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Abstract: The most significant risk for viticulture is that the sugar content of the grapes will increase
in the future due to rising temperatures. As a result, it will be possible to produce wines with
increasing alcohol content in the future. Excessively high alcohol content can significantly reduce
the wines’ marketability and viticulture’s profitability. Our study seeks to answer how the expected
drought in the Southern and Central regions of Europe will affect the future change in the sugar
content of grapes. The degree of dryness was examined using the dryness index in the study. Finally,
it was analyzed how the dryness index affects the past and future occurrence of maximum sugar
content for six grape varieties. The probability of the occurrence of maximum sugar content for
most vine grape varieties will decrease in the near future. However, in the distant future, there is a
likelihood that the occurrence of maximum sugar content will increase again. If we can maintain the
DI ≥ −10 condition with regulated deficit irrigation, the probability of the occurrence of maximum
sugar content may decrease significantly in the near future. Ensuring moderate dryness is the only
way to achieve the proper sugar content.

Keywords: climate change; dryness index; the sugar content of wine grapes; IPCC periods; simulated
deficit irrigation; optimal dryness demand

1. Introduction

The grape (Vitis vinifera L.) grows best in areas with a Mediterranean climate. It partic-
ularly values abundant rainfall during the dormant period and tolerates drought during
the growing season. Grapes are grown in the Mediterranean and areas with a continental
climate up to 50 degrees latitude [1]. In these areas, which are currently characterized
by “cool” climatic conditions, the significant diurnal temperature range at ripening is
particularly favorable for cultivating quality wine grapes. Because of climate change effects,
the dryness will increase not just in the Mediterranean region of Europe but also in the
Carpathian basin [2]. These changes will provide even more favorable climatic conditions
for quality wine production in the future than the current traditional wine-growing areas
at lower latitudes. Based on climate models, the severity and frequency of drought in most
famous vineyards will increase in the future, meaning heat and drought stress will affect
these areas more and more in the future, thus jeopardizing the quality of wine grape pro-
duction. The biggest fear of growers is that due to rising temperatures and more frequent
droughts, the sugar content of grapes will increase, which will increase the alcohol content
of wines. Due to the higher alcohol content, the fermentation process changes, resulting
in a wine with a different taste and character. In the case of sensory evaluations, these
wines with an alcohol content higher than necessary usually seem unbalanced, with an
upset to the harmonic sugar/acid ratio. The onset of drought associated with warming will
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accelerate the increase in the sugar content of berries in the future. Drought is a complex
concept that occurs when several factors go hand in hand. It can be stated that the sugar
content of berries at the time of ripening is influenced not only by drought or water stress
but also by the grape genotype, vineyard temperature, and canopy management, all of
which affect the magnitude of sugar content [3].

Unfavorable environmental conditions can cause separate heat and water stress in
grapevines, which affect the grape’s internal parameters such as sugar and acid content,
the development of phenolic compounds, and yield quantity. Naturally, these effects often
occur in combination. However, according to [4], heat stress had a more significant impact
on gene expression in grape berries than water stress.

In this study, we aimed to examine the effects of drought and the dryness index (DI),
which quantifies drought, on the development of sugar content in ripening grape berries.

Drought stress causes a morphological, physiological and biochemical response in
grape wine plants [5]. Heat stress and severe drought together may compromise photo-
synthesis, causing a source–sink imbalance in the grapes, obtaining low-quality musts for
vinification [6].

Severe drought can cause a loss of turgor and cause xylem cavitation formation, which
can lead to leaf fall and even grape death [7]. The water deficit reduces berry size and
increases the levels of soluble sugars, total phenols and anthocyanins [8]. The glycosylated
volatile organic compounds of the berries show a positive correlation with the severity of
water stress prior to veraison [9].

Due to the likely future occurrence of increasingly frequent and severe droughts, a
proper irrigation strategy is essential for obtaining high-quality berries and wines [9–11].

We believe that the dryness index (DI) developed for grapes is suitable for quantifying
this problematic effect. The dryness index is an additive water balance index, described
by [12], developed explicitly to quantify climatic water scarcity in grapes. The plant
evaporation member of the index contains the crop coefficient function (Kc) set explicitly
for grapes. Drought and the accompanying lack of water trigger a survival mechanism
in most plants, as in grapes. Maturation processes are accelerated [13], and berry growth
slows or may stop. Due to the smaller-than-average berry size, the solution concentration
in the berries will be denser, which usually means a higher sugar content. This higher
sugar content occurs mainly when significant crop restrictions are applied in the vineyard.
Water scarcity simultaneously reduces the berries’ sugar content and the expected yield
amount [14]. The onset of drought simultaneously increases the anthocyanin and tannin
content of the berry [15–17]. These are favorable conditions for quality grape production,
but these advantages are particularly pronounced in the production of red wine [18]. The
aroma potential of white grapes decreases due to drought [19]. In a severe drought or
water shortage, the berries may lose a significant part of their water content, becoming
dried compacted berries without a harvestable crop. Severe drought slows down the
process of photosynthesis (Figure 1b) and, thus, the ripening, especially if the yield is high.
Both quantitative and qualitative indicators of grape harvest deteriorate under significant
drought stress [20]. In many countries, grapes are grown under irrigation, although
irrigation can reduce the grapes’ sugar content and other quality indicators. Therefore, the
authors of ref. [21] propose a limited amount of irrigation that alleviates the intense water
stress state but maintains a slight degree of drought for the quality characteristics of the
grapes to develop favorably. In wetter vintages, a larger-than-average berry size usually
results in berries with a more dilute solution concentration, meaning the sugar content of
the berries decreases. Therefore, the optimum degree of drought is a very narrow range
below or above which the grapes do not reach the optimum sugar content of the variety.
The planned investigation aims to verify [22]’s statement that grapes have the highest
sugar content with moderate water scarcity through the example of some Hungarian grape
varieties in the Eger wine region (Figure 1).
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Figure 1. Location of the investigated site in Eger, Hungary. (a) Vineyard with data logger equip-
ment; (b) grape leaves with drying symptoms. 
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ling Italico), Lemberger, Leanyka (Feteasca Alba), Nero) sugar contents were analyzed 
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2.4 × 1 m inter- and intra-row spacing, respectively. The investigated varieties are of deci-
sive importance in the Eger wine region.  

Figure 1. Location of the investigated site in Eger, Hungary. (a) Vineyard with data logger equipment;
(b) grape leaves with drying symptoms.

The goals of our research are the following:

1. To prove that there is a significant relationship between the dryness index and the
fluctuation of the sugar content in wine grapes.

2. To verify the assumption that we can expect maximum sugar content for wine grapes
in the case of moderate drought.

3. To determine for which dryness index values we can expect the maximum sugar
content to develop.

4. By generating the expected future distribution of the dryness index, it is possible
to calculate the probability of maximum sugar content in the near (2016–2035) and
distant (2081–2100) future.

2. Materials and Methods
2.1. Location of the Research Field

The investigations were carried out in the Eger wine region. The 25-hectare Research
Institute of Viticulture and Enology of the Eszterházy Károly Catholic University is in the
southwestern part of Eger. The name of this cultivation area is Kőlyuktető (geographical
location: lat. 47◦51′57.2′′ N, long. 20◦22′51.5′′ E).

