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Abstract: Climate change is currently the greatest threat to the environment as we know it today.
The present study aimed to highlight the changes in the main climatic elements during the last five
decades (1971–2020) in northeastern Romania (Copou-Iaşi wine-growing center) and their impact
on grape quality, as part of precision viticulture strategies and efficient management of grapevine
plantations. Data analysis revealed a constant and significant increase in the average air temperature
in the last 50 years (+1.70 ◦C), more pronounced in the last 10 years (+0.61 ◦C), with a number of days
with extreme temperatures (>30 ◦C) of over 3.5-fold higher, in parallel with a fluctuating precipitation
regime. The increase in average temperatures in the last 40 years was highly correlated with the
advancement of the grape harvest date (up to 12 days), a significant increase in Vitis vinifera L. white
grape sugar concentration (+15–25 g/L), and a drastic decrease in total acidity (−2.0–3.5 g/L tartaric
acid). The significant increase in the values of the bioclimatic indices require the reclassification of
the wine-growing area in higher classes of favorability, raising the opportunity to grow cultivars that
are more suited to warmer climates, ensuring the efficiency of the plantation, and meeting current
consumer expectations.

Keywords: bioclimatic indices; climate change; climate suitability; precision viticulture; Vitis vinifera L.

1. Introduction

Viticulture and wine production are ancient occupations that have accompanied
humans for thousands of years. Currently, the world area under grapevines is estimated to
be 7.2 mha, with the European Union (EU) being the world’s largest wine producer (144.5
mhL) and consumer (107 mhL; 48% of the world total volume) [1]. The latest international
data highlight a decrease in the areas planted with grapevine in the interval 2001–2023, but
especially the gradual decrease in wine production. In 2023, world wine production was
estimated to be 237 mhL (−9.6% compared to 2022), a value that represents the smallest
volume of wine recorded in the last 60 years [1]. Moreover, the OIV report mentioned that
Italy, Spain, and Greece registered significant decreases in wine production compared to
2022 due to unfavorable weather conditions (extreme temperatures, along with flood and
hail damage) that led to the appearance of downy mildew and severe droughts during the
growing season [1]. These fluctuations are mainly attributed to climate changes, indicating
a high variability and a lack of predictability in terms of grape yield and wine production.
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In Romania, viticulture is a traditional occupation that appeared and evolved due to
the favorable climate. Currently, Romania is one of the main wine-producing countries,
occupying the 10th place in the world in terms of the area planted with grapevine. This
represents over 187,000 ha, resulting, in 2023, in relatively large wine production of 4.6 mhl
(+21.2% compared to 2022) [1]. In recent decades, the reality of climate change has been
accepted by the majority of the scientific community [2]. As is often said, climate change
is currently the greatest threat to the environment as we know it today, and we still do
not know how things will evolve. Fortunately, grapevines managed to adapt to different
climatic conditions, growing on six out of seven continents, in a large diversity of climates
(mainly in the temperate climate of the northern hemisphere) [3]. However, climate plays a
vital role in grapevine growing, influencing plant physiology, grape yield, and physico-
chemical characteristics [3,4]. Each cultivar responds differently to climate change, being
proof of grapevine plasticity and resilience to climate change [5].

The gradual warming of the climate affects the evolution of natural factors in the
viticultural ecosystems; summers become hotter and drier, with longer autumns, shorter
and excessive winters, more frequent periods of drought, and wet periods with excessive
rain. Although it can adapt in time, at this point, the consequences for the grapevine are
inevitable: compression of grapevine phenology, plants less prepared for the cold season
and more sensitive to extreme temperatures, forced ripening of grapes, and advancement
of harvest dates, the grapes being poor in their natural components [6–8]. As a result
of global warming, the maintenance of grapevines on the perimeter of the traditional
wine-growing regions remains a challenge for the producers, requiring the application of
rigorous measures to protect or adapt the plants.

Climate change modifies the viticultural potential of vineyards, their specific wine
styles, and even their limits [4]. In recent decades, several studies have highlighted the
impact of climate change on viticulture [4,9–11], or how to adapt viticultural or winemaking
practices under new climate conditions [12–14]. Most studies include the analysis of the
risk factors under controlled conditions, and the design of favorability maps based on
bioclimatic indices or statistical modeling, without the estimation of the economic impact
and the real possibility of implementation of the proposed measures.

