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Abstract

Sloping vineyards are highly susceptible to soil erosion driven by intense rainfall. Eval-
uating the impact of different soil management practices is crucial for implementing
conservation strategies to mitigate this process. This study aims to estimate soil erosion
under various inter-row management systems (permanent grass cover, alternating tillage,
and different combinations of sown mixtures and termination methods) using a model-
ing procedure based on the Revised Universal Soil Loss Equation (RUSLE). The research
was conducted in the Oltrepò Pavese (Northern Italy), a representative hilly vineyard
area with medium steepness and clayey soils. Soil erosion was modeled at an annual
scale, considering current conditions and three future climate projections (CMCC-CM2-
VHR4, MPI-ESM1.2-XR, and EC-Earth3P-HR). Results indicate that annual soil loss is
strongly influenced by inter-row management across all rainfall scenarios. Conserva-
tive practices—specifically cereal-based cover crops combined with rolling and sub-row
mulching—significantly reduced erosion compared to alternating tillage, with average
rates dropping from 1.85–3.30 Mg/ha/yr to 0.02–0.04 Mg/ha/yr. These findings under-
score the importance of optimized interrow management in reducing soil degradation on
sloping terrains.

Keywords: revised universal soil loss equation; sloping vineyards; inter-row managements;
rolling; mulching

1. Introduction
Soil is among the most valuable resources on the human timescale. Its fertility serves

as the foundation for agricultural practices and plays an essential role in maintaining air
and water quality, supplying 95% of our food, and ensuring climate stability [1]. However,
this critical resource is continuously threatened by degradation processes, with soil erosion
representing a primary cause [2].

Soil erosion is a natural geomorphic energy-driven process that involves the detach-
ment, transport, and deposition of soil particles. The energy required for this process is
supplied by various agents, which also define the type of erosional process. The four pri-
mary energy sources are physical forces (e.g., wind and water), gravity, chemical reactions,
and anthropogenic disturbances such as tillage. Indeed, tillage implements constitute a
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significant source of energy that can induce substantial downslope soil translocation. The
intensity and rate at which energy is dissipated from these sources ultimately govern the
severity of soil erosion [3]. Anthropogenic activities have dramatically accelerated the
rate of soil erosion [4], leading to a global environmental challenge. When the rate of
erosion surpasses the natural rate of soil formation (pedogenesis), it results in a net loss of
this vital resource, triggering a cascade of negative on-site and off-site impacts, including
loss of fertility and reduction of agricultural productivity [5]. The off-site impacts of soil
erosion, such as sedimentation, flooding, landslides, and water eutrophication, impose
costs borne by society at large rather than the individual landowner. During the 20th
century, the increase in population has drastically accentuated the risks and extent of soil
degradation [3].

Among the various erosive agents, water is a major driver of soil loss worldwide.
Water erosion initiates when the soil is saturated and the rainfall intensity exceeds the
soil’s infiltration capacity, generating surface runoff [6]. The fight against this type of soil
erosion is of particular urgency, as this phenomenon, with a global estimated annual loss of
approximately 36 billion tons from inter-rill and rill processes alone, poses one of the most
severe threats to global food security [7].

In European agricultural areas, where the mean soil loss rate is estimated at
4.21 Mg ha−1 yr−1 [8], permanent cropping systems such as vineyards, olive groves,
and maize exhibit significantly higher erosion rates (9.47 Mg ha−1 yr−1) compared to arable
land (2.67 Mg ha−1 yr−1) and pastures (2.02 Mg ha−1 yr−1) [9].

In particular, the vineyard agroecosystem is one of the environments most threatened
by soil erosion, commonly induced by rainfall, especially on sloping terrains [7,10], posing
a severe threat to the long-term sustainability of local wine industries and of the sector
in general. Besides the predisposing effect induced by hillslope morphology and soil
physical features, a key strategy to mitigate soil erosion in these vulnerable agroecosystems
is the establishment of ground covers between and under the rows [11,12]. The use of
cover plants, like spontaneous vegetation or sown cover crops, or the application of mulch
from pruning residues or straw, have been demonstrated as effective and sustainable
measures to reduce the impact of severe rainfall events on soil detachment [13]. Moreover,
homogeneous and mixed temporary cover crops enhance surface water infiltration and
effectively reduce runoff compared to conventional tillage management [14].

The susceptibility of vineyards towards soil erosion induced by water could also rise as
a consequence of climate change effects [15]. The increase in rainfall severity, especially for
stronger events in tens of minutes and hours and the rise of cumulated rainfall amounts at
seasonal or yearly scale [16], could induce the generation of more water runoff, provoking
a higher rate of soil detachment at the hillslope scale [17]. This aspect determines how
different soil management techniques in sloping vineyards could answer to significant
rainfall amounts and to particular meteorological events induced by climate change [18].

