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Abstract: Water stress is considered to be the most influential type of abiotic stress to which plants may
be exposed. In grapevines (Vitis vinifera L.), it is a common practice to keep plants under water stress at
different stages of the season with the aim of reducing yield and improving the composition of the fruit.
The objective of this study was to evaluate foliar development and yield of ‘Merlot” grapevines grown
in the field when they are subjected to different levels of water stress in a semi-arid Mediterranean
climate. Four treatments with different levels of water stress were applied during two phenological
intervals (flowering-veraison and veraison-maturity) to 128 grapevines for a period of two consecutive
years. The levels of water stress were none-light, light-moderate, moderate-intense, and intense-intense
for the flowering-veraison and veraison-maturity intervals, respectively. The results revealed that the
total leaf area, the exposed leaf area, and the yield all decreased as the degree of water stress increased.
The weight of the berry was a decisive factor in determining yield. The least restrictive water regime
treatment gave the heaviest berries and bunches and, as a result, the highest yields.

Keywords: abiotic stress; grapevine; leaf area; Vitis vinifera; water stress; yield

1. Introduction

The most common types of abiotic stress to which plants may be exposed include drought
(water stress), salinity, soil acidification, high temperatures, and high radiation. When plants are
grown in field conditions it is difficult to discriminate the individual impacts of each environmental
factor as all are interrelated [1]. Of all types of abiotic stress, the most influential is water stress, which is
produced by a water deficit in plant tissues. The high importance of water stress is due to the fact that
water is an essential chemical substance for the photosynthetic process given that it is the first electron
donor. Water ensures a plethora of metabolic functions as it participates in biochemical reactions and
transports synthesized materials and products and, through evaporation, protects against warming [2].
When tissue dehydration exceeds a critical level, a series of irreversible changes in the plant cause death.
The combination of several abiotic stresses, such as water deficit, intense sunlight, and high temperatures,
which are more severe during the summer season, is commonly known as summer stress [3].

The grapevine (Vitis vinifera L.) is one of the most abundant and important crops on the
planet [4]. It adapts well to cultivation in semi-arid or arid climates and is therefore considered
a water deficit-tolerant species [5,6]. This is because the grapevine has a wide and deep root system,
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an efficient mechanism of stomatal control and the capacity to perform osmotic adjustment [7-9].
In general, it is estimated that grapevines require between 280 to 300 L of water to create 1 kg of
dry matter [10]. Lissarrague [11] (1997) estimated that these water needs are slightly higher, around
500 L. If it is considered that a vineyard reaches a total production of fresh matter between 13,000 and
45,000 kg/ha, which represents between 3000 and 9000 kg/ha of total dry matter (leaves: 15-20%, shoots:
15-20%, roots and trunk growth: 5-10%, and bunches: 35-50%), the estimated annual consumption
would be between 1750 and 4500 m3/ha. Taking into account that water needs of grapevines are different
depending on the area and the production objectives, for an average condition, we estimate an annual
net consumption of 2500 to 3000 m®/ha. Gémez del Campo [12] also made measurements of water
consumption throughout the season in vineyards located in the center of the Iberian Peninsula and
calculated that, under water stress conditions, the consumption per plant and day was 0.53 L, while in
non-stress conditions the consumption was 1.46 L.

The response of the grapevine to water stress and other environmental factors (summer stress),
in order to avoid being severe affects on physiology, is to decrease the rates of transpiration and
photosynthesis [13-21]. This response is characteristic of each variety and it also depends on the
capacity of the grapevine to adapt to the environment [17,22-26].

Different methodologies have been employed to ascertain the water status of a vineyard. One of
the most used approaches is the determination of leaf water potential (‘¥¢). The measurement of this
parameter is considered by many authors [27-31] to be the most appropriate technique to evaluate the
water status of the grapevine [32]. The determination of predawn leaf water potential (¥pp), when the
plant and soil are in equilibrium, provides information about the matrix potential of the soil in the root
zone and it is a good reflection of the general water status of the plant.

In viticulture it is common practice to use the water limitations of the grapevine to increase the
benefits since, under conditions of water restriction and by inhibiting the growth of berries, plants
decrease their yields and the quality of production increases [33-38]. When situations of water deficit
occur, the grapevine reacts by limiting the growth of the leaf area and yield to favor the absorption of
water and minimize losses [39]. The nature and degree of these adjustments depend on the timing,
duration, and intensity of the deficit.

