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Abstract
Vineyards’ soils are especially threatened by the risk of soil

compaction and soil erosion, with negative consequences for wine
production and provisioning of ecosystem services. The adopted
inter-rows soil management influences the response of vineyard to
different types of rainfall events, in terms of runoff and soil ero-
sion. Actually, the use of cover crops in vineyards is widely con-
sidered as an effective measure for conservation of water and soil.
A 3-years study was carried out in Piedmont (NW Italy) to evalu-
ate the effectiveness of grass cover as a soil water conservation
measure, compared with tillage, and particularly the influence of
different types of rainfall events and tractor traffic in determining
hydrological and erosive response of the vineyard. During the
investigation period (November 2016 - December 2019), climate
variables, runoff, and soil losses were continuously monitored
along with vineyard management operations. Very different yearly
precipitation characterized the observed period, including the dri-
est and wettest year in the last 20 years. Runoff and soil erosion
caused by different types of rainfall events (long-lasting, intense
and normal) in two vineyard’s plots managed with permanent
grass cover and tillage, respectively, have been compared. In addi-
tion, the influence of the number of tractor traffic was taken into
account. Runoff volume was principally affected by soil manage-
ment, while sediment yield was influenced by the type of event.

Both were higher in the tilled plot than in the grassed one, for all
types of events, even if differences were not always significant.
Grass cover reduced by 65% the runoff, with the highest efficien-
cy during intense events. Soil losses were reduced on average by
72%, with 74% efficiency during the most erosive intense events
and the lowest protection (56%) during long-lasting rainfall.
Moreover, the response of grass cover plot was less influenced by
traffication. The study demonstrates the efficiency of grass cover
in reducing water and soil losses also during extreme events, that
are predicted to be more frequent in the climate change scenario.

Introduction
Viticulture is one of the most diffused cultivations in the world

and has been practised in the Mediterranean area for millennia
(Corti et al., 2011). Nowadays, France, Spain, and Italy represent
the three European countries with the largest surface covered by
vineyard cultivation, covering together 33% of the world vineyard
area (OIV, 2019). The provision of ecosystem services, defined as
‘the resources or processes of natural (or anthropized) ecosystems
that benefit human beings’ (Millennium Ecosystem Assessment,
2005), are increasingly relevant in the definition of agricultural
policies and for the Millennium Development Goals (FAO, 2020).
Vineyard agricultural system is potentially well suited in
Mediterranean conditions for delivering not only provisioning ser-
vices such as grapes for table or wine production, but also others
related to the regulation of climate and hydrologic cycle (e.g.,
Aguilera et al., 2013) or cultural ones such as landscape and aes-
thetic values (Foronda-Robles, 2018). However, in the current sit-
uation winegrowing is frequently associated with some negative
impacts on the ecosystem. Soil erosion and soil compaction have
been identified as two of the major threats that affect worldwide
agricultural soils by the Soil Thematic Strategy from the European
45 Union (CEC, 2006a, 2006b) and the FAO Status of the World’s
Soil Resources (FAO and ITPS, 2015). Vineyards are one of the
most intensively managed agroecosystems, typically involving
numerous pesticide applications, soil tillage operations and land-
scape modifications (Nicholls et al., 2008). Multiple tractor pas-
sages on fixed paths in the inter-rows are required every year for
the vines’ management, and this traffic sometimes occurs on wet
soil conditions, increasing the risk of soil compaction in most of
the vineyard surface (Hamza and Anderson, 2005; Lagacherie et
al., 2006). Soil compaction intensity also depends on current and
past soil management of the field and it has a negative effect on
soil physical fertility, soil organic carbon stock, and soil biodiver-
sity. Furthermore, it results in the reduction of soil porosity, water
infiltration capacity, and increased runoff, with a decrease of stor-
age and supply of water in the soil (Ferrero et al., 2005; Hamza
and Anderson, 2005; Biddoccu et al., 2017; Spinelli et al., 2019).
Such degradation of soil quality may bring serious problems for
wine production as soil represents a key component of the concept
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of terroir (van Leeuwen et al., 2004). Vineyards and other perma-
nent crops show the highest soil erosion rate among agricultural
land uses (9.47 Mg ha–1), accounting for 10% of the total soil loss-
es in the European Union (Panagos et al., 2015b). The use of cover
crops in vineyard is widely considered as an effective agricultural
conservation measure, providing various ecosystem services such
as reduction of runoff and erosion processes, increasing of soil
organic matter, weed control, pest and disease regulation, water
supply, water purification, improvement of field trafficability, and
maintenance of soil biodiversity (Garcia et al., 2018; Winter et al.,
2018; Guzman et al., 2019). 

