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Abstract: Future climate conditions may jeopardize the suitability of traditional grape-
growing areas in the Mediterranean. However, precise vineyard management is a crucial
component of adaptation strategies aimed at optimizing resource efficiency, which is essen-
tial for sustainable farming practices. A fine-scale characterization, based on the spatial
variability of soil’s physical-chemical and hydrological traits combined with temporal
variability of vine canopy temperature extracted from UAV thermal images has been
adopted in a rainfed vineyard of central Italy, for better understanding the impact of soil
and climate abiotic factors in the vineyard for planning precision adaptation strategies
encouraging sustainable resource use. This study identifies significant soil heterogeneity
within the tested vineyard, affecting water retention, nutrient availability, and vine water
stress. We combined ground-based measurements with remote sensing-enhanced data
spatialization and helped to advocate for site-specific management techniques as short-
and long-term strategies (such as canopy management, deficit irrigation, and compost
application) to counter climate emergencies, restore soil health, and preserve vine function
and economic yields.

Keywords: crop water stress index; leaf removal; nutrient supply; Vitis vinifera L.; water
retention curve; precision agriculture; soil physical and chemical traits

1. Introduction

Globally, agriculture accounts for approximately 70% of total water withdrawals [1,2].
In the coming years, agricultural systems will increasingly rely on irrigation due to the
effects of climate change, which are expected to become more intense and severe because
of rising temperatures, as well as changes in precipitation patterns [3,4] and cloud cover [5].
Furthermore, Mediterranean countries are expected to face increased vulnerability regard-
ing water availability and competition for water use across sectors such as household
consumption, energy production, tourism, industrial processes, and agriculture. According
to climate scenarios RCP 8.5 and RCP 4.5 [3], grape production will require, on average,
10% more water between 2035 and 2065 [6].
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In Italy, grapevines (Vitis vinifera L.) are one of the most important crops and are highly
affected by hydro-climatic conditions [7]. Soil abiotic stressors are regarded as the most
significant environmental factors in viticulture [8-10]. The spatial and temporal variability
of factors such as soil, topography, and vine system type (rootstock and cultivar) signifi-
cantly influences vine water status, as well as grape yield and wine quality. Understanding
this variability within the vineyard is essential. More localized data are needed to define
site-specific management units and develop flexible management practices to achieve this,
providing new opportunities for winegrowers.

Key soil properties for quantifying stressors and detecting vineyard drought indices
include (i) soil matric potential, which governs critical processes like water infiltration,
evaporation, plant water uptake, and microbial activity [11]; (ii) soil temperature, which
is influenced by physical and chemical properties and is strongly affected by water con-
tent [12] and soil management practices [13]; (iii) soil electrical conductivity (EC), useful
for assessing soil salinization and compaction [14]; (iv) soil depth, an indicator of the depth
available for root growth [15]; (v) soil moisture, a measure of surface water availability and
groundwater storage [16]; and (vi) plant-available water, defined as the difference between
the soil water content at field capacity and the permanent wilting point [17]. Additionally,
it is important to characterize the soil texture of the vineyard. According to Kramer & Boyer
(1995) [18], soils with loamy to slightly loamy textures are more favorable for vine growth
compared to sandy or sandy-loamy textures.

Traditional methods of soil study provide extensive knowledge about soil properties,
including biological characteristics (e.g., microbial biomass, earthworms), edaphic factors
(e.g., salinity, organic matter, texture), topographic features (e.g., slope, elevation), and
climatic conditions (e.g., relative humidity, temperature, rainfall). However, they often lack
detailed information on the spatial-temporal variability within the field. To address this
limitation, proximal and remote sensing technologies are becoming increasingly important
for mapping spatial-temporal variability. Spatial data analysis can integrate information
from multiple independent sources to generate new insights, helping winegrowers tackle
complex issues. Proximity sensors mounted on remotely piloted unmanned aerial vehi-
cles (UAVs) can quickly assess soil moisture status in both the topsoil and the plants in
vineyards. Furthermore, these technologies enable monitoring and management of the
spatial variability of soil responses, which can help reduce variations in vine vigor, final
berry composition, and wine chemistry [19].

