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ABSTRACT
Background and Aims: Climate change and reduced precipitation pose signifcant challenges for the wine industry, particularly
in vulnerable regions, where it is essential to incorporate irrigation management tools. Regulated defcit irrigation (RDI) is a step
forward in that direction. Still, its adoption in Chile has been slow, partly due to inconsistent results regarding its impact on grape
composition, a product of low experimental scalability, and, in general, highly variable applied water and vine stress due to the lack
of actual evapotranspiration (ETa) assessment on study sites. This study aimed to understand the impact of RDI on yield, vine
balance, and grape volatile and nonvolatile composition in an industrial-scale 5-year trial using precise ETa-based irrigation.
Methods and Results: A fve-year experiment with three RDI regimes and a control was conducted in Maule Valley, Chile.
Diferent portions of ETa from pea size to harvest were replenished as follows: 100% ETa (control), 70% ETa, 50%–100% ETa, and
35%–100% ETa (50 or 35% ETa before veraison and 100% ETa after). The experiment covered 4.54 ha, including a 1.2 ha control
treatment in which a fux tower was installed to assess ETa. Midday stemwater potential, yield components, and grape volatile and
phenolic composition were measured. RDI reduced yield, mainly due to lower cluster weight as a result of smaller and fewer
berries. Concentration on a fresh-weight basis of total anthocyanin, tri-hydroxylated anthocyanins, tannins, and specifc favonols,
including quercetin, myricetin, and syringetin glycosides, was higher in the two most water-restrictive RDI treatments, while total
soluble solids and acidity were lower. Also, the same treatments showed increases in positive aromas, including α-terpineol, β-
damascenone, linalool, and nerol, as well as possibly undesired aromas such as IBMP and hexenal. While somemetabolites indeed
increased their per-berry content, suggesting an upregulation of metabolism, most of the observed increments were simply driven
by berry size reduction.
Conclusions: Overall, most of the changes caused by RDI are positive in terms of grape quality, with higher color and aroma
concentrations. To achieve most of the positive efects, RDI needs to reach at least 50% of the ETa, particularly from pea size to
veraison.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Signifcance of the Study: By incorporating actual ETa assessment in a 5-year industrial-scale trial, which enabled consistent
irrigation fractions across seasons and reduced the uncertainty from crop-coefcient-based estimates, this study helped both to
improve the reliability of RDI research and to address previous inconsistencies in RDI efects on grape chemical composition.

1 | Introduction

Due to the climate change scenario, water shortage is becoming
the main limitation to the sustainability of Chilean viticulture. In
this regard, irrigation management strategies, such as regulated
defcit irrigation (RDI), are key to improve water productivity
and to optimize grape yield and quality [1–5]. Although a large
set of information regarding the impacts of RDI on yield com-
ponents and grape composition has been published, the adoption
of this irrigation strategy in Chile has been limited. This is the
case in vineyards where the potential positive changes in wine
composition might not compensate for the reductions in yield.
Furthermore, the studies published in this area exhibit some
inconsistencies, which can be attributed to seasonal variability,
the small size of the trials, and the inherent diferences among
treatments based on incomplete evapotranspiration re-
plenishment due to the use of diferent crop coefcients and the
lack of evapotranspiration measurements on the site. Like so,
some trials have only focused on phenolics or aroma efects, but
not on both, making it difcult to understand the overall impact
of RDI on grape and wine quality. Here, we address this gap by
applying continuous in-feld ETa monitoring across an
industrial-scale trial, allowing precise quantifcation of applied
water fractions and interseasonal comparability.

In general, water defcit has been shown to modify the mor-
phological, physical, and chemical characteristics of berries,
including pH, titratable acidity, sugar, phenolic content, and
aromas [6–9]. In addition, water stress can limit vegetative de-
velopment, increasing the exposure of grape clusters to solar
radiation, which also impacts their chemical composition [1, 10].
This condition may result in thicker berry skins, higher phenolic
content, reduced water accumulation, and a corresponding in-
crease in the concentration of soluble solids in the grapes. Fi-
nally, vines that are grown in soils with lower water availability
will generate smaller berries than those growing with an ade-
quate water supply [11–18].

The physiological cell growth functions afected in vines growing
under low water availability will depend on the phenological
stage at which the defcit irrigation occurs. When water defcit
happens between fruit set and veraison, a smaller berry size is
observed, which is primarily attributed to decreased cell division
[19]. Instead, when the water defcit occurs from veraison to
preharvest, the reduction in berry size is due to limited cell
growth and water accumulation, with a less severe impact on
fnal berry size compared to a water restriction near fruit set [20].
These two efects (i.e., reduced cell division and limited cell
growth), which occur simultaneously when the vineyards are
subjected to the RDI, may contribute to an increased concen-
tration of metabolites of winemaking interest, such as antho-
cyanins and favonols [11]. However, this may also happen due to
changes at the metabolic level, by increased synthesis, or by
changes in the degradation of these metabolites [21–24], some of
which are mediated by abscisic acid, which has been reported to
increase under water defcit [25, 26].

Water defcit afects the chemical composition of red grapes
and wines, resulting in increased concentration of total an-
thocyanins [21, 27–33], total phenols [34], total tannins,
polymeric pigments [27, 35], and the mean degree of tannin
polymerization [6, 31, 36], increases favonols, hydroxycin-
namic acids [31, 37], as well as the favan-3-ol polymeric
concentration in grape skins [6]. However, a decrease in
favonol concentration under water defcit treatments has also
been reported by [30]. Alternatively, the authors of [31, 32, 38]
reported no diferences in total favan-3-ols and favonols in
certain years, while the authors of [39, 40] found no difer-
ences in total tannin concentration. Theodorou et al. [41] also
reported discrepancies in the behavior of total anthocyanins
among diferent red varieties.

Some of the metabolites reported are also stimulated by radiation
[42, 43] as an indirect efect of water defcit. The control of
vegetative growth observed in vines under water defcit con-
siderably increases the solar radiation interception by grapes
[10, 29, 34, 44] and the temperature at which the clusters are
exposed during their development [29, 44]. The relationship
between the increase in anthocyanins and total phenols with the
reduction in vigor and a greater solar interception in the cluster
zone of vines subjected to defcit irrigation has also been re-
ported, but further research is needed to draw reliable conclu-
sions [29, 34].

Regarding fruit/wine aroma composition, RDI has been shown
to have a positive impact on aroma quality by enhancing fruity
aromas of red wines. However, data on this topic are limited,
and conclusions remain unclear for some high-impact aroma
compounds [31, 45–47]. For example, Talaverano et al. [8]
reported that water defcits increased volatile acids and reduced
the concentration of esters in Cabernet Sauvignon grapes.
However, the study also reported that the efects on aromas
were strongly infuenced by harvest date and seasonal varia-
tions, possibly having a greater impact than water stress. This
suggests that water defcit treatments might have minimal to no
efects on aroma if the harvest is delayed and higher physio-
logical maturity is achieved. Regarding positive foral and fruity
aromas, such as β-damascenone and β-ionone, some authors
reported increased concentrations in fruit grown under RDI
treatments [40, 48] while others indicated no efect [31, 49]. In
a study conducted with Cabernet Sauvignon in Spain, García-
Esparza et al. [36] showed that defcit irrigation, as well as dry-
farmed rain-fed treatments, has a considerably lower concen-
tration of aldehydes such as hexanal, known to have an un-
desirable impact on green aromas (mowed grass), thus having
a positive impact on wine aroma quality. Alternatively, Mendez-
Costabel et al. [46] did not fnd diferences in any of these
volatiles.

RDI has been shown to reduce the vegetal aroma profle in wines
related to pyrazines, such as isobutyl-methoxypyrazine [45], the
compound responsible for the bell pepper aroma inwines, which,
in high concentrations, might be undesirable to some
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winemakers. However, these changes do not necessarily corre-
late with the sensory perception of vegetal aromas of the wines,
as reported by Mendez-Costabel et al. [46]. Additionally, light
exposure is known to reduce the synthesis and concentration of
methoxypyrazines [50, 51]; therefore, defcit irrigation treat-
ments that reduce canopy growth and increase overall cluster
exposure might afect the concentration of this compound.

Although numerous RDI experiments have been conducted, the
efects of irrigation treatments on grape yield and the chemical
characteristics of berries have shown positive, negative, or
neutral results. These responses to RDI treatments are infuenced
by complex, nonlinear interactions between factors such as
cultivar, soil, climate variability, and agronomic practices, in-
cluding fertilization, pruning, and irrigation.

Even thoughmany of these trials were done on the same cultivar,
with equivalent levels of defcit irrigation, the treatments are far
from being similar in terms of irrigation applied and level of
stress reached by the plants. These fundamental diferences on
the level of stress experienced by the vines have to do, at least in
part, with the fact that no evapotranspiration measurements
were made in those trials, and most of them depended on the use
of diferent crop coefcients (Kc) from bibliography, which only
give an estimation of the irrigation needed to completely supply
the ETa or partial ETa for RDI treatments. Research focusing on
the long-term efects of these interactions on the biochemical
characteristics of berries is essential for optimizing water use,
yield, and quality in vineyards grown under Mediterranean
climate conditions. Therefore, the aim of this study was to
evaluate the long-term efects of RDI on yield components and
grape chemical composition (phenolic, anthocyanin, and aroma
profles) of drip-irrigated Cabernet Sauvignon vines growing
under Mediterranean climate conditions, where precise ETa
monitoring is in place, in order to standardize RDI treatments
and reduce variability in the response derived from irrigation.

2 | Materials and Methods

2.1 | Experimental Site Description

A fve-year RDI experiment was conducted in a commercial
vineyard (cv. Cabernet Sauvignon) located in the Pencahue
Valley (�35.26°S, �71.48°W; 105m above sea level), Maule
Region, Chile. This valley has a temperate of Mediterranean
climate with an annual rainfall of 527mm (1991–2020 Talca
weather station) [52] mm year�1 and a reference evapotranspi-
ration (ETo) of 1324mm [53]. The growing seasons (from No-
vember to April) are dry and hot, with an average daily
temperature ranging from 10.7°C to 29.3°C and ETo ranging
from 3.1 to 6.1 mm day�1 [53]. The vineyard soil is a sandy loam
of medium depth (90–150 cm) over a cemented hardpan.

The vine material was Cabernet Sauvignon clone 341
grafted on SO4 and planted in 2014, trained into a vertical
shoot position (VSP) trellis system and cane pruned (double
guyot) with a vine spacing of 1.2 m within rows and 2.3 m
between rows, in a north-east to south-west orientation. The
vineyard was drip-irrigated with pressure-compensated
emitters (fow rate ≃ 2.5 L/h) spaced 0.6 m apart. The
source was river water from the Andes snowpack with an
average EC of 0.3 dS/m.

2.2 | Experimental Design

Four treatments were applied in a completely randomized block
design, using soil as a blocked factor. The soil was blocked into
four areas due to diferences in depth, with one replicate per
treatment in each block, with a total of four replicates per
treatment (Figure 1). The experimental unit consisted of six
continuous rows of 120–190m length, with a total surface area of
0.22–0.26 ha each, with the two center rows used as observational
units (320 vines). The four treatments were defned as the per-
centage of replacement of actual evapotranspiration (ETa,
mm day�1) from fowering to harvest.

Treatments were coded as 100% ETa, 70% ETa, 50%–100% ETa,
and 35%–100% ETa. For 100% ETa (control) and 70%ETa, irri-
gation was corresponded to 100% and 70% of the ETa during the
entire growing season, respectively. For the 50%–100% ETa
treatment, irrigation was based on 50% of the ETa from berry set
(BS) to veraison (V) and 100% ETa from V to harvest (H). In the
35%–100% ETa treatment, irrigation was based on 35% of the ETa
from BS to V and 100% from V to H.

Daily values of vine water consumption were estimated using the
surface renewal (SR) technique which calculates ETa as a re-
sidual of the energy balance equation (ETaλ= LE=Rn-H-G
where λ is the latent heat of vaporization (MJ kg�1), LE is the
latent heat fux (MJ m�2 s�1), Rn is the net radiation (MJ
m�2 s�1), H is the sensible heat fux (MJ m�2 s�1), and G is the
soil heat fux (MJ m�2 s�1). In this technique, daily values of soil
heat fux (G) are considered negligible [54–56], and sensible heat
fux density (H) is estimated based on the classical structure-
function analysis method of Van Atta. The setup includes a sonic
anemometer to calibrate the estimates of (H) by Eddy Co-
variance. The fux tower was located in the control treatment at
the center of the experiment, in an experimental unit of 1.2 ha of
surface area, in order to have enough fetch to correctly assess
evapotranspiration with this technique. Water was applied on
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FIGURE 1 | Experimental design showing the location of the blocks.
Each block had one repetition per treatment. Image also shows the lo-
cation of the fux tower (white icon of a sonic 3D anemometer) to cal-
culate ETa using surface renewal and eddy covariance.
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a weekly basis, according to the ETa measurements of the
previous week, and treatments were obtained by controlling the
valves in each row in order to give 100%, 70%, 50%, or 35% of the
ETa. To do this, all the irrigation lines were intervened by in-
stalling valves to control irrigation.

All fertilizers, herbicides, and pest management practices were
applied following commercial standards with no diference be-
tween treatments.

2.3 | Plant Water Status

Stem water potential (Ψx, MPa) measurements were taken
weekly at solar noon using a pressure chamber (Model 1000, PMS
Instrument Company, Corvallis, OR, USA). Two mature,
healthy, and undamaged leaves were randomly selected from
diferent plants from the two center rows in each replicate (to-
taling eight leaves per treatment) from the middle third of the
canopy. The leaves were wrapped in foil-laminate zip-lock bags
(PMS Instrument Company, Corvallis, OR, USA) for at least 1
hour before the measurements were taken [5, 57].

2.4 | Climate Characterization

Characterization of the specifc growing season was assessed by
the total accumulated thermal time, using growing degree days
(GDD) with the single sine method [58]. A Biofx was set from
September 1st to April 30th. The base temperature and upper-
temperature limit thresholds were 10°C and 35°C, respectively,
as proposed by Ortega-Farias & Riveros-Burgos [59] as accurate
developmental thresholds for grapevines. Temperatures were
obtained from an automatic meteorological station (Adcon te-
lemetry, A730, Klosterneuburg, Austria) located inside the
property near the experimental site (2 km).

2.5 | Yield and Vine Balance

During harvest, the yield was calculated by dividing the total
amount harvested in each experimental unit by the number of
plants harvested and then multiplying by the number of plants
per hectare. The same information was used to assess the Ravaz
Index in winter, where all the vines from the observational unit
(two center rows) were pruned (320 vines), and then, the pruning
material of six continuous vines was packaged and weighed. This
was repeated ffteen times in each replicate. The Ravaz Index was
then calculated by dividing the average values of plant yield by
the average pruning weight per plant.

2.6 | Sampling at Harvest

At technical ripening, defned as 23.5 °Brix, a sample of ap-
proximately 1000 kg of fruit from each experimental unit was
hand-harvested in 500 kg bins to assess yield, must composition,
and to be later vinifed. Also, a subsample of ffty clusters in each
replicate was collected to assess grape and cluster physical
characteristics and grape physiochemical composition, including
cluster weight, berry weight, number of berries per cluster, and
grape phenolic and aroma composition. This subsample of
complete clusters was randomly taken from both sides of the
canopy (i.e., east and west), with 25 clusters per side, in a con-
stant selection pattern of one cluster located inside and another
located outside the vine canopy (i.e., shaded and exposed to
direct sunlight). The harvest date for each treatment was

determined independently, based on when the grapes reached
23.5 °Brix.

