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Abstract

Soil erosion in vineyards is a major environmental problem, particularly in hilly Mediter-
ranean environments. Our study evaluated the effectiveness of permanent grass cover (PG),
continuous tillage (CT), and green manure (GM) in reducing soil erosion. Furthermore, a
new software tool (ISUMmate_1.1.xlsm), based on the improved stock unearthing method
(ISUM), was developed and tested to quantify soil mobilization between successive tran-
sects along vineyard inter-row. The field trial was carried out over a three-year period in
a Tuscany (Italy) vineyard. The results showed that PG significantly improved aggregate
stability and soil organic carbon (SOC) content, while exhibiting the lowest erosion rates. In
contrast, GM showed the highest erosion rates as a result of soil disturbance associated with
cultivation operations and the occurrence of unexpected intense rainfalls. ISUMmate_1.1
has proven to be a reliable tool for monitoring both water- and tillage-induced erosion,
providing valuable information for sustainable vineyard management.

Keywords: continuous tillage; cover crops; green manure; improved stock unearthing
method (ISUM); soil erosion; soil management; vineyard

1. Introduction

Erosion is one of the major forms of soil degradation in Europe. According to
Panagos et al. [1] and to the EUSO Soil Degradation Dashboard (https://esdac.jrc.ec.
europa.eu/euso/euso-dashboard, URL accessed on 2 October 2025), it is estimated that,
in 2015, 37.4% of European agricultural areas had a mean annual water erosion value
exceeding the critical threshold of 2 Mg ha~—! yr~!. The percentage of such areas is even
higher in Mediterranean countries, which are particularly vulnerable due to their unique
topographic, edaphic, and climatic characteristics (e.g., 53.7%, 49.0%, and 44.4% in Italy,
Greece, and Spain, respectively). Among the agricultural ecosystems most prone to erosion
are vineyards [2], widely distributed in hilly environments and often characterized by soils
evolved from fine-textured marine sediments [3], where their intrinsic susceptibility to
erosion is made even more severe by compaction and the loss of organic matter induced
by heavy mechanization and improper soil management systems [4,5]. Furthermore, the
ongoing issue of climate change is expected to increase the frequency of intense rainfall
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events [6,7]. Consequently, in Europe rainfall erosivity is estimated to increase by 18% in
2050 [8].

Tillage breaks down soil aggregates, reducing aggregate stability and increasing sus-
ceptibility to detachment via raindrop impact and runoff. This structural degradation
accelerates erosion processes, particularly under high-intensity rainfall events [9]. In partic-
ular, conventional tillage by ploughing typically incorporates or removes crop residues,
leaving the soil surface bare. The absence of protective cover enhances raindrop impact,
leading to surface sealing, reduced infiltration, and increased runoff [10]. Moreover, tillage
itself redistributes soil along slopes. Downslope soil movement during repeated tillage
operations results in net soil loss from convex positions and accumulation in concave areas,
a process termed tillage erosion. In some landscapes, tillage erosion can exceed water
erosion rates [11]. Proper management of the vineyard floor can significantly reduce soil
erosion susceptibility [12]. The use of cover crops is unanimously considered the most
attractive strategy, due to the multiple benefits it can provide, beyond erosion control,
under a sustainable management perspective [13,14]. Vegetation cover reduces the impact
energy of rainfall and the speed of surface runoff, while roots help to stabilize the soil
structure against erosive forces. Moreover, cover crop residues promote the accumula-
tion of organic matter in the surface layers, which in turns enhances biological activity,
increases porosity, and improves soil aggregate stability [15]. Hence, to evaluate the effect
of management on erosion susceptibility, the following two key soil properties can be
monitored: aggregate stability and soil organic carbon (SOC) content. These properties are
closely related to good soil structure conditions [16] and play a crucial role in counteracting
erosion processes [17-19].

Several studies in Italy and in Mediterranean countries have highlighted a significant
reduction in erosion rates in vineyards with cover crops [20-24]. However, in the Mediter-
ranean region, winegrowers are reluctant to use permanent cover crops due to possible
water and nutrient competition with the vine [25], and tend to favour the use of temporary
cover crops [26].

In vineyards and tree crops in general, green manure can be an alternative to perma-
nent cover crops, helping to maintain or restore soil health. To maximize the benefits of
this management technique, however, a careful choice of green manure species and correct
agronomic management is needed [27,28].

Quantifying soil erosion at the scale of single vineyard is essential to provide winemak-
ers with information necessary to evaluate the effectiveness of different soil management
practices. Several methods have been developed to determine soil loss, ranging from field-
based measures (e.g., sediment collection, erosion pins, and rill and gully measurement) to
indirect measurement approaches (e.g., modelling, remote sensing and GIS, topographic
analysis, tracer techniques, terrestrial laser scanning, and photogrammetry). Each method
has its advantages and limitations, and the choice depends on the scale, accuracy, resources
and data availability, and on the purpose of the assessment. On the field scale, when the
effect of different management practices on all forms of erosion must be evaluated, the
quantification of soil loss by measurements in experimental plots seems to provide more
accurate results [29,30].

Remote sensing technologies enable non-invasive erosion monitoring by capturing
topographical variations [31]. Among the most common is Terrestrial Laser Scanning (TLS),
which generates high-density 3D point clouds using laser pulses [32]. It is widely used and
considered a benchmark for accuracy, but its high cost limits its use [33]. Another available
technology is the 3D reconstruction from images; based on Structure-from-Motion (SfM)
photogrammetry, it reconstructs 3D models from overlapping images without the need for
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calibration or control points [34]. It is inexpensive and versatile, but its accuracy has only
been evaluated in the laboratory, not in the field [35].

