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Summary

In recent decades, the intensification of agricultural management has
introduced significant environmental challenges, particularly in soil and water
conservation, biodiversity, sustainability, and ecosystem services. The increasing
awareness of soil as a non-renewable resource and its crucial role in climate change
mitigation has driven global efforts to adopt sustainable soil management practices
in various agri-ecosystems, including viticulture.

This thesis aims to evaluate the effects of introducing and promoting optimal
soil management techniques in hilly wine-growing environments in North-West
Italy to mitigate soil degradation phenomena such as erosion and compaction. The
conservation and improvement of soil health, while maintaining vine quality and
production, is pursued through three main innovations: enhanced soil management
practices, agro-meteorological monitoring of water and soil, and ICT tools for data
management and field observation to support farmers in vineyard management and
water-soil conservation. The goal is to understand how enhanced soil management
practices in hilly vineyards can enhance soil water content, reduce runoff and
erosion, and increase the availability of water and nutrients for the vines.
Additionally, the research examines the impact of repeated vehicle passage on soil
compaction and hydrological conditions.

The second part of the thesis introduces new technologies alongside traditional
methods in a joint measurement campaign to collect data for analysing water, soil,
and energy dynamics in a sloping vineyard environment. A W-band radar, a
coupled microwave and optical scintillometer, and a CRNS sensor have been
installed in an experimental vineyard where current and long-term monitoring of
water dynamics, soil erosion, and soil moisture is available. These instruments
enable proximal sensing to overcome near-point scale measurement limitations,
providing estimations of precipitation characteristics, energy fluxes, and soil
moisture at temporal and spatial scales beyond the reach of traditional sensors.

This research represents a first attempt to use these technologies in a complex
environment, such as sloping vineyards with different soil management practices.
It offers a perspective for data collection to study water and energy fluxes at field
and landscape scales and supports the management of agricultural land.
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Chapter 1

Introduction

1.1 Research topic

In recent decades, the intensification of agricultural management has
introduced environmental challenges, particularly in soil and water conservation,
biodiversity, sustainability, and ecosystem services (Giffard et al., 2022). The
increasing awareness of soil as a non-renewable resource and its key role in climate
change mitigation has stimulated global efforts to adopt sustainable soil
management practices in many agri-ecosystems, including viticulture (Lazcano,
2020).

The first part of this thesis aims to evaluate the effects of introducing and
promoting optimal soil management techniques (good practices) in hilly wine-
growing environments in North-West Italy to mitigate soil degradation phenomena
such as erosion and compaction. The conservation and improvement of soil health,
while maintaining vine quality and production, is pursued by implementing three
main innovations: (i) the introduction of enhanced soil management practices, (ii)
agro-meteorological monitoring of water and soil, and (iii) ICT tools for data
management and field observation to support farmers in vineyard management and
water-soil conservation. The goal is to understand how enhanced soil management
practices in hilly vineyards can enhance soil water content, reduce runoff and
erosion, and increase the availability of water and nutrients for the vines.
Additionally, the research will examine the impact of repeated vehicle passage on
soil compaction and hydrological conditions. The evaluation is based on a field-



scale approach, using traditional techniques to measure variables related to soil and
water conservation.

The second part of the thesis introduces new technologies alongside traditional
methods in a joint measurement campaign to collect data for analysing water, soil,
and energy dynamics in a sloping vineyard environment. A W-band radar, a
coupled microwave and optical scintillometer, and a CRNS sensor have been
installed in an experimental vineyard where current and long-term monitoring of
water dynamics, soil erosion, and soil moisture is available. These instruments
enable proximal sensing to overcome near-point scale measurement limitations,
providing estimations of precipitation characteristics, energy fluxes, and soil
moisture at temporal and spatial scales beyond the reach of traditional sensors.

This part of the research represents a first attempt to use these technologies in
a complex environment, such as sloping vineyards with different soil management
practices. It offers a perspective for data collection to study water and energy fluxes
at field and landscape scales and supports the management of agricultural land.

1.2 Motivations

This experimental research aims to apply the findings from CNR-STEMS'
long-term studies on soil conservation and optimal management in vineyards to
practical field use. It directly addresses soil erosion and water lost, a significant
issue in the sloping vineyards of Piedmont. Soil erosion is closely linked to other
degradation phenomena such as the decline of organic matter and soil compaction,
which are major threats to soil health in Europe, as highlighted in the European
Union's Soil Thematic Strategy. These issues impact the ecosystem services of
vineyards, soil quality and fertility, and water resource availability, ultimately
affecting the quality and quantity of grape production.

At the community level, these concerns are discussed in the PEI-AGRI focus
group report "Water & Agriculture: Adaptive Strategies at Farm Level." European
projects like VineDivers, RECARE, DIVERFARMING, and SoilCare have also
addressed these issues. Nationally, the objectives align with the MiPAAF "Strategic
Plan for Innovation and Research in the Agricultural, Food, and Forestry Sector,"
focusing on sustainable agriculture. Regionally, these topics have been emphasized
in the PSR 2007-2013. The high participation and interest of Piedmont winemakers
in training and demonstration days on these topics underscore their importance.



To address these challenges, this study proposes adapting and adopting
alternative soil management solutions in Piedmont vineyards. This involves a
process of adaptation by farmers regarding agronomic strategies for inter-row
management and collaboration within technicians and researchers to monitor and
prevent soil degradation. This approach aims to increase knowledge and awareness,
and to verify the effects of these practices on production and soil quality. This
integration of field and sensor monitoring will support farmers in organizing field
activities and choosing appropriate agronomic strategies.

Concrete and measurable results are achieved. These results have validated
scientific and technological research products in real operating conditions,
improving agricultural assistance services, both in terms of knowledge and in terms
of the availability of new tools and technologies.

Additionally, innovative tools and technologies will be introduced through
collaboration with a company experienced in agro-meteorological monitoring.
Within the paradigm of Agriculture 4.0, the integration of traditional point and
field-based measurements technologies and proximal or remote sensing is one of
the key processes to improve the information related to water availability, soil and
plant health, crop status at field and landscape scale. Investigation and modelling
of the processes occurring in the Soil-Plant-Atmosphere continuum, which has been
traditionally based on near-point spatial scale data (e.g. soil water content or
precipitation measurements) is transforming thanks to new technologies, which
allow measurements with different spatial and temporal scales. The second part of
this work explores how data from some new technologies can be used to improve
the knowledge of hydrological or soil degradation processes and related models, in
order to preserve resources and production in agriculture.

1.3 Research questions

The target is to understand how soil management with enhanced practices in
hilly vineyards can improve the response in terms of soil water content, runoff and
erosion, increasing the availability of water and nutrients for the vine, and
understand what effect the repeated passage of vehicles has on the compaction and
hydrological conditions of the soil:

1) How soil management with enhanced practices in hilly vineyards can
improve the response in terms of soil water content, runoff and erosion, increasing
the availability of water and nutrients for the vine?



2) What is the effect of the repeated passage of vehicles on compaction and
hydrological conditions of the soil?

3) How far data from proximal sensing can be used to improve the knowledge
of hydrological or soil degradation processes at field-scale and related models?

1.4 Objectives

The objectives of this work are multifaceted and aim to enhance significantly
agricultural practices. The first part of the thesis focuses on introducing and
promoting optimal soil management techniques (good practices) in hilly wine-
growing environments to mitigate soil degradation phenomena such as erosion and
compaction. This will improve soil and vine quality through the introduction of
three main innovations:

Enhanced soil management practices.
Agro-meteorological monitoring to improve water and soil management.

ICT tools for managing monitored data and field observations to support
farmers in vineyard management and water-soil conservation.

Secondly, by introducing innovative tools and technologies through
collaboration with companies experienced in agro-meteorological monitoring, the
second section of the thesis aims to achieve concrete and measurable results by
testing scientific and technological research products in real-world conditions. This
validation is expected to enhance agricultural assistance services by expanding both
the knowledge base and the availability of new tools and technologies. Within the
framework of Agriculture 4.0, the integration of traditional point and field-based
measurement technologies with proximal or remote sensing is a critical process.
This integration is essential for improving information related to water availability,
soil and plant health, and crop status at various scales. Furthermore, the research
involves investigating and modelling processes occurring within the Soil-Plant-
Atmosphere continuum. By leveraging new technologies that facilitate
measurements across different spatial and temporal scales, this study aims to
enhance the understanding of hydrological and soil degradation processes.
Ultimately, this improved understanding will contribute to the preservation of
resources and the sustainability of agricultural production.



The expected results aim to advance agricultural practices by leveraging
innovative technologies and improved data integration, ultimately supporting more
sustainable and efficient farming methods:

Improved Soil Quality and Management: Achieving better soil quality and
reducing degradation phenomena in vineyards through enhanced management
practices. These practices will mitigate surface runoff, soil erosion, nutrient losses,
and surface compaction, favouring water conservation and improving soil physic-
chemical characteristics.

Implementation of Integrated Monitoring Systems: Establishing an integrated
agro-environmental monitoring system. This includes the introduction and testing
of innovative agro-meteorological monitoring systems, soil condition assessments,
and modern forecasting and decision support systems (DSS). The DSS will process
alerts and enhance functions related to field accessibility, mechanized activity
programming, soil compaction limitation, and operator safety.

Knowledge Dissemination and Practical Demonstration: Conducting practical
field demonstrations and training activities to transfer knowledge of good practices
to winegrowers, other farms, and schools. This includes the definition and
dissemination of a "Charter of Good Agricultural Practices" for soil protection in
wine-growing environments, summarizing the main project results and providing
guidelines for better soil management.

Validation and Enhancement of Agricultural Technologies: Demonstrating the
effectiveness and reliability of innovative tools and technologies in real-world
agricultural settings, leading to improved agricultural assistance services through
an expanded knowledge base and the availability of new tools.

Improved Data Integration and Process Understanding: Successfully
integrating traditional measurement technologies with proximal or remote sensing
to provide more accurate and comprehensive data on water availability, soil and
plant health, and crop status. This integration will enhance the understanding of
hydrological and soil degradation processes within the Soil-Plant-Atmosphere
continuum.

Sustainable Resource Management: Contributing to the preservation of natural
resources and the sustainability of agricultural production through improved
management practices and scalable solutions that can be applied to various
agricultural contexts.



Chapter 2

Innovation in  vineyard soil
management through the adoption
of good practices and support tools
for field activities

2.1 Introduction

The research aims to introduce and promote optimal soil management
techniques (good practices) in hilly wine-growing environments to mitigate soil
degradation phenomena such as erosion and compaction. By implementing three
main innovations (enhanced soil management practices, agro-meteorological
monitoring for improved water and soil management, and ICT tools for data
management and field observation to support farmers in vineyard management and
water-soil conservation) this study seeks to improve soil and vine quality. The goal
is to understand how enhanced soil management practices in hilly vineyards can
enhance soil water content, reduce runoff and erosion, and increase the availability
of water and nutrients for the vines. Additionally, the research will examine the
impact of repeated vehicle passage on soil compaction and hydrological conditions.

The research activity initially focused on identifying the soil management
practices to be implemented in each vineyard throughout the project. In each
vineyard, two practices were selected from proven good soil management
techniques identified through long-term research by Agrion and CNR-STEMS,
such as:

- reduced tillage,

- spontaneous permanent grassing,



- cover crops,

- Green manure practices,

- limitation of chemical weeding.
The research aims to demonstrate:

A. The applicability of these practices at the farm level, in a fully operational
context rather than an experimental one.

B. The positive effects of adopting these practices on soil and water resource
conservation, including reduced runoff, soil compaction, and erosion, as well as
increased infiltration and improved soil quality.

C. The positive effects of adopting these practices on grape quality.

Throughout the research, these practices were translated into application
protocols. These protocols were verified and adapted during the research period and
subsequently included in the Charter of Good Practices.

During the project, monitoring systems were installed to track runoff and
erosion, soil moisture, meteorological parameters (temperature, air humidity, and
precipitation). Additionally, agronomic monitoring was conducted, focusing on
vegetative development, production quality, and cultivation operations. The runoff
and erosion monitoring system used in the study was an innovative, simplified
version of the system typically employed by CNR-STEMS for its research.

To introduce suitable agronomic techniques and equip farmers with decision-
making and field activity organization tools, the third level of innovation involves
using a Decision Support System (DSS) in the regular management of farms.
Winegrowers and technicians were able to use the IT platform to: consult
meteorological data recorded by weather sensors, view the results of the forecast
model, insert field observations, record treatments and fertilizers that can influence
and affect soil degradation phenomena related to erosion.

The use of the tool by operators was crucial for integrating end-user experiences
with field data and farmers' empirical knowledge. This helped in developing an ad
hoc module capable of providing optimal scheduling indications for field operations
involving agricultural machinery.



The data collected during the research was used to develop indices based on
commonly measured agro-meteorological parameters (temperature, humidity, and
precipitation) and their thresholds. These indices provide information on whether
or not to intervene in the field with agricultural machinery. Integrating these indices
with vineyard management data and existing DSS functions (such as the forecasting
model for Downy mildew development) will enable correct planning of field
interventions, preventing soil degradation and improving soil conservation.

A multidisciplinary monitoring plan was defined to evaluate the effects of the
enhanced management techniques introduced both on the conservation of the soil
and its functions, and on wine production. The monitoring plan aims to evaluate the
effect of soil management on the components relating to the soil-plant-atmosphere
continuum through continuous surveying with sensors, periodic field surveys and
field monitoring (chemical-physical characteristics and measurement of the erosion
of the soil, hydrological characteristics of the soil, phenological phases and
production of the vine, agro-meteorological parameters).

The selected vineyards were analysed, starting from an inspection, in order to
design and correctly place the various measurement systems provided, aimed at
agro-meteorological monitoring of the water content of the soil (continuous) and
the consequent response in terms of runoff and water erosion of the soil.

The physical and chemical conditions of the soil were periodically monitored
across all vineyard plots where different soil management practices were applied.
Seasonal surveys were conducted to measure soil characteristics and degradation in
various portions of the inter-row soil: the track position (corresponding to the
tractor tracks or wheels) and the centre (less disturbed). Specifically, the following
aspects were investigated:

- soil compaction degree, assessed through: (1) in-field measurements of bulk
density and resistance to penetration, and (i1) determination of the relationships
between bulk density and soil moisture by means the Proctor test;

- soil water content and hydraulic conductivity, measured with newly designed
automatic infiltrometers (Concialdi et al., 2020);

- development of cover crops, by measuring the degree of soil cover (expressed
in %) and the biomass produced (expressed in Mg ha™);



- additionally, a chemical-physical analysis was conducted at least once a year
at the end of the production season.

Furthermore, training meetings and practical demonstrations were held for
winegrowers to showcase the results and effects of good practices. These results
were disseminated locally to other farms in the sector, to those involved in
agricultural training, and to schools. The findings were also shared with the
international scientific community through the publication of scientific articles and
participation in conferences and meetings. The dissemination efforts through
national and European networks aimed to connect with existing networks at local,
regional, and national levels, thereby strengthening the exchange of knowledge.

The physical and chemical conditions of the soil were periodically checked in
all the vineyard parcels where the different soil management practices are applied.
To this end, seasonal surveys were carried out to measure the characteristics and
degradation of the soil, in the different portions that make up the inter-row: the track
position, where the tracks or tractor wheels pass, and the centre, less disturbed. In
particular, the following were investigated: 1) the degree of compaction of the soil,
evaluated through measurements of bulk density and resistance to penetration; ii)
soil hydraulic conductivity with newly developed automatic infiltrometers; iii) the
development of cover crops, by measuring the degree of soil coverage (expressed
in %) and the biomass produced (expressed in Mg ha™).



2.2 Questionnaire and focus groups to assess the level of
perception and knowledge regarding soil degradation
phenomena, their causes, and possible mitigation actions

Initially, Piedmontese wine producers and winegrowers were interviewed using
both quantitative (questionnaires) and qualitative (focus groups/group interviews)
tools. I collaborated in creating a questionnaire to assess the level of perception and
knowledge regarding soil degradation phenomena, their causes, and possible
mitigation actions. This questionnaire was designed for owners and workers of
wineries to evaluate their understanding of soil-related issues and the extent of soil
degradation in Piedmont as perceived by winemakers. The questionnaire was
implemented and disseminated using the EUSurvey platform and was administered
digitally to about 200 companies, receiving excellent feedback with responses from
approximately half of the surveyed companies (Figure 1).

IN-GEST SOIL

Innovazione nella gestione dei suoli viticoli attraverso I'adozione di buone pratiche e strumenti di supporto alle attivita di campo
u

BB REGIONE -
B BPIEMONTE PSR:
ol T |

FEASR - Fondo europeo agricolo per lo sviluppo rurale:
I'Europa investe nelle zone rurali

Salva un backup sul computer locale (disattiva in caso di use di un computer pubblico/condiviso)
Indagine sulla gestione dei suoli viticoli piemontesi attraverso I'adozione di buone

pratiche e strumenti di supporto alle attivita di campo
(PSR 2014-2020, Regione Piemonte, Operazione 16.1.1, Progetto IN-GEST SOIL)

| campi confrassegnati con un * sono ebbligatori x

Clausola di esclusione della responsabilita

Pagine

Inizio Qualita percepita del suolo Pratiche di gestione del suolo Sistemi di monitoraggio Informazioni socio-anagrafiche Contatti

Gentile azienda

il Gruppo Operative IN-GEST SOIL, coordinato da Agrion, la Fondazione per la ricerca, linnovazione e lo sviluppo tecnologico
dellagricoltura piementese, sta conducendo nell'ambite delfoperazione 16.1.1 del PSR Piemonte 2014-2020 un'indagine rivolta alle
aziende vitivinicole piemontesi sul livello di adozione delle pratiche di gestione del vigneto volte a prevenire I'erosione del suolo e a
mitigarne i fenomeni di degrado (es. compattamento, perdita sostanza organica)

Si prega di rispondere al questionaric in tutte le sue parti, la compilazione nen richiedera pid di 10 minuti

Grazie per la preziosa collaborazionel

*5i precisa che le informazioni raccolte verranna diffuse in forma esclusivamente anonima e aggregata nei pieno rispetto delle
normative sulla privacy (Reg. UE n. 2016/679 noto come GDPR).

Figure 1: Screen of the online questionnaire created on the EUSurvey platform.
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Participants for the questionnaire and focus groups were recruited primarily
through farmer associations and complementary direct contacts. While this strategy
facilitates access to practitioners with operational expertise, it can introduce
selection bias and does not guarantee statistical representativeness. We mitigated
these risks by purposively seeking diversity in farm size, slope classes and climate
sub-zones, and by integrating quantitative and qualitative strands. Importantly,
qualitative analysis was conducted to thematic saturation within the focus groups,
favouring depth and internal validity over nominal sample size. Given reported
stakeholder fatigue with survey/focus-group activities, this approach prioritised
engaged contributors whose inputs are more likely to reflect active decision-making
contexts. Sample characteristics and spatial distribution are detailed in Table 1 and
Figs. 67 (section 2.2.2) to support transparent appraisal of coverage.

The preliminary analysis of the responses to the questionnaire helped define the
focus groups. Due to the pandemic and consequent social restrictions, the focus
groups were held online. We decided to conduct interviews with smaller groups of
wine sector operators (4-6 farmers) and reduce the duration of the in-depth
interviews to a maximum of one hour, instead of the usual two. I conducted and
moderated two focus groups, involving field technicians, freelancers, and
winemakers (Figure 2). Despite the challenges and limitations posed by the
pandemic, we successfully gathered information on: the knowledge and perception
of soil degradation phenomena by winegrowers; skills related to good practices for
better soil conservation and environmental sustainability; the problems, obstacles,
and needs for adopting good practices.

IL PROBLEMA DEL DEGRADO DEL SUOLO
Conoscenze & cause

QUALI SONO LE CAUSE?

Quali sono i FATTOR che influenzana maggiormente 'erosione del suolo

Figure 2: Screenshot of the two "virtual focus groups"

Results from the questionnaire and focus groups were first presented at the 12th
AIIA Conference “Biosystems Engineering Towards the Green Deal” (Palermo,
Italy, 19-22 September 2022). The related contribution, “Drivers of Adoption of
Sustainable Practices and Technologies for Soil Protection Among Vine-Growers

11



in North-West Italy”, published in the AIIA 2022 proceedings (Lecture Notes in
Civil Engineering, vol. 337; pp. 411-419), is reproduced in section 2.2.1 in its
published form, with formatting adapted to the style of this thesis.

Building on that conference contribution, a journal article entitled
“Winegrowers’ Perceptions and Adoption of Sustainable Soil Management
Practices and Technologies: A Case Study in Piedmont, Italy” has been published
open access in Land Degradation & Development and is reproduced in section 2.2.2
in its published version (Version of Record) (https://doi.org/10.1002/1dr.70621),
with layout harmonized to the thesis format.

Overall, the questionnaire and focus-group evidence was instrumental in
guiding the selection of innovative techniques suitable for vineyards and in shaping
the project’s dissemination activities with participating farms.
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Abstract

The study aimed at investigating the drivers of adoption of good practices and
technological innovations for soil protection in a group of vine-growers in Piedmont
region, Northwest Italy. Four focus groups have been conducted with 16 vine-
growers, to investigate 1) perception of soil erosion and the role of the human factor
in preventing/causing it, 2) adoption and intention to adopt good practices and
technological innovations for soil protection and, 3) barriers and drivers for
adoption. A questionnaire regarding vineyard management practices was also used
to encourage the discussion. The results showed that soil erosion was perceived as
a relevant issue by the majority of the participants. Wide use of machinery during
vineyard plantation and management was acknowledged as affecting soil and water
conservation. The adoption of sustainable practices and technological innovations
appeared to be promoted by landscape protection, whereas tradition and habits were
cited as barriers to adoption. To maximize the fit between farmers' needs and
sustainable innovation, personal values and habitual processes should be targeted
with awareness raising and education interventions. These interventions should be
based on a participatory approach and the co-creation of tailor-made solutions to
better support the transition toward a more sustainable farming paradigm.

Keywords:
Soil management, Mixed methods research, Sustainability, Vine-growers
perception.

Introduction

Over the last decades, there has been increasing attention toward ecosystem
services (ES), which can be defined as “the direct and indirect contributions of
ecosystems to human well-being” [1]. Regarding the agricultural compartment in
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general, on the one hand, previous research suggested that intensive agriculture and
unsustainable practices have contributed to the loss of habitat and biodiversity, an
increase of soil erosion and nutrient runoff [2]. On the other hand, several studies
showed that vineyard management practices that consider the presence of cover
crops or natural vegetation positively impact ecosystem services and can help
decrease runoff, sediment, and nutrient loss [3-7].

Management of the plantations, and in particular the orientation of the rows in
relation to the slope lines of the field, is an additional measure able to limit the
erosion phenomena. Practices adopted for vineyard management, including soil
management, have an impact on both production (quality and quantity) and the
environment. However, management decisions in tree crops such as orchards and
vineyards are usually influenced not only by the area's water availability and
pedoclimatic conditions but also by the perception of benefits and drawbacks in
adopting ES such as inter-row cover crops or natural grass cover.

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). Grass covering measures have been supported also at a local level by
Rural Development Programmes (RDPs) that are drawn up by Member States and
regions addressing Common Agricultural Policy (CAP) EU priorities that include
prevention of soil erosion and improvement of soil management. Concerning Italy
and the Piedmont region, the measures envisaged during the 2007-2013 RDP for
soil erosion prevention were essentially based on the grass covering of orchards and
vineyards areas and involved more than 13,000 ha (15.4% of Piedmont's
agricultural area utilized for orchards and vineyards).

Spontaneous grass cover i1s nowadays widespread in Piedmont’s vineyards.
However, its adoption is not always supported by awareness and knowledge about
the effects on soil quality and its conservation. Soil erosion processes imply soil
losses and soil degradation, nevertheless, vine-growers are not always aware of
what factors contribute to the increase of the soil erosion risk and what techniques
and management choices they can carry out to prevent soil degradation and
maintain healthy soil. In Piedmont, during recent years, the occurrence of very
warm and dry vine-growing seasons led some vine-growers to quit the adoption of
permanent spontaneous grass cover, but do they have adequate knowledge of what
are the possible other choices and their advantages/disadvantages for both the crop
and the soil, in relation to pedoclimatic conditions? The IN-GEST SOIL project [8]
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aims to reduce the soil erosion in hillslope vineyards in Piedmont, improving soil
and vine quality through the introduction of improved best soil management
practices.

Farmers’ behaviour has a significant impact on the environment, and this
behaviour 1is strongly influenced by their knowledge and perception of
environmental issues and sustainable measures [9]. Many previous studies
addressed soil conservation and degradation, but the points of view of land
operators have not been frequently addressed. Particularly in Italy, little attention
has been paid to farmers’ perceptions of soil erosion and attitude toward the
adoption of soil conservation practices and technologies [10]. Understanding
farmers’ perceptions, intentions and needs could help in a better-suited
implementation of measures for soil protection in vineyards. The present
contribution reports the first results from the first phase of the IN-GEST SOIL
project, in which the vine-growers' perception of soil erosion risk, factors
influencing it and possible solutions were investigated. In particular, the present
study aimed at investigating the drivers of the adoption of good practices and
technological innovations for soil protection in a group of vine-growers in the
Piedmont region, Northwest of Italy.

Materials and methods
Participants

Sixteen vine-growers from the Piedmont region, Northwest Italy, took part in
the study. Regarding their sociodemographic characteristics, all the involved
participants were men, with a mean age of 48 years (SD=14.50), and a mean of
work experience in agriculture of 29.06 years (SD=17.49). The participants were
recruited by vine-growers' associations: those who were willing to take part in the
study were then contacted by telephone to explain the aims of the study and collect
their consent to participate.

Instruments and procedure

Four online focus groups have been conducted in the spring of 2021 with the
Microsoft Teams platform. Topics addressed in the focus groups were designed
based on previous evidence [11-13] about the most critical factors involved in the
adoption of soil conservation measures, concerning: the perception of soil erosion
and the role of the human factor in preventing/causing it, adoption, and intention to
adopt good practices and technological innovations for soil protection and, finally,
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barriers and drivers for adoption. Before each focus group, a questionnaire was
emailed to the participants and the responses were then used to encourage
discussion. The questionnaire assessed vineyard characteristics and management
practices, and perceived causes of soil erosion. A standardised procedure was
adopted to design the focus groups, to ensure consistency of responses across all
the groups. All steps, including invitations to participants, topics to be addressed
and the questionnaires, were drafted and collected into a guidance document. The
meetings were recorded and lasted about one hour each.

Data analysis

Questionnaire responses were analyzed using descriptive statistics. The focus
group transcripts were subjected to a qualitative content analysis through a coding
procedure for narrative themes [14]. Next, in each of the transcribed files, an
attempt was made to identify emergent themes. In the tradition of the qualitative
approach, a theme is important because it captures something significant about the
data as it relates to the research questions [15]. We used ATLAS.ti software to
perform computer-supported qualitative content analysis [16] to filter the structure
of our transcripts and then code them. In the first step, major themes were identified
through reading the transcripts. This led to the identification of the main content
analysis categories (codes and code sets). Each segment featuring the above-
described topics was (re)coded so as to detect, with greater precision, the specific
theme around which the discourse of the participants was built; for each theme, the
corresponding segment was identified and defined (coded). More dense segments
(articulate, complex, polysemic) were coded with more than one code.

From the qualitative content analysis of the focus groups, 44 codes were
identified and subsequently grouped into 6 themes. A detailed analysis of these
themes answers the research questions. The themes were:

- good practice

- considerations on the problem of erosion

- methods and techniques of vineyard management

- obstacles to the implementation of the best erosion prevention solutions
- resources useful for implementing solutions

- geographic areas.
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Among these issues, in this contribution, we will examine in detail the obstacles
and resources for best practices implementation. In addition to this, we tried to
understand how much awareness the people who participated in the focus groups
had of the problem of soil erosion and how willing they were to find innovative
solutions.

Results
Descriptive statistics and quantitative data

Concerning the vineyard characteristics, their size ranged between 4 and 56
hectares (mean=17.44 ha, SD=12.24) and the steep slopes ranged between 4% and
25% (mean=16.23%). Concerning the vineyard management, in 9 cases vineyards
had rows arranged along contour lines, 5 had rows along the slope, 1 with terraces
and 1 was in a flat area; inter-rows were mainly managed with grass cover in every
inter-rows (adopted by 7 participants), followed by grass cover every two inter-
rows (6 participants) and bare soil obtained by mechanical cultivation (3
participants).

Concerning the factors affecting soil erosion, climate change was perceived as
the main cause, with a mean score of 3.25 (SD=0.77), followed by soil
management, topography and soil texture, with a mean score of 3.06 (SD=0.85),
2.94 (SD=0.85) and 2.68 (SD=0.79) respectively.

permanent grass in all inter-rows
flat topography
Rows along contour lines
grassin every two inter-rows
grassin every two inter-rows

terraces [

mulching e
temporary grassin all iNter-rows s
chemical grass weeding under vine rows I
mechanic grass weeding undervine rows ik
rows along the slope

soil cultivation in all inter-rows (bare soil)

0 2 4 6 8 10 12 14 16 18

REDUCE (-) m INCREASE (+)

Figure 3: Vineyard management techniques that contribute to increasing and reducing
soil erosion.

Regarding the main vineyard management techniques that contribute to
increased soil erosion, participants indicated mechanical cultivation resulting in
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bare soil in all inter-rows for the whole year, whereas, as concerns the main
vineyard management techniques that contribute to reduce soil erosion, participants
indicated the permanent grass cover in all inter-rows, see (Fig. 3).

Thematic maps and qualitative content analysis

As stated, we focus attention on obstacles and resources for the implementation
of preventive actions against soil erosion. Fig. 4 shows the map of concepts
connected to each other as causes or consequences of soil erosion, or as limits to
the repair intervention. In the figure, the numbers corresponding to the letter G
(Grounded) indicate the frequency of that code in the four focus groups. Based on
this evidence, we note that according to the participants the climatic conditions,
different types of tillage, and the modifications and conformation of the territory
are the relevant obstacles in determining the difficulties in preventing soil erosion
in the vineyards, as well as some cultural customs and practices.

Similarly, Fig. 5 shows the codes pertaining to the theme resources. Also, in
this case, specific types of soil tillage are called into question, but with a meaning
that characterizes them as resources, i.e., a useful procedure to prevent soil erosion.

use of herbicides (-) soil compaction |-} economics interests (-

X 61 ] G2 — G7
Do Do — D1

. edges of the field [capezzagne] use of tools / machines (-)

— 67 ? ———————]
Do - i y I D2

types of tillage (-) y ! H -
W— i pLITToNS £ ™
T4 OBSTACLES foresimeeeeerieee modifications of the territory ()
e T — Gla
practices and customs .- o L EE— D3
— G16 5 1
Do
b g
size of the vineyard () 2
- Ga
oo
weather conditions and dlimate T ruts caused by rain (-) is associated with terrain conformation (-}
changes (-) —_— 68— G10
- =1 H — 03

Figure 4: Thematic map of obstacles and their links as detected by the narrative flow
of the focus groups.
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specific projects for territories
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Figure 5: Thematic map of resources and their links as detected by the narrative flow
of the focus groups.

Participants also suggested the use of some specific techniques or procedures.
Among these, grassing was the one that characterized most of the debates in the
four focus groups.

It is evident that some concepts expressed by the participants can be used both
as obstacles and as resources. We have seen that this was true for the types of tillage:
if facilitated by agricultural machinery it is a problem, but it can also be a resource
when using traditional systems and benefiting from new technologies. We also
consider that the contents expressed with respect to obstacles and resources were
quite equivalent in terms of frequencies. This gave us another type of information,
that the participants had a high awareness of the problem but also of the possible
solutions.

Traditions and cultural habits had a weight, of course, we can see it from the
figure concerning the obstacles. In 16 citations this aspect was mentioned. Finally,
we note that technological innovation (which in some cases is desired) did not find
a broader consensus; we explain this data on the basis of two possible
interpretations: the first is that some technological solutions are actually considered
obstacles and not resources; the second possible interpretation, on the other hand,
concerns solid roots in traditions.
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Discussion and conclusions

The present results showed that soil erosion was perceived as a relevant issue
by most of the participants. Wide use of machinery during vineyard plantation and
management was acknowledged as affecting soil and water conservation. Cost-
benefit ratio appeared not to sufficiently capture the complexity of farmers'
decision-making and behaviours, since the adoption of sustainable practices and
technological innovations was more often related to place attachment and landscape
protection. Whereas tradition and habits appeared to play a role in hindering
adoption. Some recommendations arise from the present study: to encourage the
adoption of soil protection practices and technologies, access to economic support
should be spread but it does not seem to be enough. Personal values and habitual
processes emerged as critical variables which could be targeted with awareness
raising and education interventions. To maximize the fit between farmers' needs
and sustainable innovation, these interventions should be based on a participatory
approach and the co-creation of tailor-made solutions to better support the transition
toward a more sustainable farming paradigm.
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Abstract

Soil is crucial for human survival but is threatened by erosion and contamination.
Farmers play a pivotal role in soil conservation, thus, understanding what influences
their decisions is crucial. The IN-GEST SOIL project aimed to mitigate soil erosion
and improve soil and vine quality in Piedmont vineyards, NW Italy. Adopting a
mixed-methods approach, specifically by administering a questionnaire followed
by focus groups, the study surveyed 72 winegrowers, with 22 then participating in
the group discussions, to assess perceptions of soil quality, adoption of sustainable
practices and its enablers, and barriers to soil protection. Results showed that most
participants were aware of soil degradation in their vineyards (mean score 2.50 on
a 1-4 scale). Grass cover was the most common practice (mean score 2.86), and
over half of the participants used soil monitoring systems. However, qualitative data
revealed a need for more information on soil degradation risks and management
practices. Winegrowers with larger vineyards (F(2,71) =4.496, p = .015) and those
on steeper slopes (F(2,71) = 3.316, p = .042) perceived higher soil degradation.
Additionally, those in climatic areas mainly with dry summers (non-Cfa) reported
greater degradation effects (t(70) = 3.81, p = .000; t(70) = 2.00, p = .049). No
significant differences based on farm size, steepness and climatic areas emerged
either for the adoption of cover crops or soil monitoring systems. Despite the small
sample size, the study provides valuable insights into farmers' perceptions and
identifies intervention areas for sustainable farming. The mixed-methods approach
proved effective in enriching quantitative data with qualitative insights into the
farmers' mindset.
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INTRODUCTION

Soil is a lifeline for human existence, serving as the primary source of food,
biomass, and raw materials. Given its crucial role in water, nutrient, and carbon
transformation, storage and filtration, soil is practically a non-renewable resource
due to the extremely slow process of soil formation (Groth, 2007). At the global
level, the concept of soil degradation and its assessment have been considered part
of more holistic assessments of human-induced degradation carried out by Food
and Agriculture Organization, Intergovernmental Technical Panel on Soils (Food
and Agriculture Organization [FAO] & International Technical Panel on Soils
[ITPS], 2015; FAO, 2020), United Nations Environment Programme (United
Nations Environment Programme [UNEP], 2017), and other UN agencies. In
Europe, sustainable soil management has been a priority across various European
Union policies. Specifically, within the Common Agricultural Policy (CAP), soil
protection has been part of the Good Agricultural and Environmental Conditions
(GAEC) since the introduction of cross-compliance in 2003. CAP support for rural
development included agri-environment schemes to encourage soil protective
operations and, more recently, the sustainable management of natural resources to
support climate mitigation and adaptation. Indeed, the CAP Greening introduced in
2013 made direct payments to the farming sector conditional on the adoption of
‘agricultural practices beneficial for the climate and the environment’ (Council
Regulation (EU) No 1370/2013). One of the key objectives of the CAP for the
period 2023-27 is to "foster sustainable development and efficient management of
natural resources such as water, soil, and air, including by reducing chemical
dependency" (EC, n.d). The relevance of efficient management practices is
especially focused on soils. This objective also considers concerns related to soil
health and highlights the importance of policies that promote soil protection. A
holistic and collaborative approach to soil management, as proposed in agro-
ecology, is considered crucial. Land use and cover management practices are part
of the new framework of GAEC proposed for the following years to contribute to
soil conservation and restoration. The new CAP suggests several practices, some of
which are suitable for vineyards, where soils are particularly subjected to soil
erosion and compaction (Hamza & Anderson, 2005; Igor et al., 2020). Soil cover,
especially by cover crops, not only prevents nutrient and pesticide runoff and soil
erosion by water but also improves soil fertility and water infiltration by enhancing
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soil structure (Bavorova et al., 2020; Cataldo et al., 2020; Giffard et al., 2022; Ruiz-
Colmenero et al., 2011). Also, tillage management practices, with a reduction of
tillage intensity and tractor passages, can diminish soil compaction, runoff, and
erosion and improve soil structure and water infiltration (Capello et al., 2019,
2020). Finally, the introduction of digital techniques to monitor and optimise
production has increased in viticulture in the last decade for intensive and large
production but has the potential to become widespread also in regions characterized
by small farms for high-quality wine production (Miras-Avalos, & Araujo, 2021).

Turning to the role of farmers, decision-making regarding the adoption of soil
protection practices has a significant impact on the environment, making it
necessary to investigate the triggers of farmers’ choices and behaviours. Previous
studies showed the significant role of demographic and farm characteristics in
predicting the adoption of sustainable practices and measures, such as years of
farming experience (Mamun et al., 2021) and farm size (Marques et al., 2015). The
financial and economic aspects have been widely investigated as critical variables
in determining sustainable innovation adoption among farmers (Garcia-Cortijo et
al., 2019). However, previous research also revealed that farmers occasionally do
not adopt a sustainable measure despite economic evidence suggesting they should.
Vice versa, they adopt a sustainable measure even when the economic outlook is
unclear or unfavorable (Wheeler, 2008), highlighting the importance of taking a
variety of psychological factors into account (Sapbamrer & Thammachai, 2021). In
particular, perceiving that climate and temperature are changing and that these
changes lead to adverse effects in terms of flood, drought, riverbank erosion, and
heat waves appeared to encourage the adoption of climate change adaptation
behaviors (Guo et al., 2021; Mamun et al., 2021).

Despite this, applying these insights to viticulture can be challenging since wine
prices vary widely (Caracciolo et al., 2013), which means that winegrowers are
more influenced compared to farmers by market trends, consumer preferences,
marketing strategies, and their own interpretations of best practices (D’Amico et
al., 2016). Furthermore, geographical origin is closely associated with the quality
of grapevine products, and in particular wine: this connection was included in the
notion of “terroir” (Organisation Internationale de la Vigne et du Vin [OIV], 2010,
2024). The soil, the climate, the biological environment are all natural factors that
interact with the plant, but also the technical routes chosen by winegrowers,
contribute to produce grapes whose characteristics are intrinsically linked to these
different factors (Leturcq, 2020). The “terroir” is a relevant marketing and
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promotion term, thus any factor that plays a role in it, including decisions about
vineyard management practices, can contribute to the value of wine.

The existing research on decision-making in viticulture is somewhat sparse.
Winegrowers are sometimes included in broader studies (Demartini et al., 2017;
Fantappie¢ et al., 2020), but these studies typically do not focus specifically on
winegrower decision-making. Most studies examining viticulture decision-making
address longer-term choices, such as transitioning to organic farming, engaging in
environmental programs, or adopting agroecological practices (Garini et al., 2017;
Marquez-Garcia et al.,, 2019; Siepmann & Nicholas, 2018). A few studies do
examine soil management by winegrowers. For instance, Marques et al. (2015)
investigated the challenges that winegrowers in central Spain faced when
transitioning from conventional tillage to using cover crops between vineyard rows,
finding that factors like water constraints, lack of knowledge, and resistance to yield
loss often hindered the adoption of cover crops. Cerda and Rodrigo-Comino (2021)
conducted a survey among winegrowers, along with direct assessment of the
biophysical impact of crops, in Eastern Spain, concluding that the perception of
farmers was mainly not favourable towards the use of cover crops. Schiitte and
Bergmann (2019) used a qualitative approach to compare cover crop adoption in
French and Spanish vineyards whereas Chen et al. (2022) investigated
winegrowers’ decision-making regarding inter-row management and pesticide use
in five European regions, finding that driving factors and barriers vary per case
study, and implying the need to identify and address the local bottlenecks to
sustainability to design targeted strategies.

Despite the importance of mapping winegrowers’ decision-making processes
and their determinants at the local scale, within Europe in Italy little attention has
been paid to farmers’ perceptions of soil degradation and adoption of soil
conservation practices and technologies (Bechini et al., 2020). Italy stands as the
world’s largest wine producer (Organisation Internationale de la Vigne et du Vin
[OIV]2021a,2021b), with 54.8 mhl of wine produced in 2021, ranking in the fourth
position for vineyard cultivation with 718,000 ha, after Spain, France, and China
(OIV, 2023). Most of vineyards (90%) are in the administrative provinces of Cuneo,
Asti and Alessandria, which includes the UNESCO World Heritage Site of "The
Vineyard Landscape of Piedmont: Langhe, Roero, and Monferrato" (UNESCO,
n.d.). Piedmont is the Italian administrative region with the highest number of
DOCG (Denominazione di Origine Controllata e Garantita, 19 over 73 in Italy) and
DOC (Denominazione di Origine Controllata, 41 over 332 in Italy) (Regione
Piemonte, 2024a), producing 11% of the grapes for DOP (Denominazione di
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Origine Protetta, including both DOC and DOCG) wines in Italy (Istituto Nazionale
di Statistica [ISTAT], 2024). Since vineyards are generally located in sloping areas
with high susceptibility to soil erosion by water (Regione Piemonte, 2023),
Piedmont represents a relevant case study to investigate winegrowers’ perception
of soil erosion and other soil degradation risks, and their adoption or intention to
adopt soil protection practices, to face the environmentally and economically
relevant challenge of making winegrowing more sustainable.

In fact, in recent years, some winegrowers have become reluctant in adopting
permanent spontaneous grass cover due to increasingly warm and dry vine-growing
seasons, but the question is if do they have adequate knowledge of the other possible
choices and their advantages and disadvantages for both the crop and the soil in
relation to pedoclimatic conditions? The IN-GEST SOIL project
(https://ec.europa.eu/eip/agriculture/en/find-connect/projects/gest-soil-
innovazione-nella-gestione-dei-suoli) aims to reduce soil erosion risk in hillslope
vineyards in Piedmont, improving soil and vine quality by means of the introduction
of improved best soil management practices.

In this context, a deeper understanding of local winegrowers’ perceptions,
intentions, and needs could facilitate the implementation of better-suited soil
protection measures in vineyards. The present contribution reports the first results
from the first phase of the IN-GEST SOIL project, in which the perception of soil
erosion risk, factors influencing it, and adoption of possible solutions were
investigated in a group of winegrowers in the Piedmont region, Northwest of Italy,
a context which has not been extensively studied before. The results will provide
useful insights to develop targeted and multilevel interventions to encourage the
adoption of soil protection practices, based on the unique winegrowers’ perspective
on soil conservation in vineyards, together with the regional pedo-climatic
conditions, for a more sustainable vine-growing cropping system (Panagos et al.,
2024).

MATERIALS AND METHODS

This section describes in detail the methodological approach adopted in this
study. It is structured into two main parts. The first, Study Area, provides a detailed
description of the geographical, environmental, and contextual characteristics of the
area in which the research was carried out, providing the necessary background for
understanding the study’s context. The second part, Methodological theoretical
introduction, describes the research design and procedures used for data collection
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and analysis. Specifically, it includes subsections on Participants and Procedures,
outlining the recruitment criteria and data collection process; then, quantitative
instruments used and the methods for analyzing them were discussed, along with
qualitative instruments adopted and the procedures used to analyze them.

Study area

The study was conducted in Piedmont, a region in NW Italy. This region,
distinguished by more than 44 thousand hectares of vineyards (ISTAT, 2024)
primarily located in hilly areas (95%), features a diverse climate due to its
geographical position and the presence of various mountain formations. When
considering areas with a high propensity for viticulture and based on the current
Koppen-Geiger climate classification of the European Alps (Rubel et al., 2016),
most vineyards experience a warm temperate climate, with hot summers and no dry
season (Cfa). Vineyards in the foothill area have a similar warm temperate climate,
but with warm summers and no dry season (Cfb). The Ovadese Monferrato area
experiences a warm temperate climate, with hot and dry summer season (Csa),
while the Apennines have a warm temperate climate, with warm and dry summer
season (Csb). Similarly, the distribution of rainfall varies greatly due to the region’s
geographical diversity. In the mountainous and foothill areas, precipitation is more
abundant, especially during spring and autumn. The plains area is characterized by
generally less intense precipitation. However, strong thunderstorms can occur
during the summer. Specifically, in the viticultural areas, the annual average of
daily cumulative precipitation, calculated for the period 1991-2020, showed a
minimum of just over 700 mm per year in the plain area between Asti and
Alessandria, with precipitation concentrated in spring and autumn, and a minimum
in winter and summer (about 40 mm in July). Moving away from this area, the
average annual precipitation increases; for example, the Gavi area has an average
annual precipitation of around 1000 mm (Agenzia Regionale per la Protezione
Ambientale [ARPA], 2024) (Figure 6).

The temperature distribution in the region also depends on the orography: in
the plains and hilly areas, winters are cold and humid, often with dense fog, while
summers are hot and muggy. The annual average of the daily maximum
temperature, calculated for the period 1991-2020, reached a peak of 18.5 °C in the
same area where the minimum precipitation is recorded, with a temperature just
below 30°C in the summer period (exceeding 30 °C only in July and August). In
the same area, the winter maximum temperatures do not drop below 5 °C. The
minimum temperatures in the viticultural areas, considering the same period, have
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an annual average below 10°C, with the winter period settling around 0 °C
(generally, January is the coldest month), while in summer they remain below 18°C
(July and August can exceed 19 °C) (ARPA Piemonte, 2024).According to the Soil
Map of Italy (Costantini et al., 2012) and cadastral data on vineyards provided by
Regione Piemonte (2024b), in hilly vine-growing areas the majority of soils are
classified as Cambisols and Regosols (89.3%, soil province 17), followed by
Luvisols and Cambisols (7.9%, soil province 22). Only a small proportion of
vineyards are located on Vertisols (1.0%, soil province 20), Luvisols, Cambisols,
Leptosols, and Phacozems (0.9%, soil province 6), or Cambisols, Arenosols, and

Fluvisols (0.5%, soil province 24).
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Figure 6. Map of Piedmont illustrating the distribution of vineyards (in green; Regione

Piemonte, 2024b) and the municipalities where wineries that responded to our survey are




located (highlighted in red) (A). Maps on left side display mean annual precipitation (B),
annual average of daily maximum temperature (C), and minimum temperature (D) (ARPA
Piemonte, 2024).