This study aims to define the physical, chemical, hydraulic, and thermal properties
of vineyard soils and canopy at the site-specific level and to monitor these properties to
guide precision management practices. This approach combines traditional soil survey
methods with ground-based surveys and unmanned aerial vehicles (UAVs) to enable
precise mapping of thermal stressors in vineyards, facilitating targeted interventions to
optimize grapevine health and enhance crop yields. Field surveys and ground-based
measurements provide high-resolution data that can validate and calibrate remote sensing
observations. This synergy improves the overall accuracy of the data collected, ensuring
that remote sensing analyses reflect true ground conditions, and can help refine UAV
interpretations related to crop health [20]. The specific objective is to map the abiotic
condition in vineyards at a micro-scale (above 1:2500—RESOLUTION OIV-VITI 423-2012
REV1). On-site soil analysis supports the application of ‘the right treatment in the right
place at the right time’, thereby promoting sustainable intensification of viticulture through
precision soil management and the use of on-farm data collected in the field.
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2. Materials and Methods
2.1. Study Area and Experimental Design

The experiment was conducted in 2019 in a commercial rainfed vineyard located in
central Italy (42°52/09.19”N, 12°56/37.34"E, upper-left corner of the polygon; 42°51'93.96"N,
12°56'49.41"E, lower-right corner of the polygon) within the Narni Protected Geographical
Indication (PGI—D.M. 18.11.1995, G.U. 284 of 05.12.1995) in the Umbria Region. The
Narni area has undergone geological evolution associated with the Umbrian-Marchigian
Apennines, a mountain range in which the study area is situated. This region became
involved in orogenesis starting from the Middle Miocene onward [21]. The initial phases of
folding were accompanied by the formation of foreland basins oriented in the Apennine
direction, progressively shifting eastward at the expense of the foreland. The sedimentary
successions deposited in these basins are characterized by the presence of thick turbidite
layers [22]. From the Miocene to the Pliocene and Pleistocene, the Umbrian-Marchigian area
underwent a transition from a predominantly marine environment to a continental one. In
the region, except for its westernmost part, exclusively continental (lacustrine and marshy)
Pliocene sediments are exposed. Pleistocene sedimentation is primarily associated with
alluvial and deltaic plains (Tiber basin), as well as lacustrine and marshy environments [23].
They are soils with a very low rainwater retention capacity, making them highly susceptible
to water erosion (very high surface runoff), a moderate depth accessible to roots, and poor
aeration (https://siat.regione.umbria.it/webgisru/—Soil Map (accessed on 12 December
2024): Pedological Subsystem: Hill of Collescipoli; Pedological Subsystem: b, TER, PTR,
OLM, SBI), all soil abiotic factors that combine to increase the level of stress in the vineyard
and reduce the berry quality [24]. In addition, these environments can lead to a rich nutrient
profile in the soil. Alluvial and deltaic deposits often bring in nutrient-rich sediments,
which can enhance vine growth and grape quality. However, excessive nutrients can lead
to overly vigorous growth, which might affect grape quality [24].

The study area is situated 120 m above sea level and covers an area of 3 hectares with
clay—loam soil. The vineyard consists of the Ciliegiolo variety grafted onto 420A rootstock
(15 years old). Ciliegiolo is planted with a spacing of 0.8 m within rows and 2.8 m between
rows, resulting in a plant density of 4464 vines per hectare, with rows oriented north-south
(Figure 1). The vines are trained on a vertical shoot-positioned cordon trellis with 8 to
10 nodes (bud load) per vine.

The average annual precipitation is 115 mm per year, with an average summer tem-
perature of about 23 °C and a winter temperature of 10 °C (https://www.arpa.umbria.it/
accessed on 23 April 2023). The region has a typical warm temperate climate, characterized
by mild and wet winters and fresh to warm summers (https://www.arpa.umbria.it/—
accessed on 23 April 2023).
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Figure 1. Umbria region (central Italy), highlighting the grape-growing study area (red circle) and
the tested vineyard area (red square). The yellow circles indicate the four soil profiles made.

2.2. Traditional Ground-Based Soil Data Collection

Within the study area, four soil profiles were surveyed and characterized for their phys-
ical, chemical, and hydrological properties. Each soil profile, measuring 50 x 1.50 x 2 m,
was described, photographed, and classified according to the international soil classification
system of the Soil Survey Staff (1998) [25] and USDA Soil Taxonomy [26]. Within the soil
profiles, soil samples were taken from three horizons (0.0-0.30 m; 0.30-0.60; 0.60-0.90) start-
ing with the upper layer, where the main mass of fine roots [27], responsible for the majority
of water uptake, is concentrated. These samples were analyzed to determine their physical,
chemical, and hydrological properties. The soils are predominantly coarse-textured col-
luvium derived from alluvial sediment and are classified as Haplustept according to soil
taxonomy [28].