TLS and SfM perform differently, and their comparison is crucial for finding cheaper
alternatives to TLS via studies aimed to evaluate the accuracy of SfM in real-world con-
ditions and compare it with TLS, as performed by Gao et al. [36] who conducted runoff
experiments on slopes of the Loess Plateau (China).

In this context, the Improved Stock Unearthing Method (ISUM) has been successfully
employed in vineyards to quantify soil mobilization [37]. ISUM allows the monitoring
of soil surface dynamics over time without using expensive measurement stations that
monitor soil loss through specific sensors or apparatus [38]. The basic principle, developed
by Brenot et al. [39], is to use the vine grafting point as a reference to measure the changes
in the soil surface level, under the assumption that, at planting, it was uniformly placed
2 cm above the soil surface. The main disadvantage of this method is that it requires a
large number of manual measurements, which must be taken with great precision and
organized rigorously in order to cover, without errors, a sufficiently representative surface.
It is therefore a repetitive task that can become very tedious. The data processing phase,
although based on elementary geometric concepts, is also rather delicate, as it requires
structuring several data series in a very specific way, accurately modelling the terrain
surface, and performing many calculations in sequence. For this series of reasons the
procedure is prone to errors, and so a software tool (ISUMmate_1.1.xIsm, https:/ /github.
com/SUVISA-project/ISUMmate, URL accessed on 4 October 2025) was conceived and
developed with a triple function, which is as follows: (i) to simplify for the user the
implementation of the method, starting from the field measurement phase, through an
intuitive and self-guided interface; (ii) to help the user correctly structure the measurements,
minimizing the probability of error; and (iii) to accurately model the terrain and perform
the estimation of erosion and deposition volumes, as well as the derived quantities.

ISUMmate_1.1 was tested in a real-world context by quantifying soil erosion and depo-
sition in a vineyard under different inter-row management systems, including Continuous
Tillage (CT), Permanent Grass cover (PG), and Green Manure (GM). The objectives of this
study were as follows: (i) to evaluate the effect of different inter-row management systems
on soil erosion susceptibility, (ii) to quantify soil mobilization using the ISUMmate_1.1.xlsm
application, and (iii) to assess the potentiality of ISUMmate_1.1.

2. Materials and Methods
2.1. Study Site

The study area is located in Tuscany (central Italy; 43°24’ N; 11°37' E), at the Barone
Ricasoli farm, inside the Chianti Classico wine district. The vineyard, planted in 2005 at
an altitude of 440 m asl, covers about 4.5 ha; it is approximately 100 m long and placed on
a hilly area with an arrangement of downslope rows and an average slope of 19%. The
vineyard, with a planting space of 0.75 x 2.00 m, is managed with the cordon spur training
system. The soil, classified as Skeletic Calcaric Cambisol (Loamic), is characterized by an
Ap horizon (0-25 cm) with clay loam texture, low SOC content (0.85%), frequent (3—15%)
skeletal and abundant (15-50%) medium- to large-sized (7.5-50 mm diameter) stones on the
ground surface [40]. During the years preceding the trial (from 2005 to 2019), the vineyard
had been managed according to the ordinary farm management system, which organized
CT and PG in alternate rows, with treatments reversed every four years (Figure 1).
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Figure 1. Inter-rows management scheme before and after the start of the experiment. The surveyed
inter-rows are highlighted in bold.

At the end of 2019 and before the start of the trial, the whole vineyard soil was tilled
to 0.30-0.35 m depth by a subsoiler with hydraulic adjustment and roller. Subsequently,
vineyard management was differentiated into the following three types: (I) CT, consisting
of subsoiling across all inter-rows; (II) PG on all inter-rows; and (III) GM, consisting of
alternating green manure and grass-covered inter-rows. Each treatment was assigned to a
single experimental plot consisting of five inter-rows, one of which was selected as sub-unit
for field surveys and the monitoring of soil properties. In particular, CT and PG were
investigated in inter-rows that had already received these treatments before the experiment,
to obtain information on a longer temporal scale. In contrast, GM (never used before in this
area) was investigated in a previously tilled inter-row. This means that at the start of the
trial, the CT and GM soils were in the same conditions. The botanical composition of the
cover crops was provided by the farm (Table 1). The PG cover was established using a mix
of three self-reseeding species, two from Poaceae (67%) and one from Fabaceae (33%), with
the aim to ensure over-time stability to the cover. Both Lolium perenne and Festuca rubra
are well known to provide a high rate of establishment and regrowth after cuttings, not
only from seeds, but also through the production of new stems from buds at the base of the
plants. This ability also characterizes Trifolium subterraneum and allows the winemaker to
cut the grass even before the seeds ripen, as is often performed to prevent excessive grass
growth coinciding with the vegetative restart of the vines. For GM, the goal of the farm
was mainly the improvement in soil fertility in terms of nitrogen content, and then the
enhancement of the soil structure; for these reasons, a mix of seven annual-sown species
was used, including three from Fabaceae (66%), two from Poaceae (28%), and two from
Brassicaceae (6%).
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Table 1. Botanical composition of the cover crops used.