A methodological theoretical introduction

Given the complexity and breadth of the topic, we implemented a multi-method
research design. This involved collecting both quantitative data (via questionnaires)
and qualitative data (via focus groups) to analyze perceptions of soil erosion, its
causes, and potential preventive solutions. The use of mixed methods in social
research has been growing over the past 20 years (Bergman, 2008; Bazeley, 2018;
Tashakkori & Teddlie, 2010), offering a broader and more complete overview of
the data and allowing different levels of in-depth analysis. Our quantitative data
provided insights into the extent of soil erosion perceived by participants, the most
adopted soil management strategies and soil monitoring systems, and potential
differences based on various vineyard characteristics, i.e., climatic area, steepness
and size. The qualitative approach then allowed us to delve into participants’ unique
perspectives and experiences, exploring the connections between the concepts of
soil erosion and soil management practices.

Participants and procedure

The study was conducted at the beginning of 2021, when the COVID-19
pandemic control measures were fully in force in Italy, not allowing in-person
meetings or events. These constraints significantly affected the researchers’ choices
regarding participants’ recruitment and data collection activities, opting for online
questionnaire spreading and focus group meetings. The possible biases related to
these choices will be further discussed in section 4.1 of this paper.

The questionnaire was administered online using the EUSurvey platform and
can be reached at the link https://ec.europa.eu/eusurvey/runner/IN-
GEST _SOIL PSR Piemonte 2014-2020. It was disseminated from January 2021
to April 2021, with periodic reminders through mailing lists and social networks by
the winegrowers' associations involved in the IN-GEST SOIL project, which reach
about 325 wine cellars in Piedmont (the location of the involved cellars is
represented in Figure 6).

Seventy-two winegrowers filled in the questionnaire. The main
sociodemographic characteristics of the participants and their vineyards are
reported in Table 1. Among these participants, twenty-two agreed to take part also
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in the subsequent focus groups and were then contacted by telephone by the last
author to explain the aims of the study and collect their consent to participate. Five
online focus groups were therefore conducted in the spring of 2021 with the
Microsoft Teams platform, as it may be used from mobile devices, display multiple
users on the screen simultaneously and allows for recording audio and visual
communications. Each focus group was composed of 4-5 participants, based on
their availability. The meetings were recorded and lasted about one hour each.
Based on Daniels et al. (2019), the procedure to be followed to design the focus
groups, including invitations to participants and topics to be addressed, were drafted
and collected into a guidance document, to ensure consistency of responses across
all the groups.

Each focus group was facilitated by the same moderator to ensure consistency
across sessions. At the beginning of each meeting, the moderator briefly introduced
himself and reiterated the purpose of the session and invited participants to
introduce themselves to create a comfortable and open atmosphere. Participants
were then asked for consent to record the session. The moderator was responsible
for guiding the discussion in accordance with a pre-established topic guide (see 2.4
instruments) and for fostering an open and honest exchange of opinions among
participants. The moderator controlled a power point slide presentation on which
each question posed verbally was also displayed on the screen, to help participants
maintain focus on the topic being discussed. Efforts were made to involve, without
pressuring, those who were less inclined to speak, and share their experiences and
point of view. The moderator also observed the dynamics of interaction within the
group emphasizing that the study aimed to capture the diversity of opinions
regarding the research topic, and when appropriate, end or change the direction of
discussion and proceed to the next question. A second researcher was always
available to help set up or address any issues (Grenkjer et al., 2011; Prosser et al.,
2024).

Table 1: Main characteristics of the participants and their vineyards (N=number of
respondents, M=mean, SD= standard deviation).

Respondents’ characteristics N %
Gender Male 63 87.5
Female 9 12.5
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(M, SD)

Age

Years of farming experience

48.13 (13.53)

20.93 (12.02)

Vineyards’ characteristics N %
Size (ha) 0-4 27 37.5
5-19 25 34.7
20 and above 20 27.8
Slope (degrees) 0-4 21 29.2
5-10 22 30.6
11 and above 29 40.3
Climate zone! Cfa 40 55.6
Non-Cfa 32 44.4

! Note: the climate zone has been identified for each participant, considering the
location of their farm, on the basis of the current Koppen-Geiger climate classification of
the European Alps (Rubel et al., 2016): Cfa = Warm temperate climate, with hot summer
and no dry season; Non-Cfa climate include: Cfb = Warm temperate climate, with warm
summer and no dry season (8 vineyards out of 32); Csa = Warm temperate climate, with
hot and dry summer season (20 vineyards out of 32); Csb = Warm temperate climate, with

warm and dry summer season (4 vineyards out of 32).
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Quantitative data
Instruments

The questionnaire was designed based on previous instruments (Carmona et al.,
2015; Guzman et al., 2015) and it included 4 sections: (1) perception of soil
quality, in term of perceived soil degradation and observation of its direct and
indirect effects (two sub-sections) (2) adoption of vineyard management practices
and most suitable practice for their vineyard (nine sub-sections), (3) adoption of
soil monitoring systems (five sub-sections), and (4) sociodemographic
characteristics of the respondents and vineyard characteristics. Only the two sub-
sections of section (1), two sub-sections of section (2) and one subsection of
section (3) were considered for the aim of the present study (Table 2) and will be
described hereafter.
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Table 2: Subsections (question and answer options) of the survey considered in the

present study.

Sections

Responses

Section 1.1: What of the following problems did
you observe in your vineyards in recent years?

1. Formation of channels or accumulation of
sediment after precipitation events within or
adjacent to the vineyard

2. Obstruction of drainage systems

3. Small landslides

4. Difficulty in accessing the field due to soil
conditions

Section 1.2: At what degree the following
phenomena are affecting soils of your vineyards?

1. Soil erosion (loss of surface soil)

Soil compaction
Loss of soil organic matter
Surface landslides
Flooding due to extreme events
6. Decrease in soil permeability
Section 2.1: Indicate what % of your vineyards is
managed with each method (with regards to the
inter-rows):

Bare soil obtained by tillage

Permanent spontaneous grass cover in all inter-
TOWS

Temporary spontaneous grass cover in all inter-
row (with summer tillage operations)

Temporary spontaneous grass cover in one
inter-row and bare soil by tillage in the
second inter-row

Sown grass cover (with specific species for
mulching)

Mineral fertilization

Organic fertilization

Section 2.2: Indicate which of the methods
mentioned in Section 2.1 is more suitable for your
vineyard and explain the reason.

Nk

Section 3.1: Indicate if you are using some of the
following tools for monitoring the vineyard and
support decisions in its management and how long
you are using them.
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For each option:

1=not at all present, 2=
little present, 3= present,
4= strongly present

For each option:

1= not at all present, 2=
little present, 3= present,
4= strongly present

For each option:

1=not at all used (0%),
2= little use (<50%), 3=
moderately used (>50%),
4= strongly used (>90%)

For each option: 0= not
selected, 1=selected
For the reasons: Open
answer



1. Soil moisture sensors For each option:

2. Software/APP for register field work 4=Used for more than 5

3. Software/APP with models for insects and years, 3=Used for less
pathogens than 5 years, 2=Will

4. Detailed maps using drones adopt shortly, 1=Will

5. Precipitation maps from local authorities adopt in the future,

0=Will not adopt at all
Note. Section 1.1 referred to soil degradation observed indirect effects. These are

visible in the field and are a consequence of a single degradation process or a
combination of more processes. These effects are various and not frequent, but a common
feature is that they cause difficulties in managing the vineyards, or even damages that
require exceptional intervention (and costs) to restore the previous conditions of the
vineyard (Martinez-Casasnovas et al., 2005; Martinez-Casasnovas & Ramos, 2006).
Section 1.2. investigated instead the observed direct effects, which referred to in-field
evidence of soil degradation processes that can be challenging for winegrowers to notice,
as they require specific knowledge or evidence from soil analysis and measurements.
Moreover, their impact on soil quality and production is typically observed over a

mid/long-term basis (Hontoria et al., 2018).

Data analysis

Descriptive statistics were computed for the variables of interest. The internal
consistency of the items on the perception of soil quality and adoption of soil
monitoring systems (i.e., questions belonging to Sections 1.1, 1.2, and 3.1 of the
questionnaire), was measured by computing the Cronbach's Alpha coefficient
(Cronbach 1951). A value between 0.60 and 0.80 indicate an acceptable level of
reliability of a scale, while a value above this threshold indicates a very good level
(Daud et al. 2018). After the reliability analysis, an aggregated score was computed
on the considered items, as the sum of the responses, leading to the creation of three
scales, namely “Observed direct effects” (o = 0.820) and “Observed indirect
effects” (o =0.721), and “Soil monitoring systems” (o = 0.773).

Regarding the items on the adoption of soil management practices in inter-
rows, descriptive statistics were computed for all of them. The item related to the
percentage of vineyards managed with permanent spontaneous grass cover practice
in all inter-rows, which is the most sustainable option currently adopted in the study
area (Bavorova et al., 2020; Cataldo et al., 2020; Giffard et al., 2022; Ruiz-
Colmenero et al., 2011), was used as dependent variable in the subsequent analysis.
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Then, the three aggregated scores and the item related to the adoption of

permanent spontaneous grass cover were then used as dependent variables in two
one-way ANOVA and a T-test aimed to explore any significant differences based

on vineyard characteristics, i.e., steepness of the vineyard and farm size, and

climatic

area in which the vineyard was. The analyses were performed using IBM

SPSS Statistical Package for Social Science v. 26.

Qualitative data

Instrument

Topics addressed in the focus groups were designed based on previous
instruments (Gomez et al., 2021; Marques et al., 2015; Prosdocimi et al., 2016) on
the most critical factors involved in the adoption of soil conservation measures.

The topic guide used for conducting the focus groups is reproduced in full in

Table 3.

Table 3: List of topics and questions used by the focus group moderator to guide the
discussion.

Topic 1: Perception of soil erosion

1.

Do you perceive erosion as a problem (for production, for the territory)?
Have you ever had problems related to erosion in your vineyard? or do
you know any neighbours who have suffered damage?

When is it best to intervene to combat the phenomenon of soil erosion?
What should be done to prevent it?

What methods do you know or apply to reduce soil erosion? What
would you be willing to do? How much would you be willing to spend?

Topic 2: Causes, natural and human factors in preventing/causing soil erosion

1.

3.
4.
5.

In your opinion, what are the main causes of erosion?

What anthropogenic factors can cause erosion or other land degradation
phenomena?

Can agricultural vehicle traffic increase erosion? To what extent?
Which types of soil management reduce erosion, and which increase it?
In which season do you think there is the greatest risk of erosion? Why?

Topic 3: Adoption, perception of effectiveness of good practices and intention to
adopt them
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1. Do you know what are the good agricultural practices for soil
protection? What do you think? Do you consider yourself sufficiently

informed?

2. What do you think of techniques that involve grassing as soil
management?

3. What are the advantages and what are the disadvantages?

4. s grassing effective in every situation?

5. Are you willing to convert the type of soil management currently

adopted in your vineyards to adopt some good practices?

Topic 4: Adoption, perception of technological innovations and intention to
adopt them

1. Which technologies and soil monitoring systems can help the
winegrowers protect the soil?

2. Does anyone use Information and Communication Technologies (ICT)
systems within your farm and vineyard? Or are you willing to adopt
them in your farm?

3. What are the obstacles to using them? (Economic? Perceived
usefulness? Complexity?) Would you like to be informed/follow courses
to learn how use them?

Data analysis

We conducted a reflexive thematic analysis to examine the data, identifying
recurring patterns in winegrowers’ experiences and their proposals for preventing
soil erosion. Following Braun and Clarke (2019), we viewed this approach as
creative and reflexive, treating researcher subjectivity as a resource. Qualitative
analysis, in this sense, seeks to reconstruct processes of meaning-making, situating
data within the storytellers’ lived experiences.

Guided by our research question, we explored participants’ perspectives,
motivations, and criteria for sense-making (Braun & Clarke, 2021). In the first
stage, we used a selective coding approach (Braun & Clarke, 2013) to reduce the
dataset and identify relevant analytic concepts. After familiarization with the data,
one Author engaged in prolonged immersion before moving to the coding phase,
where all segments related to the research question were labelled. These codes were
then examined and grouped to identify shared patterns of meaning, i.e., themes
supported by a core concept (Braun & Clarke, 2019). Codes reflect concise labels
for participants’ comments, while themes link multiple codes through a broader
narrative.
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Potential themes were then shared with the wider team. Group discussion
allowed the analysis to be shaped both by the data and by theoretical insights,
helping identify overarching themes. These were subsequently reviewed, refined,
and defined, clarifying their hierarchical relationships and their contribution to
answering the research question. The following section presents the results and a
thematic map illustrating the relationships between overarching themes.

RESULTS
Quantitative data

Regarding the perception of soil quality, mean rating scores attributed to each
item investigated are reported in Table 4. As it can be seen, our participants seemed
to be highly aware of the presence of channels or accumulated sediment in their
vineyard (M=2.78) and they acknowledged the presence of small landslides and soil
compaction as an indicator of degraded soil (M=2.46 each), followed by the
difficulty in accessing the field due to soil condition (M=2.44). The item related to
the “Surface landslides” yielded the lowest average score (M=1.87), which
nonetheless showed that our participants were moderately aware of the presence of
this direct erosive phenomenon.

Table 4: Mean rating (M) and standard deviation (SD) for items on the perception of
soil quality. To interpret the computed means, the following mean range based on Alico
and Guimba (2015) was used: 1.00 — 1.74 = low, 1.75 — 2.49 = moderate, 2.50 — 3.24 =
high and 3.25 — 4.00 = very high.

Scale Items M SD

Formation of channels or
. lati f sedi fi
Observed indirect effects accumu ajtlon 0 sedlmeqt after 2.78 .68
precipitation events within or

adjacent to the vineyard

Obstruction of drainage systems 2.35 .56

Small landslides 2.46 .63
Difficulty in accessing the field due

to soil conditions 2.44 8
Observed direct effects Soil erosion (loss of surface soil) 2.29 .84
Soil compaction 2.46 78
Loss of soil organic matter 2.30 .83
Surface landslides 1.87 .92
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Flooding due to extreme events 2.00 .96

Decrease in soil permeability 1.99 75

Regarding the adoption of inter-row management practices (Table 5),
permanent grass cover appeared as the most widely used practice (M=2.86), with
61.1% of the respondents reportedly using this practice in more than 50% of their
cultivated area. This is followed by the adoption of grassing one in two inter-rows
(M=2.07). The least used practice is tillage, resulting in bare soil in all inter-rows
(M=1.43). Permanent spontaneous grass cover in all inter-rows was then indicated
as the most suitable practice to be used for inter-row management (48.6%). Among
the main motivations reported by the participants (i.e., open question, section 2.2)
to adopt it, the winegrowers mentioned “reduction of soil erosion and soil
compaction” on the one hand, and “increase of vineyard biodiversity and soil
health, soil trafficability and topsoil moisture” on the other hand.

Table 5: Inter-row management practices adopted in the participants’ vineyards
(N=number of respondents and % = corresponding percentage).

Cultivated area managed through the practice
Items 0% <50% >50% >90%
N (%)

Permanent spontaneous
grass cover in all inter- 17 (23.6) 11 (15.3) 9 (12.5) 35 (48.6)
rows

Organic fertilization 15 (20.8) 12 (16.7) 25 (34.7) 20 (27.8)

Mineral fertilization 18 (25) 20 (27.8) 22 (30.6) 12 (16.7)

Temporary spontaneous

grass cover in one inter-

row and bare soil by 34 (47.2) 14 (19.4) 9 (12.5) 15 (20.8)
tillage in the second
inter-row

Temporary spontaneous
grass cover in all inter-
row (with summer
tillage operations)
Sown grass cover (with

37(51.4)  19(264)  9(12.5) 7(9.7)

specific species for 45 (62.5) 19 (26.4) 5(6.9) 3(4.2)
mulching)

Bare soil obtained by

tillage 54 (75) 9(12.5) 5(6.9) 4 (5.6)
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Regarding the adoption of soil monitoring systems, Table 6 shows that
winegrowers’ choices can be considered quite dichotomous: on the one hand, a high
percentage of the participants reported currently using the investigated systems, but
on the other hand, the intention among the non-adopters seemed to remain not to
adopt them even in the future. Only a small percentage of our participants showed
some intention to adopt these systems in the short-medium term.

Table 6: Adoption and intention to adopt different soil monitoring systems (N=number
of respondents and % = corresponding percentage).

Scale Ttem Current Intention Will not
adoption1 to adopt1 adopt
N (%)

Soil monitoring  Soil moisture

systems Sensors
Software/APP
for register field 47 (65.3) 3(4.2) 22 (30.6)
work
Software/APP
with models for
insects and
pathogens
Detailed maps
using drones
Precipitation
maps from local 39 (54.1) 17 (23.6) 16 (22.2)
authorities

51 (70.8) 1 (1.4) 20 (27.8)

51(70.8)  10(13.8)  11(15.3)

43(59.8)  6(3.4)  23(31.9)

I Note: For better readers’ clarity, here the responses “used for more than 5 years” and
“used for less than 5 years” were collapsed in the “current adoption” category, whereas
“will adopt shortly” and “will adopt in the future” were grouped under the “intention to

adopt” label.

Looking more in-depth at the possible differences in the perception of soil
quality and adoption of permanent spontaneous grass cover practices and
monitoring systems based on vineyards characteristics, the t-tests showed that
winegrowers with vineyards in non-Cfa climatic areas perceived significantly
higher direct and indirect degradation effects (t (70) = 3.81, p=.000 and t (70) =
2.00, p = .049, respectively). No significant differences based on climatic areas
emerged for the adoption of grass-cover as an inter-row management practice and
adoption of soil monitoring systems. Nevertheless, Figure 7A shows that most of
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vineyards with lower adoption (less than 50% of vineyard’s area) of permanent
cover were located in the Csa climate area, with hot and dry summer season. On the
contrary, in this climate area, there were some vineyards mainly managed with
tillage to obtain bare soil. The adoption of other soil management practices was
likely not influenced by climate (Figure 10, SM1).
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Figure 7. Maps showing the location of vineyards where permanent grass is adopted.
Different dot colours indicate the percentage of the vineyard area managed with this
practice. The background layers represent (A) the climatic zones of Piedmont according to
the Koppen—Geiger classification (Rubel et al., 2016), and (B) the slope classes (Regione
Piemonte, 2024d).

The ANOVA pointed out that the slope of the vineyard influenced with nearly
significant values (F (2,71) = 3.129, p = .050) the perception of indirect effects of
soil degradation. According to the statistical analysis and the map shown in Figure
7B, slope did not show any evident relationship with the degree of adoption of
permanent inter-row grass cover management practices. Furthermore, there was a
significant difference in the observation of indirect soil degradation effects based
on the farms’ size, with larger vineyards being associated with a higher observation
of the phenomena (F (2,71) = 4.496, p = .015). No significant differences were
reported for the other investigated variables (Table 7).
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Table 7. Results from statistical analysis.

Steepness (one-way

ANOVA)

Farm size (one-way

ANOVA)

Climatic area

(t-test)

df

F

df

F

t

p

Observed
indirect
effects
Observed
direct effects
Vineyards
managed
with
permanent
spontaneous
grass cover
Soil
monitoring

systems

2,71

2,71

2,71

2,71

3.129

1.020

400

018

.050

366

672

982

2,71

2,71

2,71

2,71

4.496

2.316

2.148

1.822

015

.106

125

.169

2.008

3.814

-.667

-.184

.049

.000

507

.854

Qualitative data

The data gathered from the focus groups allowed us to have a deeper
comprehension of how winegrowers’ perceptions of soil degradation and the use of
different prevention practices considered by the quantitative analyses were linked.
In particular, the three items that emerged as indirect effects (Table 4: difficulty in
accessing the field due to soil conditions, small landslides, the formation of canals
or sediment accumulation after precipitation) of soil erosion and the observable
direct effects of soil degradation (Table 4: decrease in soil permeability, surface
landslides, flooding due to extreme events) were fully confirmed in the description
of the critical issues for soil protection, as discussed in the focus groups.
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Figure 8 shows how winegrowers’ perceptions were connected as subthemes to
the “hindering factors” theme, that includes aspects perceivedas as problematic for
soil protection. In addition to a greater specification of what emerged with the
highlighting of the codes and their link with the themes (referring to the objectives
and thus to the representations and perceptions already described), here it is also
possible to detect the thread of the discourse that develops within the focus groups,
that is the discursive 'plot' that links certain themes together. In the interactions
within the groups, the winegrowers referred heavy rainfalls and the local terrain
conformation (i.e., degree of slope or depressions in the field), combined with
machinery misuse, led to land alterations which make field access difficult or
hazardous (i.e., holes, canals). These issues require additional work to restore the
affected areas.
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Figure 8: Conceptual map of hindering factors for soil protection emerging by the
focus groups. The dashed lines indicate the connection between the codes and the themes
in the centre; the continuous black lines (and labels) represent the sequence of discourse
(plot) of what is being narrated, they are the causal links represented in people
interpretations of events. The symbol (-) indicates a criticality in the prevention of soil
erosion.

The reference to practices and customs emerged unexpectedly, including the
use of machinery which - paradoxically - can amplify soil erosion due to the weight
of vehicles and the type of operations performed, often consistent with soil
characteristics. Furthermore, economic interests (particularly, the balance between
the costs of alternative soil and land management and the medium to long term
benefits) did not always allow decisions that maximize gains and limit losses. Based
on this evidence, we note that according to the participants, the climatic conditions,
different tillage type, and the modifications and conformation of the territory were
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the more relevant issues in determining the difficulties in preventing erosion in
vineyards, along with certain cultural customs and practices. In these cases, the
debate also addressed weather issues and climate change, aspects on which
winegrowers can have little influence, but which are definitely relevant to their
management strategies. To illustrate these aspects, some quotations extracted from
the focus group analysis can clarify the experts' perspectives.

Quot. #1: Especially where there is grassing, whether spontaneous or dedicated, the
problems are very much reduced. And especially where certain equipment is used, which
in any case means that the inter-row can have problems with erosive phenomena, especially
when there are heavy summer storms.

Quot. #2: With the adoption of mulcher, things have certainly improved a lot (with
respect the use of the rotary hoes 3 or 4 times along the year), because compared to 10 cm
of soil erosion, maybe it has been reduced to just two... but as L. also said before, using the
mulcher as a tiller can create that dust every time I do it, every time a storm arrives that
exceeds 30 mm (of rainfall), it takes a lot of soil downstream

Quot. #3: [Yes, there are] The thunderstorms, the winters and summers..., for me it's
changed so much what man used to do that he has kind of forgotten to do now, because the
size of the farm, the way of working, the machinery itself has changed. If certain things
were done (i.e., maintenance of channels), in my opinion, the type of soil, the rainfall event,
would weigh less.

Winegrowers were aware that soil management practices such as grass cover
and mulching can reduce soil losses and damage caused by intense rainfall (see
Quot#1 and Quot.#2). Although natural events are beyond human control,
winegrowers can adopt countermeasures and get support from technologies and
innovations, while also revisiting traditional management solutions (Quot.#3).
Creative approaches that adapt “old systems” to current conditions allow combining
previous knowledge with innovation. Similarly, Figure 8 shows the codes
pertaining to the theme “enablers”. Also, in this case, specific types of soil tillage
practices are mentioned as enablers, i.e., as useful procedures to prevent soil
erosion. The figure also includes the theme of 'good practices', as some codes
identified under 'enablers' correspond to actions (practices, in fact) that should be
preserved and transmitted, thus serving both as effective practices and promoting
factors (or enablers). An example is the code 'specific projects for territories', which
in Figure 9 is linked to both themes.

43



| Promising best practices | Spacific projscts for \ Use of suitable |

for the future (+) | ter:ltorl:s ) ‘ means/techniques (+) |
h i A -~
L

| Advantagesof using :‘_

manure (+) i ’,.E Specific soil tillage (+) }

4
Good agricultural

/
¥ -
| practices/policies(+) | Grassing (+) | Topography (+/-)

Figure 9: Conceptual map of enablers emerging by the focus groups. The dashed lines
indicate the connection between the codes and the themes in the centre; The symbol (+)
indicates a resource for the prevention of soil erosion.

Regarding the soil management practices addressed in the questionnaire,
grassing emerged as relevant strategy for soil erosion prevention in both
questionnaires and focus groups. It is a “nature-based solution”, although its extent
depends on human activity. The discussion among the participants gave reason for
the usefulness of this practice; more specifically, the code recurred in conjunction
with other good practices such as "specific tillage" (4 quotations are coded with
both codes) and "use of suitable means". This code also appeared to be related to
(bad) practices and customs, but in a contrasting sense: grassing practices were
perceived as a suitable solution, compared to practices that fail to prevent or even
increase soil erosion. In this regard, the practices of grassing proved to be a widely
accepted and powerful solution within the community of winegrowers. Here are
two examples of an excerpt from the transcripts of the focus groups that makes the
point very well:

Quot #4: What we winegrowers can do, whether the soil is tilled in intern-rows or
grassed, the important thing is that if you till it, there should then be some grass cover and
perhaps before the rainfall event would be ideal. If you leave the grass cover in place for
a long time, perhaps it should be rejuvenated. Then collaterally one should not forget to
use those good practices: furrows, water drainage and design the vineyard very well to
reduce the impact of water runoff depending also on the slope of the vineyard.

Quot #5: From here we moved on to grassing, first of a few sectors, then almost the
entire farm, and where, on the one hand clearly this phenomenon of shifting earth has
diminished drastically, or rather if it has unblocked, but the water has less chance of
penetrating and so we see that when the rainfall phenomenon is intense, we see the water
flowing over the grassed ground.

It should be noted that the term “topography” is included both as a hindering
factor and an enabler (symbol + and — in Figure 8 and 9): this code represents the
qualitative difference between a practice that can be both beneficial or not beneficial

44



to soil preservation and erosion prevention. However, we noted solutions and
hypotheses emerged from the focus groups that are not reflected in other data. First,
aspects related to the economy are highlighted: farm size and the need to invest in
modern equipment. Furthermore, political decision-makers are called into question
with the request for concrete institutional actions, with the need to promote a
transition to innovative technologies and the implementation of specific projects for
the type of territory. Finally, it is noted how some topics already identified as
hindering factors become - with appropriate reinterpretations linked to the specific
discursive context - useful enablers to face the problem.

DISCUSSION

The present study intended to investigate the perception of soil quality and soil
erosion phenomena and possible strategies to prevent it, in a group of winegrowers
in northern Italy, considering also possible differences based on pedoclimatic
conditions and farm size.

Perception of soil erosion

The results showed that participants were aware of several indicators of
declining soil quality in their vineyards, particularly related to the indirect effects
of soil degradation. This awareness is encouraging, since as highlighted by the
psychological literature, being aware of a phenomenon is a significant predictor of
individuals’ intention to adopt and of actual adoption of ecological behaviours
(Klockner & Blobaum, 2010). The results are consistent with other studies
conducted in the Mediterranean area: 45% of winegrowers participating in a survey
in central Spain observed soil degradation in their vineyards (Marques et al., 2015).
Also, in France (Coteaux du Layon), during a focus group, some winegrowers
mentioned the perception of soil compaction as one of the main reasons for adopting
cover crops, together with an improved quality of soil and production (Schutte &
Bergmann, 2019). In the present study, questionnaire responses indicate awareness
of channels or accumulated sediment in their vineyards, as well as the threat of soil
erosion, despite the fact that more than 48% of participants adopted permanent grass
cover as inter-row management practice. This can be explained if observation of
soil erosion refers to a previous period, when participants were not yet
implementing sustainable inter-row management practices. Thus, the observation
of soil erosion occurrence likely motivated them in adopting inter-row soil
management with grass cover. Furthermore, as participants to focus groups noted,
signs of soil erosion were often observed around the vineyards, especially on
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surrounding roads not covered by grass, or along rows during periods when grass
cover was absent (e.g., under alternate or temporary inter-row management) or
poorly developed. This was the case observed in 2023 in a vineyard monitored by
Biddoccu et al. (2025), where, after a very dry spring, high soil erosion was
observed a few weeks after spring tillage and cover crop mulching in a vineyard
managed with alternate rows (one inter-row managed with spontaneous grass, tilled
in spring/summer, and the adjacent inter-row managed with a cover crop). When
deepening these perceptions through the qualitative analysis, it emerged that
winegrowers may benefit from education and training interventions aimed to
increase their knowledge about soil erosion and its causes: natural events and
anthropic activities appeared as strictly interwoven in winegrowers’ discourses,
with particular reference to the former. Similar request of much information about
soil erosion and its control came from many winegrowers interviewed during a
similar study conducted in central Spain (Marques et al., 2015). Becoming aware
of the role that individuals and agricultural activities with their equipment play in
contributing to soil degradation may help winegrowers developing a higher
perceived behavioral control (Ajzen, 1991) on their management practice choices
and the relevance of their adoption for an effective soil protection (Ahnstrom et al.,
2009).

Winegrowers’ perceptions in our study varied according to vineyard
characteristics, such as climatic area, steepness of the terrain and farm size. In
particular, winegrowers operating in non-Cfa climatic areas showed a significantly
higher perception of both direct and indirect degradation effects compared to those
in Cfa areas, whereas no significant differences emerged in the adoption of inter-
row management practices or soil monitoring systems. The Cfa climate is warm,
with hot summer but no dry season, while most of the vineyards were located in
Csa and Csb climate zones, characterized by dry summers, commonly referred to
as Mediterranean climate (Shakesby, 2011), with a precipitation regime that leads
to higher erosivity than in other main biogeographical zones (Alpine and
Continental) (Panagos et al., 2015a; Borrelli et al., 2016). These conditions also
create water competition between grass cover and vines, especially in flat areas
(Novara et al., 2018). Spatial climate variability in the region may explain the
observed trends in perception of soil degradation processes, which align with
findings from warm temperate areas such as Coteaux du Layon (i.e. soil
compaction) and more arid vine growing regions like central Spain. Furthermore,
the more frequent adoption of soil tillage practice (and reduced adoption of
permanent inter-row grass cover) in areas with hot, dry summer is consistent, albeit
to a lesser extent, with the low willingness to adopt cover crops management
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practice reported by around one third of winegrowers and olive growers in studies
from central (Marques et al., 2015) and southern Spain (Gémez et al., 2021), mainly
due to water limitations for both main and service crops under rain fed conditions.
The Mediterranean climatic zone also has a high soil loss rate (4.61 t ha—1 yr—1) in
Europe, and the observation of direct effects of soil degradation (particularly soil
erosion) is likely easier in areas with such climate (Panagos et al., 2015b). A similar
increased perception of soil degradation was indicated from Spanish winegrowers
with sloping vineyards, with respect to those who have flat vineyards (Marques et
al., 2015). Likewise, participants with larger vineyards and on steeper slopes
perceived nearly significant higher direct effects of soil degradation compared to
vineyards in the plain. Indeed, topography, intended as slope gradient and length,
is one of the primary factors influencing soil water erosion (Wischmeier & Smith,
1978), especially in permanent crops such as vineyards (Cerdan et al., 2010; Corti
et al., 2011; Prosdocimi et al., 2016), as they are often located in sloping areas (hill
or mountain slopes), which is the case of vinegrowing areas in Piedmont.

Furthermore, there was a significant difference in the observation of indirect
soil degradation effects based on the farms’ size, with larger vineyards being
associated with a higher observation of the phenomena. This result adds a
contribution related to the wine growing sector in a European country to the mixed
body of evidence on the relationship between farm size and the perception of
climate change consequences, which is usually investigated in crop farms from
African or Asian countries. Indeed, some recent studies have pointed out a negative
association, with larger farms reporting lower perceived risks from drought or
rainfall variability or lower probability to perceive climate change at all (Diyyala et
al., 2025; Uddin et al., 2017). Other contributions instead highlighted that the role
of farm size is complex and context-dependent, with smaller farm holders often
taking more intense adaptation measures against perceived climatic change
(Mairura et al., 2021; Makate et al., 2017).

Adoption of inter-row management practices and soil monitoring systems

In the present study, questionnaire responses indicated that winegrowers are
more inclined to adopt permanent inter-row grass cover (48.6% declared to using it
in more than 90% of their vineyards) rather than temporary grass cover (15%).
Covering the soil during the rainiest periods constitutes one of the good agricultural
and environmental conditions standards for agricultural areas (GAECs) introduced
in the CAP to protect soils from erosion. According to Panagos et al. (2021), the
adoption of cover crops is a preferable option to mitigate soil erosion in the CAP
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2023-2027; in one scenario, a cover rate of 75%, would reduce soil erosion in
permanent crops by 30%. Data from the Piedmont region administration for the
CAP 2014-2020 indicate that, in 2022, 50% of vineyards in Piedmont received
economic support through the Rural Development Programme (RDP) for adopting
integrated production principles, which requires the use of grass cover management
practices in vineyard’s inter-rows during autumn and winter. Permanent grass cover
management has been further incentivated and was adopted in 35% of vineyards.
In this case, soil can be tilled in autumn, after harvest, to allow fertilizers
incorporation (Regione Piemonte, 2024c). Nevertheless, data on winegrowers
receiving RDP support may not represent the totality of those adopting grass cover
management practices, since some of them adopt it without asking or receiving
funding. The CAP 2023-2027 Strategic Plans (https://agriculture.ec.europa.eu/cap-
my-country/cap-strategic-plans_it) include some support to the adoption of
minimum soil cover (GAEC 6) across Europe with a greater extent than in the
previous years. In permanent crops, adoption of minimum soil cover allows a
certain flexibility considering certain agronomic practices during the sensitive
period, which can be relevant in light of the types of soil and pedo-climatic
conditions. Most sensitive periods are autumn and winter, but some Member States
focused more on the summer months when great heat and intense rainfall occur.
Italy, like other 22 Member States, set explicit requirements for areas of permanent
crops, varying according to the considered farming systems and in certain cases
targeting only areas with some slope conditions. In general, minimum soil cover
can be obtained either by spontaneous vegetation or sowing cover crops, leaving
stubble, or crop residues on the land or by mulching. The complex framework of
this GAEC proves the variety of factors (soil, climate, slope, agricultural system)
that must be considered in the adoption of measures for contrasting soil degradation
in permanent crops, such as vineyards. In Piedmont, 2022 and 2023 were marked
by very dry vine growing seasons (Capello et al., 2024), that resulted in suggestions
for modification of the section related to agronomic practices of the “National
guidelines for integrate management” (MASAF, 2024). The changes allowed soil
tillage in spring and summer in case of particular soil and cumulated precipitation
conditions, based also on evidence from previous studies in the region (Bagagiolo
et al., 2018; Biddoccu et al., 2016; Capello et al., 2019).

The qualitative investigation of the winegrowers’ perception about the
strategies and technologies available to prevent soil degradation pointed out once
again (as discussed before for the phenomenon of soil erosion) the need for
increased knowledge. The discourses of our participants regarded both
technologically advanced systems and different techniques of soil tillage as factors
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that can help protect soil. They pointed out that more information about soil
degradation risks and related solutions is needed, especially knowledge and
recommendations on management practices and technical solutions to positively
contribute to soil conservation, avoiding a misuse which may lead to increased soil
degradation. An example is the use of mulcher to control the height of grass: if it is
not used correctly, it damages the grass and soil surface pulverizing the soil,
favouring the formation of soil crust that makes it difficult for grass to grow and
water to infiltrate. Based on our results, winegrowers must know the risks related
to soil degradation, available solutions, possible advantages and disadvantages, and
finally, they should receive support in adopting them correctly. Tools and services
should be made available to winegrowers to inform and educate them on the smart
farming solutions for soil protection that better suit their needs in terms of farm
size, availability of funds, terrain characteristics, with a clear communication on the
features, the concrete benefits and limits of the different technologies, to allow them
to perform a conscious choice when managing their vineyards. Perceived usefulness
of sustainable measures and technologies appeared to be a significant predictor of
their adoption among farmers in previous studies (Caffaro et al., 2020; Pierpaoli et
al., 2013), and it claims for educational interventions based on a proper needs
analysis and a participatory approach, to identify the most relevant aspects to be
stressed during training for different types of users (Caffaro et al., 2017; Tovar
Aguilar et al., 2014).

No significant differences emerged based on vineyard characteristics either in
the use of grass-cover as an inter-row management practice or in the adoption of
monitoring systems. This issue would deserve further investigation, if we consider
some recent evidence from other countries. Indeed, in France, bigger landowners
are most interested in soil protection measures, since they can benefit from
subsidies and can respond to the CAP request of higher quality and downsizing
production (Marques et al. 2015, Schiitte & Bergman, 2019). Similarly, a recent
study among farmers growing olives in southern Spain, showed that farmers
preferring bare soil managed significantly less olive area than those using always
or partially a cover crop (Goémez et al., 2021). In contrast, in central Spain, the larger
size of vineyards seemed to determine low willingness of farmers to change
behaviour in soil management, due to higher level of mechanization and lower
concerning about soil erosion compared to smallholders (Marques et al., 2015).
Future research would be useful to clarify these inconsistent results on the
relationship between farm size and soil management practices.
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Limitations of the study and future research developments

Some limitations of the present study should be acknowledged. First, our
respondents were a small group recruited among the members of the winegrowers’
associations taking part in the IN-GEST SOIL project, which may have led to a
self-selection bias: the responses we collected may come from the most
“sustainability-sensitive” winegrowers in the considered areas (which could also
explain the high rate of declared adoption of smart soil monitoring systems showed
in Table 6) and therefore the results should be taken with caution and cannot be
generalized. Our results appear to be considerably more prominent when compared
to the most recent data on land management by Italian winegrowers since it is
crucial to remember that not all relevant variables may be included in all official
statistics.

In the face of the critical issues described above, we believe that multi-
methodological integration is appropriate to investigate aspects related to the
problems and strategies inherent in soil erosion prevention. In fact, the quantitative
data made it possible to take a snapshot of reality, and through the focus groups this
snapshot acquired a context made up of a plot (the history of the area) and a future
evolution (the participants' goals and proposed strategies). The methodology we
proposed gave voice to real participants in real contexts and this is one of the main
criteria of validity of multi-methodological research, beyond the golden adherence
to statistical principles such as the representativeness of the sample under
investigation. However, we acknowledge that our qualitative analysis may involve
(re)interpretations and positioning of the researchers involved (De Gregorio, 2009;
Harré & Moghaddam, 2003).

Second, our investigation relied on self-reported measures, which do not allow
to know if the respondents’ answers were consistent with their real behaviors, due
to the inherent complexity of human nature. In fact, even though self-reported
behavior is one of the most common methods in social research, questionnaires and
interviews frequently do not reflect the actual adoption of a behavior but are more
subject to a social desirability bias (Gifford & Sussman, 2012). Future research
triangulating (MacLeod et al., 2000) indicators of soil quality and direct
observations of winegrowers’ behavior would be useful to provide further
consistent results (Rodrigo-Comino, 2018).

Finally, as previously mentioned in the text, the channels used to recruit
participants and conduct the data collection were strongly affected by the COVID-

50



19 pandemic control measures at the time the research was performed. Even though
technology-mediated communication and research may be challenging regarding
sampling and engagement (Flayelle et al., 2022; Wright, 2005), the practicality and
feasibility of these data collection methods proved to allow to pursue reliable,
honest, and high-quality research outputs (Moises jr., 2020).

Despite these limitations and considering the lack of previous studies shedding
light on winegrowers’ perceptions and behaviors, we strongly believe that our
investigation provided a novel contribution to the field of knowledge and laid the
foundation for future wider investigations on winegrowers’ mindset and decision
making for a more sustainable soil management.

CONCLUSIONS

Since soil erosion in vineyards is a common issue especially in several
European countries (Rodrigo-Comino, 2018), the present study provided a
contribution towards the enhanced knowledge of adoption and effectiveness of best
management practices to mitigate erosion in different pedo-climatic conditions in
the vine-growing cropping system in Europe, as needed according to Panagos et al.
(2024). While the present results provided useful insights, they should be
interpreted considering the limited generalizability of the sample, which includes a
relatively small number of winegrowers involved in a regional innovation project
and may therefore reflect a higher-than-average awareness of sustainability issues.
Despite this, our findings highlight several elements that can inform future research
and targeted interventions in other viticultural contexts. First, the results suggest
that perceived soil degradation is strongly shaped by local pedoclimatic conditions,
particularly slope and drier climatic areas, which should be considered when
designing soil conservation strategies. Further research should consider conditions
of increasingly dry periods and intense rainfall to investigate how water scarcity,
by one side, and extreme precipitation resulting in damages, on the other side, shape
growers’ perceptions, constraints, and decisions. Comparative studies across
Mediterranean and Continental wine regions would help clarify the transferability
of current findings and identify context-specific solutions for sustainable soil
management practices. Despite the recognised role of economic incentives,
qualitative analysis’ results highlighted that improving information, training, and
technical assistance remain essential, especially in areas facing increasing aridity.
Winegrowers expressed a clear need for guidance on both traditional and innovative
soil management options, to better know their benefits, limits, and correct
implementation. Tailored advisory services and participatory approaches may
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therefore support more effective and context-specific adoption of sustainable
practices.

From a methodological point of view, this study confirmed the usefulness of a
mixed-methods approach. The integration of quantitative and qualitative data can
reveal results that might not be as clear if only one of the two methods were used:
quantitative data provided a snapshot of the current situation, while qualitative
insights shed light on the contextual, experiential, and motivational aspects
underlying growers’ decisions. Broader applications of mixed-method designs in
agricultural research may be encouraged, to help design, interventions based on
more robust research results, to support the transition towards sustainable soil
management.
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Figure 10 (SM1): Map showing the localization of different soil management practices
in the inter-rows, with different colours indicate the percentage of vineyard’s area managed
through the practice. The green area in the map indicates the distribution of vineyards in
the region.
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2.3 Geological, pedological and climatic characterization of
the vineyards under study

In order to evaluate the effective applicability and effectiveness of some
enhanced and innovative soil management practices, which allow limiting erosion
and preserving its functionality, field tests were set up in five vineyards (three of
commercial farms and two demonstration sites):

Capriata d’Orba (AL) — Cascina Gentile

Novi Ligure (AL) — Cascina Bing

Rocchetta Ligure (AL) — Cascina Nebraie

Carpeneto (AL) - AGRION (Parcelle sperimentali Tenuta Cannona)

San Damiano D’Asti (AT) — Torchio, then replaced with Rocchetta Tanaro
(AT) — Porzio

In each vineyard, two theses with different soil management have been defined:
two plot of at least six contiguous rows were chosen and prepared to be conducted
one with usual management of the vineyard, and the other one with enhanced
practices. The soil management practices to be adopted were identified based on
the results of the questionnaires and focus groups survey. Then were concerned in
collaboration with the winegrowers, and adapted to the specific situation of each
vineyard. First surveys were carried out in every thesis, aimed at the initial
characterization of the vineyard parcels affected by the project, through physic-
chemical analyses on soil samples.

A geological, pedological, and climatic characterization of the vineyard under
study was carried out using regional databases, complemented by targeted field
surveys. The paper ‘“Methodological Framework for Characterizing Vineyards
Subjected to Soil Degradation n Piedmont” (DOI:
https://doi.org/10.19199/2024.172-173.1121-9041.012) is reported in the following
section in its published version (Version of Record), originally published open
access in Geoingegneria Ambientale e Mineraria in the latest issue of the 2024
journal. The content of the paper is reported unchanged, with formatting adapted to
the style of this thesis.
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The study provides a baseline characterization of the investigated vineyards by
integrating climatic, geological, and pedological information with initial field
surveys, and is intended to support the selection and site-specific adaptation of soil
and vineyard management practices. Consequently, no inferential hypothesis
testing is undertaken. Instead, the results establish the physical context and
boundary conditions against which subsequent monitoring activities and
comparative analyses (focused on runoff and erosion, soil physical properties,
ground cover, and soil moisture dynamics) are interpreted in Chapters 2.4-2.6.
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2.3.1 Methodological framework for characterizing vineyards
subjected to soil degradation in Piedmont

Giorgio Capello'?, Stefano Ferraris?, Marcella Biddoccu!

1 Interuniversity Department of Regional and Urban Studies and Planning (DIST),
Politecnico di Torino and Universita di Torino; 2 Institute of Sciences and Technologies
for Sustainable Energy and Mobility (STEMS) of the National Research Council of Italy
(CNR).

Geoingegneria Ambientale e Mineraria, Vol. 172-173, 2024
Abstract

The IN-GEST SOIL project aims to address soil degradation, particularly soil
erosion by water, in hillslope vineyards in the Piedmont region of Italy. This study
proposes a methodological framework for comprehensive vineyard characterization
to establish a baseline for soil health investigations. The characterization involves
using regional databases for climatic, geological, and pedological data, integrated
through field surveys. Soil samples were collected to determine bulk density,
granulometry, and organic matter content. The results indicate significant
variability in geology, soil texture, organic matter content, and bulk density across
different sites. Bulk density measurements revealed that soil compaction was close
to or exceeded the threshold affecting root growth, particularly in the track position,
where compressive effects from tractor wheels or tracks are concentrated. These
findings highlight the need for site-specific soil management strategies to optimize
vineyard productivity and sustainability. This preliminary study serves as a
foundation for future research focused on long-term monitoring of soil management
practices and their impact on vineyard sustainability and resilience in the face of
climate change. Engaging local farmers and stakeholders in adopting sustainable
practices is crucial. The choice of management strategies will be informed by data
from this study and insights from a parallel study on winegrowers’ perceptions and
behaviours.

Keywords
Vineyard, Soil, Characterization, Piedmont, Geology, Climate.

Introduction
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Viticulture, one of the most ancient and widespread agricultural practices (Corti
et Al.,, 2011), plays a crucial role in the Mediterranean region, providing not only
economic benefits through grape and wine production but also contributing
significantly to the cultural and environmental landscape (UNESCO, 2014;
Foronda-Robles, 2018). However, the intensification of vineyard management
practices has led to several environmental challenges, particularly concerning soil
and water conservation, soil biodiversity and ecosystem services (Giffard et Al.,
2022). Effective management of these resources is essential to ensure the
sustainability and resilience of vineyards, especially in the face of climate change
(Salome et Al., 2016; Kowalczyk et Al., 2024).