Numerous studies have been carried out on the effects of water deficit on vegetative growth [39-43].
Some authors found that the lack of water during the development of the plant leads to a decrease in
the length of the branches and thus the leaf area [39,44-49], as well as inducing an advance in the time
at which growth stops [50-52]. From an agronomic point of view, the most important factor that is
negatively affected by water stress is the yield. Numerous authors have verified that reductions in both
the size of the grape berry and production occur with water stress [38,41,53-57]. Yield and vegetative
growth are two factors that are closely related; yield depends fundamentally on the photosynthetic
activity of the leaves and, as a consequence, on the amount of light intercepted by the canopy of the
grapevine [58,59].

One of the most important wine growing areas in the world is La Mancha Designation of Origin
(DO) (Central Spain) (Figure 1) and, as a result, it is of great interest to evaluate the possibility of
adapting vineyards in this area in the future. The study reported here is important because this DO has
a semi-arid climate and, as a consequence of climate change, the vineyards are increasingly suffering
from the severity of summer stress. It is therefore necessary to allocate ever increasing resources
for irrigation. Given the expected scarcity of water in future climate change scenarios, the need for
increased irrigation poses a serious threat to the sustainability of vineyard cultivation in the coming
years as the yield and the quality of the harvest, and ultimately the longevity of the grapevines,
could be seriously compromised. The aim of this study was to gain a more detailed knowledge of the
changes that occur in the vegetative growth and, as a consequence, in the yield of "‘Merlot” grapevines
when they are subjected to different levels of water stress during two key phenological intervals under
semi-arid Mediterranean climate conditions and in La Mancha DO in particular.
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Figure 1. Area in which the study was conducted.

2. Materials and Methods

2.1. Study Area

The trial was carried out over two years in a vineyard located in the municipality of Argamasilla
de Alba (La Mancha DO). The geographical coordinates of the area are 39°08'10”” North; 3°04’00” West
and the altitude is 670 m.a.s.l. According to the Winkler index, this area is classified as Region IV
and it records scarce rainfall during the year (about 350 mm), with less than 50% occurring in the
grapevine growing season. The reference evapotranspiration value (ETy) is about 1300 mm/year,
exceeding 1000 mm during the active vegetation period. Both years of study were exceptionally
dry, with only 29.8 and 61.9 mm of rainfall in spring the first and second year, respectively, and ET
values of 1087 and 1056 mm the first and second year, respectively, between 1 April and 30 September.
The type of soil on which the vineyard sits is one of the most representative in the region of La Mancha:
Petric Calcisols [60] and Petrocalcic Calcixerept [61] showing powerful petro-calcic horizons and limited
thickness, sometimes less than 40 cm. These soils, which occupy flat or almost flat areas, are the result
of paleo-pedogenetic processes often linked to the presence of rubified argillic horizons. The main
characteristic of the soils is the presence of a Ckm horizon that imparts the peculiarities of this soil.
This horizon, which sometimes reaches a thickness of more than 1 m, is practically impenetrable to the
roots of the grapevine, thus conditioning the plant cultivation. The pedoclimatic conditions of the soils
correspond to a xeric moisture regime, typical of Mediterranean climates. The most superficial part of
the soil is occupied by the anthropized Ap horizon, which can reach between 0 and 30 cms in depth and
gives way to horizons of type Bw or Bt, with the strong development of color and structure. Other soil
profile data are natural microtopography, flat or almost flat, limestone margose sediments as starting
material, well drained, dry, stony class 1, no rocky outcrops, erosion is laminar hydric, salinity is nil,
and human influence is due to the cultivation of the crop.
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2.2. Plant Material

The study was carried out in a vineyard planted with the variety Merlot (Vitis vinifera L.) grafted on
the Fercal rootstock (5 year old vines). The main characteristic of this rootstock is its high resistance to
chlorosis [62] and its adaptation to calcareous soils. The rootstock resists up to 60% of total limestone,
40% of active limestone, and a chlorinating power index (CPI) of 120. Grapevine chlorosis is caused by
a high content of active limestone in the soil, which blocks iron and therefore reduces assimilable iron
content affecting chlorophyll. The study was carried out on 128 grapevines. The plants were arranged
in rows that were 3 m apart and the spacing between grapevines was 1.2 m. The planting density was
2778 grapevines/ha and this was conducted in a trellis with 3 wires in double Royat cord. Each arm
had 3—4 shoots and these were pruned to two buds. The average number of bunches ranged from 24 to
26 per plant. The orientation of the rows was 34° N-NW/160° S-SE.