Consequently, measuring soil erosion rates becomes crucial for understanding its
spatial and temporal dynamics and for identifying effective mitigation strategies. The
quantification of erosion-related processes in sloping vineyards can be performed by a
range of methodological approaches proposed in the literature. Among these, the use of
experimental plots in vineyard environments to directly measure sediment yield following
rainfall events is a well-established practice [19]. Within this methodological framework,
remote sensing techniques represent a robust and scalable means to investigate soil erosion
dynamics. Recent advances in three-dimensional surveying technologies, coupled with
innovative data processing and management strategies, have significantly expanded the
analytical potential of geomorphological and hydrological studies in agricultural land-
scapes [20]. Light detection and ranging (LiDAR), implemented using unmanned aerial
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vehicles (UAV), has emerged as a rapid, cost-effective alternative for high-resolution topo-
graphic surveying, allowing for retrieving digital elevation models (DEMs) with centimetric
spatial resolution. This tool allows the detection and the digital representation of subtle
micro-topographic features, creating datasets for the investigation of surface processes [21]
with strong potential for erosion assessment and quantification [22]. Starting from these
acquisitions, a commonly applied methodology for soil loss estimation involves the analysis
of multi-temporal DEMs to derive DEMs of difference (DoD), which enable the spatial
identification and quantification of erosion and deposition patterns [23]. Although this
approach provides a detailed morphological characterization of surface change, it remains
inherently descriptive, as it does not explicitly account for the governing processes re-
sponsible for erosion, such as rainfall erosivity, runoff generation, or sediment transport
mechanisms [24]. Moreover, photogrammetry, based on structure of motion, permits the re-
construction of high-resolution 3D models of land surfaces, achieving centimetric accuracy
on the detection of ground surface changes induced by soil erosion processes. [25–27].

Moreover, integrating multispectral and thermal sensors with UAV platforms allows
for monitoring vegetation cover and soil moisture, critical factors in erosion processes [21].
Multispectral imagery, for example, can provide vegetation indices like NDVI, offering
insights into plant health and erosion control [17,18].

Physically-based numerical models can represent a complementary approach capable
of addressing these limitations, albeit at the expense of increased data requirements and
computational complexity to explicitly simulate the underlying hydrological and sediment
transport processes [28]. The Watershed Erosion Prediction Project (WEPP), for instance,
requires detailed climatic, pedological, topographic, and land management inputs to
simulate water balance components, soil detachment, sediment transport, and deposition
at multiple spatial scales [29]. Moreover, the simulation of water erosion (SIMWE) model
operates at the landscape scale to simulate overland flow, soil erosion, sediment transport,
and deposition under spatially heterogeneous terrain, soil, vegetation cover, and rainfall
excess conditions [30].

In this framework, the revised universal soil loss equation (RUSLE) is among the most
widely implemented empirical models for predicting long-term average annual soil loss
due to water erosion, integrating rainfall erosivity, soil erodibility, topographic factors, land
cover, and conservation practices [31]. Nevertheless, the empirical nature and simplified
structure of RUSLE impose well-documented constraints on its applicability, particularly
under event-based erosion conditions [32,33]. By incorporating experimental calibration
and field validation, RUSLE represents a well-established method for reconstructing long-
term erosion rates at hillslope scales, providing yearly resolution while accounting for
shifts in erosion rates induced by climate change [34–39].

Consequently, the application of soil erosion models such as RUSLE is essential for
analyzing the impact of climate change on erosion trends within vineyard environments,
particularly when considering how various soil management practices respond to these
shifts. While numerous studies have already examined the effects of climate change on soil
erosion patterns across different environmental and land-use contexts [6,7], few studies
have estimated and analyzed soil erosion trends from current to projected future climatic
conditions [34], while simultaneously accounting for the impact of different inter-row
management strategies. In particular, refs. [12,40] identified a significant knowledge gap
concerning the need for researches focused on assessing how different soil management,
cover cropping, and intercropping systems affect erosion rates at various scales, from
hillslopes to larger areas. To address this need, the present study aims to reconstruct soil
erosion rate trends under both current and future climatic scenarios by implementing the
RUSLE model across different vineyard soil management systems.
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2. Study Area
2.1. Oltrepò Pavese Area

This work was carried out in a representative test-site of the Oltrepò Pavese region
(northern Italy), a hilly wine-growing area of notable importance where soil erosion is a
pressing issue.

Oltrepò Pavese (Figure 1) is a hilly-mountainous area of 1093 km2, located in northern
Italy and representing the northwestern termination of the Apennines. According to the
last Italian ministry census, this is one of the most important and traditional Italian areas
for wine production, with about 100,000 tons per year of wine [41].

 

Figure 1. Location of the test site in Oltrepò Pavese area (a). Main topographical features of the
test-site (b).

The altitude ranges between 60 and 1700 m above sea level (ASL), while the slope
steepness ranges between 5 and 45◦. According to Koppen’s classification of world climates,
the climatic regime of this zone is temperate/mesothermal, with a mean yearly temperature
of 12 ◦C and a mean yearly rainfall amount of 737.6 mm (Canevino meteorological station,
ARPA Lombardia monitoring network).

From the geological point of view, this area exhibits a complex geological structure
characterized by the superimposition of Internal Ligurian Units over External Ligurian
Units. In particular, in the northern sector, where the test sites are located, a Miocene-
Pliocene sedimentary succession, consisting of poorly cemented conglomerates, sandstones,
sandy marls and evaporitic formations (chalky marls and gypsum), are tectonically overim-
posed on eocenic flysches composed predominantly of calcareous sandstone interbedded
with marls [42,43].

