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Abstract: Satellites can be used for producing maps of within-field crop and soil parameters and,
consequentially, spatially variable rate crop input application maps. The plant vegetative vigour
index (i.e.,, Normalised Difference Vegetation Index—NDVI) and the leaf water content index (i.e.,
Normalised Difference Water Index—NDWI) maps were used to study—through both time and
space—the phenological phases of two plots, with Syrah and Nero d’Avola grapevine varieties, in
a Sicilian vineyard farm, located in Naro (Agrigento, Sicily, Italy). The aim of this work is to produce
spatially variable rate nitrogen fertiliser maps to be applied in the two vineyard plots under study
as well as to understand when they should be fertilised or not according to their target crop yields.
The average plant vegetative vigour and leaf water content of both the plots showed a high temporal
and spatial variability during all phenological phases and, according to these results, the optimal
fertilisation time should have been 12 April 2021. In fact, this crop operation is aimed at supporting
the vegetative activity but must be performed when the soil water and, therefore, the plant leaf
water content are high. Therefore, spatially variable rate fertilisation should have been performed
around 12 April 2021 in both plots, using previous NDVI maps and taking into consideration two
management zones. This work demonstrates the usefulness of remote sensing data as Decision Sup-
port Systems (DSS) for nitrogen fertilisation in order to reduce the production cost, environmental
impact and climate footprints per kg of produced grapes, according to the European Green Deal
challenges.

Keywords: precision viticulture; remote sensing; temporal variability; spatial variability; nitrogen
spatially variable rate fertilisation; sustainable vineyard management

1. Introduction

Food production is paramount for everybody, and producing food in a cost-effective
way is the goal of any farmer, large-scale farm manager and regional agricultural agency.
A farmer needs to be informed in order to be efficient; he must know information about
his products in order to forge a viable strategy for crop operations. These tools will help
him understand the soil parameters, potential yield, crop health and the extent of eventual
diseases and/or stress damages. Commodity brokers are also very interested in how well
farmers are producing, as crop yield (both quantity and quality) estimates all products’
control price and worldwide trade.

Moreover, spatial variability in vineyards is an important issue that affects both
farmers and winemakers, especially when trying to obtain the best potential from their
vines. Land (topography and soil), climate and diseases affect crop development and,
therefore, grape yield and quality in a vineyard. Some of these factors of spatial variation
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remain stable over time. The study of these factors can lead winemakers to better under-
stand the different qualities of batches, in order to plan different processing procedures
and, therefore, obtain a higher profit from the grapes. Furthermore, this information al-
lows spatially variable rate application of crop inputs (water, fertilisers, herbicides and
pesticides) and operations (pruning, shoot and grape thinning and canopy management),
with the aim of achieving more uniform parcels. A high yearly within-field spatial varia-
bility, found by some scientists, shows the great importance of differential management
and selective harvest [1-3].

The applications of remote sensing [4] to agriculture include crop type (i.e., plant
species) mapping; crop condition assessment; crop yield estimation; mapping of soil pa-
rameters and crop operations (e.g., tillage methods); monitoring the compliance of crop
operations to EU regulations; and directives, e.g., “Farm to Fork” and European Green
Deal [5-10]. The images remotely sensed from Unmanned Aerial Vehicles (UAVs)
[3,11,12] or Remotely Piloted Aerial Systems (RPASs) [13], aircrafts [3] and satellites [5,14—
19] are used as mapping tools in order to classify crops and examine their health and via-
bility, as well as monitor crop operations.

Each image source has its advantages and disadvantages. In fact, even the use of
UAYV, combined with high-resolution images, can achieve high spatial accuracy; however,
the missing standard procedures to estimate vegetation indexes make its use difficult. In-
stead, although satellite images have lower resolution, they have a periodicity depending
on the revisit time of the satellite and the number of satellites in the constellation. On the
other hand, the satellite is dependent on cloud level, as well as UAVs, but is not restricted
by other weather factors negatively affecting UAV operations, i.e., wind. Moreover, if the
farm or the study area is large, satellite imagery is a low-cost method compared to UAVs
and ground-based robotic vehicles. Furthermore, a large image of the whole area is ob-
tained at the same time: Sentinel-2 satellites have a spatial resolution of 10 m in the red
and near-infrared bands, as well as a temporal resolution of five days from 07 March 2017,
which could be enough to monitor a vineyard. Finally, the use of UAVs or aircrafts implies
an initial investment, as well as having qualified personnel capable of setting up and pi-
loting these devices and performing subsequent processing of the obtained data, while
satellite imagery providers provide ready-to-work images and offers the possibility of
consulting the images archive A threshold value slightly higher than five was been estab-
lished: above such a scale size, images taken by satellite may be more convenient rather
than those acquired by UAVs. However, these two image sources can be combined to
contribute to the decision-making process as well as in vineyard management [18].