Crop Plant Species Family Seed (%)
Lolium perenne L. (perennial ryegrass) Poaceae 33

PG Trifolium subterraneum L. (subterranean clover) Fabaceae 33
Festuca rubra L. (red fescue) Poaceae 33
Vicia faba L. var. “Minor” Beck (fava bean) Fabaceae 40
Lupinus albus L. (white lupine) Fabaceae 8
Pisum sativum L. (garden pea) Fabaceae 18

GM  x Triticosecale Wittm. [Secale x Triticum] (triticale) Poaceae 15
Hordeum vulgare L. (common barley) Poaceae 13
Sinapis alba L. (white mustard) Brassicaceae 3.6
Brassica napus L. (rape) Brassicaceae 2.4

Due to prolonged weather conditions that were unfavourable for field operations
(Table 2) and later no longer suitable for a successful seed germination, the first sowing of
cover crops (the only one for permanent grass cover) needed to be postponed to the end of
February 2020. The choice of sowing date also had to combine experimental needs with
ordinary vineyard management priorities, as often happens in experiments conducted on
real farms.

While, on the one hand, this delay precluded a full crop cycle, on the other hand, it
allowed for at least some degree of soil coverage (Figure Al). In this regard, although the
selected PG and GM species are typically sown in the fall, they also adapt well to early
spring sowing.

Annually, the differently managed inter-rows were treated by the following operations:
(CT) two ripping at 0.30-0.35 m depth, one in late spring—summer and one after harvest;
(GM) burying of green manure crop in May by ripping at 0.30-0.35 m depth; crop reseeding
in autumn, through a preliminary ripping at 0.30-0.35 m for seedbed preparation, followed
by sowing (160 kg seeds/ha~!) with a pneumatic seeder combined with a rotary harrow
(0.15 m depth); and (PG) one or two cuttings of the permanent grass, the first in May, the
second in summer, with the cut grass left on the ground as mulch. In all vineyard plots,
weed control was carried out mechanically using a disc cultivator to till the soil (0.10 m
depth) along the rows.

Table 2. Monthly and annual erosivity calculated according to Diodato and Bellocchi [41], and total
annual rainfall depth (P) in the experimental area during the study period (2019-2022) and over the
long-term period.

Monthly Erosivity (MJ mm ha—1 h-1)

y Annual P
ear J F M A M J J A s o N D  Erosivity  (mm)
2019 25 160 41 169 286 2 % 16 36 93 552 148 1624 1054
2020 51 48 189 137 45 78 17 86 105 334 13 29 1600 1075
2021 295 279 4 249 93 9 10 13 10 30 160 246 1398 918
2022 37 %2 66 244 23 0 6 112 249 0 147 62 1039 754
Longterm 67 159 180 224 153 70 33 33 103 124 135 71 1353 955

2.2. Soil Sampling and Analyses

During the trial period, soil samplings were carried out every year at the end of
summer, with the aim to monitor aggregate stability and SOC content. The aggregate
stability was determined by wet sieving [42], and the mean weight diameter (MWD)
was calculated. From each sampling point, soil aggregates were collected down to 0.1 m
depth, air dried, weighted, and separated into different-sized fractions (10-20, 4.75-10,
2-4.75, 1-2, <1 mm) by a vibrating sieve shaker (Retsch, Verder Company, Diisseldorf,
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Germany). Twenty grams of aggregates from the most abundant size class (4.75-10 mm)
were directly soaked for 5 min on the top of a nest of 4.75, 2, 0.25, and 0.05 mm diameter
sieves immersed in water (fast wetting). We preferred this wetting procedure instead
of capillary rise because, according to Legout et al. [43], it should effectively mimic the
breakdown mechanisms that aggregates experience under high intensity (>30 mm h™!)
rainfalls events. The nest of sieves with its content was then vertically shaken in water
for 10 min using an electronic-controlled machine with a stroke of 40 mm, at a rate of 30
complete oscillations per min.

Soil sampling for SOC analysis was performed using an auger, from the 0-0.30 m
layer. For each sampling point, a single composite sample was obtained from three spaced
sub-samples pooled together. The samples were air-dried and ground to 2 mm, then the
30 g sub-samples were homogenized to <0.5 mm using a Fritsch Pulverisette ball mill
(Fritsch, Idar-Oberstein, Germany). SOC content was measured via dry combustion with
a Thermo Flash 2000 analyzer (Thermo Fisher, Waltham, MA, USA). Since the soil was
calcareous, 15 to 20 mg of soil were weighed into Ag-foil capsules to be treated with 10%
HCI until complete removal of carbonates before analysis.

2.3. Soil Surface Survey

The original ISUM was modified by replacing the string, stretched between the grafting
points of two vines placed on opposite sides of a transect, with a rigid telescopic rod
graduated at 10 cm intervals. The rod was anchored on the top of the vineyard’s supporting
frame at about 0.5 m from the actual ground level (Figure 2). This allowed repeatable
measurements over time, since information relating to the position of the transect along the
row, the positioning of the rod (e.g., upstream/downstream position of the rod with respect
to the pole), and the presence of vine shoots between the rod and wire were simultaneously
recorded. Moreover, the distance of the grafting point from the wire was measured to
identify the original soil profile elevation along the transect (Figure 2, dashed line). To this
aim, a telemeter (METRICA® S.p.A., Milano, Italy) with millimetric resolution (£2 mm)
was employed to measure the ground level on each transect. Once all the data on the
reference position of the rod and the rootstock were acquired, during the subsequent field
surveys only the distances between the rod and the actual ground level (Figure 2, solid
line) were collected; these distances were measured at 10 cm intervals along the rod, as
suggested by Rodrigo-Comino et al. [44], from the origin (O) on the left row to the right
row (Figure 2).