The northern sector of Oltrepò Pavese is also characterized by a dense hydrographic
network, dominated by the Versa River and its tributaries, with a seasonal hydrological
regime typical of the northern Apennines, marked by high variability and rapid responses
to rainfall events [40]. Research conducted in this area has demonstrated that intense
precipitation can strongly influence runoff and sediment transport, underscoring the close
interaction between topography, soil properties, and land use causing proneness of this
territory to soil erosion [44].

The land use consists of a mosaic of agricultural and semi-natural systems, with vine-
yards forming the dominant element of the cultivated landscape (approximately 22%) [45].
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Vineyards are typically cultivated on hilly settings with fine-textured soils, mainly with
silty and clayey textures.

2.2. Test Site

An experimental test site (Figure 1b), labelled as SMV, was selected as representative
of the main geological and geomorphological settings where vineyards are implanted in
Oltrepò Pavese (Table 1). It had an area of 16.9 ha. It was characterized by medium slope
steepness (range of slope angle between 0 and 27◦), with a north-western to western aspect
and altitude range of 220–310 m ASL. Soil was derived from a marly-arenaceous bedrock
and presented typical thickness below 1 m and a clayey texture all along the study test site
(Table 1). Soil permeability was in the range 10−6–10−5 m/s [41].

Table 1. Main geological and geomorphological features of the test-site.

Elevation
(m ASL)

Slope Angle
(◦)

Slope
Aspect

Bedrock
Lithology

Sand
(%)

Silt
(%)

Clay
(%)

Soil
Thickness

(m)

Soil
Permeability

(m/s)

257–287 0–27 NW-W
calcareous
sandstones
and marls

8 31 61 0.0–1.0 10−6–10−5

The vineyards were characterized by the presence of different inter-row soil manage-
ment (Table 2; Figure 2). Two traditional soil management approaches corresponded to
a periodically mowed permanent grass cover (pgc) and to an alternating tillage between
each inter-row (alt). In both the cases, the present grass species were spontaneous, with a
typical mixture of grasses and ruderal broadleaf weeds common in vineyard inter-rows
(e.g., Lolium spp., Avena spp., Chenopodium spp.). These managements have been carried
out for at least the last 10 years.

Table 2. C factor for the land uses in the test site.

Land Use
Percentage in

the Area
(%)

Slope Angle
Range

(◦)

Slope Angle
Mean

(◦)
C Factor

wood land 6.1 6–27 15 0.001
field 17.7 0–27 13 1.000

dirt road 2.4 0–25 10 1.000
urban area/road 13.2 0–23 7 -

pgc vineyard 56.2 0–20 11 0.040
alt vineyard 3.0 6–25 14 0.350

gm_c 0.2 5–15 10 0.020
gm_n 0.5 5–15 10 0.060

r_c 0.2 5–14 11 0.050
r_n 0.3 5–15 11 0.600
sr_c 0.2 8–13 11 0.020
sr_n 0.1 6–9 8 0.060

Moreover, other soil management techniques were implemented, based on the sowing
of two specific cover crop mixtures of different grass species (Table 2). A first one was a
cereal-based mixture (_c) with the following seed composition: polystic barley (Hordeum vul-
gare), oats (Avena strigosa), crimson clover (Trifolium incarnatum), fodder rapeseed (Brassica
napus), and blue tansy (Phacelia tanacetifoglia). A second one was a leguminous plant-based
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mixture (_n) with the following seed composition: common vetch (Vicia sativa), hairy vetch
(Vicia villosa), and common oat (Avena sativa).

Figure 2. Land use map of the test site.

The two mixtures were sown in October, using a tractor mounting a pneumatic seeder
combined with a power harrow, which allowed to reduce the size of clumps eventually
formed during seedbed preparation. Cover crops grew during autumn and winter months
until the complete and mature stages in spring. After the half of May, the two mixtures
were terminated with three different types of managements [46]: (i) rolling (r_) performed
by mechanically compressing the cover crop at its maximum growth; (ii) sub-row mulching
(sr_), consisting of mechanically slashing and piling under the row the resulting biomass
to form an organic and dead mulch layer; and (iii) green manure (gm_), consisting of
mechanically cutting the biomass, which were then incorporated into the soil forming a
below ground level at around 0.2–0.3 m from the surface. The combination of termination
methods and sown species resulted in 6 treatments: r_c, sr_c, gm_c, r_n, sr_n, and gm_n.
These six treatments were kept steady between June and September, after a new sowing
the next October. These treatments were implemented in the period 2021–2025.

Other land uses were present in the test site, corresponding to: urban areas and
roads; dirt roads; fields considered as fallow for most of the year, due to the absence of
a continuous agronomical management and grass cover; and wood lands of broadleaves
species, mainly composed of Robinia pseudoacacia (Figure 2).

The percentage of the area occupied by each land use was very different (Table 2).
However, the comparison between the impact of soil managements on soil loss in vineyards
was possible, since the range (0–20◦) and the mean values (8–14◦) of slope angle were
similar between the vineyards with different interrow management.