The collected soil samples were sieved (removing particles less than 2 mm in size)
and dried. Subsequently, the samples were analyzed to determine soil texture, following
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the standard methodology proposed by the Soil Survey Staff (1998) [25]. The investigated
terrains can be categorized as follows:

P1: Typic Haplustept fine loamy, mixed, mesic (thermic)

P2/P3: Typic Haplustept fine, mixed, mesic (thermic)

P4: Typic Haplustept coarse loamy, mixed, mesic (thermic)

Soil pH was measured in deionized water using a glass electrode at a soil/water ratio
of 1:2.5 [29]. Organic nitrogen reserves (total nitrogen—TN, g/kg) were determined using
Kjeldahl’s procedure. Apparent electrical conductivity (ECa, dS/m), soil available phospho-
rus (P, mg/kg), and soil organic matter (g/100 g) were measured according to FAO Standard
Operating Procedures (SOPs). In addition, the following data were determined: effective
cation exchange capacity (CEC) according to the ISO 11260:2018 standard procedure [26];
the four most abundant exchangeable cations in the soil—calcium (Ca, meq/100 g), magne-
sium (Mg, meq/100 g), potassium (K, meq/100 g), and sodium (Na, meq/100 g)—following
the method of Pleysier and Juo (1980) [28]; total CaCO3 concentration (TCaCOj3, g/kg)
according to Demolon and Leroux (1952) [30]; and the carbon-to-nitrogen (C/N) ratio,
computed considering that soil organic matter (SOM) is composed of a stoichiometric
percentage of 58% carbon (C = SOM (%) x 1.72) and the ratio Mg/K. Finally, gravimetric
moisture values and the water retention curve were determined using Stakman’s sandbox
technique [31], following the matric potentials outlined in Richards’ method (1948) [32]. The
gravimetric moisture percentage was determined at —33 kPa to establish the field capacity
(FC). The FC technique employs pressure extractors with ceramic plates to measure water
retention at —33 kPa. Soil moisture is extracted from soil samples by increasing air pressure
in the extractor until the desired pressure is reached. The porous ceramic plate serves as a
hydraulic link, allowing water to move from the soil to the exterior of the extractor. The
time required to reach equilibrium ranges from 14 to 20 days [33].

The permanent wilting point (PWP) (pF 4.2, —1500 kPa) utilizes a similar approach to
FC but employs a membrane instead of a ceramic plate, allowing for quicker equilibrium.
Equilibrium is reached when the flow of water from the exterior ceases [34]. The available
water capacity (AWC) was calculated using the following equation:

AWC = FC — PWP (1)

2.3. Proximal Soil Sensing

Soil temperature, electrical conductivity (EC), and volumetric water content (VWC)
were determined using time domain reflectometry (TDR) (FieldScout® TDR 250, Aurora, IL,
USA). TDR is an electronic, rapid, and non-invasive tool that operates on radar principles,
transmitting signals into the medium and collecting reflected signals. Additionally, the
TDR 250 features a temperature sensor at the base of the anchoring points of the sampling
tips, allowing for the determination of soil temperature.

Within the study area, 40 sampling points were selected for soil moisture measurement
using portable TDR with 18-cm-long probes. These sampling points were georeferenced
and measured periodically throughout the 2019 season to assess spatial-temporal patterns
under various atmospheric conditions and during critical growth stages of grapevines:
BBCH 065—flowering; BBCH 079—berries touching; BBCH 089—ripening of berries [35].
A real-time kinematic (RTK) global navigation satellite system (GNSS) Leica C510 model
(Leica Geosystems, Switzerland), with an accuracy of 1 mm, was used to georeference
all soil samples. The TDR data were mapped through spatial interpolation using the
Kriging technique, which estimates data values at unknown points based on values at
known points [36]. Spatial distribution maps were created using QGIS (3.28.2). Advanced
geostatistical methods, specifically Kriging, were employed for all spatial interpolation
to predict variability. In the vineyard study area, thermal images were acquired using
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unmanned aerial vehicles (UAVs). The DJI MATRICE 600 RTK UAV, equipped with
an integrated high-performance RTK module, was utilized to capture thermal images,
providing high-precision positioning without the need for a ground-based base station.
The DJI MATRICE 600 is a hexacopter with a maximum transmission distance of 4 km and
a maximum flight time of 38 min, with a load capacity of approximately 8 kg. The camera
used was the Zenmuse XT (DJI, Shenzhen, China, powered by FLIR), which is compatible
with the M600 RTK (DJI, Shenzhen, China) (Figure 2).

@ o ' ®)

Figure 2. Images of (a) the unmanned aerial vehicle (UAV) (DJI M600), and (b) the thermal infrared
sensor (Zenmuse XT).