2.2. Examined Wine Grape Varieties

Six wine grape varieties’ (Cabernet Franc, Cabernet Sauvignon, Welschriesling (Ries-
ling Italico), Lemberger, Leanyka (Feteasca Alba), Nero) sugar contents were analyzed
during the ripening period. The spur cordon-trained vines with single arms positioned
at 2.4 × 1 m inter- and intra-row spacing, respectively. The investigated varieties are of
decisive importance in the Eger wine region.
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2.3. Sugar Content Data

The sugar (g/L) content of the grapes was analyzed in the laboratory of the Food
Science and Oenology Knowledge Center of the Eszterházy Károly Catholic University.
The sugar sampling data are taken every year at harvest times. The harvest dates are
determined based on the ripening dynamics of the grapes. Annual sampling was carried
out by randomized block sampling with three replications. The grapes were crushed, and
the must sugar concentration was determined from the juice samples based on the method
of [23].

The analytical methods recommended by the authors of [24] were used to determine
the grapes’ sugar concentration (OIV-MA-AS311-01A). The length of the sugar content time
series is different. The most extended series of measurement data was available for the
Lemberger between 1987 and 2015. This variety is the most significant in the Eger wine
region. At the same time, the shortest data series were available for the Cabernet Franc and
Cabernet Sauvignon varieties between 1999 and 2015. The length of the time series of the
sugar content database for examined wine grape varieties is shown in Table 1.

Table 1. The length of time series of the sugar content database for the six analyzed wine
grape varieties.

Wine Grape Varieties Length of Time Series

Cabernet Franc 1999–2015

Cabernet Sauvignon 1999–2015

Leanyka 1990–2015

Lemberger 1987–2015

Nero 1995–2015

Welschriesling 1997–2015

2.4. Meteorological Database

The DI value was generated using the FORESEE database. FORESEE is a free-access
database that currently contains daily data on seven meteorological variables [25]. The
seven meteorological variables included in the database are: daily minimum temperature,
daily maximum temperature, daily average temperature, daily global radiation, daily
precipitation, average daytime temperature, daily vapor pressure deficit.

The ten regional climate models (RCMs) run under the ENSEMBLES European Union
project (FP6) are based on state-of-the-art error correction of daily maximum/minimum
temperature and precipitation datasets. In the case of precipitation, its time and amount
distribution was also corrected. Adjusted climate projections for the future were made
using data from the E-OBS past database.

The impact of future human activity was considered according to a medium scenario,
A1B SRES (Special Report on Emissions Scenarios; [26]).

The DI values and their distribution functions were determined using ten models’
regional and global forecast climate model data (Table 2). The original grid resolution for
all models is the same 0.22◦ × 0.22◦. The database covering the whole of Hungary contains
2070 pixels of data per variable and model, of which the 22 Hungarian wine regions are
300 pixels, and the Eger wine region is 7 pixels.

Table 2. Regional-global forecast climate models used in the Foresee database.

Regional Climate Models
(RCM)

General Circulation
Models (GCM) Institution References

ALADIN ARPEGE Centre National de Recherches Météorologiques [27]

CLM HadCM3Q0 Eidgenössische Technische Hochschule. Zürich [28,29]
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Table 2. Cont.

Regional Climate Models
(RCM)

General Circulation
Models (GCM) Institution References

HadRM3Q0 HadCM3Q0 Hadley Centre [30]

HIRHAM5 ARPEGE Danish Meteorological Institute [31]

HIRHAM ECHAM5 Danish Meteorological Institute [31]

RACMO2 ECHAM5 Koninklijk Nederlands Meteorologisch Instituut [32]

RCA ECHAM5 Sweden’s Meteorological and Hydrological Institute [33,34]

RCA HadCM3Q3 Sweden’s Meteorological and Hydrological Institute [33,34]

RegCM3 ECHAM5 International Centre for Theoretical Physics [35,36]

REMO ECHAM5 Max Planck Institute [37,38]

The results are presented divided into three time periods, based on the averages of
the periods corresponding to the IPCC reports [39]. The recent past represents the period
1986–2005. The relative and absolute changes were characterized in the near and distant
future compared to this period. The near future is usually characterized by the period
2016–2035, while the distant future is characterized by the period 2081–2100. This approach
and time scales will be followed in the study. The calculations assume that the nature
of the drought–sugar relationship determined by historical data will also show a similar
physiological interaction in the future.

2.5. Statistical Analysis

This approach and time scales will be followed in the study. The trend deviations of
the sugar content were calculated from the sugar content time series. A detailed description
of this linear model approach can be found in [2]. With this method, the trend effect was
removed from the sugar content data series. In addition, applying regression analysis can
determine the maxima of quadratic regression functions. Furthermore, the distribution
and density functions of DI values can be calculated in the near (2016–2035) and distant
(2081–2100) future for all investigated wine grape varieties. Assuming it is possible to
determine for each grape variety at which DI value maximum sugar content is expected,
then, the future development of the sugar content can be estimated for the grape varieties
by knowing the future distribution of the DI values.

2.6. Dryness Index

The dryness index is an additive water balance index described by [12], developed
explicitly to quantify climatic water scarcity in grapes.

DI =
September

∑
April

(W0 + P− Tv − Es)

The index consists of 4 members, of which members 1 and 2 characterize water intake,
and members 3 and 4 represent the expenditure side. Initial (starting as of 1 April) soil
moisture stock W0 (mm), which most indices calculate [40], fixed in the climatic study of
production sites, at W0 = 200 mm [41].

1. Initial (starting as of 1 April) soil moisture stock W0 (mm), which most indices
calculate;

2. Monthly precipitation from 1 April, summed monthly (P (mm));
3. Plant evaporation Tv = ET0 * Kc (mm);
4. Soil evaporation Es = (ET0/N) * (1 − Kc) * JPm (mm).
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ET0 is the monthly potential evaporation (calculated by the [42] method), and Kc is a
crop coefficient function. The value of the Kc function determined by [41] for the Northern
and Southern Hemispheres was defined as follows:

For the Northern Hemisphere, Kc = 0.1 in April, Kc = 0.3 in May, and Kc = 0.5 from
June to September.

For the Southern Hemisphere, Kc = 0.1 in October, Kc = 0.3 in November, and Kc = 0.5
from December to March.

N, the sum of the days in a given month, JPm is the number of days with evaporation
above 5 mm, obtained by dividing the monthly precipitation (mm) by 5. By definition,
JPm ≤ the number of days in a given month N.

The value of the dryness index must not exceed 200, i.e., DI ≤ 200 mm. In the
case of the dryness index, the climatic assumption is made that by the end of winter, or,
more precisely, by the beginning of the growing season, the soils will be replenished to a
minimum water capacity.

3. Results
3.1. Trend Deviation of Sugar Content Time Series

The sugar content data series are similar to international trends [43]. The research
results show that the sugar content of grapes is increasing yearly (Figure 2).
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Figure 2. Development of time series and trend functions of sugar content values for six examined
wine grape varieties.

Since the time series of the sugar content values of the investigated grape varieties
show a linearly increasing trend, it is advisable to de-trend the time series, since the trends
can have several effects that are difficult to parameterize (soil type, genetics, agrotech-
nics, canopy development). According to our assumption, environmental parameters,
in this case, drought, are usually responsible for positive and negative deviations from
the trend function. This linear trend model approach is widely used in agrometeorology
practice [44,45]. This linear trend model, was also used in the examination of the trend
deviations of the grape wine yield [2].