3. Materials and Methods
3.1. Analysis of the Rainfall Trends

A meteorological station (MeteoSense 4.0, Netsens s.r.l., Calenzano, Italy) was installed
in the test site for the acquisition of the main meteorological variables: rainfall amount, air
temperature and humidity, atmospheric pressure, wind speed, and total solar radiation.
Daily rainfall amounts were retrieved from this station for the years 2021–2025. These data
were, then, merged to daily rainfall amounts acquired by the closest rain gauge of the Arpa
Lombardia monitoring network (Canevino meteorological station, 7 km away from the
test site) for 2004–2020 time span. Daily amounts of each year were summed to obtain the
yearly cumulated amounts, for covering the period between 2004 and 2025.
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The actual rainfall trends were coupled with three future scenarios of yearly rainfall
amounts covering the period 2026–2050, obtained from daily future trends of rainfall
derived from the three following models: (i) the CMCC-CM2-VHR4 climate model (for
more details on model building and main principles we refer to [47]); (ii) the MPI-ESM1.2-
XR climate model (for more details on model building and main principles we refer
to [48]); and (iii) the EC-Earth3P-HR in PRIMAVERA climate model (for more details
on model building and main principles we refer to [49]). These data were retrieved from
the open-source weather API called Open-Meteo (https://open-meteo.com/; accessed on 7
January 2026).

The future scenarios of rainfalls were calculated for 4 cells around the test sites,
obtaining an average trend for each of the adopted model. The innovative trend analysis
(ITA) was, then, calculated for a general indication of rainfall trend on the test site between
actual and future scenarios [50]. In particular, the yearly time series of actual and of each
future scenarios were sorted in ascending order. The two obtained sub-series were plotted
on x-axis and y-axis of a Cartesian plane, classifying in three magnitude ranges (low,
medium, and high). If the data lie along the 1:1 (45◦) line, no trend is present in the time
series. When sample points are concentrated in the upper triangular region above the 45◦

line, the time series exhibits an increasing trend; conversely, a decreasing trend is observed
when the points fall in the lower triangular region below the line. Since this method can
be applied to time series of the same length, future scenarios in the time span between
2026 and 2047 were considered to have the same length (21 years) of the actual time series
(2004–2025).

3.2. Application of the RUSLE Model

Figure 3 shows the flowchart of application of the RUSLE model in a distributed approach
across the test site, carried out through QGIS software (version 3.38; https://qgis.org/). The
RUSLE model has been developed for the estimation of the average annual soil loss induced
by rainfall erosive forces [31]. According to this, RUSLE model is based on an equation
(Equation (1)) that is able to estimate the soil loss at yearly scale (A; measured in Mg ha−1

year−1) by a set of factors influencing erosion dynamics:

A = R × K × LS × C × P (1)

where R is the rainfall-runoff erosivity factor (MJ mm ha−1 h−1 year−1), K is the soil
erodibility factor (Mg ha h ha−1 MJ−1 mm−1), LS is the slope length and steepness factor
(dimensionless), C is the cover-management factor (dimensionless), and P is the support
practice factor (dimensionless). The detailed description of the method is reported in [31].

According to this equation, RUSLE model could be applied considering yearly rainfall
data, allowing to the estimation of yearly soil loss [6].

Within the RUSLE model, the rainfall erosivity R is a critical parameter, as precipitation
is the primary driver of soil erosion [51]. At a yearly timescale, this factor represented the
average of the kinetic energy and intensity of rainfall, quantifying its capacity to cause sheet
and rill erosion. It is calculated from the kinetic energy of individual storms, aggregated
over a year. For the R factor, the site being small, the factor remains steady within the test
site. With the same amount of rainfall, the main difference in erosion for the same type of
management must be other factors. The estimation of R was, then obtained by Equation
(2), which could be applied, considering the mean cumulative-daily precipitation over a
particular year or along a longer time series, taking into account a deterministic procedure
for the assessment of the erosivity factor [52]:
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R =

(
∑n

1 ∑365
1

(
0.11Pday1.82

))
n

(2)

where 0.11 is a constant, Pday is the mean daily rainfall, and n is the number of years.

 

Figure 3. Flowchart of the application of RUSLE model in the test site.

Regarding the K-factor, it reflects soil susceptibility to erosion as influenced by texture,
organic matter content, structure, and permeability [53]. Soil erodibility was calculated
using Equation (3) [54]:

K =

[
2.77·10−7(12 − OM)M1.14 + 4.28·10−3(s − 2) + 3.29·10−3(p − 3)

]
100

(3)

where M is the textural factor, calculated based on the particle-size fractions (fine material
and coarse material equal to 33 and 6% of the soil texture, respectively; clay amount equal
to 61%) as specified in Table 1; OM is the organic matter content percentage (fixed at
2.4% for this study, calculated as the average of four measurements from soil samples
taken at the test site within the top 0.3 m of soil); s represents the soil structure code,
which ranges from 1 to 4; a value of 1 was assigned to the test site based on its very
fine granular structure; and p is the permeability class code, ranging from 1 to 6 based
on saturated hydraulic conductivity. A value of 3 was assigned to p, corresponding to
moderate permeability given the measured range of 10−5 to 10−6 m/s obtained through
Amoozometer measures and converted for p estimation through the method in [55]. Due
to the homogeneous soil characteristics across the test site, the K-factor remained constant
at 0.001 Mg·h·(MJ·mm)−1·ha−1 throughout the study area.

