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Abstract

Climate change is increasing the frequency of droughts, raising the need for sustain-
able irrigation management in viticulture. This study evaluated the effects of three
deficit irrigation regimes—well-watered (WW), mild deficit (MiD), and moderate deficit
(MoD)—implemented through the decision support system Vintel® in a Pinot gris vineyard
in Friuli Venezia Giulia (Italy). Vine physiology, grape ripening, and wine aroma profile
were assessed across two seasons. The water deficit treatments modulated yield parameters
(specifically, cluster weight was reduced by 12% and 10% for Mid and Mod as compared
to WW) and delayed sugar accumulation, particularly under MoD (9% Brix reduction as
compared to WW). While basic wine composition largely reflected grape maturity, volatile
aroma compounds showed variable responses to irrigation and were strongly modulated
by seasonal conditions. MiD had a minimal impact on the aroma profile, whereas MoD led
to reduced sugar and altered volatile composition, especially under hot and dry conditions.
DSS-based mild-deficit irrigation can be adopted to reduce vineyard water consumption
without compromising Pinot gris wine quality.

Keywords: deficit irrigation; stem water potential; Pinot gris; volatile aroma compounds

1. Introduction

Water availability in wine-growing regions is expected to decline in the coming years
due to climate change [1], representing a major threat to global viticulture, with the potential
to reduce yields and compromise wine quality [2]. Water availability is particularly crucial
during early phenological stages, as water stress around flowering can reduce fruit set,
while a moderate water deficit during ripening may enhance secondary metabolism [3].
Previous studies have shown that water stress can stimulate the accumulation of sugars [4],
flavonoids [5], antioxidants [6], and volatile organic compounds, thereby improving grape
and wine quality [7-9]. Although some studies have reported a positive effect of water
deficit on the biosynthesis of aroma precursors in grapes, the impacts on wine aromatic
profiles remain limited and often inconsistent [10-14].

Deficit irrigation strategies aim to maintain yield while enhancing grape quality under
mild water stress conditions. These practices help optimize production and preserve water
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resources by minimizing transpiration during the summer months [15-18]. However, the
effective implementation of deficit irrigation requires careful and continuous monitoring
of vine water status. Over the past decades, several deficit irrigation strategies have been
proposed, often supported by sensors and prediction models [19-22].

Pre-dawn water potential (¥pp) is considered a reliable indicator of plant water status,
as it directly measures the water available to the plant [23]. Although Ypp is a valu-
able parameter for managing irrigation [24], its measurement with a Scholander pressure
chamber is time-consuming and impractical for routine application. Consequently, recent
research has increasingly focused on modeling and predicting Ypp rather than relying
on continuous measurements, to enable more efficient irrigation management [25,26]. In
this context, the decision support system (DSS) Vintel® simulates ¥pp dynamics based on
meteorological and physiological parameters, allowing irrigation scheduling according to
predefined thresholds aligned with enological goals.

The aim of this study was to evaluate the effects of three deficit irrigation regimes—
well-watered (WW), mild deficit (MiD), and moderate deficit (MoD)—implemented
through the Vintel® DSS, on vine performance, grape composition, and wine volatile
profile in a Pinot gris vineyard over two contrasting seasons. This study provides new
insights into how DSS-guided deficit irrigation can be applied to optimize water use while
preserving vine aromatic quality under contrasting meteorological conditions.

2. Materials and Methods
2.1. Experimental Site, Plant Material, and Irrigation Treatments

The trial was carried out at the experimental farm “A. Servadei” of the University
of Udine during the 2021 and 2022 seasons. The vines were cane pruned using a single
Guyot training system, with eight buds left per cane. Three adjacent rows of Pinot gris
grapevines (Vitis vinifera L., clone R6 grafted onto SO4) were selected, and prior to the start
of the experiment, three different irrigation regimes to be applied between flowering and
maturation were defined based on distinct pre-dawn water potential (Ypp) thresholds. The
development of deficit irrigation strategies consisted of identifying suitable ¥pp thresholds
to serve as strategy-defining parameters in Vintel®, allowing the simulation of targeted
water status levels across the phenological stages. Along each row, four plots were ran-
domly selected. The treatments in the comparison were as follows: well-watered (WW,
Ypp = —0.20 MPa throughout the season); mild deficit irrigation (MiD, ¥Ypp = —0.20 MPa
until flowering, —0.35 MPa from flowering to harvest); and moderate deficit irrigation
(MoD, ¥Ypp = —0.20 MPa until flowering, —0.55 MPa from flowering to harvest) (Figure 1).
The amount of water applied in each treatment in the two seasons is reported in Table S1.

To determine the root depth input for Vintel®, at the beginning of the experiment a pit
was dug down to 1.5 m. The exposed profile showed that the larger structural roots grew
down to 0.8 m, with finer roots growing deeper to 1 m; below this depth, the soil presented
only gravel, and no roots were found. Based on these observations, we set the root depth
to 1.0 m.

2.2. The Vintel® DSS

Vintel® is a decision support system (DSS), released in 2015, developed through a
collaborative project between the French company ITK and the French research institution
INRAE. The purpose of Vintel® is to assist vine growers in managing vineyard operations
more effectively. The irrigation module integrates several agronomic models that simulate
soil and plant water status (Figure S1).
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Figure 1. Irrigation treatments applied in a vineyard in Northeastern Italy (Udine): well-watered (WW,
Ypp = —0.20 MPa throughout the season—dark blue); mild deficit irrigation (MiD, ¥pp = —0.20 MPa
until flowering, —0.35 MPa from flowering to harvest—medium blue), and moderate deficit irrigation
(MoD, ¥pp = —0.20 MPa until flowering, —0.55 MPa from flowering to harvest—light blue).

2.3. Meteorological Data

For the present experiment, data were collected from the Udine S. Osvaldo weather
station, and provided by the meteorological agency of the Friuli Venezia Giulia Region
(ARPA FVG-OSMER, http:/ /www.meteo.fvg.it/, accessed on 23 January 2026). The num-
ber of tropical nights was calculated following [27], defined as the number of days when
the minimum air temperature remained above 20 °C.

