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Abstract

Nature-based Solutions (NbS) such as rolled cover crops are increasingly adopted in rainfed
vineyards to reduce soil degradation and drought risk, but their effectiveness depends on
local soil physical conditions. We compared spontaneous inter-row vegetation managed
by mowing (Control) with a cereal-based rolled cover crop (C-R) in two vineyards of the
Oltrepo Pavese (Northern Italy) with contrasting texture, structure, and slope: Canevino
(CNV) and Santa Maria della Versa (SMV). From 2021 to 2025, continuous soil moisture
monitoring was combined with field measurements of saturated hydraulic conductivity
(Ks) and bulk density, interpreted using temporal indicators (MRD, ITS) and a drought
index (SWDI) calibrated to field moisture thresholds. During wet phases, average sat-
uration at 50 cm was consistently higher at SMV (about 78 to 84 percent) than at CNV
(about 68 to 75 percent). Under water-limited conditions, management contrasts were
most evident at SMV: at 50 cm during the post-termination dry phase, saturation remained
around 70 percent under C-R versus about 64 percent under the Control, and Kg was
higher under C-R (8.32 X 107 m/s in topsoil) than under the Control (7.39 x 107°m/s).
At CNV, SWDI at 50 cm indicated a moderate improvement in one agronomic year (me-
dian —1.2 under C-R versus —5.3 under the Control in 2021 to 2022), while a full tillage
operation in 2024 defined a disturbed phase that was interpreted separately. SWDI occa-
sionally suggested severe drought levels not fully matching field evidence, highlighting
the need for site-calibrated reference thresholds in structured fine-textured soils. Overall,
soil physical properties set the hydrological envelope, while rolled cover management can
enhance buffering and preserve conductive pathways during dry phases; therefore, NbS
performance should be evaluated with site-adapted monitoring and cautious inference
from temporally autocorrelated time series.

Keywords: nature-based solutions; soil moisture monitoring; cover crops; drought
resilience; soil health

1. Introduction

Climate change is increasing the frequency and severity of extreme weather events,
accelerating land degradation processes such as soil erosion, shallow landslides, and
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drought, particularly in agricultural ecosystems. In hillside areas, such as vineyards on
steep slopes, erosion and shallow landslides are often more frequent and severe. This trend
is driven by both more intense rainfall events [1] and substantial human modifications of
the landscape through agricultural practices [2]. Globally, agricultural land has expanded
in recent decades, and satellite data show an approximately 9% increase in total cropland
area between 2003 and 2019, primarily from the conversion of natural vegetation [3]. While
estimates for sloping or marginal land use are less precise, multiple studies report their
increasing use in various regions. In geomorphologically sensitive settings, the geological
and physical features of cultivated lands, especially on slopes and under intensive soil
management, can increase susceptibility to soil instability (including shallow landslides)
and contribute to broader land degradation processes such as elevated erosion rates and
reduced soil quality [2,4].

Droughts and heatwaves are also increasingly threatening European vineyards,
reducing productivity and undermining long-term sustainability. As reported by
Straffelini et al. [5], in July 2022, 18% of the European vineyard area was exposed to extreme
drought and high temperatures, with rainfall reduced by 47% and soil moisture by 30%,
particularly in Portugal, France, and Italy. These conditions accelerate land degradation,
decrease fertility, and diminish biodiversity, making vineyards more vulnerable to further
climate extremes [6]. Heat and water stress negatively affect grape yield and quality, al-
tering berry composition and reducing organic acids and anthocyanins, which are crucial
for wine typicity [7,8]. In some regions, heatwaves can decrease vineyard yields by as
much as 35% [8]. Persistent adverse conditions may eventually compel farmers to abandon
sloping or marginal lands, threatening the long-term viability of viticulture in traditional
wine-growing areas [5].

To address these issues, Nature-based Solutions (NbS) are increasingly proposed to
counter land degradation in vineyards. In this work, NbS is operationally defined as
vegetation- and residue-based floor management implemented with low soil disturbance.
Accordingly, the two systems tested here, spontaneous inter-row vegetation maintained by
mowing (Control) and a cereal-based rolled cover crop that creates an in situ mulch layer
(C-R), are treated as NbS options within the same floor-management domain. By contrast,
intensive tillage and bare-soil management are considered conventional baselines discussed
in the literature, but they are not the focus of the present comparison. Within this scope,
NbS-oriented floor management is expected to improve near-surface soil structure and
hydraulic functioning, enhance infiltration and aggregation, and reduce runoff and erosion,
with potential co-benefits for soil organic matter and biodiversity [9-13]. However, in
rainfed vineyards, these effects may be constrained by site-specific soil physical properties
and by the risk of competition for water during dry periods, making long-term monitoring
essential to interpret both benefits and trade-offs [9,12,13].

In viticulture, NbS-oriented soil management typically combines cover crops with
their management through mulching and reduced tillage [9,12]. These approaches are
often applied within rows and inter-rows to maintain soil health, sustain productivity, and
contribute to carbon storage [9,13]. Conventional systems relying on intensive tillage have
received growing criticism because of their negative effects on erosion, organic matter loss,
and overall soil degradation [9]. Yet, in rainfed vineyards of hilly regions in northern Italy,
cover crops can also compete with vines for water and nutrients, potentially intensifying
drought stress [9,13]. Mulching offers an effective way to conserve soil moisture and sup-
press weeds, although its large-scale application in mature vineyards remains constrained
by cost and operational complexity [12]. To address these limitations, temporary winter
cover crops are increasingly adopted to improve soil structure and reduce nutrient loss,
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and recent trials are testing innovative termination methods (such as rolling or under-vine
mulching) to create organic mulch directly in the field [14].

Despite the clear benefits of NbS, important research gaps remain. Many studies have
measured soil erosion and surface runoff in different soil management systems, confirm-
ing that grass cover, mulching, and cover crops help reduce soil loss [11,15]. However,
fewer studies have examined how sustainable floor management influences soil water
processes and physical properties that underpin soil water regulation, such as infiltration
capacity (including saturated hydraulic conductivity), soil water storage, and compaction.
Furthermore, long-term soil water monitoring in vineyards remains limited. Short-term
studies have provided valuable insights into soil moisture and runoff dynamics, but few
have explored multi-year soil-plant-water interactions or used sensor-based monitoring
technologies [16,17]. The increasing use of sensors highlights the need for high-frequency,
long-term data to capture interannual variability and the effects of extreme weather [18].
In addition, deficit irrigation and precision water management are crucial for climate
resilience and efficient resource use in viticulture [19]. Given this context, vineyards on
hilly and mountainous terrains remain highly sensitive to hydroclimatic stress, where
steep slopes, erodible soils, and intensive cultivation combine to increase erosion risk [20],
and where the co-occurrence of intense rainfall and prolonged drought further exposes
their vulnerability [21,22]. These conditions highlight the need for sustainable soil and
water management supported by continuous monitoring in representative districts of the
northern Apennines, such as the Oltrepo Pavese.

We hypothesised that the cereal-based rolled cover crop (C-R), compared with spon-
taneous groundcover managed by mowing (Control), can enhance soil water regulation
during water-limited phases by improving near-surface hydraulic functioning and increas-
ing soil-moisture buffering. We further hypothesised that the magnitude and direction of
these responses are site-dependent, reflecting differences in soil texture and hillslope setting.
To address this aspect, long-term hydrological monitoring is required, especially to follow
the soil’s hydrological response to interannual variability on different soil managements
and to the occurrence of extreme events.

In order to address these research gaps, this study investigates how two vineyard
floor-management practices, periodic mowing of spontaneous vegetation (Control) and a
cereal-based rolled cover crop (C-R) function as NbS to enhance drought resilience, improve
soil water regulation, and preserve key soil physical properties. The experimental sites,
located in the northern Italian Apennines, are representative of viticultural areas typical
of the hilly environments of northern Italy, where soil management plays a key role in
regulating water availability under increasing climatic variability (Figure 1a).

The specific objectives:

(a) Monitor multi-years (2021-2025) soil moisture dynamics under Control and C-R,
capturing interannual variability and extreme wet and dry phases.

(b) Quantify management-related differences in soil hydraulic functioning, including
field-based saturated hydraulic conductivity.

(c) Evaluate associated near-surface physical conditions, including soil compaction.
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Figure 1. Location and geological map of the study area: (a) regional setting; (b) lithological map.

2. Materials and Methods
2.1. The Study Area and Experimental Vineyard Sites

The study was conducted in the Oltrepo Pavese wine district (Lombardy, northern
Italy), a predominantly viticultural area on the northwestern edge of the Italian Apennines
(Figure 1a). With elevations ranging from 50 to 600 m asl. and slopes between 5° and
45°, the district features a temperate mesothermal climate (Koppen—Geiger classification)
and annual precipitation between 680 and 1000 mm, mostly concentrated in spring and
autumn [2,23-25]. These conditions, together with a mosaic of soil types and topographies,
make the area suitable for evaluating soil management strategies aimed at improving
drought resilience in rainfed vineyards.