3.2. Relationship between Dryness Index and Sugar Content Trend Deviation

Quadratic relationships were found between the dryness index and the trend deviation
values of sugar content for all wine grape varieties. Since the square prefix of the quadratic
functions is negative, this means that the functions have a maximum, which means that at
a certain DI, maximum sugar content (SCmax) is expected.
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The R2 coefficient of the regression relationship between DI and sugar content was
the highest (R2 = 0.871) for Lemberger. At the same time, the lowest value (R2 = 0.645) was
observed for Nero. In all six grape varieties, there was a significant quadratic regression re-
lationship between the dryness index and sugar content deviation from the trend (Figure 3).
The quadratic equation can be expressed as follows:

y = ax2 + bx + c

Biomolecules 2023, 13, x FOR PEER REVIEW 8 of 19 
 

 
Figure 3. Regression relationships between the dryness index and the sugar content of the six grape 
varieties studied. Coefficients and significances of quadratic regression equations are highlighted. 

Knowing the derivative functions, it could be determined at which DI values the 
maximum sugar content (SCmax) occurs for each wine grape variety. Figure 4 shows that 
the maximum sugar content (SCmax) values occurred in the case of small negative DI 
index values for all investigated wine grape varieties. The degree of drought required to 
achieve the maximum sugar content (SCmax), known after this as the optimal drought, 
differs significantly for the examined grape varieties. With this DI measure, the drought 
tolerance of wine grape varieties can also be numerically characterized. Supposing a grape 
variety can produce a maximum sugar content with an even more significant drought, it 
is presumably more tolerant of drought than varieties with maximum sugar content with 
only slight dryness. 

Figure 3. Regression relationships between the dryness index and the sugar content of the six grape
varieties studied. Coefficients and significances of quadratic regression equations are highlighted.

The derivation process of the quadratic regression relationship can be described by
the following equations:

y(DI) = a DI2 + b DI + c
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y′(DI) = 2 a DI + b

y′(DI) = 0 {ymax ; ymin}
−b
2 a

= DI {ymax}

Knowing the derivative functions, it could be determined at which DI values the
maximum sugar content (SCmax) occurs for each wine grape variety. Figure 4 shows that
the maximum sugar content (SCmax) values occurred in the case of small negative DI
index values for all investigated wine grape varieties. The degree of drought required to
achieve the maximum sugar content (SCmax), known after this as the optimal drought,
differs significantly for the examined grape varieties. With this DI measure, the drought
tolerance of wine grape varieties can also be numerically characterized. Supposing a grape
variety can produce a maximum sugar content with an even more significant drought, it
is presumably more tolerant of drought than varieties with maximum sugar content with
only slight dryness.
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The results show that Welschriesling has the highest drought tolerance of the grape
varieties studied. Nero followed it, which also had an outstandingly good drought tolerance.
The results show that the drought tolerances of Lemberger and Leanyka were nearly
identical but significantly lower than those of Welschriesling or Nero. Cabernet Franc and
Cabernet Sauvignon show the lowest drought tolerance among the tested wine grapes
(Figure 4).

3.3. Future Changes of Optimal Drought Probabilities

The probabilities of optimal drought occurrence can be investigated by determining
the distribution functions of the DI values for the IPCC periods of a given test site. The
density function for a given distribution function is then defined. The probability of optimal
drought given as a percentage can be determined in three steps, as shown in Figure 5a.
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The first step is to fit a straight line to the DI value for SCmax (Phase 1); this vertical line
intersects the density function, and it will be the reference function value (Phase 2). The
probability is determined by fitting a horizontal line to the reference function value and
reading the probability value in % on the vertical axis (Phase 3). Based on the above method,
the optimal drought probability value can be calculated for each examined grape variety
for both the near and far IPCC periods (Figure 5b).
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Supposing a wine grape variety currently grown is likely to have maximum sugar
content in the future, this is generally a favorable growing condition, as a high sugar content
(SCmax) is a prerequisite for producing quality wine. Supposing the weather conditions
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have been favorable for the production of quality wine in the past, meaning there is no
or scarce vintages where the sugar content of the grapes would have been lower than
necessary. In that case, the increase in the years providing maximum sugar content (SCmax)
is unfavorable in a wine region. Supposing an excellent quality wine can be produced in the
case of vintages with a high sugar content (SCmax), an increase in the incidence of optimal
drought is favorable for growers; if the high sugar content results in a disproportionately
high alcohol content in the wines, the probability of an optimal drought increase can be
considered unfavorable.

The standard deviation of the probability of optimal dryness occurrence of the studied
cultivars was recently 3.4. In contrast, the relative standard deviation reached 43.2%. Except
for the Welschriesling variety, the probability of optimal drought occurrence will decrease
in the near future. In addition, the standard deviation (1.3) and relative standard deviation
(24%) of the probability values are significantly reduced. Smaller drought probabilities
and smaller drought variations will characterize the decade ahead. It is good news for
producers worried about wines with higher alcohol content than they need. In the distant
future, however, the probability of optimal drought increases for most of the cultivars
studied, except for Nero and Cabernet Sauvignon, where the incidence of optimal drought
decreases further, while for Welschriesling, the probability of optimal drought increases in
both the near and distant future (Table 3).

Table 3. The probability of optimal drought occurring in the three IPCC periods and for six grape
varieties and changes in the probability values of the optimal drought with regulated deficit irrigation
(DImin ≥ −10) for six grape varieties in the three IPCC periods.

Wine Grape Varieties
1986–2005 2016–2035 2081–2100

DIScmax (%) DIScmax (%) DIScmax (%)

Cabernet Franc 7.4 5.7 6.9

Cabernet Sauvignon 11.7 5.9 5

Welschriesling 2.3 2.8 7.2

Lemberger 7.8 5.8 7

Leanyka 6.9 5.6 7.3

Nero 11.2 6.4 5.2

Mean 7.9 5.4 6.4

Standard deviation 3.4 1.3 1

Relative standard deviation (%) 43.2 24 16.2

The results show that except for Welschriesling, the probability of optimal drought
occurring in the near future—between 2016 and 2035—decreases for all studied varieties.
In the distant future, between 2081 and 2100, except for Nero and Cabernet Franc, the
probability of the occurrence of maximum sugar content will increase again (Figure 6b).

3.4. Simulated Deficit Irrigation

The deficit irrigation simulation was based on the dryness index (DI). A positive DI
range means an excess of water. In contrast, in the case of a small negative dryness index
range, we can speak of a moderate water deficit.

Test results show that the degree of drought will increase in the future. Our results
show that the average DI value will reach −50 mm by the end of the century (Figure 6a).
This change poses a severe challenge to producers. Providing moderate drought for the
wine grape varieties grown continuously will be challenging. More than optimal dryness
reduces the sugar content and the yield amount of grapes that can be harvested. The
solution is to apply irrigation to maintain moderate drought for current grape varieties or
introduce drought-tolerant varieties in the given production area.
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Figure 6. Future predictions. (a) Changes in the average value of the dryness index in the recent
past and near and distant future; (b) changes in the probability of optimal drought in percentages,
compared to the period 1986–2005; (c) changes in the occurrence of optimal drought demand com-
pared to the period 1986–2005. Optimal drought demand (ODD) categories and their associated
DISCmax intervals and grape varieties and changes in the averages, errors and standard deviations of
the optimal drought demand interval in the near and distant future as a percentage of the average of
the period 1986–2005 are detailed; (d) changes in the probability of optimal drought compared to
1986–2005 in percentage values; (e) changes in the likelihood of the occurrence of moderate drought
compared to the period 1986–2005 in percentages.