Therefore, if a UAV or aircraft is used for remote sensing of within-field crop and soil
parameters, it is necessary to equip it with a multispectral camera and a GNSS (e.g., GPS,
GLONASS and EGNOS) mobile receiver [20], as well as to use a proper testing protocol
[3,12,13].

This protocol can be highly simplified if satellites are used for the remote sensing of
within-field crop and soil parameters [21].

Within remote sensing from satellites, an innovative instrument and method needed
for implementing precision agriculture is the web-based platform Agrolnsider [22].

Agrolnsider is a Portuguese web-based platform providing subscribed customers
with the possibility to use the images remotely sensed by the satellites Copernicus [23]
Sentinel-1 (equipped with dual polarised radar systems or sensors) [24] and Sentinel-2
(equipped with optical multispectral sensors).

Two versions of this web-based platform are available: Agromap, designed for PC,
and Smartag, designed for smartphones [22].

The Sentinel-2 mission comprises a constellation of two polar-orbiting satellites
placed in the same sun-synchronous orbit, phased at 180° to each other. It aims to monitor
the spatial and temporal variability of land surface conditions [18,25-31].

Remote sensing from the satellite Copernicus Sentinel-2 is a technique that can be
used for producing maps of within-field crop (e.g., plant vegetative vigour and leaf water
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content) and soil parameters (e.g., water content and soil structure). The interpretation of
the images remotely sensed by this satellite must follow for developing a Decision Sup-
port System (DSS). The final aim is to produce spatially variable rate crop input applica-
tion maps which must be adjusted in every crop season in order to become increasingly
fitting to the crop needs.

Among several vegetation indexes that can be calculated, NDVI (Normalised Differ-
ence Vegetation Index) and NDWI (Normalised Difference Water Index) have some prac-
tical advantages. In fact, NDVI can be applied to evaluate the plant photosynthetic activity
and, therefore, its vegetative vigour and soil coverage during growth phases, so that it is
measured by optical sensors (e.g., Arvatec OptRx and Trimble GreenSeeker) for planning
fertilisation [12,32-37] and irrigation. Therefore, NDVI mapping remains the most afford-
able way to easily and objectively obtain vineyard spatial information [3], as this index
has proved to be a useful tool for monitoring crop yield [18] and table grape quality char-
acteristics [14]. Moreover, NDWI can be applied to evaluate plant water stress and leaf
water content during growth phases, so that irrigation can be monitored in near real-time
in order to improve agriculture efficiency, especially in areas where meeting the plant
need for water is more challenging [38].

The aim of this work is to produce spatially variable rate nitrogen fertiliser maps to
be applied in two vineyard plots under study, as well as to understand when they should
be fertilised or not according to their target crop yields in order to provide the highest
economic and environmental benefits.

2. Materials and Methods
2.1. Study Area

During the first visit to the Sicilian vineyard farm “Chilometro7”, located at a Longi-
tude of 13°53'34", Latitude of 37°18'26" and Altitude of 634 m. a.s.l. in the territory of Naro
(Agrigento, Sicily, Italy), the main vineyard (Vitis vinifera L.) characteristics (e.g., vine va-
rieties, fruit tree forms and plant distances) and the performed crop operations (e.g., fer-
tilisation, green pruning and harvest) of two plots, less than 100 m far from each other,
were monitored and noted:

(1) plot having an area of 1.75 ha ca., where the vine variety Syrah is cultivated, using
the fruit tree form step-over espalier with plant distances of 2.5 x 1 m (Figure 1);

(2) plot having an area of 1 ha ca., where the vine variety Nero d’Avola is cultivated,
using the fruit tree form marquee with plant distances of 2.8 x 2.8 m (Figure 2).

Table 1 shows the physical and chemical soil parameters of Syrah and Nero d’Avola
plots.

Table 1. Physical and chemical soil parameters of Syrah and Nero d”Avola plots (from the soil anal-
ysis carried out in January 2021).