2.4. Plant Measurements, Yield, Grape Analysis and Micro-Vinification Procedure

During both seasons, the stem water potential (Ystgyv) was monitored approximately
every 15 days. Four fully expanded leaves from different vines were sampled in each plot.
Specifically, for Ystpm measurements, leaves were bagged and enclosed in aluminum foil
between 11:00 a.m. and 1:00 p.m. The leaves remained bagged for one hour to allow them
and the stems to equilibrate [28]. After sampling, the leaves were detached from the vines,
petioles were cut with a razor blade, and measurements were performed with a Scholander
pressure chamber model 3000F01 (Soil Moisture Co., Santa Barbara, CA, USA).

From véraison to harvest, 40-berry samples were collected from each plot during both
seasons, placed in plastic bags, and immediately stored in a portable fridge to preserve
them until analysis. The berries were manually squeezed to determine their total soluble
solids (TSS), pH, and titratable acidity (TA). TSS (°Brix) was measured using a manual
refractometer model ATC-1 (Atago, Tokyo, Japan), while pH was determined using a
benchtop meter model HI2211 (Hanna Instruments, Woonsocket, RI, USA). TA (g-L_1
tartaric acid equivalents) was determined by titrating the juice with 0.1 M NaOH until
pH7.

At harvest, 100-berry samples were weighed to calculate their sugar loading. Yield
parameters were assessed on 10 vines per plot by weighing the harvested grapes and
counting the number of clusters per vine. The average cluster weight was then calculated
by dividing the yield per vine by the number of clusters.
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From each plot, grapes were harvested and separately pressed using a vertical A20
pneumatic press (Grifo Marchetti, Piadena, Italy). The resulting must was transferred into
10 L glass carboys and treated with 6 g hL~! of K,S,05. Fermentation was started via the
inoculation of 4 g hL ™! of the commercial yeast strain Saccharomyces bayanus Mycoferm
IT07 (Ever, Pramaggiore, Italy), with the temperature kept at approximately 18 °C. Sugar
reduction was monitored during fermentation, and diammonium phosphate (Enologica
Vason S.p.A., Verona, Italy) was added only to prevent stuck fermentation due to yeast
nutrient starvation. At the end of fermentation, the wines were racked, and the carboys
were transferred to 4 °C to achieve tartaric stabilization. In December, the wines were
bottled and stored for subsequent chemical and sensory analysis.

Each wine was analyzed for its alcohol content (vol %) using an Alcolyzer Wine (Anton
Paar Italia S.r.l., Rivoli, Italy). The malic acid concentration in the wine and yeast amino
nitrogen (YAN; Table S2) in the must were quantified using a Hyperlab Plus multipara-
metric analyzer (Steroglass S.r.l., Perugia, Italy). The titratable acidity (TA) and pH were
measured as previously described for the berry juice.

2.5. GC-MS Analysis of Terpenes, C13-Norisoprenoids and Fermentative Aroma Compounds
in Wines

The profiles of varietal and fermentative aroma compounds were analyzed using
LLE-GC-MS and SPE-GC-MS methods, as previously reported in [29].

SPE-GC-MS was employed to quantify terpenes and Cy3-norisoprenoids in free form.
Extractions were performed on Isolute® C18 SPE cartridges (500 mg, 6 mL) (Biotage,
Uppsala, Sweden) according to [30]. Briefly, 25 puL of internal standard (1-heptanol in
96% v/v ethanol; 312 and 328 ug mL~! in 2021 and 2022, respectively) was added to
100 mL of wine. Cartridges were conditioned with 25 mL of methanol followed by 25 mL
of Milli-Q water before sample loading. Sample loading was followed by a washing
step with 150 mL of Milli-Q water, and free varietal aromas were eluted with 25 mL of
pentane:dichloromethane (2:1 v/v). The eluate was dehydrated with anhydrous sodium
sulfate and concentrated under nitrogen flow to a final volume of approximately 1 mL.

Fermentative aroma compounds were extracted from 10 mL wine samples mixed with
10 mL of 30% sodium chloride solution and 200 uL of ethyl heptanoate (Sigma-Aldrich, St.
Louis, MO, USA) in 96% v/v ethanol as the internal standard (0.87 and 1.17 g/L in 2021 and
2022, respectively). Extractions were performed with 5 mL of pentane/dichloromethane
(2:19/v), and the glass tube was shaken vigorously by hand for 2 min; this procedure was
repeated three times. The combined phases were dried over anhydrous sodium sulphate
and concentrated under nitrogen flow to a final volume of approximately 1 mL.

GC-MS analysis was carried out as described for the LLE-GC-MS analysis [31], and
applied to both the fermentative and varietal fractions.

Samples were analyzed using a GC-MS system consisting of a gas chromatograph
(GC 7820A), an autosampler (7693A), and a quadrupole mass spectrometer (5977E MSD)
(Agilent Technologies Inc., Santa Clara, CA, USA). Volatile compounds were separated
on a DB-Wax capillary column (30 m x 0.25 mm i.d., 0.25 um film thickness) (Agilent
Technologies Inc., Santa Clara, CA, USA). Helium was used as the carrier gas at a constant
flow rate of 1 mL min~!. The oven temperature program was as follows: 40 °C for 5 min,
followed by an increase of 4 °C per minute, up to 240 °C, which was held for 15 min. The
injections were performed in splitless mode (250 °C; split vent closed for 70 s). The mass
spectrometer was operated in SCAN mode (scan range m/z 30-400), recording mass spectra
in electron impact mode (EI) at 70 eV. The interface and source temperatures were set at
240 °C and the quadrupole temperature was set at 150 °C. Data acquisition and processing
were performed using MassHunter GC-MS with MSD ChemStation DA software (Agilent
Tecnologies Inc., Santa Clara, CA, USA).
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Volatile compounds in the 2021 and 2022 samples were tentatively identified by
comparing their mass spectra to those listed in the mass spectral libraries of the data
processing software. Linear retention indices were calculated using the retention times
of n-alkanes and compared with values reported in the literature. Relative quantification
(expressed as internal standard equivalents) was performed by integrating the areas of the
chromatographic peaks in the total ion current.

For each sample, two analytical replicates were performed.