In NW Italy, Piedmont is a long established and specialized
vine-growing region and produces some of the best-known, top
quality Italian wines, with 17 DOCG (Denomination of Controlled
and Guaranteed Origin) and 42 DOC (Denomination of Controlled
Origin) wines. In 2014 The Vineyard Landscape of Piedmont:
Langhe, Roero and Monferrato was recognized as an UNESCO
World Heritage Site for the outstanding landscapes and the impor-
tance of vine-growing and winemaking in the Region (UNESCO,
2020). More than 95% of the vineyards of the region (that covers
nearly 41 400 ha) are located on hills, whose soils are mainly char-
acterized by moderately high or high erodibility (Regione
Piemonte, 2015). In the 1980s, Tropeano (1984) ran the first soil
erosion measurements in vineyards for about two years, measuring
soil losses up to 47.4 Mg ha–1 in a deeply ploughed vineyard locat-
ed in the Monferrato area. 

In the last decade, grass cover in vineyards has been comprised
in the most relevant European policies for soil conservation,
including the Standards of Good Agricultural and Environmental
Condition (GAEC), established by Council Regulation No.
73/2009 (CEC, 2009). A recent analysis included in the Impact
Assessment of the post 2020 Common Agricultural Policy
(European Commission, CAP 2021-2027, 2018) estimated the
impact of cover crops on soil erosion reduction in permanent crops
by up to 37%. However, associating cover crops with grapevines
may also generate competition for nutrients and water, depending
on local soil and climate conditions (Celette et al., 2008; Ruiz-
Colmenero et al., 2013). The challenge of climate change, with
models predicting for the Mediterranean region scenarios of
increasing temperature combined with more extreme events such
as droughts and storms (IPCC, 2014), increases the importance of
addressing the environmental and economic sustainability of this
relevant agro-ecosystem.

In Europe, in more humid climate conditions, permanent grass
cover is commonly implemented, but in semi-arid Mediterranean
regions wine growers are reluctant to use permanent cover crops
due to concerns over soil water competition. In Piedmont, since
2007, the Rural Development program supports the use of grass
cover in the inter-rows to prevent soil erosion and improve soil
organic content, involving 15.4% of the regional agricultural area
utilized for orchards and vineyards in the period 2007-2013
(Regione Piemonte, 2013). Nevertheless, given the observed and
predicted warming temperatures and extreme events (droughts on
one side and heavy precipitation on the other), more attention
should be paid in viticulture to the risks related to soil degradation
and water scarcity, even in regions like Piedmont where vineyards
are traditionally rainfed. In this perspective, it is crucial to know
the response of vineyard soil to rainfall events, in terms of water
and soil losses, in order to adopt the best management to conserve
these fundamental resources maintaining vineyard productivity.
This paper presents the results of an experimentation run in the
Piedmont Region during three-years characterized by contrasting
meteorological conditions. Climate variables, runoff, soil losses,

and soil water content were monitored along with vineyard man-
agement operations, in order to evaluate: i) the effectiveness of
grass cover as a soil water conservation measure compared with
tillage; ii) the influence of different types of rainfall events; and iii)
the effect of tractor traffic in determining hydrological and erosive
response of the vineyard.

Materials and methods

Study site
This study presents data collected for three years, from autumn

2016 to winter 2019, at the ‘Tenuta Cannona Experimental Vine and
Wine Centre of Agrion Foundation’, which is located at 296 m above
sea level (a.s.l.) in the Alto Monferrato hilly area of Piedmont,
North-West Italy. The study site lies on Pleistocenic fluvial terraces
in the Tertiary Piedmont Basin, including highly altered gravel, sand
and silty-clay deposits with red alteration products (Servizio
Geologico d’Italia, 1969). The soil is characterized by a clay to clay-
loam texture and is classified as fine-loamy, mixed, calcareous,
mesic, Typic Ustorthents (Soil Survey Staff, 2010) or Dystric
Cambisols (FAO/ISRIC/ISSS, 1998). The climate of the area is sub-
litoranean: the nearest long period weather station (Ovada, 187 m
a.s.l.) recorded a mean annual precipitation (MAP) of 965 mm over
the period 1951-1990 (Biancotti et al., 1998), while the MAP mea-
sured in the period 2000-2019 in the study site is 881 mm, ranging
from a maximum of 1455 mm (year 2019) to a minimum of 493 mm
(year 2017). The annual mean air temperature in the same period
was 13°C. About 40% of the annual precipitation occurs in autumn:
rainfall events are mainly concentrated in October and November,
when major runoff events usually occur (Biddoccu et al., 2016), and,
secondarily, in March. The driest season is summer (12% of annual
precipitation) and particularly July.

