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Abstract: In the context of climate change, water management is crucial for controlling the reproduc-
tive growth and quality of grapes. In this study, we aim to determine the effects of different water
regimes on the yield components and chemical composition of grape Vitis vinifera Albariño grown in
Galicia. Four treatments were tested in the trial: rainfed (T0), irrigated at 30% of ETo from veraison
to harvest (T1), from pea-size to harvest (T2), and throughout the whole vegetative cycle (T6). To
analyse the effects of irrigation, measures of stem water potential (Ψstem) were obtained fortnightly,
from flowering to harvest. During the harvest, the average weight per bunch and the number of
bunch and yield per vine were determined. In addition, the Ravaz index was also calculated. The
grapes from each experimental treatment were subjected to chemical (OIV methods) and volatile
composition (GC-MS) analyses. The results indicated a greater yield in the T0 group. The lowest yield
was observed for T2 over the three years of the study. The results also showed a stronger influence of
year than treatment on Albariño must include chemical composition parameters. Treatment affected
malic acid, total acidity, free amino acids (FAN), and assimilable yeast nitrogen (YAN); meanwhile,
of the volatile chemical groups analysed, esters, acetates, and volatile acids were affected by the
treatment, while the season affected all chemical families of volatile compounds, with the exception
of C6 compounds. The interaction effect of Tr × Y was observed on esters, acetates, and total volatile
concentration. In the contrast analysis (p < 0.05), we observed increases in alcohols and terpenes in
T6 vs. T2; however, esters and acetates were increased under rainfed treatment (T0) vs. T6.

Keywords: irrigation schedule; water management; stem water potential; volatile composition

1. Introduction

Global climate change affects viticulture parameters related to the growth of grapes
and their quality, modifying the grapevine phenological stages and aromatic compounds [1].
To determine the effects of climate change, multiple studies have developed predic-
tions of climatic conditions based on different climate change scenarios, such as those
of Malheiro et al. [2] or, more recently, Cardell et al. [3]. These authors have provided pre-
dictions of climatic indices such as the Huglin index [4], which was developed to account
for maximum temperatures during the growing season and includes a radiation component,
for which a generalised increase can be observed for the entire Iberian Peninsula, including
Galicia [2]. This generates the need to apply vineyard management strategies, including
efficient water use (irrigation), in vineyards traditionally managed under rainfed condi-
tions. On the other hand, Cardell et al. [3] have predicted the future behaviour integrating
parameters related to water status and water use in vineyards, such as real evapotran-
spiration (RET), calculated using the crop coefficient (Kc) proposed by FAO-56 [5], the
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Thornthwaite equation [6], and the water balance (WB; defined as the difference between
precipitation and RET), indicating a trend of increased irrigation water requirements in
temperate regions, such as Galicia. Studies have recently exposed the current climatic
problems in the viticulture field, including the roles of temperature and radiation and
possible strategies to provide solutions to viticulturists, among which are irrigation, vegeta-
tion management (defoliation), and the adequate management of active vegetation in the
row line [7]. In a similar vein, the impact of climate change on viticulture and its possible
adaptations have been studied, where soil water management and irrigation have also been
included as drought adaptation tools, as well as defoliation as an adaptation alternative
under high-temperature conditions [8]. For the specific case of water management in the
vineyard, a recent review has presented the main strategies and perspectives for irrigation
management, taking into account the limitations imposed by the Denomination of Origen
(DOC) and the search for a vegetative–productive balance [9]. Vineyard irrigation is one of
the key tools for adapting to climate change in vine cultivation, and its use, combined with
other adaptive techniques (e.g., rootstock, cover crops, and so on), is expected to facilitate
the achievement of sustainable production [10]. The effects of irrigation on the vineyard
and the composition of the berry, as well as water use efficiency, have been considered
in previous studies [11,12], generally improving productivity and negatively affecting
qualitative aspects, as in the case of aromatic compounds, due to the dilution of those
present in the berries. Especially for the cultivar Albariño, drought stress affects yield
and quality [11,12]; however, no broad studies focused on this cultivar, including different
irrigation strategies along the growing season, have been performed previously. Derived
from the complex climatic conditions, it is necessary to carry out studies on the effect of
irrigation in vineyards in temperate climates, such as those in Galicia. Our aim was to
establish four irrigation strategies during the vineyard season over three years (2016–2018),
including a rainfed treatment, in order to assess their effects on vineyard water status, as
well as on the production and quality of the grape, paying special attention to the main
chemical families of aromatic compounds present in the Albariño variety. This study is
based on the hypothesis that irrigation increases production while affecting the qualitative
parameters of the must.

2. Materials and Methods
2.1. Study Area and Experimental Design

The experiment was carried out over the 2016–2018 seasons in a commercial vineyard
of Vitis vinifera L. cv. Albariño located in Lagar de Cervera Winery, O Rosal (41◦57′6′′ N,
8◦49′26′′ W, elevation 54 m, and 14.4% slope) in Galicia, Spain [13]. The vineyard was
planted in 2006 on 110-Richter rootstock with a spacing of 2 m × 3 m (1667 vines ha−1) [11].
Vines were trained to a lira vertical trellis system (H) oriented East-West leaving 28 bud
spurs per vine. The irrigation system applied was surface drip irrigation, with a pressure-
compensating drip of 2.1 L h−1 per emitter, with 0.75 cm separation between emitters.

