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Abstract

Prosecco, one of the most widespread sparkling wine in the world, is produced in Northeast Italy by a
rate of 400 M bottles per year, with the fastest growing demand in the global market at present. A
production of 90 M bottles year! is currently running in the historical Prosecco sector (215 km?),
defined as the Controlled and Guaranteed Designation of Origin (DOCG) area, in a steep hilly landscape
of Veneto Region (Conegliano-Valdobbiadene) registered in 2017 for the UNESCO World Heritage
tentative list. To sustain wine production agricultural intensification boosted to re-setting of hillslopes
and land use changes toward new vineyard plantations. The aim of this study is to assess soil erosion
rate, calculating a sort of “soil footprint” for wine production by 1) estimation of the total soil erosion,
i1) identification of the most critical areas, iii) simulation of different nature-based mitigation scenarios.
RUSLE model was adopted to estimate soil erosion in Mg ha™! year™!, using high resolution topographic
data (LiDAR), 10 years rainfall data analysis, detailed land use and local soil characteristics.

We found that the total soil erosion estimation for the Prosecco DOCG area is 546,263 Mg year!, with
an erosion rate of 25.4 t ha year!, which is 11 times higher than the Italian average. Prosecco vineyards
contributes to 400,000 Mg year'!, by a mean rate of 59.8 Mg ha'! year'!, and encompass 74% of all the
erosion in the whole DOCG area. Soil erosion modelled is mainly concentrated in cultivated hillslopes,
highlighting critical areas with more than 40 Mg ha'! year!), mainly clustered on steep slopes.

The modelled soil loss of a single bottle of Prosecco is, therefore, about 4.4 kg year!. In contrast,
alternative scenarios of different nature-based mitigation measures (hedgerows, buffer strips, and grass
cover) showed that total erosion in the Prosecco DOCG area would be reduced to 275,140 Mg year!,
saving about the 50% of soil. In vineyards a general decrease of almost 3 times (from 400,000 to 135,161
Mg year!) is also demonstrated, reducing on average the erosion rate from 59.8 to 19.2 Mg ha'! year .
This study highlights, thus, that an integrated soil erosion monitor system is needed in the DOCG area
as well as the implementation of nature-based mitigation measures as sustainable agricultural layout for

modern agroecosystems.
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Introduction

Agricultural lands and soil erosion

Agricultural lands presently occupy about 37.4% (56.1 M km?) of the 150 M km? of Earth land surfaces
[1]. They amount to the 50% if glaciers, deserts, rocks, and other physical environments not suitable for
agriculture are excluded [2—4]. Indeed, agricultural lands are the widest Human-modified ecosystems,
making crop production the most extensive form of land use on Earth [5]. The geographical dimension
at global scale of agriculture is crucial to understand the role it plays in terms of land degradation and
erosion processes, which are boosted up to 1-2 orders of magnitude greater than the natural rates of soil
production [6]. In fact, high erosion rate in conventional farming are mainly linked to unsustainable soil
management and agricultural practices: intense tillage, soil compaction due to the use of heavy
machinery, down-slope cropping on hillside, and intensive herbicide application [7,8]. Recently, it has
been estimated that soil erosion directly linked to mismanagement of agricultural lands affects about
5,520,000 km? worldwide [7]. As results of heavy soil erosion, about 30% of the world’s arable land
have been already lost and turned to unproductive [9].

In Europe 12.7% of total land surface is affected by moderate to high soil erosion risk [10]. This means
that a total area of about 14 M ha (a surface wider than Greece), loses soil at a rate of 2.46 Mg ha™! year-!
on average, resulting in a total annual soil loss of 970 M Mg [11,12]. According to estimation based on
erosion plot data, the mean erosion rate of total surface in Italy is 2.3 Mg ha! year'!, which represents
the 12.5% of the total European erosion [13]. Due to unsustainable agricultural practices of intensive
crop production, soil erosion is one of the main environmental concern in many sectors of Southern
Europe, especially in sloping rainfed croplands. Many field-based researches performed in Spain
demonstrated that agricultural practices based on herbicides and conventional tillage results in high
erosion rates: Gomez et al. (2003) found that on slopes up to 20% soil erosion could reach 80 Mg ha'!
yr! [14]; Ramos et al. (2008) measured soil profile lowering due to particle detachment of up to 0.2 +
0.1 m yr ! along slopes ranging from 2 to 45% in an orchard conventionally tilled [8,15]; Keestra et al.
(2016), by means of simulated rainfall experiments and soil analyses in apricot orchards, demonstrate
that tillage and herbicide treatments should be avoided to control soil erosion [16]; Cerda et al. (2009)
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found that soil erosion rates in citrus orchards plantations were 2 Mg ha-! after 1 hour of a 5-year return
period rainfall thunderstorm [17].