The 3-years experiment was carried out in a vineyard planted in
1988 with Barbera vines managed according to conventional farm-
ing for wine production. Two vineyard plots of 1221 m2 (16.5 m
wide and 74 m long) each were considered. Each plot was composed
of 6 rows aligned along the slope (SE aspect, average slope 15%),
spaced 2.75 m, where the vines are spaced 1.0 m along the row.
Since 2000 the soil of the two plots has been managed with different
techniques: conventional tillage (CT, hereafter) cultivation with
chisel (at a depth of about 0.25 m) and controlled grass (GC)
mulching of the spontaneous grass cover. Both practices were usual-
ly carried out twice a year, in spring and autumn. Most of the farm-
ing operations in the vineyard were carried out using tracked or tyred
tractors carrying or towing implements, with intensification of pas-
sages from spring to grape harvest time (from 14 to 27 passages per
year). According to Capello et al. (2019a), the average annual soil
loss measured in the 2000-2016 period was 6.6 Mg ha–1 and 1.5 Mg
ha–1 in CT and GC, respectively; the mean annual runoff coefficient
measured in the same period was 21 % in CT and 11 % in GC.

Measurements
From September 2016 to December 2019, rainfall and runoff

amounts, soil losses, and hourly soil water content related to 89
runoff events were recorded for the two plots. Rainfall was recorded
at 10-min intervals by a rain-gauge station, with 0.2 mm resolution,
placed near the plots (see Biddoccu et al., 2016 for details).

Each vineyard plot was hydraulically ‘isolated’ and runoff gen-
erated by rainfall was collected separately for each plot by a channel
connected with a sedimentation trap and then a tipping bucket
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device, which measured the hourly volumes of runoff (RO, mm) in
both CT and GC. Runoff samples were collected to obtain sediment
concentration for erosive events, and, if sedimentation occurred in
the channels and sediment trap, then the sediment yield was collect-
ed and weighted.

Soil water content was recorded every hour from the average of
1-min by indirect method (Raffelli et al., 2017) measurements of
capacitance/frequency domain sensors (ECH2O-5TM sensors,
Decagon Devices Inc., Pullman, WA, USA), gravimetrically cali-
brated, placed at 0.1, 0.2, and 0.3 m depth, and stored by a Decagon
EM50 Datalogger.

Measurements were carried out in the two plots both in the
track position (T), which is the portion of inter-row affected by the
passage of tractor wheels or tracks, where the compressive effects
tend to concentrate (Sohne, 1953), and in the middle of the inter-
row, identified as the no-track position (NT), which is not affected
by direct contact with tractor wheels or tracks. Thus, measure-
ments were carried out in four positions: CT-T and CT-NT in the
tilled plot, and GC-T and GC-NT, in the grassed plot. 

Dates of tractors passages and field operations (e.g., tillage)
were recorded.

Data analysis
Data collected by monitoring stations during the 2016-2019

period were processed and some derived parameters were calculat-
ed. All rainfall events recorded were checked and only events with
runoff higher than 0.03 mm in at least one of the two plots or,
according to the RUSLE procedure, with cumulative rainfall higher
than 12.7 mm, were selected and considered as significant for this
study. Soil-loss and runoff produced by snowfall melting event were
not included in the analysis, because of the different relationships
between precipitation characteristics of such events and the genera-
tion of runoff and erosion processes (Renard et al., 1997). Following
these criteria, 60 events were considered. Based on the records,
RIST (Rainfall Intensity Summarization Tool, ARS-USDA, 2015)
was used to obtain the precipitation depth (P, mm), event duration
(D, hrs), rainfall maximum intensity over a 30-min period (Imax30,
mm h–1), mean precipitation intensity (Imed, mm h−1), precipitation
energy (E, based on the equation proposed by Brown and Foster,
1987), and the event erosivity index (EI30, MJ mm ha–1 h–1, Renard
et al., 1997) for each precipitation event. Rainfall events were
defined as the time between the initiation and cessation of rainfall or
runoff with a lack of both of them for at least 12 h. Runoff coeffi-
cient (RC, %) indicates RO depth divided by P depth. Total soil loss
(SL, kg ha−1) related to each erosive event was calculated as sedi-
ment concentration multiplied by the runoff volume and added to
the weight of deposited sediments.