2.3. Experimental Design

Four experimental treatments were designed. In each case the grapevines were subjected to
different levels of water restriction during two phenological intervals (flowering-veraison and
veraison-maturity) with their ¥Ypp maintained within certain ranges, which were established by
Carbonneau [27] and are shown in Table 1. The treatments were applied to a total of 128 grapevines,
distributed in two blocks of 64 grapevines each and distributed randomly. Each treatment involved 16
consecutive plants located in the same row. All treatments had the same frame and planting density.
In order to adjust the number of shoots (12 per plant) and the number of bunches (24-26 per plant) in
all grapevines, shoots were removed from the arms to give an equal number in all grapevines each
year before flowering.

Table 1. Ranges of the predawn water potential (Ypp) and levels of stress of ‘Merlot’ grapevines in the
different water regime treatments, adapted from Carbonneau [27].

Period Water Status of the Vine
Treatment
Flowering-Veraison Veraison-Maturity Type of Stress
T1(0-0.2; —0.2) 0Mpa > ¥pp > -0.2 Mpa Ypp > -0.2 Mpa None—Light
T2(_0.2-0.4; 0.9 —-0.2 Mpa > ¥Ypp > —0.4 Mpa Ypp > —-0.4 Mpa Light—Moderate
T3(0.4-0.6; —0.6) —-0.4 Mpa > ¥Ypp > —0.6 Mpa Ypp = 0.6 Mpa Moderate—Intense
T4(_0.6; -0.8) —0.6 Mpa > ¥Ypp Ypp = -0.8 Mpa Intense

2.4. Water Regime

In order to keep the plants within the chosen ranges for each treatment, an irrigation calendar
was established to provide different amounts of water. The amount of water varied depending on
the treatment itself, the weather conditions, and the time of the cycle. The data are shown in Table 2.
The start date of the irrigation period was determined each year, and this depended on the climate and
the condition of the plants. Water meters were available for each treatment to measure the volume of
water applied in each irrigation. The irrigation system used was drip and the lines were suspended
from the forming wire. The drippers had a flow rate of 2.2 L/h and they were distributed 0.75 m apart.
The watering was nocturnal in order to achieve maximum effectiveness and avoid losses.

2.5. Water Potential and Leaf Development

The water status of the grapevines was evaluated by measuring ¥Ypp [63]. Measurements were
made between the phenological stages of flowering and maturity with a Scholander pressure chamber
(SKPM-1400, Skye Instruments Ltd., Llandrindod Wells, Wales, UK). Measures were taken during
33 days in the first year and 34 days in the second year. These were done on days 1, 3, and 5 of each
week. In addition, each year, two series of 3 and 5 consecutive days were carried out with the aim of
tracking more accurately the behavior of the Ypp. Each daily Ypp data assigned to each treatment
corresponded to the average of 8 measurements made on 8 leaves, from 8 different grapevines.
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Table 2. Irrigation period and volumes of water contributed to the different water regime treatments
during the two-year trial.

. Irrigation Period Volume (mm)
Treatment Year Repetition
Start Final Total Average

T1-1 131.01

1 —————  17-June 17-August ———  132.27
T1-2 133.54

T1(0-0.2;-0.2)

T1-1 132.69

2 —— 25-May 11-August ——  131.71
T1-2 130.72
T2-1 114.95

1 ———————  17-June 16-August ———  117.04
T2-2 119.14

T2(—0.2-0.4; -0.9)

T2-1 110.37

2 ——————  5-June 11-August ——— 110.12
T2-2 109.86
T3-1 93.82

1 ——  17-June 12-August ——— 93.07
T3-2 92.33

T3(-0.4-0.6; -0.6)

T3-1 66.12

2 ——  27-June 11-August ———— 67.36
T3-2 68.61
T4-1 70.95

1 ——  17-June 12-August —— 70.63
T4-2 70.31

T4(—0.6; -0.8)