The conservation of soil and water resources in vineyards is crucial for
sustainable viticulture, especially in Mediterranean regions where water scarcity
and soil erosion are significant concerns (Prada et Al., 2024; Cataldo et Al., 2020;
Novara et Al., 2011). Effective soil management practices can mitigate these issues
and enhance the overall health and productivity of vineyards (Carceles Rodriguez
et Al., 2021; Kopta et Al., 2024). The use of cover crops in the vineyards has been
shown to reduce soil erosion and runoff significantly (Abad et Al., 2021;
Prosdocimi et Al., 2016). Cover crops, such as grasses or legumes, help to stabilize
the soil, increase organic matter, and improve soil structure (Scavo et Al., 2022).
They also enhance water infiltration and reduce surface runoff, which is particularly
beneficial in sloping vineyards. Managing the inter-row space with grass cover or
mulching can control soil erosion and improve water retention (Gémez et Al.,
2011). Studies have shown that grass cover can reduce runoff by up to 65% and soil
erosion by 72% (Capello et Al., 2020). However, in semi-arid regions, the
competition for water between cover crops and vines needs careful management to
avoid negative impacts on grape yields (Ruiz-Colmenero et Al., 2011). Efficient
water management practices ensure that water is used judiciously, reducing wastage
and conserving this precious resource. This is particularly important in regions
prone to drought (Medrano et Al., 2015). Minimizing soil disturbance through
reduced tillage practices can help maintain soil structure and reduce erosion
(Biddoccu et Al., 2016). This practice also promotes the accumulation of organic
matter and enhances soil moisture retention (Steponaviiene et Al., 2024). By
conserving soil and water resources, vineyards can maintain sustainable production
levels, ensuring long-term viability and profitability. This also contributes to the
preservation of the landscape and cultural heritage associated with viticulture
(Garcia, 2018).
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Italy is recognized as the leading wine producer globally (Organisation
Internationale de la Vigne et du Vin [OIV], 2021a, 2021b), with a production of
54.8 million litres in 2021. It ranks fourth in vineyard cultivation with 718,000
hectares, following Spain, France, and China (OIV, 2023). Most of the vineyards
are located in the administrative provinces of Cuneo, Asti, and Alessandria, which
include the UNESCO World Heritage Site “The Vineyard Landscape of Piedmont:
Langhe, Roero, and Monferrato” (UNESCO, 2014). Piedmont is the Italian
administrative region with the highest number of DOCG (Denominazione di
Origine Controllata e Garantita, 19 out of 73 in Italy) and DOC (Denominazione di
Origine Controllata, 41 out of 332 in Italy) designations (Regione Piemonte,
2024a), producing 11% of the grapes for DOP (Denominazione di Origine Protetta,
including both DOC and DOCG) wines in Italy (ISTAT, 2024; Figure 11).

The IN-GEST SOIL project aims to address soil degradation processes,
especially soil erosion by water, in hillslope vineyards in the Piedmont region of
Italy. This initiative focuses on enhancing soil and vine quality through the
implementation of innovative soil management practices. The project introduces
three main innovations: improved best soil management practices, agro-
meteorological monitoring to optimize water and soil management, and the use of
ICT tools for data management and decision-making support. Piedmont, a region
renowned for its wine production, faces significant challenges due to its vineyards
being predominantly located on sloping terrains, which are highly susceptible to
soil erosion (Biddoccu et Al., 2016; Tarolli et Al., 2014). The IN-GEST SOIL
project seeks to mitigate these issues by promoting sustainable agricultural
practices that not only preserve soil health but also enhance the overall productivity
and quality of the vineyards (Baldi 2021). By engaging local farmers and
stakeholders, the project aims to foster a deeper understanding of soil conservation
techniques and encourage the adoption of practices that can lead to long-term
environmental and economic benefits (Strauss et Al., 2023; Velten et Al., 2021;
Salvia et Al., 2018). The project represents a novel approach by conducting an in-
depth investigation of local farmers’ perceptions, thereby providing a unique
perspective on soil conservation in vineyards, particularly in the Piedmont region,
which has not been extensively studied before.

In this study, we suggest a methodological framework to perform a
comprehensive characterization of vineyards, in order to define a baseline for
further investigation about soil health. The characterization is carried out, initially,
(1) using data available from regional databases, including climatic, geological, and
pedological data, which are crucial for understanding the environmental conditions
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of the vineyards. These databases provide foundational knowledge but need to be
(i1) integrated and validated through field surveys to better understand spatial and
temporal variability. The field surveys provide detailed information on soil,
allowing for precise site characterization.

The aim of the study is to propose a way to characterize each vineyard, in order
to determine which innovative soil management practices are better to adopt to
mitigate the identified issues, comparing them with traditional methods. The
selection of innovative techniques will also be based on the results of a parallel
study, which involved questionnaires on the perceptions and behaviours of
Piedmontese winegrowers (Caffaro et Al., 2024). These questionnaires and field
data offer extensive and current insights into the existing approaches to soil
conservation in vineyards. By integrating data-driven insights with the practical
knowledge and experiences of local farmers, we aim to develop tailored
management strategies that address both environmental and economic challenges.

This work serves as a preliminary step for future studies, where we will divide
the vineyards into two plots and determine which management practices to
implement. One plot will follow traditional farming practices, while the other will
adopt innovative techniques compatible with the site characteristics identified
through this study. This approach is expected to provide valuable insights into the
effectiveness of different soil management practices in reducing soil erosion and
enhancing vineyard sustainability in the region and beyond. (Topp et Al., 2024;
Veisi et Al., 2024; Cerda & Rodrigo-Comino, 2021)

Materials and Methods
Study area

In the Piedmont region, there are more than 44 thousand hectares of vineyards
(ISTAT, 2024), mostly located in hilly (92%) and mountainous (7%) areas (Figure
11). The presence of various mountain formations and the geographical position
contribute to a diverse climate.

Most areas with a high propensity for viticulture are classified by the current
Koppen-Geiger climate classification of the European Alps (Rubel et Al., 2017) as
Cfa: a warm temperate climate with hot summers and no dry season. Vineyards in
the foothill areas have a similar warm temperate climate but with warm summers
and no dry season (Cfb), while the Apennines have a warm temperate climate with
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warm and dry summers (Csb). The Ovadese Monferrato area experiences a warm
temperate climate with hot and dry summers (Csa).

@ Vineyards site of the experiment
8 Vineyards

Municipalities

DOC / DOCG wine production areas

T
»

7 Tanaro
7 s -+ Novi.Ligure
G 7w/ Rocchetta Ligure
*; C?priata d'Orba

0 25 50 75 100 km

Figure 11: The map depicts the Piedmont region. Municipalities included in one or
more DOC and/or DOCG wine production areas (Regione Piemonte, 2024b) are marked
with purple hatching and cross-hatching. Vineyard parcels, based on the regional cadastral
mosaic (Regione Piemonte, 2024f), are highlighted in green. The selected vineyards under
study are indicated with red dots.

The distribution of rainfall, due to the region’s geographical diversity, varies
accordingly. Precipitation is more abundant in the mountainous and foothill areas,
especially during spring and autumn, while the plains area generally experiences
less intense precipitation. However, strong thunderstorms can occur during the
summer. The annual average of daily cumulative precipitation in the viticultural
areas, calculated for the period 1991-2020 (ARPA, 2024), showed a minimum in
the plain area between Asti and Alessandria of just over 700 mm per year. The
minimum precipitation occurs in winter and summer (about 40 mm in July), with
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precipitation concentrated in spring and autumn. Moving away from this area, the
average annual precipitation increases; for example, the Gavi area has an average
annual precipitation of around 1000 mm.

The orography also influences the temperature distribution in the region. In the
plains and hilly areas, summers are hot and muggy, while winters are cold and
humid, often with dense fog. In the same area where the minimum precipitation is
recorded, the annual average of the daily maximum temperature, calculated for the
period 1991-2020, reaches a peak of 18.5°C, with temperatures just below 30°C in
the summer period (exceeding 30°C only in July and August). In the same area, the
winter maximum temperatures do not drop below 5°C. Considering the same
period, the minimum temperatures in the viticultural areas have an annual average
below 10°C: they remain below 18°C in the summer period (July and August can
exceed 19°C), while in the winter period they settle around 0°C (generally, January
is the coldest month) (ARPA, 2024).

The vineyards selected as the study area for the In-Gest Soil project (Figure 11)
are located outside the UNESCO World Heritage Site “The Vineyard Landscape of
Piedmont: Langhe, Roero, and Monferrato,” but they are all within the Piemonte
DOC and other DOC or DOCG wine production areas (Regione Piemonte. 2024b).
Rocchetta Tanaro is located in the province of Asti, while the other sites are in the
province of Alessandria. Four out of five sites are located within the “Alto
Monferrato” area. Rocchetta Ligure is very close to Alto Monferrato, but it is
situated in a different region, namely Val Borbera. Rocchetta Tanaro is one of the
municipalities of Ovadese, a historical-cultural area of Lower Piedmont and
Monferrato, which also includes Carpeneto, situated on a ridge between the Orba
and the Bormida rivers. Novi Ligure and Capriata d’Orba are located on the right
bank of the Orba river and are part of the Novese, a geographical region of Lower
Piedmont named after the city of Novi Ligure.

Vineyards Management

Table 8 provides key information about the five vineyards selected as test areas
for the IN-GEST SOIL project; Figure 11 shows their locations in the Region. In
all the vineyards, the rows of vines are planted along the line of maximum slope.
At the Experimental Center for Viticulture “Tenuta Cannona” of the Agrion
Foundation, in Carpeneto (Figure 12, A), three experimental plots were already
established. The plot where data collection took place is managed using
conventional tillage (CT). In both spring and autumn, following the harvest, the soil
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is tilled using a ripper to a depth of 25 cm across all rows. During the summer, up
until the harvest, mowing operations are conducted as needed to manage
spontaneous vegetation. The second plot is managed with permanent spontaneous
grass cover (GC), controlled through periodic mowing. The third plot employs
alternate cover crops (ACC), with alternating rows between CT and GC.
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Figure 12: The figure highlights in orange the plots delineated in the vineyards selected
for the IN-GEST SOIL project: A) Carpeneto; B) Novi Ligure; C) Capriata d’Orba; D)
Rocchetta Ligure; E) Rocchetta Tanaro. In Carpeneto (A), the three existing plots are
delineated in green. The selected plot is the one managed with conventional tillage of the
inter-row soil twice a year.

At the Capriata site (Figure 12, C), there is a recently established vineyard
(planted between 2017 and 2018). Organic fertilization is applied using a manure
spreader, followed by soil tillage with a ripper to a depth of 40 cm to ensure the
incorporation of the fertilizer into the soil. In spring and summer, to prevent the
establishment of vegetation, and if the summer is particularly dry, repeated soil
tillage is performed using various implements (ripper, rotary harrow, rototiller) in
alternating rows. The under-row area is managed with mechanical weeding using
an under-vine hoe, which works the topsoil layer (5-10 cm depth).

At the Novi Ligure site (Figure 12, B), the vineyard is managed with an
alternating row system. The green manure (GM) rows are sown in autumn with a
mixture of typical green manure species, consisting of Fabaceae: fava bean (Vicia
faba), vetch (Vicia villosa), and pea (Pisum sativum); and Poaceae: varieties of
barley (Hordeum vulgare). The GC rows are predominantly covered with
spontaneous vegetation. In the GM rows, deep tillage to a depth of 40 cm is
performed using a subsoiler, followed by the application of organo-mineral
fertilizer using a manure spreader, and then the sowing of the GM mixture. The GM
1s sown in a single pass using a combined seeder preceded by a rotary harrow, with
aroller following the seeder to ensure seed-soil contact. From early spring, mowing
1s performed in the GC rows to control spontaneous vegetation. In summer, mowing
is also carried out in the GM rows. The mowed biomass is left on the ground to
provide a mulching effect and reduce erosion risk. If necessary, multiple mowing
operations are conducted across all rows. In the GC rows, if the summer is
particularly dry, superficial tillage to a depth of 5-10 cm is performed using a
flexible tine harrow to prevent soil cracking. Mechanical weeding is conducted
under the vine rows through repeated passes with a brush cutter. In autumn, the row
management is reversed: after the GM is incorporated into the soil, the inter-row
becomes GC in the following growing season, while in autumn, when tillage and
sowing occur, the GC inter-row becomes the GM row.

The management of the vineyard in Rocchetta Ligure (Figure 12, D), is similar
to that of the Novi Ligure site. The GM rows are sown with a mixture of typical
green manure species, consisting of Fabaceae: fava bean (Vicia faba), vetch (Vicia
sativa), and pea (Pisum sativum); Poaceae: varieties of barley (Hordeum vulgare);
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and Brassicaceae: present in smaller quantities and belonging to the genus Brassica
sp. The GC rows with spontaneous vegetation are characterized by the presence of
spontaneous aromatic plants such as Mentha sp. and Anethum graveolens. In this
site, soil tillage is performed to a depth of approximately 30 cm using a subsoiler
equipped with discs. Organic fertilization 1is carried out with a machine that
incorporates the fertilizer into the soil, and the GM mixture is broadcast sown. The
other operations are similar to those performed at Novi Ligure, including the
reversal of row management at the end of the growing season.

At the Rocchetta Tanaro site (Figure 12, E), the inter-row area is managed with
spontaneous vegetation, controlled mechanically through mowing. If necessary,
light superficial tillage is performed. The under-vine area is managed using
chemical herbicides to eliminate weeds. These operations are repeated as needed.
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Figure 13: Schematic overview of all the data sources and references used in this study
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Investigation

A thorough investigation was conducted using national and regional public
databases to classify each vineyard based on climatic, geological, and pedological
characteristics. Figure 13 provides a schematic overview of all the data sources and
references used in this study. Climatic classification was based on the current
Koppen-Geiger climate classification of the European Alps (Rubel et Al., 2017),
the Bagnouls and Gaussen (1957) xerothermic index, and the Land Capability
Classification (LCC) developed by the Soil Conservation Service (SCS) of the
United States (Klingebiel and Montgomery, 1961). Rainfall distribution was
studied using the map provided by ARPA Piemonte on the Climate Portal of
Piemonte, with data interpolated from available regional weather stations (ARPA,
2024). Additional sources on historical rainfall data in the region were also
consulted for comparison and further information. Geological information was
obtained from the Piemonte Geoportal, specifically from the geological map of
Piemonte (Piana et al., 2017) and its subsequent updates. Additional maps available
on the Piemonte Geoportal, including those covering lithology, hydrogeology, soil
and pedological characteristics, risks, erosion, and other relevant data, were
examined. An analysis was performed using cadastral data and pedological
information on vineyard areas to calculate which soil types host vineyards.

Field surveys were conducted in each vineyard to collect soil samples for
determining bulk density (BD) and analysing granulometry and organic matter
content (OM). Measurements were taken in both the track position (T), where
compressive effects from tractor wheels or tracks are concentrated (S6hne, 1953),
and the no-track position (NT), which is not directly affected by tractor wheels or
tracks. Five core samples (V = 100 cm?®) were collected from both T and NT
positions at depths of 0.0-0.2 m and 0.2-0.4 m, resulting in a total of 20 soil cores
per site. These samples were oven-dried at 105°C for 48 hours and then weighed.
BD was calculated as the average of values obtained from the five repetitions at
each position and depth. Additionally, soil samples were collected at depths of 0.0—
0.2 m and 0.2-0.4 m. These samples were mixed from multiple points within the
vineyard to ensure representativeness. They were then analysed by an external
laboratory for granulometry and organic carbon content. The BD values were then
compared to the threshold values reported for every different soil types in the Soil
quality test kit guide (USDA, 2011). Field capacity (SWCfc) and wilting point
(SWCwp) values were calculated based on the methodology described by Roman
Dobarco et Al. (2019).
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The elaboration of the maps, the spatial database processing and the analyse of
geographic data were performed using open-source software QGIS version 3.38
(QGIS Development Team, 2024).

Table 8: Characteristics of the five plots in the vineyards site of study in the Piedmont
region.

Municipali sy Capriata d’Orba Rocchetta Ligure Rocchetta
(provil:lce)ty Carpeneto (AL) Novi Ligure (AL) P (AL) (AL) & Tanaro (AT)
Experimental
Center for Azienda
Farming Viticulture Azienda Agricola Azienda Agricola Azienda Agricola Agricola
company “Tenuta Cannona” “Cascina Bin¢” “Cascina Gentile” “Nebraie” “Porzio”
of the Agrion
Foundation

Vineyard 44°40'56.42" N, 44°44'12.91" N, 44°43'18.63" N, 44°40°34.90” N, 44°50'40.3"N,
coordinates 8°37'3427"E  8°47'2334"E 8°42'841"E 9°3°1840”E  8°22'07.3"E

E 134° 196° 191° 269° 315°
xposure (Southeast) (South-Southwest) (South) (West) (Northwest)
Average
elevation [m 273.3 2253 227.5 510.5 197.0
a.s.L.]
Average
slope [%] 15.3 14.2 2.5 16.8 19.0
P“;:nilrea 1221 1275 1344 768 600
Plot length
and width 74 x16.5 42.5x 30 40x33.6 40x 19.2 30x 20
[m]
Number of 6 12 14 ] ]
rows
Inter-row
width [m] 2.75 2.5 2.4 2.4 2.5
Plant
spacing in 1 0.9 0.9 0.9 0.9
row [mj
Gri.lpe Barbera Cortese Dolcetto Timorasso Barbera
variety

Results and discussion

The vineyards selected for this study, which are located in the Novese area
(Novi Ligure and Capriata d’Orba) and Carpeneto, according to the Koppen-Geiger
climate classification for the European Alps (Rubel et Al., 2017), are classified as
Csa, indicating a warm temperate climate with hot and dry summers. Rocchetta
Tanaro, on the other hand, is classified as Cfa, which denotes a warm temperate
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climate with hot summers and no dry season. Additionally, Rocchetta Ligure,
situated in the Borbera Valley of the Apennine Mountains, is classified as Csb,
characterized by a warm temperate climate with warm and dry summers.

According to the climate classification method by Bagnouls and Gaussen
(1957), also known as the xerothermic index, all five study areas fall within the
Xerothermic zone (long dry days) and the Sub-Mediterranean subregion. These
areas experience one or two arid months in summer. Rocchetta Ligure is located at
the boundary of the mesoxeric climate area (hypomesoxeric temperate subregion).
In this region, there are no arid months, and the average monthly temperatures of
the coldest month range between zero and ten degrees Celsius. This method, which
relates average monthly precipitation to average monthly temperatures to determine
dry periods, is particularly useful for identifying drought periods and evaluating
climatic limitations that may affect agricultural techniques in a given area.

Another possible classification is the pedoclimatic classification developed by
the Soil Conservation Service (SCS) of the United States, known as the Land
Capability Classification (LCC). This system, developed by Klingebiel and
Montgomery (1961), evaluates the land’s capability for use by classifying soils into
Land Capability Classes based on their physical and chemical characteristics, as
well as the limitations that may affect their agricultural use. This method is
particularly useful as it helps determine the productive capacity and the most
appropriate agricultural practices for each type of soil. It also identifies areas that
require interventions to prevent erosion and maintain soil fertility. According to this
classification, all five vineyards under study fall within the Ustic Mesic area. The
Ustic moisture regime is characterized by significant periods of dryness, making it
essential to choose drought-resistant crops or resort to irrigation. The Mesic
temperature regime indicates sufficiently high temperatures to support crop
development. Also in this case, Rocchetta Ligure is located at the boundary of the
Udic Mesic area, where dry periods are of limited duration and frequency.

An analysis of the annual average daily cumulative precipitation, calculated
over the period 1991-2020 through interpolation of the ARPA Piemonte
pluviometric network (2024), for each study site, reveals a clear seasonal trend
(Table 9). Autumn emerges as the wettest season, with November being the rainiest
month across all sites. Conversely, summer is the driest season for most study sites.
Rocchetta Ligure stands out for having both the highest number of rainy days and
the highest annual, autumnal, and November precipitation, while Rocchetta Tanaro
records the lowest values in these categories. Summer is the driest season for most
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sites, with Rocchetta Ligure recording the highest summer precipitation (173.6
mm). However, for Rocchetta Tanaro, winter is the driest season (118.7 mm
compared to 139.3 mm in summer). Notably, July is the least rainy month for all
sites except Rocchetta Tanaro, where February is the least rainy month (37.6 mm
compared to 39.4 mm in July).

Table 9: Principal information on precipitation, climate (K&ppen-Geiger
classification) and soil characteristics for each study site.

Site Carpeneto Novi Capriata  Rocchetta Rocchetta
P Ligure d’Orba Ligure Tanaro
Number of rainy
days (threshold 82.4 80.8 81.7 99.1 77.2
1mm)
Annual
precipitation 817.2 815.0 785.7 1083.4 695.7
(mm)
Wettest month November November November November November (94.5)
(mm) (144.0) (145.1) (137.6) (181.6) ’
D"e(s;ll‘::;’“th July 35.4)  July (34.9) July (35.0) July(43.9) February (37.6)
Wettest season Autumn Autumn Autumn Autumn Autumn (238.6)
(mm) (333.8) (343.4) (324.0) (445.1) )
Driest season Summer Summer Summer Summer .
(mm) (1252)  (1224)  (1240)  (1736)  ‘vinter(118.7)
Csa Csa Csa Csb
Cfa
(warm (warm (warm (warm
(warm temperate
Climatic zone terpperate terpperate temperate tgmp erate with hot summers
with hot with hot with hot  with warm and no dr
and dry and dry and dry and dry Y
season)
summers) summers)  summers)  summers)
Alfisols of  Alfisols of
USDA soil ancient ancient Alﬁsqls of hillside o
lassificati terraces / terraces / ancient Incentisols hillside Alfisols
classilication hillside hillside terraces P

Alfisols Inceptisols

In the city of Novi Ligure, a few kilometers from the vineyard under study,
there is a centennial weather station with data recorded since 1879. Cortemiglia et
Al (1999) conducted a climatic analysis of the data series from 1879 to 1979,
yielding results comparable to those obtained by ARPA Piemonte. Annual
precipitation was found to range between 745.6 and 860.8 mm, with an average
summer precipitation of 138.6 mm and an autumn average of 329.7 mm. The
wettest summer was in 1960, with 491.5 mm of rainfall over 29 rainy days, while
the driest summer was in 1884, with only 22.6 mm over 4 rainy days. Additionally,
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the wettest autumn occurred in 1976, with 713.4 mm of rainfall over 30 rainy days,
whereas the driest autumn was in 1921, with just 37.7 mm over 3 rainy days.

Biancotti et Al. (1998) report the rainfall data of the period 1951-1986 from
several weather stations near the study sites. The Carpeneto site is located between
the weather stations of Sezzadio and Ovada. Ovada, situated at an altitude of 187
meters, has an average annual precipitation of 965 mm and 70 rainy days. October
is the wettest month with 149 mm of rainfall, although November has more rainy
days (8 days) compared to October (7 days). The driest month is July, with 29 mm
of rainfall over 3 days. Sezzadio, located more towards the plains at an altitude of
127 meters, has lower average annual precipitation of 741 mm and 99 rainy days.
Here too, October is the wettest month with 104 mm of rainfall, while July is the
driest with 36 mm. Considering that Carpeneto is situated at an intermediate
distance between these two stations, the data obtained by interpolation from ARPA
(2024) are reliable.

The nearest weather station to Rocchetta Ligure is Stazzano, located at the
beginning of the Borbera Valley. The station is at an altitude of 219 meters, with an
average annual precipitation of 966 mm over 111 rainy days. November is the
wettest month with 141 mm of rainfall over 10 rainy days, while July is the driest
with 33 mm over 6 rainy days. Given that the vineyard is further into the valley, the
higher average values calculated by ARPA (2024) are expectable and reliable.

Capriata is centrally located among the previously analyzed stations of
Sezzadio, Ovada, and Novi Ligure. Although it is farther from these stations, the
data are comparable to those from the ARPA Piemonte pluviometric network
(2024).

Finally, Rocchetta Tanaro does not have nearby weather stations for
comparison.

Based on the available lithological information (ARPA, 2011a, 2011b) and the
geological map of Piemonte (Piana et Al., 2017) and its subsequent updates up to a
scale of 1:70,000 (ARPA & CNR IGG, 2021), the hills of Alto Monferrato are
composed of sedimentary units from synorogenic basins. These sources provide a
detailed graphic representation of the region’s geology grounded in an extensive
geodatabase. These basins were deformed and uplifted during the Cenozoic and
Quaternary periods. The geological units of Capriata d’Orba, Novi Ligure, and
Carpeneto are composed of fluvial deposits with sands and gravel. Specifically,
Carpeneto is on the boundary with the geological unit of the Rocca Grimalda
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chaotic complex, characterized by blocks of sandstones, hybrid sandstones, and
calcarenites embedded in a clast-supported breccia matrix. The vineyard located in
Rocchetta Tanaro is situated in the upper part on the geological unit of Ferrere
Sands and S.Martino Silts, with Piacenzian silty and sandy-gravelly successions,
while the lower part lies on the geological unit of Maranzana of the Villafranchian,
with fluvial deposits of sands, gravels, and clays. Rocchetta Ligure is located on the
geological unit of Pagliaro Shales, with sandstones locally interbedded with marly
limestones and shales (Arenite, Impure limestone). The site of Rocchetta Ligure is
located in the Val Borbera, situated within the Ligurian Apennines. This valley
extends into the Piedmont region, bordering Liguria. The landscape of Val Borbera
is characteristic of Apennine valleys, featuring rounded ridges and steep slopes,
often subject to erosion phenomena, and it encompasses a wide variety of
geological formations. Throughout the valley, the Antola Flysch, a sequence of
sedimentary rocks, is prevalent. Near Persi (Borghetto di Borbera), the Cessole
Marls are observable, characterized by a succession of fine layers overlain by
sandstone beds. In Cantalupo Ligure, Puddinga Conglomerates can be found, a
sedimentary rock composed of rounded pebbles cemented by a calcareous matrix.
Finally, between Rocchetta Ligure and Mongiardino Ligure, the Pagliaro Shales
emerge. The vineyard object of study is situated on this formation, which includes
sandstones locally interbedded with marly limestones and shales (Arenite, Impure
limestone).

Only the vineyard located in Rocchetta Ligure is subject to hydrogeological
constraints (Regione Piemonte, 2016). No fires have been recorded in the areas
surrounding the vineyards under study (Regione Piemonte, 2024c). None of the
sites fall within protected areas (Regione Piemonte, 2024d).

IS

Figure 14: The figure highlights the landslide areas with red hatching and the vineyard
plots selected for the IN-GEST SOIL project with orange delineation: A) Rocchetta Ligure;
B) Novi Ligure.

Regarding the presence of landslides (Regione Piemonte et Al., 2015; ARPA,
2013a, 2013b; Regione Piemonte, 2024e¢), an active landslide with high potential
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hazard is located upstream of the Rocchetta Ligure vineyard, reaching the vineyard
(Figure 14, A). The landslide has been activated in 1980 and 2002, following heavy
rainfall events. Geognostic surveys and geophysical investigations were carried out,
which confirmed the presence of Pagliaro Clays and the presence of the water table
between 2 and 4 m. In Novi Ligure, there is also an active rapid earthflow with very
high potential hazard, situated upstream of the road above the vineyard under study
(Figure 14, B). The event occurred following rainfall between late April and early
May 2013. The landslide blocked traffic along the SP 158 road. There is a water
well located downstream of the vineyard, which is registered in the National
Archive of Subsoil Investigations (ARPA, 2011c). The water table is at a depth of
15.3 meters. Downstream of the Capriata d’Orba vineyard, there is a dormant
landslide due to the saturation of the superficial cover. In Rocchetta Tanaro, there
are dormant landslides, but only on the opposite side of the hill from the study area.
Finally, there are no landslides near the vineyard located in Carpeneto.
Approximately one hundred meters from the vineyard of Carpeneto, near the
Tenuta Cannona building, there is a well, with the water table located around 12
meters deep. Unfortunately, the values for the depth to groundwater (Regione
Piemonte, 2002a) and the piezometric levels (Regione Piemonte, 2002b) of the
shallow aquifer for the other vineyards are not available.

The recharge areas of deep aquifers (Regione Piemonte, 2023a) are vital for
replenishing underground water tables, particularly those used for human
consumption. Typically located at the edges of plains, these areas benefit from
coarse alluvial deposits left by watercourses, which enhance permeability and
facilitate effective deep aquifer recharge. Their morphology supports the infiltration
of rainwater and interaction with surface water bodies like lakes and rivers (Regione
Piemonte, 2003a). In Piemonte, these recharge areas have been meticulously
mapped and delineated to ensure sustainable water resource management (Regione
Piemonte, 2003b). The vineyards of Novi Ligure, Capriata, and Rocchetta Tanaro
are situated within these zones, while the experimental area near Carpeneto lies at
the edge of the buffer zone, and Rocchetta Ligure is outside of it.

As shown in Figure 15, in the Piedmont vinegrowing areas, most of the soils
are Entisols (60%) or Inceptisols (23%), with only a few vineyards located on
Alfisols (13%) and Vertisols (2%) (Regione Piemonte, 2023b, 2024f).
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Soil of the vineyards in the Piedmont Region

4v, 2% 4%

m Hill Entisols
m Hill Inceptisols
m Ancient Terrace Alfisols
m Hill Alfisols
m Hill Vertisols
Others

Figure 15: The graph illustrates the soil distribution of Piedmont vineyards. It has been
elaborated by overlaying the soil map (Regione Piemonte, 2023b) and the vineyards on the
regional cadastral mosaic (Regione Piemonte, 2024f).

Based on the Soil Map of the Piedmont Region at a scale of 1:50,000 (Regione
Piemonte, 2023b), the vineyards under study are situated on soils with either very
low skeletal content or a negligible percentage of it. These soils have a texture
ranging from loam-clay to clay or silt, are free from reversible or irreversible cracks,
and lack hydromorphic horizons within 150 cm of depth. In all cases, these soils
present significant limitations that restrict the choice of agricultural crops and
require specific agronomic practices. The limiting factor is consistently the slope
(even for the vineyard on the flat land of Capriata d’Orba), and, in the case of Novi
Ligure, also the risk of erosion. The majority of the selected sites (Figure 16) present
Alfisols. Specifically, Capriata d’Orba is on Alfisols of ancient terraces, while
Carpeneto and Novi Ligure are located on the boundary between Alfisols of ancient
terraces and hillside Alfisols, and between Alfisols of ancient terraces and hillside
Inceptisols, respectively. Rocchetta Tanaro is situated on hillside Alfisols, whereas
Rocchetta Ligure is on hillside Inceptisols.
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Figure 16: Soil map of the Alto Monferrato region (Regione Piemonte, 2023b). The
positions of the selected vineyards under study are indicated with red dots.

According to the Real Erosion Map at a 1:250,000 scale (Regione Piemonte,
2023c¢), which uses one-hectare pixels and is calculated using the Revised Universal
Soil Loss Equation (RUSLE) methodology (Renard et Al., 1997), the vineyards in
Rocchetta Tanaro and Capriata are classified as having low erosion rates, below 3
t ha™! year'. Vineyards in Novi Ligure fall into an intermediate erosion class, with
rates ranging from 3 to 15 tha™' year'. Meanwhile, Carpeneto and Rocchetta Ligure
are categorized under high erosion, with rates exceeding 15 t ha™ year and 35t
ha™' year™, respectively. However, the map’s small scale and discrete pixel-based
representation introduce certain limitations. This level of generalization may not
capture localized variations in erosion rates, especially in heterogeneous
landscapes. Previous studies have shown values that are fairly aligned with those
presented by the map, reinforcing its overall accuracy despite certain limitations. A
more detailed scale analysis reveals that erosion in vineyards can actually be much
higher, particularly depending on soil management practices, slope gradients, and
vineyard planting systems (e.g., contour planting or up-and-down slope planting).
For instance, Darouich et Al. (2022) highlighted the significant impact of inter-row
soil management on controlling surface runoff and soil water recharge in
Mediterranean vineyards. Similarly, Biddoccu et al. (2020) identified that erosion
rates in European vineyards vary considerably based on climate, soil, topography,
and adopted soil management practices.

The table 10 of soil analyses from the five sites at two depths (0.0-0.2 and 0.2—
0.4 m) reveals several key characteristics that can influence soil management and
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agricultural productivity. The particle size distribution shows a general trend of
increasing sand and decreasing clay with depth. The silt percentage is relatively
stable or slightly variable with depth. The sandy loam soil of Rocchetta Tanaro has
the highest sand content, with 73.3% at 0.0-0.2 m and 76.4% at 0.2-0.4 m, and the
lowest clay content, with 8.5% at 0.0-0.2 m and 7.5% at 0.2-0.4 m. At the opposite
Capriata d’Orba has a clay loam soil with the lowest sand e the highest clay content.
These variations in texture can affect the soil’s ability to retain water and nutrients,
as well as its physical structure.

The amount of organic matter tends to decrease with depth in all sites except
Rocchetta Tanaro, where it remains almost constant. This is consistent with the
general trend of organic matter concentrating in the upper soil layers, where there
is more biological activity and organic matter decomposition. Carpeneto shows the
greatest reduction, by more than half, from 0.95% at 0.0-0.2 m to 0.44% at 0.2-0.4
m. Rocchetta Tanaro has the lowest OM values, with 0.53% at 0.0-0.2 m and 0.55%
at 0.2-0.4 m, while the highest values are in Capriata d’Orba. Organic matter is
crucial for soil fertility, as it contributes to soil structure, water retention, and
nutrient availability.

Bulk density generally increases with depth and tends to be higher in the soil in
track position (T) compared to less disturbed soil (NT). All BD values, except those
in NT at the surface, are close to or exceed the ideal BD threshold, reaching levels
that can affect root growth. This suggests that the passage of agricultural machinery
may have caused surface compaction. The increase in BD with depth may be due
to greater soil compaction in deeper layers, where there is less organic matter and
biological activity. Compacted soil layers have high bulk densities, restrict root
growth, and inhibit the movement of air and water through the soil (USDA, 2011).

Field capacity (SWCfc) and wilting point (SWCwp) values, calculated based
on Roman Dobarco et Al., 2019, are generally higher in uncompacted soil,
suggesting better water retention in undisturbed soil. The variability among sites is
evident, with Capriata d’Orba showing the highest SWCfc and SWCwp values.
Rocchetta Tanaro has the lowest SWCfc and SWCwp values, with 0.224 and 0.086
m> m™ at 0.0-0.2 m in undisturbed soil, respectively, and 0.212 and 0.080 m*> m
disturbed soil. These differences likely reflect variations in soil composition,

agricultural management practices, and local environmental conditions.

in
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Table 10: Physical soil parameters, measured at 0.0-0.2 and 0.2-0.4 m depth, in the
five vineyards under study: soil texture, organic matter content (OM), bulk density (BD),
soil water content at field capacity (SWCfc) and at wilting point (SWCwp) for both the soil
in the most disturbed track position (T) and the less disturbed (NT). The table also provides
information, calculated from soil textures, on the ideal bulk density (BD) and on the values
that influence and limit root growth in vineyards.

Capriata Carpeneto Rocchetta Ligure Novi Ligure RT();:ll;itota
Depth (m) 0.0-0.2 0.2-04 0.0-0.2 0.2-04 0.0-0.2 0.2-0.4 0.0-0.2 0.2-0.4 0.0-0.2 0.2-0.4

Sand (2.0-0.20 mm) 22.5 24.5 48.7 54.4 45.5 45.5 48.0 48.5 73.3 76.4
Silt (0.20-0.002 mm) 38.5 38.5 30.9 33.1 32.0 30.5 26.0 27.0 18.3 16.1

Clay (<0.002 mm) 39.0 37.0 20.5 12.6 22.5 24.0 26.0 24.5 8.5 7.5
OM (%) 2.89 2.40 0.95 0.44 0.89 0.66 1.35 1.05 0.53 0.55

BD NT 1.20 1.51 1.36 1.37 1.22 1.41 1.38 1.45 1.22 1.51

BDT 1.47 1.53 1.39 1.30 1.33 1.45 1.40 1.43 1.42 1.48
SWCfe NT (m® m) 0.377 0.348 0.277 0.247 0.294 0.284 0.293 0.283 0.224 0.201
SWCfe T (m* m?) 0.361 0.347 0.276 0.251 0.287 0.282 0.291 0.284 0.212 0.203
SWCwp T (m*® m) 0.234 0.232 0.144 0.106 0.148 0.159 0.170 0.164 0.080 0.084
SWCwp NT (m* m) 0.243 0.233 0.144 0.104 0.152 0.161 0.170 0.163 0.086 0.083

sand sand
Texture 1(;1:3;1 1‘3)1:1}1,1 loam Sliz(g loam loam clayy clayy Slzr:g S]?)I:g
loam loam
Ideal BD < (g/cm®) 1.10 1.10 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40
BD influences root 1.49 1.49 1.63 1.63 1.63 1.63 1.60 1.60 1.63 1.63
growth > (g/cm?)
BD limits root growth 50 ;50 g0 180 18 180 175 175 180 1.0
> (g/em®)
Conclusions

This preliminary study is essential to determine which soil management
strategies to adopt in order to reduce compaction and increase OM, thereby
improving water retention and nutrient availability, and contributing to greater
agricultural productivity. The analysis of soil samples from different vineyards
revealed high variability in soil texture, organic matter content, and bulk density.
These variations highlight the need for site-specific soil management strategies to
optimize vineyard productivity and sustainability. The implementation of
innovative soil management practices shows promise in enhancing soil quality and
reducing erosion. These practices, when combined with traditional methods, can
provide a balanced approach to soil conservation.

Engaging local farmers and stakeholders in the adoption of sustainable
practices is essential. The study’s approach of integrating data-driven insights with
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the practical knowledge of local farmers can lead to more effective and widely
accepted soil management strategies. Importantly, the choice of management
strategies will be based on the data presented in this article and the results from a
parallel study, which involved questionnaires on the perceptions and behaviors of
Piedmontese winegrowers. These studies serve as a preliminary step for future
research; further investigations should focus on long-term monitoring of soil
management practices and their impact on vineyard sustainability. Comparative
studies between traditional and innovative practices will provide deeper insights
into their effectiveness.

In conclusion, the IN-GEST SOIL project demonstrates the potential of
combining innovative and traditional soil management practices to address the
environmental challenges faced by vineyards in the Piedmont region. By fostering
a deeper understanding of soil conservation techniques and encouraging their
adoption, this research contributes to the sustainability and resilience of viticulture
in the face of climate change. Continued collaboration among researchers, farmers,
and stakeholders will be crucial in advancing sustainable viticulture practices.
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2.4 Continuous monitoring of erosion and runoff

The monitoring system of the erosion and runoff on a parcel scale (plot) were
installed in four sites, excluding the Capriata d’Orba vineyard, because of the
absence of slope.

The on-site monitoring of the runoff and soil erosion of the monitored plots
takes place through “micro-plots”, i.e. sample areas representative of each soil
management adopted, with 3 replicates for each thesis. The collection system of the
runoff from the sample area was specially designed by CNR-STEMS for the
monitoring of runoff and erosion in the vineyard. It is a system consisting of a
Gerlach-type collection tank (Gerlach, 1967) with a capacity of 20 1, partially
underground, equipped with a sedimentation area and septum for the retention of
suspended parts (leaves, grass, and chopped shoots). Two delimiting bars in steel
convey the water that flows on the surface into the tank, to collect all the water that
flows on the inter-row, from one sub-row to the other. In the event of small rainfall
events, any runoff is collected and contained within the collection tank. The volume
of water contained at the end of the event is therefore measured, the sediment
collected, filtered, dried and weighed, thus obtaining the runoff volume and soil
erosion measurements on the sample area.

The tanks have been designed to be able to collect even exceptional outflows
correctly. In addition to the common Gerlach tank, a divider is made on the
downstream side of the tank by making eight holes. Seven of which discharge the
water, while one hole is connected by a pipe to an underground tank placed
downstream with a useful volume of approximately 15 litres.

95



Figure 17: Components for the realization of the runoff and erosion measurement
system in the vineyard (at Biné vineyard, Novi Ligure): bars for the delimitation of micro-
plots and Gerlach-type tanks with dividers and lids (made of galvanized iron), and tanks
with holes for the collection of runoff.

These systems for monitoring the runoff on "micro plots" (Figure 17) have been
designed and built in such a way as to allow the normal operations (including
mechanized, both with wheeled and both tracked vehicles) to manage the vineyard
(with the exception of soil tillage operations). In fact, tanks and canisters have a
minimum height with respect to the ground and a width that allows agricultural
vehicles to pass over them, the delimitation bars are made of very robust metal, and
equipped with deep pegs, able to resist the passage of vehicles without deforming
or move (Figure 18).

The collection system can be appropriately sized, increasing or reducing the
size of the sample area, moving the tanks further downstream or upstream, based
on the recorded flow volumes. Based on the slope and the width of the inter-rows
of the sites under study, the tanks were positioned at a distance between 10 and 15
meters from the upstream point.
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Figure 18: Installation of runoff measurement systems (tanks and delimitation bars
with second tank) at Tenuta Cannona, Carpeneto.

Carpeneto (Cannona experimental parcels - AGRION) hosts the "historical"
experimental parcel, on which the effects of soil erosion managed with different
techniques have been measured for about 20 years in collaboration with CNR-
STEMS. This system was used as an example to develop the relevant tools to be
provided to the other companies involved in this project.

An analysis of the long and short term monitoring of the site was provided in
the manuscript “Effects of some extreme rainfall events on Hydrological and Soil
Erosion Processes in Tilled and Grassed Vineyards” presented at the 7th
International Congress of Mountain and Steep Slopes Viticulture 2022, held in Vila
Real (Portugal), May 12nd-14th, 2022, reported in the next section.

The analysis of the monitoring of runoff, erosion and microelements losses at
the four sites is detailed in the manuscript titled “Evaluating sustainable soil
management practices in mitigating runoff, soil erosion and nutrient losses in
commercial vineyards of Piedmont”, which has been submitted to Soil Use and
Management, and is under review. The manuscript is reported in the section 2.4.2
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2.4.1 Effects of some extreme rainfall events on Hydrological and
Soil Erosion Processes in Tilled and Grassed Vineyards

Giorgio Capello'?, Marcella Biddoccu', Simone Bussotti®, Elisa Paravidino®,
Eugenio Cavallo!

Institute of Sciences and Technologies for Sustainable Energy and Mobility
(STEMS) of the National Research Council of Italy (CNR); ZInteruniversity
Department of Regional and Urban Studies and Planning (DIST), Politecnico di
Torino and Universita di Torino; SAGRION - The Foundation for Research,
Innovation and Technological Development of Piedmont Agriculture.

Keywords: runoff, sloping vineyard, soil erosion, compaction, soil
management

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. Indeed, adopting proper soil management in
vineyards is crucial to avoid water losses and erosion by runoff, thus improving
water infiltration. The use of cover crops in vineyards is widely considered as an
effective agricultural conservation measure, providing reduction of runoff and
erosion processes and several other ecosystem services. Within the IN-GEST SOIL
project, a preliminary study was conducted in a sloping vineyard located in
Piedmont, NW Italy, in order to assess the role of permanent grass cover in
protecting the vineyard’s soil from degradation, especially in relation to soil
compaction due to machinery traffic and soil erosion. Rainfall characteristics,
runoff and its turbidity, soil erosion, and soil water content were hourly measured
during extreme events occurred in the last two years (2020 and 2021), in two
different inter-row soil managements: 26 runoff events were recorded, 5 of which
due to extreme rainfall with more than 100 mm in the autumn/winter period. Results
show how the soil management adopted in a trafficked vineyard strongly influences
the infiltration and water retention capacity of the soil and the risk of erosion.
Indeed, the grass cover halves the runoff by more than 5 times and reduces the soil
erosion by more than 25 times, compared to conventional tillage. Extreme rainfall
events were responsible for more than % of the runoff and 95% of the soil eroded
in the period (> 5 t/ha), highlighting the need to improve the environmental
sustainability of these agricultural systems, considering the challenge of climate
change, with forecasts indicating increasing temperatures and decreasing rainfall in
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the Mediterranean region associated with extreme events such as drought and
intense rainfall.

Introduction

One of the most widespread cultivations in the world, which has been practiced
in the Mediterranean area for millennia, is viticulture (Corti et al., 2011). Vineyards
are often associated with several environmental problems resulting from the
intensification of production systems, which evidences the need for better
management of soil and water resources, namely in sloping fields in sub-humid to
humid climates (Salomé et al., 2016). First step in optimizing the use of water and
soil in sloping vineyard is avoiding water losses and erosion by runoff, improving
water infiltration (Renard et al., 1997). Mechanical tillage and weeding contribute
to runoff and erosion, mainly when intense rainfall occurs and when the soil
structure is poor with unstable aggregates (Biddoccu et al. 2020). Differently, a
cover crop in the inter row, even temporary, benefits soil functioning whatever the
soil type (Biddoccu et al. 2014). Research results reported by Gémez et al. (2011),
Prosdocimi et al. (2016), and Capello et al. (2020) confirm those conclusions.
Reduction of soil erosion, control and retardation of runoff, water infiltration,
increase in organic matter (OM), carbon sequestration, and nutrient supply and
retention are some of the positive effects of using cover crops (Salomé et al., 2016;
Ruiz-Colmenero et al., 2011; Napoli et al., 2017). However, the ground cover plants
generally compete for water with the grapevines and require special care in water
scarce areas. Furthermore, in vineyards the use of machinery is fundamental, thus
it is crucial a better understanding of its impact on soil compaction, that directly
affects soil physical properties negatively, resulting in reduction of soil porosity, of
water infiltration capacity and increased runoff and consequent erosion, with
decrease of storage and supply of water in the soil (Capello et al., 2020; Pessina et
al., 2021). This soil loss is particularly important when the soil is left bare in the
inter-row and exposed to intense rainfall events (Bagagiolo et al., 2018; Rodrigo-
Comino et al., 2017).

The objectives of IN-GEST SOIL Project (Innovazione nella gestione dei suoli
viticoli attraverso l'adozione di buone pratiche e strumenti di supporto alle attivita
di campo), funded by the EU and Regione Piemonte within Rural development
program 2014-2020 for Operational Groups, is the reduction of soil erosion in
hillslope vineyards in Piedmont, improving soil and vine quality by means of the
introduction of three main innovations: 1) Improved best soil management
practices; 2) Agro-meteorological monitoring, to improve water and soil
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management; 3) ICT tools for managing of monitored data and field observation to
support farmers in vineyard management and water-soil conservation. The focus of
this preliminary study, which was carried out during the first year of the project
development, is to investigate how the soil management adopted in a trafficked
vineyard influences the infiltration and water retention capacity of the soil and the
risk of erosion, in particular when extreme rainfall events occur.

Methods and sources

The study was conducted in a sloping rainfed vineyard located at the “Tenuta
Cannona” Experimental Vine and Wine Center of Agrion Foundation (44°40" N,
8°37" E, 296 m a.s.l.), in the municipality of Carpeneto (AL), in the “Alto
Monferrato” (southern part of the Monferrato hilly area), in Piedmont, NW Italy.
At the experimental site, over the period 2000-2021, the average annual
precipitation was (870,7 mm), ranging from a maximum of 1455 mm (2019) to a
minimum of 493 mm (2017), mainly concentrated in autumn and spring, while the
driest season is summer (12% of annual precipitation) and particularly July. The
mean annual air temperature was 13 °C.

