b) built-up areas; (c) anthropogenic areas. Each row depicts results for a different
RBD (as specified in the text over each panel).
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Table A5. Mean and maximum distance of SWL hotspots from areas of human pressure across RBs.

RBs

Irrigated Area Built-Up Area Anthropogenic Area

Mean
Distance [km]

Max
Distance [km]

Mean
Distance [km]

Max
Distance [km]

Mean
Distance [km]

Max
Distance [km]

Po 0.81 20.58 2.15 30.68 0.30 15.08

Tevere 0.80 5.10 4.03 11.35 0.60 3.34

Adige 1.35 19.90 1.66 20.09 0.84 16.68

Arno 0.77 6.36 1.08 6.17 0.38 3.48

Brenta 2.19 11.45 1.12 8.81 0.78 7.06

Volturno 0.81 2.43 2.12 5.21 0.72 1.74

Reno 1.36 12.29 1.63 10.13 0.76 7.35

Simeto 1.32 6.26 5.19 13.02 1.32 6.26

Piave 0.90 11.82 1.46 11.77 0.58 9.46

Ombrone 0.98 5.94 4.51 13.09 0.81 5.94

Tirso 0.20 3.21 1.22 7.93 0.17 3.21

Canale Bianco 6.10 14.73 3.76 8.94 3.37 8.94

Ofanto 0.92 4.55 1.32 12.90 0.71 4.55

Tagliamento 0.66 9.75 1.77 10.94 0.62 7.87

Coghinas 2.93 5.70 4.90 10.77 2.79 5.29

Crati 0.34 2.02 1.67 5.10 0.32 1.26

Candelaro 3.47 8.25 1.22 9.37 1.03 5.70

Livenza 2.24 11.99 3.28 13.50 2.14 11.99

Imera
Meridionale 0.59 3.40 3.64 8.84 0.58 3.40

Sangro 0.74 6.71 2.71 8.21 0.64 5.75

Magra 0.21 2.25 0.78 6.82 0.13 2.25

Agri 0.60 1.95 1.08 11.64 0.33 1.95

Fortore 1.45 11.62 4.44 11.23 1.02 7.75

Bacino Scolante
Laguna Veneta 3.98 12.72 2.35 6.06 2.02 6.02

Serchio 0.64 7.48 0.65 5.29 0.31 5.29

Biferno 0.53 2.55 8.47 10.82 0.53 2.55

Chienti 0.43 2.46 1.00 3.93 0.30 1.32

Isonzo 0.92 10.05 1.39 13.64 0.82 7.66

Carapelle 3.20 5.66 2.54 5.96 2.47 5.66

Lemene 3.12 7.56 3.44 7.89 2.53 5.45

Sile 1.61 6.31 0.71 6.88 0.28 2.89

Vomano 5.22 9.30 7.25 11.82 4.88 9.10

Lago Di Lesina 3.00 6.38 1.71 6.56 1.64 6.15

Birgi 0.26 1.69 7.13 9.15 0.26 1.69
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Table A6. Pearson’s correlation coefficient, r, and α and β parameters of the SWL-DD model with
respect to different areas of human pressure across RBDs.

RBDs

Irrigated Area Built-Up Area Anthropogenic Area

r α

[-]
β

[km−1] r α

[-]
β

[km−1] r α

[-]
β

[km−1]

Po 0.999 0.83 2.99 0.943 0.30 0.31 1.000 0.88 2.62

Eastern Alps 0.987 0.55 1.57 0.996 0.36 0.46 0.992 0.66 1.69

Northern
Apennines 0.998 0.62 1.12 0.988 0.61 1.53 1.000 0.84 2.24

Central
Apennines 0.995 0.57 1.05 0.915 0.30 0.50 0.997 0.71 1.79

Southern
Apennines 0.993 0.50 0.72 0.993 0.31 0.38 0.996 0.63 1.04

Sicily 1.000 0.65 1.11 0.747 0.19 0.20 0.999 0.75 1.59

Sardinia 0.972 0.31 0.37 0.968 0.44 0.73 0.996 0.61 1.05

Table A7. Pearson’s correlation coefficient, r, and α and β parameters of the SWL-DD model with
respect to different areas of human pressure across RBs.