The LS factor, representing slope length and steepness, was calculated following the
approach proposed by [56,57]. The calculation was performed using a 1 m resolution
DEM of the study area, derived from LiDAR data acquired between 2008 and 2010 by
the Italian Ministry for Environment, Land, and Sea, as part of the Extraordinary Plan of
Environmental Remote Sensing (PST-A). Specifically, the LS factor was determined using
Equation (4):
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LS =

(
As

22.13

)m
×

(
sinβ

0.0896

)n
(4)

where As is the specific catchment area (up to 144 m in the test-site), that corresponds to
the ratio of the upstream catchment area of a contour line to its length [58]; β is the slope
angle in the test site (ranging between 0 and 27◦); and m and n are equal to 0.4 and 1.3,
respectively. LS was calculated according to the original DEM resolution at 1 m, while its
values ranged between 0 and 92.822 (Figure S1 in Supplementary Material).

The C factor represented the impact of vegetation and crops in the reduction of soil
erosion. The denser was the vegetation, and the lower could be the loss of soil. C factor
was estimated for each land use and soil management in the vineyards inter-rows present
in the test site (Table 2), according to reference values of the main plant species present in
each land cover [6,59–61]. The values of C factor were obtained to the literature referred to
sloping terrains, in particular those located in European environments, where rainfall and
air temperature statistics are in range similar to the selected test site.

The P factor considered erosion control measure practices to reduce runoff velocity
and sediment delivery. It was defined as the ratio between soil loss under a given soil
conservation practice and the soil loss observed in a field managed with upslope and
downslope tillage [31]. In this study, because no support practices were implemented in
the test site, the P factor was set equal to 1 [17].

Table 3 lists the values of the different factors in the test site, while Figure S1 in
Supplementary Materials provided the map of distribution of K, LS, and C factors in the
test site.

Table 3. Values of the factors for the implementation of RUSLE model.

RUSLE Factor Value

R

Different scenarios according to actual climatic conditions
(2004–2025) and future forecasted climatic conditions

(2026–2050). Future forecasted climatic scenarios are available at
the open-source weather API called Open-Meteo

(https://open-meteo.com/; accessed on 7 January 2026)
K 0.001 Mg·h·(MJ·mm)−1·ha−1 (moderate permeability class)

LS

Distributed across the test site, according to morphological
features a and distribution of slope length and steepness in the

area. The calculation was performed using a 1 m resolution
DEM, derived from LiDAR data acquired between 2008 and

2010 by the Italian Ministry for Environment, Land, and Sea, as
part of the Extraordinary Plan of Environmental

Remote Sensing (PST-A)

C

Distributed across the test site, according to land use
distribution in the area (Figure 2). The original land use

distribution was converted in a distributed map of C factor,
according to the values in Table 2 and using the same 1 m

resolution for DEM and DEM-derived factors

Since the availability of different rainfall scenarios, RUSLE was calculated modifying
R factor in order to consider the impact of changes in yearly rainfall amounts. First,
RUSLE was applied to estimate the average yearly soil loss in the actual rainfall scenario,
corresponding to 2004–2025 time span. Then, RUSLE was applied to estimate the average
yearly soil loss for all the three considered future rainfall scenarios in 2026–2050 time span.
These analyses allowed to evaluate how the amount of yearly soil loss could change in
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future respect to actual rainy conditions, focusing also on differences on soil loss between
the different soil managements.

The erosion rates estimated by RUSLE for the actual scenario were validated by field
measures in the vineyards with the different managements present in the test site. The
stock unearthing measurement (SUM) [62,63] method was used to assess soil erosion, based
on the assumption that the vertical distance between the graft union and the original soil
surface could change over time for processes causing soil loss. These measures consisted in
a manual measurements with a ruler of the distance between the graft union and the soil
surface in a particular time. The difference of the original graft union height with respect
to this measure depended on the soil loss over this time span. In the test site, an initial
graft union height of 15 cm was adopted. Moreover, the dry weight of the soil, required to
convert the measures from distances to soil loss, was equal to 10.6 Mg/m3. The age of the
vineyards, required for calculating the average soil loss, was equal to 20 years. According
to [62], the accuracy of the SUM method is equal to 0.5 cm, corresponding in the test site
to a value of 0.009 Mg/ha/year. The measurements were carried out in 34 locations with
different managements of the vineyards throughout the study area.

3.3. Statistical Analyses

Statistical analyses were conducted to assess similarities and differences in average
total yearly soil loss estimated by RUSLE for the different land uses in each scenario. This
analysis allowed to evaluate statistically which land uses could induce the same erosion
pattern in the test site.

Normality on the distribution of the soil loss values was assessed using the
Shapiro–Wilk test. Since p-values were lower than 0.001, data were not normally distributed.
Thus, a non-parametric test was used to compare the soil loss values in different land uses,
using also the climatic scenario as covariate factor. In particular, the Scheirer–Ray–Hare
test was used, taking into account the rainfall scenario and the land uses as fixed effects
and the average total yearly soil loss as random effect. In addition, the significance of the
interaction between fixed effects and the associated random effect was evaluated, following
the recommendations of [64].

When significant differences among the soil loss in different classes of the factors were
detected, the Dunn’s test was applied for post hoc multiple comparisons.

All these tests were verified for p-values of 0.05. These statistical analyses were applied
through R software (version 4.4; https://www.r-project.org/).