T4-1 55.22

2 —— 28-June 11-August ——— 56.46
T4-2 57.70

The leaf development of the grapevines was characterized by analysis of the total leaf area (TLA),
the external leaf area (ELA), and the leaf index (LI). Eighty grapevines were analyzed each year.
The total leaf area was calculated by measuring the leaf area index (LAI), which is an indirect method
based on the percentage of light extinction, using a diffuse radiation detector LAI-2000 Plant Canopy
Analyzer (LI-COR, Lincoln, NE, USA) [64]. This index shows the relationship between the leaf area
of the vineyard and the soil surface and it is expressed as m? foliar area/m? soil area. To make the
measurement, first, a reference measurement was made with the sensor placed above the canopy
in each grapevine of the series in such a way that the part of the sensor not covered by the vision
cap was oriented perpendicularly to the trellis and the sun was positioned frontally. Then, with the
sensor at ground level and always maintaining the same orientation, five measurements were made at
equidistant points along the trellis section occupied by two grapevines. These points were positioned
in a diagonal line, drawn from the trunk base of the first grapevine to the third part of the width of the
street, on the vertical of the next grapevine. This procedure was repeated for all grapevines in each
series (10 consecutive plants).

The ELA measurements were carried out on the same plants that were used to determine the LAI
using an adaptation of the digital image analysis method [65]. A template of 1 cm? grids, which was
equivalent to 100 cm?, was applied to the digital images. Once gridded, the cells that were occupied
were counted deducting the gaps and obtaining the approximate area. The average width of each
grapevine was also measured, which was obtained from the average of 5 measures in each grapevine.
It is expressed as m? foliar area/m? soil area.

The leaf index was obtained by dividing the external leaf area by the total leaf area of the
grapevine. This parameter is used to estimate the porosity and overlap of vegetation. It has no units;
it is a dimensionless parameter.

2.6. Yield and Its Components

The yield, expressed as kg of grape/m? of surface, was calculated at the time of commercial
maturity (harvest) as the average of the production of 10 grapevines selected at random for each
treatment and for each repetition. Once the production was weighed, the number of bunches on each
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grapevine was counted. The mean bunch weight was obtained indirectly by dividing the production
of each grapevine by the number of bunches and calculating the average. To determine the mean berry
weight, a random sample of 100 berries was taken from each of the 10 grapevines and the mean weight
was calculated.

2.7. Statistical Analysis

Statistical analysis of the results was performed with version 23.0 of the SPSS statistical package.
The possible effect of the treatments on the different variables considered was evaluated by performing
an analysis of variance and the means were compared using Tukey’s honestly significant difference
test, with a probability level of & < 0.05. The contrast between the means of the years was assessed by
a Student t-test for independent samples, with a probability level of p < 0.05.

3. Results

3.1. Effects on Leaf Development

In each year, the TLA generally decreased as the level of water stress experienced by the grapevines
in the different treatments increased, with both years showing significant differences (Table 3). In the
first year, T2 barely varied with respect to T1, while the decrease of T3 and T4 compared to T1 was
6.2% and 15.4%, respectively. In contrast, during the second year, the differences were greater, with the
decreases in T2, T3, and T4 with respect to T1 were 10%, 13.9%, and 23.2%, respectively. Comparing
years, the value of TLA decreased in the second year by 13.6% compared to the first year. The trend
in the ELA was similar to that of the TLA, with decreases observed in the two years as the level of
water stress increased in the different treatments. In contrast, significant differences in ELA were only
observed between treatments during the second year and differences were not observed between years,
with similar mean values obtained. A comparison of the two years shows that the values in the second
year were lower than in the first year in the most restrictive treatments (T3 and T4), although in a much
smaller proportion than in the TLA (approximately 5%). In the second year, the average leaf index was
slightly higher than the first (13%), and significant differences were observed between the different
treatments in the second year. Furthermore, differences between seasons were significant.

Table 3. Means and standard deviations (SD) of leaf development parameters: total leaf area (TLA m?
foliar area/m? soil area), external leaf area (ELA m? foliar area/m? soil area), and leaf index (LI) for each
of the four water regime treatments in the two years.