Jones et al. [9] suggested that growing season temperature indices can be effectively
used to define vineyards’ climate, the impact of climate change being highly variable. In a
certain vineyard, climatic conditions vary from one year to the other, inducing the “vintage
effect”, respectively, annual changes in yield, quality, and wine typicity [12]. Wine-growing
regions are characterized by a particular climate, which determines the use of specific
cultivars and viticultural practices [3]. In the same context, the French term “terroir” is used
to describe the environmental factors and farming practices that affect a crop’s phenotype,
providing distinctive characteristics to the final product [15,16]. Climate plays an important
role in the terroir concept, but current climate changes modify the known conditions,
leading to a change in the terroir perception.

Jones et al. [9] showed that the mean air temperatures in the growing season increased
by 1.3 ◦C between 1950 and 1999 and 1.7 ◦C from 1950 to 2004 for the main viticultural
areas of the world. Certainly, in some northern areas, climate change may be beneficial for
viticulture, allowing grape maturation. Still, most of the world’s vineyards will suffer due
to warming and extreme climatic events, the producers being forced to find new cultivation
strategies, including cultivars better adapted to the new conditions or relocation [3,17].

Among climate change-related effects are often mentioned advanced harvest data,
increased grape sugar content (which leads to higher alcohol levels in wine), lower acidity,
and modification of varietal aroma compounds [10]. Over time, the alcohol content of wine
has evolved progressively, a trend related to climate change, respectively, to the gradual
increase in air temperatures, which led to increasing sugar amounts in grapes [18,19].
In the general context of functional food consumption and healthy nutrition concept, a
higher sugar content of grapes means wines with an increased alcohol content that are no
longer in line with current consumer requirements [18,20,21]. High temperatures favor
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the degradation of grape acidity, modifying the sensory profile of the final wine [3,22].
Moreover, must and wine acidity corrections are more often necessary in recent years [23].

Global surface temperature was 1.09 ◦C higher in 2011–2020 than 1850–1900, with
larger increases over land than over the ocean [24]. Temperatures in Europe have increased
more than twice the global average over the past 30 years, the highest of any continent [25].
Moreover, over the 1991–2021 period, temperatures in Europe have warmed significantly,
with about +0.5 ◦C per decade [25]. Recent scientific studies carried out in Romania indicate
an expansion of the area of the suitability of grapevine culture by about 2.4 million ha, an
increase in favorable altitude by approx. 180 m (to a maximum of 835 m), and a northward
extension of the area of favorability by about 0.036◦ [4]. At the same time, the climatic
suitability for the cultivation of white wine grape cultivars has decreased, the respective
regions becoming more favorable for the cultivation of red wine cultivars that require
higher temperatures and longer time intervals for the phenolic maturation of the grapes.

In the Romanian viticultural landscape, the wine-growing area of Moldavia occupies a
very important place. Located in the northeast of Romania, the Iaşi wine-growing region is
one of the oldest in the country and includes the Copou-Iaşi wine-growing center, located
in the east-northeast of the Moldavian Plateau, in the area where the parallel of 47◦10′ north
latitude meets the meridian of 27◦35′ east longitude. In the Copou-Iaşi wine-growing center,
white wines represent the main direction of production, the largest areas being currently
occupied by the cultivars Fetească albă, Fetească regală, Aligoté, Muscat Ottonel, Sauvignon
blanc, and Chardonnay. In the east of Romania, the climate conditions are influenced by
the Siberian anticyclone in the cold season and by the Asiatic cyclone during summer [26].
According to the Köppen–Geiger classification, the climate is currently characterized as
humid continental, estimated by Beck et al. [27] to become a humid subtropical climate
by 2100. Considering that climatic factors determine the wine-growing area and set the
production directions, the current study aimed at highlighting the changes in the main
climatic elements during the last five decades (1971–2020) in the vineyards of N-E Romania
and their impact on sugar accumulation and total acidity reduction in grapes of some
white wine cultivars (Vitis vinifera L.), as part of precision viticulture strategies and efficient
management of actual grapevine plantations. In the context of the climate changes, it is
necessary to continuously evaluate vineyards’ climate suitability and promote cultivars
that correspond to the new climatic conditions that are better adapted and will maintain
high production and satisfy consumer demands.