Obtained Value Obtained Value Measurement Reference

Parameter (Syrah) (Nero d’Avola) Unit Value
Clay 45 46 % 45
Loam 29 28 % 18.5
Sand 26 26 % 36.5
Total Nitrogen (Kjeldhal) 1.25 1.10 g kg 1.03-6.50
Organic matter (organic Carbonium x 1.72) 2.71 1.88 % 1.5-3.5
Absorbable Phosporus (P205s) 46.5 45.7 ppm 35.0-92.5
Total Limestone 3.4 5.4 g kg 10-15
Active Limestone 1.3 2.1 % 2-5
pH (inside water) 7.3 7.4 - 5.5-8.0
Electrical Conductivity (EC) at 25 °C (extract 1:5) 0.45 0.44 mS cm™! 0.1-1.0

Cationic Exchange Capacity (CEC) 17 18 mEq 100 g 10-20
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Exchangeable Calcium (Ca?") 3050 3020 ppm 3500-4500
Exchangeable Magnesium (Mg?") 176 155 ppm 250-400
Exchangeable Sodium 7 6 ppm <300
Exchangeable Potassium (K*) 323 321 ppm 250-500

According to the current spatially uniform rate vineyard management, fertilisation
is carried out in Syrah plot during winter, e.g., between 14 and 24 February 2021, by ap-
plying the rate of 1143 kg ha™ of Fomet powder organic fertiliser (constituted by cattle
and poultry manure converted into humus) (Table 2), followed by no irrigation. No green
pruning was carried out in the Syrah plot.

Fertilisation is also carried out in the Nero d”Avola plot during winter, e.g., between
14 and 24 February 2021, by applying the rate of 1000 kg ha! of the above organic fertiliser,
followed by no irrigation. Green pruning was carried out only in the Nero d’Avola plot
in June.

Table 2. Specifications of the powder organic fertiliser Fomet “Humus Vita Stallatico Super” applied
to Syrah and Nero d’Avola plots (average contents).

Parameter Value Measurement Unit
Water 22-26 %
Organic matter (humus) 38-45 %
pH 6-7 -
Total Nitrogen 34 %
Phosphorus 34 %
Potassium 3-4 %

Boron 25 mg kg
Magnesium 1 %o
Fulvic acids 9 %
Humic acids 10 %
Sulphur trioxide (SOs) 1 %
C/N ratio 7.3 -
Total aerobic bacteria 2,164,000,000 units forming colony g
Total anaerobic bacteria 1,715,000,000 units forming colony g
Raw proteins 19-25 %o
Raw lipids 2-3 %
Raw fibre 8-12 %
Cationic Exchange Capacity (CEC) 30-50 mEq 100 g
Specific weight 0.5-0.6 kg dm

The grapes of Syrah and Nero d’Avola are harvested in different periods (e.g., 9 and
21 September 2021, respectively) and sold to the wine-making industry “Cummo Vini-
Casa Vinicola Sicania”, located in the territory of Canicatti (Agrigento, Sicily, Italy), for
the production of two different brands of wine—*“Desiderio” and “Nero d’Avola Bio”,
respectively.
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Figure 1. Vineyard plot (1.75 ha ca.) cultivated with the variety Syrah (step-over espalier fruit tree
form).

Figure 2. Vineyard plot (1 ha ca.) cultivated with the variety Nero d’Avola (marquee fruit tree form).

2.2. Satellite Image Sensing and Statistical Data Analysis

It was possible to study and implement a protocol for converting the images remotely
sensed by the satellite Copernicus Sentinel-2 into maps of within-field crop and soil pa-
rameters and then spatially variable rate crop input application maps.

It was first necessary to select the vegetation indexes to be remotely sensed by the
satellite Sentinel-2, i.e.,, NDVI and NDW]I, in order to produce maps of each vegetation
index for each plot [27].

In fact, the plant vegetative vigour is expressed by NDVI, i.e., Normalised Difference
Vegetation Index, which is defined as:

NDVI = (pNIR — pRED)/(pNIR + pRED)

where:

- pRED is the radiance (in reflectance units) of a red channel near 0.66 um; and
- pNIR is the radiance (in reflectance units) of a near-IR channel around 0.86 um [39].