Soil water content (SWC) was calculated as the mean of the
value measured in the 24 h antecedent the event in both the plots at
–10 cm depth. 

Classification of rainfall events
According to explored literature, there are no univocal refer-

ences to classify rainfall events (Sansom and Thomson, 1992; Gaál
et al., 2014; Panagos et al., 2015a; Dolšak et al., 2016; Li et al.,
2016; World Meteorological Organization, 2016). The events taken
into consideration have been classified according to rainfall event
characteristics following the method proposed by Bagagiolo et al.
(2018) into three main types: ‘long-lasting’ (D>50 h), ‘intense’
(Imax30>16 mm h−1) and normal (other events). One exceptional
event of nearly 500 mm rainfall begun on November 14, 2019 and
finished on December 10, 2019. It has been classified separately as

‘extreme’. Four events matching both the criteria D (>50 h) and
Imax30 (>16 mm h−1) were classified in types closer as features. 

Considering the number of tractor passages that have been car-
ried out since the execution of the tillage, the events have been
classified as occurring on compacted (Comp, 3 or more passages)
or not compacted (NComp, less than 3 passages) soil conditions.

Statistical analysis 
Rainfall, runoff and soil erosion variables at event scale were

averaged and summarized for each type of event. Data were
checked for normality using the Shapiro-Wilk test and since nor-
mality test failed, statistical differences between treatments (GC
and CT) or between types of event (for each plot) were checked
using the Kruskall-Wallis rank sum test. The same test was used to
investigate differences between events occurred on compacted or
not-compacted soil. The elected significance level for all tests was
α < 0.05. Statistical analyses were computed using R (R Core
Team, 2020).

Results and discussion
Considering the last 20 years, 2017 was the least rainy (56%

MAP) and, in particular, summer was very dry. As a consequence
of very low precipitations, runoff was lower than 1% of precipita-
tions and soil loss was only 4.1 and 0.4 kg ha–1 in CT and GC,
respectively. Sediment yield was less than 0.1% of the average
annual soil loss measured in the 2000-2016. On the opposite, 2019
was the rainiest year (165% MAP): over 1000 mm of rainfall -
more than the MAP - was concentrated in October, November, and
December. These three months accumulated more than 99.5% of
the annual runoff, in both CT and GC. Yearly RC was equal to
37.3% in CT and 17.9% in GC, higher than the average annual
runoff coefficient measured in the 2000-2016 period (21 and 11%
in CT and GC, respectively, according to Capello et al., 2019a) and
it was the highest of the last 5 years. SL values of November and
December are not available yet, but in October the highest monthly
value of the investigated period was recorded.

However, precipitations in 2018, as well as at the end of 2016,
were similar to the mean annual rain distribution, with only July
and October that present P and SL higher than the mean.
Nevertheless, yearly RC (11.6 and 2.6% in CT and GC, respective-
ly) were lower than expected in 2018. Net of the last months of
2019 missing data, SL was the highest of the last 5 years (3.2 and
0.5 Mg ha–1 in CT and GC, respectively), but lower than the yearly
average.

Despite the high precipitation amount recorded during two
years, the total amount of RO and SL are lower than long-term
average observed in the monitored site: during the study period,
nearly 5 Mg ha–1 of soil was lost in CT and 1.4 in GC, correspond-
ing to annual average soil losses lower or closer to the upper limit
of the tolerable soil erosion rates (1.4 Mg ha–1 year–1) proposed for
Europe by Verheijen et al. (2009). As observed by Rodrigo-
Comino et al. (2018), as the vineyard gets old, the measured ero-
sion rates gradually decrease, since the highest sediment loss usu-
ally occurs in the first years after plantation. In form of runoff, 685
and 293 mm of rainfall were lost by runoff in CT and GC, respec-
tively, which represent portions of water not available for the vine
need during growing season or for soil water recharge in winter
(Celette et al., 2009). 
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Rainfall events characteristics
Table 1 shows the mean values for the main characteristics of