Geologically and pedologically, the Oltrepo Pavese wine district shows significant
lithological and soil variability (Figure 1b). In the northern sector, the substrate mainly
consists of Mio-Pliocene sandstones, conglomerates, marls, and evaporitic layers. The
resulting soils are sandy-to-silty, with thicknesses between 0.2 and 2.5 m, and typically
occur on slopes steeper than 20 degrees [24,26,27]. Toward the central area, the bedrock
is dominated by Cretaceous flysch and Eocene-Miocene marls and shales, giving rise to
finer-textured soils, ranging from silty clay to clay, with thicknesses of 1 to 4 m and being
generally found on slopes of 5 to 20 degrees [26,27]. In the southern sector, Mesozoic flysch
and mélange formations prevail, with silty clay soils 1 to 2 m thick, located on gentler
slopes of about 5 to 15 degrees [24,27].
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The area is drained by a dense hydrographic network dominated by the Versa River
and its tributaries, which define the morphology of the Versa Valley. This basin exhibits a
seasonal hydrological regime, typical of the northern Apennines, characterised by marked
variability and rapid response to rainfall events [23,28]. Studies in the Northern Apennines
have shown that intense precipitation can significantly affect runoff and sediment transport,
highlighting the close interplay among topography, soil features, and land use in erosion-
prone environments [27,28].

Land use in the Oltrepo Pavese wine district is characterised by a mix of agricul-
tural and semi-natural systems, with vineyards representing a predominant component
of the cultivated landscape (approximately 22%) [23,27]. The area exemplifies a repre-
sentative hilly viticultural setting of the northern Apennines, where fine-textured soils,
sloping terrains, and alternating wet and dry seasons create favourable conditions for
testing NbSs. Practices such as cover cropping, organic mulching, and reduced tillage
enhance soil moisture, reduce erosion, and support sustainable soil management in suitable
pedoclimatic conditions.

Two experimental vineyard sites were selected in the Oltrepo Pavese hills (Figure 1b):
Santa Maria della Versa (SMV) and Canevino (CNV), (Figure 2a,b). Both are equipped
with automated soil and climate monitoring systems that have continuously recorded soil
moisture and weather data since 2021. Although they differ in landform, geology and
soil characteristics, the sites are representative of the main physical conditions found in
the wine district. They share the same experimental design, allowing a direct comparison
between two Nature-based Solution (NbS) practices in the inter-rows:

o  (C-R(Cereal-based Rolled Cover Crop): as seeded cover crop flattened without tillage.
e  Control: spontaneous grass cover managed by mowing.
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Wéggt

9°16'30,000"E

- — 1}
9°16'33,600"E 9°16'21,000"E 9°16'22,800"E

(a) (b)
Figure 2. Experimental vineyard sites equipped with soil and climate monitoring systems: (a) Santa

Maria della Versa (SMV); (b) Canevino (CNV). Inter-rows refer to cover crop with rolling (C-R) and
spontaneous grass cover (Control). METEO indicates the weather station.
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The monitoring network was established within the LIFE19 ENV /IT/000035—DRIVE
LIFE project (“Drought Resilience Improvement in Vineyard Ecosystems”), which aims to
enhance drought resilience and water efficiency in vineyards of southern Europe through
innovative soil management and sensor-based monitoring tools. Field demonstrations
across the Oltrepo Pavese and Colli Piacentini wine districts test and validate these ap-
proaches, focusing on improving soil water storage, supporting irrigation scheduling, and
promoting ecosystem service benefits. Within this framework, SMV and CNV serve as long-
term reference sites for assessing soil-water dynamics and quantifying the hydrological
advantages of NbS-based soil management.

The SMV site (Figure 2a) lies in the central part of the district on gentle-to-moderate
slopes (5-15°) with a northwest-to-west aspect. The vineyard is planted along the slope
with Pinot Noir grafted on SO4 rootstock, approximately 14 years old, trained to unilateral
Guyot with vertical shoot positioning (VSP), and spaced at 2.2 x 1.0 m for a planting
density of about 4545 vines ha~! [14]. The underlying Val Lauretta Formation consists of
turbiditic sandstones, marls, and marly limestones [29]. Field surveys in 2021 classified the
soils as Calcaric Cambisols, with a fine texture (8% sand, 31% silt, 61% clay) and depths
ranging from approximately 80-90 cm in the lower slope to 110-120 cm in the upper slope.

Further south, the CNV site (Figure 2b) lies on moderate slopes (10-20°) facing west—
northwest. The vineyard is also planted along the slope with Pinot Noir grafted on SO4 root-
stock, approximately 15 years old, and follows similar training (unilateral Guyot) and row
orientation (NW-SE), with a slightly lower planting density of about 3470 vines ha—! [14].
The bedrock belongs to the Argille Varicolori Formation, composed of vari-coloured shales,
marls, and clay blocks [27,29]. The soils are also Calcaric Cambisols, but with a silty—clay
texture (23% sand, 38% silt, 39% clay) and an average depth of approximately 140-150 cm.

While sharing the same soil management practices and experimental layout, SMV
and CNV differ in geological substrate, soil texture, and topographic context, allowing the
assessment of NbS performance under contrasting physical conditions within the same
viticultural framework.

At both vineyards, the inter-rows were sown with a commercial cover crop mixture
(HumusFert® mix) exclusively in the C-R treatment, whereas the Control treatment main-
tained spontaneous vegetation. The C-R approach involved flattening the cereal-based
cover crop without tillage to form a continuous mulch layer, while the Control plots were
managed through periodic mowing of the spontaneous grass cover.

Each vineyard was equipped with one monitoring point per treatment (two probes
per site; four probes in total), vertically installed within the vine row to avoid interference
with vineyard operations. Accordingly, the soil-moisture series are interpreted as treatment-
associated dynamics at fixed monitored positions within each site, rather than as fully
replicated treatment effects at the whole-vineyard scale. This long-term monitoring setup
provides a multi-year basis for examining soil-water dynamics and for supporting the
indicator-based comparisons presented in the Results, while explicitly acknowledging
potential confounding by within-site spatial heterogeneity (e.g., microtopography, traffic
patterns, or local soil variability).

A summary of the main site characteristics is shown in Table 1.
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Table 1. Main features of the Santa Maria della Versa (SMV) and Canevino (CNV) experimen-
tal vineyards.

SMV CNV
Elevation range (m a.s.l.) 257-287 392-404
Slope Gradient (°) 5-15 10-20
Exposure NW-W W-NW
Bedrock Geology Formations Val Luretta Argille Varicolori
g Sand (%) 8 23
z2 Silt (%) 31 38
Ng o
8 Clay (%) 61 39
Soil Depth (m) 0.0-0.95 0.0-1.3
Rolling between-row (R); Rolling between-row (R);
Management Practices Control (regular mowing of Control (regular mowing of
spontaneous grass) spontaneous grass)
HumusFert® mix HumusFert® mix
Cover Crop type
Spontaneous grass cover Spontaneous grass cover
Soil moisture probe—Sentek Drill & Soil moisture probe—Sentek Drill &
Monitorine Setu Drop 90 cm; Drop 90 cm;
& p Meteorological Station—Netsens Meteorological Station—Netsens
MeteoSense 4.0 MeteoSense 4.0

2.2. Nature-Based Solutions (NbSs) in the Test Sites

At both experimental vineyards, soil management was based on NbSs designed to
enhance soil-water regulation and drought resilience under rainfed conditions typical of
viticultural areas of the northern Italian Apennines. These approaches rely on ecological
processes such as root reinforcement, organic matter accumulation, and improved soil
aggregation to increase infiltration, water retention, and overall soil health [30,31].

Two complementary strategies were applied: rolling of cereal-based cover crop as
an active NbS (C-R), and spontaneous grass cover as a passive NbS (Control). The C-R
treatment involved mechanically flattening the biomass of cover crops without disturb-
ing the soil, forming a continuous layer of organic mulch that protects the surface from
erosion, buffers temperature fluctuations, enhances infiltration, and reduces evapora-
tion losses [14,15,32]. Such residue cover has been shown to improve soil structure and
water-holding capacity in vineyard systems, thereby supporting drought resilience while
maintaining vine performance comparable to conventional tillage [14,33].

In contrast, the Control consisted of spontaneous vegetation maintained by periodic
mowing; because spontaneous weed communities shift with pedoclimatic conditions and
management, and no systematic floristic survey was conducted, the Control was defined
as mowed spontaneous groundcover rather than by a prescribed botanical composition,
typically including mixed grasses and ruderal broadleaf weeds common in vineyard
inter-rows (e.g., Lolium spp., Avena spp., Chenopodium spp.). Vegetation structure and
projective cover were not quantified; therefore, the Control treatment is described here
as a management regime (mowing-maintained herbaceous cover) rather than as a plant
community with fixed composition and cover attributes. This low-disturbance system
supports soil stability, organic carbon buildup, and biodiversity compared with bare or
tilled soils [12,20,34-36]. Well-developed root systems reinforce the topsoil and enhance its
structure, reducing runoff and erosion while providing ecosystem services such as carbon
storage and habitat for pollinators [37,38].

At both vineyards, inter-rows under the C-R treatment were sown in October with the
commercial cover crop mixture (HumusFert®, Padana Sementi Elette S.r.1., Italy) composed
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of cereals (83%), legumes (10%), brassicas (4%), and minor species (3%), including Avena
strigosa, Hordeum vulgare, Trifolium incarnatus, Brassica napus, and Phacelia tanacetifolia.