Climatic conditions and weather data were recorded at the meteorological station of
“As Eiras”, located 3 km from the plot (41◦56′18′′ N, 8◦47′29′′ W, 52 m), and obtained from
MeteoGalicia (http://www.meteogalicia.gal/web/index.action, access date: 5 January
2019). Climatic conditions over the three years of the study are shown in Figure 1. Reference
evapotranspiration (ETo) was calculated using the Penman–Monteith equation [5]. The
annual rainfall was 1844 mm in 2016 (Figure 1a), 969 mm in 2017 (Figure 1b), and 1500 mm
in 2018 (Figure 1c). Rainfall between April 1 and September 30 was 554, 190, and 329 mm
in 2016, 2017, and 2018, respectively. Therefore, 2017 was described as a dry season, and
2016 and 2018 were described as wet seasons.

http://www.meteogalicia.gal/web/index.action
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Figure 1. Precipitation (mm, blue bars) and reference evapotranspiration (ETo, mm d−1, red line) 
data: (a) 2016; (b) 2017; and (c) 2018. 

The experimental design was a completely randomised block layout with four rep-
licates. Each treatment replicate consisted of 21 vines, with the surrounding perimeter 
vines acting as borders. The treatments established were as follows: T0, Rainfed (0% 
ETo); T1, drip irrigated at 30% ETo from the beginning of veraison to harvest; T2, drip ir-
rigated at 30% ETo from pea size to harvest; and T6 (control), drip irrigated at 30% ETo 
from budburst to harvest (Table 1). 

  

Figure 1. Precipitation (mm, blue bars) and reference evapotranspiration (ETo, mm d−1, red line)
data: (a) 2016; (b) 2017; and (c) 2018.

The experimental design was a completely randomised block layout with four repli-
cates. Each treatment replicate consisted of 21 vines, with the surrounding perimeter vines
acting as borders. The treatments established were as follows: T0, Rainfed (0% ETo); T1,
drip irrigated at 30% ETo from the beginning of veraison to harvest; T2, drip irrigated at
30% ETo from pea size to harvest; and T6 (control), drip irrigated at 30% ETo from budburst
to harvest (Table 1).
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Table 1. Growing season reference evapotranspiration (ETo, mm), precipitation, and doses (mm), as
well as key irrigation dates.

Year Tr
Irrigation

* Precipitation
(mm)

* ETo
(mm)Dose

(mm) Start End

2016 T0 0.0 - - 554 652
T1 31.6 16 August 1 September
T2 92.2 11 July 1 September
T6 165.2 19 April 1 September

2017 T0 0.0 - - 190 655
T1 81.5 3 August 27 August
T2 136.6 15 June 27 August
T6 163.3 6 April 27 August

2018 T0 0.0 - - 329 642
T1 22.3 22 August 14 September
T2 73.5 28 June 14 September
T6 125.0 2 May 14 September

* ETo and * Precipitation refer to the period April–September. T0, Rainfed (0% ETo); T1, drip irrigated at 30% ETo
from the beginning of veraison to harvest; T2, drip irrigated at 30% ETo from pea size to harvest; and T6 (control),
drip irrigated at 30% ETo from budburst to harvest.

The stem water status (Ψstem) is considered a reference method to evaluate the effects
of different water regimes [9,14]. Therefore, the plant water status was characterised by
determining Ψstem at midday (1130–1230 solar time) on bag-covered leaves from four
representative vines per treatment replicate on a weekly basis from May to September,
using a pressure chamber (Model 600, PMS Instrument Company, Albany, OR, USA) [15].

2.2. Vine Performance

At harvest, yield components were evaluated on seven vines per treatment replicate.
Grape yield (kg vine−1), the number of clusters per vine, and cluster weight (g) were
determined for each experimental vine. Pruning weight was obtained, and the Ravaz Index
was calculated as the ratio between the yield and pruning weight.

2.3. Must Chemical Composition

Must composition was determined at harvest in two sub-samples weighing approxi-
mately 250 g, which came from berries randomly collected from each experimental vine.
Musts were physicochemically analysed by determining total soluble solids (TSS, ◦Brix),
pH, titratable acidity (TA), and malic and tartaric acid contents using the official methods
of the International Organization of Vine and Wine [16]. Must TSS was determined by
refractometry (PR-101, Series Palette, Atago, Tokyo, Japan), while pH and TA were mea-
sured with an automatic titrator (Metrohm, Herisau, Switzerland). Juice was titrated with
0.1 N NaOH solution to an endpoint of pH 8.2, and the results are expressed as tartaric
acid equivalents. FAN, N Ammonia and YAN were determined using a Foss WineScan FT
120, as described by the manufacturer (Foss, Hillerød, Denmark). All determinations per
replicate were performed in triplicate.