2.7 | Laboratory Methodologies

Most of the analytical methods listed below have been previously
described [32, 60, 61] and are summarized below.

2.7.1 | Grape and Clusters Physical Characteristics

The 50 clusters were individually weighed. Then, berries were
destemmed, counted, and weighed. The fnal data collected were
cluster weight, number of berries per cluster, berry weight, and
stem weight.

2.7.2 | Grape Chemical Analyses

2.7.2.1 | Basic Must Analyses. A juice sample was taken
from the 1-ton tank described in 2.6 after destemming and
crushing, following 5minutes of mechanized punch-downs to
ensure grape-must homogeneity. Total acidity (TA), pH, and
total soluble solids (TSS) (°Brix) were assessed by standard
methodologies from the Organisation Internationale de la Vigne
et du Vin (OIV) [62]. Malic acid and primary amino nitrogen
(PAN), rapid ammonia nitrogen (RAN), and yeast assimilable
nitrogen (YAN) were spectrophotometrically analyzed with
enzymatic kits (K-DMAL, K-AMIAR, and K-NOPA enzymatic
kits, respectively) purchased from Megazyme (Wicklow, Ire-
land). References and data booklet are available at https://www.
megazyme.com.

2.7.2.2 | Grape Chromatography Analyses. Prior to anal-
ysis, grape samples were preconditioned as follows: berries of the
50-cluster subsample per replication were turned into a ho-
mogenate by using a blender for 30 s and 1min with a handheld
blender. The sample was then frozen and stored at �20°C for
analysis.

2.7.2.2.1 | Analysis of Volatile Compounds by GC-MS/
MS. Methoxypyrazines, norisoprenoids, terpenes, C6 alde-
hydes and alcohols, and esters were extracted with headspace
solid-phase microextraction (SPME) and analyzed with gas
chromatography with tandem mass spectrometry (GC-MS/
MS, 7890B GC oven, 7000C Triple Quad, with a 7693 ALS
CombiPal 7697A Headspace sampler, all Agilent Technologies
Santa Clara, USA), using a DB Wax 30 m × 0.25 mm × 0.25 μm
capillary column (Agilent, Santa Clara, USA) and helium as
a carrier gas. SPME sampling was done with divinylbenzene
polydimethylsiloxane fber (PDMS-DVB) 65 μm (Supelco,
Bellefonte, USA). The following two methodologies were used
as references with minor modifcations associated with
equipment and optimization tests: (a) methoxypyrazines, 3-
isobutyl-2-methoxypyrazine (IBMP), and 3-isopropyl-2-
methoxypyrazine (IPMP) were analyzed based on [63] and (b)
norisoprenoids; β-damascenone, β-ionone, terpenes; 1,4-cin-
eole, 1,8-cineole, linalool, α-terpineol, citronellol, nerol, ge-
raniol, and C6 aldehydes; hexanal, trans-2-hexenol, cis-3-
hexenol, trans-3-hexenol, benzaldehyde, and benzyl alcohol,
as free and glycosylated precursors, based on the methodology
of [64]. The reference standards used are listed in Table 1 of
the Supporting Information.
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Grape Extraction for Aromas: 80 g of the frozen grape homoge-
nate was defrosted andmixed with 80mL of citrate bufer at pH 6
and then homogenized with an Ultra Turrax T25 (Ika, Staufen,
Germany) at 15000 rpm for one minute. Then, the sample was
shaken with an orbital shaker (Jeio Tech, model OS-2000,
Daejeon, Korea) for 2 h and centrifuged for 10min at 4000 rpm.
The supernatant was separated and used directly to analyze free
and hydrolyzed aromas (in the case of glycosylated aromas).

Direct Analysis:

- Methoxypyrazines: in a 20mL vial for SPME, 8 mL of the
supernatant was mixed with 3 g of NaCl (standards are also
added in case of validation and recuperation rate assess-
ments). The vial was then incubated at 35°C with the SPME
fber exposed for 15min, followed by desorption at 240°C,
and injected in splitless mode into the GC.

Hydrolysis:

- Hydrolysis for C6 compounds and terpenes (linalool): In
a 20mL vial for SPME, 8 mL of the supernatant was mixed
with 3 g of NaCl and 0.1mL of sulfuric acid (standards are
also added in case of validation and recuperation rate as-
sessments). Then, the sample was incubated at 40°C for
15min and exposed to the SPME fber. The sample was later
desorbed at 250°C and injected in splitless mode into the GC.

- Hydrolysis for cineole, terpenes (alpha terpineol, citronellol,
nerol, geraniol) norisoprenoids, benzene derivatives, and al-
cohols: in the 20mL SPME vial, 8 mL of the supernatant was
mixed with 3 g of NaCl and 0.45mL of sulfuric acid (stan-
dards are added also in case of validation and recuperation
rate assessment). Then, the vial was incubated at 75°C for
15min with the SPME fber, which was then desorbed at
250°C and injected into the GC in a splitless mode.

2.7.2.2.2 | Analysis of Polyphenols by HPLC-DAD.
Grape extraction for polyphenolic analysis: 50 g of the grape
homogenate was mixed with 50mL of hydrochloric acid (0.1 N
with ethanol, 70:30 v/v), homogenized with an Ultra Turrax, and
shaken and centrifuged under the same conditions as for aroma
analysis in order to obtain a supernatant as the sample to be
analyzed.

Monomeric anthocyanins: Analyses were performed in an HPLC-
DAD, 1290 Infnitely Series, 1260 DAD G4212B, oven 1290 TCC
G1316C (Agilent Technologies Santa Clara, USA), using a Zorbax
SB C18 column, 150 × 2.1mm, 5 microns (Agilent Technologies
Santa Clara, USA), and two mobile phases of water/formic acid/
acetonitrile (87:10:3 by vol.) for phase A and (40:10:50 by vol.) for
phase B. A reference standard of malvidin-3-glucoside (CAS:
7228–078-6, from Extrasynthese (Genay, France) was employed
for quantifcation, and identifcation was based on elution order
and retention time, based on the reference methodology pro-
posed by the OIV [65].

Supernatant samples were fltered with 13mm× 0.22 µm Millex
flter. 2 mL of the fltered sample was directly injected onto the
HPLC and separated with the following solvent gradient: phase A
started with 96% in time 0 and moved to 70% after 6min, 60%
after 13min, 55% after 15 min, 70% after 18 min, and back to 96%
after 23 min.

Anthocyanins measured were delphinidin-3-O-glucoside, cya-
nidin-3-O-glucoside, petunidin-3-O-glucoside, peonidin-3-O-
glucoside, malvidin-3-O-glucoside, peonidin-3-O-acetyl-gluco-
side, malvidin-3-O- acetyl-glucoside, peonidin-3-O-coumaroyl-
glucoside, and malvidin-3-O-coumaroyl-glucoside.

Low molecular weight polyphenols (LMWPs): LMWPs were
analyzed in a liquid chromatograph (same as for anthocyanins),
ftted with a Purospher STAR RP-18 column (250 × 4.6 mm, 5
microns; Meck, Darmstadt, Germany). The same two mobile
phases and protocol to obtain the supernatant described for
anthocyanins were used in this case.

5 mL aliquot of the grape sample supernatant was mixed with
5mL of hydrochloric acid 0.1 N and ethanol (70:30 by vol) so-
lution and loaded in a solid-phase extraction (SPE) polymeric
cation exchange column SPE (Bond Elut Plexa PCX 500mg,
6 mL; Agilent Technologies, Santa Clara, USA), previously ac-
tivated with 5mL of methanol and 5mL of deionized water.
Then, the column was washed with 5mL of the hydrochloric
acid/ethanol solution, followed by 10mL of deionized water.
Finally, the samples were eluted with 15mL of methanol. The
eluted samples were concentrated with a rotary evaporator HB10
(Ika, Staufen, Germany) at 36°C until total evaporation. After
this, the samples were reconstituted with 5mL of a solution of 98:

TABLE 1 | Total irrigation applied per treatment over the fve consecutive growing seasons and water productivity.

Treatment 100% ETa 70% ETa 50%–100% ETa 35%–100% ETa
P-value

treatment

Irrigation (m3/ha)

2017–2018 3566 2504 2423 1904 ND
2018–2019 4310 3175 3114 2496 ND
2019–2020 5637 4272 4169 3743 ND
2020–2021 5289 3827 3784 3464 ND
2021–2022 4442 3293 3222 2827 ND
Average 4690 3438 3366 2899 ND

Water productivity (kg fruit/m3)

2017–2018 4.53� 0.13 c 6.18� 0.48 ab 4.87� 0.20 bc 6.29� 0.17 a < 0.0022
2018–2019 4.48� 0.03 c 5.60� 0.40 ab 4.83� 0.40 bc 5.87� 0.21 a < 0.0425
2019–2020 2.82� 0.11 3.40� 0.24 2.85� 0.17 3.22� 0.17 ns
2020–2021 3.15� 0.13 b 4.31� 0.39 a 3.57� 0.17 ab 3.98� 0.19 ab < 0.0308
2021–2022 3.53� 0.27 b 4.87� 0.40 a 4.32� 0.21 ab 4.54� 0.25 ab < 0.0368
Average 3.70� 0.17 b 4.87� 0.28 a 4.11� 0.21 ab 4.78� 0.27 a < 0.0019

Note: Diferent lowercase letters in horizontal order indicate signifcant diferences between the treatments in the diferent seasons p-value ≤ 0.05, Tukey HDS test.
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2 v/v of the mobile phase A and mobile phase B. In this case, the
chromatographic gradient used was as follows: phase A started
with 94% at time 0 and moved to 65% after 15 min, 55% after
30 min, 40% after 35 min, 20% after 40 min, and back to 40% after
45 min.

The detector was set to acquire information at λ=280 nm for favan-
3-ols, λ=320 nm for hydroxycinnamic acids, and λ =360 nm for
favonols. The chromatographic fow rate employedwas 0.5mL/min.

Molecules measured include favan-3-ols; catechin, epicatechin,
epicatechin-gallate, favonols; myricetin 3-O-galactoside, myr-
icetin 3-0-glucoside, myricetin, quercetin 3-O-rutinoside (rutin),
quercetin 3-O-galactoside (hypersoside), quercetin 3-0-glucoside,
quercetin, laricitin hexoside, syringin 3-O-galactoside, syringin 3-
O-glucoside, kaempferol, and phenolic acids; caftaric acid, cafeic
acid, and coumaric acid.

When compounds were below LOQ, they were reported as <
LOQ and excluded from statistical analysis.

The reference standards used for LMWP are listed in Table 2 of
the Supporting Information.

2.7.2.3 | UV-Vis Spectroscopic Measurements.
Acquisition of UV-Vis spectra (190–750 nm), Harbertson–Adams
assay [66] for anthocyanin and tannins concentration, and total
tannins by indirect determination through precipitation with
methylcellulose [67] were analyzed.

2.8 | Statistical Analysis

Data were subjected to Shapiro–Wilk’s normality test and Levene
´s test prior to further analysis. If the data did not pass these tests,
transformations were used to achieve normality. Results were
analyzed by multifactor ANOVA considering irrigation (4 levels)
as the main factor and adding year (5 levels), and soil block (4
levels, one repetition per soil block). Both year and soil blocks
were added as blocked factors. Standard error and mean were
calculated. When the p-value was signifcant (p-value ≤ 0.05),
a Tukey’s (HSD) multiple comparison test was used to compare

the means and defne signifcant diferences between treatments.
All analyses were done using Statgraphics Centurion XVI soft-
ware (StatPoint Technologies, Virginia, USA).

3 | Results

3.1 | Climate During the Study

All seasons studied began with similar GDD accumulation, but
diferences became noticeable from the end of January to mid-
February (Figure 2), just when veraison was fnished and irri-
gation was restored back to 100% on the 50%–100% ETa and 35%–
100% ETa treatments. This means that most of the actual defcit
irrigation in these treatments occurs under similar climatic
conditions every year. From February to the end of April, the
variations among seasons allowed diferentiation between
warmer and colder seasons. This was a period where the fruit
remained on the vine, and the ripening process was actively
happening, but where only the 70% ETa treatment had a diferent
irrigation than the other treatments.

The lowest and highest GDD values were 1895°C in the 2021-
2022 season and 2133°C in the 2019-2020 season, respectively,
while the other seasons had intermediate conditions: 2020–2021
with 2020 GDD, 2017–2018 with 2032 GDD, and 2018–2019 with
2067 GDD. Additionally, no clear relationship was found be-
tween accumulated GDD and the harvest date. Although the
2021-2022 season was the coldest, it was the frst to be harvested.
Instead, the hottest season, 2019–2020, was the second earliest to
be harvested. In this study, the harvest dates were March 12th (at
1757° GDD) in the 2019-2020 season, March 28th (at 1877° GDD)
in the 2018-2019 season, March 30th (at 1842° GDD) in the 2020-
2021 season, March 31st (at 1744° GDD) in the 2021-2022 season,
and April 4th (at 1907° GDD) in the 2017-2018 season.

Another way to characterize the climate during the fve seasons
was by comparing their environmental water demand, calculated
as Penman–Monteith reference evapotranspiration (ETo). Fig-
ure 3 shows that there were slight diferences among growing

TABLE 2 | Efect of regulated defcit irrigation on yield and their components for a drip-irrigated vineyard (cv. Cabernet Sauvignon) over fve
consecutive growing seasons.

Treatment Yield/ha (kg)
Pruning weight/plant

(kg) RAVAZ index
Cluster weight

(g)
Berry weight

(g)
Berries per
cluster

100% ETa 16905� 382 a 1.04� 0.02 a 4.53� 0.18 ab 161� 2.5 a 1.17� 0.01 a 129� 1.92 a
70% ETa 15479� 476 b 0.84� 0.02 d 5.08� 0.29 a 142� 2.3 b 1.06� 0.01 b 125� 1.79 a
50%–100% ETa 13737� 487 c 0.94� 0.02 b 4.08� 0.08 b 119� 1.8 c 0.97� 0.01 c 115� 1.57 b
35%–100% ETa 13069� 337 c 0.89� 0.02 c 4.16� 0.15 b 117� 1.9 c 0.93� 0.01 d 117� 1.64 b
P-value treatment < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
2017–2018 13978� 387 B 0.93� 0.02 C 4.25� 0.18 133� 2.9 C 0.94� 0.01 D 130� 2.48 A
2018–2019 16348� 418 A 1.08� 0.02 A 4.33� 0.18 159� 2.7 A 1.18� 0.00 A 125� 2.20 B
2019–2020 14203� 402 B 0.79� 0.02 D 4.65� 0.18 118� 3.0 D 0.96� 0.01 D 117� 2.50 C
2020–2021 14861� 402 AB 1.00� 0.01 B 4.24� 0.18 150� 3.0 B 1.09� 0.01 B 132� 2.49 A
2021–2022 14597� 402 B 0.84� 0.01 D 4.83� 0.18 112� 3.0 D 1.00� 0.01 C 104� 2.49 D
P-value season 0.001 < 0.001 0.0803 < 0.001 < 0.001 < 0.001
P-value T x S 0.874 0.121 0.967 < 0.001 < 0.001 < 0.001

Note: Diferent lowercase letters in vertical order indicate signifcant diferences between the treatments, and diferent uppercase letters in vertical order indicate signifcant
diferences between season p-value ≤ 0.05, Tukey HDS test.
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seasons and that the main diferences started to be noticeable in
the middle of them. Seasons 2018–2019 and 2020-2021 had a few
weeks in the middle where environmental demand was con-
siderably lower, which was associated with some rain events
occurring during the summer. The opposite happened with the
2019-2020 season, which had a higher environmental demand
from the middle to the end. The overall accumulated evapo-
transpiration from September to April gives a good idea of how
demanding each season was. In this case, the seasons with the
lowest to the highest demand were as follows: 2017–2018 with
1051mm, 2021–2022 with 1058, 2018–2019 with 1090, 2020–2021
with 1116mm, and 2019–2020 with 1228mm.