Since 2000, the vineyard was divided in two plots (1221 m? each) with a
different inter row management: (i) conventional tillage (CT, hereafter) cultivation
with chisel (at a depth of about 0.25 m, usually carried out twice a year, in spring
and autumn); and (i) controlled grass cover (GC), i.e., mulching of the spontaneous
grass cover. Most of the farming operations in the vineyard were carried out using
tracked or tyre tractors carrying or towing implements, with intensification of
passages from spring to grape harvest time (up to 27 passages per year). A weather
station hourly measured rainfall characteristics, runoff (RO) and its turbidity, soil
loss (SL), and soil water content (SWC; Dorigo et al., 2021) during events occurred
in the last two years (January 2020 - December 2021), in the two plots.

Theoretical framework and operational concepts

According to Capello ef al. (2019a), the average annual soil loss measured in
the 2000-2016 period was 6.6 Mg ha! and 1.5 Mg ha! in CT and GC, respectively;
the mean annual runoff coefficient measured in the same period was 21 % in CT
and 11 % in GC.

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 coefficient
(RC, %) indicates RO depth divided by precipitation depth (P) of the event. Total
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soil loss (SL, kg ha™') related to each erosive event was calculated as sediment
concentration multiplied by the runoff volume and added to the weight of deposited
sediments. To get an hourly estimation of the eroded soil, water turbidity value (g
1"") was multiplied for the volume of RO (1) (Linjama et al., 2009). All runoff 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.
Following these criteria, 26 runoff events were selected, 5 of which due to extreme
rainfall with more than 100 mm precipitation in the autumn/winter period.

Results

Rainfall {mm)
Sediment Losses (Mg/ha X10)
Runoff {mm)

©

%
P (mm) MWRO CT (mm
MWRO GC (mm) S

Figure 19: Monthly precipitation (P) and mean precipitation in 2000-2019 period (P
mean), runoff (RO) and soil losses (SL) in CT and GC.

Considering the last 19 years, 2020 and 2021 were drier (90 % and 85 % of the
mean annual precipitation, respectively). In particular, winter and autumn in 2020
and spring and summer in 2021 were very dry (only 20.6 mm, 20% of usual
precipitations, in summer 2021), while winter 2020-2021 was the only rainiest
period, with rainfall exceeding twice the usual in December and January (Figure
19). As consequence of low precipitations, yearly runoff was lower than in previous
years (Table 11). Despite 786.6 mm rainfall in 2020, RO was only 9.6 and 6.4 mm
in CT and GC, respectively, with very low erosion. In fact 93 % and 78 % of RO
and almost all the SL of the 2 years was concentrated in 2021, mainly in winter and
autumn. In particular, 2021 RC and SL were lower than in previous years
principally in GC (3 % and 0.21 Mg ha-1, respectively), but not in CT, where RC
(18 %) and SL (5.5 Mg ha-1) were closer to the previous years mean value. This
difference in RO and SL between the two years, although the total rainfall is similar,
may be due to the different distribution of rainfall among the seasons and its
characteristics: as stated by Capello ef al. (2020), SL and RO are influenced by the
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type of event and by the soil conditions. In fact, in 2020, there were low
precipitations in winter and autumn, that are the seasons in which RO and SL are
usually higher. Comparing in detail the month of October of the two years, despite
a similar high value of P, the distribution of rain was very different: in 2020 there
were several small events, while in the second year there was only a single event
with a very high rain intensity. These results show also how the soil management
adopted in a trafficked vineyard strongly influences the infiltration and water
retention capacity of the soil and the risk of erosion. Indeed, the grass cover,
compared to conventional tillage, halves the runoff by more than 5 times, and
reduces the soil erosion by more than 25 times.

Table 11: Precipitation (P, mm), runoff (RO, mm), runoff coefficient (RC, %) and soil
losses (SL, Mg ha!) in CT and GC, in the period of study (20+21) and for the selected
events (Sel_all), divided in normal (Sel normal) and extreme (Sel extreme).

Events P ROCT RCCT SLCT
20+21 1528.4 141.56 9.3% 5.55
2020 786.6 9.62 1.2% 0.01

% of 20+21 51.5% 6.8% 0.1%
2021 741.8 131.94 17.8% 5.54
% of 20+21 48.5% 93.2% 99.9%
Sel all 1256.6 141.32 11.2% 5.55
% of 20+21 82.2% 99.8% 100.0%
Sel normal 579 31.31 5.4% 0.07
% ofsel all  46.1% 22.2% 1.3%
Sel extreme 677.6 110.01 16.2% 5.47
% of sel_all 53.9% 77.8% 98.7%
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Events P ROGC RCGC SLGC

20+21 1528.4 29.15 1.9% 0.22
2020 786.6 6.40 0.8% 0.01

% of 20+21 51.5% 22.0% 2.5%
2021 741.8 22.75 3.1% 0.21

% of 20+21  48.5% 78.0% 97.5%
Sel_all 1256.6 25.74 2.0% 0.22

% of 20+21 82.2% 88.3% 100.0%
Sel normal 579 6.86 1.2% 0.01

% ofsel all  46.1% 26.6% 6.7%

Sel extreme  677.6 18.89 2.8% 0.20

% ofsel all  53.9% 73.4% 93.3%

The selected events (Table 11) account for more than 80 % of the precipitations
and almost all the RO and SL of the 2 years. Only in GC, a little more than 10 % of
RO was generated by other little events. In particular, 5 runoff events, due to
extreme precipitation with more than 100 mm, in the autumn/winter period,
accounting half of the precipitations, are responsible of ¥4 RO and more than 90 %
of SL in the two plots.

The extreme event occurred on 3-4th October 2021 (P = 2354 mm,
concentrated in less than 24 h), responsible for most of the runoft and erosion of
the period, was analysed to understand the runoff generation process. Due to the
passage of agricultural machinery for the harvesting, which took place a few weeks
before, the soil, in both plots, had a resistance to penetration greater than 2.5 MPa
below 15 cm depth. The bulk density values were high, especially in
correspondence of the track position. Despite this, the hydraulic conductivity was
higher than 100 mm h™! in both plots. As observable in Figure 20, SWC increased
in a few hours from the start of the rain event, reaching the saturation in both plots,
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when the runoff began. It is evident how the RO intensity matches the rain intensity,
in particular in CT, where RO is more intense than in GC. It is also interesting to
note how the suspended sediments in runoff water have a peak only at the start of
the runoff process, when the water washes away the finer, non-cohesive soil surface
particles. Also in this case the quantity of soil transported by water is greater in CT
than in GC.
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Figure 20: Cumulative precipitation (P cum, mm), Precipitation intensity (P int, X10,
mm), runoff (RO, mm), soil water content (SWC, m®> m x 1000) and suspended sediment
(kg) in CT and GC.

It is clear that this is a case of saturation excess overland flow: when the soil
reaches the saturation, water can no longer infiltrate, generating runoff (Castillo et
al., 2003). It is also possible that subsurface return flow has occurred: on slopes,
especially where the soil is characterized by layers with different hydraulic
conductivity, after the water has infiltrated the upper part and saturated it, it can
flow by gravity under the surface and then re-emerge further downstream (Govi et
al., 1985; Luino, 2005). The presence of the grass roots ensured a higher hydraulic
conductivity, also in depth, greatly reducing the runoff in the grassed plot. The grass
also protected the soil from the direct impact of raindrops, slowing down the surface
runoff, and restraining the suspended particles.

The results confirm that the use of cover crops in vineyards is an effective
agricultural conservation measure, providing various ecosystem services, primarily
reduction of runoff and erosion processes, besides many others (increasing soil
organic matter, weed control, pest and disease regulation, water supply, water
purification, improvement of field trafficability, and conservation of biodiversity
(Garcia et al., 2018; Winter et al., 2018; Hall et al., 2020). Nevertheless, in the
Mediterranean region wine growers are reluctant to use permanent cover crops due
to concerns over soil water competition with the vine (Celette et al., 2008; Ruiz-
Colmenero ef al., 2011). In the context of increasing temperatures, wine growers
tend to use temporary or partial cover crops. To further investigate how different

104



soil management systems and an adequate programming of the field operations,
within the IN-GEST project other 4 study cases have been implemented in 2021 in
other 4 vineyards (“Cascina Bin¢” at Novi Ligure, “Nebraie” at Rocchetta Ligure,
“Cascina Gentile” at Capriata d’Orba and “Torchio” at San Damiano d’Asti). This
study will aim to improve the environmental sustainability of the vineyard, the
relevance of which is further enhanced in the context of the climate change, with
forecasts indicating increasing temperatures and decreasing rainfall in the
Mediterranean region associated with extreme events such as drought and intense
rainfall (IPCC, 2018).

Conclusions

As consequence of low precipitations in 2020 and 2021, yearly RO and SL were
lower than in previous years, mainly in GC than in CT. Most of the erosion was
generated by a single extreme precipitation occurred in the autumn 2021, during
which the grass cover had a great efficiency in reducing water and soil losses. These
results highlight the necessity to protect the soil and adopt adequate soil
management to reduce water and soil losses in the different seasons of the year.
This is particularly necessary especially in periods where high levels of soil
compaction, due to tractors traffication, are associated to relevant rainfall events.
These extreme events are increasing in frequency in the context of the climate
change.
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Abstract.

Viticulture in the Mediterranean is vital for its economic, cultural, and
environmental benefits. However, intensified vineyard management poses
environmental challenges, particularly in soil and water conservation and
sustainability of this agro-ecosystem. Climate change exacerbates these issues,
impacting grape and wine quality due to rising temperatures and altered water
regimes. This study investigates the effectiveness of sustainable soil management
practices in reducing surface runoff, soil erosion, and nutrient losses in four
vineyards located in the Piedmont region, Italy. With one exception, the monitored
vineyards are part of commercial farms, and vine-growers were involved in the
project activities, as part of the IN-GEST SOIL Operational Group (OG). The
project aimed to collaborate in defining best practices for enhancing soil
conservation in vineyards of their region. The research compares different soil
management practices, with different level of sustainability by monitoring soil
runoff and erosion using Gerlach throughs, over a two-year period. The period of
observation was characterized by prolonged drought, interspersed with intense
rainfall events. However, results highlight the effectiveness of enhanced soil
management practices, such as permanent grass cover and cover cropping, in
mitigating surface runoff and soil erosion during rainfall events. The transitioning
from bare soil and traditional tillage to permanent grass cover significantly reduces
runoff, erosion and nutrient loss, especially during intense rainfall events.
Alternating rows management showed higher vulnerability to erosion. No-till
seeding minimized soil disturbance and improved water availability. Soil
management practices should be optimized to minimize water, soil and nutrient
losses, taking into account local climate and seasonal meteorological conditions.
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These findings contribute to the growing body of knowledge on sustainable
viticulture practices and offer practical recommendations for vineyard managers
aiming to enhance soil health and reduce environmental impacts.

Keywords: soil and water conservation, sustainable viticulture, cover crops,
operational groups, collaborative innovation.

Synopsis:

» The study conducted in commercial vineyards in Piemonte confirms finding
of soil erosion long-term observations or prediction in the region.

* Best improvement in reducing water, soil and nutrient losses was obtained
using permanent grass cover in all rows.

» Conventional tillage management leads to loss of essential nutrients and
fertility, especially as consequence of intense rainfall events.

* In alternate rows management, cover crops results in a lower volume of
runoff and sediment than in the rows with spontaneous grass cover.

* During more intense and erosive events, the more sustainable approaches
consistently performed better than conventional ones

Introduction

Viticulture 1s a key agricultural activity in the Mediterranean, offering
significant economic, cultural, and environmental benefits (UNESCO, 2014;
Foronda-Robles, 2018). Italy ranks fourth in vineyard area, with 718,000 hectares,
after Spain, France, and China (OIV, 2023). The Italian administrative region of
Piedmont accounts for 11 % of Italy’s grapes for PDO (Protected Designation of
Origin; Italian: DOP) wines (ISTAT, 2024). However, intensified vineyard
management has introduced environmental challenges, especially for soil and water
conservation, biodiversity, and ecosystem service provision (Giffard et al., 2022).
The increasing awareness of soil as a non-renewable resource and its key role in
climate change mitigation has stimulated global efforts to adopt sustainable soil
management practices in viticulture (Lazcano, 2020).

The ongoing impacts of climate change are profoundly affecting both human
systems and ecosystems, with agriculture among the most affected sectors (Fraga,
2019). Rising temperatures can significantly impact crop yield and quality (Adams
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et al., 1998; Parthasarathi et al., 2022). Climate change’s effects strongly influence
grape phenology (Kowalczyk et al., 2024) and wine quality (Mariani et al., 2009).
Another consequence of a rapidly changing climate is the imbalance of the water
regime, characterized by a decrease in annual rainfall and an increased frequency
of extreme events such as floods and droughts (Spano et al., 2020). According to
the IPCC's Sixth Assessment Report (IPCC, 2023), drought phenomena will be
exacerbated in the dry summer climates of the Mediterranean region, including
inland hilly areas where vines are traditionally grown (Bagagiolo et al., 2021).
Vineyards in Mediterranean hilly areas are increasingly exposed to prolonged dry
spells punctuated by high-intensity rainfall events, which enhance runoff generation
and sediment detachment on bare or recently tilled inter-rows (Straffelini & Tarolli,
2023). Importantly, erosion and related nutrient loss are highly episodic: a small
number of high-magnitude storms can account for a large share of annual runoff
and soil loss (Biddoccu et al., 2014; Capello et al., 2022). Under such conditions,
practices that increase soil cover and reduce disturbance (e.g., permanent grass
cover or cover crops) are expected to mitigate event-scale runoff, sediment yield
and nutrient losses more consistently than conventional tillage (Prosdocimi et al.,
2016).

In parallel, land degradation compounds climate risk. Rainfall significantly
contributes to soil erosion and nutrient loss (Panagos et al., 2015), leading to non-
point source pollution of groundwater reserves and ecological degradation (Ding et
al., 2024; Suciu et al., 2020). Soil erosion is closely linked to nutrient loss (Garcia-
Diaz et al., 2017), and significantly impacts soil fertility and vineyard productivity
(Ruiz-Colmenero et al., 2013). Under extraordinary storms, Mediterranean
vineyards can also lose substantial amounts of nutrients in a single event,
reinforcing the coupling between sediment yield and nutrient losses (Ramos and
Martinez-Casasnovas, 2004).

EU-wide assessments estimate 0.43 % yr! crop productivity loss due to water
erosion on severely affected agricultural areas, with Italy among the most impacted
(Panagos et al., 2018). In NW Italy sloping vineyards, long-term monitoring reports
one order of magnitude differences in annual erosion: roughly 10-25 t ha™ yr'
under tilled inter-rows versus 2-3 t ha™' yr' under grass cover (Biddoccu et al.,
2016). In this context, effective soil and water management practices are vital to
ensure the sustainability and resilience of vineyards (Salome et al., 2016). Water
resource management is emerging as a key constraint for sustaining grape yield and
quality. Accordingly, implementing soil and water conservation practices can alter

hydrological conditions and water flow dynamics on hillslopes, reducing both
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erosion and nutrient loss (Novara, 2011; Carceles Rodriguez et al., 2021). These
practices can significantly influence soil properties and help maintain soil health,
thereby supporting long-term vineyard sustainability and productivity (Prada et al.,
2024; Cataldo et al., 2020). In turn, improved soil functioning can help sustain grape
yield and management outcomes under variable conditions (O’Brien et al., 2025).
Good soil management can also positively influence wine quality parameters
(Ramirez-Pérez et al., 2024; Cataldo et al., 2021).

In Mediterranean vineyards, especially in new plantations and dry conditions,
traditional soil management typically involves multiple tillage operations each year
to keep the soil bare, improve aeration, and prevent competition between weeds and
the crop for nutrients and water (Ruiz-Colmenero et al., 2011; Delpuech & Metay,
2018). However, this practice can also lead to accelerated soil erosion (Gristina et
al., 2022), increased vulnerability to compaction (Pessina et al., 2025; Capello et
al., 2019), loss of organic matter (Payen et al., 2021) and nutrients (Telak and
Bogunovic, 2020), reduced aggregate stability (Belmonte et al., 2018), decreased
biodiversity (Karimi et al., 2020), lower soil water content (Horel et al., 2024), and
reduced crop yield (Steponaviciené¢ et al., 2024). To mitigate these issues,
alternative management practices, such as the use of groundcover with grass cover
or cover crops, have been proposed (Novara et al., 2011; Ferreira et al., 2020).
These practices help to reduce soil erosion by water and enhance soil organic carbon
content (Prosdocimi et al., 2016; Keesstra et al., 2016; Steenwerth & Belina, 2008).
Plant covers intercept raindrops, reducing their impact and acting as physical
barriers to the overland flow of water and sediment, thereby decreasing runoff and
sediment delivery (Marchamalo et al., 2016; Mekonnen et al., 2015). Groundcovers
contribute to the overall health of the vineyard ecosystem by promoting increased
aggregate stability, improving soil structure (Virto et al., 2012; Cerda, 2000), and
favouring higher infiltration rates (Biddoccu et al., 2013). Previous studies have
shown that permanent grass cover can reduce runoff by up to 65 % and soil erosion
by 72 % (Capello et al., 2020). Cover crops can also improve soil fertility by
increasing soil organic matter and microbiological function (Steenwerth et al.,
2010; Bernaschina et al., 2023) and enhancing biodiversity (Geldenhuys et al.,
2021). This also aids in preserving the landscape and cultural heritage associated
with viticulture (Garcia, 2018). However, these crops, such as legumes, are usually
not harvested and require additional management, such as mowing, mulching, or
incorporation into the soil. In addition to these practices, organic vineyard
management practices have also been explored as a means to improve soil health
and vine nutrition (Abad et al., 2021).
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While inter-row soil management with spontaneous grass cover is already well
established in Piedmont and other northern Italian regions, growing concerns about
soil and water conservation and increasingly variable weather have fostered the
adoption of sown cover crops tailored to site conditions and seasonal windows.
Recently, due to increasing concern about water scarcity, vine growers have also
moved away from uniform/permanent grass cover, shifting instead to alternating
grass cover in every second row or maintaining vegetation only during part of the
year (Caffaro et al., 2026; Dugan et al., 2024).

Despite substantial evidence that sloping vineyards are highly erosion-prone
and that cover crops can mitigate runoff and soil loss, most quantitative knowledge
still comes from small plot or rainfall-simulation experiments, often conducted in
research settings and with heterogeneous methods and spatial scales. These
conditions can limit external validity and comparability across sites. Reviews
repeatedly underline the methodological dispersion (plot size, devices, intensities)
and the difficulty of generalising results beyond experimental stations (Prosdocimi
et al., 2016; Prosdocimi et al., 2017; Neumann et al., 2022). In addition, event-scale
budgets based on Gerlach troughs, central to vineyard hydrology, are sensitive to
sampling layout and storm variability, raising issues of representativeness;
paired-plot studies in European vineyards document large within-storm scatter and
management-induced variability across rows and seasons (Pantazis & Nastos, 2025;
Quiquerez et al., 2016; Brings et al., 2017). In Mediterranean viticulture, multi-site,
on-farm operational trials remain scarce and even long-term work in NW Italy
demonstrating the benefits of grass cover has largely been conducted in
experimental plots rather than across commercial farms under growers’ constraints
(Biddoccu et al., 2014; Biddoccu et al., 2015). Moreover, a small number of high-
intensity rainfall events often dominates annual runoff and soil and nutrient losses,
yet relatively few studies explicitly stress-test management practices across
contrasting hydro-climatic years within a unified design (Capello et al., 2022;
Ramos, 2016). This gap is consequential given the observed and projected
intensification of hydrological extremes across the Mediterranean (Heinekamp et
al., 2025; Santos et al., 2020). Finally, although co-design with growers and
on-farm experimentation are recognised pathways to improve adoption and external
validity, agronomic studies often under-document experimental design choices and
the management decision process in operational settings (Kool et al., 2020).

To address these gaps, this study aims to evaluate how alternative inter-row soil
management practices modulate the hydrological and erosive response of sloping
vineyards under real-world operational conditions. We conducted a two-year,
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multi-site study across operational commercial vineyards in southern Piedmont, co-
designed with growers within the IN-GEST SOIL Operational Group. Management
decisions (e.g., tillage, mowing, sowing dates) followed real farm constraints
(labour, machinery, timing, budgets) and were supported, where applicable, by
technical advice and decision-support tools. Specifically, using in-field monitoring
with Gerlach troughs, we quantified surface runoff, soil erosion, and associated
losses of dissolved elements (micronutrients and major cations) in runoff water, as
an indicator of solute export under erosion-prone conditions. Measurements were
conducted at event and seasonal scales across an increasing gradient of
sustainability in farmer-adopted practices (conventional tillage, CT; sown cover
crops, CC; and grass cover, GC), with particular attention to intense rainfall events
and performance variability among farms. This on-farm, participatory, multi-site
design moves beyond single-site experimental plots and provides a real-climate
stress test across years combining prolonged drought with high-intensity rainfall,
thereby strengthening the evidence base for practical soil and water conservation in
sloping vineyards under increasingly variable conditions (European Commission,
2021).

Within this scope, we hypothesised that vegetated practices would consistently
outperform tilled bare soil for all response variables (event runoff, sediment yield,
and dissolved element loads), with the expected ranking GC = CC < CT (lower
values indicating better performance). We further expected that between-practice
differences would widen during intense rainfall events, when continuous cover and
higher root density should enhance interception and infiltration while reducing
overland-flow connectivity, whereas differences would be smaller under moderate
storms. Finally, we hypothesised that dissolved element losses are primarily driven
by runoff dynamics (mainly runoff volume and, to a lesser extent, concentrations),
so that practices reducing runoff also reduce dissolved element export; any
association with sediment yield should be weaker and event-dependent. In line with
our measurement design, these hypotheses focus on runoff, erosion, and dissolved
elements export and do not aim to assess broader soil-health attributes (e.g., SOC,
aggregation, soil biology). Overall, the study provides operational evidence on the
comparative performance and variability of sustainable soil-management practices
across multiple commercial vineyards, offering actionable guidance to reduce
runoff, soil loss, and dissolved element losses under rainfall regimes that are
becoming more extreme and less predictable.
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Materials and method
Study area

The vineyards chosen for the experiment are located in the southern Piedmont
region, Italy (Figure 21). All sites are included within DOC or DOCG wine
production areas (Regione Piemonte, 2024a). Three out of four vineyards
(Carpeneto, Novi Ligure and Rocchetta Tanaro) are located in Alto Monferrato
region, whereas Rocchetta Ligure is situated in Val Borbera. The Carpeneto
vineyard is part of an experimental centre, however it is conducted according to
local farming for wine production; the other vineyards belong to commercial wine-
producing farms. Two of the vineyards (Novi Ligure and Rocchetta Ligure) are
managed under organic farming, the remaining followed integrated pest
management regional regulations.

The four study vineyards differed in soil texture, slope, soil management and
mechanization (Table 12). Vine rows were planted along the maximum slope line
at all sites. At the beginning of the study, composite soil samples (0—-0.2 m and 0.2—
0.4 m) were collected from six locations within each plot and analysed for texture
and organic matter content (Table 12). Further details on site characterization and
additional baseline soil properties are provided in Capello et al. (2024).

Monthly rainfall data from 2000 onwards were available for the CA site and
were used to place the 2022-2023 monitoring period within the long-term climatic
variability. We therefore computed the 12-month Standardized Precipitation Index
(SPI; McKee et al., 1993), which summarizes precipitation anomalies at annual
scale; SPI results are used only for climatic context and are not intended as an event-
scale predictor of runoff.
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Figure 21: The map depicts the Monferrato area in the Piedmont region. DOC and/or
DOCG wine production areas (Regione Piemonte, 2024a) are marked with purple hatching
(cross-hatching if there are two or more DOC/DOCG). Vineyard parcels, based on the
regional cadastral mosaic (Regione Piemonte, 2024b), are highlighted in green. The
selected vineyards for the experiment are indicated with red dots.

Vineyard management

At each site, two adjacent plots were monitored: a baseline plot managed
according to the farm’s current practice and an enhanced sustainability plot (ES)
implementing an alternative inter-row management (Table 13). Baseline
management corresponded to low sustainability (LS) at Carpeneto (CA; Agrion
Foundation “Tenuta Cannona”) and to standard sustainability (SS) at Novi Ligure
(NL), Rocchetta Ligure (RL) and Rocchetta Tanaro (RT).

Inter-row practices were classified as conventional tillage (CT; repeated tillage
to maintain bare soil), spontaneous grass cover (GC; permanent or seasonal), or
seeded cover crop (CC). Details of operations (tillage depth, mowing and under-
vine management) are summarised in Table 13. ES plots adopted an innovative
inter-row soil management selected jointly with the growers. The choice of
practices was informed by a survey conducted among vine growers in Piedmont
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(Caffaro et al., 2026) and targeted a more continuous ground cover to improve soil
protection and reduce runoff, erosion and associated micro-element losses.

Table 12: Characteristics and principal information of the four vineyards site of study

in the Piedmont region.

Site ID CA NL RL
Municipality R Rocchetta Ligure
(province) Carpeneto (AL) Novi Ligure (AL) (AL)
Vineyard 44°40'56.42" N, 44°44'1291"N, 44°40°34.90” N,
coordinates 8°37'3427"E 8°47'23.34"E 9°3’18.40”E
Fx . 134° 196° 269°
posure (Southeast) (South-Southwest) (West)
Average elevation 273.3 225.3 510.5
[m a.s.L]
Average slope
[%] 15.3 14.2 16.8
Plot area [m?] 40 39 30
Inter-row width
and plot length 2.75x 14.5 2.6x15 2.4x12.5
[m] . .
Plant spacing in 1.0 09 0.9
row [m]
Grape variety Barbera Cortese Timorasso
Csa Csb Csa

(warm temperate  (warm temperate (warm temperate

Climatic zome i 1 ot and dry with warm and dry ~ with hot and dry

summers) summers) summers)
. Alfisols of Alfisols of ancient
lU SthA s:)‘ﬂ ancient terraces /  hillside Inceptisols  terraces / hillside
classilication hillside Alfisols Inceptisols
Depth (m) 0.0-0.2 0.2-0.4 0.0-0.2 0.2-0.4 0.0-0.2 0.2-04
Sand 2.0-020 o7 544 45 485 455 455
mm)
Silt (0.20-0.002 30.9 33.1 26 27 32 30.5
mm)
Clay (<0.002 mm)  20.5 12.6 26 24.5 22.5 24
Orga“(‘f/l;““er 095 044 135 105 089  0.66
(U
sand sandy sandy
Texture loam ) clay clay loam loam
oam

loam loam

RT

Rocchetta
Tanaro (AT)
44°50'40.3"N,

8°22'07.3"E

315°

(Northwest)

197

19
30

25x12

0.9

Barbera

Cfa
(warm temperate
with hot
summers and no
dry season)

hillside Alfisols
0.0-0.2 0.2-0.4
73.3 76.4

18.3 16.1
8.5 7.5
0.53 0.55

sandy  sandy
loam loam
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Table 13: Soil management compared in the four vineyards included in the study.

SOIL
MANAGEMENT CA NL RL RT
CT, 25 cm soil
tillage with

ripper, all rows,
in spring and

autumn. Mowing
in summer.

LS management

Alternate rows
with: 1) CC
mixture sown in
autumn with
combined rotary
harrow+seeder,
after 40 cm
vineyard subsoiler
tillage and
fertilization; 2) GC
spontaneous grass,
5-10 cm tillage
with flexible tine
harrow in summer
in dry conditions.
Mowing of grass
in spring and
summer, residues
on ground.
After harvest each
year CC rows
become GC and
vice versa.

SS management

GC, permanent Same as SS, but in

t
spontancous GC selected grass
ES management grass, periodic
mechanical seeds are sown
. with no till seeder
mowing

Seeded cover crop

Mixture of typical
species

green manure

Alternate rows
with: 1) CC
mixture sown in
autumn with
combined rotary
harrow+tseeder,
after 30 cm
subsoiler+disks
tillage and
fertilization; 2) GC
spontaneous grass,
5-10 cm tillage
with flexible tine
harrow in summer
in dry conditions.
Mowing of grass
in spring and
summer, residues
on ground.
Annual rotation:
each autumn the
previously grassed
inter-row is tilled
and re-seeded as
CC, while the
previous CC inter-
row is left to revert
to spontaneous
GC.

Same as SS, but
without annual
rotation: CC sown
in the same inter-
row every year; the
GC inter-row is
maintained with
the aim of
transitioning to
permanent grass
coVver.
Mixture of typical
green manure

GC, permanent
spontaneous
grass, periodic
mechanical
mowing.
Chemical
herbicide under
vines.

GC, permanent
spontaneous
grass, periodic
mechanical
mowing.
Mechanical
mowing under
vines with brush
cutter.
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species, including  species, consisting

Fabaceae and of Fabaceae,
Poaceae Poaceae, and, in
smaller quantities,
Brassicaceae

Field surveys and monitoring

A monitoring system was installed at each site in autumn 2021 to cover the 2022
and 2023 seasons; at RT, equipment installation started in June 2022. Rainfall was
recorded by an on-site rain gauge.

Runoff (RO) and soil loss (SL) were monitored using inter-row micro-plots (30—40
m?, Table 11) equipped with a Gerlach trough (Gerlach, 1967). Micro-plot
dimensions were selected to balance representativeness and field feasibility in
vineyard inter-rows (Table 12; Bagarello et al., 2018). The runoff collection system
from the sample area was specifically designed by CNR-STEMS for monitoring
RO and SL in vineyards (SM1). At each vineyard, six micro-plots were installed
(three replicates in the baseline plot and three in the ES plot; Figure 22). Collected
runoff was conveyed to a tank (and, where needed, an additional container for
overflow; Figure 23).

After each rainfall event producing surface runoff, the collected volume was
measured and a well-mixed subsample (water + suspended sediment) was collected
for laboratory analyses. During each field visit, the system was inspected to identify
potential failures (e.g., clogging of outlet holes, malfunction of delimitation bars,
or bypass flow beneath the borders) and to exclude external contributions (e.g.,
inflow from adjacent rows). Only events passing these checks were retained for
subsequent analyses.

Growers and vineyard staff involved in the project were trained by the research
team to perform field observations, collect runoff measurements and take water
samples following a standardized protocol.

Runoff depth (RO, mm) was calculated from collected volume and contributing
area. The runoff coefficient (RC, %) was computed as RO divided by event rainfall.
Soil loss (SL, kg ha™") was derived from suspended sediment concentration (CES)
and runoff volume. An erosion coefficient (EC, kg ha™' mm™) was calculated as SL
normalized by event rainfall. For dissolved micro elements, event loads were
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obtained by multiplying concentration (mg L) by runoff volume (L) and, for cross-
site comparison, were expressed per unit rainfall (mg mm™).

Runoff-water samples were analysed for dissolved elements including B, Cu, Mn
and Fe, and major cations (K, Na, Mg and Ca). The analytical suite was selected to
address a knowledge gap on micro-element loss from vineyards and to remain
consistent with the project’s scope and budget; analyses of N and P species were
therefore not included. Samples were processed and preserved following standard
laboratory procedures and analysed, with appropriate calibration standards and
quality-control blanks/replicates.

Carpeneto (CA) Novi Ligure (NL)
LS ES SS ES
ctT | cT | CT GC | GC | GC GC | CC | GC GC | CC | GC
Rocchetta Ligure (RL) Rocchetta Tanaro (RT)
SS ES S5 ES
GC | CC | GC GC | CC | GC GC | GC | GC GC | GC | GC

Figure 22. Layout of the six micro-plots installed at each site (three replicates per
treatment). Micro-plots were located within the inter-row and labelled according to the
inter-row groundcover type adjacent to the collector: CT, conventional tillage (bare soil);
GC, spontaneous grass cover; CC, seeded cover crop. Baseline management was LS at CA
and SS at NL, RL and RT, while ES indicates the enhanced sustainability plot (Table 13).
At RT, SS and ES share the same inter-row groundcover (GC) and differ only in under-
vine management. At RL, SS and ES share the same inter-row groundcover types (CC and
GC), but differ in temporal management: SS alternated CC and GC between inter-rows
annually, whereas ES kept CC in the same inter-row each year and maintained GC towards
permanent cover.
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Figure 23: On the left, the Gerlach microplots installed in the rows of the Rocchetta
Ligure vineyard. On the right, the Gerlach tank after collecting runoff water and sediments.

Statistical analysis

All recorded events for each plot across all sites were carefully checked and
validated. Events with incomplete data were discarded due to missing precipitation
data or incomplete collection of runoff data and samples in the field. This also
included cases where failures occurred, such as clogging of the holes or the
delimitation bars, or where water did erode underneath and escaped without being
collected. All valid runoff and soil loss events recorded over the two years of the
experiment were included in the analysis.

Statistical analysis was performed on RC, CES and EC. Comparisons were first
made between different treatments within the same site, comparing different
sustainability level in soil management (LS vs ES or SS vs ES). Data were averaged
among microplots with the same sustainability level for each event and site, and
resulting datasets were checked for normality using the Shapiro—Wilk test. Since
the normality test failed, statistical differences between treatments (for each site,
each treatment, and overall) were assessed using the Kruskal-Wallis rank sum test.
The same test was used to investigate differences in the microelements washed
away. Differences among groups were assessed using the Kruskal-Wallis rank sum
test, followed by pairwise Wilcoxon rank-sum tests with Bonferroni correction for
multiple comparisons. Statistical significance was set at a = 0.05. Statistical
analyses were computed using R (R Core Team, 2025).

Following this analysis, individual microplot data recorded for each event and
each site were used to perform Generalized Linear Mixed Models among all
records, using main soil treatment (GC, CC and CT) associated to each plot,
seasons, event total and maximum precipitation, 14-days antecedent precipitation
as fixed effects. The models analysed the responses of vineyard’s soils on runoff,
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sediment concentration in runoff water and soil erosion with regression coefficients
from GLMMs used to assess the strength and direction of the influence of
precipitation and management on hydrological and erosion processes across sites.
Microplots nested within sites and rainfall events are used as random effects, to
account for spatio-temporal variability. Maximum hourly precipitation was log-
transformed and, as other precipitation-related explanatory variables, was
standardized (Z-scores) to assess their relative importance in the model (B
coefficients). The transformation [y *(n-1) + 0.5]/n (n = sample size) was applied
to avoid 0 (Smithson & Verkuilen, 2006), which are not allowed by the Gamma
distribution family. Significance was set at p <.05. GLMM was performed using R
software, version 4.03 (R Core Team, 2020), with the “glmmTMB” function of
“elmmTMB” package (Magnusson et al., 2017).

Results and discussion
Meteorological conditions during the monitoring period

The year 2022 was one of the warmest on record in Europe since 1950, with a
temperature anomaly of +0.85°C relative to the 1991-2020 reference period average
(Global Climate Highlights report 2023, 2024). Comparing the rainfall recorded
during the monitored period with the annual average daily cumulative precipitation,
calculated over the period 1991-2020 through interpolation of the ARPA Piemonte
pluviometric network (2024), for each study site, it is evident that all four sites
experienced below-average rainfall in 2022, less evident in 2023 (Table 14). In
2022, all sites recorded precipitation levels below the mean annual values, with CA
registering only 52.5 % of the average annual precipitation. The following year
2023 showed higher total precipitation depths across all sites, however CA, NL,
and RT still recorded precipitation levels below their respective annual averages,
indicating an ongoing drought period and a continued trend of below-average
rainfall. Only precipitation recorded in RL exceeded local mean annual
precipitation. RT was the driest site in 2023, with only 55.4 % of the annual
precipitation. Precipitation in 2023 was concentrated in spring and autumn, wiht
some intense events occurring in summer.
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Table 14: Comparison of recorded rainfall (mm) for the years 2022 and 2023 across
the four sites with the mean annual precipitation (MAP) calculated over the period 1991-
2020 through interpolation of the ARPA Piemonte pluviometric network (2024). The table
also includes the percentage of annual precipitation relative to the mean annual values for
each site. Note that the values for RT in 2022, marked with an *, are incomplete and cover
the period from June onwards. The MAP from June to the end of the year is provided in
parentheses.

Site CA NL RL RT
MAP (mm) 817.2 815.0 1083.4  695.7 (420.6%)
Precipitation 2022 (mm) 428.8 441.8 624.8 271.0%
2022 % of MAP 525% 542% 577 % 64.4 %*
Precipitation 2023 (mm)  527.6 624.6 1103.4 385.2
2023 % of MAP 64.6% 76.6% 101.8% 554 %
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Figure 24: Comparison of recorded precipitation (mm) for the years 2022 and 2023
(solid lines) with the mean annual precipitation (dashed lines), calculated over the period
1991-2020 through interpolation of the ARPA Piemonte pluviometric network (2024) at
the four experimental sites.
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As observed from the cumulative precipitation graph (Figure 24), the trend was
similar across the four sites, with RL receiving more precipitation during some
events, although the events themselves were consistent across all sites. Across the
monitoring period, runoff-generating events were generally associated with rainfall
events recorded at all sites, although rainfall depth and the resulting runoff differed
among sites. For CA, rainfall data from the last 25 years were available, enabling
the calculation of the SPI (Figure 25). The study period was particularly dry, as
indicated by the negative SPI values (with values lower than -2), which identify
periods of drought and assess their severity and duration. Notably, the droughts in
2022 and 2023 were the most intense of the past 25 years. The occurrence of these
particularly dry years resulted in few significant RO events. In the context of
climate change, with increasingly scarce and concentrated precipitation over short
periods and the intensification of drought periods, this scenario may represent a
possible future situation. Consequently, data were analysed also considering values
obtained during more intense rainfall events occurred during the period of
observation separately from others.

Carpeneto SPI-12
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Figure 25: The 12-month SPI index calculated using monthly rainfall values (blue
histograms) recorded at CA site over the 25 years from 2000 to 2024. Positive values
greater than 1 indicate wet periods (light blue), or extremely wet periods if greater than 2

012 2003 2014 2015

Monthly precipitation (mm)

(blue). Negative values less than -1 indicate dry periods (pink) or extreme drought if less
than -2 (red).

Study design considerations and limitations

Micro-plot dimensions were selected based on CNR-STEMS experience to
match runoff volumes typically generated in vineyards with comparable soil, slope
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and rainfall regimes. Larger plots are generally preferable for runoff and soil-loss
monitoring, as very small plots may underestimate erosion compared with larger
plot scales (Bagarello et al., 2018). This underestimation is primarily due to the
limited representation of hydrological and pedological processes in small-scale
plots, where the development of preferential flow paths and soil aggregation
dynamics is reduced. Conversely, excessively long plots can introduce unwanted
variability due to spatial heterogeneity in topography or surface cover (Bagarello et
al., 2010). In this study, plot lengths were >10 m to capture both sheet and rill
processes; site-specific plot dimensions are reported in Table 12. At each site, six
micro-plots were installed (three replicates in the baseline LS/SS treatment and
three in the ES treatment; Figure 22).

A key strength of the study is the participatory monitoring approach
implemented in commercial vineyards. Growers and trained staff enabled event-
based observations at multiple sites under real management conditions, enhancing
practical relevance and scalability. Potential variability associated with distributed
data collection was mitigated through standardized training and protocols, training,
and explicit quality-control rules (including exclusion of incomplete or failed
events).

A limitation of this study is that N and P losses were not quantified; therefore,
conclusions refer specifically to runoff, sediment and dissolved element export (B,
Cu, Mn, Fe and major cations) rather than a full macronutrient budget.

Effects of enhanced soil management on runoff and soil erosion

Against this climatic background and within the above design considerations,
we next report treatment effects on runoff and soil erosion at each site: the following
paragraphs presents results obtained from runoff measurements and analysis of
runoff water samples collected after rainfall erosive events. The results were
analysed site by site, in order to assess differences among soil managements and
their level of sustainability. Finally, an evaluation of the overall effects of the
adoption of enhanced soil managements spontaneous grass cover (GC) and selected
cover crops (CC) in the region is carried out, considering the peculiarity of the
observation period.

Novi Ligure vineyard

At the experimental sites of CA and NL, the maximum values of RO and SL
were recorded following the storms occurred in August 2023. Specifically, in NL
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(Table 15), the two storms on August 4 and 27, 2023 (totalling 10.8 % of the two-
year total precipitation) contributed to more than 90 % of the RO recorded in the
rows with SS management and 70 % in the rows with ES management, while SL
exceeded 90 % in both treatments. During those events, in the GC rows, with ES
management (additional sowing of grass using a no-till seeder), RO was reduced
by 27 % compared to SS management, while in the CC rows the reduction was 80
%. RC was higher in both rows of the plot with SS management, with 4 % and 6 %
in GC and CC, respectively. SL in GC ES management was five times greater (with
a very high EC) compared to SS management. The use of CC resulted in SL lower
than GC, with a third more SL in the GC ES rows compared to the GC SS ones.

Considering the entire two-year period RC was similar for the two GC
managements (ES compared to SS), while in the CC rows the ES management
reduced runoff similarly to the effectiveness shown during August rainfall events.
Regarding SL, the GC ES rows recorded a soil loss 4.5 times greater than the SS
ones, with very high EC. In the CC rows, SL was lower than in GC, but the GC ES
rows experienced 30 % more SL and a higher EC than in the GC SS treatment.
However, these differences were not statistically significant.

Both in the case of intense events and considering the two-year period, CC ES
management proved to be the most effective in reducing RO, while CC SS
management was the least effective. However, CC SS management was the most
effective in reducing SL, with less than 400 kg ha! over the two years. In fact, the
RO water from CC SS management had the lowest CES average. For vineyards
using an alternating row system, no-till seeding has demonstrated its potential to
minimize soil disturbance and improve soil structure, which can favour water
infiltration. The effect of enriched grass cover seems to extend to the CC that grows
in the same row the following year. This practice can be particularly beneficial in
maximizing water availability for the vines during periods of low precipitation.
However, it has not shown a reduction in erosion, and this dynamic requires further
investigation. The dry summer preceding the August 2023 events likely contributed
to reduce ground cover. Additionally, during the summer, mowing was performed
in the CC rows, with the mowed biomass left on the ground to provide a mulching
effect and mitigate erosion risk. In September 2023, following the intense events of
August, the ground cover was measured. It was, on average, lower in the ES rows
compared with the SS rows. Consequently, despite the higher presence of
preferential ways in the soil that facilitated greater infiltration, the protective effect
may have been diminished, resulting in higher erosion rates. Both cover crops and
grass varieties should be selected based on their ability to improve soil protection,
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fertility and structure, as well as their resistance to dry periods and
microenvironmental condition (Pornaro and Macolino, 2025).

Table 15: Precipitation (P) that generated runoff, runoff (RO), runoff coefficient (RC),
mean concentration of eroded sediment (CES), sediment loss (SL), and erosion coefficient
(EC) measured in the Novi Ligure plots during the two summer storms on August 4 and
27,2023, and over the two-year period (TOT). The table also presents the mean values of
events along with their corresponding standard deviations. Letters denote statistically
significant differences between plots for the same parameter. Numbers in parentheses
following the plot name indicate the number of events included in the statistical analysis.

NL 23 summer TOTX mean dev.st
events (2)
GCSS (7) 115.2 273.0 39.0 18.0
CCSS (7) 115.2 273.0 39.0 18.0
P (mm)

GCES (7) 115.2 273.0 39.0 18.0

CCES (7) 115.2 273.0 39.0 18.0

GCSS (7) 3.8 4.2 0.6 1.1

CCSS (7) 5.4 5.8 0.8 1.8

RO (mm)

GCES (7) 2.8 4.4 0.6 0.8

CCES (7) 1.1 1.4 0.2 0.2
GCSS (7) 329 % 1.53% 1.02% a 1.49 %
RC (%) CCSS (7) 4.65 % 211% 133% a 227 %
° GCES (7) 2.40 % 1.62% 1.61% a 2.10 %
CCES(7) 0.93 % 0.50% 0.48% a 0.58 %

GCSS (7) 25.2 147 a 14.4

CCSS (7) 5.4 72 a 5.4

CES mean (g1

GCES (7) 81.7 253 a 383

CCES(7) 20.1 105 a 8.0
GCSS (7) 674.4 744.9 106.4 170.0

CCSS (7) 360.8 389.0 55.6 125.6

SL (kg ha'!)

GCES (7) 3984.2 4155.0 593.6 1355.0

CCES(7) 483.4 500.0 71.4 124.2

GCSS (7) 5.85 2.73 206 a 2.67

CCSS (7) 3.13 1.42 0.86 a 1.62

EC (kg ha! mm™)

GCES (7) 34.59 15.22 9.17 a 17.73

CCES(7) 4.20 1.83 129 a 1.98

Carpeneto vineyard

The vineyards of CA (Table 16), where the ES management with permanent
GC was introduced over 20 years ago, experienced significant RO and SL during
the storm occurred on June 12, 2023, in addition to the two storms mentioned earlier
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(August 4 and 27, 2023). Summing these three summer events, which represent
13.9 % of the total precipitation over the two years, they accounted for 63 % and
77 % of the total RO measured over the two years in CT LS and GC ES
management, respectively. Additionally, they accounted for 95 % and 56 % of the
SL in CT LS and GC ES management, respectively.

Considering the entire monitored period in the 2022-2023 biennium, the results
are similar: the GC ES treatment RO was reduced by one-third compared to the CT
LS treatment. In the CT LS treatment, the RC was double than in the GC ES
treatment. SL in CT LS was reduced by 97.6 % with respect to GC ES, and the
difference between the two EC was statistically significant. Excluding the values
recorded in the summer of 2023, the effectiveness of the grass cover in reducing
soil losses decreases. Grass cover was able to protect soil from erosion especially
during potentially more erosive events, with maximum hourly precipitation
intensity exceeding 20 mm h™!, while it was less effective during moderate intensity
events, which did not generate significant erosion. Permanent GC also helps in
maintaining soil structure and increasing infiltration rates. Winegrowers should
consider adopting permanent grass cover in their vineyards, not only to reduce soil
erosion but also to enhance soil quality by increasing organic matter and promoting
biodiversity. Regular mowing should be performed to manage the grass cover
effectively.

Table 16: Precipitation (P) that generated runoff, runoff (RO), runoff coefficient (RC),
mean concentration of eroded sediment (CES), sediment loss (SL), and erosion coefficient
(EC) measured in the Carpeneto plots during the 3 summer storms on June 12, August 4
and 27, 2023, and over the two-year period (TOT). The table also presents the mean values
of events along with their corresponding standard deviations. Letters denote statistically
significant differences between plots for the same parameter. Numbers in parentheses
following the plot name indicate the number of events included in the statistical analysis.