Let us see how the optimal drought incidence would develop if we did not allow the
DI to drop below −10 mm using water replacement irrigation. Due to the simulated deficit
irrigation, the distribution and density functions previously defined for the varieties are
distorted, as there will be no DI values less than −10 in the sample.

In the case of the Welschriesling and Nero cultivars, the results cannot be interpreted
because the DISCmax value characteristics of the cultivars is outside the range of interpre-
tation of the distribution functions, especially in the near and distant future. Regulated
deficit irrigation can only protect against rising sugar in the near future, while in the distant
future, there will be an increase in all wine grape varieties examined (Figure 6d). The effect
of regulated deficit irrigation on sugar content is mainly short-term. In the near future,
especially for the Cabernet Franc, Lemberger and Leanyka varieties, it is observed that
the probability of the maximum sugar content characteristic of the wine grape variety de-
creases to a greater extent than in the case of non-irrigation. Deficit irrigation that maintains
moderate drought can effectively lower the sugar content for these varieties. However,
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the regulated deficit irrigation will not provide sufficient protection against the increase in
sugar content due to increasing drought in the distant future.

3.5. Optimal Drought Requirements of Varieties

The studied varieties can produce maximum sugar content with different degrees of
drought. After this, the drought value, more precisely the DI value at which the maximum
sugar content is obtained for a given grape variety, is called the optimal drought demand
(ODD). Based on the DISCmax values of the studied cultivars, we can talk about cultivars
with low, medium and high ODD requirements. Low ODD cultivars were characterized by
lower negative DISCmax values. High ODD cultivars were characterized by higher negative
DISCmax values (Figure 6c).

Let us analyze the previously determined DI distributions for each wine grape va-
riety and determine the optimal drought requirements of each wine grape variety. Ex-
amining how the low (DISCmax = −25), medium (DISCmax = −55), and high ODD values
(DISCmax = −85) change the probability values of maximum sugar content distribution
functions in the near and distant future, we obtain the following results.

The probability values of the maximum sugar content of low ODD varieties will
decrease sharply in the near future but moderately in the distant future. In the case of
medium ODD varieties, a moderate decrease can be expected in the short term. In contrast,
a significant increase in the maximum sugar content can be expected in the long term. For
varieties with high ODD, no change is expected in the near future. In contrast, in the distant
future, we can expect a significant increase in the probabilities of maximum sugar content
(Figure 6c).

The errors and standard deviations of the means of the ODD intervals vary inversely
with the ODD values of the varieties. The smaller the negative ODD value characterizing a
given wine grape variety, the greater the mean error and standard deviation. Examining
the changes in the near and distant future compared to the average of the base period
1986–2005, we can expect more significant errors and more extensive standard deviations
in the distant future than in the near future (Figure 6c).

If all varieties had a uniformly low ODD value, meaning if DISCmax = −10 were
satisfied, the probability of maximum sugar content would be significantly reduced both
in the near and distant future compared to the recent past (Figure 6e). The reduction
rate would be most significant for the Nero and Cabernet Sauvignon varieties. For these
varieties, the probability of the occurrence of the maximum sugar content would already
decrease by 50% in the near future, and we could expect a decrease of more than 70% in the
distant future.

4. Discussion

In connection with climate change, the changes in circulation conditions and the
development of a more frequent blocking situation have been reported by [46], as well as
the precipitation extremes and drought that can be expected to increase in the future in our
area [47]. The European continent, particularly the Carpathian Basin, has exceptionally
diverse climatic conditions.

The selection of cultivation areas for vineyards is an essential task for vine growers.
Those grapes (Vitis vinifera L.) grown under favorable water supply conditions usually show
excessive growth with low-quality produce, while grapes with weak growth result in low
yields and their cultivation is uneconomical [48]. Abundant water supply, which can often
occur in vineyards with poorly regulated irrigation systems, significantly increases grape
growth, increases leaf area [49,50] and increases shoot growth [51,52]. The increased foliage
has a more significant shading effect, which prolongs the ripening process and thus reduces
the quality parameters of the berries [53]. Excessive irrigation creates competition between
shoot and berry growth [54]. As a result, the sugar content of grapes decreases [55,56]. These
test results are consistent with the results we obtained. For dryness index values above
+100, the sugar content of the grapes decreases significantly. A high positive dryness index



Biomolecules 2023, 13, 1143 13 of 17

means that the environment and the vineyard area have an abundant water supply. As a
result, there is an increased likelihood that shoot growth will be strong and a dense canopy
will form. Supposing the high positive dryness index remains characteristic throughout the
growing season, shoot growth may remain active throughout the growing season. Excessive
shading develops due to the numerous leaves [57–59]. The increased shadow effect reduces
the quality content of the berry [60], i.e., the sugar content of the berries decreases [61,62].
Therefore, it is unsurprising that compared to most cultivated plant species, grapes are
grown in a geographical and climatic environment where the water supply is optimal,
i.e., there is moderate water stress during the growing season to improve wine grape
quality. Several authors have addressed the effect of water scarcity and water supply on
sugar content [63–67]. However, the effect of the dryness index on the development of
the sugar content of wine grapes has not been studied so far. Most authors agree that
berry quality indexes depend on the severity and duration of dryness and the phenological
condition of the grapes. Most studies have analyzed the effect of different amounts of
irrigation water on the grape quality contents [68–70]. There is widespread agreement
that a moderate water deficit increases the sugar content of grapes [71–73], partly due
to a decrease in berry size and partly due to an increased ripening rate. These previous
studies confirm our results that we can expect a maximum sugar content in the range
of −13 < DISCmax < −95. This range can be considered moderate water scarcity for the
dryness index. The occurrence, extent, and timing of mild water scarcity are significant
factors in the “terroir” effect [74,75]. The use of regulated deficit irrigation, developed to
create timed and controlled water stress, is an excellent help for vine growers in creating
controlled water stress [76]. We believe the dryness index is also suitable for determining
moderate water stress status. If we know the spatial distribution of the dryness index, the
geographical environment in which the climatic conditions are favorable for the cultivation
of wine grapes can be determined precisely in the future. While mild water stress primarily
affects cell turgor, severe water scarcity also negatively affects other physiological processes
such as photosynthesis or solute transport [77]. Severe water deficit reduces assimilated
production, evaporation, shoot growth, yield, and fruit quality [78–80]. Severe water deficit
after veraison significantly decreases the accumulation of sugar. As a result, the ripening
process may collapse, and the berries remain unripe with low sugar content [81]. These
results are also consistent with the studies we obtained, i.e., in the case of significant
water scarcity, when the dryness index is below −100, the sugar content of the berries
decreases significantly.

We believe that introducing optimal drought demand (ODD) to growers can prove
helpful if it is known for each cultivated variety. It will be possible for growers to implement
deficit irrigation on a variety-specific basis in the future. Based on the above, we believe that
the dryness index values we modified are suitable for future estimation of the probability
of maximum sugar content. Assuming our goal is to reach maximum sugar content, we
should strive to keep the dryness index values for the growing area in a small negative value
range during the growing season, depending on the variety. If there is a severe drought,
we can keep the dryness index values within the appropriate ranges with regulated deficit
irrigation. Supposing that the value of the dryness index is in the higher positive range in
the given vintage, then, achieving maximum sugar content with the traditional cultivation
technology methods is impossible. As an extremely high sugar content is a significant
problem in many winegrape cultivation areas, deficit irrigation can solve this problem.