Considering both climate indicators (i.e., GDD and ETo), a clear
idea of the weather conditions of the most extreme seasons could

be achieved, with a warm and high water-demanding 2019–2020
and a cold, low water-demanding 2021–2022. The other seasons
did not show a clear relationship with these two indicators, and
they rank between 2019–2020 and 2021–2022 in terms of tem-
perature and water demand.

3.2 | Water Status and Water Use

Figure 4 shows that there were signifcant diferences in midday
stem water potential (Ψx md) between RDI treatments and the
control during the fve growing seasons. The level of these dif-
ferences varied among seasons, but the following general be-
havior was observed: once RDI was applied, all treatments
showed a reduction in Ψxmd compared to the control, becoming
signifcantly lower after two weeks and, in some years, even
earlier. Treatments 35%–100% ETa and 50%–100% ETa exhibited
a similar behavior, becoming statistically lower than 70% ETa
three to 4 weeks after the RDI began. The diference between 35%
and 100% ETa and 50%–100% ETa typically appeared seven to
8 weeks after RDI started and lasted for a brief time. After the
RDI period of 35%–100% ETa and 50%–100% ETa, when irri-
gation was restored to 100%, the 70% ETa became the most
stressed treatment, since it stayed under RDI until harvest. In-
stead, 35%–100% ETa and 50%–100% ETa rapidly recovered and
reached values equivalent to the control.

The control treatment maintained values between �0.43 and
�1.19MPa in the 2018-2019 season. This seasonwas the onewith
the biggest amplitude, along with the 2020-2021 season, reaching
a Ψx md of �1.19 MPa. The lowest values for all treatments were
observed between 60 and 80 days after fowering (DAF) during
January, just prior to full veraison, where the environmental
demand expressed as ETo reached its peak demand (Figure 3).

Regarding water use, the average irrigation volume for the
control treatment was 4690m3/ha, with considerable variation
between seasons, ranging from 3566m3/ha in 2017–2018 to
5637m3/ha in 2019–2020 (Table 1). This variation was directly
associated with reference evapotranspiration, with 2017–2018
having the lowest ETo levels and 2019–2020 the highest. The
average reduction in total irrigation water use was 26.7% for the
70% ETa treatment, 28.2% for the 50%–100% ETa treatment, and
38.2% for the 35%–100% ETa treatment. Notably, the 2017-2018
season, characterized by low ETo, showed the highest water
savings: 29.8%, 32.0%, and 46.7% for the 70% ETa, 50%–100% ETa,
and 35%–100% ETa treatments, respectively. In contrast, the
2019-2020 season, with high ETo, showed the lowest water
savings: 24.2%, 26.0%, and 33.6% for the same treatments,
respectively.

Water productivity was improved by some RDI treatments, al-
though no linear relationship was found between the level of
irrigation restriction and the total water saved against water
productivity. The two treatments that showed the highest av-
erage water productivity were 70% ETa and 35%–100% ETa,
increasing fruit production per cubic meter of water used by
31.6% and 29.2%, respectively. The 50%–100% ETa treatment did
not improve water productivity signifcantly against the control,
although its performance was also not statistically diferent from
the other RDI treatments.

On a yearly basis, it is noteworthy that the low water-demanding
2017-2018 season exhibited the greatest diferences in water
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productivity between the control and the 70% ETa and the 35%–
100% ETa treatments. Conversely, the high water-demanding
2019-2020 season showed no signifcant diferences between the
treatments and the control. Additionally, across seasons, the 70%
ETa treatment consistently demonstrated improved water
productivity.

3.3 | Yield and Its Components

Table 2 shows signifcant efects of RDI treatments on fruit yield
and productivity components. In this study, the fnal yield was
directly correlated with the amount of irrigation applied, with

more severe restrictions showing signifcant yield reductions.
Although the diferences observed between treatments varied
among seasons (i.e., 2018-2019 being larger, and 2017-2018
smaller, data not shown), the fnal impact of RDI was equivalent
over the 5 years studied. For the 35%–100% ETa and 50%–100%
ETa treatments, the yields were 22.7% and 18.7% lower than the
control, respectively, with no statistically signifcant diference
between them. For the 70% ETa treatment, the yield was 8.4%
lower than the control. The RDI efect on yield was largely as-
sociated with reductions in the cluster weight, which was
a product of lighter and fewer berries per cluster. Treatments 70%
ETa, 50%–100% ETa, and 35%–100% ETa had signifcantly lower
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cluster weights than those in the control, but no diferences were
found between 50% and 100% ETa and 35%–100% ETa. Regarding
berry weight, all treatments were signifcantly diferent, showing
that the more severe the defcit irrigation, the lighter the berries
produced. The number of berries per cluster was similar between
the control and 70% ETa, which were statistically greater than
those of 50%–100% ETa and 35%–100% ETa. When looking at the
efects on vine balance and vigor, it was possible to confrm that
RDI treatments afected pruning weight, showing almost linear
reductions with increasing water restrictions. The prior hap-
pened except for the 70% ETa treatment, which was the only one
where water restriction was maintained until harvest, having the
lowest pruning weight. When observing the impact on vine
balance (Ravaz), the control treatment did not have any difer-
ence with any of the RDI treatments; nevertheless, 70% ETa was
signifcantly higher than 50%–100% ETa and 35%–100% ETa
treatments. This means that although the RDI treatments re-
duced yield and pruning weight, the reductions maintained the
same fruit-to-canopy ratio as the control treatment. However,
when RDI is imposed, maintaining a constant defcit such as 70%
Eta will increase the Ravaz ratio against the RDI treatments that
recover the irrigation after veraison, such as 50%–100% ETa and
35%–100% ETa, resulting in a higher yield per pruning weight.

Regarding the efects of the season’s climate, Table 2 shows how
cluster and berry weight are lower in the 2019-2020 season, the
warmest and most water-demanding one, being also a season
with low yield and pruning weight. On the other hand, cold and
lowwater-demanding seasons like 2021–2022 also had the lowest
cluster weight, but this time, it is accompanied by the lowest
number of berries per cluster. Interactions between the irrigation
treatment and season were only signifcant for cluster weight,
berry weight, and berries per cluster. These interactions are
mainly driven by a reduction of the level of diferences observed
between treatments in a few seasons, detailed in the Supporting
Information.

3.4 | Fruit Composition

Harvest in each experimental plot was done when grapes reached
23.5° Brix. No statistically signifcant diferences in TSS were
found on a yearly basis (data not shown), which allowed us to
harvest all the treatments at the same time every year and
compare the impact of RDI, excluding possible efects associated
with harvest time. However, when the cumulative data from the
fve seasons were analyzed together, slight diferences in TSS
were found (Table 3). The analysis shows that 35%–100% ETa had
a signifcantly lower average Brix of ≈0.5° compared to the
control and 70% ETa. A signifcant interaction between the
treatment and the season was found for TSS derived from a low
TTS on the 70% ETa treatment in the 2019 season (Supporting
Information).

Regarding pH, no diference was observed between treatments.
Instead, malic acid was highly sensitive to the reductions in
irrigation, with 50%–100% ETa and 35%–100% ETa treatments
showing reductions of 26% and 37%, respectively. This change in
malic acid impacted the TA of the musts, with 50%–100% ETa
and 35%–100% ETa treatments having lower TA values than the
control treatment (i.e., 6.6% and 5.7% lower, respectively). Sig-
nifcant interactions between treatment and season were found
in the malic acid concentration and TA, due to the diferent

behavior of the 70% ETa treatment in 2019 compared to the rest
of the seasons (Supporting Information).

As far as nitrogen content, measured as organic PAN, inorganic
ammonia (RAP), and YAN, the most restricted RDI treatments,
50%–100% ETa and 35%–100% ETa, had the highest concentra-
tion for both organic and inorganic nitrogen, as well as for YAN,
which was 19.7% and 16.3% higher than the control treatment,
respectively. On the other hand, 70% ETa, which had a less
restrictive but steady RDI, also had a higher nitrogen concen-
tration compared to the control, but in this case, only for PAN
and YAN, with no impact on the inorganic RAP nitrogen con-
centration. Signifcant interactions of treatment against season
were found for PAN and YAN, both associated with a reduced
concentration for the 35%–100% ETa treatment in the 2019
season.

The season afected the general composition of the grapes, in-
creasing the °Brix and pH, while reducing the concentration of
malic acid and YAN in the warm 2019–2020. This happened even
though this season was the earliest harvested. The lowest °Brix,
and highest TA and YAN, happened in the 2020-2021 season, the
second coldest season with 2020° GDD. The coldest season,
2021–2022, was also characterized by the lowest pH, highest
malic acid concentration, and second highest YAN.

Table 4 illustrates the efect of the treatments on traditional
phenolic measurements. The results show that optical density
(OD 280, 420, 520, and 620 nm), color index (CI), total antho-
cyanins, and tannins increased signifcantly with higher RDI
intensity. The highest values for all these phenolic measurements
were obtained with the 35%–100% ETa treatment. There were no
signifcant diferences in the CI (i.e., the sum of OD 420, 520, and
620 nm) between 50% and 100% ETa and 35%–100% ETa treat-
ments; however, both were statistically greater than the control
and 70% ETa. Even though no diferences in CI were found
between the 35%–100% ETa and 50%–100% Eta treatments, in-
creased OD 520 in the 35%–100% ETa treatment was observed,
resulting in a more reddish color. Also, a lower optical density at
620 nm in the control treatment compared with the 70% ETa was
also found, but without diferences in their CI. This means that
they had the same color intensity, but they presented variations
in their blueish-purple tone.

The efects of RDI on anthocyanin concentration on a fresh-
weight basis, measured with the Harbertson–Adams method,
followed a similar trend for the 35%–100% ETa treatment, which
showed the highest absolute value of all. In the case of 50%–100%,
ETa no statistically signifcant diferences were found against the
control and 70% ETa treatments. Also, no statistical diferences
were found between 50% and 100% ETa and 35%–100% ETa
treatments.

Regarding the total tannin concentration on a fresh-weight basis,
both methodologies agree on an increase between 7% and 15%
(depending on the methodology) in the two most restricted
treatments, 50%–100% ETa and 35%–100% ETa, compared with
the control. It is interesting to point out that the highest dis-
crimination capability between the treatments was found with
the MCP assay, which also showed more tannins in the 70% ETa
treatment compared to the control.

When results were analyzed by season, the coldest ones corre-
sponding to 2020-2021 and 2021-2022 had the highest CI and

Australian Journal of Grape and Wine Research, 2026 9 of 23



T
A
B
L
E
3

|
Ef

ec
to
fr
eg
ul
at
ed

de
fc
it
ir
ri
ga
tio
n
on

m
us
tb
as
ic
ch
em

ic
al
co
m
po
si
tio
n
fo
r
a
dr
ip
-ir
ri
ga
te
d
vi
ne
ya
rd

(c
v.
C
ab
er
ne
tS
au
vi
gn
on
)
ov
er
fv
e
co
ns
ec
ut
iv
e
se
as
on
s.

T
re
at
m
en
ts

T
SS

(°
br
ix
)

pH
T
ot
al
ac
id
it
y
(g

ta
rt
ar
ic
ac
id
/L
)

M
al
ic
ac
id

(g
/L
)

R
A
P
(m

g
ni
tr
og
en
/L
)

PA
N
(m

g
ni
tr
og
en
/L
)

Y
A
N
(m

g
ni
tr
og
en
/L
)

10
0%

ET
a

24
.2
1

�
0.
13

a
3.
56

�
0.
02

4.
96

�
0.
11

a
1.
97

�
0.
08

a
12
1.
7

�
16
.6
b

58
.2

�
3.
9
c

16
1.
5

�
14
.7
c

70
%
ET

a
24
.3
3

�
0.
19

a
3.
55

�
0.
01

4.
85

�
0.
11

ab
1.
62

�
0.
08
b

12
4.
7

�
15
.6
b

65
.2

�
3.
7
b

17
2.
9

�
13
.8
b

50
%
–1
00
%
ET

a
24
.0
7

�
0.
12

ab
3.
57

�
0.
02

4.
63

�
0.
09
b

1.
45

�
0.
06

c
13
4.
7

�
15
.0
a

74
.9

�
3.
7
a

19
3.
3

�
13
.3
a

35
%
–1
00
%
ET

a
23
.7
5

�
0.
13
b

3.
53

�
0.
01

4.
68

�
0.
11
b

1.
24

�
0.
05
d

13
2.
2

�
15
.5
a

75
.0

�
4.
1
a

18
7.
9

�
13
.5
a

P-
va
lu
e
tr
ea
tm
en
t

<
0.
00
5

0.
23
9

<
0.
00
5

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

20
17
–2
01
8

24
.1
5

�
0.
12

A
3.
52

�
0.
01

BC
4.
56

�
0.
08
C

1.
38

�
0.
04
B

68
.0

�
2.
1
C

51
.5

�
1.
7
D

11
9.
5

�
3.
2
D

20
18
–2
01
9

24
.1
6

�
0.
12

A
3.
60

�
0.
01

A
4.
53

�
0.
08
C

1.
36

�
0.
04
B

88
.0

�
2.
3
B

60
.0

�
1.
7
C

14
7.
0

�
3.
2
C

20
19
–2
02
0

24
.5
6

�
0.
12

A
3.
59

�
0.
01

A
4.
87

�
0.
08
B

1.
37

�
0.
04
B

68
.7

�
2.
1
C

72
.9

�
1.
7
B

12
9.
3

�
3.
2
D

20
20
–2
02
1

23
.4
0

�
0.
12
B

3.
56

�
0.
01

A
B

5.
30

�
0.
08

A
1.
82

�
0.
04

A
20
6.
6

�
2.
1
A

97
.2

�
1.
7
A

26
6.
1

�
3.
2
A

20
21
–2
02
2

24
.1
5

�
0.
12

A
3.
49

�
0.
01
C

4.
96

�
0.
08

BC
1.
90

�
0.
04

A
21
0.
3

�
2.
1
A

60
.0

�
1.
7
C

23
2.
5

�
3.
2
B

P-
va
lu
e
se
as
on

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

P-
va
lu
e
T
x
S

<
0.
00
1

0.
17
5

<
0.
05
0

<
0.
00
5

<
0.
00
1

0.
15
3

<
0.
00
5

N
ot
e:
D
if
er
en
tl
ow

er
ca
se
le
tte
rs
in
ve
rt
ic
al
or
de
ri
nd
ic
at
e
si
gn
if
ca
nt
di
fe
re
nc
es
be
tw
ee
n
th
e
tr
ea
tm
en
ts
,a
nd

di
fe
re
nt
up
pe
rc
as
e
le
tte
rs
in
ve
rt
ic
al
or
de
ri
nd
ic
at
e
si
gn
if
ca
nt
di
fe
re
nc
es
be
tw
ee
n
se
as
on

p-
va
lu
e
≤
0.
05
,T
uk
ey
H
D
S
te
st
.R
A
P

(in
or
ga
ni
c
am

m
on
ia
).