Among agricultural lands, vineyards cover about 76,000 km? of the Earth surface, an area wider than
Ireland, mainly oriented to wine production[18,19]. However, about half of world vineyards surfaces is
cultivated in Europe (33,000 km?) whose 30% is mainly concentrated in Italy (6,950 km?), Spain (9,670
km?), and France (7,870 km?). Vineyards are respectively 2.3%, 1.9%, and 1.2% of the country area
[18,19]. Aside from representing one of the most important cultivations in terms of local economies,
income, and employment, vineyards recently gained an increasing attention since it is one of agricultural

land use that causes the highest soil erosion rates [20-23].

Soil erosion in Mediterranean vineyards

Due to geomorphological, climatic, and edaphic conditions together with anthropogenic factors
vineyards in Mediterranean ecosystems are particularly inclined to land degradation and soil erosion
[20,24]. Agricultural lands for vineyards are often located on hilly areas, on steep slopes, resulting in
the highest measured soil erosion compared to rainfed cereals, olives groves plantations or scrublands
[24]. In fact, topography is one of the dominant factor affecting soil erosion and sediment transportation.
In addition, Mediterranean vineyards have to face high intensity rainfall events, mainly concentrated in
Spring and Autumn. As well documented, soil erosion processes are strongly influenced by the high
magnitude — low frequency rainfall events which presently have to be even more considered in the
climate change scenarios [24,25]. Furthermore, Mediterranean lands are generally poor in nutrient and
organic matter content which are key factors on soil stability and erodibility [26]. Finally, the market-
driven farming intensification of Mediterranean vineyards for wine production results in unsustainable
soil management: common practices are mainly based on deep mechanical tillage and chemical weeding
without tillage. Both soil management systems result in bare soil during most of the year, leaving wide
areas exposed to the rainfall, with a notable increase in runoff and soil erosion rate [27,28]. Different
soil management systems and agricultural practices result in measured soil erosion rates which range

from 3.3 to 161.9 Mg ha! yr'! [24,29].
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Prosecco DOCG

The international wine trade in 15 years grew by 75% in volume and doubled in value, leading in 2015
to a total volume of import equal to 98 million hectoliters. Considering the last five years, with the
exception of Champagne, sparkling wine continued to grow with an annual rate of 7% in value and 6%
in volume, turning the Prosecco to an emblematic case as one of the most exported in the world [23,30].
Specifically, Prosecco wine production boosted from 2009 after the “Protected Designation of Origin”
(PDO) by labelling the Controlled Denomination of Origin (DOC), and the Controlled and Guaranteed
Denomination of Origin (DOCG) areas to identify two specific growing areas. In the last decades the
Prosecco wine production has notably increased in the DOCG area due to a combination of global
market demand and large investments in the region which boosted both crop production and land use
change into vineyards croplands [31-33]. In 2017, the Prosecco DOCG growing area was officially
enrolled in the tentative list the for the UNESCO World Heritage status [23,34]. However, the
UNESCO candidacy was criticized both at academic and at civil society levels due weaknesses in terms
of the socio-environmental unsustainability of Prosecco farming system [32]. The dispute was fueled
since in July 2018 the 42" World Heritage Committee rejected as first evaluation the Prosecco
candidacy because it does not meet the UNESCO criteria [35,36].

The Prosecco DOCG vineyards increased from some 4,000 ha in 2000 to 5,700 ha in 2010, and beyond
7,000 ha officially declared in 2016 [34,37,38]. At present, Prosecco wine production is over 400 M
and 90 M bottles respectively in the DOC and DOCG geographical areas [39]. In such context the
economic and production factors are driving drastic changes in land use, undermining an ecosystem
stability based on soil system, and fueling the debate about the sustainability of vineyards cropland.
Considering the complexity of the phenomenon and its implications at socio-economic and
environmental level, therefore there is an urgent need to assess and to estimate the amount and the
potential rate of soil erosion at agricultural landscape scale. Furthermore, modelled erosion rate at a
very detailed scale and simulated nature-based scenarios would represent a scientific contribute to
support and design a more sustainable land management for wine production, especially in sensitive

areas where soil erosion is over the tolerable threshold.
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The general aim of our study is to assess soil erosion at landscape scale in the Prosecco DOCG growing
area, calculating a sort of “soil footprint” for bottled wine production. Specific aims are: i) to quantify
the total soil erosion; ii) to identify the most critical areas in term of soil erosion rates; iii) to simulate
alternative sustainable scenarios to reduce soil erosion processes and off-site impacts, applying possible

mitigation measures at field scale.
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Physical geography of Prosecco DOCG

The study area falls within the Prosecco DOCG wine production area which spans 215 km? in the North-
East sector of Italy (Province of Treviso) and it encompasses fifteen small-medium Municipalities, in a
scattered urban-agricultural territorial matrix. Vineyard cropland presently occupies the 32% of the
DOCG area, representing one of most diffuse cultivation (Fig 1a).