The camera was set to capture images at a 90° tilt with a shooting interval of 3 s during
the image collection phases. UAV campaigns were conducted on clear-sky days from berry
set to harvest, in accordance with BBCH stages. Flight missions were planned using the
Ground Station Pro app (DJI GS Pro, Nanshan District, Shenzhen, China). Each flight lasted
approximately 7 min, covering an area of 1.5 hectares at a nominal speed of 4 m/s and an
altitude of 30 m, during which the camera acquired nadiral images with 90% frontal and
side overlap.

For calibration of the thermal images, four ground reference panels (GRPs) measuring
0.60 x 0.60 m were positioned along the rows. These panels consisted of two plastic
panels covered with black vinyl tape and two white Teflon® panels. The Leica CS10 model
GNSS (Leica Geosystems, Heerbrugg, Switzerland) was used to capture the coordinates of
the GRPs.

2.4. Analysis of Thermal Images

The thermal images have been processed for obtaining a digital (thermal) orthophoto
map [37-39]. The acquired thermal images were calibrated using FLIR Thermal Studio
Pro 4.5.6 pix (Pak Shek Kok, Shatin, N.T. Hong Kong). The processed radiometric (RJPG)
images were then imported into Pix4DMapper, a drone photogrammetry software (Prilly,
Switzerland). Pix4D Mapper 2.083 software utilizes radiometric metadata from RJPGs
to identify key points and tie points, enabling the creation of thermal orthomosaics. The
result of this procedure is a thermal orthophoto that can be imported into QGIS for further
analysis. To verify the accuracy of the temperatures measured by the UAV camera against
actual soil temperatures, ground reference panels (GRPs) measuring 60 x 60 cm were
positioned, with emissivity values recorded: two white Teflon panels (emissivity 0.94) and
two black panels (emissivity 0.96). For each GRP, three temperature measurements were
taken using an RS PRO RS-9862S Infrared Thermometer, Cardiff, Wales (+0.5 °C, emissivity
0.10-1.00). Image calibration was conducted by generating a linear correlation [40] between
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the temperature data collected from the GRPs and the corresponding temperatures on the
thermal images from the drone.

2.5. Vegetation Index Calculation

The Crop Water Stress Index (CWSI) was calculated among the indices derived from
thermal data. The CWSI is the most widely used [41-43] and has been found to correlate
with irrigation volumes around midday [44,45].

In general, the CWSI is computed using the following equation:

Tc — Twet
CWSI= Tdry — Twet @

T. (°C) represents the measured canopy temperature, while Tyet and Tdry denote
the lower and upper boundary temperatures, respectively. Tyet corresponds to a fully
transpiring leaf with open stomata, and Tq,y represents a non-transpiring leaf with closed
stomata. Both Tyet and Tq,y were measured directly in the field. To determine Ty,y, the
leaves of two vines were coated on both sides with Vaseline to prevent transpiration and
eliminate cooling caused by water loss, thereby simulating the physiological response of a
leaf under water stress. Tyet, on the other hand, was obtained by thoroughly wetting both
sides of the leaves of another two vines. Measurements were taken 30 min after applying
Vaseline for Tary and 20 s after wetting the leaves for Tyyet.

2.6. Statistical Analysis

Statistical comparisons among soil abiotic factors were evaluated using one-way
Analysis of Variance (ANOVA) and Tukey’s multiple comparisons at a 0.05 significance
level. To further explore the relationship among soil characteristics, a regression model
was employed to assess correlations between available water content (AWC) at field ca-
pacity (FC) and electrical conductivity (EC). Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA) were used to identify which soil abiotic factors con-
tributed to the characterization of soil profile differences and to group the soil abiotic
stressors for all horizons. Statistical analysis was conducted using XLSTAT software
Version 2016.02.28451 package.

3. Results
3.1. Soil Chemical, Physical, and Water Traits

The four exploratory shafts revealed variations in depth and development of horizons
(per slopes and surface erosion): a shallow horizon with development influenced by
agronomic management (e.g., soil tillage), and two deeper horizons extending from 1.00 to
120 m.

The greatest differences are evident from the horizon AB/B (0.3-0.6 m). P1 presented a
similar texture between the horizons (clay-silt), P2 and P3 increased the clay content in the
deeper horizon, while P4 presented a shallow soil (like P1) but increased the sand content
in the deeper horizon (0.3-0.6 m). The soil pH values ranged from 8.3 to 8.9 and were
classified as moderately alkaline (ranging from 7.9 to 8.4) and strongly alkaline (ranging
from 8.5 to 9.0) (Table 1) [46]. When the soil pH varies from 6 to 7 it is the most suitable soil
pH in terms of vine cultivation for plant growth, and nutrients are readily available [47].
The SOM contents in the tested vineyard showed very low values.