N

O (Origin)

Grafting  (Xq3) ‘

point / z

Actual
ground level
(Y actual)

Initial
ground level
(Y initial)

Left Row Inter-row width Right Row

Figure 2. Scheme of surface survey along a transect on the inter-row; erosion and accumulation areas
are identified by red and green colour, respectively. The origin of the coordinate system is set at
point O.
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Two survey campaigns were carried out in October 2020 and 2022. On each date,
11 transects were measured, spaced about 10 m apart. For each management (CT, GM, and
CT) and over a surface of nearly 217 m?, the overall number of measurements amounted to
231 points, obtained from 21 points per transect x 11 transects. This density corresponds
to approximately 10,000 measurements per hectare.

2.4. Data Elaboration with ISUMmate_1.1

(a) Calculation of the cross-sectional area

A 2D cross-sectional model of the initial topsoil and actual ground level at each transect
was first created using a coordinate system with its origin at O (Figure 2). The initial soil
profile was represented by a linear function Y(x) passing through the grafting points, (x1,
y1) and (x, y2) (Equation (1)), as follows:

Yinitial =y, + Y22V (0 ) (1)
(x2 — x1)

The actual ground level (Yactual, m) was modelled by fitting data points with a 9th

degree polynomial function (Equation (2)), as follows:

Yactual = co+ c1x + cox® + -+ + cox’ 2)

Using this approach, soil erosion was identified in the positions where Yinitial > Yactual
(red area), while soil accumulation occurred where Yactual > Yinitial (green area) (Figure 2).
Therefore, the amount of erosion or deposition along the transect was determined by
calculating the area between Yinitial and Yactual, after approximating it to a Riemann sum.
The inter-row was divided into finite intervals Ax = (xi + 1 — xi) and at the leftmost point
of each one (x;), the distance h; = [Yactual(x;) — Yinitial(x;)] was calculated, so to individuate
elementary rectangles with area AA; = Ax; * h;. Soil erosion and accumulation areas were
given by summing up all AA; (m?) with negative (erosion) and positive (accumulation)
h; (m) values, respectively. The possible effects of tillage operations and tractor transit on
soil translocation were assessed by identifying some specifically affected sub-zones (Row
and Track) along the inter-row (Figure 3).

The width of each sub-zone was automatically determined by ISUMmate_1.1 once the
operator entered the inter-row spacing and the tractor and wheel/track width.

A(A)
Alx)
L N Xiz Xiea_ oo
Xi X1
Left Left Right Right
Row Track Centre Track Row

Figure 3. Schematic representation of the calculation of erosion and accumulation areas along a
transect; the dashed line is the initial soil surface, the circles indicate experimental data points, and
the solid line is the fitted curve representing the actual surface.

(b) Volume of soil mobilized between two consecutive transects

Based on the 2D reconstruction of the soil surface profile, the soil volume mobilized
between two consecutive transects (e.g., T1 and T,) can be calculated by the sum of the
volumes of finite longitudinal slices, each with volume equal to A(V;);, (Figure 4).
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Transect 1
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¥, g P g
1 /| &
Transect 2 [ =
/ é'?
| B
/3
! | &
AA), | .2
-

/
J

Figure 4. Schematic representation of the finite soil volume (AVi);, estimation between consecutive
transects (T7 and Ty). The solid red lines indicate the initial ground surface, while the green and red

trapezoidal prisms represent volumes of accumulated and eroded soil, respectively.
Each slice is represented by a trapezoidal prism, where height is the longitudinal

distance D7, (m) between two consecutive transects. The two finite bases of the prism are
represented by the trapezoidal areas A(A;); and A(A4;),, identified, respectively, on transect

Ty and Ty. The finite volume A(V;)1, in any position x; on the rod of the pair of transects Ty
(©)

(A(Ai); + A(Ai),) Dy

and T, is then calculated by the following equation:
2

(AVi)p =
For each pair of transects (T; and T»), total erosion and deposition volumes (m3)

are calculated by summing the finite volumes (AVi);,, which can be positive or negative
(Figure 3, green or red prisms), and calculated by applying Equation (4), as follows:
(4)

Vip =Y [ (AVi)y,

where (AVi)y; is the finite volume (m?), and 7 is the number of “slices” identified on both

transects T and T».
Average rate of soil mobilized between consecutive transects T1 and T,
ISUMmate_1.1 allows for the conversion into mass of the volume of soil mobilized

(©

between two adjacent transects (e.g., T1 and Ty), by multiplying this volume by the bulk
density (BD, Mg m~3) of the Ap horizon, which is assumed constant and estimated using

the pedotransfer function (PTF) of Saxton et al. [45]. Successively, this data is converted

into an average annual soil mobilization rate (ER—Mg ha~! yr~!) using the equation of

Paroissien et al. [46]:
BDVy,
ERyp = 10*
12 =10 Age(Ar) (5)

where A1, is the surface (m?) of the inter-row segment between transects T1 and T, Age
is the number of years since the vines were planted, and 10* is the multiplier to convert
Mgm~2yr—!into Mgha! yr—1L.

(d) Total volume of mobilized soil
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The total volume of mobilized soil (m>® ha~!) is obtained by summing the contribution
of the different inter-row segments using the following equation:

V=YV (6)

where k is the number of segments identified in the vineyard and V the volume (m?) of
the kth segment calculated by (Equation (4)).

1%

_ 4
ER =BD 10 Age(A)

)
where A is the total surface of the vineyard (m?).