2. Materials and Methods
2.1. Climate Data Collection

The study was carried out on the grapevine plantations of the Research and Develop-
ment Station for Viticulture and Winemaking Iasi (Copou-Iaşi wine-growing center, Iasi
wine-growing region, NE of Romania), being focused on the analysis of the evolution of cli-
matic factors in the period 1971–2020 (50 years). To allow data interpretation, the analyzed
period was divided into five decades: 1971–1980, 1981–1990, 1991–2000, 2001–2010, and
2011–2020. The meteorological data were recorded daily using an AgroExpert® weather
station generation 1 (Metrilog Systems, Bucharest, Romania) located in the experimental
field (47◦12′18′′ N, 27◦32′03′′ E; at 191 m altitude) (Figure 1), connected to a computer.
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Figure 1. The location of the Copou-Iaşi wine-growing center (NE of Romania). Source: Google
Earth [28].

2.2. Studied Parameters and Bioclimatic Indices

To highlight the climate changes, the following parameters were calculated: annual
average temperature, growing season (April 1 to September 30) average temperature,
annual precipitations, growing season precipitations, number of days with temperatures
> 30 ◦C and with temperatures >35 ◦C, number of days with temperatures lower than
−2 ◦C (spring frost) and –15 ◦C (winter frost), the sum of positive temperatures (Σt◦g;
the sum of average daily temperatures > 0 ◦C during the growing season (01.04–31.09)),
the sum of active temperatures (Σt◦a; the sum of growing season average temperatures
>10 ◦C), and the sum of effective temperatures (Σt◦u; the sum of differences between
average daily temperatures > 10 ◦C and biological threshold for grapevine (10 ◦C)). To
assess the heliothermic and water resources of the area, we calculated the hydrothermal
coefficient (HC; the ratio between the growing season average precipitations and the sum
of active temperatures, multiplied by 10) [29], De Martonne aridity index (IDM; the ratio
between average annual precipitation and annual mean temperature plus 10) [30], actual
heliothermal index (IHr; the result of multiplication of the growing season hours of real
insolation and the Σt◦u, multiplied by 106) [31], grapevine bioclimatic index (Ibcv; the
ratio between the real insolation multiplied by Σt◦a, and growing season precipitations
multiplied by the number of days in the growing season with average temperatures >10 ◦C,
divided by 10) [32], the oenoclimatic aptitude index (IAOe; the sum of real insolation and
Σt◦a, from which is subtracted the growing season average precipitations and 250) [33],
the Huglin heliothermal index (HI; the sum of the growing season maximum temperature
minus 10 and the growing season minimum temperature minus 10, divided by 2 and
multiplied by the length of daylight hours coefficient—varying from 1.02 to 1.06 between
40◦ and 50◦ latitude) [34], the Winkler index (WI; the sum of daily average temperatures
above 10 ◦C, from April 1 to October 31) [35], the cool night index (the average minimum
temperatures of September, in the Northern Hemisphere) [36]. The values are shown as a
10-year average (decade average), with the multiannual average value (50 years) for each
analyzed parameter also being presented.

2.3. Grapevine Cultivars and Growing Conditions

Two autochthonous Vitis vinifera L. cultivars for white wines (Fetească Albă and
Fetească Regală), and two Vitis vinifera L. international cultivars for white wines (Aligoté
and Muscat Ottonel), widely planted in most of the major wine-producing regions in
Romania, were monitored for 40 years (1981–2020) in terms of sugar content and total
acidity of grapes at ripening. All four cultivars are growing in the grapevine plantations
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of the Research and Development Station for Viticulture and Winemaking Iaşi; planting
distances were 2.2 between rows and 1.2 m between plants, in the semi-high trunk system
(80 cm), Guyot training system, with plants grafted on SO4 rootstock (Vitis berlandieri × Vitis
riparia). The soil is cambic chernozem with a clayey–loamy texture (pH 6.8). The elevation
is 150–160 m, S-SW, 6–7% slope, and N-S row orientation. The main applied agrotechnical
operations were specific to the standard grapevine growing technology (manual pruning,
weeding, and harvesting). Grape maturity and harvest date were established according
to Eichhorn–Lorenz phenological stages (EL 38—berries ripe for harvest) [37], by weekly
determination of sugar and total acidity concentrations.