A
bb
re
vi
at
io
ns
:P
A
N
,p
ri
m
ar
y
am

in
o
ni
tr
og
en
;Y

A
N
,y
ea
st
as
si
m
ila
bl
e
ni
tr
og
en
.

10 of 23 Australian Journal of Grape and Wine Research, 2026



T
A
B
L
E
4

|
Ef

ec
to
fr
eg
ul
at
ed

de
fc
it
ir
ri
ga
tio
n
on

th
e
ge
ne
ra
lp
he
no
lic

co
m
po
si
tio
n
of
gr
ap
es
fo
r
a
dr
ip
-ir
ri
ga
te
d
vi
ne
ya
rd

(c
v.
C
ab
er
ne
tS
au
vi
gn
on
)
ov
er
fv
e
co
ns
ec
ut
iv
e
se
as
on
s.

T
re
at
m
en
t

O
D
28
0

O
D
42
0

O
D
52
0

O
D
62
0

C
ol
or

in
de
x

T
ot
al
an
th
oc
ya
ni
n

ad
am

s
(m

g/
kg
)

T
an
ni
ns

M
C
P
as
sa
y
(e
q.

of
g
ep
ic
at
ec
hi
n/
kg
)

T
an
ni
ns

ad
am

s
as
sa
y

(e
q.
of

g
ca
te
ch
in
/k
g)

10
0%

ET
a

87
.2
3

�
2.
9
c

12
.1
4

�
0.
55

c
39
.0
8

�
1.
88

c
3.
10

�
0.
23

c
54
.3
1

�
2.
65
b

11
83

�
62
b

3.
67

�
0.
16

c
2.
22

�
0.
06
b

70
%
ET

a
93
.8
2

�
2.
7
bc

12
.8
3

�
0.
63

bc
40
.1
6

�
1.
83

bc
3.
56

�
0.
30
b

55
.9
2

�
2.
61
b

11
93

�
63
b

3.
97

�
0.
16
b

2.
26

�
0.
06
b

50
%
–1
00
%

ET
a

99
.8
7

�
2.
5
ab

13
.5
0

�
0.
61

ab
43
.1
6

�
1.
55
b

3.
82

�
90
.3
1

ab
60
.9
8

�
2.
40

a
12
85

�
49

ab
4.
14

�
0.
15

ab
2.
36

�
0.
05

a

35
%
–1
00
%

ET
a

10
3.
50

�
3.
0
a

14
.3
6

�
0.
51

a
47
.1
2

�
1.
60

a
3.
93

�
0.
25

a
65
.4
1

�
2.
30

a
13
82

�
62

a
4.
24

�
0.
17

a
2.
38

�
0.
06

a

P-
va
lu
e

tr
ea
tm
en
t

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

20
17
–2
01
8

90
.0
0

�
1.
96
B

10
.4
1

�
0.
28
C

34
.1
2

�
1.
13
C

2.
05

�
0.
10

D
49
.7
6

�
1.
43
C

94
5

�
35
C

3.
46

�
0.
08
C

2.
05

�
0.
03

D
20
18
–2
01
9

84
.8
6

�
1.
96
B

12
.1
1

�
0.
28
B

41
.7
0

�
1.
04
B

2.
99

�
0.
09
C

56
.7
9

�
1.
32
B

11
90

�
33
B

3.
82

�
0.
08
B

2.
27

�
0.
03
C

20
19
–2
02
0

10
3.
27

�
1.
96

A
11
.7
2

�
0.
28
B

37
.3
1

�
1.
08
C

3.
24

�
0.
09
C

52
.5
2

�
1.
37
B

11
56

�
36
B

5.
16

�
0.
07

A
2.
47

�
0.
03
B

20
20
–2
02
1

91
.6
3

�
1.
96
B

16
.0
4

�
0.
28

A
49
.1
1

�
1.
08

A
5.
30

�
0.
10

A
69
.8
1

�
1.
43

A
15
61

�
34

A
3.
67

�
0.
08

BC
2.
12

�
0.
03

D
20
21
–2
02
2

11
0.
76

�
2.
03

A
15
.7
6

�
0.
29

A
49
.6
4

�
1.
08

A
4.
44

�
0.
10
B

69
.8
7

�
1.
37

A
14
50

�
33

A
3.
91

�
0.
08
B

2.
62

�
0.
03

A

P-
va
lu
e

se
as
on

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

<
0.
00
1

P-
va
lu
e
T
x
S

<
0.
00
5

0.
31
1

0.
21
9

0.
33
7

0.
54
5

0.
07
3

0.
56
1

0.
26
2

N
ot
e:
D
if
er
en
tl
ow

er
ca
se
le
tte
rs
in
ve
rt
ic
al
or
de
r
in
di
ca
te
si
gn
if
ca
nt
di
fe
re
nc
es
be
tw
ee
n
th
e
tr
ea
tm
en
ts
,a
nd

di
fe
re
nt
up
pe
rc
as
e
le
tte
rs
in
ve
rt
ic
al
or
de
r
in
di
ca
te
si
gn
if
ca
nt
di
fe
re
nc
es
be
tw
ee
n
se
as
on

p-
va
lu
e
≤
0.
05
,T
uk
ey

H
D
S
te
st
.

Australian Journal of Grape and Wine Research, 2026 11 of 23



total anthocyanins, while the warmer season (2019–2020)
showed a high concentration of tannins, measured by the MCP
and Harbertson–Adams assays. Instead, the lowest concentra-
tions of anthocyanins, tannins, and CI were found in the 2017-
2018 growing season, which had mild temperatures but the latest
harvest of all.

Out of all the traditional phenolic measurements, only OD 280
showed a signifcant interaction between treatment and season,
derived by a reduction in the OD in the 35%–100% treatment in
the 2021 season (Supporting Information).

Table 5 shows that water restrictions of 50% of the ETa or higher
positively impacted the concentration on a fresh-weight basis of
most of the monomeric anthocyanins, particularly the most
relevant ones in terms of concentration, such as the malvidin
derivatives. On the other hand, reductions of just 70% of ETa did
not signifcantly increase the concentration of any particular
anthocyanin or their combined total concentration. Most of the
monomeric anthocyanins showed an increased concentration in
at least one of the most water-restrictive RDI treatments (i.e.,
50%–100% ETa or 35%–100% ETa), thus impacting the total
monomeric anthocyanin concentration of these treatments, with
increments of 19.6% and 9.3% for the 35%–100% ETa and 50%–
100% ETa, respectively. When looking at the increment in an-
thocyanin concentration, compared to the reduction in yield, it is
possible to observe how the 35%–100% ETa treatment had a more
considerable gain compared to the 50%–100% ETa treatment,
resulting in an additional 10.3% increment in anthocyanin
compared to just 4% extra reduction in yield, both based on the
control anthocyanin concentration and yield. Only three mo-
nomeric anthocyanins did not respond to RDI treatments as the
rest of them: peonidin 3-O-glucoside and peonidin 3-O-acetyl-
glucoside, showed no diferences among treatments, while
cyanidin-3-O-glucoside was negatively afected by defcit irri-
gation. These three anthocyanins are di-hydroxylated, and the
anthocyanins that increased with RDI are tri-hydroxylated, ex-
cept for the peonidin-3-O-coumaroyl-glucoside. RDI had no ef-
fect on the total amount of di-hydroxylated anthocyanins
accumulated (Table 5), however there was an increase in the total
tri-hydroxylated anthocyanins accumulated and also the ratio of
tri-hydroxylated/di-hydroxylated (Tri/Di), where the more re-
strictive the treatment, the higher the ratio.

When looking at the content on a per-berry basis, which takes
into account the changes in berry weight and gives a better idea of
the concentration mediated by synthesis or degradation, the
results indicate a relative reduction of most of the anthocyanins
and their combined total concentration in the RDI treatments.
This includes the di-hydroxylated peonidin 3-O-glucoside and
peonidin 3-O-acetyl-glucoside, which did not show diferences
on a fresh-weight basis, as well as cyanidin-3-O-glucoside, which
exhibited a reduction on a per-berry basis under RDI treatments,
consistent with its behavior on a fresh-weight basis. A particular
behavior was observed for malvidin-3-O-glucoside and malvidin-
3-O-acetyl-glucoside measured on a per-berry basis, where only
the 50%–100% ETa treatment was lower than the control, while
the 70% ETa and the 35%–100% ETa treatment did not difer from
the control treatment. Although these two anthocyanins repre-
sented the largest content on a per-berry basis, this lack of dif-
ferences in content between the control and the 35%–100% ETa
did not compensate for the decrease observed in other

anthocyanins. Consequently, the combined efect resulted in
a lower total anthocyanin concentration across all the RDI
treatments.

On a per-berry basis, the sum of di-hydroxylated anthocyanins
did show signifcant diferences; in this case, RDI reduced their
concentration. On the other hand, the sum of tri-hydroxylated
anthocyanins content per berry was only afected by the 70% ETa
treatment, which was lower relative to the control. The ratio of
tri-/di-hydroxylated anthocyanins on a per-berry basis was
similar to that observed on a fresh-weigh basis, increasing as
water restriction intensifed.

The cold seasons (2020–2021 and 2021–2022) had the highest
sum of dihydroxylated, trihydroxylated, and total anthocyanins
by HPLC-DAD both as a fresh-weight basis and as a per-berry
basis (Table 5), while the warm 2019-2020 had the lowest. With
regard to the tri/di ratio, no clear relationship between cold or
warm seasons was found, neither as fresh-weight basis nor per-
berry basis, although a link with the accumulated GDD at harvest
was observed, where lowGDD to harvest (2021–2022; 2019–2020;
2020–2021) was related to a low ratio of tri/di, and the opposite to
high GDD to harvest (2017–2018; 2018–2019). Regarding the
concentration of specifc anthocyanins by season, the results
show almost the same behavior when expressed on a fresh-
weight or a per-berry basis, with some slight diferences re-
garding the magnitude of the diferences between treatments.
Colder seasons (2020–2021 and 2021–2022) had higher con-
centration compared to warmer seasons (2019–2020), except for
the two coumaroyl anthocyanins measured, malvidin-3-O-cou-
maroyl-glucoside and peonidin-3-O-coumaroyl-glucoside, which
did not show a clear pattern regarding season temperature, either
expressed as a fresh-weight or as a per-berry basis. Regarding the
treatment × season interaction, signifcant efects were observed
only for delphinidin-3-O-glucoside and petunidin-3-O-glucoside,
both on a fresh-weight and per-berry basis, as well as for cya-
nidin-3-O-glucoside and the sum of di-hydroxylated anthocya-
nins on a per-berry basis (see Supporting Information).

Table 6 shows that on a berry fresh-weight basis, the total favan-
3-ols and favonols were signifcantly afected by water re-
striction, whereas phenolic acids exhibited no signifcant dif-
ferences among treatments. Catechin concentration was 47.6%
(14mg/kg) lower in the 35%–100% ETa treatment compared with
the control, while no signifcant reductions in epicatechin were
found in this trial. On the other hand, the concentration of
epicatechin gallate was signifcantly increased by the RDI
treatments, particularly by the most water-restrictive treatments,
50%–100% ETa and 35%–100% ETa. However, this favan-3-ol
had the lowest accumulation, and its contribution is marginal to
the total favan-3-ol concentration, which was 23.9% higher in
the control treatment compared with 35%–100% ETa.

When analyzing the concentration of favan-3-ols on a per-berry
basis, similar results to those obtained on a fresh-weight basis
were observed, namely a reduction in the concentration medi-
ated by RDI, particularly in the two most water-restrictive
treatments. In this case, more pronounced diferences between
treatments were found, including a lower content of epicatechin
per berry in the RDI treatments compared to the control. Ad-
ditionally, statistically signifcant diferences were observed
between the 50%–100% ETa treatment and the control in terms of
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total favan-3-ols concentration, which was not observed on
a fresh-weight basis.

There were no signifcant diferences among treatments for
caftaric acid, p-coumaric acid, and cafeic acid on a fresh-weight
basis; this latter metabolite was, in fact, under the limit of
quantifcation.

On a per-berry basis, p-coumaric acid showed a reduction in
content in the 35%–100% ETa treatment. Total phenolic acids
were also lower in the two most water-restrictive treatments.

All the diferent favonols measured on a fresh-weight basis, as
well as the total favonol concentration on a fresh-weight basis,
were consistently higher in the two most water-restrictive
treatments, 50%–100% ETa and 35%–100% ETa, compared to
control and 70% ETa, with no signifcant diferences between
them. The diference between control and 70% ETa was not
signifcant for most favonol compounds except for myricetin,
a minor favonol in our samples, which was lower for the 70%
ETa treatment. This favonol was the only one not afected by the
two most water-restrictive RDI treatments, 50%–100% ETa and
35%–100% ETa. In general, the most abundant favonols were
quercetin, myricetin, and syringetin, particularly their glucosides
and galactosides, for which the magnitude of increased con-
centration on a fresh-weight basis in the diferent RDI treatments
varied between 17% and 61% compared to the control. The
highest diferences found between RDI treatments against the
control were observed on favonols with low relative concen-
tration, such as kaempferol (þ61% for the 50%–100% ETa and
35%–100% ETa), laricitin hex (þ47% for 35%–100% ETa), and
quercetin (þ37% for 50%–100% ETa). The increase in total fa-
vonols between RDI against the control is lower than that, and
close to 22%–25% for 50%–100% ETa and 35%–100% ETa treat-
ments, respectively.

Regarding favonols on a per-berry basis, myricetins tended to
follow the same pattern as observed on a fresh-weight basis, with
increased concentrations in the two most water-restricted
treatments. Quercetins, on the other hand, either lost this ef-
fect (i.e., quercetin-3-O-glucoside) or exhibited the opposite
behavior, with reduced concentrations in the RDI treatments
(i.e., quercetin-3-O-galactoside and quercetin-3-O-rutinoside).
For laricitin-hex, siringin-3-O-glucoside and siringin-3-O-glu-
coside, and kaempferol, no signifcant diferences between
treatments were found on a per-berry basis. All these efects
resulted in no diferences between the treatments when looking
at the total favonols on a per-berry basis.

Regarding the season’s efect on the concentration of LMWPs on
a fresh-weight basis, the analysis showed that the warm season of
2019–2020 had the highest levels of favan-3-ols, catechin, epi-
catechin, and epicatechin gallate, along with an increased con-
centration of caftaric acid. In contrast, the cooler seasons
(2020–2021 and 2021–2022) showed reduced concentrations of
favan-3-ols, catechin, epicatechin, and to some extent epi-
catechin gallate (just the 2020-2021 season). Even though sig-
nifcant diferences in favonol concentrations were found
among seasons, no clear efect was observed due to a particular
weather condition, as similar concentrations were recorded in
both warm and cool seasons, and their diferences might be
associated with other variables.When looking at the efects of the
season on a per-berry basis, favan-3-ols, phenolic acids, and

favonols had the same behavior described as on a fresh-weight
basis.

Regarding the treatment × season interaction, a signifcant efect
was observed only for epicatechin gallate and for free myricetin
and quercetin, both on a fresh-weight and per-berry basis.
Kaempferol also showed a signifcant interaction, but only on
a per-berry basis (see Supporting Information).