2.6. GC-MS/MS Analysis of Volatile Thiols

Thiols in the wines were analyzed following the method described in [32,33]. A 50 mL
wine sample was spiked with internal standards: 4-methoxy-2-methylbutane-2-thiol (4MSB,
CDN Isotopes, Pointe-Claire, QC, Canada) for 4-methyl-4-sulfanyl-2-pentanone (4MSP,
Merck KGaA, Darmstadt, Germany) quantification and d5 3-sulfanylhexan-1-ol (d53SH;
EPTES, Vevey, Switzerland) for 3-sulfanylhexan-1-ol (3SH) and 3-sulfanylhexyl acetate
(83SHA). The pH of the wine was adjusted to 5-6.

Extraction was performed on Dowex columns as described in [34]. The organic phases
were evaporated under reduced pressure (250 mbar) to ~0.5 mL and transferred into 1.5 mL
dark vials. Soxhlet flasks were rinsed with 0.5 mL of dichloromethane and sonicated for
1 min, and the extract was collected in 1.5 mL dark vials. Samples were concentrated
under reduced pressure (100 mbar) to ~30 pL. Identification and quantification were
performed using an ultra-high-sensitive gas chromatograph coupled to a triple quadrupole
mass spectrometer (GCMS-TQ™8050 NX, Schimadzu, Kyoto, Japan) with an AOC-6000
autosampler, as described in [35]. A 1 uL volume of sample was injected in splitless mode
at 250 °C. Separation was carried out on an HPINNOWAX column (60 m x 0.25 mm;
0.25 um; Agilent J&W Scientific, Agilent Technologies, Santa Clara, CA, US) with helium as
the carrier gas (1.0 mL min~!). The oven temperature program was set as follows: an initial
temperature of 45 °C for 1 min, increased by 5 °C min~! to 90 °C, then by 4 °C min~! to
174 °C with a 2 min hold, and finally, ramped by 20 °C min~! to 250 °C with a 10 min hold.

The transitions, collision energies, and validation parameters (linearity range, R,
recovery, repeatability, LOD, LOQ) for the analyzed thiols are presented in [35].

Calibration was performed in 8 calibration steps in the range from 0 to 9.6 g L~!
in synthetic wine (R? = 0.9993). The limit of detection (LOD) and limit of quantification
(LOQ) were 0.1 and 0.3 ng L™, respectively, considering signal-to-noise ratios S/N = 3 and
S/N =10, respectively.

For each sample, two analytical replicates were performed.

2.7. Statistical Analysis

Data were analyzed using a two-way analysis of variance with irrigation treatment
and season as factors. When the test result was significant (p < 0.05), means were compared
using the pairwise Student-Newman-Keuls test (p < 0.05), considering years and irrigation
treatments separately. Statistical analyses were performed with the R statistical language
(version 4.2.2; R CoreTeam, Vienna, Austria).

3. Results
3.1. Meteorological Trends

In the 2021 and 2022 seasons, the meteorological conditions were markedly different,
yet grapevines experienced water stress during the summer in both years (Figure 2).

In 2021, April and May were characterized by heavy rainfall, totaling 453 mm, and
low temperatures, which delayed the grapevine phenology (Figure 2A). From June onward,
conditions became progressively drier and warmer: average temperatures increased to
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23.4 °C in June and 24.4 °C in July, with rainfall dropping to 37 mm. A single rainfall event
in late July (approximately ~63 mm) coincided with véraison.
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Figure 2. Trends of minimum (dark green), mean (medium green) and maximum temperatures (light
green), and rainfall (black vertical lines) during the 2021 (A) and 2022 (B) seasons. Data were recorded
at the Udine S. Osvaldo weather station (ARPA FVG-OSMER, http:/ /www.meteo.fvg.it/ accessed
on 23 January 2026). Dark gray indicates the period between flowering (EL 23) and véraison (EL 35),
while pale gray indicates that between véraison and harvest (EL 38).

In August, maximum temperatures exceeded 35 °C during the first half of the month,
while the mean stabilized at 22.5 °C. Rainfall was scarce and unevenly distributed, with
just 40 mm recorded. Between mid-July and mid-August, six tropical nights were observed.
High temperatures persisted in September, with daily maximum values above 30 °C in the
first fortnight of the month, accompanied by a complete absence of rainfall.

In contrast, 2022 was warmer and drier, particularly during berry ripening (Figure 2B).
After moderate rainfall in April (88 mm), precipitation declined sharply in May (28 mm)
and remained limited throughout the summer. Mean temperatures reached 24.4 °C in June
and 26.7 °C in July, with a maximum of 38.3 °C. The hot trend continued in August. Two
significant rainfall events occurred on 18 and 28 August, accounting for 22.9 and 27 mm,
respectively, but their stormy nature limited the effective replenishment of soil moisture.
From mid-June to mid-August, 19 tropical nights were recorded. In September, intense
storms brought over 280 mm of rainfall within the first 10 days, causing a marked drop
in temperature after the harvest period. The irrigation strategies applied to the vineyard
altered the total amount of water supplied during both growing seasons. In 2021, the
WW treatment received 159 m® of water, whereas irrigation was reduced by 51.6% in the
MiD treatment (77 m®) and by 75.5% in the MoD treatment (55 m3) (Table S1). In the 2022
season, the water supply was reduced by 31.1% and 39.4% in the MiD and MoD treatments,
respectively, compared to WW.

3.2. Stem Water Potential Trends in 2021 and 2022

Due to the contrasting meteorological conditions, both the amount of irrigated water
and the trend of the measured Ysrpym differed between the two seasons (Figure 3).