2.4. Chemical Determinations

Grape must sugar (g/L), equated according to the total soluble solids content (digital
refractometer HI96801, Hanna Instruments, Cluj Napoca, Romania), and total acidity
(g/L as tartaric acid) were determined using the standard methods specified in the OIV
Compendium of International Methods of Wine and Must Analysis [38].

2.5. Statistical Procedures

The one-way analysis of variance (ANOVA) was used to determine the statistically
significant differences between the groups of data (n = 10) in XLSTAT 2021.5.1 for Microsoft®

Excel 2019. The method used to discriminate among the means was Tukey’s test at 95%
confidence level. Values noted with the same letter indicate statistically non-significant
differences (p > 0.05). Regression analysis was performed to look for relationships between
data (Microsoft® Excel; data analysis) (Pearson correlation). Principal Component Analysis
and Agglomerative Hierarchical Clustering (Ward’s method) were performed to investigate
data group formation using the XLSTAT 2021.5.1 statistical software.

3. Results and Discussion
3.1. Climatic Elements

Climate is defined as the long-term pattern of weather conditions in a particular
area [39]. Global warming gradually modifies the climate conditions, creating new patterns,
increasing climate variability. According to Antón et al. [40], climate change is expected
to increase the variability of weather conditions and the frequency of extreme events.
However, temperature is considered the main climatic element and a good indicator of
climate change because it has a significant impact on the entire ecosystem by guiding the
life cycle of various organisms [41,42]. Temperature tolerances differ for various species and
cultivars, but grapes are generally produced in areas with an annual average temperature
between 10 and 20 ◦C, and growing season average temperatures between 13 and 21 ◦C,
mostly in the mid-latitude regions of the continents [43,44]. In the Copou-Iasi wine-growing
center, NE of Romania, in the period 1971–2020, the multiannual average temperature
was calculated as 9.89 ± 0.98 ◦C. The lowest temperature recorded in the studied interval
was −27.2 ◦C (December 1996), and the highest was 42.3 ◦C (July 2007). In the analyzed
period, the average air temperature increased from one decade to another by at least 0.28 ◦C.
Thus, the difference between the first analyzed decade (1971–1980) and the last decade
(2011–2020) was +1.70 ◦C (Figure 2a). A significant increase in annual temperatures was
highlighted starting with the year 2000, the period 1991–2000 being one of transition. If in
the interval 1971–1990 were years when the average air temperature frequently reached
7–8 ◦C, in recent years, due to climate change, the lowest average air temperature is around
10 ◦C. According to the U.S. Environmental Protection Agency, worldwide, the decade
2012–2021 was the warmest since thermometer-based observations were made, confirming
the similar trend of increasing air temperatures [45].
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Regarding the average temperatures in the growing season (April–September), recent
studies conducted in most European countries indicated a general increasing trend [3]. In
our study, a significant increase in air temperatures was observed during the growing season
(Figure 2b). The multiannual average temperature in the growing season was 17.36 ± 1.04, the
difference between the first analyzed decade and the 2011–2020 interval being +2.08 ◦C. The
rise in air temperature during the growing season was more evident starting with the year 2000,
the statistical differences being significant compared to the 1971–1990 interval. However, the
most important increase in the growing season average temperature was observed in the last
decade, over 0.81 ◦C.