As NDVlI relates to the reflectance in the red and near-infrared wavelengths, it is con-
sidered an indicator of vegetation growth and green biomass accumulation [36]. Different
studies using optical remote sensing demonstrated the relationship between canopy re-
flectance and biomass production [37]. In fact, Johnson et al. [40] showed a significant
correlation (R? = 0.74) between NDVI and LAI (Leaf Area Index) in vines, even if this hap-
pens for LAI values lower than 3.
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Instead, the plant leaf water content is expressed by NDW]I, i.e., Normalised Differ-
ence Water Index, proposed by Gao [39] and using two near-IR channels centred at 0.86
um ca. and 1.24 um ca., respectively, for remote sensing of vegetation liquid water from
space. NDWI is defined as:

NDWI = p(0.86 pm) — p(1.24 um)/p(0.86 um) — p(1.24 pm)

where:

- 0(A) is apparent reflectance;

- A is wavelength; and

- 0(A) is equal to IT L(A)/[cos(B0) Eo(A)], with L(A) measured radiance, 6o, solar zenith
angle and Eo(A) solar irradiance above the earth atmosphere [39].

Sentinel-2 satellite NDVI is simply and accurately defined as:
NDVI = (NIR — RED)/(NIR + RED)
namely:
NDVI = (B8 — B4)/(B8 + B4)

where:

- NIR is near-infrared channel;

- RED is red channel;

- B8isBand 8 in Sentinel-2 satellite (NIR); and
- B4isBand 4 in Sentinel-2 satellite (RED).

Instead, Sentinel-2 satellite NDWI is simply and accurately defined as:
NDWI = (NIR — MIR)/(NIR + MIR)
namely:
NDWI = (B8 — B12)/(B8 + B12)

where:

- NIR is near-infrared channel;

- MIR is mide-infrared channel;

- B8isBand 8 in Sentinel-2 satellite (NIR); and
- BI12is Band 12 in Sentinel-2 satellite (MIR).

In order to sense the NDVI related to vineyard farms, it is necessary to retrieve the
satellite images taken during the phenological phases when the value of this vegetation
index is supposed to change [36]:

1. before green pruning (May);
2. after green pruning (June);
3. before harvest (August); and
4.  after harvest (September).

In fact, the plant vegetative vigour and the plant leaf water content maps of the two
surveyed plots were studied during the above four phenological phases. It was possible
to retrieve the satellite images including the two plots where the vine plants of Syrah cul-
tivar and those of Nero d’Avola variety are cultivated, respectively.

Bottom-of-Atmosphere (BOA) reflectance values of Sentinel-2 data were obtained
from ESA (European Space Agency) servers, taking into consideration Copernicus pro-
gram. The image spatial resolution was 10 m for B4 and B8 bands, while it was 20 m for
B12 band, as well as the temporal resolution was five days. The obtained images were
atmospherically corrected by means of the Sen2Cor algorithm, while the ArcGIS 10.x
(ESRI, Redlands, CA, USA) software was used.

Image statistical data (e.g., minimum, maximum, average, standard deviation, Coef-
ficient of Variation of image pixels distribution) of both NDVI (“Plant”) and NDWI
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(“Water”), from the beginning of April to the end of September 2021 were calculated.
Therefore, the graphs of both indexes were plotted for the above period and each plot was
divided into two management zones according to the calculated statistical data.

3. Results

The results of this work, expressed by graphs and maps, based on Sentinel-2 data,
are structured as follows:

- vegetative vigour;

- leaf water content;

- criterion for deciding the optimal fertilisation time;
- temporal variability; and

- spatial variability.

Table 3 and Figure 3 show the meteorological data in the surveyed area during the
considered period (Sicilian Agrometeorological Information System, Sicilian Region —De-
partment of Agricultural and Food Resources—Section Infrastructural Interventions).

The total rainfall from 01 April 2021 to 31 October 2021 was 254.8 mm.

Table 3. Meteorological data (average values of 10 days) logged by the station closest to the sur-
veyed area, i.e., that located in Delia (Caltanissetta, Sicily, Italy), from the beginning of April to the
end of October 2021 (Sicilian Agrometeorological Information System, Sicilian Region —Department
of Agricultural and Food Resources—Section Infrastructural Interventions).