5. Conclusions

Our studies confirmed the statement of [22] that the sugar content of grapes is at
its highest with moderate drought. For the six grape varieties, we examined the dryness
index (DISCmax) value used by us to obtain the maximum sugar content between −13
and −95. It is difficult to define precisely the DI value of moderate drought. In the [41]
dryness index (DI)-based site classification, areas with moderately dry climatic conditions
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are characterized by dryness index values between −100 and +50. The mainly arid regions
are characterized by DI ≤ −100.

Considering this, the DISCmax values that we calculated were required to form the
maximum sugar content can be regarded as the DI value of moderate drought.

Based on the results, it is necessary to rethink the varieties that can be grown for
the given production area in the future. There will be varieties that will be less able to
adapt to increased drought and a higher heat sum. The results show that in the case of the
Eger wine region, the cultivation of Cabernet Sauvignon and Nero varieties could avoid
excessive sugar content in the future. However, the Riesling and the Leanyka varieties
may have future sugar content problems. Irrigation, which helps maintain a moderate
drought, can be a helpful way to regulate sugar content in viticulture in an environmentally
friendly way, especially in the short term, meaning in the near future. In the distant future,
this method will not reduce the probability of maximum sugar content. The extent to
which drought-maintaining irrigation is required to reduce the likelihood of maximum
sugar content may be further investigated. The other option is to grow “climate-tolerant”
grape varieties well adapted to increased dryness and higher heat. Depending on whether
we want to reduce or increase the probability of maximum sugar content in the future
when growing a given variety, growers have to choose a cultivar with a different optimal
drought demand. Supposing we want to reduce the sugar content, then, selecting a variety
with a low ODD is advisable, so the probability values of maximum sugar content will
decrease both in the near and distant future. Assuming we want to increase the chances of
maximum sugar content in the future, then, choosing a variety with a high ODD is advisable.
In this case, although the probability of the occurrence of maximum sugar content will
not increase significantly in the near future, we can expect a significant increase in the
distant future.

Author Contributions: L.L. carried out the conceptualization, methodology and statistical computa-
tions. Z.M. contributed formal analysis and visualization and completed the review and editing of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Acknowledgments: We are indebted to Zsolt Zsófi and Szabolcs Villangó who shared with us the
sugar content analysis database of different wine grape varieties. We also say thanks to Anikó Kern
for providing the applied meteorological data from the FORESEE grid-point database.

Conflicts of Interest: The authors have no relevant financial or non-financial interests to disclose.

References
1. Sallis, P.; Jarur, M.; Trujillo, M. Frost Prediction Characteristics and Classification Using Computational Neural Networks. In

Proceedings of the Advances in Neuro-Information Processing: 15th International Conference, ICONIP 2008, Auckland, New
Zealand, 25–28 November 2008; Revised Selected Papers, Part I 15. Springer: Berlin/Heidelberg, Germany, 2009; Volume 5506,
pp. 1211–1220. [CrossRef]

2. Lakatos, L.; Mika, J. Analysis of Quadratic Correlation between Dryness Indices and Wine Grape Yield to Estimate Future Climate
Impacts in Hungary. Climate 2022, 10, 165. [CrossRef]

3. Gutiérrez-Gamboa, G.; Zheng, W.; de Toda, F.M. Current viticultural techniques to mitigate the effects of global warming on
grape and wine quality: A comprehensive review. Food Res. Int. 2020, 139, 109946. [CrossRef] [PubMed]

4. Hewitt, S.; Hernández-Montes, E.; Dhingra, A.; Keller, M. Impact of heat stress, water stress, and their combined effects on the
metabolism and transcriptome of grape berries. Sci. Rep. 2023, 13, 9907. [CrossRef]

5. Jiao, S.; Zeng, F.; Huang, Y.; Zhang, L.; Mao, J.; Chen, B. Physiological, biochemical and molecular responses associated with
drought tolerance in grafted grapevine. BMC Plant Biol. 2023, 23, 110. [CrossRef] [PubMed]

https://doi.org/10.1007/978-3-642-02490-0_147
https://doi.org/10.3390/cli10110165
https://doi.org/10.1016/j.foodres.2020.109946
https://www.ncbi.nlm.nih.gov/pubmed/33509499
https://doi.org/10.1038/s41598-023-36160-x
https://doi.org/10.1186/s12870-023-04109-x
https://www.ncbi.nlm.nih.gov/pubmed/36814197


Biomolecules 2023, 13, 1143 15 of 17

6. Damiano, N.; Cirillo, C.; Petracca, F.; Caputo, R.; Erbaggio, A.; Giulioli, M.; De Micco, V. Falanghina Grapevine (Vitis vinifera L.)
Yield and Berry Quality under Different Pedoclimatic Conditions in Southern Italy. Horticulturae 2022, 8, 829. [CrossRef]

7. Gambetta, G.A.; Herrera, J.C.; Dayer, S.; Feng, Q.; Hochberg, U.; Castellarin, S.D. The physiology of drought stress in grapevine:
Towards an integrative definition of drought tolerance. J. Exp. Bot. 2020, 71, 4658–4676. [CrossRef]

8. Alatzas, A.; Theocharis, S.; Miliordos, D.E.; Leontaridou, K.; Kanellis, A.K.; Kotseridis, Y.; Hatzopoulos, P.; Koundouras, S. The
effect of water deficit on two Greek Vitis vinifera L. cultivars: Physiology, grape composition and gene expression during berry
development. Plants 2021, 10, 1947. [CrossRef]

9. Palai, G.; Caruso, G.; Gucci, R.; D’Onofrio, C. Deficit irrigation differently affects aroma composition in berries of Vitis vinifera L.
(cvs Sangiovese and Merlot) grafted on two rootstocks. Aust. J. Grape Wine Res. 2022, 28, 590–606. [CrossRef]

10. Buesa, I.; Intrigliolo, D.S.; Castel, J.R.; Vilanova, M. Influence of water regime on grape aromatic composition of Muscat of
Alexandria in a semiarid climate. Sci. Hortic. 2021, 290, 110525. [CrossRef]

11. Romero, P.; Navarro, J.M.; Ordaz, P.B. Towards a sustainable viticulture: The combination of deficit irrigation strategies and
agroecological practices in Mediterranean vineyards. A review and update. Agric. Water Manag. 2021, 259, 107216. [CrossRef]

12. Riou, C.; Becker, N.; Sotes Ruiz, V.; Gomez-Miguel, V.; Carbonneau, A.; Panagiotou, M.; Calo, A.; Costacurta, A.; de Castro, R.;
Pinto, A.; et al. Le Déterminisme Climatique de la Maturation du Raisin: Application au Zonage de la Teneur en Sucre Dans la Communauté
Européenne; Publications officielles de la CEE Luxembourg: Luxembourg, 1994; 322p.

13. Van Leeuwen, C.; TreGoat, O.; Chone, X.; Jaeck, M.-E.; Rabusseau, S.; GaudilleRe, J.-P. Le suivi du re’gime hydrique de la vigne et
son incidence sur la maturation du raisin. Bull. OIV 2003, 76, 367–379.