As expected, YsTEm values were more negative from June to August, with fluctuations
influenced by the temperature, vapor pressure deficit (VPD) and rainfall distribution. In
2021, Ystem ranged between —0.4 and —1.0 MPa on the first three sampling dates, with
no significant differences among the treatments (Figure 3A). Significantly lower values
were observed in MiD and MoD compared to WW only on the fourth and sixth sampling
dates, while no other significant differences were detected throughout the season. In
contrast, in 2022, a clearer separation among the treatments was observed throughout the
summer: Ysrpy values were consistently highest in WW, intermediate in MiD, and lowest
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in MoD, although the differences were not always statistically significant (Figure 3B). These
water potential patterns confirm that the Vintel® DSS successfully maintained the intended
differences in vine water status across the irrigation regimes, even under contrasting
seasonal conditions.
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Figure 3. Trends of stem water potential (Ystpy) during the 2021 (A) and 2022 (B) seasons for the
three irrigation strategies compared. Data were analyzed through one-way ANOVA (ns, *, **: not
significant and significant at p < 0.05 and p < 0.01, respectively, via F-test). Means + SE (n = 4).
WW, well-watered—dark blue; MiD, mild deficit irrigation—medium blue; MoD, moderate deficit
irrigation—light blue.

This pattern reflected the prolonged absence of rainfall during that period. On the final
sampling date, however, no significant differences were detected among the treatments, as
rainfall had replenished the soil moisture.

3.3. Yield Parameters
Yield parameters were significantly affected by both treatment and season (Table 1).

Table 1. Effect of irrigation treatment (well-watered, WW; mild deficit irrigation, MiD; and moderate
deficit irrigation, MoD) and season on yield and basic maturation parameters at harvest.

Irrigation Treatment (W) Year (Y) W x Y Int.
WW MiD MoD Sign. F* 2021 2022 Sign. F Sign. F

Cluster number 258+ 037a¥ 244+£077ab 233+0.72b * 2714+0.19b 21.9+022a e *

Yield (kg vine™1) 3.60+0.16 a 3.08+0.05b 291+0.16b * 2.89 +0.06 b 350+ 0.18a e ns

Cluster weight (g) 143 +5.02a 126 £ 6.01b 129 £1.82b ** 106 £2.19b 159 £ 6.25a ek ns

Berry weight (g) 1.32+0.01a 1.18 £0.03b 1.04 £ 0.02 ¢ ok 1.23+0.00 a 112 +£0.04b ** **

TSS (°Brix) 20.1 £0.09 a 193+0.22Db 183 £0.14 ¢ et 19.2 £0.03 19.3 £0.23 ns *

SL (g berry™1) 113 +£252a 105 £0.72Db 90.0+320c¢ el 203 £0.27a 1.88 £ 0.08 b * *

TA (gL1) 5.57 £ 0.08 5194+ 0.33 5.214+0.29 ns 568+ 0.19a 496 £0.22b o ns

pH 343 £+ 0.01 3.45 4 0.02 3.47 +0.03 ns 3.37+0.01b 3.53+0.02a e ns

% Data were analyzed through two-way ANOVA (ns, *, **, ***: not significant and significant at p < 0.05, p < 0.01,
and at p < 0.001, respectively, via F-test). When the test result was significant, irrigation treatment means were
separated using the Student-Newman—Keuls test (p < 0.05). Mean comparisons among the treatments are shown
in Figure 4 for significant interactions. ¥ Different letters identify significantly different means. Means + SEs
(n = 4). TSS, total soluble solids; SL, sugar loading; TA, titratable acidity.

Regarding irrigation, both MiD and MoD showed a significant reduction in mean
cluster weight and yield compared to WW, whereas no differences were observed between
MiD and MoD. Considering the seasonal factor, although the number of clusters was higher
in 2021, the mean cluster weight and yield were higher in 2022, more than compensating for
the lower cluster number. The deficit irrigation strategies significantly affected the number
of clusters, with lower values under MoD, particularly due to the reduction observed in
2022. A significant treatment x year interaction was detected for the cluster number: in 2021,
no differences emerged between the treatments, while in 2022, MoD showed a significantly
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lower cluster number compared to both MiD and WW (Figure 4A). The irrigation treatments
also significantly influenced the berry weight, with lower values under more restricted
water regimes. As for the seasonal effect, higher berry weight was recorded in 2021. A
significant treatment X year interaction was also found for this parameter (Figure 4B): in
2021, a reduction in berry weight was observed only under MoD, whereas in 2022, both
MiD and MoD resulted in significantly lower values compared to WW. Comparing the
single treatments between the years, we found that the cluster number was significantly
lower in 2022 for all treatments (Figure 4D).

A 1.60 B 280

30 a a2 a
1.40 a ~ 210
25 a 1.20
200
1.00
20 160
0.80

15 120
0.60

number of clusters
mean berry weight (g)

10
0.40 80

sugar loading (g berry

5 0.20 40

0 0.00 0
2021 2022 2021 2022 2021 2022

1.60
30 a a a 1.40 a? a

25 1.20 b @

20 1.00

0.80
15

0.60

number of clusters
mean berry weight (g)

10
0.40

sugar loading (g berry %)

5 0.20

0 0.00
ww MiD MoD ww MiD MoD ww MiD MoD

Figure 4. Bar plots representing the means + SEs (n = 4) of the cluster number (A,D), berry weight
(B,E), and sugar loading (CF) in a Pinot gris vineyard under three irrigation strategies (WW, well-
watered—dark blue; MiD, mild deficit irrigation—medium blue; MoD, moderate deficit irrigation—
light blue), in 2021 (dark green) and 2022 (pale green) at harvest. The analysis of variance indicating
a significant interaction between the irrigation strategies and year is shown in Table 1; the pairwise
comparison was computed separately by year. Different letters identify significantly different means.

3.4. Berry Maturation Parameters

Both the irrigation treatments and the year significantly affected the total soluble solids
(TSS) and an interaction between these two factors was observed (Table 1).

Samples were collected during maturation, and their basic maturation parameters
were assessed (Figure 5).