Measurement Time Interval Average Daily Air Tem- Maximum Daily Air Tem- Minimum Daily Relative

perature (°C) perature (°C) Humidity (%)
01-10 April 2021 11.56 17.58 45.8
11-20 April 2021 11.18 16.81 47.5
21-30 April 2021 15.73 22.29 447
01-10 May 2021 17.84 244 33.1
11-20 May 2021 17.96 24.8 271
21-31 May 2021 19.53 26.99 26.91
01-10 June 2021 20.13 27.24 30.6
11-20 June 2021 22 30.08 27.5
21-30 June 2021 29.34 38 16.5
01-10 July 2021 27.32 34.67 21.8
11-20 July 2021 24.37 313 31.5
21-31 July 2021 27.71 35.25 19.91
01-10 August 2021 29.07 37.14 19
11-20 August 2021 27.87 35.22 26
21-31 August 2021 24.32 31.38 31.73
01-10 September 2021 21.3 28.19 449
11-20 September 2021 22.71 29.93 34
21-30 September 2021 22.31 28.64 448
01-10 October 2021 17.47 23.57 55.3
11-20 October 2021 14.22 20.03 51.3

21-31 October 2021 - - 74.18
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Figure 3. Meteorological data (average values of 10 days) logged by the station closest to the sur-
veyed area, i.e., located in Delia (Caltanissetta, Sicily, Italy), from the beginning of April to the end
of October 2021 (Sicilian Agrometeorological Information System, Sicilian Region—Department of
Agricultural and Food Resources—Section Infrastructural Interventions).

3.1. Vegetative Vigour

In the graph of average NDVI (Figure 4), it is possible to observe a similar trend for
both plots (i.e., vine cultivars). In fact, the plant vegetative vigour highly increases from
April to June and decreases at the beginning of June, more so in the Nero d’Avola cultivar
rather than the Syrah one, as a consequence of green pruning, carried out in this month
only in Nero d’Avola plot—where it caused a reduction of vegetative vigour. Then, the
vegetative vigour becomes almost constant between mid-June and the beginning of July
and decreases in July, as the productive activity (i.e., grape ripening) is prevalent on the
vegetative one and the high temperature causes plant water stress. Finally, the vigour in-
creases in August, as a slightly lower temperature causes lower plant water stress. It sud-
denly decreases in September, because the rest period (i.e., plant senescence or low vege-
tative activity) starts before for Syrah cultivar (harvested on 9 September) and after for the
Nero d’Avola variety (harvested on 21 September).

However, the Nero d”Avola plot shows slightly higher values of NDVI rather than
the Syrah one, from the mid of May to the end of September. The soil is similar in the two
plots, except for organic matter content, which is 2.71 and 1.88% in the Syrah and Nero
d’Avola plots, respectively, and nitrogen content, which is 1.25 and 1.10 g kg in the Syrah
and Nero d’Avola plots, respectively (Tables 1 and 2). The difference in NDVI is due to
the genetic characteristics of the cultivars and the fruit tree form. In fact, Nero d’Avola
cultivar has a genetic attitude of higher vegetative vigour than the Syrah variety, as well
as a marquee tree form that promotes higher vegetative vigour in the former plot rather
than step-over espalier form in the latter one.

As the main objective of the considered vineyard farm is to maximise the crop yield
(which, in 2021, resulted in 7.4 t ha™' ca. in the Syrah plot and 11 t ha™ ca. in the Nero
d’Avola plot), it is necessary to increase the crop yield of Syrah cultivar to levels similar
to those of Nero d’Avola by implementing fertilisation in the right time and with the right
rate; i.e., the rate required for satisfying the need of the species for nutrients such as nitro-
gen. In fact, if fertilisation is performed at the right time —not too late, when the soil water
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content is low —it is possible to prevent root burning and minimise the emissions of green-
house gases (GHGs), e.g., nitrous oxides (NOx) from nitrate (NOs). Moreover, if fertilisa-
tion is carried out at the right rate, it is possible to provide the vine plants with the nutrient
amounts needed for vegetative activity well-balanced with productive activity. Thus,
green pruning, which is aimed at reducing vegetative activity and, therefore, promoting
productive activity, can be avoided in both plots in order to reduce production costs.
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Figure 4. Graph of average NDVI (whose values can range from -1 to +1), from the beginning of
April to the end of October 2021, for Syrah (blue line) and Nero d’Avola (orange line) plots.