The aroma composition of the samples is summarized in Table 7.
The only methoxypyrazine detected was IBMP, and the 70% ETa
treatment, with a sustained defcit until harvest, increased its
concentration on a fresh-weight basis by 38% compared to the
control, but no clear efect was found for the 35%–100% ETa and
50%–100% ETa treatments, which had volatile concentrations
between the control and 70% ETa. On a per-berry basis, the 70%
ETa treatment also had the highest content of IBMP; however, in
this case, signifcant diferences against the two most water-
restrictive treatments and the control were found. Within the
family of the C6 aldehydes and alcohols, which contribute to the
green grassy aroma, hexanal concentration increased with the
greater RDI restriction, showing 44%, 35%, and 20% increase
against the control in the 35%–100% ETa, 50%–100% ETa, and
70% ETa treatments, respectively. These diferences were ob-
served only when expressed on a fresh-weight basis; no signif-
icant diferences were found on a per-berry basis. On the other
hand, trans-2-hexenol was the only C6 alcohol that reduced its
concentration with RDI, particularly for the 70% ETa treatment,
both on a fresh-weight and per-berry basis.

The terpene aroma family was signifcantly afected by the RDI
strategies, with six of the seven measured molecules being im-
pacted by the treatments on a fresh-weight basis. In these cases,
either 50%–100% ETa or 35%–100% ETa had the highest con-
centration among the treatments. Linalool and nerol, charac-
terized by lavender and orange blossoms aroma, increased their
concentration on a fresh-weight basis in the 35%–100% ETa
treatment. These diferences were particularly higher for nerol,
which had a concentration 43% higher than the control. Both
cineoles, 1,4 and 1,8–cineole, were more concentrated on a fresh-
weight basis in the 50%–100% ETa treatment compared to the
control and the 70% ETa treatment (with no diferences among
control and 70% ETa). A similar result was found for α-terpineol,
where the 50%–100% ETa treatment had a concentration on
a fresh-weight basis 45% higher than the control and the 70% ETa
treatment. No clear efect of the most water-restrictive treatment,
35%–100% ETa, was found for cineoles and α-terpineol, with
concentrations between the 50%–100% ETa, the control, and the
70% ETa treatment. Geraniol, on the other hand, exhibited an
opposite pattern on a fresh-weight basis, showing higher con-
centrations under the 70% ETa treatment compared with the two
most water-restrictive treatments, while the control had an in-
termediate concentration against the other treatments.

On a per-berry basis, most of the terpenes did not show an impact
associated with irrigation treatment except for linalool, which
behaved opposite to that on a fresh weight basis by reducing its
content per-berry in the RDI treatments, and for citronellol,
which also was reduced by RDI, particularly by the two most
water-restrictive treatments. Nerol also showed an efect of RDI
on a per-berry basis; however, in this case, increasing water
restriction led to higher nerol content, particularly under the two
most water-restrictive treatments.
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β-damascenone was the only norisoprenoid afected by RDI, and
only when measured on a fresh-weight basis, and just like α-
terpineol, the 50%–100% ETa treatment had a signifcantly higher
concentration than the control, but in this case, it was not dif-
ferent from the 70% ETa and 35%–100% Eta treatments.

Regarding the benzene derivatives, benzyl alcohol, and benzal-
dehyde, RDI did not signifcantly afect their concentrations,
either on a fresh-weight or per-berry basis.

When the results were analyzed after grouping the samples by
season, signifcant diferences were found. Diferences were
practically the same when expressed on a fresh-weight or per-
berry basis. Only a few efects over metabolites founded were
consistent with warm against cool seasons, for example, cis-3-
hexen-1-ol and benzaldehyde tended to have lower concentra-
tions on both as a fresh-weight and as a per-berry basis in cooler
seasons (2020–2021; 2021–2022) and higher in warmer seasons
(2019–2020), while nerol, also as both a fresh-weight and as a per-
berry basis, showed lower concentrations in warmer seasons and
high concentrations in cold seasons.

Other aromas seem to be afected by the GDD accumulated at
harvest, where high GDD to harvest together with a late harvest,
such as 2017–2018, resulted in higher concentration of terpenes,
such as α-terpineol, citronellol, and geraniol, while cold and low
GDD accumulated at harvest (2019–2020; 2020–2021; 2021–2022)
resulted in low concentration of these aromas, both as a fresh-
weight and as aper-berry basis.

Regarding the interaction between treatment and season for
aroma composition, only a few aroma compounds showed sig-
nifcant treatment × season efects. These interactions appear to
be minor and largely attributable to the absence of treatment
diferences in certain seasons or to isolated seasonal variations in
treatment responses (see Supporting Information).

4 | Discussion

Thewater restriction levels obtained by the diferent RDI treatments
studiedwere enough to produce signifcant diferences in vinewater
status and fruit composition. Most of the diferences among
treatments with regard to plant water status were observed in the
last 4weeks leading to veraison. It is worth noting that given the
water restrictions employed in this experiment are based on an
incomplete replenishment of the water consumed by the plants
through evapotranspiration, and not on maintaining a particular
plant water status, as attempted in other experiments, the vinewater
status in this trial was variable over time.

Regarding seasonal climate, water use, and water productivity,
the results show that colder seasons were characterized by lower
ETo and ETa. During these periods, RDI treatments showed
greater diferences in water use compared to the control and
exhibited the most signifcant improvements in water pro-
ductivity, particularly in treatments applying 70% ETa and 35%–
100% ETa.

In contrast, warmer seasons such as 2019-2020 had higher ETo
and ETa, and the RDI treatments resulted in smaller gains in
both water savings and water productivity.

The reduction in Ψx md as the season progresses is a typical
behavior observed across all the seasons, particularly in RDI
treatments, as noted in other studies [15, 68, 69]. This behavior,

driven by increased environmental water demand as the season
advances, is crucial for the RDI strategy, since it helps the RDI
treatments to achieve a signifcantly diferent Ψx md from the
control vines during phenological stages when important pro-
cesses of fruit development occur, such as cell division and ex-
pansion, and phenolic compound synthesis. If the ripening
process occurred at a diferent time, when the environmental
demand is not the highest, as in other fruits, it would be chal-
lenging to have diferences in Ψx md during the phenological
stages where these changes in chemical composition are
modulated.

The impact of the RDI treatments on yield components and vine
balance was clear in all seasons studied. Likemost of the research
previously published, we found that the reduction in yield is
associated with the level of water restriction of the applied RDI
treatment [2, 7, 70]. However, the period during which water
restrictions occurred is the most relevant aspect of this re-
lationship. In this study, the 50%–100% ETa and 35%–100% ETa
treatments only had a reduction in irrigation in the period be-
tween BS to veraison, after that, even if the irrigation was in-
creased to fully replenish ETa, the impact of the RDI in that brief
period was substantial enough to impact the fnal yield and
several other traits. This supports previous evidence suggesting
that the water status in the period between BS to veraison is more
relevant than in the period veraison to harvest in terms of setting
the fnal yield and berry weight [19, 20]. Compared to the 70%
ETa treatment, which maintained a constant water restriction,
the reduction in water applied throughout the entire season was
nearly the same as for the 50%–100% ETa treatment, 26.7%
against 28.2%, but the impact on yield was not as severe, dem-
onstrating that the intensity in that period is more relevant than
the total amount of applied water during the season. This might
also be relevant to the way inwhich the water stress in these trials
is represented compared to other studies, since another popular
approach is used to demonstrate treatment diferences by ac-
cumulated water stress integral, which does not consider the
period where the stress was stronger.

In the case of pruning weight, even if it was afected by the
intensity of the water restriction, it behavedmore in line with the
long-term water reduction and the constant impact of water
defciency of the 70% ETa treatment, having a more considerable
impact on the fnal pruning weight. In fact, the proportion of
pruning weight reduction of this treatment compared to the yield
reduction was considerably higher, leading to an increase in the
Ravaz index compared to the other RDI treatments, in which the
reduction of yield against pruning weight was proportional to the
control.

As indicated before, the combination between the reduction in
berry weight and the number of berries per cluster caused the
fnal reduction in cluster weight in the RDI treatments. Even if
berry weight was almost linearly reduced as irrigation was di-
minished, a lack of diference in berry number between the two
most water-restrictive treatments, 50%–100% ETa and 35%–100%
ETa, resulted in no diferences in cluster weight and fnal yield
between these two treatments.

When examining the efects of RDI treatments on grape com-
position on a yearly basis, the diferences in some variables, such
as sugar accumulation, are small enough to be hidden under the
experimental error and natural variability, unless longer term or
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large-scale experiments, such as those of this trial, are performed.
In this study, RDI reduced the accumulation of sugars, partic-
ularly for the 35%–100% ETa, the most water-restrictive treat-
ment, possibly as a result of reduced photosynthesis, something
that was indirectly evaluated as stomatal conductance, which is
not included in this article, since it behaved similarly to Ψx md,
giving no extra information for the purpose of this study. This
trait, Ψx md, was highly reduced by limited irrigation. This
potential photosynthetic limitation will impact the maturation
process by not creating new sugars that can be sent and accu-
mulated in the fruit. Similar results showing a reduction of sugar
accumulation due to RDI treatments were found by [18, 71, 72].

Another important observation of the study is that the acidity
reduction did not perfectly align with the sugar accumulation, in
particular for the 35%–100% ETa treatment. Normally, high sugar
accumulation will be accompanied by low acidity. In this case,
the RDI had a negative impact on the acid concentration,
probably explained by the higher rates of malic acid respiration
with increasing temperatures [73–76]. Since RDI treatments tend
to reduce canopy growth and increase the light exposure of the
clusters, berries will increase their temperature, leading to higher
rates of malic acid respiration that will fnally reduce the TA of
the grape must.

With regard to the impact of RDI on the concentration of
phenolics, color, and other indices on a fresh-weight basis, which
is the most appropriate metric for assessing the potential efects
on fnal wine composition, the results are well aligned with other
publications [6, 8, 40, 77]. The total concentration on a fresh-
weight basis of anthocyanins increases with RDI, although
considerable irrigation reductions must be implemented to
generate a signifcant impact. For instance, reductions of 70% of
ETa were not enough to signifcantly modify the fnal concen-
tration of most individual or total anthocyanins. These changes
are aligned with the color intensity of the grape homogenates and
wines (data not shown), which were higher in the 50%–100% ETa
and 35%–100% ETa treatments compared to the control and 70%
ETa treatment.

Possibly, a severe water reduction before the lag phase during cell
division creates a signifcant diference not only in the total
anthocyanin concentration but also in the total tannin concen-
tration of grapes. In fact, almost the same changes observed in
anthocyanin concentration were found for the total tannin
concentration on a fresh-weight basis. The MCP assay showed
diferences between the control, 70% ETa, and 35%–100% ETa
treatments, while the Harbertson–Addams assay found difer-
ences between the groups 50%–100% ETa/35%–100% ETa
treatments and control/70% Eta treatments, meaning that the
MCP assay has a better discrimination capacity.

When comparing the concentration on a per-berry basis, the
results show that in reality, most of the anthocyanins decreased
or maintained their concentration when RDI was imposed,
mediated either by a reduction in synthesis or by an increased
degradation, which in the end resulted in a reduced total an-
thocyanin concentration mediated by RDI. The only parameter
on the anthocyanin profle on a per-berry basis that maintained
the same efect as a fresh-weight basis was the tri/di ratio, which
increased with the RDI intensity. This ratio is relevant to wine
production since a higher ratio will imply a larger proportion of
more stable tri-hydroxylated anthocyanins.

The increments observed in the concentration of monomeric
anthocyanins on a fresh-weight basis and the reduction on a per-
berry basis possibly refect both a concentration phenomenon
mediated by the reduction in berry size and changes in meta-
bolism associated with the degradation of anthocyanins and the
modulation of the polyphenolic pathway [6, 21–23, 78]. The
concentration efect can be confrmed by relating the lack of
diferences when comparing the treatments on a per-berry basis
against the increased concentration observed when comparing
the RDI treatments on a fresh-weight basis. These diferences can
only be attributed to a concentration efect mediated by re-
ductions in berry size. Also, the degradation and/or metabolism
efect of RDI can be discussed by looking at the per-berry data,
where RDI reducedmost anthocyanins; this can only be achieved
by a reduced synthesis or an increased degradation, potentially
mediated by increased temperature [79, 80]. Also, the impact of
RDI treatments on the anthocyanin profle, particularly the Tri/
Di ratio, could be related to a switch in the pathway where
metabolites either follow the F3′H path (favonoid 3′-hydroxy-
lase) or the F3′5′H (favonoid 3′,5′-hydroxylase) path as de-
scribed by [81], thus suggesting that irrigation may promote the
synthesis path of the F3′H, increasing the relative proportion of
di-hydroxylated cyanidin-derived anthocyanins, such as cyani-
din-3-O-glucoside, and the 3′-O-methylated derivatives derived
from cyanidin, such as peonidin-3-O-glucoside and peonidin-3-
O-acetyl-glucoside, pigments which are more in the blue spec-
trum [78, 82], something that also our data show in terms of
anthocyanin composition as well as color spectrum. On the other
hand, a defcit irrigationmay upregulate the F3′5′H path [77, 81],
increasing the synthesis of tri-hydroxylated delphinidin-derived
anthocyanins like delphinidin-3-O-glucoside, petunidin-3-O-
glucoside, malvidin-3-O-glucoside, malvidin-3-O-acetyl-gluco-
side, and malvidin-3-O-coumaroyl-glucoside; these anthocya-
nins, in terms of relative concentration, are the most relevant,
considerably impacting the total concentration of anthocyanins
[82], something that also was found in this study.

The results obtained in this work are relevant in terms of wine
color stability, given that a higher concentration of tri-
hydroxylated anthocyanins in grapes may contribute to having
a more stable color in wine, resulting from their ability to interact
with other molecules and their increased resistance to
pH changes and oxidation [83–85]. RDI promotes a higher rel-
ative concentration of tri-hydroxylated anthocyanins, which,
along with the other changes in color-related phenolics mediated
by RDI, could possibly allow the production of wines with
a higher overall color [86]. Our data also found that neither warm
nor cold seasons increase this ratio, but seasons with extended
periods of ripening before harvest do (GDD to harvest).

The fndings of this study related to favonols, which increased
under RDI, support the idea of RDI upregulating several genes
including favonol synthase (FLS) as previously described by [81]
and by indirect efects mediated by RDI such as increased light
exposure associated with less vigorous canopies [87]. Our data
show how the RDI increases the concentration of nearly all the
measured favonols on a fresh-weight basis, both free and gly-
cosylated, with one exception, that of free myricetin. However,
when the data are analyzed on a per-berry basis, thus excluding
the concentration efect caused by smaller berry size under RDI
treatments, the results suggest that the potential increase in
favonol synthesis, likely mediated by FLS upregulation, is only
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partial. This increase does not extend to all favonols nor to the
total favonol concentration. Specifcally, only myricetin-3-O-
glucoside and myricetin-3-O-galactoside maintained elevated
concentrations per-berry, indicating a possible synthesis en-
hancement during berry development. In contrast, quercetin-3-
O-glucoside showed no signifcant increase under RDI treat-
ments, and quercetin-3-O-galactoside even exhibited a reduction
in concentration.

In the case of favan-3-ols, the observed reduction in concen-
tration on a fresh-weight basis under RDI treatments indicates
that the decrease cannot be attributed to berry size-related
concentration efects. When analyzed on a per-berry basis, the
diferences between the control and RDI treatments became even
more pronounced, confrming a genuine reduction in favan-3-ol
content due to RDI. This reduction was particularly evident in
the most abundant compounds, catechin and epicatechin. Since
favan-3-ols are distributed in both the skin and seeds, and since
our measurements did not diferentiate between these tissues, it
remains unclear whether the observed decrease is due to reduced
accumulation in the skin, the seeds, both, or a shift in the seed-
to-pulp ratio among treatments. The same discussion applies to
phenolic acids which showed reductions mediated by RDI.