Precipitation has important effects on the development of ecosystems. Rain and snow
can affect the amount of water on the surface, while the timing of snowmelt influences the
availability of groundwater for irrigation. As the temperatures rise, a more intense evapo-
ration of water takes place, which subsequently generates more consistent precipitation;
thus, theoretically, climate warming is expected to increase the amount of precipitation.
According to US EPA [46], on average, since 1901, global precipitation has increased from
decade to decade at an average rate of 1.016 mm (0.04 inches). On the other hand, grapevine
is a species with moderate demands on water, the daily consumption of a grapevine stock
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being 0.2–1.5 L, which means approx. 8000 L/day/ha [47]. Considering losses through
evaporation and soil infiltration, for the correct supply of grapevine, a rainfall volume of
300–350 mm is necessary during the growing season, respectively, 500–700 mm annual
precipitation [43]. The IPCC group predicts that most vineyards will face an increase in
drought intensity and a reduction in surface and groundwater resources in the future; the
cultivars to be planted must be selected according to their drought tolerance [2]. In the
Copou-Iaşi area, after a maximum value of precipitations reached in the interval 1991–2000
(613.15 ± 147.75 mm), the average values of the decades remained relatively constant, with
a slight non-significant decrease (Figure 3a).
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mean values of the decades are presented as the average of the annual data (n = 10) with standard
deviation (±). Values with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

The multiannual average of precipitation was 574.70 mm, with a high standard devia-
tion (±123.76 mm) that indicates a large variability of the annual values. There were years
(e.g., 1991, 1996) with high precipitation values (>800 mm) followed by dry years, in which
the precipitation was up to two times lower (250–400 mm); in general, the conditions for
efficient cultivation of grapevine were found in eight out of ten years.

Water deficit in the growing season affects photosynthesis and shoot growth and
reduces berry size, while excessive water deficit stress can damage the leaves and stop
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grape ripening [12]. Also, excess water in soil causes a vigorous growth of shoots, sen-
sitivity to fungal diseases, a delay in grape ripening, and lower rates of sugar accumu-
lation [43,48,49]. In our study, the multiannual (1971–2020) average of growing season
precipitation was 390.98 ± 109.34 mm, the decrease in the amount of precipitation be-
ing more obvious (−71 mm between the first and the last analyzed decades), but still
statistically non-significant due to the very high data dispersion (Figure 3b).

Worldwide, over recent decades, no significant changes in the average precipitation
regime during the growing season were reported [50]. However, Chen et al. [51], showed
that the number of rainfall days decreased significantly in northeast China, increasing
the daily rainfall amounts. In general, precipitation in the high latitudes of the northern
hemisphere have increased, while rainfall in eastern Asia, Australia, and the Pacific region
has declined, with rainfall variability increasing almost everywhere in the world [52].
Across Europe, a significant positive annual trend in precipitation was reported, with
regional differences, however, with northern Europe becoming wetter and southern Europe
becoming drier [53].

High-temperature variations directly affect photosynthesis and grapevine growth,
the physiological processes being reduced when the temperature rises above an optimum
limit [54]. The optimum photosynthetic temperature for grapevine is between 25 and
35 ◦C [55]. Above 35 ◦C, vegetation activity is impaired, and in some extreme cases,
vineyards may suffer severe and irreversible damage [11,54]. Heat stress was evaluated
based on the number of days with maximum temperatures above 30 and 35 ◦C. In the
N-E of Romania, the parameter that increased most during the 1971–2020 period was the
number of days with temperatures >30 ◦C. If in the first analyzed decade (1971–1980)
the number of days with temperatures >30 ◦C was low (~9 days); during the following
decades, there was a gradual and significant increase in the number of days with maximum
temperatures >30 ◦C, exceeding an average of 30 days in the 2011–2020 interval (Figure 4a).
If, until 2000, there were years when the temperatures did not exceed 30 ◦C (e.g., 1991),
after the year 2000, the number of days with risky temperatures for grapevine was between
9 and 51, the heat stress on the plants increasing exponentially.

An upward trend was also registered in the case of the number of days with tempera-
tures above 35 ◦C, the values being 10-fold higher in the decades after 2000, compared to
the 1971–2000 interval (Figure 4b). Even if statistically the differences between the decades
are non-significant due to the large fluctuations from year-to-year values, there is a clear
trend towards an increase in the number of days with maximum temperatures above 35 ◦C,
which seriously affects the normal development of plants, and, finally, the grape yield and
quality. Prolonged exposure to extremely high temperatures (above 35 ◦C) can negatively
affect plant development, with severe sunburns being reported, which increases the inci-
dence of fungal infection [11,56]. A similar trend was reported by Bucur and Dejeu [57] in
seven viticultural wine-growing regions in Romania, the number of days with temperatures
above 30 and 35 ◦C gradually increasing significantly in the last 20 years.