3.2. Leaf Water Content

In the graph of average NDWI (Figure 5), it is possible to observe an almost identical
trend for both plots (i.e., cultivars), even if Nero d”Avola cultivar has a higher plant leaf
water content rather than Syrah during most of the surveyed period, meaning that the
former has lower water stress rather than the latter. In fact, the plant leaf water content
increases in the first half of April, due to the last rains of the season, and decreases in the
second half of this month. Then, the leaf water content increases, decreases and increases
in May—as a result of the rain distribution in this month—becomes almost constant in
June, slightly decreases in July and increases in August. Finally, the leaf water content
decreases in the first half of September and then suddenly increases because, even if the
rest period starts, vine plants keep their leaves during winter but low temperature causes
low transpiration.
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Figure 5. Graph of average NDWI (whose values can range from -1 to +1), from the beginning of
April to the end of October 2021, for Syrah (blue line) and Nero d”Avola (orange line) plots.

3.3. Criterion for Deciding the Optimal Fertilisation Time

In the graphs of average NDVI and NDWTI for the Syrah and Nero d’Avola plots
(Figure 6), it is possible to observe that vegetative vigour suddenly increases from 12 May
2021, while the leaf water content suddenly increases until 12 April 2021. Thus, as fertili-
sation is aimed at supporting vegetative activity and must be performed when the soil
water content and consequently plant leaf water content is high, the optimal time for this
crop operation should have been 12 April 2021, above all because no irrigation was per-
formed. In fact, in this case, a low soil water content would cause root burning and emis-
sions of GHGs (i.e., nitrous oxides from nitrate). Therefore, the criterion for deciding the
optimal fertilisation time is based on the comparison between NDVI and NDWI graphs
for each plot. In fact, the optimal fertilisation time can be different if a farmer wants to
promote vegetative vigour or fruit quality. However, in the case study, the objective is to
produce the right amount of vineyard Leaf Area Content (LAC) that, for example, can
maximise the crop yield. Even if different vine cultivars can have different needs for nu-
trients, they generally need higher amounts of available nutrients and water when plant
LAC increases. In this period, if the plants cannot find the right amounts of nutrients and
water in the soil to adsorb for growing, this is a factor limiting both vegetative and pro-
ductive activities. Thus, plotting the curves of NDVI and NDWI for both cultivars (Figure
6) allows one to define the optimal fertilisation time, which is normally before the highest
plant growth rate is achieved and is fundamental for providing the plants with the best
nutritional soil conditions, i.e., amount of both nutrients and water to be adsorbed by the
plants.
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Figure 6. Graph of average NDVI and NDWI for Syrah and Nero d’Avola plots, from the beginning
of April to the end of October 2021.

3.4. Temporal Variability

The temporal variability of the within-field crop and soil parameters can be assessed
by means of the Coefficient of Variation (CV), which is a measure of relative variability,
i.e., a standardised measure of the dispersion of a probability distribution or frequency
distribution. It is defined as the ratio of the standard deviation (o) to the average (i), often
expressed as a percentage:

CV=a/n

The temporal variability of vegetative vigour and leaf water content in both Syrah
and Nero d’Avola plots was assessed based on the CV of NDVI and NDWI, respectively,
from the beginning of April to the end of October 2021.

The CV of NDVI and NDWI of both the Syrah (Figure 7) and Nero D’Avola plots
(Figure 8) show a high temporal variability during the four surveyed phenological phases
(before green pruning, after green pruning, before harvest, after harvest).

Moreover, the Syrah plot shows a higher CV, above-average NDWI, than the Nero
d’Avola plot, meaning that the former has a higher variation of water stress than the latter.
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Figure 7. Graph of CV of NDVI (blue line) and NDWI (orange line) for Syrah plot, from the begin-
ning of April to the end of October 2021.
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Figure 8. Graph of CV of NDVI (blue line) and NDWI (orange line) for Nero d’Avola plot, from the
beginning of April to the end of October 2021.
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3.5. Spatial Variability

The spatial variation of the NDVI in a plot can be measured using the Coefficient of
Variation (CV) [41]. The threshold is set as the median value of the coefficients of all tested
vineyard fields [42] at fertilisation time, i.e., 12 April 2021. Thus, from 06 February 2021 to
07 April 2021, the CV of NDVI ranges from a minimum value of 4.949% to a maximum of
27.859% for the Syrah plot, while it ranges from a minimum value of 3.976% to a maximum
one of 17.395% for the Nero d’Avola plot. In this case, the median value is 19.28% for the
Syrah plot, while it is 10.322% for Nero d’Avola one.