14. Tregoat, O.; Van Leeuwen, C.; Choné, X.; Gaudillere, J.P. Etude du régime hydrique et de la nutrition azotée de la vigne par des
indicateurs physiologiques. Influence sur le comportement de la vigne et la maturation du raisin (Vitis vinifera L. cv Merlot, 2000,
Bordeaux). J. Int. Des Sci. De La Vigne Et Du Vin 2002, 36, 133–142.

15. Matthews, M.; Anderson, M. Reproductive development in grape (Vitis vinifera L.): Responses to seasonal water deficit. Am. J.
Enol. Vitic. 1989, 40, 52. [CrossRef]

16. Van Leeuwen, C.; Seguin, G. Incidences de l’alimentation en eau de la vigne, appréciée par l’état hydrique du feuillage, sur le
développement de l’appareil végétatif et la maturation du raisin (Vitis vinifera variété Cabernet franc, Saint-Émilion, 1990). J. Int.
Sci. Vigne Vin 1994, 28, 81–110.

17. Koundouras, S.; Marinos, V.; Gkoulioti, A.; Kotseridis, Y.; Van Leeuwen, C. Influence of vineyard location and vine water status
on fruit maturation of non-irrigated cv Agiorgitiko (Vitis vinifera L.). Effects on wine phenolic and aroma components. J. Agric.
Food Chem. 2006, 54, 5077–5086. [CrossRef]

18. Ribéreau-Gayon, P.; Dubourdieu, D.; Donèche, B.; Lonvaud, A. Tome 1, Microbiologie du vin, Vinifications. In Traité d’œnologie;
Dunod Editions: Paris, France, 1998.

19. Peyrot Des Gachons, C.; Van Leeuwen, C.; Tominaga, T.; Soyer, J.-P.; GaudilleRe, J.-P.; Dubourdieu, D. The influence of water and
nitrogen deficit on fruit ripening and aroma potential of Vitis vinifera L. cv Sauvignon blanc in field conditions. J. Sci. Food Agric.
2005, 85, 73–85. [CrossRef]

20. Ojeda, H.; Andara, C.; Kraeva, E.; Carbonneau, A.; Deloire, A. Influence of pre-and-post veraison water deficit on synthesis and
concentration of skin phenolic compounds during berry growth of Vitis vinifera cv. Syrah. Am. J. Enol. Vitic. 2002, 53, 261–267.

21. Dry, P.R.; Loveys, B.R.; McCarthy, M.G.; Stoll, M. Strategic irrigation management in Australian vineyards. J. Int. Sci. Vigne Vin
2001, 35, 129–139. [CrossRef]

22. Van Leeuwen, C.; Trégoat, O.; Choné, X.; Bois, B.; Pernet, D.; Gaudillère, J.-P. Vine water status is a key factor in grape ripening
and vintage quality for red Bordeaux wine. How can it be assessed for vineyard management purposes? OENO One 2009, 43,
121–134. [CrossRef]

23. Rebelein, H. 5-Minuten-Methoden zur genauen Bestimmung des Alkohol-Zucker und Gesamt S02-Gehaltes (durch Destillation)
in Weinen und Fruchtsäften. Allg Weinfachztg 1971, 107, 590–594.

24. OIV. Compendium of International Methods of Wine and Must Analysis; OIV: Paris, France, 2021; Volume 1.
25. Dobor, L.; Barcza, Z.; Hlásny, T.; Havasi, Á.; Horváth, F.; Ittzés, P.; Bartholy, J. Bridging the gap between climate models and

impact studies: The FORESEE Database. Geosci. Data J. 2015, 2, 1–11. [CrossRef] [PubMed]
26. Nakicenovic, N.; Alcamo, J.; Davis, G.; de Vries, B.; Fenhann, J.; Gaffin, S.; Gregory, K.; Grübler, A.; Jung, T.Y.; Kram, T.; et al.

IPCC Special Report on Emissions Scenarios; Cambridge University Press: Cambridge, UK, 2000.
27. Gibelin, A.-L.; Déqué, M. Anthropogenic climate change over the Mediterranean region simulated by a global variable resolution

model. Clim. Dyn. 2003, 20, 327–339. [CrossRef]
28. Steppeler, J.; Doms, G.; Schattler, U.; Bitzer, H.W.; Gassmann, A.; Damrath, U.; Gregoric, G. Meso-gamma scale forecasts using the

non-hydrostatic model LM. Meteorol. Atmos. Phys. 2003, 82, 75–96. [CrossRef]
29. Jaeger, E.B.; Anders, I.; Lüthi, D.; Rockel, B.; Schär, C.; Seneviratne, S.I. Analysis of ERA40-driven CLM simulations for Europe.

Meteorol. Z. 2008, 17, 349–367. [CrossRef]
30. Collins, M.; Booth, B.B.B.; Bhaskaran, B.; Harris, G.R.; Murphy, J.M.; Sexton, D.M.H.; Webb, M.J. Climate model errors, feedbacks

and forcings: A comparison of perturbed physics and multi-model ensembles. Clim. Dyn. 2010, 36, 1737–1766. [CrossRef]
31. Christensen, J.H.; Christensen, O.B.; Lopez, P.; van Meijgaard, E.; Botzet, M. The HIRHAM 4 regional atmospheric climate model.

DMI Sci. Rep. 1996, 96.

https://doi.org/10.3390/horticulturae8090829
https://doi.org/10.1093/jxb/eraa245
https://doi.org/10.3390/plants10091947
https://doi.org/10.1111/ajgw.12562
https://doi.org/10.1016/j.scienta.2021.110525
https://doi.org/10.1016/j.agwat.2021.107216
https://doi.org/10.5344/ajev.1989.40.1.52
https://doi.org/10.1021/jf0605446
https://doi.org/10.1002/jsfa.1919
https://doi.org/10.20870/oeno-one.2001.35.3.1699
https://doi.org/10.20870/oeno-one.2009.43.3.798
https://doi.org/10.1002/gdj3.22
https://www.ncbi.nlm.nih.gov/pubmed/28616227
https://doi.org/10.1007/s00382-002-0277-1
https://doi.org/10.1007/s00703-001-0592-9
https://doi.org/10.1127/0941-2948/2008/0301
https://doi.org/10.1007/s00382-010-0808-0


Biomolecules 2023, 13, 1143 16 of 17

32. Lenderink, G.; van den Hurk, B.; van Meijgaard, E.; van Ulden, A.; Cuijpers, H. Simulation of Present-Day Climate in RACMO2:
First Results and Model Developments; KNMI number:TR-252; Ministerie van Verkeer en Waterstaat, Koninklijk Nederlands
Meteorologisch Instituut: De Bilt, The Netherlands, 2003.

33. Kjellström, E.; Bärring, L.; Gollvik, S.; Hansson, U.; Jones, C.; Samuelsson, P.; Rummukainen, M.; Ullerstig, A.; WillØn, U.; Wyser,
K. A 140-Year Simulation of European Climate with the New Version of the Rossby Centre Regional Atmospheric Climate Model (RCA3);
Reports Meteorology and Climatology No. 108, SMHI, SE-60176; SMHI: Norrköping, Sweden, 2005; 54p.

34. Samuelsson, P.; Jones, C.G.; Willen, U.; Ullerstig, A.; Gollvik, S.; Hansson, U.; Jansson, C.; Kjellstrom, E.; Nikulin, G.; Wyser, K.
The Rossby Centre Regional Climate model RCA3: Model description and performance. Tellus A 2011, 63, 4–23. [CrossRef]

35. Elguindi, N.; Bi, X.; Giorgi, F.; Nagarajan, B.; Pal, J.; Solmon, F.; Rauscher, S.; Zakey, A. RegCM Version 3.1 User’s Guide; ICTP:
Trieste, Italy, 2007.