Because of the instrument sensitivity of £2 mm, the erosion measurements were
affected by an average error of about 1.2 Mg ha~! yr~!, based on a bulk density value of
1.1 g/cm? and a vineyard age of 17 years.

2.5. Statistical Analysis

All data were analyzed by a two-way (Management and Year) analysis of variance
(ANOVA). Post hoc mean separation was performed by Duncan’s multiple range test at
the p < 0.05 significance level. Additionally, Pearson’s correlation analysis was employed
to identify the relationship between redistributed soil mass (Erosion and Deposition) and
main vineyard geometric properties (Slope and Row-Length) for each management system.
All analyses were carried out using the StatSoft Statistica 10.0 software package (StatSoft,
Tulsa, OK, USA). Relative root mean square error (%) was calculated to assess the accuracy
of the interpolation method employed by ISUMmate_1.1 to reconstruct the terrain profile
on each transect (Table A1).

3. Results
3.1. Dynamics of Soil Aggregate Stability and Organic Carbon Content

The different soil management systems significantly affected aggregate stability
(Figure 5a); during the three years of monitoring, PG always showed higher MWD values
than CT and GM. With regard to SOC (Figure 5b), in 2020, the differences between treat-
ments were not significant. In the following years, soil response gradually changed, and in
2022 PG promoted a significant SOC increase compared to CT. A slight increase in SOC
was also observed in GM.

9.0 16
8.0 2020 2021 2022 1.4 2020 2021 2022
7.0 a
T 6.0 < L I
) a a — 1.0 | ns a
E 50 2 T = 1 ns ab b|b g ab
-9 1 S 08 | i i
= 4.0 l J_ o
< 30 b v 0.6
20 | g b |b b b 04
10 | g ' 1 = l 0.2
0.0 0.0
CT PG GM CT PG GM CT PG GM CT PG GM CT PG GM CT PG GM
Management Management
a) b)

Figure 5. Dynamics of (a) aggregate stability, expressed as mean weight diameter (MWD), and
(b) soil organic carbon (SOC) content during the three monitoring years in the plots under different
soil management. For each year, different letters indicate significantly different values (p < 0.05)
according to Duncan’s multiple range test. (ns = not significantly different values).
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3.2. Soil Erosion Quantification

In Table 3, the total erosion and total deposition for each year, and the soil man-
agement system are reported. Statistical analysis showed that the Year factor and the
Year x Management interaction were not significant.

Table 3. Effects of different soil management systems on total erosion and total deposition
Mg ha™! yr‘l). Different letters indicate significantly different values (p < 0.05) according to
Duncan’s multiple range test. Standard error is reported in parentheses. (n.s. = not significant
#* =p < 0.001).

Total Erosion Total Deposition
Year n.s. n.s.
Management e o
Year x Management ns. n.s.
CT 37.1(2.2)b 52(0.2)a
2020 GM 583 (2.1)a 23(02)c
PG 26.1(24)c 3.7(0.6) b
CT 33.7(22)b 5.4 (0.6) a
2022 GM 54.8 (3.1) a 1.8(0.2) c
PG 24.5(2.5) c 3.4 (0.6)b
CT 354 (1.6) b 53(0.3)a
Mean GM 56.6 (1.9) a 2.1(0.2) ¢
PG 25.3(1.7) c 3.6(04)b

Within each treatment, no significant differences were observed between 2022 and
2020, either in terms of total erosion or total deposition. However, significant differences
were found between the management systems. As expected, in agreement with aggregate
stability and SOC results, PG exhibited a lower soil loss in comparison to CT and GM.
GM, in particular, showed the highest erosion (approximately double that of PG). The total
deposition was lowest in GM and highest in CT.

3.3. Distribution of Eroded and Deposited Soil Along the Slope and Within the Inter-Row

Figures 6-8 show the management-induced soil mobilization rates (Mg ha=! yr~1) in
each inter-row portion between two consecutive transects, as resulting from ISUMmate_1.1.

Along the inter-rows under managements that involved soil tillage (CT and GM)
(Figures 6 and 7), despite some variability, even between years, it can be observed in
total erosion rates that the highest values were always found in correspondence with the
first pair of transects (T1- T2), namely 48.3 and 49.3 Mg ha~! yr~! in CT, and 61.6 and
66.1 Mg ha~! yr=! in GM, in 2020 and 2022, respectively. In GM, the rates remain around
50 Mg ha~! yr~! (2020) or progressively decrease until the 6th pair of transects (T6-T7),
whereupon rates start to increase again, and, at the 7th pair of transects, a second peak of
68.4 and 66.9 Mg ha~! yr~!, respectively, in 2020 and 2022 is registered. Instead, a trend
towards decreasing erosion characterizes the inter-row in the lower part of the slope. In
the case of CT, the behaviour changes over the years; in 2020, two peaks were observed,
specifically at the 6th (T6-T7) and last (T10-T11) pair of transects, both characterized by
erosion values around 44 Mg ha~! yr~!. In 2022, conversely, soil loss rate was uniform,
around 30 Mg ha~! yr~!, from the 4th pair of transects (T4-T5) onwards.
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Figure 8. Soil mobilization rates (Mg ha~! yr~!) between consecutive transects of the PG inter-row in
October 2020 and 2022.

With regard to PG (Figure 8), in both years an increasing trend in erosion was observed
from the upper part of the vineyard until the third pair of transects (T3-T4), where the
maximum value was recorded (40 Mg ha~! yr~1); for the remaining part of the slope, soil
loss remained essentially constant, with average values around 22 Mg ha—! yr~1.