Therefore, a spatially variable rate fertiliser application should have been planned in
both the plots, when the CV of NDVI was higher than 19.28% for the Syrah plot, i.e., on
02 April 2021, and higher than 10.322% for the Nero d’Avola plot, i.e., on 02 April 2021 or
22 April 2021. Thus, according to the principles of precision agriculture, a higher rate
should have been applied where the plant vegetative vigour was lower, while a lower rate
should have been applied where the vigour was higher in order to have an uniform
within-field vigour and, therefore, crop yield.

As fertilisation should have been carried out on 12 April 2021 and in a geo-referenced
way, for both the plots, the map of the average NDVI of 07 April 2021 —immediately be-
fore 12 April 2021 —should have been used to produce the spatially variable rate fertiliser
map. Indeed, if an organic fertiliser should have been used rather than a chemical one, as
was done in 2021, the map of 12 April 2021 should have been used so that over five days,
the nutrients contained in this crop input could have been converted in soluble forms to
be adsorbed by the plant roots.

Then, based on the maps of the average vegetative vigour and leaf water content of
12 April 2021, the spatially variable rate fertilisation maps, including two management
zones, were produced for the Syrah (Figure 9) and Nero d’Avola (Figure 10) plots, by also
considering the spatial and temporal image statistical data for each plot. In fact, some sci-
entists, e.g., Bonilla et al. [3], discovered significant differences for the most part of the
analysed traits of grape chemical composition between two areas; thus, they suggested
two zones for practical differential management. Moreover, Allegro et al. [34] discovered
significant differences in vegetative vigour between two areas; thus, they applied a ferti-
liser rate of 60 kg ha™ in the low-vigour management zone and another of 30 kg ha in
the high-vigour zone.

Figure 9. Spatially variable rate fertilisation map, including two management zones, for Syrah plot:
the cells having higher NDVI and NDWI values are in black, while the cells having lower values of
these indexes are in white.
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Figure 10. Spatially variable rate fertilisation map, including two management zones, for Nero
d’Avola plot: the cells having higher NDVI and NDWI values are in black, while the cells having
lower values of these indexes are in white.

Moreover, the above management zones could be used for soil sampling in order to
determine the soil parameters, both chemical (e.g., water and nutrients contents) and
physical (e.g., texture), in each zone.

Furthermore, the above vineyard management zones could allow to plan one of two
harvest strategies, i.e., temporally variable harvest in the zones having different ripening
periods, for the production of uniform quality grapes and therefore wine, or spatially var-
iable harvest (by means of a grape harvester equipped with two hoppers) for the produc-
tion of different quality grapes and therefore wines [1,2,43]. In fact, under a climate change
scenario, it may be interesting to consider the NDVI zones for a selective harvest based on
grape juice pH [3].

As another option, fertiliser rate can be associated with each range of the average
NDVI shown in the map of 07 April 2021 (or 12 April 2021) in order to produce a spatially
variable rate fertiliser map for each of the two surveyed plots by taking into account the
best plant vegetative vigour/crop yield ratio.

4. Discussion

The Syrah variety has a much higher plant density (area of 1.75 ha, plant distances of
2.5 x 1 m, plant density of 7000 plants ha') when compared with Nero d’Avola (area of 1
ha, plant distances of 2.8 x 2.8 m, plant density of 1276 plants ha™). By taking into account
this difference in plant density, it would be normal that the Syrah variety had a higher
NDVI during the whole year, as a consequence of the much higher plant density. Instead,
the opposite is shown in Figure 4. Thus, in a dry (not irrigated) vineyard, a higher plant
density determines a higher competition for resources (i.e., water and nutrients) among
plants that, therefore, are less vigorous. However, a higher plant density (in the Syrah
plot) determines a lower grape production per plant (1.06 vs. 8.62 kg plant) and a lower
crop yield (7.4 vs. 11 t ha™), on average. Under the surveyed soil parameters and climate
conditions, even if a higher plant density (in Syrah plot) decreases both the production
per plant (kg plant™) and crop yield (t ha), it reduces the vigour (expressed by a lower
NDVI in Figure 4), so that no green pruning is needed and, finally, the production cost is
reduced. Furthermore, as a lower vegetative vigour (in the Syrah plot) promotes the
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productive activity and both the production per plant and crop yield are lower, a higher
quality of grapes and, therefore, wine, is expected.