It should be noted that the implementation of the C-R management was not fully
consistent across all years. In particular, between 2023 and 2025, the establishment and
persistence of the commercial mixture were occasionally limited due to (i) site-specific
operational decisions by vineyard owners and (ii) unfavourable climatic conditions af-
fecting germination and early growth. Therefore, C-R is interpreted here as an intended
management regime whose effective biomass development could vary among years.

Rolling was carried out in late spring, before the summer season, to maximise mulch
formation and minimise evaporation losses [14,37].

The annual management cycle was divided into three hydrological periods:

(i) A wet period (1 October—28 February), during which cover crops grow and develop
root systems that enhance infiltration and protect the soil surface.

(ii) A dry pre-termination period (1 March-31 May), when evaporation increases and
rolling is performed to conserve soil moisture and create the mulch layer.

(iii) A dry post-termination period (1 June-30 September), when the mulch maintains soil
humidity and prevents crusting and erosion.

These active and passive NbSs support water regulation, organic matter accumulation,
and long-term soil resilience. Their performance varies according to local soil properties,
slope, and climatic conditions [12,33,36,38]. Comparing results from Santa Maria della
Versa (SMV) and Canevino (CNV) provides insight into how NbSs perform under con-
trasting geomorphological and hydrological conditions typical of rainfed vineyards in the
northern Apennines.

2.3. Hydrological Monitoring

Continuous hydro-meteorological monitoring was carried out between 2021 and
2025 at both experimental vineyards to quantify soil moisture dynamics and assess how
different NbSs affect soil water consumption and availability under rainfed conditions.
Each site (SMV and CNV) was equipped with an automated system combining an automatic
weather station (MeteoSense 4.0, Netsens s.r.1., Calenzano, FI, Italy) and a capacitance soil-
moisture probe (Drill & Drop, Sentek Technologies, Stepney, SA, Australia; measurement
depth 0-90 cm). This setup enabled high-resolution observations and aligns with current
sensor-based monitoring approaches in viticulture and hydrological studies in Italian
vineyards [19,39].

The meteorological station (METEO in Figure 2a,b) recorded rainfall (mm), air tem-
perature (°C), relative humidity (%), solar radiation (W m~2), wind speed (m s~'), and
atmospheric pressure (hPa), establishing the local climatic baseline for interpreting soil
water dynamics.

Soil moisture and temperature were measured using vertically installed probes placed
within the vine rows to avoid interference with vineyard operations. Each device recorded
volumetric water content (6, vol%) and soil temperature (°C) at 10 cm intervals down to
90 cm. According to the manufacturer specifications, volumetric water content measure-
ment accuracy is £0.03%. At each site, one monitoring point per treatment (Control and
C-R) was instrumented (four probes in total across the two vineyards). Therefore, the
soil-moisture time series are interpreted as treatment-associated dynamics at the monitored
positions within each vineyard, rather than as fully replicated treatment effects at the
whole-site scale.

Probes were installed under the vine row between two plants. After installation,
the hole was backfilled with the same soil material to maximise sensor—soil contact
and minimise air gaps. A field verification of soil water content measurements was
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performed by comparing probe readings with laboratory water content obtained from
undisturbed soil samples collected at the same time and depth. Overall agreement was
good across all tests. Site-specific statistics confirmed a better correspondence for SMV
(n=12; R? = 0.87; MAE = 4.7%), while CNV showed the lowest correspondence (n = §;
R? = 0.78; MAE = 7.9%). Absolute 6 (and derived SD) values may retain site-specific uncer-
tainty, whereas relative temporal patterns are expected to be more robust.

Saturation degree (SD, %), was calculated for each depth using Equation (1):

0
SD = — x 100 (1)
Os
where 0 is the volumetric soil moisture measured at a given depth, and 05 represents the
maximum volumetric soil moisture recorded during the entire observation period, used as
an empirical estimate of soil saturation.

Measurements were taken every 10 min, aggregated into daily means, and transmitted
via cellular telemetry to a remote server. All data were stored and visualised through the
Netsens LiveData cloud platform (Netsens s.r.1., Calenzano, FI, Italy), allowing real-time
control and quality assurance, consistent with current practices in sensor-based vineyard
monitoring [19].

Occasional data gaps were caused by sensor or power-supply malfunctions, such as
battery failures, water infiltration into electronic components, or accidental damage during
vineyard operations. Delays in spare-part replacement further contributed to temporary
interruptions. All missing records were documented and treated as data gaps. Overall data
continuity remained high throughout the 2021-2025 period, with missing values accounting
for less than 1% in the CNV Control, 16% in CNV C-R, 9% in the SMV Control, and 28% in
SMV C-R. Despite these losses, the dataset remained sufficiently complete for multi-year
analysis of soil-water dynamics under contrasting soil management conditions [39].

2.4. Field Measurements of Soil Saturated Hydraulic Conductivity and Soil Bulk Density

In addition to continuous soil moisture monitoring, field measurements of saturated
hydraulic conductivity (Ks) were conducted using an Amoozemeter (Ksat, Inc., Raleigh,
NC, USA), a compact constant-head permeameter for in situ Ks measurements [40]. The
measurements were carried out during the dry season at both experimental vineyards,
exclusively within the inter-row areas managed either with spontaneous grass cover or
seeded cover crops, which represent the main soil management units affecting infiltration
and water storage. The campaigns began in July 2023 and were repeated in April 2024 and
July 2024 to capture seasonal variability and evaluate how grass cover and its management
influence K throughout the year.

Measurements were not conducted during the wet season (October-February) because
the inter-row zones under rolled cover crops tended to remain bare or only partially vege-
tated after termination, while the Control plots maintained continuous spontaneous vegeta-
tion cover. These differing surface conditions influenced water infiltration and soil structure,
making it difficult to compare the two treatments under equivalent hydrological conditions.

For each site and treatment, Ks was measured at one fixed inter-row position (co-
located with the soil-moisture monitoring point) and repeated at two depths (0-20 cm and
20-40 cm). Bulk density was measured in July 2024 using undisturbed cores collected in
both inter-row and under-vine zones; two cores were collected per point and averaged to
represent bulk density at that position.

This method effectively captures near-saturated hydraulic behaviour in situ, incor-
porating both vertical and lateral flow. Recent evaluations indicate that, although the
Amoozemeter tends to yield slightly lower Ky estimates than ring-based infiltrometers,
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it provides consistent and reliable results well suited for assessing management-related
differences in soil hydraulic properties [41].

To assess near-surface soil compaction under the two floor-management systems, bulk
density was measured concurrently with the Ky campaigns. Undisturbed soil cores were
collected from the inter- and under-row topsoil (0-20 cm) at both vineyards (SMV and
CNV) for both treatments (Control and C-R).

Cylindrical steel rings of known volume were gently driven into the soil, excavated
and trimmed, and then sealed for transport to the laboratory. Each core was weighed at
field moisture and after oven-drying at 105 °C to constant mass. From these measurements,
bulk density () and dry bulk density (yd) were calculated. Dry bulk density was used
as the primary indicator of soil compaction, because it reflects changes in pore space and
structural degradation with minimal influence of soil water content.

In vineyard systems, dry bulk density (yd) is commonly used as an indicator of
near-surface compaction, as higher values are often associated with reduced macroporos-
ity, lower infiltration, and limited root penetration under intensive machinery use and
frequent tillage [12,34,38]. In contrast, permanent or well-managed cover crops in the
inter-rows are reported to help mitigate compaction and maintain lower yd and improved
soil structure [34,36].

2.5. Assessment of Soil Moisture-Based Drought Resilience

Since the vineyards examined in this study rely exclusively on rainfall and do not
employ irrigation, precipitation is the only source of water. To evaluate the system’s
capacity to buffer water stress under changing climatic and management conditions, we
applied a soil moisture-based resilience framework developed by Eeswaran et al. [42],
which uses in situ sensor data to quantify the temporal stability and responsiveness of soil
moisture in rainfed agricultural systems.

For each site, depth, agronomic period, and daily saturation degree (SD) time series
were also summarised using boxplots. These plots serve as a descriptive tool to visualise
the distribution and variability of SD, whereas formal statistical comparisons between
sites and treatments were carried out on soil moisture-based drought resilience indicators:
Mean Relative Difference (MRD), Variance of Relative Difference (VRD), Index of Temporal
Stability (ITS), and Soil Water Deficit Index (SWDI).

2.5.1. Temporal Indicators of Soil Moisture Dynamic

Three soil moisture-based temporal indicators were employed to characterise
treatment-associated soil moisture dynamics within each site: the Mean Relative Difference
(MRD), the Variance of Relative Difference (VRD), and the Index of Temporal Stability (ITS).
MRD summarises the relative wetness or dryness of each management treatment with
respect to the daily site mean, VRD describes the dispersion of these relative deviations
over time, and ITS integrates MRD and VRD into a single descriptor of temporal consis-
tency. The mathematical definitions of MRD, VRD and ITS are provided in the following
subsections. These indicators have been widely applied to evaluate soil-moisture temporal
stability in agricultural and hydrological studies, and they are adopted here to support the
comparison between floor-management strategies under rainfed conditions [43—47].