‘23 summer

CA TOT X mean dev.st
events (3)
CT LS (14) 133.2 522.2 373 18.8
P (mm)
GC ES (23) 133.2 671.6 29.2 18.8
CT LS (14) 9.3 14.8 1.06 1.47
RO (mm)
GC ES (23) 6.1 7.9 0.34 0.79
CT LS (14) 7.01 % 284% 251% a 3.72%
RC (%)
GCES (23) 4.57 % 1.18% 088% a 2.00 %
CT LS (14) 49.8 15.3 a 24.0
CES mean (g 1)
GCES (22) 1.2 5.1 b 10.2
SL (kg ha™) CT LS (14) 3966.9 4190.0 2993 587.2
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GC ES (23) 56.3 100.5 4.4 7.0
CTLS (14) 29.78 8.02 745 a  15.08

EC (kg ha! mm™)
GCES (23) 0.42 0.15 0.15 b 0.22

Rocchetta Ligure vineyard

At RL (Table 17), relevant amounts of RO and SL were recorded not only in
the summer of 2023 but also in the winter and spring of 2023. Specifically, the
storms between May and June 2023, with 8 % of the two-year precipitation, resulted
in runoff that exceeded the monitoring system's capacity in some rows. Those
events resulted in 83 % and 63 % of the total RO measured over the two years, for
the rows managed with CC ES and those with GC SS, respectively. Lower values
were recorded in the other two plots, contributing 50 % and 17 % of the total RO
measured in the rows with CC SS and GC ES, respectively. In the GC rows, ES
management reduced RO by 61 % compared to SS management, while in CC rows,
RO was more than double in the ES rows compared to the SS ones. The Gerlach
tanks collected a significant amount of suspended sediments, resulting in very high
CES values, ranging from 300 to 500 g I"!. Consequently, SL values were extremely
high, exceeding 90 % of the SL measured over the two years in all plots.
Specifically, SL exceeded 6 t ha! (99 % of the total) in the GC SS rows, 4.5 t ha’!
(93 %) in the GC ES rows, 3 t ha! (98 %) and 1.7 t ha (97 %) in the CC ES and
CC SS rows, respectively. In GC rows, ES management reduced SL by 25 %
compared to SS, while in the CC rows, SL was 80 % higher with the ES
management compared to the SS one. Similar to NL, SL was higher in the GC rows
than in the CC rows.

The high values recorded during this period may be due to suboptimal soil
management. Mulching of cover crop, light soil tillage using a subsoiler equipped
with discs and hilling of the under-row were performed in all rows just before the
onset of the wet period. The soil was soft and particularly vulnerable to erosion
when the precipitation began. Runoff created rills along the rows, with depths
exceeding 15 cm, resulting in significant soil loss that required the farmer to
redistribute the soil along the hillside, leading also to an evident economic loss. In
this case, the timing of soil-disturbing operations had a greater impact than the type
of cover present. This highlights the importance of considering the timing of
management practices to minimize soil disturbance and its associated effects.
Perhaps no-till seeding, as practiced at NL, would have yielded different results.
Due to the extreme and partially incomplete values, this event was not included in
the statistical analysis.
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Considering the entire monitored period in the 2022-2023 biennium, the results
are different: comparing ES management with SS management, there is no
reduction in water and soil loss in either the GC or CC rows. CC SS management
proved to be the best, with a total RO amounting to 0.5 % of the precipitation and
an average soil loss of 2.3 kg ha™! for each millimetres of rain. In contrast, the CC
ES management had RC and EC values more than double, although the difference
was not statistically significant. The GC SS row exhibited the highest EC, while the
GC ES rows had the highest RC, which was statistically different from both the CC
rows. The EC measured in the GC ES rows was statistically higher than in the CC
SS.

In the ES plot, maintaining GC in the same row for a second consecutive year
showed positive effects during heavy weather events. However, having CC in the
same row proved to be ineffective. The CC SS practice demonstrated the best results
throughout the year. Therefore, for this site, with its specific soil type and higher
rainfall compared to the other sites, the current SS management practice is already
optimal. Unlike observations in other vineyards in different regions of Europe
(Liebhard et al., 2024), the ES management in this study was likely too extreme,
highlighting more negative than positive aspects, which are only evident during
heavy rainfall in GC. No-till seeding could be an interesting alternative, as
experienced at the NL site.

Table 17: Precipitation (P) that generated runoff, runoff (RO), runoff coefficient (RC),
mean concentration of eroded sediment (CES), sediment loss (SL), and erosion coefficient
(EC) measured in the Rocchetta Ligure plots during the four spring storms in May and June
2023, and over the two-year period (TOT). The table also presents the mean values of
events along with their corresponding standard deviations. Letters denote statistically
significant differences between plots for the same parameter. Numbers in parentheses
following the plot name indicate the number of events included in the statistical analysis.

RL 23 spring TOT X mean dev.st
events (4)
GCSS(11) 136.6 583.4 53.0 38.4
P (mm) CCSS (17) 136.6 747.4 44.0 33.1
mm
GCES (17) 136.6 747.4 44.0 33.1
CCES(11) 136.6 583.4 53.0 384
GCSS(11) >4.0 >6.4 0.6 1.2
CCSS (17) 1.9 3.7 0.2 0.4
RO (mm)
GCES (17) 1.6 9.2 0.5 0.4
CCES(11) >6.2 >7.4 0.7 1.8
RC (%) GCSS(11) 2.96 % 1.09% 0.79% ab 097 %
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CCSS (17) 1.38 % 049% 039% b 0.41 %
GCES (17) 1.16 % 1.23% 1.42% a 0.87 %
CCES (11) 4.55 % 1.27% 0.72% b 1.41 %
GC SS (8) 536.6 39  a 3.5
CC SS (13) 295.0 78  a 9.7
CES mean (g 1)
GC ES (14) 331.3 59 a 7.0
CCES (8) 441.6 137 a 124
GCSS (11) >6000.0 >6042.5 5493 1807.8
CCSS (16) 1666.7 1710.8 106.9 416.0
SL (kg ha™')
GCES (16) 4500.0 4818.2 301.1 1120.3
CCES (11) >3000.0 >3053.1 277.6 903.0
GC SS (6) 43.92 10.36 0.18 ab 0.18
CCSS (13) 12.20 2.29 0.09 a 0.11
EC (kg ha'! mm™)
GCES (14) 32.94 6.45 0.68 b 0.97
CCES (6) 21.96 5.23 0.23 ab 0.33

Rocchetta Tanaro vineyard

At RT (Table 18), three-quarters of the total RO was generated by five events
occurred in autumn 2022 and summer 2023. The two events occurred on September
30 and October 8, 2022 (totalling 8.6 % of the total precipitation during the
monitored period), produced more than three-quarters of the SL recorded during
the study period, specifically 78 % and 76 % in the SS and ES rows, respectively.
These two events also generated 38 % of the total RO in the SS plot and 32 % in
the ES plot during the monitored period. During these intense events, ES
management with mechanical weeding under the vines reduced the volume of water
loss to RO by one-third compared to the use of chemical herbicides, while the
difference in SL was minimal. Considering the entire monitored period, the
reduction in RC with ES management was lower, around 20 %. Regarding the
erosion, the EC was lower than 0.4 kg ha! mm™ in both plots.

The statistical analysis did not reveal any significant difference. This minimal
difference observed could be attributed to the fact that the differentiation between
the two treatments only affected the under-vine area, which is a smaller portion of
the soil compared to the inter-row area. Additionally, the under-vine area is less
affected by compaction due to machinery passage for vineyard’s management,
resulting in less soil disturbance. Using mechanical weeding methods in the under-
vine area is also recommended to minimize the environmental impact of herbicide
use, promoting a healthier vineyard ecosystem (Gagliardi et al., 2023). It will be
interesting to see in future research whether more pronounced differences emerge,
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for example, in the quality and quantity of grapes produced, and the potential effects
of combining under-vine management with inter-row management.

Table 18: Precipitation (P) that generated runoff, runoff (RO), runoff coefficient (RC),
mean concentration of eroded sediment (CES), sediment loss (SL), and erosion coefficient
(EC) measured in the Rocchetta Tanaro plots during the two autumn events on September
30 and October 8, 2022, the five events in autumn 2022 and summer 2023, and over the
two-year period (TOT). The table also presents the mean values of events along with their
corresponding standard deviations. Letters denote statistically significant differences
between plots for the same parameter. Numbers in parentheses following the plot name
indicate the number of events included in the statistical analysis.

’22 autumn 22 autumn + 23

RT events (2) summer events (5) TOTX  mean dev.st
GC SS (17) 56.4 212.6 436.8 25.7 17.8
P (mm)
GC ES (17) 56.4 212.6 436.8 25.7 17.8
GC SS (17) 3.26 6.19 8.56 0.50 0.56
RO (mm)
GC ES (17) 2.16 5.42 6.78 0.40 0.52
RC (%) GC SS (17) 577 % 291 % 196% 223% a 229%
’ GC ES (17) 3.83% 2.55% 1.55% 133% a 144%
GC SS (17) 4.9 2.1 1.6 a 2.1
CES mean (g 1)
GC ES (17) 4.8 2.1 3.1 a 5.5
GC SS (17) 124.6 133.5 160.7 9.5 223
SL (kg ha'!)
GC ES (17) 121.8 133.1 159.6 9.4 25.5
GC SS (17) 2.21 0.63 0.37 042 a 0.78
EC (kg ha'! mm™)
GCES (17) 2.16 0.63 0.37 039 a 090
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Effectiveness of the enhanced soil managements in reducing runoff and soil
erosion

Because of the drought period, the overall RO measured was lower than 3% of
precipitation, and consequently, SL was generally lower than 15 kg ha! mm
(Table 14-18). In general, across all four sites, most of the RO was measured during
the spring and summer events of 2023, which, along with the autumn events of
2022, recorded the highest SL values, resulting in EC up to 43.92 kg ha! mm™!
(Table 14-18). Comparing the RO measured in the inter-rows with different level
of sustainability across all vineyards, it is evident that ES management was not
always advantageous compared to SS management. At RT and NL, RO was
reduced in the GC rows but slightly increased in the CC rows, while at RL, ES
management was detrimental, particularly in the CC inter-rows. Both CC ES cases
performed worse, indicating that the current conventional practices are already
optimal. The best results were obtained by transitioning from the LS management
with bare soil and traditional tillage to the ES with permanent grass cover, as
observed at CA.

When considering the summer 2023 rainfall events separately from the others,
the average value of RC was lower in the rows with ES management compared to
the corresponding SS or LS management, with exception of the CC rows at RL. In
case of low precipitation, the differences between various types of groundcover are
not so evident. Soil management practices need to be adjusted based on seasonal
and climatic conditions to optimize their effectiveness in reducing runoff and
erosion (Dugan et al., 2024; Telak et al., 2021).

Soil erosion measured in the micro-plots over the entire observation period
(expressed as EC in kg ha! mm™ to allow comparison between different sites) was
considerably lower in the permanently GC rows at CA site (0.15 kg ha! mm™) and
RT site (0.63 kg ha! mm™) compared to all other inter-row management types. At
RL and NL site, CC management had better results than temporary GC
management, although ES management was advantageous only in the GC rows at
RL.

Considering the summer 2023 events separately, they were responsible for most
of the SL measured over the biennium, with SL in some cases exceeding 300-400
kg ha! per mm of rain. Also, in this period, CC management performed better than
other management.
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As highlighted before, the results refer to mainly dry years characterized by few
erosive events, occurred especially during spring and summer 2023, after long dry
periods. Soil behaviour may vary significantly in wetter years, as documented in
previous studies (Biddoccu et al., 2017) in one of the vineyards included in this
study.  Further analysis including wetter years would provide a more
comprehensive understanding and facilitate the fine-tuning soil management
practices for better results.

Effectiveness of different categories of soil management

The GLMM (gaussian distribution, AIC = 772.4) indicated that runoff was
strongly controlled by rainfall characteristics and further modulated by soil
management and seasonal conditions. Event maximum hourly precipitation (Pmax)
showed a strong positive association with runoff (estimate = 0.412, p = 0.0033),
indicating that more intense storms increase the likelihood of infiltration excess
overland flow. Antecedent (14-days) precipitation (Prec14), considered as a proxy
of soil wetness, showed a marginal positive effect (p = 0.065), suggesting that
slightly wetter soils tend to generate more runoff, likely due to generation of runoff
for saturation-excess. This runoff generation process is likely the one expected for
large precipitation event, since total event precipitation (Prec) had a strong positive
effect (estimate = 0.74, p < 0.0001). Inter-row soil management had a significant
main effect (> = 24.72, p < 0.001), with GC showing a marginal increase (p =
0.081) compared to CC. Post hoc tests indicated that CT produced significantly
more runoff (Tukey p < 0.0001) than both CC (estimate = 0.59, p <0.001) and GC.
Seasonal differences were also evident (%> = 21.07, p < 0.001), driven largely by
lower runoff in Winter (estimate = —0.79, p < 0.001) than in other seasons. These
results demonstrate that hydrological connectivity is highly variable over the year,
due to temporal changes in soil hydraulic behaviour, vegetation cover, and soil
moisture, as demonstrated in vineyards with different soil management by direct
measurements in vineyard at plot scale (Rodrigo Comino et al., 2017).

Among analysed interactions, several were significant: Pmax x Treat 1 (y*> =
31.10, p < 0.001) and Pmax x Season (¥* = 30.78, p < 0.001), indicating that the
influence of peak rainfall varied by treatment and season. Under CT treatment,
runoff increased steeply with rising rainfall intensity (interaction = 0.475, p =
0.0014%*), reflecting lower infiltration capacity, which is documented with this kind
of soil management due to effect of tractor traffic (Gambarani et al., 2026; Capello
et al. 2019; Biddoccu et al. 2013). Under GC, the interaction was small and non-
significant, indicating that ground cover buffers the hydrological sensitivity to
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storm intensity. This confirms that tilled vineyards are more vulnerable during
intense rainfall, whereas grass cover confers hydrological resilience, as observed
by Bagagiolo et al. (2018) in long-term observations. The interaction effect between
rainfall intensity and seasons was strongly negative for winter (interaction =—0.891,
p < 0.0001), indicating that in winter even intense storms produce less runoff,
possibly due to the increased macroporosity . During spring events, rainfall
intensity increased runoff significantly less than in autumn (interaction = —0.368, p
= 0.0024), likely due to protective effect of grass cover and early vegetation
promoting infiltration. A small but significant negative interaction emerged for
Treat 1GC x Prec (estimate = —0.25, p = 0.037), with respect to cover crops.
Random effects showed substantial variability at the event level (SD =0.279), while
spatial variability effects (microplots nested within sites) were negligible. The fixed
effects explained more than half of the variance, with random factors contributing
moderately to total explained variation (R*m = 0.57, R?c = 0.65).

Runoff
1 1 0.8 X 0.4 )] 0.2 0.4 0.E .8 1
Prec .
T | i
ma I+
Treat_1CT I
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Season Sl F .
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Pmax X Treat_1CT I
Pmax X Treat_1GC .
Pmax X Season SPRING —
Pmax X Season SUMMER S
Prmax X Season WINTER —
Treat_1CT X Prex h P
Treat_1GC X Prec ——

Figure 26a: GLMM regression coefficients showing the fixed effects of soil treatments
(Treat), seasons (Season), event total precipitation (Prec), event maximum hourly
precipitation (Pmax), 14-days antecedent precipitation (Prec14) and interactions on runoff.
Significance levels are indicated as: + < 0.1, * <0.05, ** <0.01, *** <(.001.

3.2.3 Effects of different categories of soil management on sediment
concentration
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The GLMM (Gamma distribution, AIC = 1572.3) showed that sediment
concentration was strongly influenced by rainfall characteristics, season, and
treatment, with additional temporal and spatial variability (attributable to event and
microplots and site random effects). The model explained a substantial fraction of
variability (marginal R2=0.35-0.36; conditional R2=0.78-0.87), indicating that
fixed effects captured one third of the structure while random effects represented
dominant spatial-temporal heterogeneity. Random intercepts for event (variance =
1.026; SD = 1.03) and microplots within site (variance = 1.061; SD = 1.01) were
both large, reflecting substantial variability in sediment concentration associated
with storm specific conditions and small scale spatial heterogeneity not explained
by fixed effects. Hourly maximum rainfall intensity (Pmax) exerted a significant
negative effect on sediment concentration (estimate =—0.87, p =0.0085), indicating
that intense events tended to produce lower sediment concentration, due to
increasing runoff volume. On the contrary, total precipitation (Prec) increased
sediment concentration (estimate = 0.54, p = 0.028), suggesting that larger rainfall
amounts mobilized more sediment into runoff. Antecedent rainfall (Prec14) showed
a marginal negative effect (p = 0.083), indicating a tendency for wetter soils to
produce lower sediment concentrations. Season exerted a pronounced influence (y?
=25.76, p <0.001). Winter exhibited markedly lower sediment concentrations than
autumn (the reference season) (estimate = —2.22, p < 0.001), whereas summer
showed a moderate tendency toward higher concentrations (estimate = 1.03, p =
0.062). Treatment effects were significant (> = 6.23, p = 0.044). Compared with
the reference treatment (CC), GC significantly reduced sediment concentration
(estimate =—1.12, p=10.019), while CT showed no significant difference (p = 0.65).
Interestingly, strong interaction between Pmax and treatment was detected (> =
15.81, p < 0.001), indicating that the dilution or mobilization effect of rainfall
intensity differed among treatments. Under CT conditions, rainfall intensity
produced a strong increase in sediment concentration (interaction = 1.06, p <
0.001), whereas GC showed a weaker, borderline significant positive interaction
(interaction = 0.42, p = 0.068). This pattern suggests that sediment mobilization
during intense storms is most pronounced in CT plots, while GC maintains overall
lower concentrations even when storms intensify. The Pmax % Season interaction
was also significant (%> = 13.12, p = 0.004), indicating that the response of sediment
concentration to rainfall intensity changes seasonally. In spring, intense storms
sharply increased sediment concentration (interaction = 0.96, p = 0.0028), whereas
summer and winter showed no significant modification of the intensity—
concentration relationship. This reflects seasonal differences, likely due to presence
of vegetative cover.
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Sediment concentration
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Figure 26b: GLMM regression coefficients showing the fixed effects of soil treatments
(Treat), seasons (Season), event total precipitation (Prec), event maximum hourly
precipitation (Pmax), 14-days antecedent precipitation (Precl4) and interactions on
sediment concentration. Significance levels are indicated as: + < 0.1, * < (.05, ** < 0.01,
**%k < 0.001.

Effects of different categories of soil management on soil losses

The GLMM (Gamma distribution, AIC = 1422.6) revealed that soil losses were
primarily controlled by rainfall characteristics and their interactions with soil
management and season, while most main effects related to treatment and season
alone were not significant. The model showed substantial explanatory power, with
marginal R2 between 0.37-0.52 and conditional R2 between 0.64—0.90, indicating
that fixed effects captured about half of the variation in soil loss, and that storm and
microplots level variability accounted for a large portion of the remaining
heterogeneity. Total event precipitation (Prec) had a significant positive effect
(estimate = 1.01, p = 0.0197), indicating that larger rainfall amounts consistently
increased soil loss across treatments, whereas peak rainfall intensity (Pmax) showed
a positive but nonsignificant trend (p = 0.156), consistent with the expectation that
more intense rainfall increases erosivity, though this effect alone was insufficient
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to explain variability in soil loss without interactions. Antecedent precipitation
(Prec14) had no significant effect (p = 0.275), suggesting that soil wetness prior to
rainfall events did not markedly influence the amount of soil losses. Seasonal
effects were not significant overall (y> =4.87, p = 0.18), although summer showed
a significantly lower soil loss compared to Autumn (baseline season) (estimate = —
1.69, p = 0.030), reflecting reduced erosion under summer conditions. No
significant differences were detected among soil managements, considering the soil
treatment alone (all p > 0.65). Two strong interactions emerged, both involving
maximum hourly precipitation. Main interaction with treatment was highly
significant (> = 13.28, p = 0.0013), showing that the erosive response to storm
intensity differed among treatments, with increasing soil losses under CT treatment
(interaction = 1.21, p = 0.0097), indicating high vulnerability of conventionally
tilled soil during intense storms. Under GC, the interaction was small and
nonsignificant (p = 0.63), meaning ground cover management maintained stable,
lower soil losses even as rainfall intensity increased. This confirms that
management practices strongly regulate the sensitivity of soil erosion to extreme
rainfall. Also, interaction with season was also highly significant (y*> = 18.07, p <
0.001), revealing strong seasonal modulation of the intensity—soil loss relationship:
summer exhibited a strong positive intensity response (interaction = 1.74, p =
0.0015), confirming that intense storms in summer mobilize substantially more soil,
whereas spring and winter showed no significant modification of the rainfall
intensity effect (all p > 0.17). The high significance of interaction between Pmax
and summer is related to the relevance of some soil erosion summer events, which
produced very high soil losses in some vineyards (magnitude in the order of
tons/ha). As the majority of summer erosion events, they were characterized by
storms with high rainfall intensity, which results in large runoff and sediment
concentration, but with no significant effect of the interactions on single dependent
variables. The dominance, in soil erosion processes, of few events with very high
magnitude was already observed both in long term monitoring and in reporting the
effects of single events.
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Soil losses
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Figure 26¢c: GLMM regression coefficients showing the fixed effects of soil treatments
(Treat), seasons (Season), event total precipitation (Prec), event maximum hourly
precipitation (Pmax), 14-days antecedent precipitation (Prec14) and interactions on soil
losses. Significance levels are indicated as: + < 0.1, * <0.05, ** <0.01, *** <(0.001.

Overall effects of sustainable soil managements on nutrient losses

Effect of soil management on nutrient removal was also analysed, considering
the concentration in the runoff water samples and the amount of microelements
removed in the runoff water (expressed in mg), related to the cumulative
precipitation of the events to which the samples refer, resulting in removal per mm
of rain (mg mm™).

Significant differences in nutrient concentrations were detected only at the CA
site, where Ca in LS is four times higher than in ES. In other sites, there are no
significant differences between management practices. Even when comparing all
SS treatments with all ES treatments, there are no significant differences, while LS
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is consistently significantly higher than other treatments for Ca, Fe, Mn, Cu, B and
Al (Fig.27).

Analysing the seasonal trends, the concentration of dissolved ions is higher for
bicarbonates and minimal for other ions (carbonates, chlorides, sulfates) in water
collected throughout the winter season, with no evident differences between
treatments. In spring, the concentration of chlorides and sulfate is higher following
post-fertilization rains, generally with higher concentrations in the RO from the LS
and SS plot compared to the ES one.

Generally, during winter, the microelement values remain quite stable, with
minimal concentrations and no evident differences between management practices.
The highest concentrations of Mg and B are usually observed following the first
post-fertilization event, with higher values in the samples collected from the LS and
SS plot. For the RL site, K was particularly elevated in the samples collected in the
CC SS plot in spring 2023 (SM2, Fig.28a). In the same site, it is also observed that
for Na, K, and B, the relationship between CES and microelement concentration is
directly proportional, with a greater increase in CES and corresponding
microelement in the SS rows compared to the ES ones (SM2, Fig.28b, c, d). The
relationship shows a high R?, particularly for K and B.
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Figure 27: Distribution of microelement concentration values in runoff water (g 1)
across the three treatments. Bars represent the frequency of observations (count per bin);
the red dashed line indicates the mean. For each treatment, sample size (n), mean, median,
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and standard deviation (SD) are reported. Letters denote homogeneous groups according
to pairwise Wilcoxon rank-sum tests with Bonferroni correction (o = 0.05).

Figure 31 (SM3) shows the amount of microelements in removal per mm of
rain (mg mm™). Analysing values for all SS with all ES treatments, there are
significant differences only for Al. However, LS in CA was significantly different
for Na and B, with significantly lower and higher values, respectively. Again, the
most significant differences were recorded in CA site, where LS plot showed higher
values than ES for all elements except Na. The difference was statistically
significant for Al, B, Ca, and Cu. In the RL vineyard, higher values were recorded
in the ES compared to the SS management, with significant differences in Mg, Na,
K, Fe, Mn, and Cu. In other vineyards, differences in nutrient removal between ES
and SS management were not significant.

The results suggest that LS management may lead to greater loss of essential
nutrients, which could have implications for soil fertility and the need for
fertilization interventions. Other studies already highlighted the role of soil
management in export of chemical elements in vineyards: exports were highly
correlated with soil losses in a study by Dugan et al. (2024), with higher export in
Spring and Autumn. In addition, Imfeld et al., (2023) observed that soil disturbance,
particularly before a rainfall event, can be responsible of high export of dissolved
Cu and Zn in runoff. The significant variability in nutrient removal across seasons
indicates that soil fertilization, should be managed to minimize nutrient loss due to
water erosion. The loss of nutrients through runoff can have a significant impact on
aquatic ecosystems, contributing to water pollution and eutrophication (Ojha,
2021). This underscores the importance of developing soil management practices
that minimize nutrient loss and protect water quality. Future studies could
investigate how the type and timing of fertilization influence the presence of
nutrient in the RO.

Considerations about vine-growers’s engagement in the study

Even considering the limitations of this 2-years study, the outcomes of the
observations in operational environments confirm results obtained from long-term
monitoring in the same region (Biddoccu et al., 2016; Bagagiolo et al., 2018) and
modelling results in European vineyards (Biddoccu et al., 2020). Constraints related
to carrying out the study in commercial farms include the duration and number of
observations, the limited number of replications, the heterogeneity of adopted soil
managements. Furthermore, the use of the Gerlach systems to collect runoft and
soil loss data offer some difficulties as already observed in previous studies
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(Morgan, 2009; Wicharuck et al., 2023), which, in this study, resulted in the
discarding of some measurements due to problems in collecting observations and
samples. Nevertheless, this remains one of the most used system which allows to
measure directly soil erosion by water over a variety of land uses and climatic
conditions. Indeed, involvement of farmers in the study has the advantages to be
based on direct measurements in a real-wold context, carried out with a
participatory approach in different stages of the study and resulting in increase of
knowledge and awareness of soil erosion processes and impacts of soil management
practices on soil and water conservation. Previous studies using Gerlach systems to
monitor soil erosion directly in the fields highlighted how results obtained with this
system in an operational environment allow to include the effects of soil
management practices in terms of temporal and spatial variability of soil
characteristics and response, which may be not so evident in experimental sites with
more controlled conditions (Rodrigo-Comino et al., 2019; Antoneli et al., 2022).
The perception of soil degradation processes as a threat for vine-growing and the
attitude towards the adoption of sustainable soil management as viable solution are
very heterogeneous across Europe (Marques et al., 2015; Cerda & Rodigo-Comino,
2021, Caffaro et al., 2026). In this context, the citizen engagement has potential to
expand soil monitoring on larger number of sites and across different landscapes,
to engage the public and final users next to scientists in obtaining and disseminate
research results, and finally can increase knowledge, awareness and contribution of
farmers toward more holistic resource management (Charvat et al., 2022).

Conclusions

This study has investigated the impact of vineyard management practices on
runoff dynamics, soil erosion, and nutrient losses, focusing on practices with
increasing levels of soil conservation used in commercial vineyards located in the
Piedmont region of Italy. The study was conducted with collaboration of the
farmers in the framework of activities of the IN-GEST SOIL OG project. The soil
management used in the inter-rows moved from conventional tillage to use of
permanent grass cover in all rows, including temporary cover in alternate rows with
seeded or spontaneous vegetation, and different management of the under-vine
vegetation. By comparing these different soil management practices, we have
identified methods that are more effective in reducing water, soil and nutrient loss.
These practices were evaluated under peculiar climatic conditions such as droughts
and intense rainfall that characterized the two years of the experiment and may
represent a possible recurrent future situation.
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The result of the study highlights the best performance of adopted soil
management practices in controlling runoff and soil erosion in the inter-rows in the
region:

The occurrence of particularly dry years during the monitoring period led to a
limited number of significant events where water and soil loss were concentrated:
during such intense and erosive events, the more sustainable approaches
consistently performed better than conventional ones.

The best improvement in terms of runoff, erosion and microelements loss was
achieved by transitioning from a low sustainability management with bare soil and
conventional tillage management to permanent grass cover in all rows, as observed
at the Carpeneto vineyard.

Conventional tillage management may lead to loss of essential nutrients,
especially during intense rainfall events, which could have implications for soil
fertility and requests fertilization interventions.

The use of alternate rows managements (one row with temporary spontaneous
grass cover and the second with selected annual cover crop, changed yearly)
represents a trade-off between traditional soil management and more sustainable
approach. However, it shows higher vulnerability to erosion during intense events
compared to permanent grass cover in all rows.

In the case of alternate rows management, the currently adopted practices using
cover crops in South Piedmont are already optimal, resulting in a lower volume of
runoff and sediment loss even though the concentration of suspended sediment is
higher than in the rows with spontaneous grass cover.

No-till seeding of cover has demonstrated its potential to minimize soil
disturbance and improve soil structure, which can favour water infiltration. This
practice can be particularly beneficial in maximizing water availability for the vines
during periods of low precipitation.

The under-vine area, considering its small surface, influence runoff only in case
of intense events. Farmers should concentrate efforts on the inter-row area, but good
management of the under-vine area is also recommended to minimize the
environmental impact of herbicide use, promoting a healthy vineyard ecosystem.
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In all plots, the concentration of microelements in runoff is higher during rain
following fertilization operations, generally with higher concentrations from the
low and standard sustainability plot compared to the enhanced one. The significant
variability in nutrient removal across seasons indicates that soil management
practices should be optimized in order to minimize nutrient loss.

The results of this study conducted in an operational environment confirmed
finding of long-term observations or prediction for vineyards in the region. This
study highlights how soil management practices need to be adjusted based on local
seasonal conditions to optimize their effectiveness in reducing runoff and erosion,
adapting the management on the basis of meteorological conditions during the year
and the productive season. Cover crops varieties or spontaneous grass should be
selected based on their ability to improve soil protection, fertility, and structure, as
well as their resistance to dry periods. Moreover, the timing of soil-disturbing
operations has a greater impact than the type of cover present. This highlights the
importance of considering the timing of management practices to minimize soil
disturbance and its associated effects. All of this involves winegrowers gaining
increasing knowledge and awareness of what they can do to improve soil health,
starting from observing and recognising soil degradation processes, to make use of
the support of viticultural technicians and monitoring and decision-making tools.

Supplementary materials

Gerlach through for runoff and sediment collection in vineyard’s inter-
row.

This runoff and sediment collection system consists of a partially buried 20-
liter collection tank, equipped with a sedimentation zone and a partition to retain
suspended particles (leaves, grass, shredded vine shoots). The tank was designed as
a Gerlach trough (Gerlach, 1967), with dimensions suitable to be placed within a
vineyard inter-row (Figure 28 (SM1) a, b). Two steel delimitation bars channel the
surface RO into the tank, ensuring the collection of all water flowing between the
rows (Figure 28 (SM1) c). The tank and the delimitation bars were designed to
allow tractor traffic in the vineyards during most of operations carried out for
vineyard’s management, in case of vineyards with slope up to 20% (Figure 29
(SM2)). The system was managed with collaboration of farmers properly trained,
who collaborated also in measurement and sampling operations (Figure 30 (SM3)
a). During minor rainfall events, any RO is collected and contained within the tank
(Figure 30 (SM3) c). The tanks are designed to correctly collect even exceptional
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RO events: in addition to the standard Gerlach tank, a multi-pipe divisor (with eight
pipes) is installed on the downstream side of the tank (Figure 28 (SM1) b). Seven
of these holes are for overflow, while one hole is connected via a flexible tube to
an underground tank with a useful volume of approximately 15 litres (Figure 29
(SM2)). To prevent the eight holes from clogging with suspended particles, a mesh
is installed to delimit the sedimentation zone before the holes. It is important that
the tank is perfectly level to ensure proper functioning. To obtain measurements of
RO, the depth of water collected in the Gerlach tank and in the second tank at the
end of each event is measured manually with a precision of I mm. Depending on
the plot size, | mm in the Gerlach tank corresponds to 0.005-0.006 mm of RO, and
1 mm in the second tank corresponds to 0.013-0.017 mm of RO. Before the manual
measurement of the water level, potential failures are checked, such as clogging of
the holes or the delimitation bars, and ensuring that water has not eroded underneath
and escaped without being collected. In addition, field observations are carried out
to verify that there are no evident anomalies in the microplot area, such as runoff
from other external sources, like adjacent rows overtopping the delimitation, or
signs of water inflow from upslope. Only in the case of positive check, the
corresponding measurements and sample were considered in the following analysis.
Then water in the tank is mixed to suspend the sediments, and at least 1 litre sample
of water and sediment is collected (Figure 30 (SM3) d). After the measurement, the
tank is completely emptied and cleaned, facilitated by a drain valve at the bottom,
and it is ensured that the tank remains perfectly level. Farmer’s involved in the
project were trained to manage the collection system.

After each rainfall event resulting in runoff, the depth of runoff water (mm) is
calculated (Eq.1) based on the volume of water collected (Vro, Eq. 2) in the Gerlach
trough V1 (and the second tank, V»), and the sampled area (A). Runoff samples are
filtered, dried, and weighed in the laboratory to determine the concentration of
suspended sediments (CES). The amount of SL (kg ha™') was calculated (Eq.3) by
multiplying the volume of RO by the CES and then relating it to the micro-plot
surface area. Runoff coefficient (RC, %) is calculated by dividing the amount of
RO (mm) by the total amount of rainfall (P, mm) over a specific period (Horton,
1935).

14 l
RO (mm) = %m(z; (Eq. 1)

Veo(l) = Vi(D) + V(1) X8 (Eq.2)
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SL G2 = RO () - CES (£)-10 (Eq.3)

RO (mm)
P (mm)

RC (%) = (Eq.4)

%'llll
~~1

Outlet to the .f]

second tank

Figure 28 (SM1): a) Gerlach trough designed to be placed in the middle of a vineyard’s
inter-row, with sedimentation section and filter; b) Gerlach trough with cover; c)
delimitation bars.
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Figure 29 (SM2): a) Sketch and b) view of the system adopted to measure runoff and
soil erosion in a portion of vineyard’s inter-row; c) Detail of the Gerlach trough installed
with delimitation bars placed to channel runoff into the collection system.
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Figure 30 (SM3): a) Training with farmers and technicians participating to the IN-
GEST SOIL project for correct management of the collection system and data collection;
b) view of the system installed in one of the vineyards; c) Detail of the Gerlach trough filled
with runoff and sediment after a rainfall event; d) samples of water-sediment mixture
collected after a rainfall event from the Gerlach throughs in GC and CT treatments in one
of the monitored vineyards.
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Figure 31 (SM3): Distribution of microelement removal values per millimeter of
rainfall (g mm™) across the three treatments. Bars represent the frequency of observations
(count per bin); the red dashed line indicates the mean. For each treatment, sample size (n),
mean, median, and standard deviation (SD) are reported. Letters denote homogeneous
groups according to pairwise Wilcoxon rank-sum tests with Bonferroni correction (o =
0.05).
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Figure 32 (SM4).a: At the Rocchetta Ligure vineyards, during winter micronutrients
concentration is quite stable, with minimum values and without relevant differences
between treatments. First fertilization operation occurred on 30/03/2023 with NPK: 4-3-5
+ 3 Mg + B + Zn, not buried. In runoff water of the first event following this fertilization
the highest concentration of Mg, Zn, B was observed in the SS treatment. Potassium and
Zinc were also present in high concentration in inter-rows with CC SS in the period 17/5-
19/6/2023. b, ¢, d: Relationships between B, Na, K concentration and soil particles
concentration are directly proportional, with higher concentrations of soil sediment and
micronutrient in the SS treatment than in ES treatment. The coefficient of determination
R2 is elevated especially for K and B.
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2.5 Continuous monitoring of soil water content

Soil moisture was monitored using capacitive sensors placed at different
positions (track, centre of the inter-row, and under-row) at a depth of 40 cm, and in
some cases at 20 cm. These sensors measure soil moisture every hour, expressed as
volumetric content. They are connected to dataloggers that enable remote data
transmission. However, the measurement provided is influenced by the degree of
soil compaction, which varies over time, especially in the inter-row. These systems
and equipment have been sized and designed, and then the various components have
been acquired and assembled, and after a period of laboratory tests, installed in the
vineyards (Fig. 33). Five meteorological station and systems for monitoring soil
water content were installed, one in each vineyard.

Depending on the selected management practices, sensors were installed at
various points within each vineyard parcel to measure and verify spatial and
temporal variations related to different soil management techniques. The Capriata
d’Orba vineyard, due to its lack of slope, did not require monitoring for runoff and
erosion. Instead, monitoring of soil water content was intensified because of critical
issues related to field access and water availability for the vines.

The sensors installed at a depth of 40 cm allowed for monitoring soil moisture
trends in different plots within the inter-row (centre and track position) and under-
row (Fig. 33). Observations began in late 2021 to early 2022, capturing data from
two particularly critical seasons with low precipitation and consequently low soil
moisture values. It was observed across various sites that the values measured by
the sensors vary spatially and temporally depending on the sensor installation
position. Sensors placed in the tracks of vehicle passage are significantly affected
by compaction, causing an apparent increase in soil moisture, as the volumetric
water content in the soil appears higher. This effect is particularly evident when
sensors are placed at shallower depths and during the autumn-winter period. The
values recorded in the centre of the inter-row are generally higher than those in the
track are, especially in tilled soil during summer.

In spring-summer 2023, higher soil moisture values were observed in at least
one of the two sensor positions in the grassed plot compared to the tilled plot in
Carpeneto and Capriata (Figure 34). There was a good response to precipitation in
terms of increased moisture at -40 cm. This response is not always observed in tilled
soil due to poor infiltration caused by compaction. Management practices with
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grassing and cover crop are characterized by a good response to precipitation and
less variability related to compaction, both temporally and spatially.

Figure 33: Installation at the vineyard in Capriata D’Orba of 12 probes for continuous
soil monitoring (pole, solar panel, box containing battery and Siap-Micros microDA
datalogger with 3G modem remotely connected for data transmission, probes for measuring
soil water content Delta OHM HD3910.1 and related protective tubes for cables) carried
out on 10/02/2022.
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Figure 34: Soil moisture sensors at different depths at Carpeneto site, grass-covered
plot.

Tenuta Cannona — Carpeneto (AL)

At the Tenuta Cannona experimental viticultural centre of Agrion in Carpeneto
(AL), data on the volumetric water content of the soil (soil moisture) at various
depths are available from 2016 for the plots monitored within the IN-GEST SOIL
project (Figure 35). This allows us to compare the measurements made in the first
period of the project with those of previous years.
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Figure 35: Soil moisture sensors at different depths at Carpeneto site, grass cover plot.
The blue line indicates the wilting point threshold; the red line indicates the field capacity
threshold. Histograms represent the monthly precipitation.
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Looking at the average monthly values of soil moisture between 2016 and
summer 2020, the water content always turned out to be higher than the soil water
content at the wilting point, taken as a reference to indicate critical conditions. At
the end of summer 2020, the average value of the most superficial probe placed in
the centre of the inter-row turned out to be below this limit, a situation then repeated
also during the summer of 2021 and 2022, for longer periods.

In order to evaluate the impact of soil moisture conditions, the Soil Moisture
Index was also calculated, defined by Sridhar et al. (2008), calculated based on soil
characteristics and soil moisture with the equation:

op - [SEM-WP)

| (FC - WP)

Where SM = daily average of soil water content, WP = water content at wilting
point, FC = water content at field capacity.

A value from 0 to -5 is obtained. An SMI value equal to 0 indicates non-drought
conditions, -5 indicates extreme drought.

The next figure 36 shows the average monthly values of the SMI index for the
grass-covered plot of Tenuta Cannona from 2016 to the end of 2022. It is observed
that in summer a value corresponding to intense to severe drought (<-2) was
recorded in summer 2017 and 2018, even at a depth of 30 cm. During the summers
0t 2020, 2021 and 2022, the SMI value fell below the limit of severe drought (<-3),
with minimum values on the surface, but still lower and lower also at -20 and -30
cm. Extreme drought values were not reached.
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Figure 36: Average monthly values of the SMI index for the grass cover plot of
Carpeneto from 2016 to the end of 2022.

Regarding the first year of monitoring, for the Carpeneto site, data are available
from the start of the project in autumn 2020 until the end of 2021. Despite some
interruptions due to removal of probes due to operations carried out on soil, it can
be noticed how in winter humidity has generally remained high, while from May it
has decreased for all summer period, when there were scarce precipitations. The
soil water content returned to rise thanks to autumn rains, especially after extreme
event occurred at beginning of October. Comparing two thesis, in summer tilled
soil reached lower minimum values compared to grass-covered one, while during
precipitations tilled soil reached saturation, recognizable in graphs by characteristic
shape of lines that rise up to a limit value beyond which humidity remains constant.
This did not occur so clearly in grass-covered thesis, probably thanks to greater
hydraulic conductivity guaranteed by roots that deepen into soil ensuring presence
of preferential paths (Fu et al., 2023).

Analysing in more detail the trend of soil moisture in the plot with grass-
covered soil in the inter-row during the 2021 and 2022 seasons (Figure 37), the soil
moisture at the end of May 2022 was generally significantly lower compared to the
same period of 2021, due to scarce winter and spring precipitation. The most
superficial probes throughout the summer of 2022 indicated a moisture value lower
or close to the wilting point, and it is observed that even the sensor at a depth of 30
cm recorded decreasing values tending to this limit until the winter of 2022. It is
also observed that in the autumn and winter period, the soil is characterized by such
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humidity as to discourage passage with means, as ideal conditions occur to have
maximum soil compaction.
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Figure 37: Soil moisture sensors at various depths at the Carpeneto site. The red line
represents the wilting point threshold, while the dashed red line indicates the moisture level
at which maximum compaction is achieved, as determined by the Proctor Test. The orange
line denotes the field capacity threshold. The histograms illustrate daily precipitation.

At equal depth, the values of humidity expressed as volumetric content are
higher in correspondence with the tractor's passage track compared to the centre of
the inter-row, due to the greater density of the soil due to compaction.

It is noted that, although in the inter-row the soil is not tilled throughout the
year (management is with permanent grass cover), the response to precipitation of
the deeper sensor is very similar to more superficial sensors, particularly in autumn
and winter. It is an index of the fact that water infiltrates easily even at greater
depths.

Figure 38, relating to the tilled plot, shows the volumetric water content of the
soil at different depths between autumn 2021 and spring 2022, along with
indications of both precipitation and tractor passages for cultural operations. It is
noted that at all depths, there is a temporary increase in soil moisture following
precipitation, although minimal, as expected in recently tilled soil. The moisture
measured by probes is greater than 0.300 at depths greater than 40 cm and less than
this value for more superficial probes.
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Figure 38: Volumetric water content of the soil at various depths from autumn 2021 to
spring 2022 in the tilled plot at the Carpeneto site. The histograms indicate precipitation,
while the red lines represent tractor passages for agricultural operations.

However, a variation in humidity values is observed following the passage that
occurred on January 19, 2022: there is a sharp increase in humidity measured
superficially and a slight decrease in depth. This effect is linked to soil compaction
due to the passage of an agricultural vehicle on soil with humidity close to
conditions of maximum compaction. By knowing the soil density before and after
the vehicle passage (thanks to periodic surveys carried out during the project), it is
possible to express soil humidity as a percentage of soil weight (thus independent
of soil density). The next graph (Figure 39) shows how the values of surface soil
humidity (up to 20 cm deep) expressed in this way are not modified by the passage
on January 19, 2022.
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Figure 39: Gravimetric water content of the soil at various depths from autumn 2021
to spring 2022 in the tilled plot at the Carpeneto site. The histograms indicate precipitation,
while the red lines represent tractor passages for agricultural operations.

169



Az. Torchio — San Damiano d’Asti (AT)

The monitoring of water content in the vineyard in San Damiano d'Asti was
conducted from August 2021 to early May 2022 (Figure 40). It was done using
sensors placed at a depth of 40 cm in the inter-rows with natural grass cover and
clover, and in the two under-rows with different types of weed control, namely
chemical and mechanical with a brush cutter (enhanced). During the 2021 season,
soil moisture measured in the summer had values close to or less than 0.100 m* m™.
However, it was noted that in the case of the brush cutter, the increase in moisture
following the first autumn rains was more evident compared to other measurement
positions.

The data are interrupted during autumn tillage, but it is still interesting to
observe that the humidity at 40 cm depth in both plots, before tillage, remains low
and almost constant, and does not increase significantly during rains. This increase
occurs instead at the two positions at 20 cm depth. This could indicate that
precipitation, although exceeding 10 mm on several occasions, was not sufficient
to increase soil water content in depth. The cause could be attributed to poor soil
hydraulic conductivity, leading to water loss due to runoff. Following tillage and
autumn rains, humidity values are significantly higher.

During winter and until May, volumetric water content was higher than 0.250
m? m~3, with a greater decrease recorded by the sensor in the grass-covered inter-
row from April onwards. Following spring rains, an increase in soil moisture was
recorded, again more evident in the case of the under-row managed with a brush
cutter.

Figure 40: Volumetric water content of the soil at various depths from autumn 2021 to
spring 2022 in the grass cover plot at the San Damiano site. The histograms indicate
precipitation, while the brown lines represent tractor passages for agricultural operations.
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Az. Porzio — Rocchetta Tanaro (AT)

The monitoring of the water content in the vineyard of Rocchetta Tanaro was
operational from late June 2022 (Figure 41). However, due to a malfunction, data
are available from late July 2022. This data was collected using sensors placed at a
depth of 40 cm in the inter-rows with natural grass-covered soil and in the two
under-rows with different types of weed control, namely chemical (conventional)
and mechanical with a brush cutter (enhanced). The humidity values, expressed as
volumetric water content in the soil as indicated by the probes in the under-row, are
consistently higher throughout the period compared to those placed in the grass-
covered inter-row, even at equal depth. In the first case, they remain above 0.200
m? m, and in the second case, they stay below 0.150 m* m™ until late November.
Between the two under-rows, humidity increases more noticeably in the case of
weed control with a brush cutter after the first autumn rains, similar to what was
observed at the vineyard of San Damiano d'Asti.

Figure 41: Volumetric water content of the soil at various depths from summer 2022
to winter 2022 in the grass cover plot at the Rocchetta Tanaro site. The histograms indicate
precipitation, while the brown lines represent tractor passages for agricultural operations.