TN showed from medium-high value in the first horizon (0-0.3 m) to medium in the
following horizons. CaCOj3 content exceeded in all horizons 200 ppm and characterized
them as calcareous soils, which are frequently characterized by the low bioavailability
of plant nutrients due also to the alkaline pH. The available phosphorus contents of
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soils showed a wide variation across soil horizons, where values ranged between 2 and
23 mg-kg~!. CEC showed limited variation across the soil horizon, with the lower value in
P4 horizon AB, according to EC, that also showed lower value in P4 horizon AB, where
sand content reached 81% (Table 1). Based on the results obtained, the soil samples analysed
can be defined as non-saline [14,48,49]. In addition, EC showed a linear relationship with
water content at FC, due to the high sensitivity of EC to water content.

Table 1. Chemical and physical properties for four soil pits (P1 < P4).

Chemical and P1 P2 P3 P4
Physical Al AB/B B/C A B/C C/R A1/B B/C Al AB
Properties 0-0.30m  030-0.60m  0.60-0.80m 0-030m  0.30-0.60m 0.60-1.00m  0-030m  0.30-0.60m 0-0.30m  0.30-0.60 m
Sand [%] 29.6 29.8 431 286 305 235 19.2 13.4 216 81
Silt [%] 33 36.6 259 305 313 304 36.9 305 342 3.7
Clay [%] 374 336 31 409 38.2 46.1 439 56.1 442 153
pH 83 84 85 85 85 84 84 83 83 8.9
EC [dS-m~1] 0.11 0.09 0.08 0.11 0.1 0.12 0.12 0.14 0.12 0.06
Organic matter

[SOM] [g-100 g1 0.67 <0.34 <0.34 <0.34 <0.34 <0.34 0.78 <0.34 1.14 <0.34
Total nitrogen

(TN) [g-kg 1] 0.76 0.41 0.38 0.51 0.43 0.51 0.8 0.62 1.07 0.32
Total CaCOs;

(TCaCO3) 309.4 392.9 379.8 2924 3053 2419 2279 35.6 3204 3082
[g-Kg™']

Available

phosphorous (P) 23 11 10 5 3 9 3 8 22 2
[mg-Kg~! o ppml]

Cation exchange

capacity (CEC) 244 204 238 273 27 2738 299 322 25.1 92
[meq-100 g~]

Calcium (Ca) 2298 19.71 21.39 26.61 24.65 26.11 33.56 35.71 26.26 8
[meq-100 g~1]

Magnesium (Mg) 0.9 04 0.34 053 0.54 0.58 1 0.81 1.09 0.13
[meq-100 g—']

Potassium (K) 0.47 0.24 0.28 0.21 0.21 0.25 0.37 0.07 0.04 0.05
[meq-100 g~1]

Sodium (Na) 0.09 0.08 0.08 0.1 0.1 0.1 0.11 0.13 0.09 0.07
[meq-100 g—']

Ratio Mg-K~! 1.9 17 12 25 26 23 27 11.6 273 26
Ratio C-N—! 5.1 27 29 33 2.1 29 5.6 27 62 25

The plant available water content was calculated and reported in Table 2, in conjunc-
tion with the soil air capacity (SAC) (defined as the difference between water content at
saturation and water content at field capacity (pF 2.5). It corresponds to the amount of air
that the soil can provide at the time of maximum moisture (i.e., at field capacity)) and bulk
density (bulk density was calculated by measuring the water content at the wilting point
by drying the sample in an oven at 105 °C for 24 h. The weight obtained, related to the
volume of the undisturbed sample, is the bulk density). Moreover, soil moisture retention
curves for the four soil profiles are reported in Figure 3.

SAC values showed all soil horizons to be poorly aerated especially in the upper
horizons of P2 and P3. Ferreyra et al. [50] classified the soil air capacity as limited for
values of 15% or less. AWC and the relative water retention curves (Figure 3) differ on
whether samples came from a superficial or sub-superficial horizon (Table 1). Higher soil
moisture (%) at FC was found in subsurface horizon P2 > P3 > P4 > P1 (44.4, 35.3,27.4, and
24 5—Figure 4). The P1 surface horizon showed a lower AWC (5.6%) than all other surface
horizons. Therefore, the P2 and P3 showed higher moisture content compared to the P4
and P1 due to higher contents of fine material (silt, clay).
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Table 2. Bulk density, soil air content—SAC(%) and available water capacity—AWC (%) of soil
horizons (shallow and deep horizons).