TSS increased with the progression of ripening, reaching a plateau at the third sampling
time. The two-way ANOVA revealed that the MiD and MoD treatments resulted in lower
TSS compared to WW. More specifically, when the interaction between irrigation treatment
and season was examined, significantly higher TSS values were observed for WW compared
to both MiD and MoD in 2021, whereas for 2022, lower values were observed only under
MoD. Consistent with TSS, sugar loading was significantly reduced under the MiD and
MoD treatments, although a significant interaction between the irrigation treatments and
the year was also detected (Table 1). Figure 4C shows that the MoD treatment resulted in
a significantly lower value of this parameter in 2021, while in 2022, all three treatments
differed significantly, with lower values recorded for MiD and, to a greater extent, MoD.
The contrasting behavior of MiD across the two seasons can be explained by considering
the berry weight and sugar loading (Table 1). When the single treatments were compared

https://doi.org/10.3390/agronomy16131232


https://doi.org/10.3390/agronomy16131232

Agronomy 2026, 16, 1232

90f18

between the years, reduced values of the mean berry weight and sugar loading were
observed for MiD and MoD, but not for WW (Figure 4E,F). The trend of titratable acidity
was similar in both seasons, with no significant differences among the treatments on any
sampling day or at harvest (Figure 5C,D). Conversely, significantly lower acidity was
recorded in the second year of investigation. The must pH at harvest was not affected by
the irrigation treatments, but a significant seasonal effect was observed, with lower values
in 2021.
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Figure 5. Total soluble solids (A,B) and titratable acidity (C,D) in grapes during maturation in 2021
(A,C) and 2022 (B,D). For each date, one-way ANOVA was applied (ns, *, **: not significant and
significant at p < 0.05 and p < 0.01, respectively, via F-test). When the test result was significant,
irrigation treatment means were separated using the Student-Newman-Keuls test (p < 0.05). Different
letters identify significantly different means. Mean + SE (n = 4). WW, well-watered; MiD, mild deficit
irrigation; MoD, moderate deficit irrigation.

3.5. Wine Chemistry

The chemical parameters analyzed in the wines revealed significant effects of both the
irrigation treatment and year (Table 2). The alcohol content was significantly affected by the
irrigation treatment, with lower values under MiD and MoD. Although no main effect of
season was ascertained, a significant treatment x year interaction was observed; specifically,
in 2021, both MiD and MoD showed significantly lower values compared to WW, whereas
in 2022, only MoD resulted in a reduction. Titratable acidity was significantly affected
only by the season, with higher values in 2021—a trend consistent with that of malic acid.
Regarding this acid, the irrigation treatment also showed a significant effect, with lower
values observed under both MiD and MoD. Finally, although wine pH was not significantly
affected by the irrigation treatment alone, a significant year x treatment interaction was
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detected. In 2021, pH values were generally lower, whereas in 2022, significantly lower,
intermediate, and higher values were recorded under MoD, MiD, and WW, respectively.

Table 2. Effect of irrigation treatment and season on wine chemical parameters (well-watered, WW;
mild deficit irrigation, MiD; and moderate deficit irrigation, MoD).

Irrigation Treatment (W) Year (Y) W x Y Int.
WW MiD MoD Sign. F* 2021 2022 Sign. F Sign. F
Alcohol 121+013a¥ 11.3+0.07b 108 £0.16 ¢ el 11.5 £ 0.09 113 £0.14 ns *
TA (gL71) 4.96 +0.09 494 +0.18 492 4+0.19 ns 551+019a 437 +£0.12b o ns
Malic acid (gL71) 1.19+0.05a 0.94 £0.04b 0.94 +0.03b ot 1.36 =0.05a 0.69 £ 0.03b . ns
pH 3.27 £ 0.02 3.22 +0.04 3.21 +0.04 ns 318 +£0.04b 3.29+0.03a ** **

% Data were analyzed through two-way ANOVA (ns, ¥, **, ***: not significant and significant at p < 0.05, p < 0.01
and p < 0.001, respectively, via F-test). When the test was significant, irrigation treatment means were separated
using the Student-Newman-Keuls test (p < 0.05). Y Different letters identify significantly different means.
Means =+ SEs (n = 4).

The wines were analyzed to assess differences in their aroma profiles due to the
irrigation treatments. The identified compounds were grouped into aliphatic acids, alcohols,
esters, thiols, terpenes, C3-norisoprenoids, and others.

Nine aliphatic acids were detected, with acetic, octanoic, and hexanoic acids showing
the highest concentrations (Table 3). The total concentration of aliphatic acids was not
significantly affected by deficit irrigation. However, MoD wines showed significantly
lower concentrations of 2-methylpropropanoic acid and 2-methylbutanoic acid, while MiD
wines had higher levels of decanoic acid. By contrast, all aliphatic acids were significantly
affected by the season. Although the differences were not statistical, the total aliphatic
acid concentration tended to be higher in WW and MiD wines. Most compounds showed
slightly higher concentrations in MiD compared to WW. Conversely, shorter-chain aliphatic
acids were slightly reduced in MoD wines.

Higher alcohols were the second major class of aroma compounds detected in the
Pinot gris wines. Within this group, the highest concentrations were measured for 3-methyl-
1-butanol, phenylethyl alcohol, and 2-methyl-1-propanol (Table 3). As with the aliphatic
acids, their concentration was not significantly affected by deficit irrigation, but instead
showed a strong seasonal effect, with higher levels in 2022. Among the higher alcohols,
only phenylethyl alcohol was significantly influenced by irrigation, with higher values
under WW and lower values under MiD. Although no significant effects were observed for
the other alcohols, a trend emerged: total concentrations were slightly higher under WW
and lower under the other treatments. While 2-methyl-1-propanol, 1-butanol and 3-methyl-
1-butanol were scarcely affected by the irrigation treatments, more evident differences
appeared for the remaining compounds, with slightly lower values under MoD.

Eleven esters were identified in the aromatic profile of the Pinot gris wines. The
highest concentrations were found for ethyl octanoate and 3-methylbutyl acetate (Table 3).
The irrigation treatments did not significantly affect either the total ester concentration or
individual compounds, except for diethyl 2-hydroxybutanedioate, which showed higher
levels under WW. In contrast, the season strongly impacted seven esters, with higher
concentrations in 2022. Although the irrigation treatments had only minor effects, a trend
was observed toward slightly higher concentrations under WW, while MiD and MoD
showed similarly lower values.

Among the other compounds, 3-hydroxybutan-2-one was the only aroma compound
significantly affected by the irrigation regime, showing lower concentrations under WW
and MiD and higher levels under MoD. The other two compounds were unaffected by
irrigation but, together with 3-hydroxybutan-2-one, were instead affected by the season,
with higher values in 2022 (Table 3).
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Table 3. Effect of irrigation level and season on wine aroma compounds g L1 (except for thiols, which are reported in ng L~!). WW, well-watered; MiD, mild

deficit irrigation; MoD, moderate deficit irrigation.