4. Results
4.1. Rainfall Trends

Yearly rainfall amounts in actual and future climatic conditions have been analyzed
for identifying possible changes along time. Average yearly rainfall amount for the period
2004–2025 was equal to 737.6 mm, with a minimum value of 390.6 mm and a maximum
amount of 1140.6 mm. The three considered future scenarios for the period 2026–2050
estimated higher yearly cumulated rainfalls, since the mean values were of 1073.4, 1085.6,
and 1129.2 mm for CMCC-CM2-VHR4, MPI-ESM1.2-XR, and EC-Earth3P-HR, respectively.
ITA test on yearly cumulated amounts confirmed the rise of this attribute for all the future
forecasted scenarios, with an evident positive trend (Figure 4). In particular, the increase
on yearly rainfall amount was estimated of 45.5, 47.2, and 53.1% than the actual climatic
condition for CMCC-CM2-VHR4, MPI-ESM1.2-XR, EC-Earth3P-HR, respectively.
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Figure 4. Results of the ITA test applied to the series of yearly rainfall amount at the test site.

4.2. RUSLE Modeling for Actual and Future Climatic Conditions

The application of RUSLE model allowed to identify the soil erosion pattern in the
test site for actual and future climatic scenarios. The application of Scheirer–Ray–Hare test
demonstrated statistically significant differences between estimated soil loss in different
land uses (H10,208 = 222.89, p-value > 0.001), regardless of the considered climatic scenario
(H3,208 = 2.88, p-value = 0.41) and without any interaction between these two covariates
(H30,208 = 7.49, p-value = 0.99). A post-hoc Dunn’s test (Table S1 in Supplementary Material)
showed that the pairs with field, dirt road, and wood land classes were characterized by
values of the total soil loss significantly different within the classes of the pairs.

Figure S2 in Supplementary Material and Table 4 show the results of RUSLE appli-
cation according to actual climatic conditions in 2004–2025 time span. Due to the higher
C-factor values, fields and dirt roads were characterized by the highest amounts of yearly
soil loss, averagely overpassing 9 Mg/ha/yr. Instead, estimated soil loss in vineyards was
lower, since it kept averagely below 2 Mg/ha/yr. However, vineyards with alternating
tillage showed a higher soil loss than the other managements, where average soil loss
was below 1 Mg/ha/yr. Moreover, the soil managements derived by the termination of
sown mixture based on cereals (gm_c, r_c, sr_c) had the lowest soil loss than the other
implemented managements of vineyards inter-rows, with average values in the range of
0.02–0.10 Mg/ha/yr.

Table 4. Range of the soil loss estimated by RUSLE according to actual climatic conditions in the test-site.

Land Use RUSLE Soil Loss for Actual Climatic Conditions (2004–2025)
(Mg/ha/yr)

wood land 0.003–0.10
field 5.00–37.00

dirt road 6.00–95.51
urban area/road -

pgc vineyard 0.10–0.40
alt vineyard 0.02–2.00

gm_c 0.10–2.00
gm_n 0.20–3.00

r_c 0.002–0.05
r_n 0.30–2.00
sr_c 0.02–0.03
sr_n 0.60–3.00
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The modeled values estimated with RUSLE model for the actual scenario were val-
idated by the field measures of the SUM method in the differently managed vineyards.
The field measures confirms the trends on erosion rates observed with RUSLE modeling,
besides differences of 0.01–1.03 Mg/ha/yr on average between field and RUSLE estima-
tions (Table 5). As already shown by RUSLE modeling, alt vineyard was, again, the most
susceptible management, with soil loss of 0.83 Mg/ha/yr on average. The other vineyard
managements had field values of soil loss significantly lower, ranging between 0.15 and
0.22 Mg/ha/yr on average.

Table 5. Comparison between the average soil loss estimated by RUSLE according to actual climatic
conditions and the field measures through SUM method for the different types of vineyards in
the test-site.

Land Use
RUSLE Soil Loss for Actual

Climatic Conditions (2004–2025)
(Mg/ha/yr)

Field Measures of Soil Loss by
SUM Method

(Mg/ha/yr)

pgc vineyard 0.21 0.20
alt vineyard 1.85 0.83

gm_c 0.10 0.18
gm_n 0.33 0.19

r_c 0.02 0.15
r_n 0.25 0.21
sr_c 0.03 0.19
sr_n 0.33 0.22

Similar trends could be highlighted also in the considered future climatic scenarios
(Figures 5 and 6). A general increase in soil loss in the land uses characterized all the
future climatic scenarios, according to the rise in yearly rainfall amounts than the actual
conditions. In particular, the increase in soil loss is in the order of 40.5, 50.2, and 77.9%
for CMCC-CM2-VHR4, EC-Earth3P-HR, and MPI-ESM1.2-XR, respectively. Since the rise
in soil loss was similar in percentage within each climatic scenario, field and dirt roads
had, again, the highest average yearly soil loss, reaching up to 16.4 and 25.8 Mg/ha/yr in
MPI-ESM1.2-XR, respectively.

 

Figure 5. Soil loss estimated by RUSLE for all the land uses of the test site, for all the considered
climatic scenarios. Different letters mean significant differences in the climatic conditions according
to the Dunn test p < 0.05.
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Figure 6. Soil loss estimated by RUSLE for the different vineyards managements in the test site, for
all the considered climatic scenarios. Different letters mean significant differences in the climatic
conditions according to the Dunn test p < 0.05.