Year Treatment Samples TLA ELA LI
(Ypp) (n) Mean + SD Mean + SD Mean + SD
T1(0-0.2; -0.2) 20 1.62ab % + 0.08 0.83b + 0.02 0.56 + 0.07
1 T2(-0.2-0.4; —0.4) 20 1.64b + 0.18 0.83ab + 0.00 0.51 + 0.06
T3(_0.4-0.6; —0.6) 20 1.52ab + 0.18 0.81ab + 0.06 0.52 + 0.06
T4(—0.6; -0.8) 20 1.37a +0.08 0.75a = 0.03 0.55 + 0.08
Sig ¥ o * ns
T1(0-0.2; -0.2) 20 1.51¢ + 0.03 0.85b + 0.03 0.57a + 0.05
) T2(=0.2-0.4; =0.4) 20 1.36b + 0.17 0.86b + 0.02 0.64b + 0.10
T3(—0.4—0.6; —0.6) 20 1.30b + 0.08 0.76a + 0.04 0.60ab + 0.06
T4(_os; —058) 20 1.16a + 0.00 0.72a + 0.04 0.62ab + 0.04
Sig %% LR *
Year 1 80 1.54b + 0.12 0.81 + 0.04 0.54a + 0.02
Year 2 80 1.33a + 0.15 0.80 + 0.07 0.61b + 0.03
Sig %% ns EE L

* The letters indicate statistically significant differences between treatments, according to the Tukey’s honestly
significant difference test (@« = 0.05). The contrast between the means of the years was performed by the Student
t-test for independent samples (a = 0.05). ¥ Significance (Sig): *, **, ***, ns: significant at p < 0.05, 0.01, 0.001, or not
significant, respectively.
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3.2. Effects on Yield

The mean values of the performance components were lower in the second year than the first
year (Table 4). The average weight of the berry decreased by 28.3% with respect to the first year for
T3 and by 29.2% for T4. These decreases had a detrimental effect on production, which decreased by
42.2% and 37.1% for these treatments, respectively. In terms of treatments, in the two years there were
marked differences in yield and bunch weight, but for the weight of the berry, the only differences
were observed in the second year. During the first year, the decreases in the weight of a berry in T2,
T3, and T4 compared to T1 were 4.6%, 9.2%, and 12%, respectively, while in the second year these
decreases were considerably greater (7.8%, 21.1%, and 24.4% for T2, T3, and T4, respectively). Between
years, the weight of the berry decreased by 23.5% in year 2 compared to year 1. In terms of yield, in the
first year, the decreases in T2, T3, and T4 compared to T1 were 3.2%, 13.5%, and 29.4%, respectively,
while in the second year these decreases were much greater (3.3%, 30%, and 37.8% for T2, T3, and T4,
respectively). Between years, yield decreased by 33.9% in year 2 compared to year 1. All of the yield
parameters, except for the number of bunches, decreased as the level of water stress increased with the
different treatments in both years of the trial.

Table 4. Means and standard deviations (SD) of the yield components: yield (kg/m?), number of
bunches per grapevine (bunches), bunch weight (g), and berry weight (g) for each of the four water
regime treatments in the two years.

Y Treatment Samples Yield Bunches Bunch Weight Berry Weight *
ear
(¥pp) (n) Mean + SD Mean + SD Mean + SD Mean + SD
T1(0-0.2; —0.2) 20 1.26bY £0.03  25.63+4.72  177.01b +28.71 1.09 + 0.02
1 T2(_0.2-0.4; —0.9) 20 1.22b +0.01 25.05+4.49  176.21b +25.23 1.04 £ 0.07
T3(_0.4-0.6; —0.6) 20 1.09ab £ 0.07  25.60 £3.97  155.25ab + 23.61 0.99 + 0.08
T4(_0.6; —0.8) 20 0.89a + 0.03 2490 +4.16  131.79a +20.11 0.96 + 0.07
Sig * i ns * ns
T1-0.2; -0.2) 20 0.90b + 0.02 2410+154  136.07b +18.68 0.90d + 0.03
» T2(_0.2-0.4; —0.9) 20 0.87b +0.11 2480 +236  126.59b +15.92 0.83c + 0.04
T3(_0.4-0.6; —0.6) 20 0.63ab + 0.02 24.65 + 1.64 93.08a + 12.99 0.71b + 0.03
T4_g.6; -0.8) 20 0.56a + 0.14 24.65 + 347 83.00a + 14.65 0.68a + 0.03
Slg * ns 3% Eatd
Year 1 80 112 +0.17 25.30 £0.37 160.07 + 21.37 1.02 £ 0.06
Year 2 80 0.74 +0.17 24.55 + 0.31 109.69 + 25.62 0.78 + 0.10
Slg *%4% ns %% Etd