the selected rainfall events: 29 events have been classified as nor-
mal (48% of the total), 15 as long-lasting, and 15 as intense. The
total precipitation considered in the 3 years was 3093 mm: 790 mm
(25%) accounting for normal events, 984 mm (32%) for long-last-
ing, 834 mm (27%) for intense, and 482 mm concentrated in a sin-
gle extreme event. Mean rainfall depth in normal events (27.3 mm)
is lower than the mean of all events (44.2 mm), and it is about half
of the P mean of long-lasting and intense events (65.6 and 55.6 mm
respectively). All long-lasting events occurred in late autumn and
winter, on the contrary, intense events occurred from spring to
early autumn. Mean duration of events ranges from 22.5 h (intense
events) to 82.0 h (long-lasting events). The longest event is the
‘extreme’, which lasted more than 240 h. The highest Imax30
mean is in the intense class (29.6 mm h–1) as well as the Imed (4.0
mm h–1), the lowest mean Imax30 is in the normal class (7.6 mm
h–1) while the lowest Imed is in the long-lasting class (0.8 mm h–1).
The highest Imax30 (71.4 mm h–1) and Imed (20.7 mm h–1) were
recorded during two different intense summer storms in 2018. The
mean rainfall energy (E) and the mean erosivity of rainfall events
(EI30) are the highest for intense (10.1 MJ ha–1 and 424.5 MJ mm
ha–1 h–1, respectively) and long-lasting (8.7 MJ ha–1 and 178.2 MJ
mm ha–1 h–1, respectively) events. The overall mean EI30 (175.6
MJ mm ha–1 h–1) is very close to the long-lasting one (178.2 MJ
mm ha–1 h–1). The extreme event occurred in 2019 autumn shows

the highest value in absolute for E (64.2 MJ ha–1), but another
intense event, happened in the same period, recorded the highest
EI30 (near 2200 MJ mm ha–1 h–1). The average values of the main
characteristics of the selected rainfall events were in the range of
those obtained in the same site from 2000 to 2014 (Bagagiolo et al.,
2018). In other studies, in the Mediterranean area, Imed and Imax30
varied in the intervals 3.6-9.3 and 7.0-26.7 mm h−1, respectively
(Raclot et al., 2009; Taguas et al., 2010; Corti et al., 2011). Gómez
et al. (2014), over a 5 years period of observations in Spain,
obtained high coefficients of variations comparable to ours, being
the variability at event scale notably larger than the one observed
at annual scale.

Runoff and soil losses for different types of rainfall
events

Results related to mean values in terms of runoff and soil losses
in the two plots are summarized in Table 2. During the study period,
49 events generated runoff higher than 0.03 mm in at least one of the
two plots, and 21 rainfall events generated soil loss. The overall
mean runoff and soil losses in GC are lower than in CT (3.7 and 3.5
times, respectively). Furthermore, in 90% of the overall runoff and
100% of the overall soil losses events, volumes are lower in GC than
in CT. In spite of this, a statistically significant difference (P<0.05)
between the two plots is detected only for RC. Overall mean RO
and SL of the selected events are lower than expected, similarly to
the annual average, also if some single events have given values

                   Article

Table 1. Summary of mean values and coefficient of variation of rainfall variables at event scale in the study site. 

Type                No.                                           P                     D               Imed                Imax30                         E                             EI30
                                                                    (mm)               (h)          (mm h–1)           (mm h–1)                (MJ ha–1)          (MJ mm ha–1 h–1)

All events              60                       Mean                     51.6                       42.8                     1.8                            13.6                                    7.4                                     175.6
                                                             CV                       139%                     93%                  156%                         104%                                150%                                  252%
Normal                   29                       Mean                     27.3                       26.3                     1.2                             7.6                                     3.3                                      26.1
                                                             CV                        58%                      48%                   56%                           50%                                  59%                                    75%
Long-lasting          15                       Mean                     65.6                       82.0                     0.8                             9.3                                     8.7                                     178.2
                                                             CV                        82%                      43%                   72%                          124%                                121%                                  283%
Intense                  15                       Mean                     55.6                       22.5                     4.0                            29.6                                   10.1                                    424.5
                                                             CV                        95%                     100%                 117%                          60%                                 107%                                  156%
Extreme                 1                                                       485.2                     240.3                    2.0                            14.0                                   64.2                                    737.3
No., number of events; P, rainfall depth (mm); D, rainfall duration (hrs); Imed, medium rainfall intensity (mm h−1); Imax30, maximum rainfall intensity over a 30-min period (mm h−1); E, rainfall energy; EI30, rainfall
erosivity (MJ mm ha−1 h−1).

Table 2. Summary of mean values and coefficient of variation at event scale of runoff, runoff coefficient and soil loss variables at the
experimental site. Extreme event is not considered in all events. 