2.4. Volatile and Composition of Musts

The extraction of volatile compounds in free and glycosidically bound fractions fol-
lowed the method described by Oliveira et al. [17], with some modifications [18].

In brief, about 300 mL of must was centrifuged (RCF = 9660; 20 min; 4 ◦C) and
filtered through a glass wool bed. To 75 mL of the juice, 3 µg of 4-nonanol (Merck, ref.
818,773, Darmstadt, Germany) was added as an internal standard and passed through
a LiChrolut EN cartridge (Merck, 500 mg, 40–120 µm). The resin was previously pre-
conditioned with 10 mL of dichloromethane (Merck ref. 1.06054), 5 mL of methanol, and
10 mL of an aqueous alcoholic solution (10%, v/v). Free and glycosidically bound fractions
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were eluted successively with 5 mL of pentane–dichloromethane azeotrope and 7 mL of
ethyl acetate, respectively. The pentane–dichloromethane elute was dried over anhydrous
sodium sulphate and concentrated to 200 µL by solvent evaporation with N2 prior to
analysis. The ethyl acetate eluate was concentrated to dryness (40 ◦C) in a Multivapor™
from Buchi (Flawil, Switzerland), then re-dissolved in 200 µL of 0.1 M citrate–phosphate
buffer (pH = 5.0). Fourteen milligrams of the enzyme Rapidase Revel Aroma (Erbslbosh,
Germany) were added to the glycoside extract, and the mixture was incubated at 40 ◦C
for 14 h. The released aglycons were extracted with pentane-dichloromethane azeotrope
after the addition of 3 µg of 4-nonanol as the internal standard. The organic phase was then
concentrated to 200 µL with N2.

The gas chromatographic analysis of volatile compounds was performed using an Agi-
lent GC 6890 N Chromatograph coupled with an Agilent 5975C mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). A 1 µL sample was injected into a capillary column,
coated with CP-Wax 52 CB (50 m× 0.25 mm i.d., 0.2 µm film thickness, Chrompack; Agilent
Technologies, Santa Clara, CA, USA). The temperature of the injector was programmed
to ramp from 20 ◦C to 250 ◦C at a rate of 180 ◦C/min. The oven temperature was held at
40 ◦C for 5 min, then programmed to rise from 40 ◦C to 250 ◦C at a rate of 3 ◦C /min, then
held for 20 min at 250 ◦C, and finally programmed to go from 250 ◦C to 255 ◦C at a rate of
1 ◦C/min. The carrier gas was helium N60 (Air Liquide, Paris, France) at 103 kPa, which
corresponds to a linear speed of 180 cm/s at 150 ◦C. The detector was set to electronic
impact mode (70 eV), with an acquisition range from 29 to 360 m/z and an acquisition rate
of 610 ms. The semi-quantification of the volatiles such as 4-nonanol equivalents (µL) was
performed using the WSearch free software (Wsearch32 v1.6.2005, Australia) by comparing
the retention indices with those of the pure standard compounds from Sigma-Aldrich
(Darmstadt, Germany) and confirming these by GC-MS.

2.5. Statistical Analysis

The data were subjected to a two-way ANOVA to examine the effects of the treatments
(Tr), season (Y), and treatment and season interaction (Tr × Y) using the XLSTAT-Pro
software (Addinsoft SARL, Paris, France). As the season exerted a significant influence on
most of the studied variables, the mean differences between treatments were calculated
separately for each season, according to Tukey’s HSD test, with a confidence interval of
95% (p < 0.05). Contrast analysis (p-values at 95%) by families of compounds in Albariño
musts (mean of three seasons) was conducted.

3. Results and Discussion
3.1. Meteorological Conditions, Irrigation, and Water Relations

The weather conditions over the three years of study were quite variable. This was
primarily due to the difference in annual rainfall between the three seasons, with 2016 and
2018 being wet seasons while 2017 was drier (see Table 1).

Measurement of the stem water potential (Ψstem; MPa) allowed for discrimination of
the level of water stress under the different treatments applied (i.e., irrigated and rainfed)
throughout the cycle (Figure 2), indicating significant differences between treatments for
most of the measurement period, with the irrigation treatments being clearly discriminated
from the rainfed treatment (Table 1). From veraison (M), treatments T2 and T6 maintained
less water deficit than T1, clearly separated from the rainfed (T0) treatment, especially from
the start of irrigation. Due to the rainfall that occurred over the three years prior to the
flowering date, the differences between treatments were minimal, although there was a
clear difference in the dry year, with lower potential in T0. On the contrary, in veraison,
the irrigated treatments showed higher values than the rainfed treatment in all three years,
which demonstrates the positive response of the plants to the use of irrigation water.
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Figure 2. Evolution of stem water potential during the three growing seasons: (a) 2016; (b) 2017; and
(c) 2018. Arrows represent the irrigation start date. I, flowering; M, veraison; * indicates significance
at p < 0.05. T0, Rainfed (0% ETo); T1, drip irrigated at 30% ETo from the beginning of veraison to
harvest; T2, drip irrigated at 30% ETo from pea size to harvest; and T6 (control), drip irrigated at 30%
ETo from budburst to harvest.