Generally, Prosecco vineyards concentrate in the south-facing slopes, while copses and chestnuts are in
the north-facing ones. In the hilly region, modifications in geomorphology and, therefore, changes in
the drainage systems, are often related to crop production intensification and to the high levels of
mechanization and standardization required; hence, modern hydraulic-agrarian layouts by vertical
ploughing with vineyard rows setup along the steepest slope are now generally preferred. On the
contrary, contour farming by traditional or modern agricultural terraces are limited, and have been
substantially reduced in the past years. At field scale, about 30-60% of grass cover is generally
maintained between vineyards rows.

The landscape has elevation ranging from 60 to 500 m a.s.l., and it is principally dominated by 70% of
hilly terrain, and 28% of alluvial plain, while only 2% is mountainous (Fig 1b). The wide and
fragmented agricultural landscape is currently dominated by intensive Prosecco cropland (about 86%
of the whole cropping system - Figs 1b and 2) which is extended both in the upper alluvial plain and in
the hilly areas, which are often scarcely accessible and have steep slopes.

According to Kdppen climate classification, the Prosecco DOCG area is at the transition between a
temperate oceanic climate (Cfb) and a Mediterranean type with hot dry-summer (Csa). According to
Thornthwaite (1948) climate classification is B3 Humid (60-80 moisture index). Mean precipitation is
1,200 mm year! and average temperature is 12.7° C.

Geology of the area relates to the collision between the Adria micro-plate to the South and the Euro-
Asiatic plate to the North during the Cenozoic, which produced the uplift of the Italian Southern Alps
[40]. In the southernmost Alpine sector the crustal thickening is equilibrated by a series of parallel,
south verging thrusts with direction NE-SW (Bassano-Valdobbiadene thrust, Valsugana thrust,

Montello thrust) [41]. The Prosecco DOCG area lies in a zone between two parallel thrusts: the Montello
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and the Bassano-Valdobbiadene thrust. The stratigraphic succession that is cropping out in the study
area spans from Mesozoic dolostone and limestone to Upper Miocene conglomerates (Conglomerato
del Montello), sandstone and marls [42].

The Montello thrust and its ramp anticline contributed to the formation of the Quartier del Piave
intermontane valley, instead the “Refrontolo syncline” generated highly inclined strata that are shaped
as hogback hills. The geomorphologic landscape of the study area is strongly shaped by this series of
long, NE-SW oriented ridges, ranging in elevation between 50 and 500 m a.s.l. These landforms are
typical hogbacks, modeled in alternances of conglomerate, marls and sandstone [42]. The alluvial plain
sector in the Quartier del Piave is characterized by predominant gravel deposits, deposited since the
Last Glaciation to present by the Piave River, the Soligo River and other minor streams [42,43].
Fourteen landscape-soil units characterize the study [44]: fans, alluvial terraces and valley fills by
Prealpine streams of the Last Glaciation with leached soils (C1), and of Holocene age with poorly
developed soils (C2); gravelly plain of the Piave River with leached, carbonate-depleted and rubified
soils (P1), leached and carbonate-depleted soils (P2), and poorly developed soils (P6); fine-grained
alluvial plain of the Monticano and Meschio Rivers, with poorly developed soils (M3); terminal
moraines of the Last Glacial Maximum (LGM) with slight evidence of carbonate leaching (G2), and of
pre-LGM glaciations with leached and rubified soils (G1); steep hillslopes in conglomerate, with
shallow and poorly developed soils (H1); low-gradient hillslopes in conglomerate, with strongly
decarbonated, rubified soils with evidence of clay illuviation (H2); steep hillslopes in sandstone, with
moderately deep and developed soils (H3); low-gradient hillslopes in marls and siltite, with moderately
deep and developed soils (H4); long and steep mountain slopes in massive and hard limestone, with
shallow and poorly developed soils (V1); long and steep mountain slopes in well-stratified, moderately

resistant limestone, with moderately deep and leached soils with clay illuviation (V2) [44].