“ Number of samples (1) for berry weight is n = 8 in year 1 and n = 16 in year 2. ¥ The letters indicate statistically
significant differences between treatments, according to the Tukey’s honestly significant difference test (a = 0.05).
The contrast between the means of the years was performed by the Student ¢-test for independent samples (o = 0.05).
X Significance (Sig): *, **, ***, ns: significant at p < 0.05, 0.01, 0.001, or not significant, respectively.

4. Discussion

4.1. Effects on Leaf Development

When plants perceive signals of abiotic stress, they express complex defense responses which
can be reversible or irreversible depending on the duration and intensity of stress and the organ
or tissue involved [3]. One of the first responses of plants to water stress is the reduction of vegetative
growth, which allows grapevines to restrict water losses [66]. The measurements of the different
leaf development parameters were carried out in part during the phenological stage of veraison as
this is the moment in which the maximum leaf area is reached. In trials carried out with the variety
‘Tempranillo’, Cuevas [42] found that the maximum values of both TLA and ELA depended on the
year but were always reached around veraison. From that time until the harvest date there was a loss
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of leaves from the main branches and under dry conditions this represented up to 29% of the leaf area
of the branch. Sommer and Clingeleffer [67] also found that the greatest foliar surface was obtained
around the time of veraison.

In this study both the planting density and the number of branches per grapevine were the same
in all treatments. Therefore, the differences between the plants in terms of vegetative growth can be
attributed to the different levels of water stress. The decrease in the total leaf area, from 1.62 to 1.37 m?2
foliar area/m? soil area in the first year and from 1.51 to 1.16 m? foliar area/m? soil area the second year,
as the degree of water stress increased, was produced by the limitation that the water stress caused on
the elongation of the branches [47], thus giving rise to shoots with a lower foliar surface (fewer leaves
and smaller area). These results are consistent with those obtained by other authors [42,56,68].

The effects of water stress on leaf area differ depending on the period in which the stress occurs,
and these have been studied by numerous authors. Some authors [43,69] found that grapevines that
were supplied with water until the time of veraison showed greater leaf development than those
where the water supply was suppressed during this period. Sommer and Clingeleffer [67] arrived
at similar conclusions on comparing the leaf development of grapevines subjected to different water
availability before and after veraison. These authors argued that differences in leaf area were significant
as variations in water supply took place before veraison. However, any leaf area differences produced
after full growth were practically negligible. Buesa et al. [56] carried out a similar study over three years
on the variety "‘Moscatel of Alejandria’, and they also observed that the grapevines subjected to water
deficit before veraison had a smaller leaf area than those in which the deficit occurred after veraison,
although significant differences were only found during the first year. In contrast, well-irrigated plants,
in addition to a larger leaf surface, had a more compact foliar mass.

More recently, other authors, such as Munitz et al. [49], concluded that the amount of water
supplied to grapevines during the season has a positive effect on vegetative growth, when the stage
from flowering to closure of the bunch shows the fastest vegetative growth, which coincides with
the period of maximum activity of the cambium. In contrast to these results, in a trial conducted in
Chile by Acevedo-Opazo et al. [70] in which plants of the variety ‘Cabernet Sauvignon” were kept at
different levels of water stress from fruit set to maturity, significant treatment differences were not
found in most of the vegetative growth parameters (branch length, number of nodes, internode length,
and pruning wood weight) in any year, although there was a tendency for all of the aforementioned
parameters to decrease with increasing levels of stress.