When looking at the results of aroma composition expressed on
a fresh-weight basis, it is clear that for the majority of volatiles,
a defcit irrigation will increase their concentration, in some cases
almost linearly as for hexanal, linalool, and nerol, with the highest
concentration observed at themost water-restrictive RDI treatments
(i.e., 50%–100% ETa and 35%–100% ETa). Cineoles, α-terpineol, and
β-damascenone were more concentrated in the 50%–100% ETa
treatment, suggesting that water restrictions should be applied
during berry development stages between berry set and veraison. On
the other hand, molecules like IBMP increase when the defcit
irrigation is sustained during the entire berry development period,
as in the 70% ETa treatment. The increase in IBMP in this treatment
was evident both on a fresh-weight and per-berry basis. However,
under the two most water-restrictive treatments, IBMP concen-
trations decreased on a per-berry basis, suggesting that more severe
water stressmay actually reduce IBMP levels. Notably, the reduction
in berry size under two most water-restrictive treatments led to
a concentration efect on a fresh-weight basis that masked the
decrease in per-berry IBMP content, indicating that the observed
reduction on a per-berry basis is likely due to degradation. Other
aromas where the concentration phenomenon mediated by re-
ductions in berry weight masked a decrease in concentration on
a per-berry basis were linalool and citronellol, which were reduced
by RDI treatments, particularly by the two most water-restrictive
treatments. Other aromas such as cineoles, α-terpineol, nerol, and β-
damascenone did not show diferences on a per-berry basis,
meaning that in this case the concentration found as a fresh-weight
basis on the RDI treatments is mainly driven by a reduction in
berry size.

Other work conducted elsewhere has shown that defoliation
treatments have also resulted in higher concentrations of some
volatiles like linalool [88]. Nevertheless, summarizing our re-
sults, it is important to recognize that independently of the water
restriction level, or the period of irrigation restriction, RDI will
most likely increase the concentration of aromas on the grapes,
either positives such as α-terpineol and β-damascenone or un-
desirables such as IBMP.

The period during which the water restriction was applied, as
well as the level of diference in plant water status, is key to
efectively compare the outcomes of this and other trials. Also,
since water restrictions are based on ETa replenishment, the
diferent variables associated with the ET demand such as
temperature, relative humidity, radiation, and wind speed [89]
must be independently considered, as they impact vine behavior
in diferent ways. For instance, for the same ET demand, the
impact will be diferent, depending on whether originated by
high wind and low RH or by elevated temperature and high
radiation. This is an important consideration to keep in mind
when comparing results between regions, since the same RDI
will have a diferent impact on the vine depending on the
contribution of each of these variables on the ET. Like so, an
additional idea to ponder is that the concept of stress measured as
stem water potential depends not only on soil water availability
but also on the environment demand, which is based on the
variables already listed.

Despite several positive impacts of RDI on grape composition,
a clear reduction in yieldmediated by RDImust be considered. In
this trial, to achieve most of the positive efects, RDI needs to
reach at least 50% of the ETa, particularly from pea size to
veraison. Treatments like 70% ETa, with a consistent low water
restriction, did not signifcantly enhance grape composition
compared to the control. However, it results in a considerable
yield reduction.

5 | Conclusions

RDI is a technique that, besides contributing to saving water, can
have signifcant impacts on vine productivity and composition
traits. The changes observed in grape chemical composition are
mainly associated with a concentration phenomenon derived
from a reduced berry size, and to changes in the metabolism of
grapes. TA, TSS, and phenolics most likely respond to changes in
metabolism, including respiration, degradation, and changes in
the metabolic route of synthesis. The increased concentration of
anthocyanins under RDI treatments is primarily driven by the
reduction in berry weight, rather than by enhanced biosynthesis.
On a per-berry basis, RDI leads to a decrease in anthocyanin
concentration, indicating that the observed increase on a fresh-
weight basis is largely a concentration efect. Similarly, favonol
concentration on a berry fresh-weight basis is mainly infuenced
by berry size reduction; however, specifc compounds such as
myricetin-3-O-glucoside and myricetin-3-O-galactoside showed
increased concentrations on a per-berry basis, suggesting gen-
uine upregulation of synthesis or reduced degradation in those
cases. Flavan-3-ols, on the other hand, actually get reduced on
the fruit, both as a fresh-weight and a per-berry basis, with no
efects associated with berry weight. With regard to aromas, the
increased concentration found on a fresh-weight basis is mainly
driven by reduction in berry size, since most aromas do not show
signifcant diferences mediated by RDI on a per-berry basis, and
some of them even show a reduction on a per-berry basis, i.e.,
cineoles, α-terpineol, nerol, and β-damascenone, that was
masked by the concentration efect mediated by berry size. In-
dependently of the mechanisms explaining the changes in
concentration on a fresh-weight basis that were observed, most of
them are positive with respect to wine quality, with increasing
concentrations of positive metabolites and characteristics such as
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lower TSS, higher anthocyanins with a higher proportion of tri-
hydroxylated, increased YAN, and increased favonol concen-
tration. Regarding the efect of RDI treatments on aroma com-
position, the overall efect of RDI is less clearly benefcial, since
most of the aromas were more concentrated under RDI treat-
ments, including positive and potentially negative aromas.

Although defcit irrigation contributes to positive changes in
grape composition, the specifc protocol and intensity of RDI are
crucial. Slight restrictions, such as 70% of ETa, even if constant
and maintained until harvest, will not generate a substantially
positive impact and will only reduce yield, which is the main
adverse efect of RDI. To achieve most of the positive impacts,
RDI needs to reach at least 50% of the ETa, particularly during
pea size to veraison.

Acknowledgments

We are deeply indebted to Viña Concha y Toro´s agriculture unit for
helping us to run the experiments and to the Ph.D. in Agriscience
Program of Universidad de Talca for granting a PhD scholarship to the
frst author. We would also like to thank ANID for funding the Fondecyt
1230500 project, which provided essential support for this research.

Funding

This researchwas funded by Viña Concha y Toro with the help of CORFO
under R&D Chilean law (project code PI-3352).

Conficts of Interest

The authors declare no conficts of interest.

Data Availability Statement

Data can be shared upon reasonable request.

References

1. B. Basile, J. Marsal, M. Mata, X. Vallverdú, J. Bellvert, and J. Girona,
“Phenological Sensitivity of Cabernet Sauvignon to Water Stress: Vine
Physiology and Berry Composition,” American Journal of Enology and
Viticulture 62, no. 4 (2011): 452–461, https://doi.org/10.5344/
AJEV.2011.11003.

2. S. Ortega-Farias, E. Fereres, and V. O. Sadras, “Special Issue on Water
Management in Grapevines,” Irrigation Science 30, no. 5 (2012): 335–337,
https://doi.org/10.1007/S00271-012-0356-Y/METRICS.

3. S. Ortega-Farias and · D. S. Intrigliolo, “Special Issue: Multiscale
Technologies for Irrigation Management,” Irrigation Science 39 (2021):
1–3, https://doi.org/10.1007/s00271-020-00717-9.

4. P. Romero, R. Gil-Muñoz, F. M. del Amor, E. Valdés, J. I. Fernández,
and A. Martinez-Cutillas, “Regulated Defcit Irrigation Based upon
Optimum Water Status Improves Phenolic Composition in Monastrell
Grapes and Wines,” Agricultural Water Management 121 (2013): 85–101,
https://doi.org/10.1016/J.AGWAT.2013.01.007.

5. M. Zúñiga, S. Ortega-Farías, S. Fuentes, C. Riveros-Burgos, and
C. Poblete-Echeverría, “Efects of Three Irrigation Strategies on Gas
Exchange Relationships, Plant Water Status, Yield Components and
Water Productivity on Grafted Carménère Grapevines,” Frontiers in Plant
Science 9 (2018): 992, https://doi.org/10.3389/fpls.2018.00992.

6. A. Cáceres-Mella, M. I. Talaverano, L. Villalobos-González,
C. Ribalta-Pizarro, and C. Pastenes, “Controlled Water Defcit During
Ripening Afects Proanthocyanidin Synthesis, Concentration and
Composition in Cabernet Sauvignon Grape Skins,” Plant Physiology
and Biochemistry 117 (2017): 34–41, https://doi.org/10.1016/
j.plaphy.2017.05.015.

7. M. C. Ruiz-Sanchez, R. Domingo, and J. R. Castel, “Defcit Irrigation in
Fruit Trees and Vines in Spain. A Review,” Impreso 8, no. SUPPL. 2
(2010): S5–S20, https://doi.org/10.5424/SJAR/201008S2-1343.

8. I. Talaverano, C. Ubeda, A. Cáceres-Mella, M. E. Valdés, C. Pastenes,
and Á. Peña-Neira, “Water Stress and Ripeness Efects on the Volatile
Composition of Cabernet Sauvignon Wines,” Journal of the Science of
Food and Agriculture 98, no. 3 (2018): 1140–1152, https://doi.org/
10.1002/jsfa.8565.

9. R. Wang, P. Yan, Q. Sun, et al., “Efects of Regulated Defcit Irrigation
on the Growth and Berry Composition of Cabernet Sauvignon in
Ningxia,” International Journal of Agricultural and Biological Engineering
12, no. 6 (2019): 102–109, https://doi.org/10.25165/IJABE.V12I6.5206.

10. J. Martínez-Lüscher, L. Brillante, and S. K. Kurtural, “Flavonol
Profle is a Reliable Indicator to Assess Canopy Architecture and the
Exposure of Red Wine Grapes to Solar Radiation,” Frontiers in Plant
Science 10 (2019): 430495, https://doi.org/10.3389/FPLS.2019.00010/
BIBTEX.

11. C. Acevedo-Opazo, S. Ortega-Farias, and S. Fuentes, “Efects of
Grapevine (Vitis vinifera L.) Water Status on Water Consumption,
Vegetative Growth and Grape Quality: an Irrigation Scheduling Appli-
cation to Achieve Regulated Defcit Irrigation,” Agricultural Water
Management 97, no. 7 (2010): 956–964, https://doi.org/10.1016/
j.agwat.2010.01.025.

12. M. L. De La Hera Orts, A. Martínez-Cutillas, J. M. López-Roca, and
E. Gómez-Plaza, “Efect of Moderate Irrigation on Grape Composition
During Ripening,” Spanish Journal of Agricultural Research 3 (2005):
352–361, https://doi.org/10.5424/sjar/2005033-158.

13. M. a. Esteban, M. J. Villanueva, and J. R. Lissarrague, “Efect of
Irrigation on Changes in Berry Composition of Tempranillo During
Maturation. Sugars, Organic Acids, and Mineral Elements,” American
Journal of Enology and Viticulture 50, no. 4 (1999): 418–434, https://
doi.org/10.5344/ajev.1999.50.4.418.

14. A. Ezzahouani and L. E. Williams, “Efect of Irrigation Amount and
Preharvest Irrigation Cutof Date on Vine Water Status and Productivity
of Danlas Grapevines,” American Journal of Enology and Viticulture 58,
no. 3 (2007): 333–340, https://doi.org/10.5344/ajev.2007.58.3.333.

15. D. S. Intrigliolo and J. R. Castel, “Efects of Irrigation on the Per-
formance of Grapevine Cv. Tempranillo in Requena, Spain,” American
Journal of Enology and Viticulture 59, no. 1 (2008): 30–38, https://doi.org/
10.5344/ajev.2008.59.1.30.

16. M.-I. López, M.-T. Sanchez, P. R. Antonio Díaz, and J. Morales,
“Infuence of a Defcit Irrigation Regime During Ripening on Berry
Composition in Grapevines (Vitis vinifera L.) Grown in Semi-arid Areas,”
International Journal of Food Sciences & Nutrition 58, no. November
(2007): 491–507, https://doi.org/10.1080/09637480701311801.

17. A. G. Reynolds, W. D. Lowrey, and C. De Savigny, “Infuence of
Irrigation and Fertigation on Fruit Composition, Vine Performance, and
Water Relations of Concord and Niagara Grapevines,” American Journal
of Enology and Viticulture 56, no. 2 (2005): 110–128, https://doi.org/
10.5344/ajev.2005.56.2.110.

18. K. C. Shellie, “Vine and Berry Response of Merlot (Vitis vinifera L.) to
Diferential Water Stress,” American Journal of Enology and Viticulture
57, no. 4 (2006): 514–518, https://doi.org/10.5344/ajev.2006.57.4.514.

19. H. Ojeda, A. Deloire, and A. Carbonneau, “Infuence of Water
Defcits on Grape Berry Growth,” Vitis 40, no. 3 (2001): 141–145.

20. M. G. Mc Carthy, “The Efect of Transient Water Defcit on Berry
Development of Cv. Shiraz (Vitis vinifera L.),” Australian Journal of
Grape and Wine Research 3, no. 3 (1997): 2–8, https://doi.org/10.1111/
j.1755-0238.1997.tb00128.x.

21. A. Alatzas, S. Theocharis, D. E. Miliordos, et al., “The Efect of Water
Defcit on Two Greek Vitis vinifera L. Cultivars: Physiology, Grape
Composition and Gene Expression During Berry Development,” Plants
10, no. 9 (2021): 1947, https://doi.org/10.3390/PLANTS10091947/S1.

20 of 23 Australian Journal of Grape and Wine Research, 2026

http://doi.org/10.5344/AJEV.2011.11003
http://doi.org/10.5344/AJEV.2011.11003
http://doi.org/10.1007/S00271-012-0356-Y/METRICS
http://doi.org/10.1007/s00271-020-00717-9
http://doi.org/10.1016/J.AGWAT.2013.01.007
http://doi.org/10.3389/fpls.2018.00992
http://doi.org/10.1016/j.plaphy.2017.05.015
http://doi.org/10.1016/j.plaphy.2017.05.015
http://doi.org/10.5424/SJAR/201008S2-1343
http://doi.org/10.1002/jsfa.8565
http://doi.org/10.1002/jsfa.8565
http://doi.org/10.25165/IJABE.V12I6.5206
http://doi.org/10.3389/FPLS.2019.00010/BIBTEX
http://doi.org/10.3389/FPLS.2019.00010/BIBTEX
http://doi.org/10.1016/j.agwat.2010.01.025
http://doi.org/10.1016/j.agwat.2010.01.025
http://doi.org/10.5424/sjar/2005033-158
http://doi.org/10.5344/ajev.1999.50.4.418
http://doi.org/10.5344/ajev.1999.50.4.418
http://doi.org/10.5344/ajev.2007.58.3.333
http://doi.org/10.5344/ajev.2008.59.1.30
http://doi.org/10.5344/ajev.2008.59.1.30
http://doi.org/10.1080/09637480701311801
http://doi.org/10.5344/ajev.2005.56.2.110
http://doi.org/10.5344/ajev.2005.56.2.110
http://doi.org/10.5344/ajev.2006.57.4.514
http://doi.org/10.1111/j.1755-0238.1997.tb00128.x
http://doi.org/10.1111/j.1755-0238.1997.tb00128.x
http://doi.org/10.3390/PLANTS10091947/S1


22. M. M. Chaves, O. Zarrouk, R. Francisco, et al., “Grapevine Under
Defcit Irrigation: Hints from Physiological and Molecular Data,” Annals
of Botany 105, no. 5 (2010): 661–676, https://doi.org/10.1093/AOB/
MCQ030.