With regard to deposition phenomena, these occurred mainly along the row in both
years and for all managements. One exception is observed in PG 2022, where transects
T9-T10 and T10-T11 reached a peak of —6.7 Mg ha~! yr~1, affecting primarily the Track
zone rather than the Row area. These pairs of transects have the same Erosion and De-
position values (Figure 8) because, since the measurement could not be taken at T10 due
to the disturbance caused by the uprooting of some dead plants, the Erosion and Deposi-
tion values attributed to T9-T10 and T10-T11 correspond to half the measurement taken
between transects T9 and T11, considering, in this case, a double distance between the
transects, approximately 18 m, instead of 9 m. The deposition rate slightly changes along
the vineyard rows in each treatment, every year. An exception occurred in CT 2020, in
which a uniform deposition rate along the entire slope is observed (Figure 6).

Table 4 summarizes the results reported in Figures 6-8 to verify the possible presence
of zones, along the transects, in which soil mobilization preferentially occurs. Since the Year
factor and the Year x Zone interactions were not significant (Table 4), for each treatment,
the comparison between the different inter-row zones was carried out considering both
2020 and 2022 data. In all the treatments, soil erosion is lower, and deposition higher, along
the row; higher soil erosion rates are measured in the Centre zone of both CT and GM,
while in PG there is no difference between Centre and Track zones.



Agriculture 2025, 15, 2218 13 of 20

Table 4. Total erosion and total deposition (Mg ha~') in the different inter-row zones. For each
treatment, different letters indicate significantly different values (p < 0.05) according to Duncan’s
multiple range test. Standard error is reported in parentheses (n.s. = not significant; *** = p < 0.001).

Treatments
CT PG GM
Total erosion
Year n.s. n.s. n.s.
Zone K%k EE L e
Year x Zone n.s. n.s. n.s.
Centre 18.68 (0.84) a 13.25(0.94) a 29.09 (0.87) a
Track 16.23 (0.71) b 10.79 (0.81) a 25.97 (091) b
Row 0.47 (0.12) ¢ 1.27 (0.19) b 1.5(0.24) ¢
Total deposition
Year n.s. n.s. n.s.
Zone K%k EE L L2t
Year x Zone n.s. n.s. n.s.
Centre 0@0)b 00)b 00)b
Track 0.38 (0.06) b 0.98 (0.39) b 0.21 (0.08) b
Row 49 (0.25) a 2.57(0.32) a 1.84 (0.17) a

3.4. Correlation Between Redistributed Soil Mass and Main Vineyard Geometric Properties for
Each Management System

The correlation matrices (Table 5) highlight that, for all the management systems,
the total erosion rate (E_Total) is significantly (p < 0.01) and negatively related with the
deposition rate (D_Total). In fact, as an example, in 2022 (Figures 6-8), the lowest deposition
rates (CT = —2.8; PG = —0.7and GM = —1.2 Mg ha~! yr~!) are measured in correspondence
with the maximum erosion peaks (CT = 49.3; PG = 40.1 and GM = 66.9 Mg ha~! yr1).

Furthermore, the Slope is inversely correlated (p < 0.001) with the Length (i.e., the
distance from the drainage divide), which means that the upper part of all the rows is
steeper and as you travel from upstream to downstream the Slope decreases (concave
longitudinal topographic profile.

For CT and PG managements only, E_Total is positively correlated with the Slope
(p < 0.01). No significant correlation was observed between E_Total and the Slope in GM.
This suggests that, under this management system, soil redistribution within the inter-row
and on the rows is primarily controlled by tillage operations.

With regard to the total deposition, only in PG is this significantly correlated with both
the Slope (negative, p < 0.001) and the Length factor, which is the distance from the divide
(positive, p < 0.01).

Table 5. Correlation matrices between mobilized soil mass and main vineyard geometric properties
(n.s. = not significant; * = p < 0.05** =p < 0.01; ** =p < 0.001).

CT E_Total D_Total Slope Length
E_Total

D_Total —0.675**

Slope 0.637 ** —0.43n.s.

Length —0.38 n.s. 0.141 n.s. —0.875 ***

PG E_Total D_Total Slope Length
E_Total

D_Total —0.641 **

Slope 0.494 * —0.708 ***

Length —0.22n.s. 0.656 ** —0.912 ***

GM E_Total D_Total Slope Length
E_Total

D_Total —0.645**

Slope —0.158 n.s. 0.085n.s.

Length 0.310n.s. —0.307 n.s. —0.871 ***
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4. Discussion

After three years of experimentation, aggregate stability and SOC showed, albeit with
variable trends, a significant increase in PG compared to CT and GM, suggesting a potential
improvement in the soil’s resistance to erosion [18]. However, while aggregate stability
increased in the first year of experimentation, the increase in SOC was significant only from
the second year onwards. Therefore, we hypothesize that the short-term stabilizing effect
of grass cover on soil structure was mainly of a physical nature, due to the trapping of
soil aggregates by roots (enmeshing effect). Regarding the possible contribution of organic
matter to aggregate stabilization through chemical-physical mechanisms, it is expected
that, as a medium- to long-term process, this is linked to the accumulation rate of organic
compounds effective in the chemical binding of soil particles and dependent on the miner-
alization and humification of herbaceous residues by soil microbial communities under the
influence of environmental factors (soil properties, climate, and grass management) [47].

The soil loss results confirm the higher effectiveness of permanent grassing in decreas-
ing erosion compared to management systems involving tillage operations, even in the
presence of vegetation cover (as in GM).