Type           No.                                                     CT                                                                                       GC
                                            n RO    RO (mm)      RC        n SL     SL (Mg ha–1)          n RO      RO (mm)      RC          n SL       SL (Mg ha–1)

All                     59          Mean          47                4.32            5.6%*           21                  0.08220                       41                  1.50             1.5%*             20                    0.02338
                                          CV                                244%            190%                                   392%                                              328%            222%                                       400%
Normal            29          Mean          20                1.26            3.2%*a           5                  0.00172a                       18                  0.45            0.9%*a             5                    0.00016a
                                          CV                                255%            188%                                   490%                                              338%            246%                                       453%
Long-lasting   15          Mean          12               10.01           11.8%a            7                  0.05396b                       11                  3.60             3.1%a              7                    0.02378b
                                          CV                                165%            150%                                   327%                                              246%            174%                                       373%
Intense           15          Mean          15                4.84            4.4%*a           9                  0.27151b                       12                  1.53            1.2%*a             8                    0.06943b
                                          CV                                226%            132%                                   219%                                              221%            162%                                       230%
Extreme           1                                1               427.95           88.2%            1                       NA                            1                 205.98           42.5%              1                         NA
CT, conventional tillage; GC, controlled grass; No., number of events; n RO, number of events generating runoff higher than 0.03 mm; RO, runoff depth (mm); RC, runoff coefficient; n SL, number of events generating
soil loss; SL, soil loss (Mg ha−1). *Significant differences between treatments (CT and GC); a,b different letters in the same column indicate significant differences between event types, according to Kruskal-Wallis
Test at P=0.05 level.
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which are higher than the 20-years mean.
The difference between treatments is statistically significant

(P<0.05) only for RC also when compared within the type of
events: mean values of RC are 3.6 (normal) to 3.8 (intense and
long-lasting) times higher in CT than in GC, however differences
due to long-lasting events result not statistically significant. Only
in CT, intense events have generated runoff in all the considered
events. In terms of SL, no significant differences between treat-
ments are found even though mean SL in GC is only 10% of CT
during normal events, 26% during intense events and 44% during
long-lasting events. 

Analysing the events by their type, long-lasting events result in
the highest RC in both CT and GC, but this difference was not sta-
tistically significant compared with other types of events. The
largest statically significant difference observed among types of
event is in terms of SL were: mean values of normal events are 31
and 144 times lower than long-lasting in CT and GC, respectively,
and 157 and 421 times lower than intense in CT and GC, respec-
tively. Intense events result in the highest SL in both CT and GC,
as expected considering the highest mean erosivity for this catego-
ry of events. This suggests that, in response to a rainy event, the
runoff volume is principally affected by the soil management, while
the sediment yield is influenced by the type of event.

During the three observed years, which were characterized by
contrasting meteorological conditions from very warm and dry to
exceptionally rainy, the grass cover always assured a significant
reduction of the runoff, and at least 56% reduction of soil losses for
each category of events, despite low runoff in CT was observed after
the execution of tillage operations, according to Biddoccu et al.
(2013). 

The highest RC value was associated to long-lasting events,
with high amount of precipitation and long duration, that usually
produces saturation excess runoff (Castillo et al., 2003) likely
favoured by the reduced grass cover during autumn and winter,
since the grass usually slows down the overland flow and protects
the soil (Fernández-Ragaa et al., 2017). The absence of grass cover
or litter in both vineyards can also explain why this is the only type
of event in which there is no statistical difference between the two
treatments. Even if not significant, the mean runoff reduction in the
plot with grass cover during long-lasting events is 65%, which
means more water available for infiltration during those events that
typically occur in late autumn, winter, and spring. 

Furthermore, in another study carried out in the period 2013-
2014 in the same vineyard, Biddoccu et al. (2017) found that the
main runoff and erosive events, especially in the GC, were related
to the saturation excess mechanism, which was observed particu-
larly in late autumn and in long-duration winter precipitation
events, usually associated with high P. In fact, the tilled soil is char-
acterized by the presence of a plough pan, with reduced hydrolog-
ical conductivity of and the hydrological connectivity between the
surface and deep soils (Horn and Smucker, 2005). The water, after
having infiltrated the upper soil part and saturated it, can flow by
gravity below the surface and then re-emerge downstream, there-
fore giving origin to a subsurface lateral flow (Wang and Zang,
2017). 

The highest SL value associated to intense events, usually
spring and summer storms, which showed the highest Imax30,
Imed, E, and EI30 is related to infiltration excess overland flow
(Horton, 1933): the water initially fills the macropores, attracted
by capillarity. Subsequently, the clays present in the soil, becoming
wet, can expand, reducing the size of the pores. In addition, the
impact of the drops, especially on bare soil of CT, can move fine
particles (splash erosion) that can be transported by runoff

(Fernández-Raga et al., 2017). Furthermore, particles previously
detached by splash erosion can obstruct the soil pores, contributing
to increase the soil crusting, reducing even more the soil hydraulic
conductivity (Terry and Shakesby, 1993). The results show how
the use of grass cover is particularly efficient in reducing runoff
and soil losses during both intense and long-lasting rainfall events,
that generate most of runoff and erosion and contribute to the con-
servation of water and soil, and was effective in halving the runoff
volume also during the extreme event occurred in October, 2019.