The same increase affected also the different tested vineyards managements. Alter-
nating vineyards (alt vineyards) were characterized again by the highest average yearly
soil loss, reaching mean values between 2.6 and 3.3 Mg/ha/yr. Vineyards with permanent
grass cover in the inter-rows (pgc vineyards), r_n, sr_n, and gm_n had soil loss in the range
0.3–0.6 Mg/ha/yr on average, while gm_c, r_c, and sr_c presented the lowest values of soil
loss on average, with values below 0.2 Mg/ha/yr.

5. Discussion
The selected test site is representative of one of Northern Italy’s most traditional and

premier wine-growing regions. It is characterized by clay-rich soil, moderate permeability,
and medium slope steepness across the entire area. Consequently, the primary variations
in erosion patterns are driven by land-use types and their distribution. Furthermore, a clear
increase in erosion susceptibility was observed when transitioning from current to projected
climatic conditions through 2050, regardless of the land-use type. This increasing trend
was in agreement with other local and regional analyses all over the world [65,66], which
highlighted an estimated and clear rise in yearly total soil loss due to a forecasted growth in
yearly rainfall erosive force induced by climate change [67–70]. The three considered future
climatic scenarios (CMCC-CM2-VHR4, EC-Earth3P-HR, and MPI-ESM1.2-XR) determined
an average increase in yearly rainfall amounts at the test site between 45.5 and 53.1%,
accounting for an estimated average growth of total soil loss of 40.5, 50.2, and 77.9% for
CMCC-CM2-VHR4, EC-Earth3P-HR, and MPI-ESM1.2-XR, respectively.

Despite the most vulnerable land uses to soil erosion at test site were fields and
dirt roads, the results of RUSLE modeling in different climatic scenarios gave significant
outcomes on the relative effectiveness of the different management practices in vineyards
to soil erosion proneness. This aspect was also demonstrated by the results of the Scheirer–
Ray–Hare test, which showed a statistically significant difference between estimated soil
loss in different land uses (H10,208 = 222.89, p-value > 0.001), regardless of the considered
climatic scenario (H3,208 = 2.88, p-value = 0.41).

All the tested management techniques in soil inter-row of vineyards were at least
5–8 times less vulnerable to soil erosion than fallow open fields (fields) and dirt roads on
average. However, the differences on estimated total soil loss between different inter-row
management techniques was evident. Vineyards with alternated tillage in the inter-row (alt
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vineyards) were consistently the most vulnerable treatment to soil erosion, with average
yearly soil loss of 1.85 Mg/ha/yr and of 2.60–3.30 Mg/ha/yr in current and future climatic
trends, respectively. In the hierarchy of the different vineyard soil management approaches,
sowing leguminous-based cover crops (gm_n, r_n, sr_n) had yearly erosion rates 5 times
lower than the ones of alternated tillage vineyards. Inter-rows with permanent spontaneous
grass cover showed yearly erosion rates 9 times lower than the ones of vineyards with
alternated tillage. Sowing cereal-based mixtures (gm_c, r_c, sr_c) allowed yearly erosion
rates ranging 19–87 times lower than the ones of vineyards with alternated tillage. The r_c
soil management, characterized by the mechanical rolling of the sown cereal-dominated
cover crop biomass, had the lowest soil loss amounts, 0.02–0.04 Mg/ha/yr on average.

According to the tolerable limits of soil erosion, typically in the range between 2
and 12 Mg ha−1 yr−1 for environmental contexts similar to the test site [71–75], only
alt vineyards in the test site were characterized by yearly soil loss close or slightly over
these tolerance thresholds, since they had average values of soil loss between 1.85 and
3.30 Mg/ha/yr. Instead, the other vineyard managements presented a tolerable level of
yearly soil erosion, since their values were below the limit of 2 Mg/ha/yr, both for actual
and future climatic scenarios.

First, these results confirmed the negative effect of tillage operations in sloping soils,
since, according to RUSLE, vineyards with alternating tillage were significantly more prone
to soil loss than other less invasive managements. In fact, seasonal tillage showed to make
the soil more vulnerable to particle detachment induced by rainfall events [76,77].

More conservative practices, such as permanent grass cover with spontaneous species
or green manure and rolling and sub-row mulching from sown mixtures, were more
effective in soil conservation, thanks especially to the lowest amounts of agronomical
operations that could impact the structure of the soil [10]. However, the performance of
mixtures with different compositions, in terms of soil protection against soil erosion, was
not equal. In fact, the cereal-based mixture proved to be more resilient against erosion than
the spontaneous natural and the leguminous-based mixtures.

The reason may be related to the different root system architectures characterizing
these plant species. Cereal crops are characterized by a fibrous root system, with a high
root density in the upper 10–20 cm of soil and roots that also develop laterally from the
stem, allowing greater root reinforcement in the superficial soil horizons and enhanced
aggregation of soil particles [78]. In contrast, mixtures dominated by legumes or by
spontaneous species with mixed legume–cereal composition tend to exhibit a taproot
system, with a thicker central root penetrating deeper into the soil and few lateral roots. As
a result, these systems occupy less soil volume in the upper horizons and provide lower
root reinforcement in the superficial soil layers [79].