2.5.2. Mean Relative Difference

The Mean Relative Difference (MRD), originally introduced by Vachaud et al. [45], was
developed within the temporal stability framework to summarise relative soil-moisture
behaviour. Along with the Index of Temporal Stability (ITS), it has been widely applied
to characterise soil-moisture patterns under varying environmental and management
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regimes [44,47-49]. In this study, MRD was computed for each treatment and period using
Equation (2):
1 N Gv,t - gv,t

MRD = —) ———— (2)
Ni =1 Out

’

where 0, is the volumetric soil moisture ((:m3 /cm™3 ) of a given management treatment
on day t, and év,t is the mean soil moisture across all management treatments on the same
day. N represents the total number of observations (sampling days) during the growing
season. Negative MRD values indicate drier-than-average soil conditions for the given
treatment, while positive values reflect wetter-than-average behaviour [44]. Because 5v,t
is computed from the same treatment series (and, in our case, from two treatments only),
MRD is interpreted here as a within-site, time-averaged, normalised contrast between the
paired treatment series, rather than as an independent or “pure” descriptor of a single
treatment. Accordingly, MRD is used as a comparative descriptor within each site and
period, not as an absolute indicator of soil-water status or a standalone causal estimate of
management effects.

2.5.3. Variance of Relative Difference
The Variance of Relative Difference (VRD) quantifies the temporal variability of each

treatment’s deviation from the field mean, offering insight into the consistency of relative
moisture dynamics over time [44]. VRD was calculated according to Equation (3):

_ 2
1 M th_evt
VRD = — — MRD 3

In this formulation, VRD is a dispersion statistic of the normalised deviations com-
puted at the daily time step (from daily mean 6); therefore, it is interpreted as the per-
sistence/consistency of relative departures within the analysed period, rather than as a
general measure of “dynamic stability” of the underlying (potentially non-stationary) soil-
moisture time series. To reduce the influence of seasonal drift and regime shifts, MRD and
VRD were computed separately by agronomic year and by hydrological period (wet, dry
pre-termination, dry post-termination), so that comparisons refer to internally more homo-
geneous climatic phases. Lower VRD values indicate more consistent relative departures
from the site mean over time, whereas higher values indicate less consistent departures
within the analysed window [44,47-49].

2.5.4. Index of Temporal Stability

The Index of Temporal Stability (ITS) integrates both MRD and VRD to provide a
single measure of temporal consistency in relative soil moisture content [43,44,47,49]. ITS
was computed using Equation (4):

ITS = vV MRD? + VRD 4)

Treatments with MRD values near zero and low ITS are interpreted as more stable over
time [44,47,49]. In this study, particular emphasis was placed on treatments with positive
MRD values, as maintaining higher-than-average soil moisture under rainfed conditions is
indicative of greater hydrological resilience in vineyard soils.

2.5.5. Evaluation of Treatment Effects on Soil Moisture Deficits

The effectiveness of soil management practices in mitigating soil moisture deficit condi-
tions was evaluated using the Soil Water Deficit Index (SWDI), calculated from volumetric
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soil moisture at 20 cm and 50 cm. Daily SWDI values were used to describe within-site,
treatment-associated differences in soil water deficit dynamics over the season. Statisti-
cal comparisons between the paired Control and C-R series were performed using the
Wilcoxon signed-rank test, a non-parametric approach for paired observations that does not
assume normality; given the temporal autocorrelation of daily time series and the single
monitoring point per treatment within each site, p-values are interpreted as evidence of
consistent directional differences within each site-depth series rather than as fully indepen-
dent whole-site inference. Treatments exhibiting higher SWDI values were interpreted as
maintaining comparatively better soil water availability under rainfed conditions.

2.5.6. Soil Water Deficit Index

The Soil Water Deficit Index (SWDI), developed by Martinez-Fernandez et al. [50],
was used to quantify soil water availability and agricultural drought intensity based on
soil moisture dynamics within the root zone. The index expresses the ratio between the
difference in volumetric soil moisture (6,) and field capacity (6rc), and the plant’s available
water content (6rc — Owp), scaled by a factor of ten, as shown in Equation (5):

SWDI = (9”9”) x 10 (5)
Orc — Owp

In this study, 0rc and 0yyp were obtained using a combined approach based on both
laboratory measurements and field-based estimators derived from the multi-year 6, time
series, following the timeseries logic proposed by Martinez-Ferndndez et al. [50]. As
a laboratory reference, 6rc and Oy p were first obtained from Soil Water Characteristic
Curves measured on undisturbed soil cores using the HYPROP system (METER Group AG,
Miinchen, Germany) at 20 cm and 50 cm depth. In parallel, alternative effective thresholds
were derived directly from the multi-year 6, time series for each site and depth, in order
to reduce potential mismatch between laboratory-derived thresholds and in situ water
retention in structured fine-textured soils.

For the field-based estimation, daily 6, data were analysed separately for each site and
depth using the full monitoring record. Because 6rc and 6 p were intended to represent
reference thresholds at a given site and depth, they were estimated using the pooled time
series across both floor-management treatments (Control and C-R). Missing days were
excluded from the calculations. This pooling was used to define site-specific reference
thresholds, while management effects were assessed through SWDI dynamics and drought-
class distributions. As a sensitivity check, treatment-specific threshold estimation was also
explored and did not materially alter the resulting drought-class patterns.

Field-based candidate thresholds were derived from simple descriptors of the observed
soil moisture range. In particular, we considered:

i.  High and low quantiles of the multi-year 0, distribution, specifically the 95th and
5th percentiles.

ii. The lowest 0, values observed during the growing season (April to October) as a
conservative proxy for the lower limit reached under field conditions.

iii. A robust proxy for field capacity based on the minimum, across years, of the annual
maximum 6, observed during the growing season.

These candidates were combined into four calibration options spanning from
laboratory-derived thresholds (HYPROP) to fully field-derived thresholds. Specifically,
we defined:

(1) Alaboratory-based option, with fr¢c and Oy p taken directly from HYPROP measurements.
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(2) A percentile-based option, with 0rc equal to the 95th percentile and 6y p equal to the
5th percentile of the multi-year 6, distribution.

(3) A mixed option, with 8r¢ given by the minimum of seasonal maxima and 6y p by the
5th percentile.;

(4) A fully field-derived option, with 6p¢c equal to the minimum of seasonal maxima and
fwp equal to the minimum 6, observed during the growing season.

Across the tested calibration options, the fully field-derived thresholds provided
physically plausible values and avoided unrealistically frequent extreme drought classes.
This option was therefore adopted for SWDI computation throughout the manuscript.

Calibration performance was evaluated based on three criteria: (i) physical plausibility
of thresholds (6r¢c > 6wp) and consistency with the ranges obtained from HYPROP mea-
surements; (ii) realism of the resulting SWDI distributions, avoiding systematic saturation
or an unrealistically high frequency of extreme drought; and (iii) agreement with field
observations of vine conditions during dry phases, used as a qualitative plausibility check
and not as an independent calibration target, because no direct physiological measurements
were available.

The fully field-derived option provided the best compromise among these criteria and
was adopted throughout the manuscript. The final ¢ and 8yyp values used for SWDI
computation are summarised in Table 2.

Table 2. Laboratory-derived and field-derived FC and WP thresholds at 20 and 50 cm depth for SMV
and CNV.

Site Depth (cm) FC Lab WP Lab FC Field WP Field
(m3/m3) (m3/m3) (m3/m3) (m3/m3)
SMV 20 0.56 0.42 0.36 0.05
SMV 50 0.53 0.39 0.425 0.12
CNV 20 0.43 0.30 0.229 0.027
CNV 50 0.44 0.29 0.498 0.132

Positive SWDI values indicate wet conditions above the adopted field-capacity thresh-
old, values close to zero indicate conditions near field capacity, and negative values indicate
increasing soil water deficit. Following Martinez-Ferndndez et al. [50], SWDI was cate-
gorised into drought severity classes: no drought (SWDI > 0), mild (0 > SWDI > —2), mod-
erate (—2 > SWDI > —5), severe (=5 > SWDI > —10), and extreme drought (SWDI <-10).
To evaluate management effects during water-limited conditions, SWDI was analysed for
two fixed dry periods that were consistent across years: dry pre-termination (1 March to
31 May) and dry post-termination (1 June to 30 September). SWDI was computed daily
for each site and floor-management treatment and averaged across 20 cm and 50 cm to
represent the main active root zone.

2.5.7. Statistical Analysis

Treatment contrasts (Control vs. C-R) were evaluated within each site and depth
using paired daily series. Non-parametric Wilcoxon signed-rank tests were applied to
compare treatment-associated differences in the derived indicators (MRD/ITS) and SWDI-
related summaries by agronomic year and period. Because the dataset consists of time
series with temporal autocorrelation and only one monitoring point per treatment within
each vineyard, p-values are interpreted as evidence of consistent directional differences
within paired series rather than as fully independent whole-site inference. All analyses
were performed in R (R Foundation for Statistical Computing, Vienna, Austria; version
2025.05.0+496).
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To provide inferential context for SD% patterns, we analysed period-specific SD%
summaries using a factorial ANOVA with site, depth, and floor management as fixed
factors, including their two-way interactions. Annual medians were used as the analytical
units. SD% was analysed after arcsine square-root transformation, and Type III sums of
squares were adopted. Post hoc comparisons were restricted to soil depth (Tukey, p < 0.05).
Given the single monitored position per treatment at each site, results are interpreted
as position-based evidence and used to support, rather than replace, the main indicator-
based comparisons.