In general, under optimal crop management, green manuring is expected to provide
greater erosion control than continuous tillage, combined with an increase in the soil’s
organic matter content and fertility. Conversely, its effectiveness against erosion tends to be
lower compared to permanent grass, due to the temporary nature of the soil cover and the
tillage-induced soil disturbance during the burying and reseeding of the crop, which impact
soil aggregate stability and expose soil organic matter to a higher mineralization rate. In any
case, GM performance can be highly variable, depending on the characteristics of the crop
species used, their ability to adapt to local soil and environmental conditions, crop cycle
management, and the interaction of the soil/crop system with the intensity and distribution
of rainfall events [27,28]. In this study the species used in the mix met some specific farm
objectives, particularly improving soil nitrogen fertility, which led the winemaker to choose
a mixture rich in legumes, which less effective in countering erosion [28].

GM’s performance was strongly affected by the extraordinary rainfall events that
occurred in 2019 and 2020, which precluded autumn sowing in 2019 (thus leaving the soil
exposed to the winter rainfall) and continued with a highly erosive impact until the end of
spring 2020. Particularly influential was the unexpected and intense rainfall, contrasting
with the long-term average climate trend (Table 2), that fell between 4 and 14 June 2020
(64.9 mm in three events of 17.3, 24.3 and 23.3 mm), when the soil had recently been worked
for the burial of the crop (26 May), and, therefore, was made more vulnerable to erosion.

These results highlight some critical issues with green manure as a management system
for soils susceptible to erosion. The first issue is undoubtedly linked to the aforementioned
soil disturbance associated with the burying and reseeding of the crop, typically carried
out during periods that could be potentially subject to rainfall. On the other hand, burying
green manure in May is a common practice in this area and primarily addresses the
winegrower’s need to interrupt the crop cycle in conjunction with the vine’s vegetative
restart, to prevent potential crop competition with vines for water and nutrients. It is clear
that this farmer’s priority may compromise soil protection from possible late rains and
contribute to enhanced erosion.

The failure of the autumn sowing, as previously cited, was unfortunately due to
unforeseen weather conditions, which forced the farmer to sow in late February. In this
regard, the winemaker’s choice to use the same mix of crop species is certainly questionable,
although they also adapt well to early spring sowing. In our case, we encountered no
problems with germination and plant growth, but the degree of soil coverage achieved
was low. The aforementioned critical issues also contributed to limiting the performance of
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GM in terms of improving soil fertility and structure stability over the considered period.
Beyond the effects of the environmental and management factors, a further factor that may
have contributed to the absence of significant increases in SOC and soil structural stability
in GM is the fact that legume-enriched green manure crops provide the soil with rapidly
mineralized organic matter, which contributes mostly to the actively cycled organic carbon
pool and is therefore less effective in carbon sequestration, as well as in providing active
organic agents in the chemical-physical stabilization of soil structure [48].

Surprisingly, the erosion losses under GM were even higher than those in CT. This
apparent inconsistency can be interpreted by hypothesizing that the modest rainfall that
occurred in the previous month of May (24.6 mm, in seven events with low to no erosivity)
caused a settling of the soil surface in CT (tilled on May 6th), which was able to reduce the
detachment and transport of soil particles by runoff under the following June rains [49].

The 2022 results reflected those of 2020, which is explained by the fact that throughout
the 2020-2022 period there were no further statistically significant contributions of rainfall
to total erosion.

However, it is interesting to note that, despite the lack of statistical significance, the
different treatments in 2022 showed a common trend toward slightly lower soil losses than
in 2020. This is attributable to the lower amount and erosivity of annual rainfall in the
2021-2022 period compared to the 2019-2020 period (Table 2).

One more aspect to consider is that soil erosion in GM and CT was due to the interac-
tion between water and tillage erosion. Tillage increases soil erodibility [50] by amplifying
the action of erosive rainfall. This explains the greater reduction in erosion compared to
PG. The fact that the magnitude of the reduction is equal in CT and GM can be explained
by considering the following two factors: (i) tillage intensity (frequency and type of tillage),
which was higher in GM than in CT; and (ii) vegetation cover, only present in GM. In GM,
the latter factor seems to perfectly compensate for the greater effect of the former.

Overall, the erosion rates measured in PG and CT agreed with those observed by
other authors. Napoli et al. [51], in similar pedoclimatic conditions (Tuscany, Italy) and
with the same methodological approach, measured an average erosion of 42 Mg ha=! yr—1,
while, in Spain, Rodrigo-Comino et al. [44] found an average erosion of 25 Mg ha~! yr—1.
Furthermore, a survey by Barrena-Gonzélez et al. [52], based on the ISUM methodology,
showed an average erosion of 45 Mg ha~! yr~! in a 20-year-old vineyard managed using
continuous tillage (three times a year).

Regarding the methodological approach used in this work, we believe that the added
value of the ISUM, coupled with the complementary software tool ISUMmate_1.1.xIsm, lies
in its ability to provide detailed information on soil erosion and deposition zones, which
are useful for monitoring the impact of a given soil management system on these processes
over time and space.

The systematic occurrence of high erosion rates in the first pair of transects in CT and
GM can be attributed to the higher slope in the upper part of the vineyard, as confirmed by
the inverse correlation between Slope and Length (Table 5) under all treatments. However,
given that in the upper part of the slope, even though steeper, surface runoff is unlikely to
reach volumes and velocities sufficient to trigger water erosion, it is reasonable to assume
that the erosion peaks observed in this part of the CT and GM plots were primarily due to
tillage-induced translocation phenomena [50]. In the same portion of the PG plot, erosion
was lower due to the presence of herbaceous cover and reached its maximum value at the
third transect (T3), located approximately 30 m from the divide, a distance sufficient to
trigger water erosion [53].