However, for the same mixture, the chosen termination, predominantly made in
late spring, could affect soil susceptibility to erosion. Green manure, which involves the
incorporation of the cut biomass into the soil, is a technique that requires soil disturbance
operations, potentially disrupting root systems and the soil structure itself. This may lead
to a decrease in the C factor, thereby enhancing soil proneness to erosion, particularly
during the summer and autumn months [80,81]. In contrast, rolling and sub-row mulching
techniques do not involve soil disturbance, allowing greater soil cohesion and aggregate
stability to be maintained and consequently reducing the soil predisposition to erosion [11].

These outcomes suggest that the selection of appropriate soil management in the
inter-row is critical for mitigating rainfall-induced erosion in sloping vineyards. Temporary
or continuous cover crops, possibly terminated with more conservative operations, could
allow to reduce the impact of rainfall erosive forces, decreasing the rate of yearly soil loss.
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Moreover, a cereal-based cover crop, or a mixture containing a significant proportion of
cereals, may offer the optimal combination to enhance soil protection.

6. Limitations and Future Opportunities
Besides the achieved results, some limitations and future developments for this work

could be underlined.
Soil loss was estimated on an annual scale by incorporating daily rainfall amounts into

the calculation of the RUSLE R factor. However, since the greatest proportion of erosive
events is often concentrated during short-term (e.g., hourly) intense rainfall [82], this
approach may underrepresent peak erosivity. Consequently, soil loss assessments—under
both current and future climatic scenarios—could be significantly refined by integrating
hourly or sub-hourly rainfall intensity into the R factor estimation. This would better
account for the impact of high-intensity, short-duration events, which are projected to
intensify due to climate change in the Mediterranean basin [83–85]. Furthermore, annual
erosion assessments could be coupled with event-based monitoring and modeling. This
multi-scale approach could involve the repeated acquisition of high-resolution (centimetric)
DEMs via UAV techniques [24], the implementation of sediment traps at various hillslope
positions [86,87], rainfall simulator experiments [77], and the application of physically
based soil erosion models [88].

The comparison between the impact of different land uses on soil erosion were per-
formed in a small test site (16.9 ha), where slope steepness was medium-high, with typical
values for vineyards up to 15◦. Moreover, the percentage of the area in the test site occupied
by the innovative techniques (gm_n, r_n, sr_n, gm_c, r_c, sr_c) was significantly lower
than the ones covered with vineyards with the most traditional approach. The obtained
results should be verified and got stronger by applying similar modeling approaches in
other environmental settings in Italy and in Mediterranean areas, considering soils with
different properties, larger test sites, and bigger areas, especially those occupied by sown
mixtures also in correspondence of steeper hillslopes.

Since the positive impacts assessed for soil management approaches were based on
rolling and sub-row mulching, a comprehensive assessment of the effects of these practices
to the plants and their performances, both in terms of yield and grape quality, should be
performed [11]. This aspect becomes fundamental in order to find vineyard managements
able to counteract soil erosion, guaranteeing also a positive agronomic performance and
economic sustainability for grapevine cultivation.

7. Conclusions
This work contributes to the analysis of the effects of different management of vineyard

inter-rows on soil erosion susceptibility, considering a test site representative of the tradi-
tional viticultural areas of Northern Italian Apennines. Estimated yearly soil loss, by the
application of RUSLE according to rainfall scenarios of actual and projected future climatic
conditions, is strongly influenced by the management of the inter-row soil. Alternating
tillage between rows promotes erosion, compared to other conservative practices limiting
the tillage operations and maintaining spontaneous grassing or sowing cereal-based or
leguminous-based mixtures. These approaches could allow to significantly reduce soil loss,
especially for hillslopes with medium steepness and clayey soils.

The response of the most conservative approaches to soil erosion depend also on the
composition of the plant mixture and the type of termination, carried out generally at the
end of spring. Cereal-based mixture could decrease yearly soil loss, thanks to their peculiar
root apparatus, which is able to reinforce more soil strength and aggregation. Furthermore,
rolling and sub-row mulching of that mixture could reduce soil erosion susceptibility than
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green manure, due to the maintenance of the cover crop also during summer and autumn
months. These practices could allow to keep low values of yearly soil loss also in future
projected climatic scenarios, when rainfall amounts up to 2050 could increase significantly
at the test site.

The achieved results highlight the importance of implementing the best management
in vineyard inter-rows to reduce the amount of soil loss in sloping terrains, also underlying
the different responses of sown or spontaneous grass cover and of the termination opera-
tions. However, further works are required to verify the impact on soil erosion proneness
for the same managements, considering different settings of slope steepness and soil type
and also taking into account the agronomical performances of the grapevines, avoiding
negative impacts for yields and grape quality. Moreover, more detailed quantification and
estimation of soil erosion are required for assessing the impacts of daily and sub-daily
concentrated and intense rainfall events in correspondence of different soil managements.
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mdpi.com/article/10.3390/w18101217/s1, Figure S1: Maps of distribution of K, LS and C factors in
the test-site; Figure S2: Soil loss (in Mg/ha·year) estimated by RUSLE model for actual climatic con-
ditions (2004–2025 time span); Table S1: Results of post-hoc Dunn’s test. Pairs which are statistically
similar (confidence level with p-value of 0.01) are in bold characters.
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