3. Results
3.1. Climatic Conditions During the Monitoring Period

Meteorological records collected from 2021 to 2025 at the two experimental vine-
yards, SMV and CNV, highlighted pronounced interannual variation in climatic conditions
(Figure 3a,b). All data were recorded by automated weather stations installed on site and
checked for consistency against ARPA Lombardia datasets to minimise sensor-related errors.
Mean annual air temperature ranged from 14.4 °C to 16.2 °C, with the highest summer peaks
occurring in 2022 (up to 38.5 °C), and occasional winter minima dropping below —5 °C. The
2022 season was exceptionally hot and dry, characterised by limited rainfall even during typi-
cally wetter periods and prolonged summer drought. These conditions contributed to severe
soil moisture depletion and were conducive to vine water stress, consistent with widespread
drought events reported across Europe during the same year [5,51].

In contrast, the 2023-2024 agronomic year was considerably wetter and milder, with
cumulative precipitation reaching approximately 1381 mm at SMV and 1278 mm at CNV,
which led to sustained soil saturation during spring and early summer. The following year
(2024-2025) remained relatively humid overall 913 mm at SMV and 732 mm at CNV, but
featured an irregular rainfall distribution, alternating intense precipitation events with
short dry spells.

Over the four-year observation period, total annual rainfall ranged from 492 mm to
1381 mm at SMV and from 566 mm to 1278 mm at CNV (Table 3). On average, SMV received
more precipitation than CNV, except during the 2022-2023 period, with site differences
varying between 8% and 25%. Seasonal partitioning of precipitation, detailed in Table 3,
reveals distinct hydrological regimes: the 2021-2022 and 2022-2023 periods were relatively
dry, while 2023-2024 and 2024-2025 were characterised by wetter autumn and spring seasons.

Table 3. Seasonal distribution of total precipitation during the main agronomic periods at SMV and
CNV (2021-2025). Data were recorded by vineyard weather stations and cross-validated with ARPA
Lombardia records.

Cumulative Rainfall (mm)

PERIOD SMV CNV
Wet 21-22 343.8 347.6
Dry Pre-termination 21-22 95.2 109.4
Dry Post-termination 21-22 229 140.8
Wet 22-23 259.8 273.6
Dry Pre-termination 22-23 176.4 222.6
Dry Post-termination 22-23 55.8 70.0
Wet 23-24 515.40 445
Dry Pre-termination 23-24 523.20 493.8
Dry Post-termination 23-24 342.40 338.8
Wet 24-25 394.60 346
Dry Pre-termination 24-25 192.60 221.2
Dry Post-termination 24-25 326.20 164.70
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Figure 3. Meteorological conditions at the two experimental vineyards from 2021 to 2025: (a) SMV;
(b) CNV. Panels show air temperature and precipitation data.

3.2. Hydrologic Monitoring of Management Practices in the Whole Period

The 2021 to 2025 monitoring captured the seasonal and interannual evolution of soil
water status at the two vineyards, SMV and CNV, under the two inter-row regimes, Control
and rolled cover crop (C-R). Because each site was instrumented with one monitoring
point per treatment, SD time series are interpreted as treatment-associated dynamics at
the monitored positions. The full multi-year SD trajectories are provided as supporting
material (Supplementary Figure S1; panels ordered as (a) SMV Control, (b) SMV C-R,
(c) CNV Control, and (d) CNV C-R) and serve as descriptive context for the indicator-based
analyses presented in Sections 3.4 and 3.5.

In 2023 to 2025, the C-R treatment was not always fully effective, because the seeded
mixture did not consistently establish and produce a continuous mulch layer. Therefore, re-
sults from those years are interpreted considering a variable degree of C-R implementation.
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Soil water status, expressed as degree of saturation (SD, %), closely tracked precipita-
tion and showed clear depth-dependent responses. The 10, 50, and 70 cm depths represent
the near-surface layer most affected by evaporation and surface management, the main
rooting zone, and the deeper storage layer, respectively. Across the years, SMV generally
exhibited higher saturation at depth than CNV, consistent with the contrasting soil physical
context of the two sites. During wet phases, saturation at 50 cm frequently exceeded
70 percent in both vineyards, while treatment differences were small and not systematic
(Supplementary Figure S1).

During the dry pre-termination phase, SD decreased markedly in the surface layer,
particularly at CNV, and treatment contrasts remained limited. More distinct differences
emerged during the dry post-termination phase at SMV, especially at 50 cm, where SD
under C-R was typically higher than under the Control, suggesting a potential increase
in hydrological buffering at the monitored position during water-limited conditions. At
CNV, treatment-related differences during the dry post-termination phase were smaller
and more variable among years, indicating that rainfall timing and local soil conditions
modulated management effects.

Overall, SD patterns confirm a strong site control and indicate that treatment contrasts,
when present, are most evident during water-limited phases and at intermediate depths.
To support this descriptive interpretation, a complementary statistical evaluation was
conducted on annual median SD values computed separately for each agronomic year
and hydrological period and restricted to the 2020 to 2022 baseline phase (Table 4). The
analysis confirmed a dominant site-related contribution to SD variability and a marked
depth dependency, while management-related differences (Control vs. C-R) were generally
smaller and more variable. Interaction terms indicated that any management signal was
not uniform across sites or depths, suggesting that the expression of rolled cover crop
effects is modulated by local soil properties and seasonal hydrological conditions. Given
the position-based monitoring design (one probe per treatment per site), these outcomes
are interpreted as structured within-site contrasts that support the descriptive SD analysis,
rather than replicated whole-site causal effects.

Table 4. ANOVA results for annual median saturation degree (SD, %) in the 2020-2022 baseline period,
testing the effects of Site, Depth, Management (Control and C-R), and their two-way interactions. “F”
is the ANOVA F-statistic; “signif”. indicates statistical significance (ns: p > 0.05; * p < 0.05; ** p < 0.01).

Factors Dry Pre-Termination Dry Post-Termination Wet
F Signif. F Signif. F Signif.
Site (L) 0.59 ns 0.87 ns 0.16 ns
Depth (P) 58.26 * 134.78 * 38.39 **
Man?ée)ment 12.44 - 1356 = 13.18 e
LxP 16.84 ** 28.60 * 16.26 **
LxG 7.54 * 10.96 ** 9.35 **
PxG 0.01 ns 12.62 o 1.14 ns
Mean values SD% SD% SD%
SMV 72.6 40.5 81.1
CNV 69.3 43.6 79.9
10 36.5a 9.7 a 58.6 a
50 79.0b 55.0b 90.1b
70 90.7 c 67.5c¢ 879b
Control 783D 483 b 85.8b
C-R 63.0a 359a 74.6 a
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For this reason, the following sections quantify treatment differences using MRD
and ITS (temporal stability index) and SWDI-based drought-class distributions, which
provide a more objective and agronomically interpretable comparison than the full SD
trajectories [52-57].

3.3. Saturated Hydraulic Conductivity Measured with a Constant-Head Permeameter

Saturated hydraulic conductivity (Ks) was measured during three field campaigns
(July 2023, April 2024, and July 2024) using a constant-head permeameter to assess differ-
ences between floor-management treatments at two depths: topsoil (0-20 cm), the layer
most influenced by surface processes and management, and subsoil (2040 cm), which
reflects longer-term structural conditions (Figure 4). At each vineyard, measurements were
conducted at one fixed monitoring position per treatment within the inter-row, located
close to the instrumented soil-moisture station, and repeated at both depths. Accordingly,
K results are interpreted as treatment-associated dynamics at fixed monitored positions
across time, rather than as fully replicated treatment effects at the whole-site scale. All
campaigns were carried out under dry soil conditions to ensure operational consistency
and minimise variability related to transient near-saturated surface states.

Ks - SMV and CNV

N
1 T T

Topsoil (0-20 cm)

Subsoil (2040 cm) Topsoil (0-20 cm) Subsoil (2040cm) Topsoil (0-20 cm) Subsoil (2040 cm)

Ksat( m/s)-July 2023 Ksat ( m/s)- April 2024 Ksat( m/s)-July 2024

mCNV Control mCNVR-C SMV Control SMVRC

Figure 4. Mean hydraulic conductivity (Ks, m s~!) with standard errors indicated at two depths (top-
soil: 0-20 cm; subsoil: 2040 cm) in the two experimental vineyards (CNV and SMV) for the different
soil management systems (Control and C-R), measured in July 2023, April 2024 and July 2024.

Across all campaigns, except for July 2024, SMV consistently showed higher mean Kg
than CNV. This difference is likely related to the presence of shrinkage cracks and prefer-
ential flow paths in the clay-rich soils at SMV, which can enhance macropore connectivity
and infiltration capacity despite the fine texture. Similar effects have been documented in
clayey vineyard soils of the same region, where water was observed infiltrating to over
1 m depth through desiccation cracks using ERT-based methods [36,58]. In contrast, the
silty—clay soils at CNV exhibited fewer shrinkage features and a more compact structure,
limiting infiltration and promoting surface runoff.