Tractor traffic
Considering soil compaction conditions, due to the traffic over

the soil, in CT both RC and SL are significantly higher in Comp
than NComp (2 and 11 times, respectively). Although this differ-
ence also exists in GC, it is smaller and not statistically significant.
This suggests that GC is less influenced by traffic and is more
resilient than CT: the presence of grass lets the soil recover its char-
acteristics more quickly after the transit of an off-road vehicle
(Matthews et al., 2010). Reduced compaction, indicated by lower
bulk density, and higher soil volumetric content were also mea-
sured in grassed inter-rows, rather than tilled by Bogunovic et al.
(2017) in a Croatian vineyard. In a previous study, Capello et al.
(2019a) found that the number of tractor passages strongly influ-
ences the bulk density only in the tilled soil and not in the grassed
one, affecting negatively the soil hydraulic conductivity, and soil
penetration resistance. 

Analyzing the effects of traffic in combination with the differ-
ent types of event, there are significant differences only for SL in
CT (Table 3): the highest SL is produced by intense events over a
compacted soil (Comp). This result confirms that the soil com-
paction, induced by tractor traffic, causes evident reduction of
hydraulic conductivity, and favours infiltration excess overland
flow (Horton, 1933) and consequent soil transportation. Indeed,
during intense events, Imax30 can reach 30 mm h–1, but in the CT
inter-rows after some tractor passages, the soil hydraulic conduc-
tivity in correspondence of the track was very low, up to less than
1 mm h–1, as measured by Capello et al. (2019b). On the opposite,
the same type of event occurring on a NComp soil generates a
lower SL because of the higher soil hydraulic conductivity.
Confirming what previously stated, lower - but not statistically dif-
ferent - values of SL are also generated by long-lasting events, both
in NComp and Comp conditions: saturation excess runoff is less
affected by reduced hydraulic conductivity induced by com-
paction, but it is more predisposed by initial soil water content,
being linked to the previous rainfall events. 

The lowest values of SL are generated by normal events (both
in Comp and NComp) and are statistically different from those due
to intense events over Comp soil conditions and long-lasting
events on NComp soil conditions (Figure 1).

The highest soil loss at event scale was observed in CT during
an intense summer storm event (2.0 Mg ha−1), occurred on July 16,
2018, with Comp soil conditions. During the same event, 0.38 Mg
ha–1 of soil was lost in GC. As it is possible to notice in Figure 2
the 61.4 mm of rain were concentrated in a few hours (Imax30>70
mm h–1). The field saturated hydraulic conductivity, measured in
that month by Capello et al. (2019b), was only 4 mm h–1 in the
Track position (T), and 74 mm h–1 in the less disturbed inter-row
(NT), while in GC it was higher than 100 mm h–1. These condi-
tions favoured the formation of infiltration excess runoff and
explain why runoff was higher in CT than GC. The high intensity
of the rain produces splash erosion, that can move fine particles,
transported by runoff, increasing the soil losses. Considering the
soil water content, it is evident how in GC (blue and green lines) it
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had risen rapidly, even at greater depths, as evidence of the infil-
tration of water into the soil, while in CT it was not so quick and
did not reach -20 cm depth, without effect on the available soil
water content.

However, certainly, the extreme event occurred in autumn
2019, which SL data are not available yet, will show higher value:
RO generated by this single event, with high intensity rainfall and

long duration, is much higher than the sum of all other events
occurred during the investigated period. This extreme event shows
also the highest RC value in both the treatments. Capello et al.
(2017) highlighted that in both CT and GC the highest runoff coef-
ficients were obtained in wet soil conditions, but in the present study
the soil moisture condition (dry or wet) at rainfall occurrence did not
result in significantly different runoff amounts.  

                   Article

Table 3. Summary of mean values and coefficient of variation at event scale of runoff coefficient and soil losses variables at the exper-
imental site. Extreme event is not considered in all events. 