As the Nero d’Avola cultivar has a higher plant leaf water content during most of the
surveyed period (Figure 5) and therefore, more water stress rather than the Syrah cultivar,
higher plant density increases plant competition for resources, e.g., soil water. In fact, wa-
ter stress plays a key role in vineyard management, above all in dry (not irrigated) plots
such as those under study. Thus, less water per plant (in the Syrah plot, having 7000 plants
ha™) determines a lower vegetative vigour and root volume and, therefore, a lower soil
nutrient adsorption, resulting in a lower NDVIL

The NDVI temporal evolution for the two surveyed cultivars differs from that found
by other scientists. In fact, Vélez et al. [18], for the Verdejo cultivar, found a lower peak in
July and a higher one in September, after harvest (instead of the highest peak found in
June in this study). Moreover, Heemann Junges et al. [36] found, on average, a peak when
the berries begin to swell in the second half of October (which, for climate conditions, is
very similar to June in the boreal hemisphere), for the Chardonnay variety, and a peak
when the berries touch each other in the first half of December (which, for climate condi-
tions, is very similar to July-August in the boreal hemisphere), for the Cabernet Sauvi-
gnon variety. These differences express different benchmark curves for both cultivars, de-
pending on genetic characteristics, and different climate conditions, depending on the
year.

Very few scientists have also studied NDWI temporal evolution, such as Borgogno-
Mondino et al. [25], who performed preliminary tests on table grape vineyards covered
with polyethylene sheets, using Sentinel-2 free optical data, and compared their spectral
response with that of similar uncovered vineyards in order to assess if a reliable spectral
signal is detectable through the plastic cover. The maximum NDVI was obtained in the
first half of September or in the first half of April, while the maximum NDWI was rec-
orded in the first half of October or in the first half of April, according to the surveyed
covered vineyard. Moreover, their results demonstrated that no significant limitation (for
both NDVI and NDWI) was introduced by plastic sheets while monitoring the spectral
behaviour of covered vineyards.

Based on the previous studies and this work, NDVI and NDWI can be monitoring
tools of plant behaviour and health; they can be used for planning fertilisation, irrigation,
water stress management, pest and disease control.

However, the interpretation of the maps remotely sensed from the satellite Sentinel-
2 for DSS is the most difficult step of any precision viticulture platform for spatially vari-
able rate vineyard management. The maps remotely sensed from the satellite Sentinel-2
must be compared to each other in order to find eventual correlations among different
crops (e.g., yield, plant vegetative vigour, expressed by NDVI, and plant leaf water con-
tent, expressed by NDWI) and soil parameters. The final aim is the spatially variable rate
application of crop inputs (e.g., fertiliser), in order to achieve more sustainable manage-
ment, in terms of crop inputs and production cost optimisation, as well as in terms of
environmental and climate footprints according to the European Green Deal objectives.

In fact, climate change has also affected vine physiology [19] and contributed to in-
creasing the berry ripeness process. Therefore, wines present higher alcohol content and
tend to have higher pH. Generally, for most of the winemaking regions, the warming
trend from the last decades to date has led to higher quality wines (with higher concen-
trations in anthocyanins and polyphenols), especially in the Northern regions. However,
the average increase of +2 °C—forecasted by 2049 —should affect vine phenology, leading
to high-temperature ripening processes [3].

5. Conclusions

This work demonstrates the usefulness of remote sensing as DSS for precision viti-
culture and traditional viticulture, i.e., for deciding if, when and how spatially variable
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rate fertiliser application must be performed in a field, according to the principles of pre-
cision agriculture. In fact, remote sensing can be used for:

- deciding if spatially variable rate fertiliser management must be performed in a field,
based on the eventual within-field spatial variability of plant vegetative vigour;

- identifying the optimal fertilisation time, based on the comparison between the graph
of plant vegetative vigour and that of plant leaf water content (also for spatially uni-
form rate fertilisation, within traditional viticulture); and

- determining the spatially variable fertiliser rate to be applied in each management
zone, based on the within-field spatial variability of plant vegetative vigour.

Practically, the method of remote sensing tested in this work can be used to identify
two or three levels of vegetative vigour inside each plot, e.g., high, medium and low. Then,
the grapes harvested in the two or three different vigour level areas can be processed for
producing different wines having different quality.

However, the correlation between plant vegetative vigour and leaf water content, as
well as that between crop yield and other crop and soil parameters, is still one of the chal-
lenges to be overcome in precision viticulture in order to produce spatially variable rate
crop input application maps that can increasingly satisfy crop needs.
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