Opverall, K, values ranged from 2.3 x 10~°t0 1.29 x 10~° m/s. These values fall within
the upper 10~ and lower 10> order of magnitude, which is typical of moderately-to-highly
permeable loamy soils with well-developed structure [36].

In July 2023, SMV recorded the highest K values, especially under rolled cover crop
management (C-R), which reached 1.29 x 107> m/s in the topsoil and 9.25 x 107 m/s
in the subsoil. CNV, by contrast, showed lower K; values ranging from 3.22 x 10~° to
5.08 x 107% m/s, with reduced subsoil permeability (3.9-4.8 x 10~ m/s). These differ-
ences reflect inherent site conditions, particularly the role of soil structure and slope [36].
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In April 2024, average K values decreased slightly at both sites, especially in the
2040 cm layer. The lowest value was recorded at the CNV Control (2.31 x 10~% m/s),
while SMV under C-R retained relatively high topsoil conductivity (6.43 x 107 m/s).
This seasonal reduction likely results from temporary pore clogging due to winter wet-
ting. Repeated wet-dry cycles may partially occlude macropores with fine particles or
biological residues, limiting hydraulic continuity and reducing infiltration capacity [59,60].
At the monitored positions, C-R generally maintained higher Ks than Control, consis-
tent with a mulch-mediated protection of the soil surface and preservation of macropore
connectivity [59].

By July 2024, following alternating wet and dry conditions, K¢ values generally re-
covered, particularly in surface layers. At CNV, C-R reached 9.24 x 10~% m/s, compared
with 7.39 x 10~® m/s under the Control, while subsoil values increased to 7.39 x 10~® m/s
and 1.11 x 107> m/s, respectively. However, at CNV, a full tillage operation was carried
out in 2024 following the owner’s management decision. Therefore, the July 2024 CNV
measurements are interpreted as a disturbed phase snapshot and are not used to infer
long-term treatment effects relative to the pre-disturbance campaigns. This intervention
can temporarily increase surface permeability by loosening the soil, while potentially com-
promising aggregate stability and hydraulic continuity over time, especially below the
tilled layer [1,36]. In this context, aggregate stability refers to the soil’s ability to maintain
aggregates integrity and hydraulic conductivity under external forces such as rainfall or
machinery [36].

At SMV, K remained higher under C-R (8.32 x 10~®m/sin topsoil and 5.54 x 10~ m/s
in subsoil) than under the Control (7.39 x 107® m/s and 4.16 x 107% m/s, respectively),
consistent with a greater persistence of conductive pathways at the monitored position under
rolled cover management. Some variability in Ks was also observed in SMV Control plots
across campaigns. Although these were not tilled, the presence of spontaneous vegetation
can influence soil structure by root growth and organic inputs, enhancing aggregation and
pore formation. This may explain the fluctuations observed, as highlighted in previous
research showing that even unmanaged vegetated surfaces can significantly affect soil physical
properties [36].

Overall, across the fixed monitoring positions, C-R tended to show higher K than
the Control in most campaigns and depths, consistent with the capacity of cover-crop-
based systems to preserve macropore networks and mitigate compaction; however, given
the limited spatial replication, these results are presented as position-based mechanistic
evidence and as a complement to the multi-year soil-moisture indicators, rather than as
whole-site causal estimates [1,36].

3.4. Bulk Density Under Different Floor-Management Systems

Bulk density () and dry density () were measured in July 2024, together with the
field saturated hydraulic conductivity (Ks) campaign, to characterise near-surface soil
physical condition under the two floor-management systems. At each sampling position,
undisturbed cores were collected in both the inter-row and under-vine zones. Duplicate
cores were taken per position, and their mean value was used to represent bulk density at
that position. It is worth noting that the measures of these two parameters in CNV followed
a full tillage operation performed by the owner of the vineyard at the beginning of 2024.

At SMV, sampling included four positions in C-R (two inter-row and two under-
vine) and five positions per zone in the Control (five inter-row and five under-vine). At
CNV, four positions per treatment were sampled (two inter-row and two under-vine per
treatment). Given the position-based design and limited sample size, v and <y, are reported
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as descriptive supporting evidence within each site rather than as a standalone basis for
inferential statistical comparison between treatments.

Figure 5 highlights a clear site contrast, with higher density levels in CNV than in
SMYV. Within CNV, Control positions tended to show higher 7 and especially higher v, than
C-R, a pattern consistent with reduced macroporosity and the lower Ky observed under
more compacted conditions. In SMV, treatment distributions largely overlapped, suggest-
ing that any management-related differentiation in near-surface compaction was small
relative to within-site variability at the sampled positions. Overall, these measurements
support the interpretation of Ks and soil-moisture dynamics by indicating that the physical
response of the near-surface layer to management was more apparent in CNV than in SMV.
This is consistent with the literature reporting that inter-row vegetation or mulching can
mitigate traffic-related compaction and help preserve infiltration capacity in mechanised
vineyards [34,38,61], although responses are strongly site-dependent [12,15,58].

Bulk density y CNV Bulk density y SMV
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Figure 5. Total bulk density () (blue) and dry bulk density (;) (orange) in the inter-row topsoil
of the two experimental vineyards (CNV and SMV) under the Control and rolled cover crop (C-R)
management. Boxplots show median, interquartile range, and outliers for each treatment.

3.5. Result of Soil Moisture-Based Drought Resilience
3.5.1. Temporal Stability and Soil Moisture Distribution

The analysis of the Mean Relative Difference (MRD) and the Index of Temporal Stability
(ITS) from 2021 to 2025 highlighted consistent patterns in soil moisture dynamics at both
experimental vineyards (SMV and CNV) under the two management treatments (Control
and C-R). Because MRD and ITS are computed relative to the site mean at each time step,
they are interpreted here as indicators of within-site, treatment-associated deviations and
their temporal consistency, rather than as absolute soil-water status indicators. These
indices, together with the Soil Water Deficit Index (SWDI), were used as complementary
descriptors of drought response based on soil moisture behaviour across the monitored
topsoil and subsoil layers.

Across both sites, the alternation of dry and wet agronomic years influenced the magni-
tude and persistence of soil moisture variability. Across site-depth—year combinations with
paired treatment data, ITS ranged from approximately 0.024 to 0.559 (Table 5). Indicators
for CNV 2024-2025 are not interpreted in terms of temporal stability because the paired
treatment comparison was not available following the 2024 disturbance.
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Table 5. MRD, ITS, median SWDI and Wilcoxon p-values for the Control and C-R at CNV and SMV
by year and soil depth.

Site Year Depth (cm) Treatment = MRD (Mean + SD) ITS SWI.)I p-Value
(Median)

CNV 2021-2022 20 Control 0.52 +0.13 0.537 —20.0 <0.001
CNV 2021-2022 20 C-R —0.52 +£0.13 0.537 —-29.8 <0.001
CNV 2021-2022 50 Control —0.06 = 0.04 0.073 -5.3 <0.001
CNV 2021-2022 50 C-R 0.06 + 0.04 0.073 -1.2 <0.001
CNV 2022-2023 20 Control 0.50 £ 0.26 0.559 —15.4 <0.001
CNV 2022-2023 20 CR —0.50 £0.26 0.559 —26.1 <0.001
CNV 2022-2023 50 Control 0.15 4+ 0.20 0.255 -7.7 <0.001
CNV 2022-2023 50 C-R —0.15 £+ 0.20 0.255 -7.7 <0.001
CNV 2023-2024 20 Control 022 +£0.25 0.330 3.8 <0.001
CNV 2023-2024 20 C-R —0.21 £ 0.25 0.324 —8.4 <0.001
CNV 2023-2024 50 Control —0.05£0.15 0.155 6.7 0.024
CNV 2023-2024 50 C-R 0.05 +0.14 0.152 6.1 0.024
CNV 2024-2025 20 Control - - -9.2 -
CNV 2024-2025 50 C-R - - -9.3 -
SMV 2021-2022 20 Control 0.37 £0.25 0.450 —-13.9 <0.001
SMV 2021-2022 20 C-R —0.37 £ 0.25 0.450 -32.1 <0.001
SMV 2021-2022 50 Control 0.33 £0.12 0.353 —3.6 <0.001
SMV 2021-2022 50 CR —0.33 £0.12 0.353 —20.0 <0.001
SMV 2022-2023 20 Control 0.27 +£0.19 0.325 —6.4 <0.001
SMV 2022-2023 20 C-R —0.25£0.19 0.315 —26.4 <0.001
SMV 2022-2023 50 Control 0.36 £0.15 0.388 29 <0.001
SMV 2022-2023 50 C-R —0.34 +£0.17 0.376 —-16.4 <0.001
SMV 2023-2024 20 Control 0.06 4 0.08 0.103 —-0.7 <0.001
SMV 2023-2024 20 CR —0.17 £ 0.04 0.171 -10.7 <0.001
SMV 2023-2024 50 Control 0.05 £+ 0.07 0.083 2.1 <0.001
SMV 2023-2024 50 C-R —0.14 £ 0.02 0.137 —6.4 <0.001
SMV 2024-2025 20 Control 0.01 4 0.02 0.024 0.0 <0.001
SMV 2024-2025 20 C-R —0.08 = 0.01 0.078 -5.0 <0.001
SMV 2024-2025 50 Control 0.01 4+ 0.04 0.039 29 <0.001
SMV 2024-2025 50 CR —0.12 £ 0.01 0.124 -5.7 <0.001

At CNV, MRD in the topsoil (20 cm) was markedly positive under the Control and neg-
ative under C-R during the drier agronomic years 2021-2022 and 2022-2023 (approximately
£0.50), while MRD values were closer to neutral under wetter conditions (e.g., 2023-2024).
ITS values at CNV generally remained in the lower-to-moderate range (approximately
0.07-0.33), with larger values in the topsoil during dry years. Following the full tillage
operation carried out at CNV in 2024 (owner decision), the 2024-2025 period is treated as a
disturbed phase; therefore, CNV indicators for 2024-2025 are not used to infer continuity
of treatment-associated patterns relative to pre-disturbance years.