In 2016, there were significant differences between at least one of the irrigation treat-
ments on all measurement days (Figure 2a). Treatment T6 experienced less water deficit
than the other treatments throughout the season, with the exception of the values at the
end of July, where the highest Ψstem values were obtained under treatment T2; in addition,
on the last day of the season, the Ψstem values were homogenous under all treatments, due
to previous rainfall. For the 2017 season, the evolution of Ψstem showed constant behaviour;
in particular, T0 showed the most negative values at every measurement date, compared
with the higher values of T6, while T1 and T2 were located in-between (T6 > T2 > T1 > T0;
see Figure 2b). At the end of May, T2 and T6 showed significant differences in Ψstem with
respect to T0. These two treatments (i.e., T2 and T6) became equal as the season progressed,
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statistically differing from T0, except for the last day of the measurement cycle (Figure 2b).
In 2018, lower variability of the Ψstem was observed throughout the entire season compared
with the previous ones. In the case of T6, the values were higher from the beginning of
July to the end of the cycle, except on August 1, presenting significant differences from
T0 (Figure 2c). The most negative values throughout the season were obtained for T0,
presenting significant differences from all irrigation treatments at the end of the cycle.

The Ψstem values under T6 were all above −0.6 MPa, the limit for which water stress
levels were defined in the vineyard [9,19]. On all measurement days, except at the end
of July 2016 (Ψstem = −0.63 MPa) and at the beginning of 2018 (Ψstem = −0.74 MPa), no
water stress was observed for T6. Similarly, T2 and T1 presented values above −0.6 MPa
once the irrigation started, also with no water stress. Finally, T0 obtained the most negative
values in the year 2016, with values between −0.6 and −0.9; meanwhile, in 2017 and 2018,
the values registered were generally lower in magnitude, thus not presenting water stress,
except in the last few days, where the stress level was moderate.

In temperate climates, Ψstem values are generally low, depending on the variety and
local climatic conditions. For the varieties Godello and Treixadura (DO Ribeiro) under
rainfed conditions, Ψstem values of −0.8 MPa and −1.0 MPa have been obtained, while
irrigation treatments led to values of −0.6 MPa and −0.8 MPa for the same varieties [20].
These values indicate greater water stress—although moderate—with respect to those
obtained for Albariño conducted in Parral [21]. The recorded Ψstem values of Albariño on
trellises were similar to those obtained in Parral [21], although more negative than those
reported for Albariño [22] conducted on a trellis in the same study area. The most negative
values of Ψstem stand out: −1.00 MPa was obtained for Albariño at DO Ribeiro under dry
conditions [23]. When the results are compared with those from other geographical areas
with a continental or Mediterranean climate, the values of Ψstem in Albariño were higher in
all cases; for example, in dry treatments for the Verdejo, Tempranillo Blanco, Airén, and
Macabeo varieties, Ψstem values between −0.97 and −1.42 MPa have been reported [24].

The relevance of using Ψstem in temperate climates to evaluate the differences between
irrigation treatments has also been previously demonstrated [14,15].

3.2. Effect of Water Regime on Vine Performance and Yield

Table 2 details the effects of the treatments (T0, T1, T2, and T6) on yield components.
The results indicate a stronger effect of year than treatment on production components.
Significant differences were observed for all production parameters when assessing the
effect by year; however, pruning weight was not affected by the treatment. The interaction
Tr × Y was not observed.

There was a tendency to increase the bunch number under T0 and T1; however, this
increase was only significant in the 2016 and 2017 seasons. In contrast, the bunch weight
showed a significant increase under T0 and T6 only in the 2018 season. The trend in 2016
and 2017 was to increase the bunch weight in T6 (176.0 g and 160.8 g, respectively). With
respect to yield, significant differences were observed in 2016 and 2018, where T0 and T1
led to the highest productions (Table 2). Finally, a significant increase in the Ravaz index
was observed under T1 and T2 (28%) in the 2016 season.

In general, higher productions were reached in T0 and T1 in wet years (2016 and 2018);
therefore, the climatic conditions of the growing season have an impact on production com-
ponents, showing a compensatory effect on water-stressed vines. Moreover, the reduction
of yield and bunch number appeared to be cumulative over the years (Table 2). Vegetative
growth is known to be highly dependent upon vine water status [25].

The yield (kg vine1) was not consistent with the amount of water received in each
treatment. It was expected that the greater the amount of water, the greater the pro-
duction, as other authors have concluded [24,26–28] in semi-arid climates; meanwhile,
Cancela et al. [11,21] have reported similar results for Albariño in a temperate climate,
which is related with the rainfall distribution during the season and the heterogeneity of
soil conditions in the plot. T1 and T0 show the highest productions in the three study
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seasons, being in 2016 and 2017, the maximum production for T1. Several authors [11,29]
have reported a trend towards a greater number of clusters under irrigation treatments. The
number of clusters was higher in 2016 and 2017 for the considered Albariño, compared with
those reported by the authors cited above, mainly related to the planting framework and
pruning carried out. However, the numbers were similar to those determined in Albariño
conducted in semi-parral [30].