With regard to the inter-row zones most prone to erosion, the central ones showed
higher values in all treatments. However, only in CT and GM were these values statistically
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higher than those measured on the tracks (Table 4). These results demonstrate that soil loss
occurred throughout the entire inter-row zone, rather than primarily in the wheel track
area, as often happens [54] where infiltration is reduced and runoff volume is greater.

According to our experimental evidence, erosion was greater where the soil was less
compacted by agricultural machinery and therefore had a lower cohesion. More compacted
soils generally exhibit higher bulk density, increased penetration resistance, and shear
strength [55]. The latter is defined as “the maximum shear stress that the soil may sustain
without experiencing failure” [56] and is a mechanical soil property strictly related to splash
detachment processes occurring when runoff flow becomes erosive [57].

We therefore hypothesize that rainfall distribution and erosivity were the drivers of
the detachment and transport of particles in the central part of the inter-row, where the soil
was less compact. At the same time, it is likely that along the wheel tracks there were no
conditions allowing for the critical shear stress to exceed soil strength [58].

The amount of deposition varied depending on the type of tillage (Table 4). In CT, part
of the soil that was lifted during ripping fell laterally along the row, becoming susceptible
to redeposition, which was therefore greater than in PG. Conversely, seedbed preparation
in GM resulted in a levelling and lowering of the soil surface right up to the row, which
resulted in a decrease in the amount of deposition compared to PG. The predominant
effect of mechanization on the deposition rate in CT and GM was confirmed by correlation
analysis. The deposition process was affected by the geometric properties of the vineyard
only in PG, where it was negatively correlated to the Slope and positively to the Length of
the vineyard.

However, a significant negative correlation between the Erosion and Deposition rate
observed in all treatments (Table 5) suggests that there is no transversal soil movement on
vineyard transects from the erosion zones (Centre and Track) to the deposition ones.

5. Conclusions

Over the three-year considered period, aggregate stability proved to be a rapid and
reliable indicator of water erosion susceptibility, suitable for the short-term assessment
of soil management. In contrast, SOC requires longer periods to reflect changes. PG was
confirmed as the most effective soil conservation strategy, combining minimal erosion with
maximum organic carbon enrichment. These agro-environmental benefits are accompanied
by minimal maintenance costs, thanks to the reduced number of cultivation operations
required (initial grass establishment and annual cuttings). Economic sustainability would
be even greater with natural grass cover, although its viability must be evaluated on a
case-by-case basis, depending on its potential competitive effect on vines.

GM, on the other hand, provided results far below expectations, with erosion rates
even higher than those under CT and no benefits in terms of C sequestration or aggregate
stability. The main critical issues with GM appeared to be soil disturbance caused by the
required cultivation operations and the occurrence of unexpected intense rainfalls. Our
results also highlighted the key importance of a proper selection of crop species according
to specific soil and environmental conditions.

The ISUMmate_1.1 allows for the efficient monitoring of water and tillage erosion
through streamlined field surveys, structured data input, and customized reporting. Its
low cost and ease of use make it suitable for both long- and short-term assessments.

Early application is recommended, especially in the first years after vineyard establish-
ment, when soils are particularly vulnerable to erosion [59]. Zone-specific measurements
within inter-rows can therefore allow the precise identification of erosion hotspots and
prioritization of interventions. Beyond the case study presented, ISUMmate_1.1 shows
potential for application at different spatial and temporal scales. At the plot or experimental
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scale, it can serve as a low-cost and replicable tool for testing the effect of management
practices on soil erosion. At the vineyard scale, it provides winegrowers with detailed
and site-specific information on erosion hotspots, supporting targeted interventions. At
broader scales (e.g., farm district or regional level), ISUMmate_1.1 could be integrated
with remote-sensing or GIS-based approaches to upscale erosion assessment, provided that
representative sampling strategies are adopted. This scalability makes ISUMmate_1.1 a
versatile tool for both applied research and decision-making in sustainable viticulture.

The ISUMmate_1.1.xlsm application is downloadable at https:/ /github.com /SUVISA-
project/ISUMmate (accessed on 1 September 2025), where further programme versions
will be continuously updated, and tutorials and handbooks added.
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Abbreviations

The following abbreviations are used in this manuscript:

A Surface of the vineyard
BD Bulk density

CT Continuous tillage

D Distance

D_Total Total deposition rate
E_Totat Total erosion rate

GM Green manure

MWD Mean weight diameter

P Total annual rainfall depth
PG Permanent grass cover
PTF Pedotransfer function

SOC Soil organic carbon
T(n) Transect (number)
\Y Volume
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Appendix A
Appendix A.1

Figure Al. Photographs of PG and GM inter-row taken on 18 May 2020. The poor development of
cover crops can be noted in both management systems. In GM, one week before the burying of the
green manure crop by ripping (26 May 2020), only some of the sown plants germinated and none
reached the full development.

Appendix A.2

Table Al. Accuracy of the interpolation method used by the ISUMmate_1.1 tool to reconstruct the
terrain profile on each transect expressed in terms of relative root mean square error (RRMSE). For
each thesis, the overall RRMSE (%) is calculated on 11 transects and for both years.

Theses GM PG CT
RRMSE (%) 1.69 1.39 1.80
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