At SMYV, both treatments showed larger MRD amplitudes and generally higher ITS
values than CNV, particularly under C-R. MRD values under C-R were negative (down
to approximately —0.37 in the topsoil and —0.34 in the subsoil during 2021-2022 and
2022-2023), indicating relatively drier conditions compared to the site mean. These be-
haviours are consistent with the site-specific physical setting at SMV, where crack formation
and preferential pathways can increase vertical connectivity and drainage dynamics even
under fine texture, thereby shaping treatment contrasts across depths [52,60].

The overall behaviour of MRD, ITS and SWD], together with paired-series Wilcoxon
results, is summarised in Table 5. Given the single monitoring point per treatment at each
site and the strong temporal autocorrelation of daily soil moisture series, the Wilcoxon
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-0.44

MRD/ITS (-)

signed-rank test is used here as an exploratory tool to assess the consistency and direction
of treatment-associated differences within paired time series, rather than as a formal test
of independent treatment effects. Within these constraints, Table 5 shows that treatment-
associated contrasts were more frequently expressed during dry years and in specific layers,
supporting the combined use of MRD, ITS and SWDI to describe drought response and tem-
poral consistency in rainfed vineyards [14,44,49,53,62]. Figure 6a,b provides a descriptive
overview of MRD and ITS dynamics, while Table 5 reports the corresponding values.
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Figure 6. Temporal trajectories of drought resilience indicators (MRD and ITS) for the Control and
rolled cover crop (C-R) treatments at the two experimental vineyards (CNV and SMV), shown at two
depths: (a) 20 cm; (b) 50 cm. Trends are presented across agronomic years and hydrological periods.

3.5.2. Seasonal Water Deficit Response

SWDI values shown here were computed using the field-derived FC and WP thresh-
olds described in Section 2.5.6. The Soil Water Deficit Index (SWDI) complemented MRD
and ITS by describing seasonal drought response in terms of drought-severity classes,
providing an agronomically intuitive representation of drought-risk structure [50]. Figure 7
summarises the interannual distribution of SWDI classes computed from daily soil moisture
at 20 and 50 cm (arithmetic mean) during the dry phases (dry pre-termination and dry
post-termination) and reports the full class distribution; the text focuses on the percentage
of severe-to-extreme deficit days (SWDI < —5) across the combined dry phase as a concise
quantitative indicator of drought risk.

These interannual SWDI patterns should be interpreted considering that the effective
development of C-R biomass and mulch varied among years, particularly between 2023
and 2025, potentially reducing the magnitude and consistency of treatment contrasts. In
addition, SWDI responses reflect not only management effects but also the interaction
between soil physical properties and seasonal climatic forcing, which governs the timing
and persistence of water-limited conditions.
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Figure 7. Interannual distribution of SWDI drought-severity classes computed from daily soil mois-
ture at 20 and 50 cm (arithmetic mean) during the dry phases (dry pre-termination: 1 March-31 May;
dry post-termination: 1 June-30 September) for each agronomic year (2021-2022 to 2024-2025) at
CNYV and SMV under the Control and C-R. SWDI classes follow Martinez-Fernéndez et al. [50]: no
drought (>0), mild (0 to —2), moderate (—2 to —5), severe (=5 to —10), extreme (<—10). Stacked bars
show the percentage of valid days within the selected dry phases; years with insufficient valid-day
coverage are omitted.

At CNV, the proportion of severe-to-extreme deficit days under the Control increased
from 4.7% (2021-2022) to 25.7% (2022-2023) and reached 35.2% (2024-2025). Under C-R,
severe-to-extreme deficit days decreased from 65.9% (2021-2022) and 54.7% (2022-2023) to
26.6% (2023-2024); the dry-phase summary for 2024-2025 is not reported for CNV-C-R due
to insufficient valid-day coverage in the dry-phase record and for the full tillage disturbance
of the owner in 2024. This shift indicates a more buffered drought-risk structure under rolled
cover management during the undisturbed monitoring phase, consistent with improved
infiltration continuity and moisture regulation at the monitored position [50,63].

At SMYV, the Control showed 0.0% severe-to-extreme deficit days in 2021-2022, fol-
lowed by 14.8% (2022-2023) and 7.5% (2023-2024), with a marked increase to 30.5%
(2024-2025). Under C-R, severe-to-extreme deficit days decreased from 64.2% (2021-2022)
to 49.7% (2022-2023) and were 0.0% in 2023-2024 and 2024-2025; however, these latter
estimates are based on reduced data coverage and should therefore be interpreted with cau-
tion. In this context, SWDI patterns at SMV reflect an active water-use regime, where soil
moisture is frequently drawn below field capacity without necessarily implying functional
stress, consistent with the temporal stability analysis and with previous interpretations of
soil moisture dynamics in structured clay soils [50,63].

Separating the dry phases indicates that severe-to-extreme deficits were largely con-
centrated in the dry post-termination period, whereas dry pre-termination under the
Control showed 0% severe-to-extreme days at both sites in all years. For example, severe-
to-extreme days reached 61.0% in CNV-Control and 67.6% in SMV—Control during the
dry post-termination phase of 2024-2025, highlighting the importance of post-termination
conditions in shaping drought-risk structure.

Overall, SWDI class distributions provide a complementary, agronomically inter-
pretable summary of interannual drought-risk structure and reinforce the temporal stability
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analysis by highlighting when and where treatment contrasts are most evident during
water-limited phases. Following Martinez-Ferndndez et al. [50], SWDI classes are inter-
preted here as a comparative descriptor within each site and agronomic year rather than
as an absolute diagnosis of vine water stress, particularly in structured fine-textured soils
where field-derived thresholds better represent effective water availability [50,63].

4. Discussion

This study examined how two vineyard floor-management systems, natural grass
cover (Control) and rolled cover crops (C-R), influence soil moisture dynamics under
rainfed conditions in the Oltrepo Pavese. The two experimental sites (CNV and SMV) differ
in soil texture, structure, and topographic setting; therefore, site properties are interpreted
as the primary drivers of baseline hydrological behaviour, whereas floor management is
expected to modulate the expression of moisture regimes over time rather than override
dominant site control. By integrating temporal stability indicators (MRD, VRD, ITS) with a
drought-severity descriptor (SWDI), we evaluated how management-associated contrasts
emerge within each site under variable climatic forcing, with particular attention to water-
limited phases [33,64-66].

Across years, climatic forcing controlled the timing and persistence of dry phases,
but the two sites expressed distinct modes of soil-water regulation consistent with their
soil physical setting. The conservative versus functional regime distinction is therefore
attributed primarily to site-specific soil physical properties that define the hydrological
envelope (texture, structure, and redistribution pathways), while floor management mod-
ulates the expression of this envelope, particularly during water-limited phases, without
overriding dominant site control [17,57,64]. This framing is important to avoid over-
translating site-dependent regimes into universal management effects [10,33].

The statistical evaluation of annual median saturation degree (SD) for the 20202022
baseline period provides structured support to the descriptive interpretation of soil mois-
ture patterns. Across hydrological phases, depth was generally the dominant source of
variability, confirming strong vertical organisation of soil water within the profile. SD was
systematically lower in the surface layer than at 50 and 70 cm, consistent with the greater
sensitivity of near-surface conditions to evaporative losses and short-term atmospheric
forcing, whereas deeper layers behaved as more persistent storage compartments.

Although the main effect of Site was not consistently expressed as a uniform shift in
SD magnitude, the significant Site by Depth interaction indicates that the vertical SD profile
differed between SMV and CNV. This supports the interpretation that local soil texture
and structure modulate redistribution pathways and the depth at which water is retained,
rather than acting as a simple site-wide offset.

Management differences between the Control and rolled cover crop (C-R) were de-
tectable but secondary to depth effects and were not uniform across sites, as shown by
the significant Site by Management interaction. In addition, the Depth by Management
interaction indicates that management-related contrasts varied across the profile, with
clearer differentiation in some phases and depths than others. Overall, these interaction
patterns are consistent with a context-dependent expression of rolled cover crop effects,
conditioned by local soil properties and seasonal hydrological conditions, rather than a
generalised management response.