36. Pal, J.S.; Giorgi, F.; Bi, X.; Elguindi, N.; Solmon, F.; Gao, X.; Rauscher, S.A.; Francisco, R.; Zakey, A.; Winter, J.; et al. Regional
Climate Modeling for the Developing World: The ICTP RegCM3 and RegCNET. Bull. Am. Meteorol. Soc. 2007, 88, 1395–1410.
[CrossRef]

37. Jacob, D.; Podzun, R. Sensitivity studies with the regional climate model REMO. Meteorol. Atmos. Phys. 1997, 63, 119–129.
[CrossRef]

38. Jacob, D. A note to the simulation of the annual and inter-annual variability of the water budget over the Baltic Sea drainage
basin. Meteorol. Atmos. Phys. 2001, 77, 61–73. [CrossRef]

39. IPCC. Climate Change: Synthesis Report. In Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Core Writing Team, Pachauri, R.K., Meyer, L.A., Eds.; IPCC: Geneva, Switzerland, 2014;
pp. 1–31.

40. Conceição, M.A.F.; De Souza, R.T.; Tonietto, J. Estimating MCC System Dryness Index using the Vineyard Water Indicator. BIO
Web Conf. 2016, 7, 01037. [CrossRef]

41. Tonietto, J.; Carbonneau, A. A multicriteria climatic classification system for grape-growing regions worldwide. Agric. For.
Meteorol. 2004, 124, 81–97. [CrossRef]

42. Hargreaves, G.H.; Samani, Z.A. Reference Crop Evapotranspiration from Temperature. Appl. Eng. Agric. 1985, 1, 96–99. [CrossRef]
43. Alston, J.M.; Fuller, K.B.; Lapsley, J.T.; Soleas, G. Too Much of a Good Thing? Causes and Consequences of Increases in Sugar

Content of California Wine Grapes. J. Wine Econ. 2011, 6, 135–159. [CrossRef]
44. Paudel, B.; Acharya, B.S.; Ghimire, R.; Dahal, K.R.; Bista, P. Adapting Agriculture to Climate Change and Variability in Chitwan:

Long-Term Trends and Farmers’ Perceptions. Agric. Res. 2014, 3, 165–174. [CrossRef]
45. Lu, J.; Carbone, G.J.; Gao, P. Detrending crop yield data for spatial visualization of drought impacts in the United States, 1895–2014.

Agric. For. Meteorol. 2017, 237–238, 196–208. [CrossRef]
46. Hari, V.; Rakovec, O.; Markonis, Y.; Hanel, M.; Kumar, R. Increased future occurrences of the exceptional 2018–2019 Central

European drought under global warming. Sci. Rep. 2020, 10, 12207. [CrossRef]
47. Beniston, M.; Stephenson, D.B.; Christensen, O.B.; Ferro, C.A.T.; Frei, C.; Goyette, S.; Halsnaes, K.; Holt, T.; Jylhä, K.; Koffi, B.;

et al. Future extreme events in European climate: An exploration of regional climate model projections. Clim. Chang. 2007, 81,
71–95. [CrossRef]

48. Wheeler, S.J.; Pickering, G.J. The effects of soil management techniques on grape and wine quality. In Fruits Growth, Nutrition and
Quality; WFL Publisher: Helsinki, Finland, 2006; pp. 195–208.

49. Carbonneau, A.; Casteran, P. Irrigation-Depressing Effect on Floral Initiation of Cabernet Sauvignon Grapevines in Bordeaux
Area. Am. J. Enol. Vitic. 1979, 30, 3–7. [CrossRef]

50. Van Rooyen, F.C.; Weber, H.W.; Levin, I. The response of grapes to a manipulation of the soil-plant-atmosphere continuum. II
Plant-water-relationships. Agrochemophysica 1980, 12, 69–74.

51. Christensen, P. Response of “Thompson seedless” grapevines to the timing of preharvest irrigation cut-off. Am. J. Enol. Viti. 1975,
26, 188–194. [CrossRef]

52. Van Zyl, J.L.; Weber, H.W. Irrigation of Chenin Blanc in the Stellenbosch area within the framework of the climate-soil-water
plant continuum. In Proceedings of the International Symposium on the Quality of Vintage, Cape Town, South Africa, 14–21
February 1977; pp. 331–350.

53. Shaulis, N.; Smart, R.E. Grapevine canopies: Management, microclimate and yield response. In Proceedings of the XIXth
International Horticultural Congress; Antoszewski, R., Harrison, L., Nowosielski, J., Eds.; International Society for Horticultural
Science: Warsaw, Poland, 1974; 518p.

54. Neja, R.A.; Wildman, W.E.; Ayers, R.S.; Kasimatis, A.N. Grapevine response to irrigation and trellis treatment in the Salinas Valley.
Am. J. Enol. Vitic. 1977, 28, 16–26. [CrossRef]

55. Smart, R.E.; Coombe, B.G. Water relations of grapevines. In Water Deficits and Plant Growth; Academic Press: Cambridge, MA,
USA, 1983; Volume VII, pp. 137–196.

56. Bravdo, B.; Hepner, Y.; Loinger, C.; Cohen, S.; Tabacman, H. Effect of Crop Level on Growth, Yield and Wine Quality of a High
Yielding Carignane Vineyard. Am. J. Enol. Vitic. 1984, 35, 247–252. [CrossRef]

57. Smart, R.E. Vine manipulation to improve winegrape quality. In Grape and Wine Centennial Symposium Proceedings; Webb, A.D.,
Ed.; University of California: Davis, CA, USA, 1982; pp. 362–375.

https://doi.org/10.1111/j.1600-0870.2010.00478.x
https://doi.org/10.1175/BAMS-88-9-1395
https://doi.org/10.1007/BF01025368
https://doi.org/10.1007/s007030170017
https://doi.org/10.1051/bioconf/20160701037
https://doi.org/10.1016/j.agrformet.2003.06.001
https://doi.org/10.13031/2013.26773
https://doi.org/10.1017/S1931436100001565
https://doi.org/10.1007/s40003-014-0103-0
https://doi.org/10.1016/j.agrformet.2017.02.001
https://doi.org/10.1038/s41598-020-68872-9
https://doi.org/10.1007/s10584-006-9226-z
https://doi.org/10.5344/ajev.1979.30.1.3
https://doi.org/10.5344/ajev.1975.26.4.188
https://doi.org/10.5344/ajev.1977.28.1.16
https://doi.org/10.5344/ajev.1984.35.4.247


Biomolecules 2023, 13, 1143 17 of 17

58. Saayman, D.; van Huyssteen, L. Preliminary studies on the effect of permanent cover crop and root pruning on an irrigated
Colombar vineyard. S. Afr. J. Enol. Vitic. 1983, 4, 7–12. [CrossRef]

59. Koblet, W. Effectiveness of shoot topping and leaf removal as a means of improving quality. Acta Hortic. 1987, 206, 141–156.
[CrossRef]

60. Smart, R.E.; Smith, M.; Winchester, R. Light quality and quantity effects on fruit ripening of Cabernet Sauvignon. Am. J. Enol.
Vitic. 1988, 39, 250–258. [CrossRef]

61. Carbonneau, A.; Huglin, P. Adaption of training systems to French regions. In Grape and Wine Centennial Symposium Proceedings;
Webb, A.D., Ed.; University of California: Davis, CA, USA, 1982; pp. 376–385.