Fig 1a. Geographical and geomorphological setting of the Prosecco DOCG area.
Fig 1b. Vineyards distribution in the Prosecco DOCG area.
Fig 2. Percentage of area covered by principal land use classes in the Prosecco DOCG zone. More of

30% of territory is covered by vineyards.
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Material and methods

RUSLE model

Different models and field-based approaches were developed to assess spatial distribution of soil
erosion. Among them, the use of empirical models combined with spatial data processed into
Geographical Information Systems (GIS) is the widest tool to quantitatively estimate and map soil
erosion rates. To estimate soil erosion in the study area, we adopted the Revised Universal Loss
Equation (RUSLE) defined by Renard ef al. [45] and derived from the Universal Soil Loss Equation
(USLE), previously proposed by Wischmeier and Smith (1978) [46]. RUSLE is the most widely-used
empirical model for soil erosion estimation at landscape scale [9,12,47,48]. It was also tested in several
study cases in Mediterranean context, both at basin and landscape scale [22,49-51]. RUSLE model is
based on the main factors which strongly contribute to soil erosion processes, combining data about
topography, soils, rainfall, and land use in a GIS environment. It performs a spatial simulation of the
erosion processes quantifying soil loss in terms of Mg ha'! year-!. According to quality and geometric
resolution of spatial data, by running the RUSLE model it is possible to identify the magnitude of soil
erosion processes at landscape scale and map it [9]. The RUSLE model is based on the equation:
A=R*xK*LS+Cx*P
The RUSLE model is based on five independent variables: 1) R, ii) K factor, C, iii) LS factor; iv) C
factor; v) P factor.
To perform RUSLE model we collected and modelled spatial and temporal data for each factor: i)
meteorological data based on 20 local weather stations (R factor) (Fig. 3); ii) pedological data about the
erodibility of soils and its susceptibility to erosion (K factor); high resolution topographic data (LS
factor); and land use data at regional scale (C factor).

R factor

R factor represents the energy and ability of the rainfall to erode soil. It is strictly related to the main
impulsive rainfall events for a specific region [52]. According to local climatic trends, the availability

and the spatial distribution of meteorological data, different empirical formulas to calculate R factor
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were developed by several researchers. Climatic data from the Regional Agency for Environmental
Protection and Prevention of the Veneto (ARPAYV, 2012), shows for the Veneto Region typical rainfall
of modest intensity distributed during the year in two main peaks: one during autumn and another one
in spring. Hence, according to local climatic conditions we used the formula that represents the best fit

for such regime, according to Wishmeier and Smith (1987) and revision by Renard et al. [45]:

1
R =7_l*j:1 [kzl1(E) * (I3O)k)]

Where:

n represents the number of years considered, that in this study are from 2006 to 2015;
k 1s the rainfall number of half hour events;

E is the rainfall energy event estimation;

13y is the amount of rain in 30 minutes;

m 1is the summarize of every rainfall events for all considered years.

E is calculated using the following expression:

where Im is the intensity for 5 minutes of rainfall recorded by 20 local weather stations of ARPAV,
distributed on all Region.

To calculate R values for each of the 20 weather stations we wrote a specific algorithm and performed
it by using R software (R Core Team, 2016) performing a rainfall analysis on 10 years of time-series.
The mean R values for each weather stations were, therefore, spatially interpolated using the Inverse
Distance Weighted (IDW) algorithm in GIS environment.

Fig. 3.

C factor

C factor defines the type of soil cover that influences soil erodibility. Vegetation or artificial cover
reduce the erosion effect. The anthropic pavements are impermeable and immobilize the soil.
Vegetation has a double effect: leaves partly intercept rain drops, lowering the rainfall kinetic energy at

impact with ground (“spalsh erosion”), roots promote water infiltration in the topsoil, lowering surface
10
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runoff.

To calculate the C factor, we used the IV Level of CORINE-based dataset at regional scale [53,54].
There are many studies that use several methods to determinate a suitable C value for different type of
land use in different morphoclimatic conditions. We therefore selected C values found in literature that
best fit the regional environmental conditions [55,56]. The C factor value for each type of land use is
traditionally defined by numerous empirical equations and sample points that consider vegetation
characteristics and morphological conditions, as surface roughness and surface cover [45]. Concerning
vineyards there are different values for C factor in literature (from 1 for arable land, to 0.02 of olive
groves), according to the hydraulic-agrarian layouts, percentage of grass cover between rows, and the
different techniques and crop practices adopted [57]. This happens because the viticulture is distributed
in different climatic zones, from rainy alpine valleys to semi-desert regions in Mediterranean country.
In our study, to calculate RUSLE index we adopted a conservative value of 0.12 for vineyards land use

as suggested by ARPAV (2008) [55].