Irrigation Treatment (W) Year (Y)
Aromatic Group Aroma Compound wWw MiD MoD Sign. F * 2021 2022 Sign. F Sign. F
aliphatic acids acetic acid 5426 + 1262 4525 + 451 3505 =+ 481 ns 1413 £522b Y 7558 4 552 a x ns
propanoic acid 137 £17.1 145 £22.3 118 £3.13 ns 35.0£049a 231+23.1b ok ns
2-methylpropanoic acid 446 = 425a 431 +£251a 318 £14.7b * 241 +179b 556 +23.6 a ok ns
butanoic acid 248 £32.0 290 £ 16.1 254 £25.2 ns 172 +£22.8b 356 +£4.48 a wEx ns
2-methylbutanoic acid 463 +92.2a 396 + 8.41 ab 261 £15.3b ** 271 4+352b 476 £ 36.0 a ok ns
hexanoic acid 1385 £ 107 1656 + 76.4 1646 £ 172 ns 1187 £ 67.5b 1938 £ 70.0 a ok *
heptanoic acid 145 £ 6.53 182 £31.3 145 £ 8.98 ns 620+7.10b 253 £5.18 a ok ns
octanoic acid 2659 + 193 2970 4 154 3079 & 335 ns 2463 +123b 3343 +80.3 a wEx wEx
decanoic acid 713 £774b 1105+ 129 a 721 + 104 b ** 448 +32.8b 1245 +80.4 a o o
alcohols 2-methyl-1-propanol 10,873 £ 1200 9817 + 797 10,392 + 1014 ns 6337 + 669 b 14,384 + 468 a i ns
1-butanol 247 +22.2 253 4 24.8 251 £+ 13.6 ns 142 £2.25b 358 +21.9a o ns
3-methyl-1-butanol 112,241 £ 11,525 106,719 £ 7124 109,310 + 6161 ns 96,092 + 5450 b 122,755 £ 1952 a * ns
1-hexanol 593 4 52.4 668 & 45.4 545 + 64.8 ns 4124+ 123b 793 £462a o ns
4-methyl-1-pentanol 244 +4.28 229 +1.40 20.1 +3.04 ns 182 +519b 26.8 +£0.57a * ns
3-ethoxy-1-propanol 772 £ 278 442 +25.1 491 4+ 69.0 ns 639 £ 198 497 + 56.8 ns ns
(R,R)-2,3-Butanediol 6722 + 1327 6305 + 593 4854 + 530 ns 880 £119b 11,040 4+ 1378 a o ns
(R,S)-2,3-Butanediol 1500 =+ 242 1595 + 232 1171 4 235 ns 3154+ 35.0b 2529 £ 359 a o ns
methionol 419 +57.4 411 4+ 472 351 £ 29.0 ns 204 +9.29b 584 +51.6a o ns
2-phenylethanol 26,250 + 1316 a 20,321 + 858 b 22,282 + 860 ab ** 16,342 + 731 Db 29,560 + 1149 a o ns
esters 3-methylbutyl acetate 810 4 157 625 4 28.8 902 + 133 ns 1097 140 a 460 +41.2b o *
ethyl hexanoate 493 4 34.6 571 +41.8 586 + 51.4 ns 402 4+ 38.1b 698 - 38.1a i ns
ethyl 2-oxopropanoate 242 +42.1 209 4 22.5 178 £ 42.7 ns 230 4 49.3 189 £+ 13.9 ns ns
ethyl 2-hydroxypropanoate 2070 + 114 1807 + 164 1863 + 98.3 ns 1657 + 147 b 2170 £ 118 a ** *
ethyl octanoate 1402 + 553 663 + 119 653 £ 52.7 ns 1257 &+ 357 555 4 20.5 ns ns
ethyl 3-hydroxybutanoate 104 £ 6.24 120 £ 3.62 104 £ 12.0 ns 753 +12.2b 143 £3.62a i ns
ethyl decanoate 318 4+ 55.4 228 +17.8 249 +45.3 ns 284 4 22.1 247 +18.3 ns ns
phenethyl acetate 69.6 + 3.62 72.6 +1.98 80.5 + 8.90 ns 60.5+4.02b 88 +247a ** b
diethyl succinate 564 4 38.9 651 +91.9 643 + 59.1 ns 142 £125b 1097 +78.7 a o ns
diethyl malate 262+ 17.8a 175 +£213b 176 £214b ** 972+ 881b 311+ 165a o ns
ethyl h{drogen succinate 2175 £ 172 2785 + 386 2234 + 148 ns 364 +33.2b 4433 £ 160 a o ns
terpenes linaloo 146 +0.11a 1.07+£0.11b 1.10 £ 0.04 b * 1.50 £0.03 a 0.91 £0.02b xx ns
{3-citronellol 10.5 4 4.30 10.2 4 2.58 13.0 +0.26 ns 12.7 +3.47 9.78 +£1.10 ns ns
geraniol 7.00 4 1.42 5.50 + 1.10 4.26 +0.97 ns 449 +£1.78 6.68 +0.67 ns ns
nerolidol 9.24 +3.45 8.87 +1.80 412 +£0.19 ns 5.65 +1.22 9.17 £ 0.26 ns ns
farnesol 14.7 + 242 12.7 +1.04 11.3 +2.53 ns 12.7 £ 2.60 13.1+1.11 ns ns
Cj3-norisoprenoids 3-damascenone 8.17 £ 0.58 8.36 £ 0.60 9.48 £0.11 ns 124+ 0.60 a 493 +0.07b o **
3-ox0-x-ionol 0.82 £+ 0.09 256 +1.11 1.05 £ 0.04 ns 0.96 + 0.68 1.99 4 0.10 ns ns
thiols 3SHA (3-mercaptohexyl acetate) 5.26 £ 0.10 4.88 +0.12 4.76 £ 0.31 ns 315+ 0.16b 6.79 £0.31a o *
3SH (3-mercaptohexan-1-ol) 660 +24.3 655 +26.7 602 £ 15.1 ns 704 £14.2a 5734+ 14.5b b ns
phenylmethanethiol 5.26 +£0.10 4.88 £0.12 4.76 +0.31 ns 315+ 0.16b 679+ 031 a o *
others 3-hydroxy-2-butanone 1277 £+ 350 b 2295 4+ 391b 3791 + 267 a ** 1633 +195b 3275+ 549 a ** ns
oxolan-2-one 432 £32.8 391 £38.6 372 +£12.6 ns 178 £ 11.8 b 618 £453a x ns
ethyl 5-oxotetrahydro-2-furancarboxylate 349 £9.84 375 £26.4 354 £24.8 ns 90.9 +£242b 628 £22.5a x ns
total aliphatic acids 11,622 £ 1678 11,701 £ 821 10,046 £ 1051 ns 6290 £ 663 b 15,955 + 681 a x ns
total higher alcohols 159,642 + 14,818 146,554 + 6668 149,666 + 8830 ns 121,380 £ 6799 b 182,528 £ 4997 a x ns
total esters 8510 & 977 7907 £ 359 7668 + 409 ns 5666 + 655 b 10,391 £+ 127 a Hx ns
total terpenes 429 £751 38.3 £531 33.7 £ 3.44 ns 37.0£7.25 39.7 £3.02 ns ns
total C3-norisoprenoids 8.99 + 0.56 109 £ 1.11 10.5 +£0.15 ns 134+ 1.08 a 693 +0.14b xox *
total thiols 665 +24.2 660 £ 26.8 607 £ 14.9 ns 708 + 144 a 580 4+ 14.8b otk ns