Soil Horizon Bulk Density (g cm—3) SAC (%) AWC (%)
P1 A1 1.0 29.4 5.6
P1 AB/B 1.2 247 79
P2 A 1.6 94 14.0
P2 B/C 1.2 20.9 14.5
P3 A1/B 1.3 20.7 9.1
P3 B/C 1.5 14.1 13.7
P4 A1 1.3 18.9 11.5
P4 AB 1.4 35.0 47
PERMANENT
WILTING POINT
4.2 am | 4.21
31 F=; 3 a =
FIELD =
_ CAPACITY ® r
%_‘ 2.5 -: | [—Id-' 2.5 A il : :
: . P
24 e E_A 2 A
0 A ] 0 “am
0 20 40 60 0 20 40 60

Volumetric soil moisture (%)
@

Voluretric soil moisture (%)

(b)

Figure 3. Soil moisture retention curves for four soil profiles (P1-P4) and for the surface (a) (0-0.3 m)
and deepest (b) (0.3-0.6 m) horizons.

For deep horizons, soil moisture at PWP (Figure 3) showed higher values in P3 > P2 >
P1 > P4 (31.1%, 22.2%, 18.6%, and 8.4%). P1 and P4 showed the lowest moisture content
plant-available (7.9 and 4.7, respectively) and the P4 deep horizon stood out for being the

only one with a sandy texture (Table 1).
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Figure 4. Four soil pits ((a) P1, (b) P2, (c) P3, and (d) P4), horizons individuation (line in figures) and

soil texture classification.

3.2. Soil Thermal Characterization

Among the indices of abiotic soil stress, soil temperature was also determined using

the TDR probe and the UAV’s thermal imaging camera and showed a linear regression

(R% = 0.6). The quantitative data of statistical significance are shown in Figure 5.

Soil temperature showed significant differences among soil profiles during the season.
P4 exhibited the highest values in August during the berry ripening (BBCH 089) and the

lowest one in July after a rainy period (BBCH 079).
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Figure 5. Box plot graphs show soil temperature (°C) spread for soil profiles (P1-P4) during the
phenological stages (BBCH 065, BBCH 079, and BBCH 089).

Extreme thermal events are crucial stressor factors during berry ripening, as shown
by CWSI measurements (Figure 6). Vines cultivated in P4 are subjected to extreme canopy
temperatures combined with higher soil temperature and lower soil AWC at FC and PWP.
The CWSI values varied in amplitude over the three dates (June—BBCH 065; July—BBCH
079; August—BBCH 089) and were related to the soil profile, as also shown by PCA analysis
(Figure 7a,b).

a 20 40m {b] 0 40 m {C}
" ™ (== S
| |
0.0 0.2 0.5 0.7 1.0

Figure 6. CWSI for the tested area of the vineyard, (a) June; (b) July and (c) August.
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Figure 7. Factoring loadings and cores along principal components F1 and F2 with similarity
dendrograms (small square) of the investigated soil profile (P1-P4) obtained performing PCA and
HCA using plant water stress (CWSI) and soil surface (a) and subsurface (b) metrics.
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3.3. Multivariate Statistical Analysis of Abiotic Edaphic Factors

PCA was performed using all measured soil traits for both surface and subsurface
layers (Figure 7), as well as the Crop Water Stress Index (CWSI) for the tested vines located
near the soil profiles. The analysis was conducted at three phenological stages of the vines:
BBCH 065 (flowering), BBCH 079 (berry development), and BBCH 089 (berry ripening).
The PCA results revealed that the first two principal components accounted for 78.4% and
85.3% of the total variance for surface and subsurface soil indicators, respectively, and the
plant water stress analysis. For the soil surface, the PCA highlighted a clear gradient along
the first axis (F1) that was strongly associated with the CWSI values. Negative F1 values
corresponded to higher vine water stress, reflecting the relationship between soil conditions
and plant physiological responses. In particular, P4 was positively correlated with the fac-
tors driving F1 and negatively correlated with available water content (AWC), particularly
noticeable in quadrant I (CWSI—BBCH 089). This finding underscores the strong influence
of soil water-holding capacity on vine water status during critical phenological stages. The
second axis (F2) was associated with a gradient of sand content in the soil surface layer,
suggesting that soil texture significantly influenced water availability and stress patterns.
For the subsurface soil, the PCA scores for soil metrics and vine water stress (CWSI) along
the first and second principal components revealed a distinct gradient. The first axis (F1)
was predominantly related to Soil Organic Carbon (SAC) and sand content, indicating
their combined influence on subsurface water dynamics. P1 and P4 profiles exhibited
similar loading factor patterns across all depths, while P2 and P3 formed a distinct group
in the cluster analysis conducted after PCA. Interestingly, while P2 subsurface horizons
demonstrated similarities to P1 and P4, they were more divergent from P3. This grouping
reflects variations in soil properties, such as organic carbon content and texture, which may
drive differences in water stress responses among vines. These findings emphasize the
complex interactions between soil physical and chemical properties and vine water stress
across phenological stages. The PCA not only clarified the relationships among variables
but also provided practical insights into how specific soil traits, such as water retention
capacity and sand content, influence vine performance under different stress conditions.
These results can inform site-specific management strategies aimed at optimizing vineyard
water use efficiency and improving resilience to environmental stressors.