23. L. G. Deluc, D. R. Quilici, A. Decendit, et al., “Water Defcit Alters
Diferentially Metabolic Pathways Afecting Important Flavor and
Quality Traits in Grape Berries of Cabernet Sauvignon and Chardonnay,”
BMC Genomics 10, no. 1 (2009): 1–33, https://doi.org/10.1186/1471-2164-
10-212/TABLES/2.

24. B. Yang, S. He, Y. Liu, et al., “Transcriptomics Integrated with
Metabolomics Reveals the Efect of Regulated Defcit Irrigation on
Anthocyanin Biosynthesis in Cabernet Sauvignon Grape Berries,” Food
Chemistry 314, no. December 2019 (2020): 126170, https://doi.org/
10.1016/j.foodchem.2020.126170.

25. A. Ferrandino and C. Lovisolo, “Abiotic Stress Efects on Grapevine
(Vitis vinifera L.): Focus on Abscisic acid-mediated Consequences on
Secondary Metabolism and Berry Quality,” Environmental and Experi-
mental Botany 103 (2014): 138–147, https://doi.org/10.1016/
J.ENVEXPBOT.2013.10.012.

26. L. Villalobos-González, A. Peña-Neira, F. Ibáñez, and C. Pastenes,
“Long-Term Efects of Abscisic Acid (ABA) on the Grape Berry Phe-
nylpropanoid Pathway: Gene Expression and Metabolite Content,” Plant
Physiology and Biochemistry 105 (2016): 213–223, https://doi.org/
10.1016/J.PLAPHY.2016.04.012.

27. L. F. Casassa, M. Keller, and J. F. Harbertson, “Regulated Defcit
Irrigation Alters Anthocyanins, Tannins and Sensory Properties of
Cabernet Sauvignon Grapes and Wines,” Molecules 20, no. 5 (2015):
7820–7844, https://doi.org/10.3390/molecules20057820.

28. M. M. Chaves, T. P. Santos, C. R. Souza, et al., “Defcit Irrigation in
Grapevine Improves water-use Efciency While Controlling Vigour and
ProductionQuality,”Annals of Applied Biology 150, no. 2 (2007): 237–252,
https://doi.org/10.1111/j.1744-7348.2006.00123.x.

29. A. Fernandes de Oliveira, M. G. Mameli, L. de Pau, D. Satta, and
G. Nieddu, “Defcit Irrigation Strategies in Vitis vinifera L. cv. Cannonau
Under Mediterranean Climate. Part I-physiological Responses, Growth,
Yield and Berry Composition,” South African Journal for Enology and
Viticulture 34, no. 2 (2013): 170–183, https://doi.org/10.21548/34-2-1092.

30. J. a. Kennedy, M. a. Matthews, and A. L. Waterhouse, “Efect of
Maturity and Vine Water Status on Grape Skin and Wine Flavonoids,”
American Journal of Enology and Viticulture 53, no. 4 (2002): 268–274,
https://doi.org/10.5344/ajev.2002.53.4.268.

31. N. Torres, R. Yu, J. Martinez-Luscher, et al., “Shifts in the Phenolic
Composition and Aromatic Profles of Cabernet Sauvignon (Vitis vinifera
L.) Wines are Driven by Diferent Irrigation Amounts in a Hot Climate,”
Food Chemistry 371 (2022): 131163, https://doi.org/10.1016/
J.FOODCHEM.2021.131163.

32. S. Vargas, A. González, V. F. Laurie, N. Dokoozlian, and
S. Ortega-Farías, “Regulated Defcit Irrigation on ‘Cabernet Sauvignon’
Grapes: Impact on Aroma and Phenolic Composition,” Acta Horti-
culturae 1390 (2024): 177–186, https://doi.org/10.17660/
ACTAHORTIC.2024.1390.22.

33. S. Zhuang, Q. Sun, P. Sabbatini, K. Lund, and M. Fidelibus, “Me-
chanical Fruit-Zone Leaf Removal and Defcit Irrigation Practices In-
teract to Afect Yield and Fruit Quality of Cabernet Sauvignon Grown in
a Hot Climate,” American Journal of Enology and Viticulture 74, no. 2
(2023): 0740039, https://doi.org/10.5344/AJEV.2023.23059.

34. T. P. dos Santos, C. M. Lopes, M. Lucília Rodrigues, et al., “Efects of
Defcit Irrigation Strategies on Cluster Microclimate for Improving
Fruit Composition of Moscatel feld-grown Grapevines,” Scientia
Horticulturae 112, no. 3 (2007): 321–330, https://doi.org/10.1016/
j.scienta.2007.01.006.

35. P. Sivilotti, C. Bonetto, M. Paladin, and E. Peterlunger, “Efect of Soil
Moisture Availability on Merlot: from Leaf Water Potential to Grape

Composition,” American Journal of Enology and Viticulture 56, no. 1
(2005): 9–18, https://doi.org/10.5344/ajev.2005.56.1.09.

36. M. J. García-Esparza, I. Abrisqueta, I. Escriche, D. S. Intrigliolo,
I. Álvarez, andV. Lizama, “Volatile Compounds and Phenolic Composition
of Skins and Seeds of “Cabernet Sauvignon”Grapes Under DiferentDefcit
Irrigation Regimes,” VITIS Journal of Grapevine Research 57, no. 3 (2018):
83–91, https://doi.org/10.5073/VITIS.2018.57.83-91.

37. M. Keller, “Defcit Irrigation and Vine Mineral Nutrition,” American
Journal of Enology and Viticulture 56, no. 3 (2005): 267–283.

38. N. Torres, R. Yu, J. Martínez-Lüscher, E. Kostaki, and S. K. Kurtural,
“Efects of Irrigation at Diferent Fractions of Crop Evapotranspiration on
Water Productivity and Flavonoid Composition of Cabernet Sauvignon
Grapevine,” Frontiers in Plant Science 12 (2021): 1858, https://doi.org/
10.3389/FPLS.2021.712622/BIBTEX.

39. E. P. Pérez-Álvarez, D. S. Intrigliolo Molina, G. A. Vivaldi,
M. J. García-Esparza, V. Lizama, and I. Álvarez, “Efects of the Irrigation
Regimes on Grapevine Cv. Bobal in a Mediterranean Climate: I. Water
Relations, Vine Performance and Grape Composition,” Agricultural
Water Management 248 (2021): 106772, https://doi.org/10.1016/
J.AGWAT.2021.106772.

40. S. Savoi, J. C. Herrera, S. Carlin, et al., “From Grape Berries to Wines:
Drought Impacts on Key Secondary Metabolites,” OENO One 54, no. 3
(2020): 569–582, https://doi.org/10.20870/oeno-one.2020.54.3.3093.

41. N. Theodorou, N. Nikolaou, E. Zioziou, et al., “Anthocyanin Content
and Composition in Four Red Winegrape Cultivars (Vitis vinifera L.)
Under Variable Irrigation: Anthocyanin Content and CompositionUnder
Variable Irrigation,” OENO One 53, no. 1 (2019): 39–51, https://doi.org/
10.20870/OENO-ONE.2019.53.1.2366.

42. M. O. Downey, J. S. Harvey, S. P. Robinson, et al., “The Efect of
Bunch Shading on Berry Development and Flavonoid Accumulation in
Shiraz Grapes,”Australian Journal of Grape andWine Research 10, no. 10
(2004): 55–73, https://doi.org/10.1111/j.1755-0238.2004.tb00008.x.

43. S. Spayd, J. Tarara, D. Mee, and J. C. Ferguson, “Separation of
Sunlight and Temperature Efects on the,” American Society for Enology
and Viticulture 3, no. April (2002): 1–4.

44. M. Keller, P. Romero, H. Gohil, et al., “Defcit Irrigation Alters
Grapevine Growth, Physiology, and Fruit Microclimate,” American
Journal of Enology and Viticulture 67, no. 4 (2016): 426–435, https://
doi.org/10.5344/ajev.2016.16032.

45. D. M. Chapman, G. Roby, S. E. Ebeler, J.-X. Guinard, and
M. A. Mathews, “Sensory Attributes of Cabernet Sauvignon Wines Made
fromVines with DiferentWater Status,”Australian Journal of Grape and
Wine Research 11, no. 3 (2005): 339–347, https://doi.org/10.1111/j.1755-
0238.2005.tb00033.x.

46. M. P.Mendez-Costabel, K. L.Wilkinson, S. E. P. Bastian, et al., “Efect
of Increased Irrigation and Additional Nitrogen Fertilisation on the
Concentration of Green Aroma Compounds in V Itis Vinifera L. Merlot
Fruit andWine,”Australian Journal of Grape andWine Research 20, no. 1
(2014): 80–90, https://doi.org/10.1111/ajgw.12062.

47. C. Van Leeuwen, J.-C. Barbe, P. Darriet, et al., “Recent Advance-
ments in Understanding the Terroir Efect on Aromas in Grapes and
Wines,” OENO One 54, no. 4 (2020): 985–1006, https://doi.org/10.20870/
oeno-one.2020.54.4.3983.

48. K. A. Bindon, P. R. Dry, and B. R. Loveys, “Infuence of Plant Water
Status on the Production of C13- Norisoprenoid Precursors in Vitis vi-
nifera L. Cv. Cabernet Sauvignon Grape Berries,” Journal of Agricultural
and Food Chemistry 55, no. 11 (2007): 4493–4500, https://doi.org/
10.1021/jf063331p.

49. L. Brillante, J. Martínez-Lüscher, and S. K. Kurtural, “Applied Water
and Mechanical Canopy Management Afect Berry and Wine Phenolic
and Aroma Composition of Grapevine (Vitis vinifera L., Cv. Syrah) in
Central California,” Scientia Horticulturae 227 (2018): 261–271, https://
doi.org/10.1016/J.SCIENTA.2017.09.048.

Australian Journal of Grape and Wine Research, 2026 21 of 23

http://doi.org/10.1093/AOB/MCQ030
http://doi.org/10.1093/AOB/MCQ030
http://doi.org/10.1186/1471-2164-10-212/TABLES/2
http://doi.org/10.1186/1471-2164-10-212/TABLES/2
http://doi.org/10.1016/j.foodchem.2020.126170
http://doi.org/10.1016/j.foodchem.2020.126170
http://doi.org/10.1016/J.ENVEXPBOT.2013.10.012
http://doi.org/10.1016/J.ENVEXPBOT.2013.10.012
http://doi.org/10.1016/J.PLAPHY.2016.04.012
http://doi.org/10.1016/J.PLAPHY.2016.04.012
http://doi.org/10.3390/molecules20057820
http://doi.org/10.1111/j.1744-7348.2006.00123.x
http://doi.org/10.21548/34-2-1092
http://doi.org/10.5344/ajev.2002.53.4.268
http://doi.org/10.1016/J.FOODCHEM.2021.131163
http://doi.org/10.1016/J.FOODCHEM.2021.131163
http://doi.org/10.17660/ACTAHORTIC.2024.1390.22
http://doi.org/10.17660/ACTAHORTIC.2024.1390.22
http://doi.org/10.5344/AJEV.2023.23059
http://doi.org/10.1016/j.scienta.2007.01.006
http://doi.org/10.1016/j.scienta.2007.01.006
http://doi.org/10.5344/ajev.2005.56.1.09
http://doi.org/10.5073/VITIS.2018.57.83-91
http://doi.org/10.3389/FPLS.2021.712622/BIBTEX
http://doi.org/10.3389/FPLS.2021.712622/BIBTEX
http://doi.org/10.1016/J.AGWAT.2021.106772
http://doi.org/10.1016/J.AGWAT.2021.106772
http://doi.org/10.20870/oeno-one.2020.54.3.3093
http://doi.org/10.20870/OENO-ONE.2019.53.1.2366
http://doi.org/10.20870/OENO-ONE.2019.53.1.2366
http://doi.org/10.1111/j.1755-0238.2004.tb00008.x
http://doi.org/10.5344/ajev.2016.16032
http://doi.org/10.5344/ajev.2016.16032
http://doi.org/10.1111/j.1755-0238.2005.tb00033.x
http://doi.org/10.1111/j.1755-0238.2005.tb00033.x
http://doi.org/10.1111/ajgw.12062
http://doi.org/10.20870/oeno-one.2020.54.4.3983
http://doi.org/10.20870/oeno-one.2020.54.4.3983
http://doi.org/10.1021/jf063331p
http://doi.org/10.1021/jf063331p
http://doi.org/10.1016/J.SCIENTA.2017.09.048
http://doi.org/10.1016/J.SCIENTA.2017.09.048


50. J. D. Dunlevy, K. L. Soole, M. V. Perkins, E. L. Nicholson,
S. M. Mafei, and P. K. Boss, “Determining the Methoxypyrazine
Biosynthesis Variables Afected by Light Exposure and Crop Level in
Cabernet Sauvignon,” American Journal of Enology and Viticulture 64,
no. 4 (2013): 450–458, https://doi.org/10.5344/ajev.2013.13070.

51. A. Koch, S. E. Ebeler, L. E. Williams, and M. A. Matthews, “Fruit
Ripening in Vitis Vinifera: Light Intensity Before and Not During Rip-
ening Determines the Concentration of 2-methoxy-3-isobutylpyrazine in
Cabernet Sauvignon Berries,” Physiologia Plantarum 145, no. 2 (2012):
275–285, https://doi.org/10.1111/j.1399-3054.2012.01572.x.

52. Dirección General de Aguas de Chile, “Boletin Hidrológico N° 557
Informe Septiembre 2024. INFORMACIÓN PLUVIOMÉTRICA, FLU-
VIOMÉTRICA, ESTADO DE EMBALSES Y AGUAS SUBTERRÁNEAS,
557(557)” (2024).

53. F. Santibáñez, P. Santibáñez, C. Caroca, et al., Evapotranspiración De
Referencia Para La Determinación De Las Demandas De Riego En Chile,
1st ed ed. (2015), https://bibliotecadigital.ciren.cl/items/1a27ef99-e260-
4c17-832f-2797bf52087f.

54. C. Poblete-Echeverría and S. Ortega-Farias, “Estimation of Vineyard
Evapotranspiration Using the Surface Renewal and Residual Energy
Balance Methods,” Acta Horticulturae 1038 (2014): 633–638, https://
doi.org/10.17660/ACTAHORTIC.2014.1038.80.

55. R. L. Snyder, D. Spano, and K. T. Paw U, “Surface Renewal Analysis
for Sensible and Latent Heat Flux Density,” Boundary-Layer Meteorology
77, no. 3–4 (1996): 249–266, https://doi.org/10.1007/BF00123527.

56. D. Spano, R. L. Snyder, P. Duce, and K. T. Paw U, “Estimating
Sensible and Latent Heat Flux Densities from Grapevine Canopies Using
Surface Renewal,” Agricultural and Forest Meteorology 104, no. 3 (2000):
171–183, https://doi.org/10.1016/S0168-1923(00)00167-2.

57. A. D. Levin, “Re-evaluating Pressure Chamber Methods of Water
Status Determination in feld-grown Grapevine (Vitis spp.),” Agricultural
Water Management 221 (2019): 422–429, https://doi.org/10.1016/
J.AGWAT.2019.03.026.

58. F. Zalom, P. Goodell, L. T. Wilson, W. Barnett, and W. Bentley,
“Degree-Days, the Calculation and Use of Heat Units in Pest Manage-
ment: University of California Division of Agriculture and Natural Re-
sources Leafet 21373,” in UC Davis Cooperative Extension (1983), 2–11.

59. S. Ortega-Farias and C. Riveros-Burgos, “Modeling Phenology of
Four Grapevine cultivars (Vitis vinifera L.) in Mediterranean Climate
Conditions,” Scientia Horticulturae 250 (2019): 38–44, https://doi.org/
10.1016/J.SCIENTA.2019.02.025.