? Data were analyzed through two-way ANOVA (ns, *, **, ***: not significant and significant at p < 0.05, p < 0.01 and at p < 0.001, respectively, via F-test). When the test result was
significant, irrigation treatment means were separated using the Student-Newman—Keuls test (p < 0.05). ¥ Different letters identify significantly different means. Means + SEs (n = 4).
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Regarding terpenes, five compounds were identified across the two seasons, with
(-citronellol and farnesol showing the highest concentrations (Table 3). The irrigation
treatments did not significantly affect the total terpene levels or most individual compounds,
except for neroditol, which was higher under WW. Although not significant, a clear trend
was observed for the other terpenes, with slightly higher values under WW and lower
values under MiD and MoD, especially under the latter. Seasonal effects were weaker
for terpenes compared to those of the other aroma groups, with only linalool showing a
significant decrease in 2022.

For Cy3-norisoprenoids, only two compounds were detected, with 3-damascenone
being the most abundant (Table 3). The irrigation treatment had no significant effect, though
slightly higher values were observed under MiD and MoD. In contrast, their concentrations
were significantly higher in 2021. Finally, volatile thiols were only marginally affected by
the irrigation regime, with slightly higher values under WW, whereas the season had a
significant impact, with higher concentrations in 2022 (Table 3).

4. Discussion

In the context of climate change, irrigation strategies that reduce water use while
maintaining yield and quality are increasingly important for the viticultural sector. A
key objective of decision support systems (DSSs) is, therefore, to optimize water use in
vineyards. In this study, we employed a DSS predicting the pre-dawn water potential (Ypp)
to manage three deficit irrigation strategies (well-watered, WW; mild deficit irrigation,
MiD; and moderate deficit irrigation, MoD) in an experimental vineyard, thereby reducing
the water supplied in the two water regimes, MiD and MoD, compared to WW.

Both deficit irrigation treatments reduced the yield, primarily through a decrease in
cluster weight, while in 2022, a significantly lower cluster number was observed under MoD.
Previous studies have demonstrated that water stress reduces mean cluster weight [5,8]. In
addition, several authors have reported that water stress in one season may impair bud
fertility and the number of berries per bunch, consequently reducing both cluster weight
and number in the following year [35,36].

The contrasting meteorological conditions of the two seasons affected both total
soluble solids accumulation and berry water content. Drought is known to limit sugar
accumulation in grape berries, although this effect is often masked by berry dehydration,
which concentrates solutes [37]. Sugar loading, which reflects the absolute amount of sugars
accumulated regardless of berry size or dilution, showed a clear trend of reduction under
increasing water stress, as previously reported by Wang et al. [38]. Although Ys7pMm values
were more negative in July and August, water stress remained moderate, allowing greater
water accumulation in MiD berries and leading to lower TSS. Reduced sugar loading
due to photosynthetic limitation was evident mainly under MoD and, in 2022, also under
MiD [16,39]. The titratable acidity and pH were only marginally affected by the irrigation
treatment, while seasonal conditions had a stronger influence. The effect of temperature
on titratable acidity is well known and mainly linked to malic acid respiration [40—42].
As noted above, the higher temperatures in 2022 explained the lower titratable acidity
observed in the grape berries. The deficit irrigation strategies also influenced wine quality.
In both seasons, the basic physico-chemical parameters of the wines (alcohol content,
titratable acidity, malic acid, and pH) reflected the trends observed in the grape composition
at maturity.

Beyond the physiological and compositional responses, it is worth noting the func-
tional performance of the DSS employed to apply the targeted irrigation regimes. Rather
than assessing the accuracy of punctual ¥Ypp predictions, the focus of its application was
on its capacity to maintain vines within defined water deficit ranges over time. The DSS
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effectively guided irrigation decisions under contrasting seasonal conditions, ensuring
consistent control of vine water status and enabling reproducible stress management. This
demonstrates its practical value as a tool for implementing deficit irrigation strategies in
commercial viticulture.

Irrigation strategies can also affect the biosynthesis of free and bound aroma com-
pounds, with the outcome depending on the timing and intensity of the water deficit [8].
In this study, we focused on free aroma compounds in the wines, as the aim was to assess
the direct impact of deficit irrigation on the final wine quality. Seasonal variation exerted a
greater influence on aroma compounds than the irrigation treatments, whereas the effect of
the water regimes was comparatively limited. This finding is not surprising, as seasonal
conditions are known to be a primary determinant of grapevine and wine quality. Re-
garding water availability, seasonal variability can have a greater effect on vineyard water
status than the differences imposed by the irrigation treatments. Moreover, the seasonal
factor contains multiple explanatory variables, including phenological development and
climatic conditions, whereas the irrigation regime accounts solely for the amount of water
supplied. Consequently, this broader range of environmental factors is likely responsible
for the season’s stronger impact on the aroma profile. Given the inconsistent effects of the
irrigation strategies across the different classes of compounds, the results were examined
by compound class.