Within the position-based monitoring design adopted here, this SD-based analysis is
interpreted as evidence of structured within-site contrasts that complement the descriptive
SD trajectories, not as replicated whole-vineyard causal effects. Subsequent sections there-
fore emphasise relative, indicator-based metrics (MRD, ITS and SWDI) to provide a more
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process-oriented and agronomically interpretable assessment of drought response under
contrasting management regimes.

Because the analysis relies on continuous time series at fixed monitored positions,
inferential limits must be stated explicitly. Each site includes one monitoring position
per treatment; therefore, treatment contrasts are interpreted as position-based, within-
site comparisons that may also reflect local micro-heterogeneity and operational history,
and they are not intended as replicated whole-vineyard causal effects [57]. In 2023 to
2025, the intended C-R regime was not consistently achieved because the seeded mixture
did not always establish and produce a continuous mulch layer. Therefore, treatment-
associated contrasts in those years should be interpreted as the response of an intended
NDbS practice under incomplete or climatically constrained implementation, rather than as
a fully developed rolled-mulch system. In addition, MRD, VRD, and ITS are computed
from daily normalisation to the same-day site mean; consequently, they are interpreted as
within-site descriptors of consistent directional contrasts between paired treatment series,
not as autonomous treatment properties. In practical terms, the daily reference is formed
by the same series under comparison, so each treatment metric is partially linked to the
behaviour of the other treatment. Moreover, VRD is a dispersion statistic of normalised
deviations; for seasonal, non-stationary time series, it can conflate short-term fluctuations
with seasonal drift or event-driven regime shifts. For this reason, VRD is discussed as an
indicator of persistence or consistency of relative departures within the analysed window
rather than a general measure of dynamic stability of the underlying process. Accordingly,
interpretation prioritises coherence between (i) the direction and persistence of relative
contrasts (MRD and ITS), (ii) drought-class distributions during fixed dry windows (SWDI),
and (iii) supporting soil physical evidence (Ks and bulk density) at the monitored positions,
rather than relying on hypothesis testing alone [43-45,50,59]. Because capacitance probes
can be sensitive to salinity and air gaps, and even when calibration/verification procedures
are applied, some uncertainty in absolute water contents may persist; therefore, the results
are interpreted with greater confidence for relative temporal patterns and paired within-site
contrasts than for absolute drought severity [57,62].

Within these constraints, results indicate that management effects were conditional
on local soil physical setting. At CNV, C-R was associated with dampened short-term
fluctuations and reduced drought-risk extremes in the monitored root-zone layers, consis-
tent with mulch-mediated moderation of evaporative losses and protection of near-surface
structure [12,33,37,59]. SWDI class distributions supported this interpretation, showing
a lower frequency of severe-to-extreme deficit days under C-R during the undisturbed
monitoring phase [50]. These outcomes are consistent with previous findings indicating
that cover-based systems can improve soil physical functioning and reduce hydrological
extremes in sloping vineyards, although responses remain site-dependent [10,33,34,36].
At SMYV, the clay-rich structured soil expressed a more dynamic regime, where vertical
redistribution and preferential pathways can shape treatment contrasts across depths;
therefore, management-associated differences were most evident during water-limited
phases, but their magnitude and direction were constrained by site-specific structure-driven
connectivity [17,57,64]. In this interpretative framework, SWDI provides a comparative
summary of drought-risk structure within each site and year rather than an absolute
diagnosis of vine water stress [50].

A major limitation concerns drought-index parameterisation in structured fine-
textured soils. Laboratory-derived FC and WP thresholds reflect standardised retention
conditions and may not fully represent effective water storage and operational water avail-
ability under field conditions where aggregation, cracking, preferential flow, and hysteresis
are important [59]. This can generate SWDI classifications that do not align with qualitative
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vineyard observations when static laboratory thresholds are applied. For this reason, SWDI
was computed using site- and depth-specific field-derived FC and WP thresholds estimated
from the multi-year sensor record, selected among alternative calibration options to avoid
implausible threshold values and unrealistically frequent extreme drought classes. Under
this framework, SWDI classes are interpreted as a comparative descriptor of drought-risk
structure within each site and agronomic year rather than as an absolute diagnosis of vine
water stress, particularly because no direct physiological measurements were available for
independent validation [50,57]. This choice addresses the discrepancy previously observed
when laboratory thresholds were applied to structured fine-textured soils and provides
an agronomically interpretable summary of when and where water-limited conditions are
most persistent [33].

These site-dependent regimes highlight the need to decouple site effects from treatment
effects when interpreting the performance of Nature-based Solutions. Soil texture and
structure define the hydrological envelope within which a given practice operates, while
rolled cover management can amplify or dampen the expression of moisture variability
depending on local conditions. Similar context-dependence of cover-crop effects on soil
water dynamics has been reported across vineyards with contrasting textures and rainfall
patterns [10,33,36].

The full tillage operation at CNV in 2024 introduces a major confounding factor for
long-term continuity and must be treated as a separate disturbed phase rather than pooled
into the multi-year resilience assessment. Therefore, the post-tillage period is not used as
a direct continuation of pre-disturbance treatment-associated contrasts, and the 2024 to
2025 CNV series is discussed as a post-disturbance regime in which comparability with
earlier years is limited. At the same time, this episode provides mechanistic support for
the sensitivity of the monitoring framework to mechanical disruption, consistent with
evidence that tillage and machinery traffic can alter soil structure and hydraulic functioning
in sloping vineyards by affecting infiltration pathways and near-surface porosity [20,61].

Finally, statistical comparisons are interpreted conservatively. Given temporal auto-
correlation and limited spatial replication, paired Wilcoxon tests are treated as evidence
of consistent directional differences within paired series and analysis windows rather
than formal whole-site inference. More generally, the indicator-based approach inten-
tionally summarises complex non-stationary trajectories into interpretable descriptors of
directionality and drought-risk structure; however, it does not explicitly model temporal
autocorrelation and other shared forcing, such as seasonal trends [43,44]. Future work
should complement these descriptors with dedicated timeseries or hierarchical models
that account for temporal dependence and non-stationarity, and with spatial replication to
separate management effects from micro-heterogeneity [57].

Overall, the combined use of MRD and ITS with SWDI provides a practical sensor-
based approach to describe within-site drought-risk structure and the temporal consistency
of soil moisture dynamics under contrasting floor management [45,50,62]. The results
indicate that the effectiveness of NbS-based practices is inherently site-specific: rolled cover
management can reduce drought-risk extremes and dampen short-term variability during
water-limited phases, but the baseline regime is largely set by soil physical properties and
can be strongly altered by mechanical disturbance [33,59,61,64]. These insights support
adaptive strategies for rainfed vineyards in the northern Apennines, where drought and
intense rainfall can occur within the same growing season [5,7,8].

5. Conclusions

Across the 2021-2025 monitoring period, climate variability and site-specific soil
physical properties primarily controlled the baseline soil water regime and conditioned
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management effects. The clay-rich, structured SMYV site expressed a more dynamic regime
dominated by redistribution processes, whereas CNV showed a more conservative regime
with slower depletion and dampened variability. Within this site-defined envelope, rolled
cover crops (C-R) generally supported more buffered soil moisture dynamics during
water-limited phases, with a shift toward milder drought-risk classes at CNV during
the undisturbed (pre-disturbance) period, while SMV maintained a higher drought-risk
structure despite greater subsoil moisture, indicating that resilience can arise through
different mechanisms depending on soil physical setting.

Field measurements were consistent with these patterns: saturated hydraulic con-
ductivity was higher under C-R at SMV, whereas CNV was more sensitive to mechanical
disturbance. The full tillage operation in 2024 at CNV defines a separate disturbed phase
and represents a major confounding factor; therefore, the post-tillage period should not be
pooled with the undisturbed multi-year assessment when interpreting treatment-associated
contrasts. Because indicators are based on one monitoring position per treatment and daily
observations are temporally autocorrelated, conclusions are framed as within-site evidence
rather than replicated whole-vineyard causal effects.

Overall, C-R can contribute to enhanced drought resilience in sloping rainfed vine-
yards by moderating soil moisture variability and supporting consistent hydrological func-
tioning, but effectiveness is inherently site-specific and sensitive to mechanical disturbance.
Future work should add spatial replication and link soil moisture indicators to vine physio-
logical and yield indices to validate drought-risk thresholds and agronomic relevance.
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uration degree, expressed as %, at three depths (10 cm = yellow, 50 cm = green, 70 cm = black)
in the two experimental vineyards (2021-2025): (a) SMV-Control; (b) SMV-C-R; (c) CNV-Control;
(d) CNV-C-R.
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Abbreviations

The following abbreviations are used in this manuscript:

NbSs  Nature-based Solutions

SMV  Santa Maria della Versa experimental vineyard
CNV  Canevino experimental vineyard

SD Saturation degree

SWDI  Soil Water Deficit Index

MRD  Mean Relative Difference

VRD  Variance of Relative Difference

ITS Index of Temporal Stability

Ky Saturated hydraulic conductivity

0% Bulk density (total)

Yd Dry bulk density

C-R Rolled cover crop (conservation management)

FC Field capacity
WP Wilting point
EU European Union
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