Table 2. Production parameters, pruning weight, and Ravaz index over three seasons.

Year Tr Bunch
(nº)

Weight per
Bunch (g)

Yield
(kg/vine)

Pruning Weight
(kg/vine)

Ravaz
Index

WUE
(kg/m3)

2016 T0 64.3 a 169.4 10.87 a 1.97 6.12 ab 2.7 a
T1 62.9 ab 175.8 10.98 a 1.87 6.56 a 2.6 a
T2 54.9 c 153.1 8.59 b 2.17 4.73 b 1.8 b
T6 55.8 bc 176.0 9.93 ab 2.11 5.75 ab 2.0 b

Sig. 0.007 0.157 0.006 0.577 0.058 0.000

2017 T0 58.3 ab 153.0 8.66 2.16 4.53 4.5 a
T1 63.8 a 144.9 9.17 2.12 5.00 3.8 b
T2 51.4 b 158.9 7.78 2.43 3.69 2.8 c
T6 56.3 ab 160.8 8.60 2.45 4.28 3.0 c

Sig. 0.026 0.484 0.063 0.473 0.093 0.000

2018 T0 47.1 a 132.3 a 6.26 a 1.99 3.55 a 2.5 a
T1 45.4 a 111.6 bc 5.06 ab 1.85 3.19 ab 1.9 b
T2 43.9 a 108.3 c 4.78 ab 2.16 2.49 b 1.6 b
T6 38.5 b 127.2 ab 5.00 b 1.95 2.88 ab 1.5 b

Sig. 0.040 0.002 0.034 0.503 0.016 0.000

ANOVA

Treatment (Tr) *** * *** ns *** ***
Year (Y) *** *** *** * *** ***
Tr × Y ns ns ns ns ns ns

Different letters indicate significant differences for Tukey’s test at p < 0.05. *, ***, and ns indicate significance at
p < 0.05, 0.001, and not significant, respectively.

The increase in the average weight of the bunch (g) is influenced by the application of
a higher amount of irrigation water [27]; however, for the Albariño under study, this trend
was not strictly maintained. The highest values of average bunch weight were obtained for
T6, except in 2018, the year in which T0 presented the largest values (Table 2). This explains
the high productions under T0, together with the number of bunches, when compared with
the remaining treatments. The average bunch weights were higher than those determined
by other authors for the Albariño variety [11,29,30], although they were similar to those
obtained by Vilanova et al. [31]. The irrigation factor showed significant differences in the
average bunch weight for the years 2016 and 2018.

The pruning wood values obtained were above those previously reported for Albar-
iño [29], although with a higher density of plantation and simple cordon, while the values
reported by Cancela et al. [11] were similar for most years or slightly superior. In the latter
case, the planting framework was the same as in the present study. The values obtained in
2016 were within the recommended values for balanced wines (Ravaz Index: 5–10) [32];
meanwhile, in 2017 and 2018, the values (less than 5) were more suitable for cold climates
or high vegetative growth, with respect to the production obtained. The Albariño studied
in [29] presented a Ravaz index of 2.14 under rainfed conditions, compared with 2.25 under
an irrigated treatment; these values are contrary to those obtained in this study.

In relation to water use efficiency (WUE, kg m−3)(Table 2), the relationship between
yield and water use, taking into account both: irrigation water and precipitation during
the growing season, results show the higher values of T0 in the three study years, es-



Agriculture 2022, 12, 1522 9 of 15

pecially during the dry year (2017). These values are agreed with previous studies in
Albariño [11,29], where rainfed treatment showed higher values, which means better use
of water by the vineyard in rainfed treatment.

3.3. Effect of Water Regime on Berry Chemical Composition

Table 3 shows the changes in berry chemical composition under the different treat-
ments (T0, T1, T2, and T6). The ANOVA results indicated the stronger effect of year than
treatment in Albariño must composition, as more parameters were affected by the year.
Among the treatments (Tr), significant differences were observed in malic acid, total acidity,
FAN, and YAN. However, significant differences were found for all chemical parame-
ters among years (Y), with the exception of N Ammonia. The interaction Tr × Y was
not observed.

Table 3. Chemical Composition of Albariño Musts at Harvest under Different Water Treatments over
Three Seasons.

Year Tr ◦Brix pH Tartaric
Acid (g L−1)

Malic
Acid (g L−1)

AT
(g L−1)

FAN
(mg L−1)

N Ammonia
(mg L−1)

YAN
(mg L−1)

2016 T0 19.8 b 3.1 1.7 5.2 5.7 b 188.7 77.3 265.7
T1 21.0 a 3.0 3.9 5.0 6.2 ab 191.7 103.5 294.7
T2 19.2 b 2.9 3.2 6.7 6.4 ab 374.0 109.0 482.0
T6 19.3 b 2.7 3.8 6.0 6.7 a 299.7 136.2 436.0