LS factor

LS factor represents the topography (length and slope) that influences soil erosion effectiveness [58].
This factor indicates where erosion may act more aggressively and it includes only topographic
variables. Depending on these morphological conditions, especially after intense rainfall events, water
can acquire high velocity and energy in order to form streams or erosional channels. In order to calculate
LS factor, we performed a DTM analysis over 1 m geometric resolution of Laser Imaging Detection
and Ranging data (LiDAR) [59]. The formula used for LS factor estimation is after Moore and Burch

(1986):

. - cell size\\"*  ((sin (slope)\"*
= |(Flow accumu atlon*( 22.13 ) * ( 0.0896 )

where Flow accumulation is calculated for each pixel, as the sum of area that lies upstream of the
respective basin. In this work the cell size adopted is 1 m. Slope raster was built by function “terrain”

in R raster library (R Core Team, 2016) and represents the slope in degrees.
11
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Flow accumulation is obviously very high in correspondence of rivers and streams, which results in
high LS values that have an important impact on RUSLE final calculation. As our study focuses on
areal soil erosion related to surface runoff and incipient rills and gullies, rather than linear erosion along
the river network, we chose to exclude watersheds wider than 5 ha from the calculation of flow

accumulation.

K factor

K factor represents the erodibility of soils and its susceptibility to erosion. The method used for
calculation is the original equation of Wischmeier, described in 1978, as reported in Handbook 703
"Predicting soil erosion by water: a guide to conservation planning with the Revised Universal Soil Loss
Equation" [45].

In literature, due to the difficulty in recovering soil data required by the original equation, simplified
pedofunctions are available for calculating the K factor. At regional level the K factor was calculated
using Renard and Torri simplified function (1997) [45,60]: the former requires only values of sand and
silt, the latter requires also organic matter. By comparison of results, it was preferred to use data derived
from Wischmeier (1978) [46], that considers various soil characteristics, as shown below:

[2.1%10 %% (12 - OM) * M*1* + 325 % (s - 2) + 2.5 % (p - 3)]
759

K=

where:

OM: percentage of organic matter in topsoil;

M: textural parameter (depending on sand, fine sand and silt percentage);

s: structure class code;

p: profile permeability class code.

All soil data were available in ARPAYV database; the K factor was calculated for each type of soil (soil
typological unit) and then spatialized relying on the 1:50,000 soil map, available for the whole DOCG

area [44].

12
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RUSLE analysis

All the data were collected and assembled together to perform RUSLE spatial analysis in Prosecco
DOCG area, at 1 m pixel! geometric resolution. We analyzed the soil erosion in terms of magnitude
(Mg ha'! year!) and mapped it by using GIS Zonal Statistics tools. By running the RUSLE model we
estimated which areas show high values of soil erosion and where they are located. We reclassified
RUSLE output values in 4 classes: low value (0-4 Mg ha! year!), medium value (4-10 Mg ha'! year!),
high value (10-40 Mg ha-! year!), very high value (more of 40 Mg ha-! year!). By RUSLE analysis we
evaluated land use influence on soil erosion phenomenon. We calculated the soil loss per hectare (Mg
ha'! year!) and the total loss (Mg year!). We evaluated soil erosion potential in the landscape,
classifying RUSLE values on regional soil units. We also evaluate the soil loss at Municipality scale in
order to highlight the wine-producing district most exposed to erosion processes. Moreover, we used
the RUSLE model results to calculate a sort of “soil footprint” for wine bottles using official production

data of Prosecco DOCG published in 2017 [39].

Soil erosion under alternative nature-based scenarios

Within the CAP framework, EU promoted the adoption of “best practices” in soil management to
control erosion processes by keeping the land under “Good Agricultural and Environmental Condition”
(GAEC). Different landscapes features such as grass cover, dry-stone walls, reverse-slope benches on
one side, and hedgerows or buffer strips to reduce runoff volume and protect habitats, are included in
GAEC standards [12,61]. We therefore performed four different scenario simulations at Prosecco
DOCG scale, by adopting four different nature-based mitigation measures to increase agricultural
sustainability and to protect surface water from loose of herbicides and pesticides: hedgerows, grassed
buffer, and a grass cover between inter-rows of vineyards.

In scenario 1 we assigned a conventional grass (C factor 0.005) buffer zone, of 5 m from tail lift of
rivers and streams with a minimum value of 2" order; in scenario 2: we assigned 3.5-m hedgerows of
shrub (C factor 0,003) as buffer zones around the vineyards; in scenario 3 we modeled a combined

scenario summarizing the effects of scenario 1 and scenario 2. Finally, in the fourth one, we simulate
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the most sustainable agricultural best practices scenario without the application of herbicides in land
management: we simulate to keep grass cover in 100% of vine inter-rows during the Winter period.
According to Bazzoffi et al. (2017) we used 0.04 value C cover for grassed inter-row vineyard

management [56]
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Results and Discussion

Soil erosion estimation: actual scenario

RUSLE analysis showed that the total soil erosion estimation for the Prosecco DOCG area is 546,263
Mg year!, by a rate of 25.4 Mg ha year! on average. Beyond this, more of 70% of the total surface
showed a potential soil erosion between 0 and 4 Mg ha'! year!, 12% is between 10 and 40 Mg ha-!

year!, while the 12% is more 40 Mg ha'! year! (Fig 4a).