Az. Biné — Novi Ligure (AL)

The sensors for measuring soil moisture were installed in the two test plots of
the Biné vineyard near Novi Ligure in early December 2021. The initial data from
the end of 2021 are shown in the graphs below. It can be observed that the moisture
at a depth of 40 cm, in both plots, was generally higher in the centre of the row,
which was less disturbed, compared to the track position, which was subject to
compaction. The lowest values were recorded in correspondence with the row, in
the under-row.
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Figure 42: Volumetric water content of the soil at various depths from winter 2021 to
winter 2022 in the plot at the Novi Ligure site. The histograms indicate precipitation, while
the brown lines represent tractor passages for agricultural operations.

The graph (Figure 42) shows the trend of soil moisture during the first year of
monitoring. All sensors are placed at a depth of 40 cm. It is clearly noticeable that
during the winter period, the increase in humidity following precipitation is
immediate in all measurement positions. However, from spring onwards, this does
not occur, except for the sensor placed in the innovative inter-row in the centre
position and in the conventional under-row. This only occurred in correspondence
with the most significant precipitation at the end of May. In this row, an additional
sowing on hard ground had been carried out in autumn, without first tilling the soil.
It is also observed that humidity values expressed as volumetric content of soil are
higher for the two sensors in the inter-row of the innovative thesis compared to the
conventional one. Although it is necessary to verify that this is not due to greater
soil density, the immediate response to precipitation of the sensor placed in the
centre of the inter-row at 40 cm depth indicates greater ease of water infiltration,
not only in the more superficial soil layer. Additionally, in the under-row of the
enhanced thesis, which is less subject to compaction, greater humidity is evident
compared to the conventional under-row until late summer 2022.
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Az. Nebraie - Rocchetta Ligure (AL)

Figure 43: Volumetric water content of the soil, measured at various depths during
2022 in the plot at the Novi Ligure site. The histograms indicate precipitation, while the
brown lines represent tractor passages for agricultural operations.

This graph (Figure 43) presents the trend of soil moisture in the two plots of the
Nebraie vineyard (Rocchetta Ligure, AL) in 2022. The data collection was
interrupted at times due to sensor malfunctions or removal for soil tillage
operations. All sensors were placed at a depth of 40 cm. During the initial period of
measurement, which included winter and spring, the soil moisture trend was similar
across various positions. The minimum values of volumetric water content in the
soil were recorded in correspondence with the under-row (lower in the conventional
one), likely due to the lower soil density in that position, and higher values were
observed in the inter-row with conventional management. A similar behaviour was
observed at the end of 2022 after the sensors were restored.

During the summer period, measurements were available for a limited time.
However, a clear differentiation between the two enhanced and conventional plots
was observed. The enhanced plot showed higher values of volumetric water content
(>0.250 m® m™), and a significant increase in humidity was detected in the central
position following a rain event recorded on August 18th. The volumetric water
content values measured in the conventional plot and in the two under-rows were
lower than 0.100 and 0.050 m® m>, respectively. However, it is important to
consider the effect of different soil densities when making an effective comparison
between plots.
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Az. Cascina Gentile — Capriata d’Orba (AL)

The next graph (Figure 44) shows the trend of soil moisture in the two plots of
the Cascina Gentile vineyard near Capriata d'Orba in 2022. The vineyard is located
in a flat area characterized by clayey-loamy soil and was planted in 2018, which is
why the conventional management involves soil tillage so as not to have cover in
the inter-row. The introduced enhanced management involves sown grass cover
with summer tillage if necessary.
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Figure 44: Volumetric water content of the soil, measured at various depths during
2022 in the plot at the Capriata d’Orba site. The histograms indicate precipitation, while
the brown lines represent tractor passages for agricultural operations.

Soil moisture sensors are placed at different depths (-20 and -40 cm) in the
under-row, in the centre of the inter-row, and at the tractor passage track. Observing
the trend of average daily values of volumetric water content in the soil, it is
generally observed that moisture is higher at greater depth, as expected. Regarding
the inter-row, humidity is generally higher in the tilled inter-row compared to the
grass-covered one, particularly in the central area less subject to compaction. On
the other hand, the under-row of the plot with grass cover has higher humidity
compared to the under-row of the tilled plot, which shows minimum values in
summer 2022, below the wilting point water content. The surface humidity values
at the track position are similar for both plots, while they are lower than the wilting
point in the central area of the grass-covered plot. At greater depth, soil moisture is
higher than this limit, much higher in tilled plot where however measured values
could be affected by compaction due to passage of agricultural vehicles. The
sensors at -40 cm are little or not affected by spring and summer precipitation, while
an increase in deep humidity is observed in winter.
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2.5.1 Information on soil moisture and soil degradation indices for
winegrowers

In order not only to introduce suitable agronomic techniques, but also to equip
farmers with tools that can support them in making decisions and organizing field
activities, the use of an innovative DSS was introduced in the normal management
of farms. After defining the monitoring of all vineyard plots involved in the project,
a complete picture of the different types of soil management, pedological and
topographical situations, and the configuration of the monitoring instrumentation
and variables was available. This allowed for the identification of soil degradation
indices and the development of additional DSS functions. This IT tool allows
winegrowers to integrate all the products of the other innovations and provides
information and decision support for optimal soil management (Figure 45). In
collaboration with a partner company, farmers were introduced to the use of the
DSS “GreenPlanet”. All data collected by weather stations and SWC probes can be
viewed in real time on the DSS GreenPlanet (Figure 46). It is possible to carry out
graphic and table processing and to extract the data in Excel format.

Flusso delle informazioni di progetto e funzionalita della piattaforma
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Figure 45: Schematic representation of the DSS powered by the monitoring system,
which provides useful guidance to technicians and viticulturists for phytosanitary
protection and field accessibility.
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Figure 46: Representative graphs of soil moisture values and calculated EtO provided
by the Green Planet platform

Additionally, the data were used to calculate two indices provided by the soil
dashboard: the soil moisture index and the field accessibility index (Figure 47).
These indices evaluate field accessibility and soil degradation. They were obtained
from the monitoring data acquired during the first year and validated during the
second year. The intent is to define, for each site, the conditions of vulnerability to
soil compaction (in terms of bulk density) as a function of soil water content. This
is achieved through the Proctor test performed in the laboratory on soil samples
taken from the field (2.6.2 section). These conditions were also compared with
compaction measurements carried out in the field at different times of the year
(2.6.1 and 2.6.3 section). This made it possible to indicate which soil moisture
conditions correspond to the greatest risk of compaction due to agricultural traffic
for the different parcels.

Finally, the data obtained from the soil moisture probes were used for the
calibration and validation of a water balance model, which Irrigasmart uses to
estimate soil water content (Figure 48), providing forecasts of soil moisture trends
and field accessibility conditions (Figure 47). The estimation of soil water content
is based on the most common agro-meteorological variables, in the absence of soil
moisture sensors.
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Figure 47: Example of the "Soil Dashboard" visualization for a vineyard plot,
containing information and indices related to soil quality, water conditions, and field
accessibility derived from monitoring data and subsequent analyses.
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Figure 48: Representative graphs of real time and predicted soil moisture values
provided by the Green Planet platform and Irrigasmart Dashboard, with estimated moisture
values from the water balance model.
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2.6 In field periodic monitoring of soil conditions

Periodic surveys of soil characteristics were conducted to evaluate the effect of
enhanced soil management in the vineyards monitored during the project. The
surveys were carried out annually at the beginning and end of the productive season
(spring and autumn) regarding the soil's physical-hydrological characteristics. The
comparison between the different treatments was performed using non-parametric
statistical analyses.

2.6.1 Soil Bulk density (BD) and Soil water content (SWC)

Bulk density provides a measure of the void spaces (pores) in the soil and thus
the degree of compaction. A healthy soil consists of more than 50% pores, while
cultivation (plow pans, compaction due to agricultural traffic) can significantly
affect the volume and distribution of pores. Generally, it increases with depth and
is an indicator of soil compaction. Bulk density influences water infiltration, root
penetration, the amount of available water, soil porosity and aeration, nutrient
availability for plants, and the activity of microorganisms, which in turn affect
productivity.

Figure 49: Sampling in the vineyard for measuring soil bulk density and soil water
content.

Using a sharp-edged cylinder of known volume, an equivalent volume of
undisturbed soil is collected (Figure 49), dried in an oven, and weighed to obtain
the bulk density, or volumetric mass, as the apparent specific weight. A summary
of the reference values of the ideal soil bulk density and the soil density that limits
the root penetration of plant species, with reference to soil texture is reported in
table 19.
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Table 19: General relationship between soil bulk density and root growth, based on
soil texture (USDA. 1999. Soil Quality Test Kit Guide. USDA Soil Quality Institute.
Washington, D.C.)

Texture Ideal Soil Density Soil Density Limiting
(g cm™) Root Growth (g cm™)
Sandy, sandy loam <1.60 >1.80
Sandy loam, loam <1.40 >1.80
Sandy clay loam, clay loam <1.40 >1.75
Silty, silty loam <1.30 >1.75
Silty clay loam <1.40 >1.65
Sandy clay <1.10 >1.58
Clay <1.10 > 1.47

In the monitored vineyards, soil density was measured every year both on the
surface (0-20 cm deep) and at greater depth (20-40 cm), in spring and autumn in
the inter-rows with different soil management, with sampling both in the centre of
the inter-row and in the track position (5 repetitions per position and depth). From
each sample, the volumetric water content was also obtained.

The obtained values were statistically analysed to detect significant differences
between the various managements (Table 20).

Table 20: List of numbers and acronyms representing the different sites and
managements that will be used in the following graphs and tables

Site 1 2 3 Novi 4 Rocchetta 5 Rocchetta 6
Carpeneto Capriata  Ligure Ligure Tanaro S.Damiano
d’Orba d’Asti
Conventional RMT RMT PGC1 PGC1 PGC1 PGC1
management (tilled) (tilled) (grass (grass (grass (grass
cover) cover) cover with cover with
RMT RMT1 chemical chemical
(cover (cover crop) weeding) weeding)
crop) Alternating
annually
Enhanced PGC PGC PGC2 PGC2 PGC2 PGC2
management  (grass (grass (enhanced (grass (grass (grass
cover) cover) grass cover) cover with cover with
cover) RMT2 mechanical mechanical
RMT (cover crop) weeding) weeding)
(cover Not
crop) alternating
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Figure 50: Average soil density values measured in spring and autumn at different sites
and plots, depth 0-10 cm. Different letters indicate significant differences.

The average BD values on the surface (Figure 50) are found to be better (lower)
or similar in plots with enhanced management, except in autumn in the vineyards
of Capriata d'Orba and Novi Ligure. The lowest values were found in rows with
grass cover or cover crop and generally fall within the range indicated as "ideal".
The highest and critical values were found in the vineyard of San Damiano d'Asti.
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Figure 51: Average soil density values measured in spring and autumn at different sites
and plots, depth 30-40 cm. Different letters indicate significant differences.

The soil bulk density at greater depth (30-40 cm, Figure 51) was significantly
lower in spring in the grassed plot compared to the tilled one at Carpeneto. It is
similar in two cases and in as many higher with enhanced management compared
to traditional. Even at this depth, the highest values were recorded in San Damiano
d'Asti, at the limit of criticality for root development (>1.60 g/m3).

Considering the BD of the soil on the surface, regardless of the site (Figure 52),
management with cover crops results in significantly lower values compared to
management with temporary grass cover and spring tillage (1.25 g/cm? versus 1.34-
1.35 g/cm?). In autumn, tillage management leads to significantly higher soil
density compared to grass cover and cover crops (1.40 g/cm? versus 1.35 g/cm? and
1.34 g/cm?), as illustrated in the graph below. Therefore, overall, management with
cover crops results in the lowest soil density values, while grass cover management
maintains a constant trend.
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Figure 52: Average soil density values measured in plots with different soil
management practices (TILL = tilled, PGC = permanent grass cover, SOV = cover crop).
The graph on the left side represents 0-20 cm depth, while the graph on the right side
represents 20-40 cm depth. Different letters indicate significant differences between values
measured in the same season.

Also at greater depth, the management with green manure allows to have a soil
density significantly lower than the management with grassing and tillage in spring
(1.43 gcm™ compared to 1.47-1.49 g cm™), while in autumn there are no significant
differences and the density is higher than 1.50 g cm™ in all cases. The conditions
are not ideal for root growth at the end of the season, but it is seen how in spring
the improvement of this condition is not guaranteed so much by traditional tillage
as by the use of green manure.

The soil moisture measured as volumetric water content in conjunction with the
periodic surveys (Figure 53) was found to be, at a depth of 0-10 cm, greater or
similar in plots with enhanced management compared to the conventional one, both
in spring and autumn, except in the case of San Damiano d'Asti, in any case without
significant differences.

Also at greater depth (30-40 cm, Figure 54) there were no significant
differences in volumetric water content, with different behaviour depending on the
site. The only site where in the case of enhanced management the deep soil moisture
was found to be lower both in spring and in autumn is the vineyard of Capriata
d'Orba.
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Figure 53: Average soil moisture values measured in spring and autumn at different
sites and plots, depth 0-10 cm. Different letters indicate significant differences.
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Figure 54: Average soil moisture values measured in spring and autumn at different
sites and plots, depth 20-40 cm. Different letters indicate significant differences.
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Regardless of the site (Figure 55), soil moisture on the surface is higher in rows
managed with green manure both in spring and in autumn. In autumn, the values
measured in tilled rows are significantly lower than those recorded in inter-rows
with green manure are. At a depth of 40 cm, soil moisture is higher in rows managed
with tillage in spring compared to those with grassing and green manure, with the
latter showing lower values. This situation reverses in autumn, with significantly
higher values in rows with green manure compared to those with grassing or tillage.
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Figure 55: Average volumetric water content values measured in plots with different
soil management practices (TILL = tilled, PGC = permanent grass cover, SOV = cover
crop). The graph on the left side represents 0-20 cm depth, while the graph on the right side
represents 20-40 cm depth. Different letters indicate significant differences between values
measured in the same season.
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2.6.2 Proctor Test

An American engineer developed the Proctor test in the early 1930s (Proctor,
1933). Its utility remains valid today and is employed in various fields such as
construction, including the building of structures and dams, as well as in research.
This test allows the determination of the correlation between soil compaction and
the optimal water content to achieve maximum soil density. During the test, the
compaction pressure and the volume of soil analysed remain constant, with
moisture content being the only variable. The Proctor test involves the compaction
of properly crushed soil within a cylinder of known dimensions. The soil is
compacted in three overlapping layers using a 2.5 kg metal rammer, which is
dropped from a height of 35 cm for 25 successive times. The test is repeated under
different soil moisture conditions, and for each test, the pair of soil moisture and
corresponding bulk density points are obtained after weighing and oven drying.
Once a series of points with varying moisture levels is obtained, they are
interpolated with a second-degree curve (parabola). It is necessary to achieve a
distribution of points that allows good interpolation to accurately define the curve
and thus determine the compaction achievable under specific soil moisture
conditions.

The Proctor test is useful for studying soils subjected to specific compaction.
Soil compaction reduces soil productivity, making it crucial to study soil
susceptibility to compaction, which can be effectively assessed using the Proctor
test. For instance, in vineyards, wheeled or tracked vehicles are restricted to passing
between rows, consistently compacting the same soil areas in correspondence of
the tracks. This results in zones that reach maximum compaction levels while others
remain uncompacted. All samples from the same soil were collected from the top
10 cm at multiple points, both in the tracks (the areas compressed by the wheels or
tracks of agricultural machinery) and in the centre (the area between the wheels of
agricultural machinery that remains uncompressed), and then mixed.

The Proctor Test was carried out on soil samples from the two parcels of the 5
sites, to determine the maximum soil density obtainable by compaction of the soil
and the corresponding level of humidity. Considering the trafficability of the
vineyards, this value indicates the humidity conditions for which, by accessing the
field with agricultural vehicles, greater compaction and therefore potential soil
degradation is obtained. The compaction risk index indicates the moisture
conditions under which maximum soil compaction is achieved for the monitored
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vineyard plots. This allows for the identification of compaction risk in the event of

tractor passage under these conditions.
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Figure 56: Proctor test curve of the different soil management practices (CT =
conventional tillage, GC = grass cover, CC = cover crop) in the 5 vineyards. The maximum
bulk density varies according to soil humidity conditions (soil water content).

The Proctor test (Figure 56) performed on soil samples from the vineyards of
Novi Ligure and Capriata d’Orba resulted in two similar curves, as maximum
compaction is achieved with practically identical soil moisture. In Capriata d’Orba,
the soil density value is slightly higher in tilled soil compared to grass-covered soil.
In both cases, the soil density reached is higher than that of similar management in
other vineyards.

In Rocchetta Ligure and Carpeneto, the difference between the two
management practices is more pronounced. In Carpeneto, the CT plot can reach a
much higher maximum compaction with lower moisture compared to the GC plot.
In Rocchetta Ligure, the inter-rows with cover crops can achieve lower compaction
than those with grass cover, while the moisture level at which maximum
compaction is reached remains the same.
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Finally, in Rocchetta Tanaro, there is only one curve as there is no difference
in the management of the inter-row, but only in the under-row, which is not affected
by traffication.

These characteristic curves have been used to implement a tool in the Decision
Support System (DSS) that can indicate to farmers the risk of soil waterlogging and
compaction based on the soil water content measured by probes.
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2.6.3 Soil penetration resistance (PR)

Similar to bulk density, soil penetration resistance provides an index related to
the degree of soil compaction. It was measured in each thesis at the track and the
centre of the inter-row using a manually operated digital cone penetrometer
(Penetrologger, Eijkelkamp, Netherlands, Figure 57). Ten repetitions of
penetrometry were performed at each position, totalling 20 for each plot. These
measurements aim to highlight the contrasting penetration resistance characteristics
between different soil horizons.

R

Figure 57: Execution of a penetrometer test to determine soil penetration resistance.

The cone used for the tests has a tip with a 30° inclination and a base area of 1
cm?. For each measurement, the Penetrologger plate is positioned as parallel to the
soil surface as possible. By applying pressure with the hands on the instrument's
handles, the rod is inserted into the soil at a constant speed of 2 cm s™, to a depth
of 0.8 m. The insertion is performed while maintaining an inclination of less than
3.5° from the vertical position. The instrument automatically measures the exerted
force and penetration depth using an ultrasonic sensor with a resolution of 1 cm,
automatically calculating the penetration resistance, considering the tip used, and
associating the value in MPa with the depth. If the soil is too hard, making the test
physically impossible or risking damage to the instrument, penetrometry is
performed to a shallower depth or not at all. In vineyards with alternating row
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management, such as alternating rows with cover crops, an additional series of
penetrometry tests is conducted.

Subsequently, the data were manually validated and processed by averaging the
different repetitions, divided into appropriate depth ranges, to perform a statistical
analysis to identify significant differences between the various theses and positions.
Statistical analysis was performed using R software to identify statistical
differences (a < 0.05) across various positions and depths, as well as different time
intervals within the monitored period. The applicability of variance analysis
techniques like ANOVA was assessed by checking data normality using the
Shapiro-Wilk test. However, as this normality test failed, statistical differences
between treatments were evaluated using the Kruskall-Wallis test. This non-
parametric method substitutes data with their rank in variance analysis and is
typically employed to confirm the equality of medians across different groups when
a normal population distribution cannot be assumed. Essentially, it verifies whether
these groups originate from the same population or from populations with identical
medians.

The most evident result across all sites is the difference in soil penetration
resistance between the track position, which is more compacted, and the centre of
the row, which is less disturbed. In almost all sites, although an increase in value
with increasing depth is normal, the presence of a plough pan was found at a
variable depth between 30 and 50 cm: the soil resistance showed a sharp increase
along the profile, sometimes making further measurement impossible. In the Figure
58, the presence of a thick plough pan found in the first survey carried out in
Rocchetta Tanaro at a depth between 20 and 50 cm is evident, both in
correspondence with the footprint and the centre. The impact of surface tillage on
CT plots is noticeable only centrally; however, it is appreciable within vehicle
tracks solely during spring 2021. By spring of the following year, soil compaction
is already evident.
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Figure 58: Penetration resistance profile varying with depth, measured at Rocchetta
Tanaro during the first survey conducted (spring 2022).

In general, a higher soil penetration resistance value was observed at the end of
the productive season compared to spring. For example, at the Capriata site (Figure
59 A), it is clear that the profiles obtained from the average of the values measured
in autumn (AU, green and orange colours) in the four positions are significantly
higher than the spring values (PR). Analysing the individual years in more detail,
for example by comparing spring (Figure 59 B) with autumn (Figure 59 C) of 2023,
it is clear that in spring the resting soil has low values, between 1 and 2 MPa,
without significant differences between the different positions. In autumn, however,
the soil is much more compact, with values that from 30 cm depth are all above the
threshold value of 2 MPa. Going into even more detail, in autumn, the surface
horizons have lower values, and the centre is less resistant to penetration than the
track position. The grassed plot on the surface has higher values than the tilled one,
but below 20 cm in the central position of the grassed rows, significantly lower
values were recorded compared to the other three positions. Similar results were
also found in the second site with grass cover and tilled theses compared, in
Carpeneto, but with a smaller difference in surface values between the theses. The
greater penetration resistance of the first centimetres of soil could be due to the
presence of grass roots, which however guarantee a lower value in depth.
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Figure 59: Average penetration resistance profiles varying with depth, measured at
Capriata during the three spring and three autumn surveys (A), and detailed values
measured in spring (B) and autumn (C) 2023.

Considering the entire profiles (Table 21), in Capriata d’Orba, significant
differences were observed within track positions compared to central areas on grass
plots during spring 2021. During this period, profiles significantly differed from all
other positions. On tilled plots, differences between tracks and central areas were
significant only during spring 2022; CT-NT differed significantly from all other
positions due to soil tillage effects. Spring 2022 also saw significant differences
between tracks across the two treatments, indicating varying degrees of compaction
following agricultural vehicle passage on tilled and grassed soils. No significant
differences were observed across various positions during the two autumn surveys.
Comparisons across different periods reveal that for grass plots at the no-track
position, initial surveys showed significant differences compared to subsequent
ones. Within vehicle tracks, profiles measured across two springs were significantly
different. In tilled inter-rows during both spring years, central areas differed
significantly from autumn measurements. Within the track position, a significant
difference was observed between spring of 2021 and both surveys conducted during
2022.
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Table 21: The table illustrates the results from Kruskal-Wallis tests on penetration
resistance measured in Capriata d'Orba during the years 2021 and 2022 in spring (SP) and
autumn (AU), highlighting significant differences across various positions (CT =
conventional tillage, GC = grass cover, T = track position, NT = no-track position). This
analysis considered entire profiles rather than individual depths.

21SP CT-NT d 21AU CT-NT abc 22SP CT-NT d 22AU CT-NT abc
21SP CT-T  d 21AU CT-T  abed 22SP CT-T a 22AU CT-T ab
21SP GCNT d 21AU GC-NT ab  22SP_GC-NT ab 22AU GC-NT ab
21SP GC-T ¢ 21AU GC-T abed 22SP GC-T b 22AU GC-T  abc

Employing the same method and delving into individual survey campaigns to
compare different depths at each position yields additional insights. During spring
2021, within the initial 20 cm of soil, a significant difference was observed between
two tilled positions and two grassed ones; within grassed areas, differences were
also noted between track and central areas but only within initial 10 cm. In CT-T
areas, penetration resistance for initial 30 cm of soil was significantly lower than
measurements taken at greater depths. Similar observations were made for CT-NT
areas: initial 10 cm of soil exhibited significantly less penetration resistance
compared to layers at depths ranging from 20 to 40 cm. This could potentially
indicate presence of a tillage pan. The second survey revealed no significant
differences between positions due to limited data availability caused by high soil
penetration resistance; however, a significant increase in pressure values was noted
between initial 30 cm and deeper layers. During spring of second year, surface soil
showed significantly greater resistance in CT-T compared to GC-NT. Within
central areas of grassed plots, a significant difference was observed between initial
10 cm and layers at depths ranging from 20 to 30 cm; within track areas however,
initial 10 cm of soil differed from deeper layers. Lastly, during final survey period
due to recorded high variability, statistically significant differences were only
identifiable between initial 10 cm and subsequent 10 cm within track position of
conventional rows.

In the two sites where theses were compared with equally grassed inter-rows,
in San Damiano d'Asti and Rocchetta Tanaro, the different management of the
under-row does not seem to have influenced soil penetration resistance, neither at
the track position nor at the centre position. The increase in penetration resistance
in autumn compared to spring, despite high variability, was not statistically
significantly different between the theses. However, in Rocchetta Tanaro, the
values for the enhanced management thesis were slightly lower than those for the
chemical weeding thesis were. This could indicate that the different management
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of the under-row does not significantly influence the soil penetration resistance
characteristics of the inter-row.
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Figure 60: Average penetration resistance (MPa) measured at Rocchetta Ligure over
three years in different monitored positions: grass cover (GC) and green manure (SO), for
conventional (A) and enhanced (I) treatments, in the centre (NT) and track (T).

Finally, in the two vineyards with rows sown with green manure for cover crop
(Novi Ligure and Rocchetta Ligure), an intermediate value of penetration resistance
was recorded (Figure 60). The presence of the cover crop, combined with less
frequent passage of agricultural vehicles, ensures a penetration resistance value that
is on average lower than that of the rows with spontaneous grass cover, where all
vehicle passages are concentrated. Analysing the values measured over three years
of surveys in both sites, it is evident that soil penetration resistance is consistently
lower in the rows with cover crops compared to those with grassing. Rocchetta
Ligure presents the only exception, with the row with conventional cover crop
showing a higher average value. Comparing the grassed rows, both positions of the
one with enhanced management show a slightly higher average value compared to
the conventional one, although the difference is not significant. In Rocchetta
Ligure, where management was also differentiated for the cover crop, the value
measured in the enhanced management is significantly lower compared to the
conventional management.
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2.6.4 Soil hydraulic conductivity

Saturated hydraulic conductivity is an important soil characteristic as it
indicates the ease with which water can infiltrate the soil during a rainy event when
the soil is saturated. To measure soil hydraulic conductivity, a series of five single-
ring infiltrometers, automated with dataloggers (Concialdi et al., 2020), were used
in each inter-row, both at the track of tractor passage and at the centre of the inter-
row (Figure 61).

Figure 61: Execution of infiltration tests in vineyards to determine saturated hydraulic
conductivity.

In all sites, the hydraulic conductivity measurements carried out in the track
position, which is more compacted, have always been significantly lower than the
centre of the row, which is less disturbed. This demonstrates how careful
management of the passage of agricultural vehicles can strongly influence the
characteristics of the soil and the availability of water resources.

The following graph in Figure 62 summarizes the results obtained from
monitoring vineyards with different soil management. Soil management was
considered independently of the site, grouping the managements adopted into three
categories: tillage carried out at least once a year, permanent spontaneous grassing
without tillage during the year, and sown green manure.
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Figure 62: Average saturated hydraulic conductivity values measured in the inter-row
with different soil management practices (TILL = tilled, PGC = permanent grass cover,
SOV = cover crop) at various times during the productive season.

The soil's hydraulic conductivity was found to be on average higher in soils
with grass cover. In particular, plots managed with permanent grassing showed a
higher hydraulic conductivity compared to tilled plots. The only case where tilled
plots presented a very high conductivity was immediately after tillage. However,
already following the first passages of agricultural vehicles on wet soil, the resulting
compaction significantly lowered the value. Plots managed with cover crop showed
a greater susceptibility to compaction - and consequently lower hydraulic
conductivity - in spring, following the passages also made in the sown rows. While
in autumn, especially in the drier seasons, they guaranteed a higher hydraulic
conductivity of the soil. This is particularly true at the Novi Ligure site (Figure 63),
where the values recorded in autumn in the rows with cover crop were significantly
higher than those of the rows with both types of grass cover were. Furthermore, in
the autumn of the third year of experimentation, a significant difference was noted
between the conventional management and the enhanced one, in favour of the latter.
At the Rocchetta Ligure site, on loamy soil, the difference between the
managements was less significant.
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Figure 63: Average saturated hydraulic conductivity values measured in the inter-row
at the track and centre, with different soil management practices in autumn 2023 at Novi
Ligure.

In the sites of Rocchetta Tanaro and San Damiano d’Asti, the comparison
between the two types of under-row weed control did not show significant
differences, due to the high variability of the measured values. In the two sites of
Carpeneto and Capriata d’Orba, where the managements compared were permanent
grassing and traditional tillage, the hydraulic conductivity was found to be better in
the grassed inter-row compared to the one worked at the end of the season (with
double values in Carpeneto, between 5 and 10 times as much in Capriata). The
difference was slightly lower in spring, following the ripping operations and the
reduced number of passages of agricultural vehicles. In the tilled plots, in track
position, the soil was particularly impermeable and the minimum values of
hydraulic conductivity of the entire survey campaign were recorded, less than 10
mm/h. This demonstrates that the root systems of the grass cover facilitate the
infiltration of water even in conditions of extremely compact surface soil.
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2.6.5 Soil cover (SC)

To assess the degree of soil cover of the inter-row area by grassing or cover
crops, the degree of coverage (expressed in %) was calculated using the method
proposed by Agrela et al. (2003), using a 0.5x0.5 m? grid with 0.1x0.1 m? meshes
that allows the evaluation of different sectors of the grid (Figure 64). The operator
assigns a subjective value of the degree of coverage to each frame of the grid, on a
scale ranging from 0 to 5 based on the amount of soil coverage observed, whether
it is biomass of the grassing, crop residues or stones.

Copertura interfila tesi aziendale = 54%

Sovescio Inerbita
. .

sovescio
58 %

deflusse nullo

Figure 64: Grid used for assessing the degree of inter-row vegetation cover, and visual
representation of a complete survey for a site

This procedure is carried out at various points in the vineyard or experimental
plots, both in the centre and in the footprint, i.e., the point of the inter-row where
the tractor passes and causes compaction and alteration of the surface structure of
the soil.

For the Carpeneto site, the coverage and biomass surveys were more numerous
(26 in total during the 3 seasons considered) and therefore allow following the trend
in a more detailed way (Figure 65). In the tilled inter-rows, the maximum degree of
coverage, reached before the spring or autumn tillage, is 60%, while the minimum
values, less than 20% were measured after the autumn tillage of 2021 and in the
following months. Values close to 20% were also measured in spring 2023, before
the rainy period. The values of collected biomass generally have a trend similar to
coverage, with a peak recorded in summer. The minimum values suggest that the
coverage reacts to drought periods with a significant reduction. In the case of the
grassed inter-row, the soil coverage was almost always between 80 and 100%, with
minimum values in summer 2022 and spring 2023, always however above 60%.
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The average soil coverage is significantly higher in the grassed plots compared to
those tilled both in spring and in autumn (Figure 66). The average coverage, in the
plots with enhanced management is generally higher than the conventional one and
above 30%, up to 95%. Similarly, the aboveground biomass is usually higher in the
enhanced plots compared to the conventional ones, with significant differences
(Figure 67).

Cover e biomassa CT Cannona

L
a (Mg/Ha)

Figure 65: Trend of soil cover (a) and biomass (b) in the inter-row of the plots at
Carpeneto.
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Figure 66: Average percentage values of soil cover measured in spring and autumn at
different sites and plots. Different letters indicate significant differences.

Regardless of the site (Figure 68), the soil coverage by vegetation is maximum
in the rows with grassing and minimum with tillage, among the different
managements; both in spring and autumn, with significant differences between the
different managements in spring and between management with tillage and the
other two managements in autumn. The biomass of the inter-row cover, in spring,
1s maximum in the case of green manure and minimum with tillage, in autumn the
differences are less evident, with slightly higher coverage in the case of permanent
grassing compared to green manure.
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Figure 67: Average percentage values of soil cover measured at different sites and

plots. Different letters indicate significant differences.
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Figure 68: Average values of soil cover and biomass measured in the inter-row with
different soil management practices (TILL = tilled, PGC = permanent grass cover, SOV =
cover crop). The graph on the left side represents 0-20 cm depth, while the graph on the
right side represents 20-40 cm depth. Different letters indicate significant differences

between values measured in the same season.
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2.6.6 Soil organic matter and total nitrogen content analysis

At the end of the first productive season with differentiation (autumn 2022),
soil samples were collected at various depths and points in the vineyard.
Differentiation occurred the previous autumn, except at Carpeneto. Additional
samples were collected at the end of the monitoring period (autumn 2023), after
two productive seasons with differentiation. These samples were analysed in the
laboratory to obtain information on soil type (texture) and chemical characteristics.

In 2022, the organic matter content (Figure 69) was higher in the enhanced plot
compared to the conventional plot (grass cover versus tillage) in samples collected
at Carpeneto. At Capriata d’Orba, the behaviour was similar in 2022, while in 2023
the organic matter content was significantly lower in both plots, with slightly lower
values for the superficial sample collected in the grass-covered inter-row and
similar values at greater depths. At Novi Ligure and Rocchetta Tanaro in 2023, the
organic matter content was consistently higher in the enhanced plot, while at
Rocchetta Ligure, the trend was reversed.
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Figure 69: Soil Organic Matter measured in conventional (AZ) and enhanced (IN)
plots of the vineyards under study.

Regarding total nitrogen (Figure 70), the values detected in soil samples were
higher in the enhanced thesis compared to the conventional thesis at Carpeneto in
2023, Capriata d’Orba (2022 and 2023), Novi Ligure (2022 and 2023), Rocchetta
Ligure (2023), and Rocchetta Tanaro (2023).

203



0.2
0.18
0.16

_ 014

0.12

0.1

0.08

0.

0.04

< I I L
0

CANNONA CANNONA CAPRIATA CAPRIATA NOVI 2022 NOVI 2023 ROCCHETTA ROCCHETTA ROCCHETTA ROCCHETTA
2022 2023 2022 2023 LIGURE LIGURE TANARO  TANARO
2022 2023 2022 2023

Azoto totale (%

(=]
(=]

mAZ-10 mAZ-40 IN-10 = IN-40
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plots of the vineyards under study.
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2.7 Summary of the effects of the introduced enhanced
solutions and operational indications

The following Table 22 provides a summary of the results obtained through the
monitoring of vineyards with different soil management. The data were analysed
considering the soil management independently of the site and thus grouping the
adopted managements into three categories: tillage carried out at least once a year,
permanent spontaneous grassing without tillage during the year, and sown green

manure for cover crop.

Table 22: Summary of the results obtained through the monitoring of vineyards with
different soil management practices.

Tilled Grassed Green manure
Runoff (total) % 2.5 1.0 1.0
Runoff (summer 2023) % 1.9 2.9
Erosion (total) kg/ha/mm 6.7 3.2
Erosion (summer 2023) kg/ha/mm
Soil cover (spring) %
Soil cover (autumn) %
Superficial bulk density (spring) g/cm3 1.35 1.34 1.25
Superficial bulk density (autumn) g/cm’ 1.40 1.35 1.34
Deep bulk density (spring) g/cm’ 1.49 1.47 1.43
Deep bulk density (autumn) g/em® 1.53 1.51 1.52
Superficial soil water content (spring) | c¢m?®/cm® 0.245 0.242 0.248
Superficial soil water content (autumn) | ¢cm?*/cm®
Deep soil water content (spring) cm’/ecm® 0.336 0.296 0.305
Deep soil water content (autumn) cm’/ecm® 0.214 0.230 0.290
Soil penetration resistance Mpa 1.13 1.71 1.38
Hydraulic conductivity (spring 2023) mm/h
Hydraulic conductivity (autumn 2023) mm/h 386.5
Biomass (spring) Mg/ha 1.92 2.56
Biomass (autumn) Mg/ha 1.03 0.85
Traditional Innovative
Soil organic matter % 1.07 1.22
Production kg/pianta 2.73 2.84

The results obtained from vineyards with tillage management are unfavourable

for most of the considered characteristics, particularly regarding the percentage of
soil coverage, the bulk density of the surface soil at the end of the productive season,
and the moisture of the surface soil in autumn. However, deep moisture in spring is
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higher compared to other soil managements. Grassing management allows for the
best percentage of soil coverage and biomass, but the soil moisture in spring is
lower compared to other managements. The best results are obtained with green
manure, which allows for significantly lower soil density and significantly higher
deep soil moisture in spring compared to other managements. In general, the
organic matter content was found to be higher with the adoption of enhanced
management.

Using green manure for cover crop allows for optimal soil density both in
spring and autumn and excellent hydraulic conductivity (and therefore the
possibility of rainfall infiltration) especially in autumn, limiting runoff and
especially protecting the soil from erosion even in the summer months and
preserving the moisture of the soil at greater depth. The loss of nutrients in runoff
water is generally lower in the case of management with permanent grassing or
green manure, with evident reductions especially in the case of significant
removals.

The results show that even in the case of commercial vineyards, the long-term
management of the soil with permanent grassing reduces erosion and runoff,
especially in the case of summer events, while at the same time favouring the
infiltration of rainwater into the soil throughout the year; productive surveys do not
show negative effects on production.

The transition to this enhanced management is not simple, because the results
are not always seen immediately; moreover, permanent grassing usually presents
"negative" species due to high water and nutritional competition, little structuring
effect on the soils, etc.

The Good Practices identified and disseminated through the “good practice
paper” to the winegrowers allow for a smoother transition from traditional
management characterized by frequent soil tillage to enhanced management,
reducing the difficulties of the transition phase.

These can be summarized as follows: elimination of fine soil tillage; sporadic
execution of deep tillage, possibly with a subsoiler; sowing of green manure
grassing; management of grassing with mowing and shredding.

Good Practices for reducing erosion and runoff:
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+ if possible, maintain permanent grassing in all rows; alternatively, keep at
least alternate rows grassed

* manage the grassing with mowing or shredding: this reduces surface runoff
and the risk of erosion, and limits soil overheating

» avoid "fine" soil tillage: milling machine, rotary tiller, roter
* to decompact and aerate the soil, carry out deep tillage once a year

» for deep tillage, prefer the subsoiler to the ripper because it leaves the grassy
crust unchanged

* sowing a green manure-grassing is useful for selecting less competitive
herbaceous species with the vine

* minimize mechanical passages in situations of wet soil, especially with poor
grass cover

Indications for sowing green manure:
* sowing on firm ground is very interesting because it avoids fine soil tillage

 if sowing on firm ground is not possible, good preparation of the seedbed is
important (in this case "fine" tillage with the roter is necessary)

 fertilize before sowing
* sow at the right times

» prefer very varied mixtures, with a balanced presence of grasses, legumes
and crucifers

* end the green manure with mowing or shredding, without burying: this
improves the structuring effect of the soil.

Young vineyards:

+ the adoption of grassing is possible but requires "flexibility": in case of very
hot and/or dry seasons, soil tillage in summer (on alternate rows) is useful to
reduce water competition.
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Chapter 3

Validation and integration of
innovative technological research
products in real-world conditions

3.1 Introduction

Recent advancements in measurement technologies have significantly
influenced hydrological modelling. Innovations in electromagnetic induction
sensors have enhanced the precision and efficiency of data collection (Singh, 2018).
These tools, combined with proximal and remote sensing technologies, provide
more accurate and comprehensive data on water availability, soil health, and crop
status. The integration of these technologies into hydrological models allows for
better prediction and management of water resources in agricultural settings.

The numerical simulation of hydrological processes serves as a crucial tool for
examining the movement of water and solutes within the Earth's "critical zone,"
which spans from the outermost vegetation layer to the groundwater storage areas
(Zhang and Wang, 2022). These hydrological models are applicable at various
spatial and temporal scales, addressing a wide range of environmental and
economic challenges and emergencies in agriculture (Kayatz et al.,, 2019).
Hydrological issues of great practical interest that can be addressed by simulation
models include:

1) Optimizing water resource use in agriculture (McNider et al., 2015). The
Water Framework Directive 2000/60/EC has set policy goals to promote
sustainable water management in Europe. Given that agriculture is the primary
consumer of renewable water resources, it is crucial for the scientific community to
develop technologies and techniques that enhance water use efficiency in
agriculture. This is especially important in light of increasing rainfall anomalies and
water scarcity driven by climate change.
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i1) Accelerated soil water erosion in agricultural hilly areas poses significant
threats to crop yields, surface water resources, and local infrastructure (Panagos and
Katsoyiannis, 2019). The EU Biodiversity Strategy for 2030, adopted by the
European Commission in 2020, prioritizes reducing soil erosion through
sustainable management practices. The goal is to prevent erosion on 30-50% of land
with unsustainable erosion rates by 2030.

Despite the advancements, there are still challenges and limitations in
hydrological modelling. One major issue is the spatial and temporal variability of
soil and water properties, which can lead to inaccuracies in model predictions. Our
current ability to conceptualize and simulate hydrological processes far surpasses
our capacity to accurately measure the input parameters required for these models
(Baroni et al., 2010). This discrepancy necessitates the calibration of nearly all
hydrological models, making it an essential step in the modelling process
(Teweldebrhan et al., 2018). Without proper calibration, the predictions made by
these models remain uncertain to an unknown extent, limiting their practical utility.

According to the scientific literature, this limitation of hydrological models is
primarily due to the persistent inability to obtain a hydrologically realistic
description of soil behaviour (Moriasi et al., 2015). To address this problem, the
common assumption that, at the near-point measurement scale, soil can be
represented as a homogeneous, rigid, and isotropic medium must be revised.
Instead, it must be considered that: 1) the porous medium exhibits marked spatial
and temporal variability, and ii) a hydrologically relevant soil physical and
hydraulic characterization requires transitioning from the near-point measurement
scale to the field scale in a practical manner.

The future of hydrological modelling lies in the development of more
sophisticated and robust measurement technologies to improve the calibration
process to enhance model reliability and the integration of interdisciplinary
approaches (Singh, 2018). Emerging technologies such as machine learning and
artificial intelligence have the potential to revolutionize data analysis and model
predictions (Rozos et al., 2022). Additionally, the use of real-time data from sensors
and satellites can provide continuous monitoring and improve the responsiveness
of hydrological models to changing environmental conditions (Abegeja, 2024).
Integrating hydrological models with other scientific disciplines, such as
meteorology and ecology, can provide a more comprehensive understanding of
environmental processes (Granata et al., 2025). For example, combining
meteorological data with hydrological models can improve predictions of rainfall
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patterns and water availability (Wang et al., 2024). Similarly, incorporating
ecological data can help assess the impact of water management practices on
biodiversity and ecosystem health.

Point-scale soil moisture measurements with sensors can represent the temporal
variations of the variable, but each sensor is representative of a limited volume of
soil, so capturing spatial variability would require several sensors within a single
field. When direct measurement methods are not sustainable in terms of time and
costs, satellite and proximal sensing emerge as viable alternatives (Pdgas et al.,
2013; Schonbrodt-Stitt et al., 2021). Satellite remote sensing offers the opportunity
to obtain spatially explicit information on landscapes at regular time intervals.
Among proximal sensors, Cosmic-Rays Neutron Sensing (CRNS) has emerged as
a valuable technique for non-invasive soil moisture estimation at field scale, larger
than the usual point-scale sensors, and at sub-daily resolution (Desilets et al., 2010;
Zreda et al., 2008; Bogena et al., 2015). Nevertheless, ground-based measurements
of land surface variables, such as soil moisture, are indispensable in the process of
developing, calibrating, validating, and advancing spatially contiguous data sets
derived from satellites or models (Loew et al., 2017; Gruber et al., 2020).

Furthermore, modelling and investigation of hydrological and soil erosion
processes require rainfall characterization in terms of temporal and energy
distribution to assess interactions with soil (Ran et al.,, 2019). However,
precipitation is currently measured and characterized at ground level mainly at point
scale, using rain gauges and disdrometers. These instruments are usually considered
representative for several km?, despite providing information related to a small
sampling area (a few cm?). Additionally, traditional instruments rarely capture the
temporal variability of precipitation, and the assessment of both temporal and
spatial variability is generally possible only through remote sensing, which does not
refer to conditions at ground level, where precipitation interacts with soil (Sehler et
al., 2019).

New field measurement approaches must be developed to make soil
characterization a routine step in the application of hydrological models, while
minimizing time demands. These approaches should account for the spatial and
temporal variability of the measured variables. The use of innovative measurement
techniques, such as automatic infiltrometers (Concialdi et al., 2020), geophysical
technologies (e.g., geo-radars, electromagnetic induction sensors), and proximal
and remote sensing technologies, may contribute to achieving this goal.
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The general objective of this section is to introduce the use of proximal sensing
technologies for characterizing the interactions between water and soil in complex
real-world environments, thereby overcoming the limitations associated with near-
point measurements of variables with high spatial and temporal variability.
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3.2 W-Band Radar

3.2.1 Introduction

Vegetation cover significantly influences the hydrological response at the field
level, consequently affecting runoff and soil erosion processes (Biddoccu et al.,
2020). Maintaining bare soil in the inter-rows of vineyards through tillage,
combined with tractor traffic, poses known risks of soil compaction, reduced water
retention capacity, and increased runoff and erosion (Capello et al., 2019). The
adoption of grass cover is one of the most widespread and effective strategies to
mitigate these risks (Capello et al., 2020). Over the past decades, numerous studies
have been conducted on runoff and soil loss induced by precipitation in sites with
different types of cover (Bagagiolo et al., 2018). It has been found that runoff and
erosion are often correlated with rainfall characteristics (Biddoccu et al., 2014).
However, this correlation varies significantly between different sites and over time.
In many studies, rainfall is represented only by a few parameters, such as maximum
intensity and total precipitation. The size of raindrops is rarely analysed, despite
being an important element for an accurate estimate of the kinetic energy of rainfall
(Meshesha et al., 2019). Millimetre-wavelength polarimetric radars (W-band) are
among the instruments capable of measuring raindrop size. Compared to in-situ rain
sensors, these radars have a much larger sampling area and can estimate the
distribution of raindrop sizes with high spatial and temporal resolution (Unal and
van den Brule, 2024). Therefore, it is possible to correlate runoff and soil erosion
with rainfall properties using traditional monitoring techniques integrated with
radar observations. The information obtained from W-band radar monitoring allows
for a more in-depth examination of the relationships between precipitation
characteristics and the generation of runoff and soil erosion. To this end, the
experimental vineyard of Tenuta Cannona (Agrion, Carpeneto, AL), located in the
wine-growing area of Alto Monferrato (Piedmont, NW Italy), was equipped with a
94 GHz radar in June 2023. The site comprises two field-scale vineyard plots, with
inter-rows managed respectively with traditional tillage (CT) and permanent grass
cover (GC). Both plots are equipped with two systems for measuring and collecting
runoff water at both plot and micro-plot scales. After each erosive event, a 1.5 L
sample of runoff sediment mixture was collected. Sediments deposited along drains
and in the sedimentation traps were also collected and weighed after being dried.
An optical sensor is placed at the outlet of the channel in order to monitor the
turbidity of the flow due to the sediment concentration. Rainfall data for the
experiment period were obtained from an agro-meteorological station, placed at the
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border of the plots. There are also probes for measuring soil moisture at different
depths and positions, a complete weather station, a cosmic-ray soil moisture sensor,
and a pair of scintillometers. The radar is positioned approximately 125 meters from
the plots, with its elevation set at 30° to sample the rain falling on the plots at an
altitude of about 100 meters. This is the first experiment using this type of fixed-
position radar in a hillside vineyard.