62. Smart, R.E. Some aspects of climate, canopy microclimate, vine physiology and wine quality. In Proceedings of the International
Symposium on Cool Climate Viticulture and Enology; Heatherbell, D.A., Lombard, P.B., Bodyfelt, F.W., Price, S.F., Eds.; Oregon State
University: Corvallis, OR, USA, 1985; pp. 1–19.

63. Gaudillère, J.; van Leeuwen, C.; Ollat, N. Carbon isotope composition of sugars in grapevine, an integrated indicator of vineyard
water status. J. Exp. Bot. 2002, 53, 757–763. [CrossRef]

64. Medrano, H.; Tomás, M.; Martorell, S.; Escalona, J.-M.; Pou, A.; Fuentes, S.; Flexas, J.; Bota, J. Improving water use efficiency of
vineyards in semi-arid regions. A review. Agron. Sustain. Dev. 2015, 35, 499–517. [CrossRef]

65. Romero, P.; Fernández-Fernández, J.I.; Martínez-Cutillas, A. Physiological thresholds for efficient regulated deficit irrigation
management in wine grapes grown under semiarid conditions. Am. J. Enol. Vitic. 2010, 61, 300–312. [CrossRef]

66. Girona, J.; Marsal, J.; Mata, M.; DEL Campo, J.; Basile, B. Phenological sensitivity of berry growth and composition of Tempranillo
grapevines (Vitis vinifera L.) to water stress. Aust. J. Grape Wine Res. 2009, 15, 268–277. [CrossRef]

67. Deloire, A.; Carbonneau, A.; Wang, Z.; Ojeda, H. Wine and water: A short review. J. Int. Des Sci. De La Vigne Et Du Vin 2004, 38,
1–13.

68. Shellie, K.C. Vine and berry response of Merlot (Vitis vinifera L.) to differential water stress. Am. J. Enol. Vitic. 2006, 57, 514–518.
[CrossRef]

69. Acevedo-Opazo, C.; Ortega-Farias, S.; Fuentes, S. Effects of grapevine (Vitis vinifera L.) water status on water consumption,
vegetative growth and grape quality: An irrigation scheduling application to achieve regulated deficit irrigation. Agric. Water
Manag. 2010, 97, 956–964. [CrossRef]

70. Baeza, P.; Sánchez-De-Miguel, P.; Centeno, A.; Junquera, P.; Linares, R.; Lissarrague, J.R. Water relations between leaf water
potential, photosynthesis and agronomic vine response as a tool for establishing thresholds in irrigation scheduling. Sci. Hortic.
2007, 114, 151–158. [CrossRef]

71. Matthews, M.A.; Ishii, R.; Anderson, M.M.; O’Mahony, M. Dependence of wine sensory attributes on vine water status. J. Sci.
Food Agric. 1990, 51, 321–335. [CrossRef]

72. Basile, B.; Marsal, J.; Mata, M.; Vallverdú, X.; Bellvert, J.; Girona, J. Phenological Sensitivity of Cabernet Sauvignon to Water Stress:
Vine Physiology and Berry Composition. Am. J. Enol. Vitic. 2011, 62, 452–461. [CrossRef]

73. Van Leeuwen, C.; Friant, P.; Choné, X.; Tregoat, O.; Koundouras, S.; Dubourdieu, D. Influence of climate, soil and cultivar on
terroir. Am. J. Enol. Vitic. 2004, 55, 207–217. [CrossRef]

74. Seguin, G. Influence des terroirs viticoles sur la constitution de la qualite’ des vendanges. Bull. De L’office Int. La Vigne Et Du Vin
1983, 56, 3–18.

75. Koundouras, S.; Van Leeuwen, C.; Seguin, G.; Glories, Y. Influence de l’ alimentation en eau sur la croissance de la vigne, la
maturation des raisins et les caracteristiques des vins en zone mediterraneenne (exemple de Nemee, Grece, cepage Saint-Georges,
1997). J. Int. Des Sci. De La Vigne Et Du Vin 1999, 33, 143–160.

76. Kriedemann, P.E.; Goodwin, I. Regulated Deficit Irrigation and Partial Root-zone Drying. In An Overview of Principles and
Applications; Irrigation Insights No. 4; Land Water: Canberra, Australia, 2003.

77. Kramer, P.J.; Boyer, J.S. Water Relations of Plants and Soils; Academic Press: Cambridge, MA, USA, 1995.
78. Delgado, E.; Vadell, J.; Aguiló, F.; Escalona, J.M.; Medrano, H. Irrigation and Grapevine Photosynthesis. In Photosynthesis: From

Light to Biosphere; Mathis, P., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands; Boston, MA, USA; London, UK,
1995; Volume IV, pp. 693–696.

79. Pellegrino, A.; Lebon, E.; Simonneau, T.; Wery, J. Towards a simple indicator of water stress in grapevine (Vitis vinifera L.) based
on the differential sensitivities of vegetative growth components. Austral. J. Grape Wine Res. 2005, 11, 306–315. [CrossRef]

80. Lovisolo, C.; Perrone, I.; Hartung, W.; Schubert, A. An abscisic acid-related reduced transpiration promotes gradual embolism
repair when grapevines are rehydrated after drought. New Phytol. 2008, 180, 642–651. [CrossRef] [PubMed]

81. Baeza, P.; Junquera, P.; Peiro, E.; Lissarrague, J.R.; Uriarte, D.; Vilanova, M. Effects of Vine Water Status on Yield Components,
Vegetative Response and Must and Wine Composition. Adv. Grape Wine Biotechnol. 2019, 1, 73–94. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.21548/4-1-2375
https://doi.org/10.17660/ActaHortic.1987.206.8
https://doi.org/10.5344/ajev.1988.39.3.250
https://doi.org/10.1093/jexbot/53.369.757
https://doi.org/10.1007/s13593-014-0280-z
https://doi.org/10.5344/ajev.2010.61.3.300
https://doi.org/10.1111/j.1755-0238.2009.00059.x
https://doi.org/10.5344/ajev.2006.57.4.514
https://doi.org/10.1016/j.agwat.2010.01.025
https://doi.org/10.1016/j.scienta.2007.06.012
https://doi.org/10.1002/jsfa.2740510305
https://doi.org/10.5344/ajev.2011.11003
https://doi.org/10.5344/ajev.2004.55.3.207
https://doi.org/10.1111/j.1755-0238.2005.tb00030.x
https://doi.org/10.1111/j.1469-8137.2008.02592.x
https://www.ncbi.nlm.nih.gov/pubmed/18700860
https://doi.org/10.5772/intechopen.87042

	Introduction 
	Materials and Methods 
	Location of the Research Field 
	Examined Wine Grape Varieties 
	Sugar Content Data 
	Meteorological Database 
	Statistical Analysis 
	Dryness Index 

	Results 
	Trend Deviation of Sugar Content Time Series 
	Relationship between Dryness Index and Sugar Content Trend Deviation 
	Future Changes of Optimal Drought Probabilities 
	Simulated Deficit Irrigation 
	Optimal Drought Requirements of Varieties 

	Discussion 
	Conclusions 
	References