The model shows zones with low values near to 0 Mg ha'! year! mainly in the gravelly alluvial plain,
grassland, forests or slope near 0° degrees; conversely, the highest erosion rate values (more of 400 Mg
ha'! year!) are distributed on steepest slopes, mostly on bare soil areas. Generally, erosion rate with
bigger intensity (>40 Mg ha'! year!) is clustered on long and steep slopes, characterized by intensive
agricultural activities (Fig 5). Here, specific land use determines different effects on potential soil
erosion rate: olive groves (67.4 Mg ha-! year!), vineyards (59.8 Mg ha! year!), “other permanent crops”
(46.2 Mg ha! year!). As expected, soil erosion rate is more intensive on hilly landscapes, characterized
by intensive vineyards cropland, as it shown in Figures 4b, 4c and 5.

If we consider the total soil erosion modelled for all the Prosecco DOCG area, the RUSLE analysis
shows that vineyards contribute for 400,000 Mg year !, which contributes to the 74% of all the erosion
potential in the whole area (Fig 4b). Therefore, if the average of the declared wine production in the last
years is more than 90 M bottles, a single bottle of Prosecco DOCG sparkling wine embodies a “soil
footprint” on the territory of about 4.4 kg year!.

In the study area, soil erosion seems to be potentially higher in soil unit systems H4 and H1 which
represent soils in hilly landscapes (Fig 4c). In fact, more than the 58% of soil erosion potential is focused
in the hilly sector of the Prosecco DOCG area. Furthermore, H1 plus H4 represent more than 51% of
all territory surface (Fig 4d).

As it is illustrated in figure 4e, if we consider only soil erosion potential expressed by hectares (Mg ha’!
year!) the soil system showing the highest values is P2, losing more than twice (about 9 Mg ha! year

) in respect to H4 (only 4 Mg ha'! year!). However, P2 soil system covers only 600 ha and its
15
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contribution to total soil erosion is very low. Soil systems are more susceptible to erosion than P2, M3
and C2; however, with the exception of C2, they have limited extension in the study area (Fig 4d). C2
represents recent soils not decarbonated, which are found in the valley bottom. It is the third soil system
unit for surface. It is an example of an high erosion potential zone and it could be a risk area.

In the Prosecco wine district, the highest soil erosion potential is localized within the town of
“Valdobbiadene”, which covers about the 12% of total Prosecco DOCG surface. Here, soil erosion risk
is about 100,000 Mg year!, corresponding to the 18% of total soil erosion estimation in the Prosecco
DOCG area, followed by Farra di Soligo (94,000 Mg year!, the 17% of the area) and Conegliano
(61,000 Mg year’!, the 11% of the area). Municipalities with the highest average rates of soil erosion
are: Farra di Soligo (more than 60 Mg ha! year!), Vidor (57 Mg ha'! year!'), and Miane (38 Mg ha'!
year).

Figure 4A: Percentage of the area in RUSLE erosion classes: low erosion (0-4 Mg ha! year''), medium
erosion (4-10 Mg ha'! year!), high erosion (10-40 Mg ha-! year') and very high erosion (>40 Mg ha"!

year').

Figure 4B: Percentage of potential soil loss from RUSLE modelling in different landuse.

Figure 4C, 4D and 4E: Soil erosion along the landscapes-soil units. Fans, alluvial terraces and valley
fills by Prealpine streams of the Last Glaciation with leached soils (C1), and of Holocene age with
poorly developed soils (C2); gravelly plain of the Piave River with leached, carbonate-depleted and
rubified soils (P1), leached and carbonate-depleted soils (P2), and poorly developed soils (P6); fine-
grained alluvial plain of the Monticano and Meschio Rivers, with poorly developed soils (M3); terminal
moraines of the Last Glacial Maximum (LGM) with slight evidence of carbonate leaching (G2), and of
pre-LGM glaciations with leached and rubified soils (G1); steep hillslopes in conglomerate, with
shallow and poorly developed soils (H1); low-gradient hillslopes in conglomerate, with strongly
decarbonated, rubified soils with evidence of clay illuviation (H2); steep hillslopes in sandstone, with
moderately deep and developed soils (H3); low-gradient hillslopes in marls and siltite, with moderately
deep and developed soils (H4); long and steep mountain slopes in massive and hard limestone, with

shallow and poorly developed soils (V1); long and steep mountain slopes in well-stratified, moderately
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resistant limestone, with moderately deep and leached soils with clay illuviation (V2).