4. Discussion

Global environmental and agricultural policies place healthy soils at the core of ef-
forts to achieve climate neutrality, foster a resilient environment, and ensure sustainable
food systems. A healthy soil is soil that performs and optimizes soil functions [51] by
promoting high yields and quality crops, facilitating effective water infiltration and storage
capacity, efficiently retaining and recycling nutrients while meeting crop nutrient demands,
sequestering carbon and minimizing greenhouse gas emissions, and fostering diverse
microorganisms and robust biological activity [51]. The capacity of the soil to perform
these functions can be assessed using a range of chemical, physical, and biological indi-
cators of soil health, which could also be useful in directing technical practices towards
multi-functional agroecosystems [52].

Although soil and its health are considered crucial factors in sustaining ecosystems,
food security, and climate regulation [53], many agronomic techniques adopted in agri-
culture and viticulture as concrete solutions that support agroecosystems in transitioning
towards sustainable intensification (SI), aligning with the objectives of the Sustainable
Development Goals [54], do not include a detailed understanding of soil properties, partic-
ularly their spatial heterogeneity. SI can only be realized by adopting suitable agricultural
and eco-friendly practices that rely on precise information regarding soil’s physical and
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chemical characteristics [55], along with their spatial distribution (maps). In the absence
of this information, the principles of precision agriculture cannot be effectively imple-
mented [56].

Vitis vinifera L. is not particularly sensitive to soil sickness, but some soil characteristics
can result in limited abiotic conditions which affect vine growth and grape ripening through
temperature, water, and minerals [57-59]. Soil temperature significantly impacts vine
phenology, while limited water supply restricts shoot and berry growth, essential for high-
quality red wine production. Available water content significantly affects soil nutrient
availability, microbial activity [60-62], and vine water status, which influences secondary
metabolites like polyphenols and aroma compounds [57].

When abiotic soil conditions and climatic limitations work together, they lead to
increased negative effects on the eco-physiological responses of the vine [63] increasing
heterogeneity in canopy traits, grape quality, ripening, and yield.

This study aimed to underline the need to increase the knowledge of within-vineyard
soil health status and its heterogeneity in the vineyard, starting from some soil abiotic traits
that, combined, could be considered to identify within-vineyard management zones useful
to address specific management practices helping to restore soil quality and health and to
improve the sustainability of viticultural sectors.

The results confirmed the critical conditions of vineyard soils concerning fertility,
water available to the vine, and summer abiotic stress factors, which determine the decrease
in soil capacity for Vitis vinifera L. under Mediterranean conditions.

The soil profiles of the tested vineyard were classified as having very low soil organic
matter (SOM) content. Optimal SOM levels for vine-growing soils are typically between
2% and 3% [21,64,65], highlighting that most European vineyards are characterized by
soils with low fertility. Soils with compromised quality and health indicators do not fulfil
all their ecological functions [66], compromising the sustainability of agroecosystems,
also in terms of plant balance, yield, and berry quality [67]. SOM plays a crucial role
in water retention [68,69], largely determined by soil texture [65]. The tested vineyard
exhibited high heterogeneity in soil texture, particularly across different soil depths and
horizons. Notably, soil sand content emerged as a key factor influencing water retention
properties, as it significantly affects permanent wilting point (PWP) and available water
content (AWC) [64]. All soil profiles, probably as a result of conventional soil management
combined with the geo-pedological nature of the soil, showed a reduction of porosity,
aeration and organic matter that directly and indirectly damaged the soil’s biological
community, resulting in a decrease in the availability of water, oxygen, nutrients, and
mutualistic organisms for vine roots [66].