Type                     Soil condition          No.                                         CT                              GC
                                                                                                                           RC                            SL                         RC                      SL

All                                Comp                                 19                            Mean                                  8.4%*                              0.220*                             2.0%                          0.055
                                                                                                                   CV                                     133%                                243%                             150%                         263%
All                                NComp                              40                            Mean                                  4.4%*                              0.019*                             1.3%                          0.009
                                                                                                                   CV                                     236%                                575%                             270%                         600%
Intense                      Comp                                 11                            Mean                                   5.7%                               37.0%a                            1.4%                          9.4%
                                                                                                                   CV                                     111%                                183%                             150%                         194%
Long-lasting              NComp                              12                            Mean                                   9.0%                                5.8%a                             3.1%                          2.9%
                                                                                                                   CV                                     186%                                340%                             193%                         341%
Long-lasting              Comp                                  3                             Mean                                  23.0%                              3.7%ab                             3.2%                          0.3%
                                                                                                                   CV                                       89%                                  95%                               93%                           87%
Intense                      NComp                               4                             Mean                                   0.9%                               0.2%ab                             0.4%                          0.2%
                                                                                                                   CV                                       76%                                 122%                             112%                         172%
Normal                       NComp                              24                            Mean                                   2.6%                                0.2%b                             0.5%                          0.0%
                                                                                                                   CV                                     207%                                446%                             195%                         411%
Normal                       Comp                                  5                             Mean                                   5.8%                                0.0%b                             2.5%                          0.0%
                                                                                                                   CV                                     142%                                    -                                 190%                             -
CT, conventional tillage; GC, controlled grass; No., number of events; RC, runoff coefficient (%); SL, soil loss (Mg ha−1); CV, coefficient of variation. *Significant differences between soil condition (in all events);
a,bdifferent letters in the same column indicate significant differences between event types over different soil conditions, according to Kruskal-Wallis Test at P=0.

Figure 1. Monthly precipitation (P) and mean precipitation in 2000-2019 period (P mean), runoff (RO) and soil losses (SL) in CT and
GC (SL value of November, December, and partially October 2019 are not available yet).
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Conclusions
This paper presents the results of a study case in Piedmont dur-

ing three-years characterized by contrasting meteorological condi-
tions (2016-2019). Very different yearly precipitation character-
ized the observed period: 2017 was the less rainy of the last 20
years with runoff lower than 1% of precipitations and very low soil
losses while, on the opposite, 2019 was the rainiest year, with more
than 99.5% of the annual runoff, concentrated in October,
November, and December. The year 2018, as well as the end of
2016, was similar to the mean annual rain distribution. All long-
lasting rainfall events occurred in late autumn and winter, on the
contrary, intense events occurred from spring to early autumn.

Runoff volume was principally affected by soil management,
while sediment yield was influenced by the type of event. Intense
events resulted in the highest SL in both CT and GC: the highest
SL value was produced by intense events over a compacted soil
and related to infiltration excess overland flow. This result con-
firms that the soil compaction, induced by tractor traffic, causes
evident reduction of hydraulic conductivity, and favours infiltra-
tion excess overland flow, and consequent soil transportation. The
compaction due to repeated passage of agricultural machinery
could cause a significant reduction of water that can infiltrate into
the soil and that is potentially available for the vine’s needs. 

Grass cover reduced by 65% the runoff, with the highest effi-

ciency during intense events. Soil losses were reduced on average
by 72%, with 74% efficiency during the most erosive intense
events and the lowest protection (56%) during long-lasting rainfall.
Moreover, the response of grass cover plot was less influenced by
traffic and was more resilient. 

With this study, we demonstrate the efficiency of grass cover
in reducing water and soil losses also during extreme events: the
increasing frequency of extreme events, both with high intensity or
long duration precipitation, due to climate change, makes it neces-
sary to protect the soil and adopt adequate soil management to pre-
serve water and soil in the different times of the year.

The great variability observed during these years of study, evi-
dences the need for an adequate assessment in adopting soil pro-
tection techniques through soil management (cover crop: total,
alternating, permanent, temporary, etc.) and an adequate program-
ming of the activities in the field, in particular for off-road traffic.

Highlights
- Runoff volume was principally affected by soil management.
- Sediment yield was influenced by the type of event.
- Intense events result in the highest sediment losses.
- Grass cover reduced by 65% the runoff, with the highest effi-

ciency during intense events. 
- Tractor traffic caused a significant reduction of water that

could infiltrate into the soil, recharging it.
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Figure 2. Analysis of the event occurred on July 16, 2018: in the first graph are represented hourly precipitation (P), Cumulated rainfall
(Cum_P) and runoff (RO) in comparison to the hydraulic conductivity (Kfs) in CT and GC. Below, the soil water content (SWC) meas-
ured in the track (T) and no-track (NT) positions of the two treatments (CT and GC) is shown.
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