Most aliphatic acids were marginally affected by the irrigation strategies, although
they showed strong seasonal variability. Information on these compounds in the literature
remains limited. In wines, Lizama et al. [13] found that under non-irrigated conditions,
cv. Bobal presents an increased concentration of 2-methylpropropanoic acid, a result that
contrasts with our findings. Overall, the impact of water stress on aliphatic acids in wines
remains poorly understood, making it difficult to assess the fate of these compounds.

In the Pinot gris wines from this experiment, deficit irrigation led to a slight reduction
in higher alcohols. Consistent with Zhu et al. [14], although not statistically significant,
slightly lower concentrations of 3-methyl-1-butanol were observed under both deficit
irrigation treatments. In contrast, Talaverano et al. [12], Lizama et al. [13], and Zhu et al. [14]
reported an increase in most higher alcohols under deficit irrigation.

Among the aroma compounds, esters represent a key group, as they largely contribute
to positive sensory attributes in wines. In our study, ester concentrations were slightly
lower in 2021, whereas higher values were observed in the warmer 2022 season, regardless
of the irrigation regime. The irrigation treatment did not significantly affect ester concen-
trations, although MiD and MoD showed slightly reduced levels. Literature results on
the effect of vine water status on ester composition are inconsistent, as already reported
for other aroma compounds. Diverres et al. [43] reported higher ester concentrations un-
der heavier irrigation, while Qian et al. [10] observed an increase under deficit irrigation.
Ou et al. [11] found no significant irrigation effects along with variable seasonal trends.
Similarly, Zhu et al. [14] reported that water deficit altered the ester profile, with some
compounds increasing and others decreasing.

Slightly lower terpene concentrations were observed in MiD and MoD Pinot gris
wines. Among the individual compounds, only linalool was significantly reduced under
deficit irrigation, whereas {3-citronellol was higher in MoD, consistent with Zhu et al. [14].
Both the MiD and MoD treatments showed lower TSS than WW, suggesting that the water
deficit delayed grape maturation. Previous studies have reported that free monoterpene
concentrations in wines increase with higher berry sugar levels [44]. In line with these
studies, linalool decreased together with berry sugars under water deficit in our experi-
ment. Conversely, excessive sunlight exposure can impair aroma biosynthesis [45]. In our
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experiment, cluster exposure was greater in MoD due to basal leaf shedding occurring
from véraison to harvest in both seasons.

For Cy3-norisoprenoids, no differences were detected among the irrigation treatments,
although MiD and MoD showed a trend toward higher concentrations. It is well known that
water stress increases the concentration of Cy3-norisoprenoids by enhancing the biosynthe-
sis of their precursors, a process also stimulated by greater berry sunlight exposure [46,47].

Thiols were minimally affected by the irrigation treatments, showing strong seasonal
variation. Moderate water stress appears to favor the biosynthesis of thiol precursors and
their subsequent release in wine, whereas moderate-to-severe stress is detrimental [48], as
also observed in the present study.

Water stress is also responsible for higher sunlight exposure of grape berries. Berry
temperature is known to affect not only sugar accumulation, but also the biosynthesis
of aroma compounds, although the reported effects are sometimes inconsistent in the
literature. Palai et al. [8] demonstrated that the biosynthesis of most aroma compounds
is enhanced when water stress is applied before véraison, suggesting that an increase
in cluster temperature at early maturation stages can enhance the aromatic potential of
the berries.

Overall, the results indicate that the DSS-based deficit irrigation strategies successfully
reduced water use while maintaining a controlled vine water status under contrasting
seasonal conditions. Although moderate and more severe deficit irrigation reduced the
yield and slightly altered the grape composition, its effects on wine aroma were generally
limited compared with the strong influence of seasonal climatic variability. These findings
support the use of DSS-guided deficit irrigation as a practical approach to improve water-
use efficiency in vineyards while preserving the main quality attributes of Pinot gris wines.

5. Conclusions

Although most effects were not statistically significant, our results suggest that
moderate-to-severe water stress may negatively affect the aromatic profile of Pinot gris
wines in Friuli Venezia Giulia. To preserve an optimal aroma composition, moderate-to-
severe water stress (MoD) should therefore be avoided.

This study demonstrated that deficit irrigation strategies based on the pre-dawn water
potential can be successfully implemented in Pinot gris vineyards using the Vintel® DSS.
Mild deficit irrigation maintained the wine composition with minimal modifications of the
volatile aroma profile, while moderate deficit reduced sugar accumulation and negatively
affected several aromatic compounds. Overall, these results indicate that DSS-guided mild
deficit irrigation can be adopted to reduce water consumption in cool-climate viticulture
without compromising Pinot gris wine quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy16131232/s1. Figure S1: The algorithm used in the
Vintel® DSS to calculate the amount of water to be applied in the vineyard. To run the models,
inputs such as local meteorological conditions, soil characteristics, and vineyard practices must be
provided. Weather data can be obtained either from physical weather stations or from a weather
data provider MAXAR via ITK. Vintel® operates on a daily simulation time step, modeling ¥pp in
real time and providing irrigation recommendations to users. ¥pp serves as a key indicator of the
vine’s water status and is used to calculate vine water requirements according to a predefined plant
water dynamic, tailored to the desired wine profile. To model ¥pp, Vintel® employs the Fraction
of Transpirable Soil Water (FTSW), as described by Lebon et al. [49] and by Pellegrino et al. [50].
The FTSW is calculated daily by first estimating the Total Transpirable Soil Water (TTSW) from soil
characteristics, then computing the Transpirable Soil Water (TSW) through a simple water balance
equation. Inputs include precipitation, irrigation, and upward water fluxes from lower soil layers,
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