The RPG-FMCW-94-SP/DP radar is a cloud Doppler radar operating in the W-
band at 94 GHz. Developed by RPG (Radiometer Physics) for atmospheric
research, it uses frequency-modulated continuous wave (FMCW) signals, providing
a high range resolution from 3 to 30 meters. The RPG Polarimetric 94-GHz cloud
radar has a sampling volume of 150 m? and an observation area of up to several
square kilometres. The radar features Doppler and polarimetric capabilities, and
after accurate calibration, it allows for retrievals based on spectral polarimetry of
rain characteristics. These include the estimation of drop size distribution profiles,
rain rate, kinetic energy, liquid water content, median diameter, and quantitative
characterization of hydrometeors. Hydrometeors are atmospheric phenomena
related to the condensation of moisture present in the Earth's atmosphere, such as
rain, snow, hail, as well as phenomena like fog and clouds, which are formed by
tiny particles of condensed water.

T

Figure 71: The radar with the scanning unit (image taken from the brochure)
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The radar (Figure 71) consists of several parts, primarily the two-axis rotor that
allows for sky pointing and scanning, and the radar unit mounted on it. The radar
unit features a metal box containing the electronics, on which two parabolic
antennas with skirts are mounted and covered with a hydrophobic material. A fan
creates an air sheet over the antenna drum to prevent water or insects from settling
on it. Additionally, a thermohygrometer with an ultrasonic anemometer is mounted
on a bracket.

Below are some of the main characteristics:

Central frequency: 94 GHz (A=3.19 mm) + 30 MHz, with a bandwidth of 100
MHz.

Transmitter power: 1.5 W typical (solid-state amplifier).
Antenna type: Bistatic Cassegrain with a 500 mm aperture.
Antenna gain: 51.5 dB.

Beamwidth: 0.48° FWHM.

Polarization: V (optional V & H).

Typical dynamic range (sensitivity): from -46 dBz to +20 dBz (at an altitude of
5 km with a resolution of 30 m).

Operational range: from 100 m to 10 km (minimum 50 m, maximum 18 km).

Vertical resolution: 15-30 m (up to 4 m for limited height).

3.2.2 Installation and positioning of the radar for precipitation
monitoring in vineyards:

Several site inspections were conducted to identify the optimal location for
radar installation. It is crucial to ensure an adequate distance - at least 100 meters -
from the plots to be monitored and an elevation of at least 30° to achieve precise
precipitation measurements over the vineyard. The chosen site needed to be
obstacle-free, easily accessible for transporting heavy equipment, and located near
a three-phase 220V power source (5-pin connector: 3 phases, one neutral, and
ground). Additionally, a PC with internet connection had to be positioned within a
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50-meter radius. Various potential locations were considered, as illustrated in
Figure 72.

Average slope 15%

281 m slm

1

Figure 72: Vineyards at Tenuta Cannona (Agrion) with potential positions marked.
The visible buildings on the left are Tenuta Cannona (image processed from Google Earth).

The first two positions were excluded as they were too far from the buildings,
where the power supply is available and where the PC can be located. Instead, a
position near number 3 was selected, which offers an open view of the vineyards
to be monitored (Figure 73) and is less than 50 meters from the building.

For the radar installation, the necessary authorization requests and/or
communications were made to the Ministry of Economic Development (MISE) and
the Single Desk for Productive Activities (SUAP) by CNR-STEMS and DIST.
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Figure 73: View of the vineyards at Tenuta Cannona (Agrion) from the chosen
installation position. The blue arrow indicates the location of the study plots.

The equipment was delivered to Tenuta Cannona in two crates. The main body
of the instrument was already mounted on the bottom of one of the crates, equipped
with a platform for transport using a forklift. Therefore, it was only necessary to
remove the sidewalls. The ground where the base would be positioned was
prepared, aiming to level it as much as possible. With the support of Tenuta
Cannona staff, the heavy instrument was moved using the forklift mounted on the
back of a tracked vehicle (Figure 74) and correctly positioned. Subsequently, the
base was manually levelled by lifting it with a small pallet jack and inserting
spacers. Once the main body of the instrument was positioned, the other
components stored in the second crate were installed: the fans were attached to the
main body, and the thermohygrometer with ultrasonic anemometer was positioned.
Additionally, a disdrometer was installed near the radar to provide an additional set
of data for comparison with the measured data (Figure 75).
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Figure 74: Moving the main body using the forklift mounted on the back of a tracked
vehicle.

The next step involved installing the various cables needed to connect the radar
(a three-phase power cable and a fiber optic data cable) and the disdrometer (power
cable and data cable). A conduit was buried between the disdrometer and the radar
to route the two disdrometer cables. To avoid obstructing vehicle passage, the
cables were routed over the plants between the radar position and the building, and
finally secured to a ring on the facade, above the entry point to the room where the
PC was placed. To prevent potential damage to the cables from oscillations, such
as those caused by wind, a rope was used as support to which the cables were
attached.

The RPG technician then proceeded with connecting the equipment and
installing the PC. Various calibration and testing operations were carried out,
including sun pointing for optimal rotor calibration (Figure 76).

To underpin data reliability, quality control relied on systematic cross-checks
with the co-located optical disdrometer installed next to the radar. These
intercomparisons included event-wise and intra-event evaluations of rain rate and
drop-size-related metrics retrieved from the radar’s spectral/polarimetric
observations against the disdrometer reference, as well as consistency checks with
the adjacent agro-meteorological station for accumulated rainfall. The disdrometer
therefore provided an independent benchmark to identify possible drifts or residual
miscalibrations and to assess retrieval performance under different storm types and
at the chosen elevation angle.
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In the months following the installation, due to recorded power outages,
particularly during severe thunderstorms, an uninterruptible power supply (UPS)
was added to prevent data loss.

The radar remained operational from May 2023 to the end of May 2024.
Subsequently, it was dismantled with the collaboration of RPG, DIST, and
AGRION technicians and sent back to RPG. First results were presented at the EGU
international conference and are summarized in the following two sections.

r

Figure 75: The disdrometer on the left and the radar on the right, installed in position.
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Figure 76: View of the radar from the vineyard below.

3.2.3 The contribution of W-band radar monitoring for
understanding of runoff and soil erosion response at field scale

During the summer and autumn seasons of 2023, 26 rainfall events and 13
runoff events were recorded. For each runoff event, we characterized precipitation
in terms of accumulated precipitation, accumulated kinetic energy, and median
diameter of raindrops. Stepwise multiple linear regression models for runoff and
sediment yield predictions have been obtained considering rainfall variables both
traditional and obtained from radar observations (Figure 77). In addition, intra-
event analysis was performed to investigate relationships between rainfall
characteristics retrieved from radar observations and sediment transport by
superficial flow.
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Figure 77: Spectral reflectivity (a) and spectral differential reflectivity (b) measured
by a W-band cloud radar in rain. Measurements were taken at 30° elevation. Distinct
polarimetric signatures agree well with the scattering model and allow for assignment of
velocity bins to drop sizes even at low elevation angles.

Preliminary results from conventional analysis indicate that during this period,
runoff was directly correlated with the erosivity index (EI30) for both plots
managed with traditional tillage (CT) and those with permanent grass cover (GC).
However, for the GC treatment only, runoff was also correlated with the maximum
rainfall intensity recorded over a 10-minute interval and the rainfall that occurred
in the preceding 7 days. Conversely, the maximum rainfall intensity over 30 and
60-minute intervals had an inverse correlation with runoff. Soil erosion, for both
treatments, was also directly correlated with the maximum rainfall intensity over
10 minutes and the rainfall in the preceding 7 days, but showed an inverse
correlation with rainfall energy.

It is important to highlight the significant role played by short-term rainfall
intensity and antecedent rainfall, which lead to increased soil moisture. These
relationships differ from those obtained at the same site in a previous study,
reflecting the peculiarity of the summer of 2023, characterized by few rainfall
events on very dry soil. Information obtained from W-Band radar monitoring
allows for a deeper investigation into the relationships among rainfall
characteristics and the generation of runoff and soil erosion. Specifically, kinetic
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energy and kinetic energy-weighted median diameter improve the model for
predicting runoff and soil erosion from the GC plot (Figure 78 and Figure 79).
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Figure 78: Pearson correlation among variables obtained from conventional and radar
rainfall observations for the GC plot.
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Figure 79: Prediction of runoff and soil erosion from the GC plots, based on
conventional and radar-based variables.

Turbidity of the runoff flowed from the CT plot, due to sediment concentration,
reflected the trend of rain rate and kinetic energy retrieved from radar observations
(Figure 80, 81 and 82) in a high-erosive summer rainfall event.
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Figure 80: Example of the radar reflectivity observations during a rain event on 12
June 2023. The radar was pointed at 30° elevation. The reflectivity is proportional to
amount of power scattered back by rain droplets. During intense precipitation (e.g. at 2:45
UTC) the radar signal is strongly attenuated, however first few 500 meters could be
measured.
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Figure 81: Rain rate retrieved from radar observations and turbidity measured in situ
for the rain event on 12 June 2023.
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Figure 82: Energy weighted diameter and kinetic energy retrieved from radar
observations for the rain event on 12 June 2023.

The preliminary results are encouraging for quantifying the runoff and soil
erosion response at field/slope scale using information about rainfall energy and
drop sizes retrieved from cloud radar.
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3.2.4 Applicability of cloud radar observations for an intra-event
analysis of runoff on a steep vineyard

Intra-event analysis of runoff may help to better understand the runoff
formation, and the sensitivity of the runoff amount to rain characteristics and
properties of ground. An analysis on a field scale is especially advantageous since
sampling effects are mitigated. The sampling effects may result from different
measurement tools and spatial homogeneity of precipitation and ground.

With respect to other instruments for characterization of precipitation, i.e.
optical disdrometers and weather radar, which have small and large sampling area,
the RPG Polarimetric 94-GHz cloud radar allows monitoring at field or slope scale,
with sampling volume of 150 m®, resolution from 3 to 30 m, observation area up to
few km?. The observed polarimetric spectra (Figure 84) allow for estimation of
drop-size-distribution and rain rate with high temporal and spatial resolution,
kinetic energy, liquid water content, median diameter (Figure §3).
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Figure 83: Modelled reflectivity (a), modelled differential reflectivity (b), and
empirical terminal velocity of raindrops (c). T-matrix and spheroidal approximation are
used to model the scattering properties.
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We estimate soil properties (saturated water content and conductivity) by fitting
modeled and measured soil moisture and accumulated runoff.

1D Richards equation is used as a forward model (Assouline, 2013):
a0 9 [D ) a0 K(B)]
at 0z 0z

Diffusivity and conductivity are parameterized following Leij et al. (2021).
Rain rate from the radar and soil moisture at a depth of 40 cm are used as boundary
conditions. The soil moisture profiles from moisture sensors are used as initial
conditions (Figure 85). A time resolution of 1 second and a depth resolution of 1
cm are used.
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Figure 84: Radar reflectivity (a) measured by the cloud radar during the rain event on
12 June 2023. The panel (b) shows time profiles of the estimated rain rate, modelled runoff,
and the accumulated runoff. The green dot indicated the value of the accumulated runoff
from the tipping bucket.

225



modeled 10 cm
measured 10 cm

modeled 20 cm modeled 30 cm modeled 40 cm
measured 20 cm measured 30cm ® measured 40 cm

o
—
(e e]

ESaturated water content: TS = 0.35 m> m" I
{Saturated conductivity: KS = 83.17 cm d™’

. .......

Figure 85: Fit of the simulated soil moisture (continuous lines) to hourly measurements
(dots). Different colour corresponds to different depths. Grey area denotes the rain event.

The presented case study shows that rain rate from the W-band cloud radar can
be used to model runoff on field-scale. Further work will include an extension of

Time [UTC]

the approach to 2 dimensions to fit the time evolution of runoff.

Reference:

Assouline, S., 2013. Infiltration into soils: Conceptual approaches and
solutions, Water Resour. Res.

Leij, F. J., et al., 2021. Analytical solution for field soil water content profiles.

Water Resources Research.
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3.2.5 Conclusions and Perspectives

The integration of fixed-position W-band polarimetric cloud radar observations
with conventional field monitoring provides a substantive advance in linking
rainfall microphysics to runoff generation and soil erosion at vineyard slope scale.
The radar configuration enabled retrieval of rain rate and microphysical descriptors,
such as drop-size distribution profiles, kinetic energy, liquid water content, and
median/energy-weighted drop diameters, at spatial and temporal resolutions that
are more representative of plot/slope processes than point precipitation
measurements alone. Within the Tenuta Cannona experimental vineyard,
preliminary event-scale analyses indicate that runoff and sediment response were
not fully explained by traditional rainfall summaries, whereas radar-derived
variables (notably kinetic energy and kinetic-energy-weighted diameter) improved
model performance, underscoring the role of raindrop energetics in shaping erosive
outcomes under mitigated surface conditions. Coupling radar-derived rain-rate
estimates with soil moisture observations offers a promising route to strengthen
process-based runoff modelling beyond purely empirical relationships

Looking forward, further and more comprehensive analyses of the existing
dataset will be pursued to consolidate these preliminary findings and to quantify
their robustness across events and management conditions. Efforts will prioritize
enhanced retrieval quality control and systematic intercomparisons with the co-
located disdrometer and agro-meteorological station, enabling explicit uncertainty
propagation from rainfall microphysics into runoff and erosion modelling. In
parallel, advancing the modeling from the current 1-D formulation toward 2-D
hillslope representations is expected to improve the reconstruction of runoff timing
and spatial organization on steep vineyards. . Future work will focus on exploiting
this integration to better constrain soil hydraulic parameters and to disentangle the
respective roles of antecedent moisture and short-term rainfall structure in
controlling runoff initiation and sediment delivery, ultimately improving the
transferability and predictive skill of field-scale models.

A practical consideration is that the cost and operational complexity of a
W-band polarimetric cloud radar currently limit its deployment primarily to
scientific research rather than agricultural applications. Nevertheless, the scientific
value of such instrumentation lies precisely in its capacity to reveal and
parameterize rainfall-runoff-erosion mechanisms (e.g., the role of kinetic energy
and drop-size distributions) that are otherwise difficult to observe at the relevant
scale. By using these insights to improve and validate physically based and
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empirical models, it should become possible to transfer the gained understanding
to workflows that rely on more affordable, widely accessible measurements (e.g.,
standard rain gauges, lower-cost optical sensors), thereby improving predictive skill
and decision support without requiring widespread deployment of high-end radar
systems. If monitoring could be extended across additional seasons and storm
regimes, it would enable a more rigorous assessment of the generality of radar-
informed predictors and help disentangle the relative influence of rainfall
microphysics versus antecedent soil moisture on runoff and erosion response,
thereby supporting more transferable erosion-risk frameworks for vineyards.
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3.3 Optical and microwave Scintillometer

3.3.1 Introduction

The RPG-MWSC-160 microwave scintillometer, produced by Radiometer
Physics GmbH (RPG) and first launched in 2014, is designed to be used in
combination with a Large Aperture Scintillometer (LAS), to observe sensible and
latent heat fluxes simultaneously (Figure 86). The equipment consists of two
coupled units, one optical and one microwave, each with independent transmitting
and receiving components.

The application of a scintillometer like the RPG-MWSC-160 in a vineyard
represents an innovative approach, especially when installed alongside other water
or climate monitoring technologies used in vineyards. This device has various
applications, particularly for measuring evapotranspiration, which is the sum of
evaporation and plant transpiration. These measurements are crucial for evaluating
the hydrological cycle and calculating the water balance. They can help determine
soil water availability and detect potential crop water stress, providing valuable
insights into when and how much to irrigate, thus contributing to more efficient
water management (Ghiat et al., 2021). Additionally, the scintillometer can measure
various atmospheric parameters useful for weather forecasting. By measuring the
radiant energy flux entering and leaving the Earth's surface, it can help understand
the Earth's energy balance (Danodia et al., 2024).

The data and information obtained from scintillometer monitoring, combined
with other innovative water monitoring technologies used in vineyards, can enable
a more in-depth examination of the relationships between soil hydrological cycle
characteristics, including precipitation, runoff generation and erosion, soil water
availability, and evapotranspiration. To this end, the scintillometer was installed in
the experimental vineyard of Tenuta Cannona (Agrion, Carpeneto, AL), located in
the wine-growing area of Alto Monferrato (Piedmont, NW Italy), in June 2023. The
vineyard where the scintillometer was installed comprises two field-scale plots,
with inter-rows managed respectively with traditional tillage (CT) and permanent
grass cover (GC). Both plots are equipped with two systems for measuring and
collecting runoff water at both plot and micro-plot scales (section 2.4), and there
are probes for measuring soil moisture at different depths and positions (section
2.5). Additionally, the vineyard is equipped with a complete weather station, a
cosmic-ray soil moisture sensor (section 3.4), and an innovative millimetre-
wavelength polarimetric radar (section 3.2).
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Figure 86: The optical and microwave scintillometers (transmitting units)

Some of the main characteristics are:

Frequency: 160.8 GHz (A=1.86 mm)

Radiated power: Maximum power: >25 mW, 50 dB attenuator

Antenna type: Cassegrain with a 300 mm aperture

Antenna gain: 52 dB

Beamwidth: 0.45° FWHM

Detection bandwidth: 10 kHz

Gain stability: > 2.0 x 10°°

Temperature stability: < 0.03 K (two-stage control)

Power supply: 12 V DC

Power consumption: Max. 50 W (per unit), 20 W typical (receiver), 15 W
typical (transmitter)

Baseline length: From 500 m to 10 km

An analysis of the long and short term monitoring of the site was provided in
the manuscript “Effects of some extreme rainfall events on Hydrological and Soil
Erosion Processes in Tilled and Grassed Vineyards” presented at the 7th
International Congress of Mountain and Steep Slopes Viticulture 2022, held in Vila
Real (Portugal), May 12nd-14th, 2022, reported in the next section.
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3.3.2 Installation and positioning of an RPG-MWSC-160
Scintillometer for Monitoring Evapotranspiration in Vineyards

Several site inspections were conducted to identify the optimal location for
scintillometer installation. It is crucial to ensure an adequate distance - at least 500
meters - between the transmitting and receiving units to achieve precise
evapotranspiration measurements. The chosen sites for the transmitter and receiver
needed to be obstacle-free, ensuring optical line-of-sight between the two units, and
located near a 220V power source. Additionally, a PC with internet connection had
to be positioned within a 50-meter radius of the receiver.

For the scintillometer installation, the necessary authorization requests and
communications were made to the Ministry of Economic Development (MISE) and
the Single Desk for Productive Activities (SUAP) by CNR-STEMS and DIST.

Various potential positions were considered, and tests were conducted using
binoculars and high-visibility materials to verify mutual visibility between the
positions. Thanks to the cooperation of the Fratelli Facchino Winery, which allowed
the installation of the transmitting units on their property, the two sites for the
transmitter and receiver were identified. The transmitters were installed at the back
of a building at the Fratelli Facchino Winery, utilizing a wall for positioning a 2-
meter pole, while the receivers were installed on the balcony of a building at Tenuta
Cannona. This ensured that the elevation of the transmitted beam was sufficient and
free of obstacles, as illustrated in Figure 87.

The installation of the two poles was carried out on the wall at the back of the
Fratelli Facchino Winery, using a special plate fixed with dowels, and on the
balcony of one of the buildings at Tenuta Cannona, using the same system and U-
bolts to further secure the pole to the railing. Subsequently, brackets were placed
on top of each pole, and the transmitting and receiving units were installed on these
brackets (Figure 90). An ultrasonic anemometer with a thermohygrometer was also
placed on the receiving unit to aid in accurate data processing.
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Google Earth
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Figure 87: The white line represents the beam path between the transmitters and
receivers. The buildings visible on the left are Tenuta Cannona, and those on the right are
the Fratelli Facchino Winery. The graph shows the ground elevation, noting that the
receiver at Tenuta Cannona is more than 5 meters above the ground (image processed from
Google Earth).

The power cable installation was relatively simple for the transmitting unit,
thanks to a nearby power outlet. For the receiving units, however, the distance was
greater as it was necessary to reach another building, and in addition to the power
cable, a data optical fiber cable also had to be routed. To avoid obstructing the
passage of agricultural vehicles, the cables were routed over the plants between the
balcony and the second building, and finally secured to a ring on the facade, above
the entry point to the room where the PC for data collection and remote transmission
was placed. To prevent potential damage to the cables from oscillations, such as
those caused by wind, a rope was used as support to which the cables were attached
(Figure 88).
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Figure 88: Positioning of the overhead cables between the balcony and the building
where the PC is located.

Figure 89: View through the telescope mounted on the transmitter towards the receiver.
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The initial alignment of the four units was performed using optical telescopes
(Figure 89). Subsequently, a more precise alignment was achieved by monitoring
signal intensity: both the optical and microwave transmitters were set to maximum
power, after which the receivers were adjusted vertically and horizontally using
micrometric screws until the point of maximum signal was found. The same
operation was carried out with the transmitters. Then, the power was gradually
reduced, and the alignment operation was repeated multiple times on all units until
optimal alignment was achieved. This allowed for a stable reception signal with
reduced transmission power.

Figure 90: Positioning of the transmitters (a) and receivers (b).

Then, the technician configured the site-specific parameters in the acquisition
software—mnotably the transmitter—receiver baseline and the beam-height profile
above ground along the path—and verified the link budget; no additional absolute
calibration was required for this deployment beyond geometric alignment and
parameterization. Throughout operation, periodic alignment checks were carried
out to confirm that pointing had not drifted and that the received signal level
remained within the optimal range. The processing chain ingests wind speed, air
temperature, and humidity - measured by the ultrasonic anemometer and
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thermohygrometer mounted at the receiver - to account for meteorological controls
in the first reduction of raw data, so that flux-relevant estimates are calculated
considering these factors. Time windows exhibiting evidence of beam obstruction,
anomalous volatility, or sub-optimal link budget were flagged for cautious use in
subsequent analyses. Emphasis on beam geometry and clearance from near-surface
obstacles reflects the pathway-dependent nature of scintillometer measurements in
complex terrain and supports the expectation that higher mounting heights would
further stabilize the signal in future deployments.

The scintillometer remained operational from July 2023 to the end of October
2024. Subsequently, it was dismantled and sent back to RPG.

Raw scintillometer measurements were processed according to the instrument
manual using the manufacturer’s software, tested across successive (updated yet
still experimental) releases, to derive turbulent heat fluxes - sensible heat (H) and
latent heat (LE) - and evapotranspiration (ET). In the adopted sign convention H
can be positive (upward) or negative (downward), while the automatic sign
evaluation for LE implemented via the Liidi method (RTQ) constrains LE to
positive values (no condensation), which is not universally valid; therefore,
alongside the algorithm-selected solution, we also inspected outputs with and
without the automatic atmospheric correction. Following the manufacturer’s
guidance, the FLX v3 file format was used to export both stable and unstable
solutions for the fluxes. The resulting time series of H, LE and ET were then used
for comparison with CLM simulations, whose first results were presented the EGU
international conferences in 2024 and are summarized in the following section
3.3.2. Section 3.3.3 presents an early draft (in preparation; figures are provisional)
of the results of site-level evaluation of Community Land Model (CLM) version
5.0 single-point simulations against energy-flux observations collected at the
Cannona experimental vineyard (Piedmont, NW Italy) using an RPG-MWSC-160
optical and microwave scintillometer.
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3.3.3 Eddy covariance, scintillometer, and cosmic ray 1 km scale
measurements at three sites (grassland, forest, and vineyard) in
North-West Italy compared with CLM simulations

The data and information obtained from scintillometer monitoring were
processed in combination with those measured by the radar, the cosmic-ray soil
moisture sensor, the soil moisture probes, and the systems for monitoring runoff
and soil erosion, as well as other innovative monitoring technologies like eddy
covariance, installed in experimental vineyards, grassland, and forest in North-West
Italy. Water and energy balances have been monitored at a scale comparable to
remote sensing at these sites. An essential aspect of the study involved evaluating
the performance of the Community Land Model (CLM). Measurements taken at the
horizontal hundreds of meters scale were also compared with vertical profiles from
local soil moisture sensors. At the grassland mountain site (2600 m asl), eddy
covariance data were collected over 6 years, while at the forest site, data were
collected from a 25 m high mast over 3 years. The scintillometer and cosmic ray
sensors in the vineyard have been installed for one year. This allowed for a more
in-depth examination of the relationships between soil hydrological cycle
characteristics, including precipitation, runoff generation and erosion, soil water
availability, and evapotranspiration (Figure 91). The main result was the monitoring
of different land covers at about a 1 km scale, showing that uncalibrated CLM
simulations generally followed the data well (Figure 92). This demonstrate that it
is possible to measure fluxes and soil moisture at the scale of remote sensing, and
compare with uncalibrated CLM land surface model. The data will be further
analyzed for the most significant periods. Future work will involve comparisons
with satellite data.
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Figure 91: Soil water availability simulated by CLM land surface model
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Figure 92: Temperature and soil moisture measured in track (green) and centre (blue)

of the tilled plot of the vineyard compared to simulated with CLM (red).
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3.3.4 Early draft (in preparation, provisional figures) — CLMS5.0
Simulations and Optical/Microwave Scintillometer Observations at
the Cannona Vineyard (NW Italy)

Abstract

We evaluate site-level CLMS5.0 single-point simulations against
dual-wavelength optical-microwave scintillometer (OMS) fluxes at the Cannona
vineyard (NW Italy), focusing on net radiation (Rn), sensible heat (H), and latent
heat (LE) across three quality-controlled windows (summer 2023, spring 2024,
late-summer 2024). Rn is well reproduced, showing high covariance and only a
modest site-level bias relative to the station estimate, while the comparison with
ERAS is nearly unbiased, placing CLM between site and reanalysis references. For
H, CLM tends to underestimate OMS fluxes, with best agreement in summer 2023
and weaker performance in 2024. For LE, performance is consistently poorer and
exhibits a proportional bias: CLM misses daytime peaks and the underestimation
increases with flux magnitude. For both H and LE, a night time floor in OMS affects
variance without explaining the daytime deficit.

Keywords: land—atmosphere exchange; Community Land Model;
scintillometer; vineyard; sensible heat flux; latent heat flux; net radiation

Introduction

Accurately representing land—atmosphere interactions is essential for
understanding climate and hydrological processes. Sensible heat and latent heat
fluxes, which govern energy transfer through temperature gradients and water phase
changes, are strongly influenced by soil moisture and soil temperature (Seneviratne
et Al., 2010). These variables are themselves affected by complex land surface
processes, including soil hydrology, vegetation dynamics, and land management
practices. Reliable modeling of these processes is critical for both site-specific
studies and broader climate predictions.

The Community Land Model (CLM) is the land component of the Community
Earth System Model (CESM) and is widely used in global and regional modeling
systems. In this study, simulations are performed using CLM version tag 5.0.34
within the Community Terrestrial Systems Model (CTSM) framework (source
code: https://github.com/ESCOMP/CTSM/tree/release-clm5.0.34) (Lawrence et
Al., 2019). CLMS5 builds upon the developments of CLM4.5, incorporating
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improvements in soil and plant hydrology, snow and river processes, carbon and
nitrogen cycling, crop modeling, and land surface characterization. The model
represents land surface heterogeneity through multiple land units, columns, and
patches, allowing detailed representation of plant functional types (PFTs) and crop
functional types (CFTs) (Denager et Al., 2023). Soil hydrology is treated
mechanistically, with variable soil thickness, explicit soil layers, and underlying
bedrock, improving the simulation of soil moisture and energy fluxes across
different landscapes.

Complementary, path-integrated flux measurements from scintillometry offer
an attractive bridge across the scale-mismatch between point observations (e.g.,
eddy covariance) and LSM tiles.

Recent advances have strengthened the methodological foundations and
broadened field applications of OMS. Dual-wavelength scintillometer retrieves
path-averaged H and LE by combining optical and millimetre-wave signals and
exploiting MOST; the temperature—humidity correlation (RTQ) can be obtained
bichromatically and used to infer the flux sign under default processing (Ludi et
Al., 2005). A critical revision of the two-wavelength method shows that expressing
water-vapour effects in terms of specific humidity, rather than absolute humidity,
improves physical consistency and reduces systematic LE biases, with proposed
density corrections where reprocessing is infeasible (Beyrich et Al., 2005).

OMS fluxes require a path-weighting treatment and an effective height
consistent across wavelengths; formulations and field tests demonstrate robust
derivation over slanted and structured paths. For two-wavelength systems, the
microwave channel may need scaling to match the LAS effective height,
simplifying flux analysis over complex terrain (Evans et Al., 2011).

In vineyards, OMS captures row-scale heterogeneity of turbulence and supports
integrated flux assessment; targeted campaigns document good H agreement and
spatial differences driven by irrigation and canopy structure (Perelet et Al., 2022).
Dual-scale comparisons have demonstrated that large-aperture scintillometry
provides path-integrated H consistent with eddy covariance while emphasizing the
role of source-area location and canopy development on agreement, with best
alignment observed for EC stations collocated with the LAS path center (Vendrame
et Al., 2020). At kilometer scale, OMS provides area-averaged ET with a footprint
comparable to ~3x3 1-km pixels, enabling scale-matched validation of satellite ET
products over heterogeneous landscapes; in the Heihe River Basin, OMS-based
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assessments showed strong agreement and ranked products consistently,
underscoring the value of OMS as an independent reference and motivating a
similar OMS—satellite cross-check (Ren et Al., 2025).

In this work, we deploy a dual-wavelength optical-microwave scintillometer
(OMS), combining a LAS and a microwave channel at 160.8 GHz, at a
Mediterranean vineyard site in Alto Monferrato (NW Italy), within the
experimental site of Tenuta Cannona (Agrion, Carpeneto, AL, 44°40'57.12" N,
8°37'35.00" E). OMS operated continuously from July 2023 to October 2024
alongside a complete weather station. OMS leverages Monin—Obukhov Similarity
Theory (MOST) to derive H and LE from structure parameters along a line-of-sight
footprint, bridging the scale mismatch between point sensors and model tiles. We
conduct site-level validation of CLMS5 single-point (SPT) simulations, using mode
one of the supported CLMS5 configurations, assessing the model’s representation of
soil moisture, soil temperature, and the resulting sensible and latent heat fluxes. By
comparing simulated values with observational data from field site, we evaluate the
ability of CLMS to reproduce local energy and water flux dynamics. This validation
provides insights into both the strengths and limitations of the model’s soil and
surface process representations and informs confidence in CLMS5 predictions at
local and regional scales.

This study contributes by: (1) documenting a vineyard application of
dual-wavelength scintillometer with a traceable geometry and processing chain,
including LAS saturation treatment and effective-height calculation; (2) providing
an independent, path-scale benchmark for CLMS5 fluxes in a managed
agro-ecosystem; and (3) discussing practical implications for local
calibration/assimilation strategies and for the use of line-averaged fluxes to validate
land-surface models over heterogeneous row crop landscapes.

Materials and Methods
Optical and Microwave Scintillometer

We used a dual-wavelength scintillometer system that combines a Large
Aperture Scintillometer (LAS, near-infrared) with a microwave scintillometer
operating at 160.8 GHz (model RPG-MWSC-160). The combined optical—
microwave approach (hereafter OMS) enables the simultaneous estimation of
sensible heat (H) and latent heat flux (LE) by exploiting the (co)variances of the
intensity fluctuations at the two wavelengths together with Monin—Obukhov
Similarity Theory (MOST). The instrument delivers minute-scale Level-2 flux
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products after internal processing (synchronised digitization of optical and
microwave signals), LAS saturation checks, and archiving of lower-level variance
(Level-1) and raw (Level-0) data for post-processing.

Typical path lengths span 0.5-10 km, and the effective height is computed from
path weighting functions and site topography; wind measurements from the
co-located weather unit provide the cross-wind component required by the
processing chain.

Study site and deployment

Deploying a scintillometer in a vineyard represents an innovative approach to
quantify evapotranspiration and surface energy exchange at spatial scales relevant
to remote sensing. The OMS was deployed at a Mediterranean vineyard in Alto
Monferrato (NW Italy), within the experimental estate of Tenuta Cannona (Agrion,
Carpeneto, AL). At the experimental vineyard, a complete weather station was
operational, including a pyranometer for measuring global shortwave radiation. The
transmitter—receiver line of sight was selected to satisfy the > 500 m baseline
requirement, maintain obstacle-free Fresnel zones, ensure stable power/data
connectivity, and enable precision alignment (optical telescopes and iterative signal
maximization). An ultrasonic anemometer and thermohygrometer were mounted at
the receiver to support flux processing. The system operated from July 2023
through October 2024, delivering a continuous record of path-integrated turbulence
and fluxes.

MOST is applied within the OMS software to convert structure parameters to
H and LE, using instrument geometry and effective-height estimates. All flux data
underwent quality control at minute resolution. Records were flagged as out of
range when either of the following conditions held: (i) sensible heat flux H > 500
W m™, or (i1) latent heat flux LE <—-100 W m™. Flagged data were excluded from
skill metrics and bias/error analyses. All unflagged 1-min records were aggregated
to hourly means for subsequent analyses.

Atmospheric correction & flux sign determination

For the automatic determination of flux signs, the OMS processing can infer
the sign of H from the temperature—humidity correlation coefficient rTq retrieved
with the Liidi method (Liidi et al., 2005). In the RPG implementation, rTq is used
to disambiguate stability: with LE constrained to be non-negative, the sign of rTq
fixes the sign of H.
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In line with the instrument defaults, we restrict LE > 0 during this automatic
evaluation, assuming no condensation. This assumption simplifies the sign logic
but is not universally valid (e.g., dew formation can yield negative LE of small
magnitude), and thus the automatically determined flux signs are not always
reliable.

Hourly net radiation (Rn) computation

We computed hourly net radiation at the surface as:
Rn=(1-a) Rs—Rlu
where Rs is the global shortwave (W m™2) from the pyranometer, o is surface
albedo, and Rlu is the upward longwave emitted by the surface.

The pyranometer measures hemispheric global shortwave irradiance (direct +
diffuse) in W m2, which we used as Rs. Albedo (a) was set to 0.23 for land-cover.

The upward longwave was parameterized via Stefan—Boltzmann:
Rlu=¢ ¢ Ts*
with € surface emissivity, 6=5.67x10% W m= K™ (Stefan—Boltzmann constant),
and Ts soil surface temperature in Kelvin. Typical broadband ¢ lies near 0.95—
0.98 for vegetated surfaces but can be < 0.90 over bare soils; we adopted £=0.95
for our mixed vineyard—soil context (Jin & Liang, 2006). Longwave is sensitive to
surface emissivity and surface temperature; without direct longwave
measurements, using a surface soil temperature proxy is common practice (Jin &
Liang, 2006). Direct soil surface temperature was not available; therefore we
estimated Ts from air temperature at 2 m (Ta) and soil temperature at 10 cm (T10)
using an empirical, site-calibrated relation:
Ts=~Ta+k (T10-Ta)

Here k can range from 0.5 to 1.0 scales the near-surface thermal gradient
toward the surface, higher by day (strong insolation), lower by night/weak
forcing. To reflect diurnal radiative forcing, k was updated hourly from the
measured Rs:

k = 0.5+0.5-Rs/1000
This yields larger k under strong insolation (pushing Ts closer to T10), and
smaller k under weak insolation (pulling Ts toward Ta), it is capped to [0.5, 1.0].

Validation datasets
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Pyranometer readings were validated by comparing with RSE-SFE external
reference dataset (https://sunrise.rse-web.it/).

We validated our hourly Rn against Copernicuss ECMWF ERAS
surface/single-level radiation variables at the nearest gridpoint of hourly series, of
Copernicus ERAS5 data-model (ECMWEF/C3S, Copernicus, 2026). ERAS hourly
surface net solar radiation (ssr) and surface net thermal radiation (str) at the nearest
grid point were combined to obtain Rn,ERAS=ssr+str, and collocated to the site
time-base for comparison. Any offsets were noted and used to confirm the dynamic
k calibration.

CLMS5.0 Model Simulations

The simulations were conducted for a two-year period, from 2023 to 2024, with
the model configured to run at an hourly time step. Hourly observational datasets
from the site were used as input, consisting of five key variables required to drive
the simulations which are listed in detail in Table 23. Some minor missing values
in the dataset were filled using linear interpolation, and the data were subsequently
cleaned and processed in MATLAB. Finally, the processed data were converted
into NetCDF format to serve as input for the CLMS5 single-point simulations.

Table 23: Input variables used for CLMS5 single-point simulations

Input Variables Units
Relative Humidity %
Incoming Solar Radiation |W m™
Air Temperature K
Wind Speed ms™!
Precipitation mms'

The surface dataset and domain file are generated using CTSM preprocessing
tools based on the site coordinates and publicly available raw datasets distributed
with CLM5 (https://svn-ccsm-
inputdata.cgd.ucar.edu/trunk/inputdata/Ind/clm2/rawdata/). The generated grid cell
has a spatial resolution of approximately 120 m in the north—south direction and
116 m in the east—west direction. The surface dataset generated was calibrated to
reflect local environmental and land cover conditions. Soil texture was specified
with 40% sand and 25% clay to represent site-specific soil properties. Land cover

fractions were defined using plant functional types (PFTs): natural vegetation
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accounted for 70% of the site, entirely dominated by C3 grasses, while crops
comprised 30%, represented entirely by irrigated grapes. Topographic
characteristics were also incorporated, with a slope of 8° applied to the site. These
calibrated parameters were incorporated into the surface dataset and used to
initialize the model, ensuring that both soil and vegetation states accurately
reflected the local conditions for subsequent CLMS5 simulations.

The soil pedotransfer properties are typically derived from the soil texture
information provided in the surface dataset. The saturated volumetric soil moisture
used in the simulations is 0.43, and the saturated hydraulic conductivity is 107 mm
h.

Simulation Phases

The CLMS5 simulations at the Cannona vineyard site were conducted in three
sequential phases to ensure accurate representation of soil, vegetation, and
biogeochemical dynamics. In the first phase, a cold start with accelerated spin-up
was performed using the 12000CIm50BgcCropGs compset configuration with site-
specific surface and domain datasets. Biogeochemistry and crop modules were
activated. The model was run for 12 years in single-point mode to rapidly
equilibrate the soil carbon and nitrogen pools. The second phase involved a longer
spin-up simulation of 24 years, starting from the accelerated spin-up output, to
further stabilize ecosystem conditions and ensure near equilibrium states of soil and
vegetation. Finally, the third phase consisted of the main simulation over two years
(2023-2024), initialized from the restart files of the spin-up phases. This final phase
generated the primary outputs for analysis, including carbon and water fluxes, soil
moisture, and vegetation dynamics. Throughout all phases, site-specific
meteorological forcing datasets, generated for this study, were used to drive the
model, and all namelists were configured to reflect local conditions, ensuring
continuity and consistency across simulations.

Data Processing, Synchronization, and Statistical Analysis

All statistical analyses and plotting were performed in R (R Core Team). Prior
to all model—data comparisons, we verified the temporal synchronization between
CLM outputs and OMS records; where minor misalignments were identified, a
time-shift correction was applied if necessary. Analyses were carried out on
quality-screened intervals only.
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Statistical analyses were performed using intervals in which scintillometer
products appeared valid, evaluated individually and then combined. The selected
periods were: Summer 2023 (30 June 2023—19 October 2023), Spring 2024 (1 April
2024-24 May 2024), and Summer 2024 (24 July 2024-28 August 2024). A
combined analysis merged these periods, excluding winter months and intervals
with questionable scintillometer validity. Performance was quantified using
standard goodness-of-fit metrics (bias, RMSE, correlation, and efficiency indices),
and diagnostic plots (time series, scatterplots, and residual distributions) were used
to identify systematic deviations and noise characteristics.

Results and discussion
Validation of pyranometer global shortwave radiation against RSE-SFE

The site pyranometer showed excellent agreement with the external RSE-SFE
global shortwave radiation reference data across the full record: the correlation was
R?=0.950. The mean bias error (MBE) was —8.3 W m2 (-3.15 %), while the RMSE
was 70.2Wm™= (26.5%). Restricting the comparison to daytime conditions
(reference >5 W m2; n=912) yielded similarly strong performance (R?=0.920).
The MBE increased modestly in magnitude (—17.2 W m2; —3.85 %) and the RMSE
to 83.5Wm2 (18.7%), as expected under higher daytime irradiance. Taken
together, these metrics indicate that the pyranometer tracks the external reference
very closely across the dynamic range, with only a minor overall negative bias and
a slight compression of high values (slope <1).

The weak diurnal structure observed in the residuals (negative biases in the
early morning, small positive biases in the afternoon) is consistent with local
orographic effects: the presence of a nearby hill can partially obscure the
low-elevation sun in the morning and alter the direct—diffuse partition, while
late-afternoon conditions may enhance off-axis/reflected components. Together
with the sensor cosine response, this can produce a slight AM/PM asymmetry
without affecting the overall fidelity of the pyranometer to the external reference.

Validation of hourly net radiation (Rn) against ERAS

The locally computed hourly net radiation showed good correspondence with
ERAS at the nearest grid point across the full record (n =4808): R>=0.760, with a
regression slope slightly >1 (1.049) and a positive intercept (+15.76 W m™2).
Accuracy metrics indicate a systematic positive bias of MBE=+27.28 Wm™
(+11.57 %) and RMSE =97.48 W m2 (41.35 %).
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Taken together, these results suggest that the local Rn_CR6 is, on average,
higher than ERAS (positive MBE and intercept) and amplifies at larger values
(slope > 1). This behaviour is consistent with differences in footprint and spatial
representativeness—a single-site radiative budget vs a 31 km reanalysis grid—and
with the methodological choices used to derive Rn locally, compared to ERAS’s
model-diagnosed net radiation over a broader area. Minor diurnal structure in the
residuals (small positive midday departures) is expected from sub-grid cloud
variability, topographic effects (orography, horizon masking), and surface
emissivity/temperature assumptions, all of which can produce site-specific
departures relative to the reanalysis field. Nonetheless, the co-variance is strong
(R=0.87), confirming that the local Rn is fit for purpose as an observational
benchmark for subsequent model comparisons, while the bias/scale differences
should be taken into account in the interpretation of flux skill.

Path-integrated fluxes (OMS)

Across seasons, the OMS time series show well-defined diurnal cycles: net
radiation estimated by meteorological station (Rn_CR6) peaks around local midday
and decays toward night, with H tracking the available energy and LE reflecting
evaporative demand and moisture supply. At night, a low-amplitude noise floor is
visible, particularly in LE, which remains slightly positive rather than collapsing to
zero. This behaviour is expected given the minute-scale processing and the sign
retrieval logic: the RPG software determines the sign of H from the temperature—
humidity correlation RTQ (Liidi method), while constraining LE>0 (no
condensation) for the automatic evaluation. As a result, small positive LE values
can persist under stable nocturnal conditions when true evaporation is negligible,
and the path-integrated signal-to-noise ratio is reduced. Hourly aggregation
mitigates, but does not entirely remove, these effects. Overall, the co-variance of
Rn, H and LE is robust in clear-sky periods, while cloudy episodes produce the
expected depressions and broaden the distribution of instantaneous fluxes,
consistent with the integrated footprint of the OMS path (figure 93).

246



Summer 2023
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Figure 93: hourly time series of net radiation and turbulent fluxes - summer 2023 (15—
20 August 2023). Clear-sky days show robust diurnal cycles with midday peaks; the
cloud-affected day (17 august 2023) displays the expected depression.

In spring 2024, seasonal transition period showed moderate Rn and lower LE
relative to summer; diurnal co-variance of Rn, H, and LE remains well-defined on
clear days, but exhibits less robust diurnal cycles, with broader daytime variability
and more frequent departures from the ideal midday peak. Notably, nighttime
values of H and LE are elevated and, on several nights, reach concurrent daytime
values (figure 94).

Spring 2024

Figure 94: hourly time series of net radiation and turbulent fluxes - spring 2024 (12—
18 April 2024). Clear-sky days show less robust diurnal cycles and nighttime values of H
and LE are elevated compared to summer 2023.

In summer 2024, the values measured by OMS appear noisier throughout the
day and night-time values of H and LE remain elevated, in several nights
approaching or exceeding daytime levels.

Net Radiation (Rn)

Pooling the three analysis windows (summer 2023, spring 2024,
late-summer 2024), CLM reproduces the hourly site net radiation with high
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co-variance against the station estimate (CR6) but shows a moderate negative bias
(Table 24). Specifically, CLM—CR®6 yields R ~0.93, RMSE =~ 86.6 Wm™, and a
mean bias =—21 W m™, indicating that CLM tends to underestimate the locally
derived Rn on average while still tracking its variability closely. As a large-scale
reference, we also compared CLM with ERAS: in the pooled dataset the model is
nearly unbiased relative to the reanalysis (bias ~—1.6 W m™?) with R =0.91 and
RMSE = 96.1 W m2 (Table 24), which places CLM between the site-level radiative
budget and the 31-km reanalysis background.
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Table 24: Hourly net radiation (Rn): summary statistics (pooled across Summer 2023,
Spring 2024, Late-Summer 2024)

Pairing Bias RMSE R R? NSE n_pairs
(Wm?) | (Wm?)

Rn CLM vs -21.5 86.6 0.93 0.86 0.86 4786

Rn CR6

Rn_CLM vs -1.6 96.1 0.91 0.82 0.82 4795

Rn ERAS

The two scatter panels (figure 95) confirm that CLM’s net radiation is well
aligned with both CR6 and ERAS across the mid—high range, closely following the
1:1 line and supporting the high correlations reported in Table 24. At the same time,
both scatters exhibit a dense vertical plume at Rn_ CLM =0 while Rn_CR6 and
Rn_ERAS remain positive (often 50200 W m), indicating conditions in which
the model clips/lingers near zero but the references still register net energy at the
surface. This regime typically occurs around dawn/dusk or under overcast skies,
and can be enhanced by site-specific orographic shading and horizon masking, as
well as by differences in how diffuse radiation and longwave contributions are
represented in CLM versus ERAS. In particular, ERAS’s single-level radiation
fields (surface net solar radiation, ssr, and surface net thermal radiation, str) include
diffuse all-sky components and are reported at the reanalysis grid scale (~31 km),
whereas the station estimate combines the pyranometer shortwave and Stefan—
Boltzmann longwave terms at site scale; both factors can keep Rn positive in the
references while the model remains close to zero at transitions.