AWC and SAC are also sensitive to soil temperature [65], which influences the
grapevine cooling process (transpiration) and canopy growth. As soil moisture and AWC
decrease in the rhizosphere, transpiration is reduced, leading to an increase in the vine’s
canopy temperature [42—44]. Soil horizons with low water retention capacity predom-
inantly, as seen in profile P4, have a coarse-sand texture. This type of soil is not ideal
for vineyards in semi-arid climates [64], and specific adaptation strategies must be im-
plemented to mitigate the multiple summer stresses on both soil and vine. A widely
adopted method to improve the health of soils poor in organic matter and under limiting
conditions due to abiotic soil and climate factors is the application of compost (intra-row
and inter-row). It could be considered an adaptation and mitigation technique [] to coun-
teract the effect of climate change because it works in the short and in the long term to
improve SOM [68,69]; increase total N, absolute amounts of organic N, and inorganic N
from mineralization [51,69]; influence P dynamics by providing a source of mineral and
organic P [51,69]; improve soil aggregation, infiltration, and water holding capacity; reduce
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bulk density [51,70]; and, although not always, increase the size of microbial biomass [71],
resulting as a potential C sequestration practice [69].

In this grape-growing area, with its semi-arid climate [67], low soil water content
will exacerbate heat anomalies and extreme thermal events [72-74]. Mapping the spatial
distribution of some soil traits, such as sand content, has become crucial to adopt strate-
gies in the short term to preserve the vine sector’s AWC, soil temperature, and CWSI
in both surface and subsurface horizons which are recommended as important tools for
soil management [64]. In particular, EC shows a linear relationship with water content at
field capacity (FC), and according to some authors [75,76], it could serve as a proxy for
water content only at FC. EC is influenced by a combination of physical and chemical soil
properties, including clay content, soil water content, and soil temperature, and is also
affected by farm soil management practices [14]. Evaluating soil spatial heterogeneity,
such as through soil profiles, texture, and electrical conductivity maps, is essential for opti-
mizing fertilization and irrigation practices. Findings showed clay to clay—loam texture
had a significant influence on water retention properties [77], while on the other hand,
silt content also impacted soil water retention at field capacity (FC), as it helps regulate
pore distribution and improve AWC. This demonstrates that the soil surface horizons in
the vineyard varied widely and were strongly influenced by both soil physical-chemical
traits and abiotic factors. Together with best management practices, irrigation demands
have been increasing to mitigate effects of environmental stress in Mediterranean grape
growing areas. Here, improved knowledge not only on the ecophysiology and genetics
of the vine [63], but also on the abiotic factors of the soil and canopy, is crucial for precise
water resource management aimed at reducing water consumption in the vineyard. The
data collected can then be used for the development of irrigation below evapotranspiration
losses (deficit irrigation) to contribute to water-saving and efficient use of water by the
plant [78].

PCA and clustering analysis revealed high heterogeneity in soil abiotic indices across
the studied vineyard, reflecting the varying and limited water conditions for the vines in
the field, and highlighting the need for different strategic management practices.

Taken together, the findings highlight the importance of site-specific information on
vineyard soils and the mapping of abiotic stressors at both the vineyard and vine scales.
Aerial and portable devices can serve as effective soil management tools in this context.

5. Conclusions

The transition to environmentally sustainable agroecosystems must begin with site-
specific knowledge of abiotic edaphic traits. This knowledge must then be used to imple-
ment the most appropriate climate change adaptation and mitigation strategies, both in the
short and long term. Findings demonstrate how fine-scale mapping of soil traits enables
the identification of heterogeneous conditions in the physical, chemical, and hydraulic
properties of the soil. These maps could also be used for site-specific hydrologic model
parameterization, taking into account small-scale spatial variability in soil properties, and
can help reproduce micro-zonation at the farm and vineyard level, leading to more realistic
predictions of spatially and temporally distributed water flows. Precise and spatial infor-
mation on soil multifunctional data would be highly useful for growers in predicting soil
abiotic factors. Considering that soil and abiotic data are dynamic over time, an approach
based on them can be used for the purposes of differential management, identification of
homogeneous areas, and sampling, while the use of proximity sensing can help determine
the presence and levels of abiotic stresses during the season and guide prompt intervention
with the most suitable agronomic technique. UAV techniques can significantly reduce
the time and costs associated with data collection, but the main aim of this study focused
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on targeted zones in a vineyard (within-vineyard management zones) for detailed study
while leveraging remote sensing to gather broader context. This approach can streamline
research processes, allowing for quicker responses to emerging issues, such as environ-
mental changes or resource management challenges. Taken together, data showed that this
integrated approach enhances the robustness, relevance, and efficiency of research and
practical applications across various domains.

This could aid in adapting short- and long-term strategies to address climate emer-
gencies, identifying optimal environmental conditions, selecting suitable varieties and
rootstocks, differentiating soil management practices, and improving canopy management.
It would also help restore soil health, preserve natural resources, and enhance economic out-
comes. Further research is needed to explore the spatial variability of soil abiotic properties
and assess their impact on vine performance.
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