Sig. 0.001 0.562 0.105 0.623 0.025 0.018 0.843 0.086

2017 T0 21.0 3.0 3.4 4.0 7.5 109.5 75.0 184.5
T1 20.3 3.0 3.5 4.6 7.1 118.0 48.0 166.0
T2 21.0 3.1 2.9 4.9 7.0 124.0 56.0 180.0
T6 20.6 3.0 3.2 4.9 7.8 104.0 54.0 158.0

Sig. 0.994 0.341 0.536 0.760 0.745 0.869 0.536 0.890

2018 T0 22.0 3.4 2.7 4.3 b 5.8 146.5 62.0 209.0
T1 22.2 3.3 1.8 4.4 b 6.8 141.5 54.0 195.5
T2 21.2 3.4 1.5 5.6 ab 6.3 221.7 98.7 320.3
T6 21.5 3.4 1.5 7.1 a 7.0 214.0 96.7 312.7

Sig. 0.545 0.582 0.103 0.002 0.099 0.027 0.025 0.022

ANOVA

Treatment (Tr) ns ns ns ** * ** ns *
Year (Y) *** *** ** * ** *** ns ***
Tr × Y ns ns ns ns ns ns ns ns

TA, total acidity; FAN, free assimilable nitrogen without proline; YAN, yeast assimilable nitrogen;. Different letters
indicate significant differences (Tukey’s test, p <0.05). *, **, ***, and ns indicate significance at p < 0.05, 0.01, 0.001,
and not significant, respectively.

When the year was analysed separately (Tukey’s test, p < 0.05), no significant differ-
ences were observed in the driest year, 2017, for any of the chemical parameters analysed;
however, different behaviours were observed in the wet seasons (2016 and 2018). In 2016,
the highest value of ◦Brix (21) and total acidity (6.7 g L−1) were observed for T1 and T6,
respectively. In contrast, in 2018, significant differences were observed only for malic acid,
with the highest value in T6 (7.1 g L−1). In general, malic acid showed a slight tendency to
increase in concentration as the amount of irrigation increased, while tartaric acid presented
a varying trend among seasons. The treatments with more water availability (T2 and T6)
seemed to delay the technological ripeness, as compared with other treatments, as shown
by the ◦Brix, total acidity, and pH. Usually, higher levels of water stress are reported to
reduce berry weight and malic acid concentration while increasing sugar contents [33].
Water deficit has been shown to accelerate sugar accumulation and malic acid breakdown
in non-irrigated Agiorgitiko must [34]. The acceleration of the ripening process under water
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deficit is likely related to the indirect effects of water stress, such as reduced vegetative
growth and favourable canopy microclimate [34].

3.4. Effect of Water Regime on Volatile Composition of Musts

Water status affects metabolic pathways in berries involved in plant defence and stress
response mechanisms. Table 4 presents the influence of different water regimes on must
volatile chemical groups (i.e., alcohols, C6 compounds, esters and acetates, volatile acids,
terpenes, C13-norisoprenoids, volatile phenols, and lactones) in terms of the sum of both
free and glycosidically bound fractions. The effect on total composition (sum of chemical
groups) was also evaluated.

Table 4. Total volatile compound concentrations (µg L−1), grouped by chemical families in Albariño
musts under different water status treatments over three seasons.

Year Tr Alcohols C6
Compounds

Esters/
Acetates

Volatile
Acids Terpenes C13-

Norisoprenoids
Volatile
Phenols Lactones Total

2016 T0 395.7 2037.8 546.7 a 1712.5 122.5 687.8 195.3 51.6 5750.0 ab
T1 417.9 2235.8 581.5 a 1354.4 232.1 690.7 352.0 53.4 5917.8 a
T2 169.7 1765.7 152.2 b 654.9 123.4 247.5 89.5 23.4 3226.2 c
T6 352.0 1955.4 219.8 b 1149.7 229.3 338.1 236.3 38.7 4519.1 bc

Sig. 0.118 0.828 0.000 0.272 0.061 0.372 0.259 0.464 0.005

2017 T0 172.1 1639.7 29.4 1635.5 121.4 430.2 a 137.9 31.6 4197.7
T1 170.7 1222.3 30.1 1145.1 126.7 86.1 b 166.5 20.9 2968.3
T2 159.9 1957.9 25.0 709.4 99.9 97.0 b 104.3 21.4 3174.9
T6 230.7 1646.4 44.7 2249.3 161.0 151.3 ab 204.6 19.0 4706.9

Sig. 0.784 0.685 0.579 0.213 0.737 0.015 0.829 0.656 0.536

2018 T0 139.9 1580.9 163.4 376.3 a 112.8 70.9 81.2 5.4 2530.8
T1 91.7 1801.2 174.9 81.6 b 60.8 18.4 33.2 7.1 2268.9
T2 126.3 2577.6 215.1 205.1 ab 76.7 73.5 50.4 12.0 3336.6
T6 161.8 2480.5 247.1 282.9 ab 107.7 100.3 69.0 8.2 3457.5

Sig. 0.229 0.373 0.379 0.036 0.054 0.343 0.239 0.717 0.380

ANOVA

Tr ns ns ** * ns ns ns ns ns
Y *** ns *** *** ** ** ** *** ***

Tr × Y ns ns *** ns ns ns ns ns *

Tr, Treatment; Y, Year; Different letters indicate significant differences for Tukey’s test at p < 0.05. *, **, ***, and ns
indicate significance at p < 0.05, 0.01, 0.001, and not significant, respectively.