Overall, CLM tracks the diurnal/synoptic variability of site Rn well,
underestimating only by ~20 Wm™ on average. Relative to ERAS5, CLM’s
aggregate bias is negligible while co-variance remains robust. These differences are
relevant for interpreting turbulent-flux skill, because a model underestimation of
Rn typically propagates into lower H and LE and a shifted evaporative partition.
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Figure 95: Pooled hourly net radiation comparisons across the three analysis windows
(summer 2023, spring 2024, late-summer 2024). Top row: Scatter plots of Rn_ CLM vs
Rn_CR6 (left) and Rn_ CLM vs Rn_ERAS (right); the red dashed line marks the 1:1
reference. Bottom row: Bland—Altman plots for the same pairings; the red line is the mean

difference, black dashed lines indicate approximate agreement limits.
Sensible Heat Flux (H)

CLM underestimates H relative to the OMS products, with the best agreement
in summer 2023 and weaker performance in 2024, particularly in late summer.
Pooled statistics confirm a modest covariance (R = 0.71) and a slight negative
efficiency (NSE = —0.03), consistent with a negative mean bias (Table 25).
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Figure 96: Pooled hourly Sensible Heat Flux (H) and Latent Heat Flux (LE)
comparisons across the three analysis windows (summer2023, spring2024,
late-summer 2024). Top row: Scatter plots of H CLM vs H RTQ (left) and LE_ CLM vs
LE RTQ (right); the red dashed line marks the 1:1 reference. Bottom row: Bland—Altman
plots for the same pairings; the red line is the mean difference, black dashed lines indicate

approximate agreement limits.

As per our previous discussion and the instrument processing notes, a nocturnal
background is visible in OMS H RTQ under stable conditions (values not
collapsing to zero, the scatter in figure 96 reveals a dense vertical plume at H CLM
=~ 0), which inflates variance-based metrics while leaving daytime alignment largely
intact (model and instrument show comparable peak values in summer 2023). This
behavior is consistent with the RPG sign logic (use of RTQ and default LE > 0),
and with the slight CLM underestimation of site net radiation relative to the station-
derived budget, which can depress daytime H peaks.
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Table 25: Hourly Sensible Heat Flux (H) and Latent Heat Flux (LE) estimated by CLM
model and OMS (RTQ method): summary statistics (pooled across Summer 2023, Spring

2024, Late-Summer 2024).

Pairing Bias RMSE R R? NSE n_pairs
(Wm?3) | (Wm?
H CLM vs H RTQ -68.58 106.86 0.71 0.50 |-0.025 | 4446
LE CLMvs LE RTQ |-122.83 153.96 0.79 ]0.62 |-5.20 4446
Latent Heat Flux (LE)
LE consistently shows poorer performance across all periods. CLM

underestimates LE during the warmest hours, missing daytime peaks, while the
scintillometer exhibits a background signal at night when CLM estimates collapse
near zero. This contrast is clearly visible in the attached figures (figure 96) and is
reflected by the negative biases and strongly negative efficiencies across periods
and in the pooled set (Table 25). The scatter indicates that CLM saturates around
~150-250 W m? and misses daytime peaks captured by the scintillometer, whereas
the Bland—Altman diagram displays a pronounced negative slope of (CLM — RTQ)
versus the mean, i.e., underestimation increases with magnitude. A positive
nocturnal floor persists in the OMS LE (vertical plume at LE CLM = 0 but
LE RTQ > 0), inflating variance-based metrics RMSE/NSE without explaining the
magnitude of the daytime underestimation.
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Figure 97: Hourly residuals of latent heat flux (LE) by local time. Residuals are defined
as ALE=LE CLM — LE RTQ and summarized as boxplots pooling summer 2023, spring
2024, and late-summer 2024. (Sign convention: negative ALE means OMS exceeds CLM)
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An hourly residual analysis further reveals a pronounced diurnal structure of
the LE bias (figure 97). Median residuals remain near zero during the night and
become increasingly negative from mid-morning, reaching a minimum around 12—
14 LT (order of =200 to —250 W m2), before relaxing in late afternoon. The spread
is heteroscedastic, with markedly larger dispersion during peak evaporative
demand. This pattern is fully consistent with the Bland—Altman proportional bias
(CLM underestimation scales with magnitude) and with the night-time positive
floor in the scintillometer product (figure 96). Together, these diagnostics confirm
that CLM misses daytime LE peaks while night-time differences are comparatively
small.

The joint analysis highlights that both data-quality screening and accurate
temporal synchronization are critical for meaningful site-level evaluation of land
surface model fluxes. Remaining discrepancies, particularly for LE, may reflect
limitations in model representation of canopy and soil evaporation dynamics under
vineyard management, as well as noise characteristics and processing assumptions
in scintillometer retrievals.

OMS path-integrated fluxes sample a heterogeneous vineyard footprint with
row structure and mixed soil/vegetation patches, whereas CLM aggregates at a
single point with specified PFT/CFT fractions. Under directional winds and
topographic shading, LE peaks can be enhanced along the path while CLM remains
limited by tile-level constraints, explaining saturation in CLM LE (~150-250 W
m?) versus extended OMS tails (> 400600 W m) in the scatter.

To reduce the discrepancies, small adjustments could be done to radiative and
surface parameters (albedo, emissivity, near-surface temperature proxy) to alleviate
Rn bias, refining crop/vegetation hydrology (stomatal conductance, soil hydraulic
functions, phenology) to lift daytime LE, and revisiting aerodynamic parameters
(roughness length and displacement height) to reduce resistance. Regime-filtered
diagnostics (e.g., daytime only, Rn > 50 W m™2, wind speed > 2 m s™') could help
isolate the instrument nocturnal floor from the true daytime model deficit.

Consistent with recent OMS deployments in heterogeneous arid landscapes,
where small but nonzero nocturnal H and LE have been reported, our findings
suggest that site-adapted MOST coefficients may be warranted. Over a saline-lake
site in the Atacama Desert, tuning similarity functions to local conditions
substantially improved OMS-EC agreement and mitigated residual biases
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(Lobos-Roco et Al., 2022); a similar hypothesis appears reasonable at Cannona and
will be explored in future work.

Beyond site-adapted MOST, recent work in a semi-arid olive orchard shows
that optical-microwave scintillometry (OMS) can serve as an independent
benchmark for satellite energy-balance retrievals: SEBAL estimates were +3% for
H and +13% for LE relative to OMS (Barguache et Al., 2025). A similar OMS—
satellite cross-check at Cannona would help constrain remote-sensing flux products
and strengthen scaling from path-integrated observations to field mosaics.

Conclusions

This study presented a site-level evaluation of CLMS5 single-point simulations
against dual-wavelength optical-microwave scintillometer (OMS) fluxes at a
Mediterranean vineyard. After rigorous QC, synchronization, and restriction to
reliable windows, we find that CLM reproduces hourly net radiation with high
covariance but a modest negative bias relative to the station-derived budget, while
sensible and latent heat fluxes are systematically underestimated, especially under
strong forcing.

Net radiation is well aligned with both the local budget and ERAS, placing
CLM between the site-scale and reanalysis references. This result is consistent with
the footprint and methodological differences discussed for Rn and provides
important context for interpreting H and LE skill.

For H and LE, model—data agreement is best in summer 2023 and weakens in
2024. A nocturnal/transition background in the OMS is evident. For LE,
discrepancies are larger and display a clear proportional bias: CLM misses daytime
peaks and the underestimation increases with flux magnitude.

Finally, the OMS—CLM framework used here provides a practical template for
vineyard-scale flux assessment and for diagnosing model-data mismatches that
depend on diurnal cycle and atmospheric regime. Extending the analysis with direct
longwave measurements, refined MOST coefficients for weakly unstable
conditions, and, where available, eddy-covariance snapshots would further
consolidate the attribution of daytime LE deficits and improve the robustness of
site-to-regional upscaling.
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3.3.5 Conclusions and Perspectives

The experimental deployment of the RPG-MWSC-160 optical-microwave
scintillometer in a vineyard demonstrated the feasibility and the practical challenges
of monitoring surface—atmosphere exchanges at a horizontal scale that is closer to
remote-sensing support than point measurements. The system enabled the
collection of flux-relevant information in synergy with the broader monitoring
platform and supported a first comparison with Community Land Model (CLM)
simulations. In this vineyard-specific, highly innovative setup, data quality was not
uniformly satisfactory: the installation was necessarily “experimental”, and several
periods were affected by non-ideal or incorrect measurements, limiting continuous
analyses. Nevertheless, the evaluation of the valid time windows and the
comparison with CLM outputs provided encouraging indications that the measured
dynamics are broadly consistent with modeled water/energy balance behavior,
offering a sound basis for further exploitation.

Looking forward, priority should be given to a rigorous screening and
consolidation of the existing dataset (identification of reliable periods,
characterization of failure modes, and uncertainty quantification), followed by
targeted analyses on the most informative episodes (e.g., peak evapotranspiration
and transition periods) and extended comparisons with CLM and satellite products.
A higher mounting configuration (taller poles and increased beam height above
ground) would reduce near-surface obstacles and associated disturbances, and is
expected to yield substantially more stable and physically consistent signals. Under
such improved installation conditions, scintillometry could become a powerful
component of vineyard ecohydrological monitoring - less as an operational farm
tool, and more as a research-grade reference to refine model parameterizations and
to upscale point observations toward remote-sensing scales.
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3.4 Cosmic-ray soil moisture sensor (CRNS)

3.4.1 Introduction

Cosmic Rays Neutron Sensing (CRNS) is a well-known method in hydrology
for measuring soil water content on a large scale and in depth (Bogena et al., 2022).
The cosmic-ray neutron sensor is a non-invasive device that measures soil moisture
levels by detecting and counting fast neutrons generated by high-energy cosmic
rays from outside the solar system, which are then absorbed by water molecules in
the soil (Figure 98). A single CRNS probe can measure neutron count rates sensitive
to soil moisture within a volume spanning up to a dozen hectares and up to 50 cm
depth in real-time, positioning itself between point measurements and satellites on
a horizontal spatial scale. This sensor is noted for its speed, portability, and ability
to cover larger areas compared to traditional methods. Since 2013, the Joint
FAO/IAEA Division of Nuclear Techniques in Food and Agriculture has been
testing and calibrating the sensor, including a mobile version that can be carried
like a backpack. Prototypes have been installed in over 25 countries to monitor soil
water content, aiding farmers in water conservation and adaptation to climate
change by determining soil water availability and irrigation needs.

Hydrogenatoms:.
in wetter soil'absorb
more cosmicheutrons

Figure 98: Scheme of operating principle of the sensor (Infographic: R. Kenn/IAEA,
source  https://www.iaea.org/newscenter/news/using-cosmic-rays-to-measure-moisture-
levels-in-soil).
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The objective of this study is to evaluate the effectiveness of CRNS in
providing information about soil moisture in a complex agricultural system,
specifically a vineyard with varying soil conditions and management practices.

3.4.2 Installation of a cosmic-ray soil moisture sensor (CRNS) at the
experimental plots of Tenuta Cannona

The sensor was installed at the experimental plots of Tenuta Cannona (Agrion)
in Carpeneto (AL), where several sensors are already in place to monitor the
vineyard planted in rows. These include traditional soil moisture sensors at various
positions and depths, a complete weather station, and a system for monitoring
runoff at the plot scale. This setup allows for the comparison of data obtained from
the new instrument with values measured by the existing field probes and during
periodic surveys. Given the extent of the sampled area (approximately 3-10
hectares, with a minimum radius of 100 meters) and the need for a plant-free point
for the installation of the pole, which should be central to a uniform area and not
obstruct agricultural machinery and viticultural operations, the instrument was
positioned upstream of the experimental plots. It was placed near a channel to
isolate the plots from water coming from upstream, where the row is free of plants
for about one meter.

Figure 99: Vineyards at Tenuta Cannona (Agrion) where the instrumentation has been
installed: the experimental plot area is marked in black, the instrument location in red, the
weather station location in green, and the soil moisture sensor locations in blue. The
buildings visible on the left are Tenuta Cannona (image processed from Google Earth).
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Figure 99 shows the chosen location for the instrument and the positions of
other sensors already present in the field. The instrument should be mounted on a
pole at a height varying between 1.5 and 2 meters. The installation kit provided
included the instrument and battery already housed in the protective box, brackets
for attaching the box to a pole, and a solar panel with its mounting brackets and
connecting cable. The installation was carried out (Figure 100 and 101) by
positioning a two-part extendable pole of 2 meters, inserting the base of the pole
into a stake driven into the ground. The upper part of the pole was secured with
metal wire to an existing concrete pole. Subsequently, the box and solar panel were
mounted using the provided brackets. Connecting the solar panel proved complex
due to a connector that did not fit through the designated hole in the box. It was

necessary to remove the connector, pass the cable through the hole, and reassemble
everything. This issue was reported to the instrument manufacturer. The instrument
was already configured, so after turning it on, it was sufficient to verify that the data
were being transmitted to the dedicated server managed by DIST.

Figure 100: Instrument and solar panel installed on the pole (a) and with the protective
box open (b).

Due to power issues encountered during the winter, caused by prolonged
periods of lack of sunlight due to fog or persistent clouds, the solar panel was
replaced with a higher power one. An external battery with greater capacity was
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installed, along with a charge controller suitable for managing the increased power
of the system. This controller also shuts off the instrument's power if the battery
runs low, to preserve it by preventing complete discharge.

Figure 101: Position of the instrument viewed from the headland path downstream of
the monitored plot.

Calibration, corrections, and quality control.

The CRNS deployment was treated as a calibration platform to ensure that raw
neutron counts could be translated into spatially representative soil moisture for the
vineyard  footprint.  Site-specific =~ calibration  followed  established
COSMOS/COSMOS-Europe protocols via a spatially weighted gravimetric
sampling campaign across the sensor footprint, accounting for bulk density and soil
water content, weights reflected the footprint sensitivity so that proximal samples
contributed more strongly than peripheral ones. These steps are essential to convert
corrected counts into volumetric water content with minimal bias at the field—
hillslope support relevant to the vineyard.
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Standard physical corrections were applied to the neutron signal prior to
conversion, including barometric pressure and incoming-flux adjustments, as well
as humidity effects in the air column. Together, calibration and corrections reduce
systematic errors and improve comparability with in-situ probes and
satellite/reanalysis products. Quality control combined automated flagging and
cross-checks. Time bases were harmonized, and daily means (with a 24-h moving
average) were compared against shallow sensors at 10—20 cm depth and evaluated
with standard statistics, while interpretation was framed against site-specific field
capacity and wilting-point thresholds to express soil water availability in agronomic
terms. This calibration-and-QC framework underpins two objectives of the study:
first, to clarify under which hydro-meteorological regimes the CRNS best
represents near-surface versus deeper soil-water dynamics in a structurally complex
vineyard; second, to provide a robust benchmark for integrating heterogeneous
point measurements and bias-conditioning satellite/reanalysis soil-moisture
products at decision-relevant scales. As the multi-season dataset grows, periodic
recalibration or verification after major land-cover or management changes will
help maintain transferability and reduce uncertainty in inter-annual comparisons.

First results were presented at some international conferences and are
summarized in the following sections: EGU, section 3.4.3; IUSS, section 3.4.4;
AISAM, section 3.4.5.
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3.4.3 Cosmic Rays Neutron Sensing for soil moisture monitoring in
vineyard with variable soil conditions

Precipitation measurements during the study period, compared with records
spanning over 20 years, indicate that 2023 was very dry, with a Standardized
Precipitation Index (SPI) lower than -1 for most of the year. In contrast, 2024 was
increasingly wet, except for the first two months (Figure 102).
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Figure 102: The 12-month SPI index calculated using monthly rainfall values (blue
histograms) recorded at the Carpeneto site over the 25 years from 2000 to 2024. Positive
values greater than 1 indicate wet periods (light blue) or extremely wet periods if greater
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than 2 (blue). Negative values less than -1 indicate dry periods (pink) or extreme drought
if less than -2 (red).

Available soil moisture data from CRNS and sensors (Figure 103) were averaged
daily using a 24-hour moving average and compared until autumn 2024. The
comparison utilized statistical indexes such as the Nash-Sutcliffe Efficiency (NSE),
Root Mean Square Error (RMSE), and the coefficient of determination (R?) of the
linear regression. The analysis was conducted separately for the two years, which
were classified as dry and wet, respectively.

Figure 103: Precipitation (hourly and cumulative), hourly Soil Water Content (SWC)
measured by CRNS, and superficial sensors (depth 10 cm) during the observation period.
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Statistics showed that in the last 5 months 0f 2023 (dry period) there was a good
agreement of soil moisture values measured by sensors between 10 and 20 cm of
depth with both soil management practices. The best results were reported in the
middle of the GC inter-row at a depth of 20 cm (R*=0.913, NSE=0.756,
RMSE=0.25). In contrast, the results for 2024, a wetter year, showed great
variability in the values recorded by the sensors, with unsatisfactory statistics. The
best values for the indexes were obtained for the sensor placed in the middle of the
CT inter-row (R?=0.598, NSE=0.485, RMSE=0.118).

—— SWC sensor —— SWC sensor
CRNS probe N " CRNS probe

2023

GC-NT-20

= SWC sensor ——— SWCsensor
CRNS probe N CRNS probe

2023

CRNS probe . M A A . CRNS prabe

2024

Figure 104: Comparison of the daily average Soil Water Content (SWC) obtained from
point capacitive sensors and CRNS (best performing sensors).

Thus, during the dry period, the CRNS probe provided reliable information on
soil moisture conditions in the most superficial layer, regardless of the vineyard's
soil management practices (Figure 104). Conversely, the difficulty in achieving
good agreement in wet conditions can be attributed to the high spatial variability of
soil moisture both horizontally and in-depth, soil saturation, ponding, and varying
soil conditions (e.g., soil density) due to soil management and tractor traffic during
the growing season. Preliminary results indicate that estimating moisture in
vineyards varies with soil management and is particularly challenging when soil
moisture is highly variable due to frequent rainfall and complex water dynamics.
However, the results are encouraging, especially in critical conditions during dry
seasons.
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3.4.4 Large-scale, real-time monitoring of Soil Moisture dynamics
with Cosmic Rays

Enrico Gazzola', Stefano Gianessi!, Stefano Ferraris?, Alessio Gentile?,
Francesca Ragazzi®, Silvia Obber’, Stefano Fogarin®, Giorgio Capello**, Marcella
Biddoccu*, Davide Gisolo?, Alessandro Pirola’, Cinzia Alessandrini’

Finapp srl; DIST; *ARPA Veneto, Unita Organizzativa Qualita del Suolo; *CNR-
STEMS; *ARPAE Emilia-Romagna

Introduction

The availability of water resource in a soil is regulated by texture and structure
of the soil itself. Establishing the expected dynamic boundaries of the water
reservoir can be challenging due to the natural complexity of the soil, which can
exhibit significant variability even within small areas. A solution to this issue is
Cosmic-Rays Neutron Sensing (CRNS). It offers the capability to monitor the
actual soil moisture dynamics of an entire field year-round, using a single non-
invasive sensor. Importantly, CRNS averages over soil variability, positioning itself
at a spatial scale that bridges the gap between point measurements and satellite
data'. Information obtained by CRNS can be integrated with other techniques such
as point-scale measurements, sampling campaigns and satellites passes. When
combined with pedological knowledge of the sites, this provides a more
comprehensive and reliable picture of soil moisture dynamics at different scales.
This approach enhances our understanding of soil water resources and informs
better management strategies.

Finapp CNRS network

CRNS is based on the detection of neutrons, particles naturally flowing from
space and strongly interacting with water molecules. The rate of neutron counts by
a detector placed above ground is correlated to the water content in the soil within
a volume spanning up to a dozen hectares extension and up to 50 cm depth. Finapp
has developed and patented a light and compact detector suitable for CRNS
applications on field. Eight Finapp probes in Northern Italy have been included in
this study. They include, among others, a forest site, a mountain site and the ARPAE
network of 4 probes (Figure 105).
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Figure 105: On the left, the CRNS applications in the field; on the right, the position
of the network.

Comparison with point probes in a complex site

The Finapp CRNS probe, located at the Tenuta Cannona site (Carpeneto, AL),
encompasses various plots of a vineyard within its footprint. These include a Grass
Cover (GC) plot and a Conventional Tillage (CT) plot, where Volumetric Water
Content (VWC) is locally monitored by sets of point-scale probes. The footprint
also covers areas of Alternative Cover Crop.

The VWC trends registered by the punctual sensors shows a high variability
between the plots. The areal CRNS data seems to align better with one or another
point trend during different periods.

CRNS captures the VWC dynamic of a large area. This can be assessed through
a distributed soil sampling campaign (represented by yellow points in the scheme
of figure 106) and applying a weighted average of the VWC values of the collected
known volume samples (campaign results are represented by the magenta triangle
in the plot of figure 106).

The expected hydrological dynamical range for the site is reported in terms of
Wilting Point and Field Capacity thresholds (dashed lines in the plot of figure 106).
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Figure 106: On the left, the Finapp CRNS probe located at the Tenuta Cannona site
(Carpeneto, AL). The red area represents the tilled plot, the green area represents the
permanent grass cover plot, the green dot indicates the position of the CRNS, the yellow
dots are the sampling points for calibration, and the white dots are the positions of the point
scale probes. On the right, comparison of the daily average Soil Water Content obtained
from point capacitive sensors (light green and orange) and CRNS (dark green). The
sampling campaign (purple triangle), wilting point, and field capacity thresholds (dashed
lines) are also indicated.

Assessment with ERAS5-Land and SMAP

The VWC measured from CNRS at all the sites is compared with estimations
from satellite-based data of SMAP? and ERAS5-Land® (having spatial resolution of
approximately 9 km) in order to assess how it can be representative of a wider area
(Figure 107).

Finapp dynamics are generally in agreement with satellite trends suggesting
that the precipitation dynamics affecting a larger area (about 80 km?) are not
significantly different from those affecting the CRNS footprint (hundreds of m?).
This holds especially for the agricultural sites in the plains (all presented sites,
except for Bussoleno and Nivolet).

In all the agricultural sites, Finapp values are halfway between ERA5-Land and
SMAP. A general overestimation of VWC by ERAS5-Land with respect to SMAP
was already reported by Lal et al* and needs further investigation.

Two sites appear as outliers: Colle del Nivolet (high-altitude mountain site,
covered with snow during winter) and Bussoleno (rugged terrain covered by forest).
In both sites the VWC by Finapp CRNS is in good agreement with point-scale
capacitance probes (CPS) measurements.
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In the Bussoleno site, both satellite-based trends report higher VWC compared
to the local measurements. A decoupling between VWC values from ERAS5-Land
and SMAP in forested areas was already reported by Xing et al’. In addition, Lal et
al* found that the mismatch between SMAP and ERAS5-Land is greater in highly
vegetated areas, such as the Bussoleno forest.

Nivolet Bussoleno Cavriago Marina di Ravenna
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Figure 107: The VWC measured from CNRS at all the sites is compared with
estimations from satellite-based data of SMAP? and ERA5-Land’.

Conclusions and perspectives

The comparison between point-scale measurements, CRNS and satellite data
provides an insight into the relation between VWC measurements at different
scales. Preliminary results from the Tenuta Cannona site highlight the differences
between point VwC in differently managed lots and suggest that CRNS captures
the prevalent dynamics. A larger scale representativity of Finapp data emerges in
most sites and opens to the promising possibility of using them as ground reference
to improve satellite-based products, especially in the challenging case of forestry
sites.
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3.4.5 Monitoring Soil Moisture dynamics by Cosmic Rays Neutron
Sensing: a demo network in Northern Italy
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Abstract

Cosmic Rays Neutron Sensing offers the ability to obtain a continuous
measurement of Soil Moisture value representative of an area of dozens of hectares
through a single non-invasive sensor. Experiences from UK and other countries
underscore the merits of a coordinated network of such probes, enabling the
issuance of national or supranational scale bulletins with which to assess climate
trends and the distribution of the impact of extreme events and improve the water
resource quantification and management. We harmonized datasets from 9 Italian
CRNS probes owned by different institutions to show how they can be effectively
treated as a valuable network, in the first demo at this scale in Italy.
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Introduction

Cosmic-Rays Neutron Sensing (CRNS) has emerged among proximal sensors
as a valuable technique for non-invasive Soil Moisture (SM) estimation at a scale
much larger than the usual point-scale sensors and at sub-daily resolution (Desilets
etal 2010; Zreda et al 2008; Bogena et al 2015). It has therefore increasingly gained
importance in hydrological observations in agriculture and various kind of natural
environments (Ochsner et al 2013; Rivera Villarreyes et al 2011; Coopersmith et al
2014; Zhu et al 2016; Heidbiichel et al 2016), as well as expanding its range of
applications to the measurements of another key hydrological variable, snow water
equivalent (Schattan et al 2017; Howat et al 2018), and possibly even biomass
(Baroni and Oswald 2015; Jakobi et al 2022). The CRNS method is now widely
used by research institutions and agencies around the world (Andreasen et al 2017)
and some nation-wide CRNS soil moisture networks under the acronym of
COSMOS have been established first in the United States and then in other nations,
most notably the United Kingdom (Evans et al 2016). More recently, the
community pushed for the establishment of a similar network across Europe
(Bogena et al 2022), while the presence of such sensors in Italy was still very
limited. During the last couple of years, an increasing number of CRNS probes
manufactured by Finapp have been installed in Northern Italy by the regional
agencies for environmental protection (ARPA) and research institutions. We
therefore explore how the sharing of data and the harmonization of a set of probes
into an effective CRNS network can provide valuable information for a large-scale
monitoring of SM dynamics in response to meteorological events and in relation to
the characteristics of the soil.
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Materials and Methods

CRNS is based on the detection of neutrons, particles naturally flowing from
space and capable of penetrating the soil before being scattered back and reaching
the detector. As neutrons strongly interact with the nucleus of hydrogen, their
counting rate by the CRNS probe is correlated to the amount of hydrogen pools in
and above the ground, like moisture, snow and organic matter. The signal detected
by the probe placed above-ground is spontaneously averaged over an area of several
hectares horizontally and some decimeters below ground (Schron et al 2017) and it
can record data with a temporal resolution of the order of hours. This poses it in an
intermediate scale in between point-scale measurements and satellite passes,
providing an averaged soil moisture data representative of heterogeneous
pedological situations (Figure 108-left). The traditional technology for a CRNS
detector was based on proportional gas tubes filled in with helium-3 or boron
trifluoride, but nowadays new technologies are available which are based on solid
scintillator materials, with the advantage to be cheaper and safer (Peerani et al 2012;
Cester et al 2016). Thanks to the flexibility with which scintillator sheets can be
produced and manipulated, in 2018 Finapp created a new kind of light and compact
CRNS detector (Stevanato et al 2019), an example of which is shown in Figure 108-
right. The Finapp detector comes with the unique feature of being able to
contextually measure the flux of another particle, muons, useful to monitor the
incoming cosmic rays flux (Stevanato et al 2022). During the years it was further
improved and widely deployed on field (Gianessi et al 2024). We here present a
demo network including 9 Finapp probes distributed across Northern Italy, mostly
owned by Regional Environmental Protection Agencies (ARPA). In particular, 4
are located in monitoring sites managed by ARPAE-Emilia Romagna, one by
ARPA-Piemonte, one by ARPA-Veneto, one by the CNR-STEMS Institute of
Turin and two by the CMF Tres and CAVIT consortium. All probes were calibrated
by gravimetric soil sampling campaign according to the standard sampling scheme
and applying a weighted average of the samples SM (Schron et al 2017). Neutrons
data were processed by applying the standard pressure correction as in Bogena et al
2022 and the muons-based incoming flux correction as in Stevanato et al 2022, then
the SM was calculated with the conventional formula from Desilets et al 2010:

0.0808

n
Ny~ 0.372

SM(n) = —0.115 |- p,

272



Where Ny represents the neutron counts under dry conditions and is obtained
by the calibration campaign, p, the bulk density of the soil and » is neutrons counts.

Figure 108: On the left scheme of the CRNS footprint, on the right the Finapp probe
installed in a vineyard.

Results and discussion

Soil water resource availability is regulated by soil features such as texture,
structure, stones and organic content. It is common to define the boundaries of the
available water reservoir in a soil as the amount of Volumetric Soil Moisture
between a lower threshold called Wilting Point (WP) and an upper threshold called
Field Capacity (FC), that can be estimated basing on clay and sand content by
means of pedotransfer functions (PTF) (Dobarco et al 2019). When comparing
different soils, it’s therefore important to relate the measured SM to the site-specific
thresholds to obtain a fair indication of a possible dry condition. For this reason,
our 9 test sites were classified into three groups based on soil surface texture: Sandy
Loam (SL), Loamy (L), and Clay/Silt Loam (CL). In Figure 109 the volumetric soil
moisture trends registered by the 9 Finapp probes divided into the 3 groups are
reported. For each group, a WP and a FC were estimated through commonly used
PTF supported by an historical knowledge of the site dynamics and represented by
the red and blue horizontal lines in the graphs, respectively. This way the temporal
trend of the water reservoir status can be promptly appreciated for each site,
capturing the dominant dynamics on a wide area.
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Figure 109: SM signals recorded in all sites, grouped by soil textural classes, along
with daily rainfall (retrieved from ARPAE Emilia-Romagna, ARPA Veneto and ARPA
Piemonte weather stations and MeteoBrowser Sud-Tirol).

Complementary to the temporal information, reported in the plots of Figure
109, is the spatial information that can be obtained by capturing the daily values
from the whole network and reporting them on a map. In order to provide a
significant picture of the water resource status, the nature of the reference soils need
to be kept into account. Inspired by the COSMOS-UK approach, we do this by
relating the measured SM to the capacity of each specific soil, defined as the
difference between the FC and the WP for that soil: the reservoir is empty when
SM = WP and is full when SM = FC. We defined a 5-levels scale for the water
availability status and reported in Figure 110 demo maps for two checkpoint days
of choice, namely before and after a significant rain event which brought relief to
soils after a dry period. Maps of the cumulative rainfalls correlated to the described
situations are also reported, obtained from the ArCIS (Climatological Archive for
Central-Northern Italy) as described in Pavan et al 2019. It can be seen how the
first part of August 2023 was generally characterized by poor rainfalls, leading to
the hydrological suffering of most of Northern Italy revealed by the SM status on
the first checkpoint (August 20th). Just before the second checkpoint on August
30th, diffused rainfalls brought a significant improvement of the cumulative values
and relief to the water reservoir in most sites. The two checkpoints therefore
represent the transition from a generally dry condition to a generally wet condition.
It can be observed how not only different regions were differently affected by the
transition, but the resulting SM can have a very different significance depending on
the soil type, for example a measured SM of 14% being considered a critically dry
condition for a CL soil but a good reserve in a SL soil.
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Figure 110: The upper panels report an overview of the CRNS network in two
checkpoint days, Aug. 20th and Aug. 30th, 2023, representing the water reservoir status.
The point shape indicates the soil textural class, the color represents soil water availability,
while the label expresses the average absolute value of volumetric SM (%) recorded the
CRNS probes during the specified day. The lower panels show cumulative rainfalls
obtained from the ArCIS (Climatological Archive for Central-Northern Italy) for the
periods of August 1st to 20th and 1st to 30th. ArCIS is a gridded precipitation dataset (5
km x 5 km) with daily temporal resolutions, obtained by validating and interpolating data
from more than 1700 rain-gauges belonging to different networks, as detailed in Pavan et
al 2019.

This demo highlights the added value that a CRNS network can provide to
large-scale environmental monitoring. Agricultural issues such as water
availability, either floods or drought risk, meteorological event effects, can be
effectively managed by such a network data collection. Some similar hydrological
responses among sites even at a relatively large distance suggest the effectiveness
of a network with a realistically achievable number of CRNS in Northern Italy, as
long as the main pedo-climatic and geomorphological differences among sites in
different environments are kept into account. If sites are strategically chosen
according to main soil types and main land uses, CNRS information can be spread
to wider homogeneous areas. This would support the emission of bulletins which
would be helpful to decision-makers concerning, for example, temporary
limitations on the use of water or interventions for flood prevention. Intercalibration
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and interpolation with satellite scans can assess and expand the spatial
representativity over larger areas; further analyses are being done in this regard.

Summary and conclusions

The measurement of SM is strategic at various levels, from the evaluation of
the need of irrigation of a single field to the assessment of the impact of climatic
events at the national or even continental level. The spatial and temporal scale gap
between point-scale probes and satellites can be filled by novel proximal sensors,
among which CRNS is knowing a growing diffusion. In fact, CNRS allows
sampling frequencies comparable with point sensors, and spatial support
comparable with satellite pixels. While national networks of CRNS probes are
already established in various countries, Italy is lagging behind, with a delay that
recently started to be settled thanks to the installation of a significant number of
Finapp probes in Northern Italy and more to come in the rest of the country.
Networks of CRNS probes for the measurement of soil moisture and snow water
equivalent would open to a manifold of applications, including the validation of
remote sensing and computational models. On the field scale, the year-round
monitoring of SM allows the observation of the real dynamics of water availability
of a soil, enabling to understand its hydrological boundaries, which can be
challenging to measure or model with other methods due to soil natural complexity
and variability. On the wider scale, the network can highlight regional or soil-
related differences in the response to meteorological events. The authors call for an
expansion of such networks in Italy especially under the management of the
Regional Environmental and Prevention Agencies and a harmonization of the data
processing. Integration and data sharing into interregional or even international
networks would be beneficial.
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3.4.6 Conclusions and Perspectives

Cosmic-Ray Neutron Sensing (CRNS) proved to be a valuable addition to the
Tenuta Cannona monitoring infrastructure by providing non-invasive,
near-real-time soil moisture estimates representative of an intermediate spatial
support, thereby bridging the scale gap between point probes and satellite products.
The installation upstream of the experimental plots enabled comparisons with
existing capacitance sensors and ancillary observations, highlighting both the
potential and the limitations of areal averaging in a structurally complex vineyard
system characterized by heterogeneous soils and contrasting inter-row
management. Initial results highlight a contrasting CRNS performance between the
dry (2023) and wet (2024) periods, an aspect that warrants further investigation to
clarify the roles of seasonal hydrological dynamics and spatial heterogeneity in
shaping the agreement with point-scale probes. Continued monitoring is expected
to provide additional events and a broader range of conditions, enabling more robust
analyses and inter-annual comparisons under comparable meteorological regimes,
ultimately strengthening the interpretation and transferability of CRNS-derived soil
moisture signals in complex vineyard settings.

Future work will prioritize a deeper exploitation of the existing and forthcoming
CRNS time series to strengthen the robustness of the current evidence, explicitly
quantify uncertainty, and determine the hydro-meteorological conditions under
which CRNS best represents vineyard soil water dynamics. This will be supported
by improved site-specific calibration/validation (targeted gravimetric campaigns
and refined corrections) and by a systematic assessment of vegetation/biomass
and other hydrogen pools that may affect the neutron signal in perennial cropping
systems. A central perspective is to leverage CRNS as a scale-appropriate
benchmark to reconcile heterogeneous point observations and evaluate
satellite/reanalysis soil-moisture products; where feasible, harmonized multi-site
networks would further enhance representativeness and the value of CRNS for
improving operational monitoring and modelling.
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3.5 Comparative Perspectives on Proximal Sensing in
Vineyards

Taken together, W-band radar, CRNS, and scintillometer provide
complementary information on the Soil-Plant—Atmosphere system at spatial scale
that are difficult to obtain with conventional monitoring alone, thereby improving
the realism of model inputs and calibration/validation opportunities. In practice,
however, their role differs markedly when judged against operational constraints of
cost, maintenance, and specialist expertise, and against the type of decision support
needed at farm level: given acquisition and operation costs as well as processing
requirements, these sensors are only regarded as research-grade observatories rather
than routine farm tools, with highest value in deriving transferable parameters,
proxy indicators, and mechanistic understanding that can later be driven by more
accessible measurements. This research function is relevant not only at field scale
but also at hillslope scale, where their native spatial support - field/slope rainfall
microphysics from W-band, multi-hectare soil-moisture footprints from CRNS,
long-path sampling for energy fluxes from scintillometry - matches the scales at
which runoff, erosion, and surface—atmosphere exchange heterogeneity emerge.

In our study, the W-band radar retrieved microphysical descriptors (e.g.,
drop-size distributions, kinetic energy) that improved the interpretation, and in
preliminary models the prediction, of runoff and erosion beyond traditional rain
totals and intensities, thereby offering a concrete route to parameterize
process-based models at plot and slope scales.

The CRNS installation bridged the gap between point probes and
satellite/reanalysis products by delivering footprint-integrated soil-moisture
dynamics; despite contrasting performance across dry and wet periods that merits
further investigation, its behavior and network analyses indicate strong potential as
a benchmark layer for integrating heterogeneous point observations and for
evaluating gridded soil-moisture products at decision-relevant scales.

The optical-microwave scintillometer targets turbulent fluxes and
evapotranspiration at a horizontal scale close to remote sensing, but in a vineyard it
remains technically demanding and sensitive to installation geometry; in this
experimental deployment, data quality was not uniformly reliable. Nonetheless,
analyses of valid periods and comparisons with CLM indicate strong potential: with
adequate resources, a higher beam path (taller supports, greater clearance from

281



near-ground obstacles) would likely yield more stable signals, making
scintillometry a valuable research-grade reference for model evaluation and scaling.

Transferring these research-grade insights into affordable operational
workflows is feasible by calibrating once and operating many with low-cost
networks. For rainfall, relationships established between radar-derived kinetic
energy or energy-weighted drop diameters and simple gauge-based descriptors
(e.g., short-window intensities, EI30) can be embedded into runoff/erosion
thresholds and then driven in real time by tipping-bucket gauges complemented by
weather-forecast products. For soil moisture, CRNS inferred volumetric water
content can be framed in terms of available water between field capacity and wilting
point and then scaled to low-cost probes to produce site-specific antecedent
moisture indices. The same CRNS baseline can be used to bias-condition satellite
and reanalysis soil-moisture fields (e.g., SMAP, ERAS5-Land) and generate
operational soil water content maps for irrigation, field accessibility, and
hydrological conditioning at hillslope scale. For evapotranspiration, valid
scintillometry windows can be exploited to tune crop coefficients, or CLM
parameter sets, after which daily ET can be produced from a standard
meteorological station (radiation, humidity, wind). Where resources allow, future
research installations should prioritize higher beam paths to stabilize signals and
further strengthen the calibration basis.

Beyond viticulture, these rainfall and soil-moisture-driven transfers are directly
relevant to hydro-geomorphic risk: calibrated rainfall thresholds and antecedent
moisture indices can be combined to flag short-lead-time windows of landslide and
flash-flood susceptibility at slope or small basin scales. The same fused workflows
(gauges, low-cost probes, operational radar/satellite) can inform nowcasting
triggers and the conditioning of physics-based or data-driven risk models. In sum,
while W-band radar, CRNS, and scintillometry are not economically suited to
routine farm use, their research value at field and hillslope scales is precisely what
enables robust downscaling to cost-effective, widely accessible monitoring and
DSS pipelines for technicians and farmers.
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Chapter 4

Conclusions

The comprehensive objectives outlined in this research have been successfully
achieved, demonstrating that combining improved soil management with
multi-scale monitoring and decision support leads to measurable and operationally
relevant gains in the sustainability of hilly vineyards in North-West Italy. Across
working farms, enhanced practices increased year-round soil cover, improved
infiltration, limited machinery-induced compaction, and reduced both runoff and
sediment export during high-intensity storms, thereby strengthening the resilience
of vineyards to concurrent hydro-climatic stressors such as summer drought and
cloudburst rainfall. The development of simple, actionable indices and their
integration into an ICT platform further enabled timely scheduling of field
operations under favourable soil moisture and trafficability conditions, limiting soil
compaction, and ensuring operator safety, translating research outputs into
everyday management decisions. The practical field demonstrations and training
activities conducted have successfully transferred knowledge to winegrowers, other
farms, and schools, showcasing the results and effects of good practices. The
dissemination of a "Charter of Good Agricultural Practices" has provided
guidelines for achieving better soil management and protection in wine-growing
environments.

In light of the evidence consolidated during the research, the study
recommends, as standard practice, maintaining permanent grass cover in all
inter-rows, or at minimum alternating grassed and tilled rows when site constraints
or vineyard age require a more adaptive approach. Permanent grassing consistently
delivered the most favourable overall response, with higher soil protection,
improved structural stability, and lower erosion risk under intense rainfall. When
properly designed and managed, sown cover crops and green manure mixtures
provide comparable protection, optimise bulk density, enhance deep soil moisture
and hydraulic conductivity, and curb nutrient losses; they therefore constitute a
robust, site-tunable complement to permanent grassing. Conversely, frequent and
fine mechanical tillage proved detrimental, promoting surface pulverisation,
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crusting, and elevated erosion, and should be avoided. Where structural remediation
is strictly necessary, occasional deep loosening with implements that preserve the
sod is preferable to repeated shallow operations. Under-vine management is best
achieved through mechanical weeding rather than herbicides to sustain biological
activity and long-term soil function, while mowing should be timed to preserve
protective cover in case of high-intensity events and avoided when soils are wet to
reduce compaction risk. In young plantings and in exceptionally dry seasons,
temporary relaxation of cover (e.g., alternate-row strategies or drought-tolerant
species mixes) can mitigate water competition without sacrificing the protective
function of vegetation.

The second part of the thesis aimed to achieve concrete and measurable results
by testing scientific and technological research products in real-world conditions.
Through collaboration with companies experienced in agro-meteorological
monitoring, innovative tools and technologies essential to bridge the gap between
point measurements and field-to-landscape scale flux were introduced and
validated. A key added value of this work is the integration of traditional point and
field-based measurement technologies with advanced proximal sensing, which
collectively improved the characterization of processes within the Soil-Plant—
Atmosphere continuum. In particular, the three research-grade instruments
deployed at Tenuta Cannona provided complementary information at scales that are
typically not represented by standard farm monitoring. The W-band polarimetric
radar enabled rainfall characterization beyond totals and intensities by retrieving
microphysical descriptors (e.g., drop-size distribution, kinetic energy) at field/slope
scale; these variables proved informative for interpreting runoff and erosion
responses under different inter-row managements. The CRNS sensor filled the scale
gap between point probes and satellite/reanalysis products by delivering footprint-
integrated soil moisture dynamics; the contrasting performance observed between
dry and wet periods emerged as a key research question, motivating further analyses
and longer series to improve cross-year comparability under similar hydro-
meteorological regimes. Finally, the optical-microwave scintillometer represented
an innovative experimental installation in a vineyard, where data quality was not
uniformly reliable; nevertheless, analyses of valid periods and comparisons with
CLM simulations provided encouraging indications for future applications at the
remote-sensing scale. Taken together, these instruments highlight a coherent
pathway: although their cost and logistical demands currently restrict them to
research contexts, they generate mechanistic insights and calibration/validation
opportunities that can be transferred into improved models and more robust
workflows relying on affordable sensors and operational products.
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Overall, this thesis supports the conclusion that coupling good agronomic
practices with multi-scale monitoring and decision support can improve both
sustainability outcomes (soil protection and resource conservation) and operational
efficiency, while simultaneously advancing scientific understanding needed to
deliver reliable, widely accessible tools for precision management in complex
viticultural landscapes.

I acknowledge that each strand (surveys/interviews, plot-scale measurements,
sensor-based monitoring) could be expanded or further refined. However, part of
the work was conducted within the framework of a larger operational project, with
pre-defined guidelines, time windows, and deployment logistics that shaped the
feasible methodological scope. Within these boundary conditions, the thesis
prioritised robustness and triangulation: the mixed-methods social component
reached thematic saturation with engaged practitioners; the physical monitoring
delivered repeatable, instrumented comparisons under real farm operations; and the
proximal sensing deployments established the foundation for future data releases
and cross-scale integration. These choices balance depth, feasibility, and
representativeness in a context of increasing stakeholder fatigue and practical
constraints typical of commercial vineyard settings.

Future Work and Research Directions

Conducted under real operating conditions in commercial vineyards, this study
faced practical and methodological limitations that inform the priorities for future
research; accordingly, the following directions are proposed to consolidate
evidence for climate-resilient, low-disturbance vineyard management by extending
the temporal and spatial scope, strengthening proximal-sensing integration with
process models, and validating DSS-enabled decisions under commercial
constraints:

First, the temporal scope and replication across sites could be extended.
Multi-year trends in soil organic matter, structural stability, and compaction relief
typically emerge over longer horizons than the present monitoring period, and
inter-annual climate variability (including clusters of dry years followed by
high-intensity storms) can modulate treatment effects. Expanding the duration and
increasing replication across contrasted textures, slopes, and climate sub-zones
would improve inference power and the transferability of the recommended
practices.
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A second set of limitations concerns the limited instrument deployment
window and event sampling: the time available to install and operate the proximal
sensors was constrained, as well as the positioning, so analyses necessarily rely on
the events that occurred within that window; a longer deployment would plausibly
intercept more events and improve the robustness of intra-event runoff/erosion
interpretation. Looking ahead, the CRNS - the only instrument still operating in the
field - should undergo further calibration and systematic cross-comparison with
both point-scale soil-moisture probes and satellite-derived products to refine
scaling relationships and reduce bias.

Third, decision-support validation and adoption merit targeted research. While
the DSS and indices developed here proved useful for scheduling operations under
favourable soil moisture and access conditions, broader participatory trials are
needed to test usability, alert fatigue, and integration with existing farm workflows.
Comparative evaluations should quantify reductions in machine-induced
compaction, avoided interventions in high-risk windows, and net economic returns
under real constraints of labour, equipment, and compliance.

Fourth, agronomic and enological outcomes should be monitored in parallel
with soil conditions. The results highlight that permanent grassing and
well-designed cover crops are effective soil-protection strategies; future trials
should quantify any yield and grape-quality trade-offs under different seasons, test
drought-tolerant species mixtures, and calibrate adaptive regimes in young
vineyards to manage water competition without losing protective function.
Under-vine mechanical control should be benchmarked against alternative
low-input options to optimise labour, energy use, and microbiome effects.

Finally, quantify broader environmental externalities and develop coupled
carbon—water budgets by implementing a site-specific water balance with models
that partition precipitation, evapotranspiration, soil-water storage and drainage;
expanding runoff chemistry and sediment monitoring to include nutrient and
pesticide export; undertaking carbon input/output accounting to resolve net
sequestration under different groundcovers; and incorporating biodiversity
indicators (soil fauna and flora) to capture co-benefits beyond erosion control.
Coupling these measurements with policy-oriented cost—benefit analyses will
support the scaling of best management practices across heterogeneous hilly
landscapes.
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Taken together, these steps will consolidate evidence for climate-resilient,
low-disturbance vineyard management in North-West Italy and beyond by
extending the temporal and spatial scope, strengthening the integration of proximal
sensing with process models, and validating DSS-enabled decisions under
commercial constraints.
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