Fig 5. Map of soil erosion rate in the Prosecco DOCG area represented in four classes.
Fig 6. Sample area of S. Stefano di Barbozza (Valdobbiadene Municipality). Upper left: Aerial photo
of the village and its surrounding. Upper right: DTM of the same area. Lower inset: map of potential

soil loss from RUSLE modelling. Polygons with hatching indicate vineyards.
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Alternative sustainable land-management scenarios

In the first simulated sustainable scenario, 5 m grassed buffer filter-strips modelled around rivers and
streams (197 ha) show a total erosion potential of 502,623 Mg year!, representing a reduction of the
7.8% of soil loss. In the second scenario, a reduction of 55,715 Mg year! (10.1%) in soil erosion rate
was obtained by simulating a mitigation measure of 3,5 m of hedgerows around vineyards, accounting
for a total of 645 ha. An important reduction in soil erosion is obtained by summarizing the mitigation
effects of buffer filter-strips, both around the river networks and vineyards plots: soil loss erosion may
be reduced of 14.8%, which corresponds to 80,458 Mg year! of soil preserved (Fig 3f).

However, the most sustainable scenario in our analyses is represented by simulating a best practice of
leaving the 100% grass cover of vine inter-rows. In this case, the total erosion in the Prosecco DOCG
area would be reduced to 275,140 Mg year!, saving about the 50% of soil loss. In vineyards a general
decrease of almost 3 times (from 400,000 to 135,161 Mg year!) is also demonstrated, reducing on
average the erosion rate from 59.8 to 19.2 Mg ha! year!. In this more sustainable scenario total erosion

related to vine production in the all Prosecco DOCG area is reduced from 70% to 49%.
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Discussion

Sparkling earth for Prosecco wine

According to estimation by Cerdan et al. (2010), the mean erosion rate in Italy is 2.3 Mg ha! year [13];
in our study we found that in the Prosecco DOCG area the erosion rate modelled is 25.4 Mg ha year!,
a magnitude of erosion rate which is 11 times higher than the Italian average. We found soil erosion
rate 3.8 times higher than in the Aosta valley vineyards (NW Italy), in a similar morphological context
and agricultural management practices [49]. According to Aiello et al. (2015) [51], which computed a
modified RUSLE model for complex terrain (RUSLE3D) along a highly-erodible hilly landscape in
Basilicata (Southern Italy), the mean annual soil erosion in the Bradano basin is 31.80 Mg ha! year!,
which is 1.8 lower than values we found in the Prosecco DOCG area.

This study confirmed the key role of vineyards in soil erosion processes, contributing to the highest
values (>40 Mg ha'! year!), mainly clustered in the hilly areas, especially on steep slopes (Figs. 5 and
6). This is the case in the areas of Valdobbiadene and Farra di Soligo (Province of Treviso) which
account for the 18% and the 17% of the total soil erosion in the Prosecco DOCG. The average erosion
rate we modelled in Prosecco vineyards is 59.8 Mg ha'! year'!, which is 40 times greater than the upper
limit of tolerable soil erosion threshold defined for Europe by Verhejen et al. (2009) [11]. Similar results
based on the RUSLE model were found by Prosdocimi et al (2016) in the Lierza river basin of the
Prosecco DOCG area [20]. Other results performed in experimental plots in sloping vineyards in
Germany (Mosel Valley), Eastern Spain (Les Alcusses Valley), and Southwestern Sicily (Agrigento)
confirmed soil erosion under conventional land management range from 19 to 102 Mg ha! year!
[21,24,62].

It is worth noting that we performed the most conservative scenario for soil erosion in a conventional
and a chemically weeded vineyard, by using a C standard value of 0.12 for vineyards for RUSLE
analyses, not taking into account direct effects of the modern agrarian-hydraulic layouts, where terrain
morphology and drainage system are strongly modified by vineyards row setup along the steepest slope

to facilitate agricultural operations.
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In fact, particular concern is presently given to new vine plantations which are increasing on hillslopes
of the Prosecco DOCG area. As it is widely documented they trigger to extreme erosion rates due to
drastic changes in soil physical properties through heavy levelling operations, deep ploughing,
trampling, and down-slope orientation of vine-rows. Moreover, inter-rows maintenance with bare soil
or soil scarcely vegetated by grass cover (5-30%), result in heavy runoff and, therefore, increasing soil
erosion rates [49,63]. Different studies highlight that new vine plantations strongly contributes to high
erosion risk by increasing rates up to 30 times higher than the upper threshold for tolerable erosion
suggested in Europe [11,21,64,65].