In the same way as the previous parameters analysed, a stronger effect of year (Y) than
treatment (Tr) on must chemical groups was observed, as more volatile groups were affected
by the year. Namely, ester, acetate, and volatile acid groups were affected by the treatment
(Tr), while all volatile chemical groups (except C6 compounds) varied significantly with
the year (Y). The interaction Tr × Y was only significant for the esters and acetates, as well
as total composition.

Positive and negative effects of water stress on grape and wine volatile compounds
have been reported in previous works. In general, the effect of the irrigation treatment
varies depending on the season; therefore, climatic conditions tend to determine the effects
of the water regime on grape composition [12,25,35]. In Verdejo wine, lower levels of water
availability induced a higher concentration of volatiles [18]. Irrigation significantly altered
the concentrations of several volatiles in Albariño wines, which differed between zones and
years [36]. In our study, the total volatile composition showed the highest concentrations
in the wettest 2016 season for all treatments. However, in 2016, significant differences in
total concentration were observed among treatments, where the water regimes with lower
irrigation (T1 and T0) presented the highest values (5917.8 µgL−1 and 5750.0 µgL−1).

In terms of chemical groups, C6 compounds highly contributed to the free volatile
composition of Albariño musts in all seasons and treatments; however, different behaviours
were observed among treatments by season. C6 compounds may be considered undesirable
due to their contribution to herbaceous aromas in grapes and wine [36–38]. During ripen-
ing, the concentration of C6 compounds (hexenols and hexanol) decreases; therefore, a high
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concentration of C6 compounds is associated with a lack of grape maturity. In our study,
the C6 compound group was not affected by either the treatment or the year; however, a
trend of increased C6 compound concentration was observed with higher water availability
(i.e., T2 and T6) in the 2017 and 2018 seasons in agreement with a lower ripening (◦Brix
and total acidity). García-Esparza et al. [39] have observed that watering post-veraison at
75% ETc increased herbaceous aromas in wines, as well as a general trend in a reduction
in the skin–pulp ratio when increasing the irrigation regime. In contrast, several studies
have suggested that low water availability increased the concentration of some C6 com-
pounds [18,40,41]. In this sense, in the wettest season (2016), T0 and T1 showed the highest
values of C6 compounds (2037.8 µg L−1 and 2235.8 µg L−1, respectively).

C13-norisoprenoids are products of carotenoid degradation. Negative correlations
have been observed between the levels of norisoprenoids and carotenoids during berry
development [42]. Carotenoids are mostly synthesised from the first stage of fruit formation
until veraison and then degrade to C13-norisoprenoids between veraison and maturity.
Several authors have indicated that water supply has a large influence on the degradation
of carotenoid contents of grapes, thereby possibly affecting the presence of substances with
a high aroma impact at harvest, such as C13-norisoprenoids [43]. The highest concentration
of C13-norisoprenoids was observed in the wettest season (2016); however, a trend of
reaching the highest values in T0 and T1 was observed. In contrast, a significant effect of
treatment was observed in the drier season (2017), where the highest value was also found
in T0 (430.2 µg L−1). Water availability promotes canopy growth and, therefore, a decrease
in fruit exposure, increasing the concentration of some compounds during ripening [36].
With respect to C13-norisoprenoids, sunshine favours the degradation of carotenoids after
veraison, increasing C13-norisoprenoids at maturity in berries exposed to sunshine during
a certain period, compared with permanently shaded berries [44]. Other authors have
reported that the concentration of free C6 compounds decreased while bound terpene,
alcohols, and C13-norisoprenoids increased in berries under severe vine water stress [45].
Therefore, in our study, the increase in fruit exposure due to the effects of water stress may
have increased the C13-norisoprenoids concentration under T0.

Esters and acetates showed the highest concentration in the wettest season (2016),
where treatments with lower water availability (T0: 547.7 µg L−1 and T1: 581.5 µg L−1)
increased their concentration with respect to T2 (152.2 µg L−1) and T6 (219.8 µg L−1). Esters
in Cabernet Sauvignon wines have been shown to be affected by the water status of vines,
where wines produced using grapes from more water-restricted vines resulted in the lowest
total amount of esters [46]. In relation to volatile acids, the highest concentrations were also
observed in the wettest season (2016); however, significant differences among treatments
were only observed in 2018, with the highest concentration found in T0 (376.3 µg L−1).
The higher water availability in 2016 may have produced a compensatory effect on water-
stressed vines under T0 and T1. Moderate irrigation treatment has been shown to produce
wines with higher volatile acid content [46].

Volatile phenols appear to be less influenced by exposure to sunlight [42]. In this
sense, a trend to reach a higher concentration of volatile phenols was observed when water
was not limited. Thus, the highest concentration of volatile phenols was observed in the
wettest season for T1 (352.0 µg L−1) and T6 (236.3 µg L−1), and T6 (204.6 µg L−1) in the dry
season (2017).