RBs

Irrigated Area Built-Up Area Anthropogenic Area

r α

[-]
β

[km−1] r α

[-]
β

[km−1] r α

[-]
β

[km−1]

Po 1.000 0.86 3.07 0.938 0.30 0.31 1.000 0.89 2.70

Tevere 0.995 0.67 1.03 0.789 0.21 0.23 0.999 0.79 1.46

Adige 0.999 0.83 3.26 0.999 0.60 1.06 0.999 0.87 3.40

Arno 0.996 0.74 1.43 0.984 0.63 1.17 1.000 0.90 2.43

Brenta 0.982 0.57 1.98 1.000 0.60 0.93 0.997 0.74 1.62

Volturno 0.966 0.61 0.83 0.909 0.31 0.33 - - -

Reno 0.994 0.60 1.10 0.983 0.55 1.13 0.998 0.79 1.85

Simeto 0.980 0.48 0.59 0.271 0.11 0.07 0.980 0.48 0.59

Piave 0.999 0.75 1.44 0.988 0.49 0.64 1.000 0.88 2.36

Ombrone 0.996 0.61 0.93 0.760 0.15 0.13 0.997 0.66 1.04

Tirso 1.000 0.96 3.83 0.972 0.47 0.58 1.000 0.96 3.90

Canale Bianco 0.476 0.10 0.06 0.804 0.18 0.15 0.840 0.22 0.21

Ofanto 0.945 0.60 0.78 0.980 0.47 0.57 0.993 0.72 1.14

Tagliamento 1.000 0.85 1.86 0.853 0.35 0.37 1.000 0.87 2.05

Coghinas 0.464 0.20 0.15 0.199 0.11 0.07 0.387 0.20 0.14

Crati 1.000 0.97 3.63 0.624 0.35 0.36 - - -

Candelaro 0.539 0.19 0.19 0.995 0.63 1.10 0.995 0.72 1.53

Livenza 0.994 0.55 1.21 0.962 0.34 0.50 0.995 0.62 1.80

Imera
Meridionale 1.000 0.85 2.08 0.259 0.16 0.12 1.000 0.86 2.09

Sangro 0.998 0.89 5.55 0.841 0.26 0.27 - - -

Magra 1.000 0.96 3.21 0.999 0.83 1.86 1.000 0.99 4.94
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Table A7. Cont.

RBs

Irrigated Area Built-Up Area Anthropogenic Area

r α

[-]
β

[km−1] r α

[-]
β

[km−1] r α

[-]
β

[km−1]

Agri - - - 0.996 0.69 1.19 - - -

Fortore * 0.995 0.76 1.68 −0.142 0.00 4.88 0.998 0.76 1.68

Bacino Scolante
Laguna Veneta 0.699 0.19 0.20 0.877 0.30 0.33 0.901 0.35 0.43

Serchio 0.999 0.91 6.56 0.995 0.82 2.20 0.999 0.93 4.28

Biferno * 0.996 0.82 1.94 0.416 0.04 −0.13 0.996 0.82 1.94

Chienti 0.998 0.91 3.08 0.996 0.61 0.97 - - -

Isonzo 0.997 0.85 4.04 0.994 0.56 0.87 0.997 0.85 4.10

Carapelle 0.219 0.17 0.11 0.500 0.22 0.20 0.443 0.23 0.19

Lemene 0.472 0.19 0.15 0.469 0.17 0.11 0.284 0.22 0.11

Sile 0.968 0.55 1.34 0.998 0.73 1.26 1.000 0.90 2.28

Vomano 0.184 0.10 0.04 0.222 0.08 0.04 0.257 0.12 0.06

Lago Di Lesina 0.347 0.19 0.15 0.874 0.37 0.40 0.844 0.37 0.41

Birgi * - - - 0.383 0.05 −0.17 - - -

* RBs not included in the analysis of the influence of BUP areas (see Section 3.2 for details).
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