The ELA provides an estimate of the proportion of the total leaf area of the grapevine that
receives direct solar radiation. Smart [71] considered that a high proportion of the total CO, that is
assimilated by grapevines is due to the amount of sunlight that directly reaches the leaves. Therefore,
the productivity of a grapevine will mainly depend on the number of external (exposed) leaves and
their area. Escalona et al. [13] showed that the leaves located on the inside of the canopy represent
35-50% of the total leaf area surface. However, their contribution to the total net carbon gain is less than
5% of the total grapevine. Other authors [72] found that in cases of severe water deficits, the leaves of
the grapevines closed their stomata and photosynthesis was reduced to a minimum, thus decreasing
the photosynthetically-active foliar area and, consequently, reducing the impact of the solar radiation
intercepted by the plants. These alterations caused a decrease in the production of photoassimilate and,
as a result, a reduction in the quantity and quality of the harvest. Fernandez [43] also found similar
effects in stressed grapevines and cited the lack of availability of water before veraison as a trigger for
this response.

Comparison of the ELA data shows that the values in the second year were lower with respect
to the first year only in the most restrictive treatments (T3 and T4). These values decreased from
0.81 to 0.76 m? foliar area/m? soil area and from 0.75 to 0.72 m?2 foliar area/m? soil area, for T3 and T4,
respectively, but to a much lesser extent than the TLA (approximately 5%). The smaller differences
are probably due to the fact that the external leaf area represented about half of the value of the total
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leaf area (52.59% to 60.15% on average in the first and second years, respectively) and therefore the
differences with respect to the LAI were reduced.

The higher average leaf index values obtained in the second year were mainly due to the fact that,
as a consequence of the higher levels of water stress maintained during the season, the TLA values in the
first year were higher, since ELA values were practically constant during the two years (from 0.51 to 0.64).
These results are consistent with those obtained by other authors, e.g., Rubio [68] who studied the
‘Tempranillo’ variety and compared treatments with and without irrigation. There were higher values
for both TLA and ELA in irrigated grapevines, although the highest LI values (0.4) were obtained for
grapevines without irrigation, with statistically significant differences occurring in three of the four
years of study. Likewise, Fernandez [43] worked with the ‘Cabernet Sauvignon’, which were subjected
to different levels of water deficits during the pre-veraison and post-veraison stages. In that study,
the maximum LI values (0.8) were also obtained with the treatment involving continuous severe deficit,
which was the most stressed case of all.

According to our data, it is evident that water stress produced a decrease in the density of
vegetation, and this favors a higher percentage of leaves being exposed, which in turn results in fully
productive plants. In addition, the leaf index values in all treatments were between 0.50 and 0.65, i.e.,
within the range considered as acceptable [73], and this indicates that the plants were productive.

4.2. Effects on Yield

Some authors have indicated that, in the grapevine, water availability seems to have a greater
effect at the vegetative level than on productivity [40,74], but this factor is considered to be one of the
most important for the proper development of the plant as an excess of water stress results in a decrease
in yield [55,75]. Other researchers [33,48,56,57,76-78] have established relationships between the level
of stress, the weight of the berry, and the production of the grapevines.

In addition to the water deficit stress, the high temperatures that occurred during the seasons
also may have influenced [74,79] our study. The lowest yields obtained, in the second year, were
likely due to the fact that the volumes of water applied were lower (0.4% in T1, 5.9% in T2, 27.6% in
T3, and 20.1% in T4) and, as a result, water stress levels increased slightly. The justification can be
found by comparing the meteorological data from both years (Figure 2). The mean of the monthly
mean temperatures (Tm) and maximum daily temperatures (Tmax) in the period that elapsed from the
phenological stage of flowering (May) to maturity (August) were lower in the second year than the
first year (0.3 and 0.4 °C, respectively) with equal minimum daily temperatures (Tmin). Regarding
the monthly mean of daily solar radiation (RS), the mean values during the same period were equal
(27.2 MJ/m?), while the monthly mean of accumulated rainfall (R) was 19.8 mm higher the second
year. These differences increased as the intensity of the stress increased and were greater for the more
restrictive treatments. Therefore, yield showed a close relationship with the level of water stress
experienced by the grapevines during the year, which in turn depended on the water provided by
the irrigation. These results are in line with those obtained by other authors [35,80], who concluded
that the effect of the water regime on the production and weight of the berry differed depends on the
year. Martinez et al. [78] also observed significant differences in the production parameters of the
‘Albarifio’ variety due to yearly differences. This effect has also been observed in other varieties such as
“Bobal’ [33], “Cabernet Sauvignon’ [76], and ‘Merlot’ [77].