60. D. Schober, A. Gilmore, L. Chen, J. Zincker, and A. Gonzalez,
“Determination of Cabernet Sauvignon Wine Quality Parameters in
Chile by Absorbance-Transmission and Fluorescence Excitation Emis-
sion Matrix (A-TEEM) Spectroscopy,” Food Chemistry 392 (2022):
133101, https://doi.org/10.1016/J.FOODCHEM.2022.133101.

61. S. Vargas, M. Cazorla, E. Bordeu, G. Casaubon, and A. Á. S. González,
“Evaluation of Leaf Removal Strategies and Cluster Radiation Protection
on Grape and Wine Quality of Vitis vinifera L. ‘Cabernet Sauvignon,”
Acta Horticulturae 1188 (2017): 97–104, https://doi.org/10.17660/
ActaHortic.2017.1188.13.

62. Oiv (Organisation International de la Vigne et du Vin), Compendium of
International Methods of Wine and Must Analysis (2020), http://www.oiv.i
nt/en/normes-et-documents-techniques/methodes-danalyse/recueil-des-me
thodes-internationales-danalyse-des-vins-et-des-mouts-2-vol.

63. A. Belancic and E. Agosin, “Methoxypyrazines in Grapes and Wines of
Vitis vinifera Cv. Carmenere,” American Journal of Enology and Viticulture
58, no. 4 (2007): 462–469, https://doi.org/10.5344/ajev.2007.58.4.462.

64. D. Hampel, A. L. Robinson, A. J. Johnson, and S. E. Ebeler, “Direct
Hydrolysis and Analysis of Glycosidically Bound Aroma Compounds in
Grapes and Wines: Comparison of Hydrolysis Conditions and Sample
Preparation Methods,” Australian Journal of Grape and Wine Research
20, no. 3 (2014): 361–377, https://doi.org/10.1111/ajgw.12087.

65. Oiv (Organisation International de la Vigne et du Vin), “HPLC-
Determination of Nine Major Anthocyanins in Red and Rosé Wine,-
Method OIV-MA-AS315-11,” OIV Method 2007 (2007): 1–13.

66. J. F. Harbertson, E. a. Picciotto, and D. O. Adams, “Measurement of
Polymeric Pigments in Grape Berry Extracts and Wines Using a Protein
Precipitation Assay Combined with Bisulfte Bleaching,” American
Journal of Enology and Viticulture 54, no. 4 (2003): 301–306, https://
doi.org/10.5344/ajev.2003.54.4.301.

67. C. J. Sarneckis, R. G. Dambergs, P. Jones, M. Mercurio,
M. J. Herderich, and P. A. Smith, “Quantifcation of Condensed Tannins
by Precipitation with Methyl Cellulose: Development and Validation of
an Optimised Tool for Grape and Wine Analysis,” Australian Journal of
Grape andWine Research 12, no. 1 (2006): 39–49, https://doi.org/10.1111/
j.1755-0238.2006.tb00042.x.

68. S. Munitz, Y. Netzer, and A. Schwartz, “Sustained and Regulated
Defcit Irrigation of feld-grown Merlot Grapevines,” Australian Journal
of Grape and Wine Research 23, no. 1 (2017): 87–94, https://doi.org/
10.1111/ajgw.12241.

69. S. Munitz, A. Schwartz, Y. Netzer, and Y. Netzer, “Efect of Timing of
Irrigation Initiation on Vegetative Growth, Physiology and Yield Pa-
rameters in Cabernet Sauvignon Grapevines,” Australian Journal of
Grape and Wine Research 26, no. 3 (2020): 220–232, https://doi.org/
10.1111/ajgw.12435.

70. T. Scholasch and M. Rienth, “Review of Water Defcit Mediated
Changes in Vine and Berry Physiology; Consequences for the Optimi-
zation of Irrigation Strategies,” OENO One 53, no. 3 (2019): 423–444,
https://doi.org/10.20870/OENO-ONE.2019.53.3.2407.

71. L. F. Casassa, M. Keller, and J. F. Harbertson, “Regulated Defcit
Irrigation Alters Anthocyanins, Tannins and Sensory Properties of
Cabernet Sauvignon Grapes and Wines,” Molecules 20, no. 5 (2015):
7820–7844, https://doi.org/10.3390/MOLECULES20057820.

72. K. C. Shellie, “Interactive Efects of Defcit Irrigation and Berry
Exposure Aspect onMerlot and Cabernet Sauvignon in an Arid Climate,”
American Journal of Enology and Viticulture 62, no. 4 (2011): 462–470,
https://doi.org/10.5344/ajev.2011.10103.

73. N. M. Cooley, P. R. Clingelefer, and R. R. Walker, “Efect of Water
Defcits and Season on Berry Development and Composition of Cabernet
Sauvignon (Vitis vinifera L.) Grown in a Hot Climate,” Australian
Journal of Grape and Wine Research 23, no. 2 (2017): 260–272, https://
doi.org/10.1111/AJGW.12274.

74. W. M. Kliewer, “Infuence of Environment onMetabolism of Organic
Acids and Carbohydrates in Vitis Vinifera. I. Temperature,” Plant
Physiology 39, no. 6 (1964): 869–880, https://doi.org/10.1104/PP.39.6.869.

75. S. Y. Rogiers, D. H. Greer, Y. Liu, T. Baby, and Z. Xiao, “Impact of
Climate Change on Grape Berry Ripening: an Assessment of Adaptation
Strategies for the Australian Vineyard,” Frontiers in Plant Science 13
(2022): 1094633, https://doi.org/10.3389/FPLS.2022.1094633/PDF.

76. C. Sweetman, V. O. Sadras, R. D. Hancock, K. L. Soole, and
C. M. Ford, “Metabolic Efects of Elevated Temperature on Organic Acid
Degradation in Ripening Vitis vinifera Fruit,” Journal of Experimental
Botany 65, no. 20 (2014): 5975–5988, https://doi.org/10.1093/JXB/
ERU343.

77. S. D. Castellarin,M. A.Matthews, G. Di Gaspero, and G. A. Gambetta,
“Water Defcits Accelerate Ripening and Induce Changes in Gene Ex-
pression Regulating Flavonoid Biosynthesis in Grape Berries,” Planta
227, no. 1 (2007): 101–112, https://doi.org/10.1007/s00425-007-0598-8.

78. P. K. Boss, C. Davies, and S. P. Robinson, “Analysis of the Expression of
Anthocyanin Pathway Genes in Developing Vitis vinifera L. Cv Shiraz Grape
Berries and the Implications for Pathway Regulation,” Plant Physiology 111,
no. 4 (1996): 1059–1066, https://doi.org/10.1104/PP.111.4.1059.

79. J. Bergqvist, N. Dokoozlian, and N. Ebisuda, “Sunlight Exposure and
Temperature Efects on Berry Growth and Composition of Cabernet

22 of 23 Australian Journal of Grape and Wine Research, 2026

http://doi.org/10.5344/ajev.2013.13070
http://doi.org/10.1111/j.1399-3054.2012.01572.x
https://bibliotecadigital.ciren.cl/items/1a27ef99-e260-4c17-832f-2797bf52087f
https://bibliotecadigital.ciren.cl/items/1a27ef99-e260-4c17-832f-2797bf52087f
http://doi.org/10.17660/ACTAHORTIC.2014.1038.80
http://doi.org/10.17660/ACTAHORTIC.2014.1038.80
http://doi.org/10.1007/BF00123527
http://doi.org/10.1016/S0168-1923(00)00167-2
http://doi.org/10.1016/J.AGWAT.2019.03.026
http://doi.org/10.1016/J.AGWAT.2019.03.026
http://doi.org/10.1016/J.SCIENTA.2019.02.025
http://doi.org/10.1016/J.SCIENTA.2019.02.025
http://doi.org/10.1016/J.FOODCHEM.2022.133101
http://doi.org/10.17660/ActaHortic.2017.1188.13
http://doi.org/10.17660/ActaHortic.2017.1188.13
http://www.oiv.int/en/normes-et-documents-techniques/methodes-danalyse/recueil-des-methodes-internationales-danalyse-des-vins-et-des-mouts-2-vol
http://www.oiv.int/en/normes-et-documents-techniques/methodes-danalyse/recueil-des-methodes-internationales-danalyse-des-vins-et-des-mouts-2-vol
http://www.oiv.int/en/normes-et-documents-techniques/methodes-danalyse/recueil-des-methodes-internationales-danalyse-des-vins-et-des-mouts-2-vol
http://doi.org/10.5344/ajev.2007.58.4.462
http://doi.org/10.1111/ajgw.12087
http://doi.org/10.5344/ajev.2003.54.4.301
http://doi.org/10.5344/ajev.2003.54.4.301
http://doi.org/10.1111/j.1755-0238.2006.tb00042.x
http://doi.org/10.1111/j.1755-0238.2006.tb00042.x
http://doi.org/10.1111/ajgw.12241
http://doi.org/10.1111/ajgw.12241
http://doi.org/10.1111/ajgw.12435
http://doi.org/10.1111/ajgw.12435
http://doi.org/10.20870/OENO-ONE.2019.53.3.2407
http://doi.org/10.3390/MOLECULES20057820
http://doi.org/10.5344/ajev.2011.10103
http://doi.org/10.1111/AJGW.12274
http://doi.org/10.1111/AJGW.12274
http://doi.org/10.1104/PP.39.6.869
http://doi.org/10.3389/FPLS.2022.1094633/PDF
http://doi.org/10.1093/JXB/ERU343
http://doi.org/10.1093/JXB/ERU343
http://doi.org/10.1007/s00425-007-0598-8
http://doi.org/10.1104/PP.111.4.1059


Sauvignon and Grenache in the Central San Joaquin Valley of Cal-
ifornia,” American Journal of Enology and Viticulture 52, no. 1 (2001):
1–7, https://doi.org/10.5344/ajev.2001.52.1.1.

80. K. Mori, N. Goto-Yamamoto, K. Hashizume, and M. Kitayama,
“Efect of High Temperature on Anthocyanin Composition and Tran-
scription of Flavonoid Hydroxylase Genes in ‘Pinot Noir’ Grapes (Vitis
vinifera),”The Journal of Horticultural Science and Biotechnology 82, no. 2
(2007): 199–206, https://doi.org/10.1080/14620316.2007.11512220.

81. S. D. Castellarin, A. Pfeifer, P. Sivilotti, M. Degan, E. Peterlunger,
and G. Di Gaspero, “Transcriptional Regulation of Anthocyanin Bio-
synthesis in Ripening Fruits of Grapevine Under SeasonalWater Defcit,”
Plant, Cell and Environment 30, no. 11 (2007): 1381–1399, https://doi.org/
10.1111/j.1365-3040.2007.01716.x.

82. G. Aris, I. F. Cuneo, C. Pastenes, andA. Cáceres-Mella, “Anthocyanin
Composition in Cabernet Sauvignon Grape Skins: Efect of Regulated
Defcit Irrigation in a Warm Climate,” Horticulturae 8, no. 9 (2022): 796,
https://doi.org/10.3390/HORTICULTURAE8090796/S1.

83. H. Fulcrand, M. Dueñas, E. Salas, and V. Cheynier, “Phenolic Reactions
DuringWinemaking andAging,”American Journal of Enology andViticulture
57, no. 3 (2006): 289–297, https://doi.org/10.5344/AJEV.2006.57.3.289.

84. V. F. Laurie and A. L. Waterhouse, “Glyceraldehyde Bridging Be-
tween Flavanols and Malvidin-3-glucoside in Model Solutions,” Journal
of Agricultural and Food Chemistry 54, no. 24 (2006): 9105–9111, https://
doi.org/10.1021/JF0617770.

85. S. Liu and Y. Zhang, “Antioxidant Properties and Electrochemical
Activity of Anthocyanins and Anthocyanidins in Mulberries,” Journal of
Food Measurement and Characterization 18, no. 5 (2024): 3569–3576,
https://doi.org/10.1007/S11694-024-02426-9/METRICS.

86. K. A. Bindon, M. G. McCarthy, and P. A. Smith, “Development of Wine
Colour and Non-bleachable Pigments During the Fermentation and Ageing
of (Vitis vinifera L. Cv.) Cabernet SauvignonWines Difering in Anthocyanin
and Tannin Concentration,” LWT Food Science and Technology 59, no. 2
(2014): 923–932, https://doi.org/10.1016/J.LWT.2014.05.051.

87. R. Z. Sun, G. Cheng, Q. Li, et al., “Light-Induced Variation in Phenolic
Compounds in Cabernet Sauvignon Grapes (Vitis vinifera L.) Involves Ex-
tensive Transcriptome Reprogramming of Biosynthetic Enzymes, Tran-
scription Factors, and Phytohormonal Regulators,” Frontiers in Plant Science
8 (2017): 246188, https://doi.org/10.3389/FPLS.2017.00547/BIBTEX.

88. G. A. Pascual, I. Serra, A. Calderón-Orellana, F. V. Laurie, and
M. D. López, “Changes in Concentration of Volatile Compounds in
Response to Defoliation of Muscat of Alexandria Grapevines Grown
Under a Traditional Farming System,” Chilean Journal of Agricultural
Research 77, no. 4 (2017): 373–381.

89. R. G. Allen, L. S. Pereira, D. Raes, and M. Smith, FAO Irrigation and
Drainage Paper 56 (FAO, 1998).

Supporting Information

Additional supporting information can be found online in the Supporting
Information section. (Supporting Information)

Annex I: Reference standards for chromatography analysis. Annex II:
Statistically signifcant interactions between treatment and season.

Australian Journal of Grape and Wine Research, 2026 23 of 23

http://doi.org/10.5344/ajev.2001.52.1.1
http://doi.org/10.1080/14620316.2007.11512220
http://doi.org/10.1111/j.1365-3040.2007.01716.x
http://doi.org/10.1111/j.1365-3040.2007.01716.x
http://doi.org/10.3390/HORTICULTURAE8090796/S1
http://doi.org/10.5344/AJEV.2006.57.3.289
http://doi.org/10.1021/JF0617770
http://doi.org/10.1021/JF0617770
http://doi.org/10.1007/S11694-024-02426-9/METRICS
http://doi.org/10.1016/J.LWT.2014.05.051
http://doi.org/10.3389/FPLS.2017.00547/BIBTEX
https://doi.org/10.1155/ajgw/7730584

	Long-Term Industrial-Scale Study on Regulated Deficit Irrigation's Effect on Flavonoid and Volatile Composition in Cabernet Sauvignon (Vitis Vinifera L.) Grapes
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Site Description
	2.2. Experimental Design
	2.3. Plant Water Status
	2.4. Climate Characterization
	2.5. Yield and Vine Balance
	2.6. Sampling at Harvest
	2.7. Laboratory Methodologies
	2.7.1. Grape and Clusters Physical Characteristics
	2.7.2. Grape Chemical Analyses
	2.7.2.1. Basic Must Analyses
	2.7.2.2. Grape Chromatography Analyses
	2.7.2.2.1. Analysis of Volatile Compounds by GC-MS/MS
	2.7.2.2.2. Analysis of Polyphenols by HPLC-DAD

	2.7.2.3. UV-Vis Spectroscopic Measurements


	2.8. Statistical Analysis

	3. Results
	3.1. Climate During the Study
	3.2. Water Status and Water Use
	3.3. Yield and Its Components
	3.4. Fruit Composition

	4. Discussion
	5. Conclusions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	Supporting Information