High soil erosion rate may exacerbate in-site effects significantly affecting crop production in soil
quality and fertility reduction by decrease in nutrients and organic matter [11,12,48,66]. Moreover,
considering the emerging climate change scenarios in Mediterranean regions, an increase in frequency
of extreme rainfall events in spring and autumn, especially after dry periods, may amplify off-site
impacts on steep slopes by soil water erosion and heavy runoff [67—-70]. Off-site impacts are related to
non-point source pollution from agricultural fields: pesticide and fertilizers runoff into stream and river
network, contamination of groundwater resources, and air pollution by emission of greenhouse gasses
such as CO,, CH4 and N,O [9,11,71]. Moreover, high erosion rates may affect slope stability, amplifying
hydrogeological risk [72,73]. This suggest that in mid- long-term degradation in ecosystem functioning
could strongly affect agricultural productivity by drastic reduction in nutrients, organic matter, water
capacity and biota.

As it is widely recognized soils are the base of a wide-set of ecosystem good and services which are
fundamental for human needs: food production, drinking water quality, water purification,
hydrogeological risk control, biodiversity and carbon stock shrinkage. Hence, erosion processes directly
lead to degradation and loss of ecosystem services, undermining soil sustainability as recognized both
in the seven soil functions defined by the European Commission (2006) and the land-related 2030 UN
Sustainable Development Goals [40,41]. Moreover, the European Union brought this issue into the
current environmental policy agenda by including soil erosion among the eight soil threats listed within

the Soil Thematic Strategy of the European Commission (EC, 2006) and in different policy
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developments such as the Common Agricultural Policy (CAP), Europe 2020, and the 7th Environmental

Action Programme [5].

Walking pathways by nature-based agricultural practices

The four simulations of sustainable land management scenarios which are included in the GAEC
standards show that minor variations in land use could significantly change the total soil loss in the
study area. The combination of 5 m grassed buffer filter-strips together with 3,5 m of hedgerows around
vineyards potentially preserve 80,458 Mg year'! of soil. Moreover, as reported in an experimental trial
performed in the Prosecco DOCG area, hedgerows represent also an effective mitigation measure to
reduce up the 95-98% the spray drift effect of pesticide from vineyards [74].

On the other hand, the forth sustainable scenario which simulate to shift from intensive herbicide
application to a 100% inter-row vine grass cover during Winter time demonstrates the potential
effectiveness of this nature-based solution, by reducing soil erosion rate within Prosecco vineyards of
66.2%. Results of the simulated mitigation effect are not so different from those derived from
experimental measures at field-scale in Sicilian vineyards, where different cover crops sowed in vine
inter-rows reduced soil erosion by 68% compared with conventional land management [24]. Similar
results were also found in Spain through different erosion measures under simulated rainfall where
cover crop of Secale sp. and Brachipodium sp. showed a significant reduction in soil erosion [75];
another immediate effectiveness of field-scale mitigation measures is represented by the use of barley
straw mulch in Mediterranean vineyards which reduces the median erosion from 2.81 to 0.63 80,458
Mg year'! [76]. The most effective mitigation effects at field-scale seems to be the use of straw as mulch
together with no-tillage strategy which can reduce soil erosion rate of two orders of magnitude [13].

In intensive vineyard croplands such as the Prosecco DOCG, mitigation measures and best management
practices should be adopted in the GAEC framework, which also provide economic incentives to
farmers which implement in-site measures like hedgerows and/or grassed buffer filter strips, dry-stone
walls terraces, contour farming, and strip cropping to control soil erosion processes in vineyard cropland

and to reduce off-site impacts.
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Conclusions

The RUSLE model was applied to estimate the total soil erosion in the Prosecco DOCG, by identifying
the most critical zones and by simulating alternative nature-based land management scenarios at
landscape scale. This study confirmed the key role of Prosecco vineyards in increasing soil erosion
processes, by contributing to the 74% of total erosion in the DOCG area with in-field rate 40 times
greater than the upper limit of tolerable soil erosion threshold defined for Europe.

This suggest that 1) in mid- long-term period degradation in ecosystem functioning could strongly affect
agricultural productivity by drastic reduction in nutrients, organic matter, water capacity and biota; ii)
off-site effects such as leaching of agricultural pollutants and erosion risk may affect at multiple scale
in the territory.

Using a RUSLE GIS-based approach we modelled a “soil footprint” for producing a single bottle of
Prosecco DOCG sparkling wine, which currently “drinks” about 4.4 kg of soil every year.

On the other hand, nature-based agricultural practices showed relevant decrease in soil erosion and they
are strongly recommended in the DOCG area, especially where erosion rate is critical.

Our study suggests that in the Prosecco DOCG an integrated soil erosion monitor system is needed

area, combining field measures with spatial analyses at territory scale.
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