The average number of bunches in the two years remained practically constant for all treatments
(25.30 and 24.45 for the first and second years, respectively). This finding is due to the fact that,
in both years, the number of branches in the grapevines (12) was adjusted in order to make grapevines
comparable. These results show that the decrease in yield (from 1.26 to 0.89 kg/m? and from 0.90 to
0.56 kg/m? for the first and second year, respectively) was due to the fact that, as the level of water
stress increased, the weight of the berry decreased (from 1.09 to 0.96 g and from 0.90 to 0.68 g for
the first and second years, respectively), and thus the weight of the bunch decreased (from 177.01 to
131.79 g and from 136.07 to 83 g for the first and second years, respectively). Our observations are



Horticulturae 2020, 6, 95 10 of 16

consistent with those reported [33]. These authors also adjusted the number of buds by pruning and
they concluded that the increase in productivity on decreasing the level of water stress was mainly
due to the increase in the weight of the berry, since both the number of bunches and the number of
berries per bunch remained similar in all treatments. Therefore, the fertility of the buds and the setting
rate were not affected by the level of water stress [81]. In contrast, other authors, such as Shellie [75]
with the variety ‘Merlot’, Girona et al. [82] with ‘Pinot Noir’, Santesteban et al. [83] with “Tempranillo’,
and Romero et al. [36] with ‘Monastrell’, observed that water stress, in addition to decreasing the mean
weight of a berry and the weight of a bunch, also affected the number of bunches per grapevine.
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Figure 2. Meteorological data of the two years (Tmax: monthly mean of maximum daily temperatures,
Tmin: monthly mean of minimum daily temperatures, Tm: monthly mean temperature).

The impact of water stress on the yield of the grapevines depends, in addition to the intensity,
on when the stress occurs. Buesa et al. [56] studied the variety ‘Moscatel de Alejandria’ in the eastern
part of Spain and observed that when water restriction took place before veraison, the yield decreased
by 10% more than when it occurred after veraison. These authors attributed this finding to the
fact that the early water deficit caused a greater reduction in the growth of the berry than when it
was late. This led to a decrease in the productivity of the branches and the weight of the bunches
because the berries were smaller. Similar results were previously obtained by Ferreyra et al. [84],

for the ‘Chardonnay’ variety. In our study, a positive relationship between berry weight and yield was
observed (Figure 3).
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Figure 3. Ratio of berry weight (g) to yield (kg/m?), for each treatment. The solid symbols correspond
to the data of year 1 and the outlined symbols year 2. Each spot corresponds to the average of two
repetitions for each treatment. Significance of the coefficient of determination R? by correlation analysis:
**, significant at p < 0.01.

Therefore, it can be stated that while water stress restricted production and all the components of
yield, the weight of the grape was the most decisive. These results are consistent with those obtained
by other authors [35,49,85-91], who worked with grapevines with different levels of irrigation and
therefore different levels of water stress. They concluded that the increase in yields with the availability
of water was mainly due to differences in the weight of the berry. In contrast, Cuevas [39] did not
find significant differences in the weight of the berry between treatments with different levels of water
stress but differences were observed in the number of branches and number of bunches per branch.

Other authors [92] carried out a greenhouse trial in which well-irrigated grapevines were compared
with others subjected to water deficit and they found, as we did, that plants with stress had a lower
leaf area and smaller berry size. Ferlito et al. [93] carried out a study in Sicily with four varieties and
concluded that the reduction of the foliar surface in the grapevines resulted in production of bunches
with a lower weight and smaller berries.

The present study was carried out under field conditions and, as a result, the amount of water
added during the two years differed depending on the environmental conditions that prevailed in
each year, and this, in turn, conditioned the degree of water stress during the different stages of the
season. Future research should be aimed at monitoring the effects of water stress under controlled
temperature, humidity, and radiation conditions in order to be able to repeat the test over several years
and to obtain more reliable results. These tests should also be repeated with other grapevine varieties
to ascertain whether the results are similar.

5. Conclusions

Water deficit stress, in addition to acting as a limiting factor on leaf development, had a marked
influence on the mean size of a berry and consequently on yield. The vegetative growth of the
grapevines was greatly affected by water stress. The stress reduced the density of the vegetation,
which favored a greater percentage of the leaves being exposed and resulted in the plants being fully
productive. The yield decreased as the stress level increased. The component that had most influence
on the yield was berry weight.
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