In general, all chemical groups showed the highest concentration in the wettest season
(2016) with a trend to increase their concentration when 30% ETo irrigation was applied
from the beginning of veraison to harvest (T1).

Table 5 provides the volatile composition of Albariño musts as the average of the
three seasons. Contrast analysis (p-value < 0.05) was also performed, with the aim to
determine the significant differences between control treatment (T6; treatment with the
highest water availability) versus treatments T0, T1, and T2. First, significant differences
among treatments were observed for all chemical groups, except for C6 compounds and
lactones. Total concentrations also presented significant differences among treatments
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when the season was not considered, showing higher concentrations in T6 and T1. This
situation was due to the increases in alcohols, volatile acids, terpenes, C13-norisoprenoids,
and volatile phenols in these treatments (T6 and T1).

Table 5. Contrast analysis (p-values < 0.05) by families of compounds in Albariño musts (mean of
three seasons).

Means TR Alcohols C6 Com-
pounds Esters/Acetates Volatile

Acids Terpenes C13-
Norisoprenoids

Volatile
Phenols Lactones Total

T0 235.9 a 1752.8 246.5 a 1241.4 a 118.9 ab 396.3 a 138.1 ab 29.5 4159.5 a
T1 226.8 a 1753.1 262.2 ab 860.4 a 139.9 a 265.1 ab 183.9 a 27.1 3718.4 ab
T2 152.0 b 2100.4 130.8 c 523.1 b 100.0 b 139.3 b 81.4 b 18.9 3245.9 b
T6 248.1 a 2027.4 170.5 bc 1227.3 ab 166.0 a 196.5 ab 169.9 ab 22.0 4227.9 ab

Sig. 0.090 0.700 0.005 0.022 0.107 0.331 0.281 0.583 0.210

Contrast P-values

T6 vs. T0 ns ns * ns ns ns ns ns ns
T6 vs. T1 ns ns ns ns ns ns ns ns ns
T6 vs. T2 * ns ns ns * ns ns ns ns

Different letters indicate significant differences for Tukey’s test at p < 0.05. * and ns indicate significance at p < 0.05
and not significant, respectively.

Finally, when we contrasted the higher water availability scenario (T6) with the other
treatments, irrigation from budburst to harvest (T6) led to an increase in alcohols and
terpenes vs. irrigation from pea size to harvest (T2). However, esters and acetates increased
under the rainfed treatment (T0) vs. T6.

These results demonstrate that the application of irrigation during vine growth pro-
duces changes in the concentration of grape volatile and bound compounds, affecting the
compounds in different ways, depending on their chemical group.

Irrigation has been shown to tend to increase concentrations of volatile fatty acids
and decrease some esters and acetates, which could decrease floral and fruity aromas in
wine [47,48]. One study, developed in Northwest Spain, has shown that irrigation increased
the concentrations of some volatiles that may contribute negative nuances to Albariño wine
aromas, such as fatty acids or alcohols while reducing positive compounds such as ethyl
esters or terpenes. This effect depended on the climate characteristics of the zone, as more
volatiles were affected in the moderately dry zone of Ribeiro than in the humid zone of
Rías Baixas [49]. In the same way as this study, our results showed a higher effect of season
climatic conditions than treatment on Albariño volatile and bound composition.

4. Conclusions

The amount of irrigation applied does not necessarily positively affect the productive
parameters of grapes in a region with abundant rainfall, such as Galicia, even in a dry
year (e.g., 2017). The irrigation applied from veraison (T1) generates continuity in terms of
traditional production while slightly reducing the yield per hectare in 2018, thus improving
the coupling between technological and volatile maturation by allowing a slight delay in
the harvest. The trend towards climatic conditions with greater crop water demand in
temperate climates has led to a clear interest in the adequate management of irrigation in a
sustainable manner (e.g., T1), using small amounts of water that allow a balanced matura-
tion in order to obtain high-quality grapes, adapting to the production limits established in
the Denomination of Origin. Rainfed production (T0) is a sustainable management alterna-
tive since the production and quality obtained are similar to those shown for T1, especially
under temperate weather conditions, as in Galicia (Spain). However, the better water use
efficiency (WUE) for all seasons, in T0 recommends not applying irrigation in this vineyard
to obtain sustainable production. The research carried out allowed us to determine that
higher irrigation over time (T2 and T6) does not improve the productive results while
demanding a greater amount of irrigation water. The number of resources available for
vineyard irrigation is limited so the results obtained in this study are promising. Through
using small amounts of irrigation water (T1), production stability can be attained in both
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qualitative and productive aspects. The application of deficit irrigation from veraison with
lower irrigation depths should be studied, which could allow for an improvement of the
WUE for the T1 treatment. Other adaptation techniques to climate change, such as cover
crop management and/or leaf defoliation, both early and in the berry ripening phase,
should be studied in combination with deficit irrigation. Finally, other irrigation systems,
such as sub-surface drip irrigation, could prevent evaporation losses; for this reason, a
comparison between surface and sub-surface drip irrigation could help to reduce the water
required for irrigation, thus increasing water use efficiency.
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