The grapevine is a deciduous perennial fruit crop, and annually the canes and buds
should withstand low temperatures during winter. However, grapevine has a limited
resistance to winter frosts, varying depending on genetic factors (species and variety).
The widely cultivated Vitis vinifera L. is a cold-sensitive species and cannot survive severe
winter in regions with extremely low temperatures [58]. The most resistant to negative
temperatures are the cultivars originating from temperate-continental climates, while the
most sensitive cultivars come from the Mediterranean area [43,59]. Cold stress, including
chilling (0 to 15 ◦C) and freezing (<0 ◦C) stresses, has an adverse effect on plant growth,
development, and productivity, limiting grapevine geographical distribution [58,60].
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Low temperatures are among the abiotic factors with an important negative impact
on the grapevine, depending on the time of occurrence. Thus, the number of days with
frosts in winter (<−15 ◦C) and spring (<−2 ◦C) was evaluated. In the case of winter frosts
(temperatures below −15 ◦C), a large fluctuation of years with very low temperatures
was highlighted. Thus, decades with a higher number of days with frost (>4) alternated
with decades with fewer days with frosts; however, the differences between decades
were non-significant (Figure 5a). On average, in the period 1971–2020, in the Copou-Iaşi
wine-growing center, there were 3.3 days of frost during winter (December, January, and
February), a particularly important aspect when deciding on the cultivars to be planted in
the area and wine type production.
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Temperature is the main factor influencing the budburst in spring. Mild winters cause
early budbursts, which can lead to devastating damage from late spring frost affecting
the green shoots and young leaves, with significant harvest decreases [61]. Knowing the
frequency of winter and spring frosts is essential in the selection process of cultivars that can
better withstand the action of low temperatures. On average (1971–2020), in the Copou-Iaşi
area, spring frosts occurred more than 8 days/year. If, in the period 1971–1990, the number
of days with spring frost (<−2 ◦C) was on average 9–10, after the year 2000, the average
annual number of days with freezing temperatures decreased non-significantly to 6–7, as
well as the annual frequency of the phenomenon (in some years, no spring frosts occurred;
two out of ten) (Figure 5b).

3.2. Bioclimatic Indices

To assess the climate characteristics of a vineyard, a series of bioclimatic indices must
be calculated, based on the summation of active, useful, or global temperatures throughout
the year or during the growing season (Winkler index, Huglin index, cool night index)
or combinations of thermal and hydrological indices, such as the oenoclimatic aptitude
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index (IAOe) or grapevine bioclimatic index (Ibcv). These bioclimatic indicators are very
effective in representing the climate suitability for wine production in various climates by
integrating factors such as temperature, precipitation, or sunshine duration [62,63]. The
Huglin Index (HI) is widely applied as an effective tool for viticultural zoning [34,64], while
IAOe is largely used to analyze vineyard climate suitability for specific cultivars [62].

Hygroscopicity (relative air humidity), which influences the intensity of physiological
processes, showed values between 84 and 88%, without significant variations between
decades, ensuring the optimal level of air humidity throughout the annual biological cycle
of plants. Also, the multiannual average of the actual sunshine duration (as the sum of
the hours of effective sunshine during the growing season) was 2062 ± 120 h, with small
non-significant variations between decades, the climate being favorable for grapevine
growing from this point of view. In the Romanian wine regions, a sunshine duration of
over 1520 h is considered sufficient for the production of red wines [43]. The values of the
main bioclimatic indices in the Copou-Iaşi wine-growing center, for the period 1971–2020
(on decades), are shown in Table 1.

Table 1. Changes in the main bioclimatic indices of the Copou-Iaşi wine-growing center, NE of
Romania, in the period 1971–2020.

Bioclimatic
Indices

Decades Average
(1971–2020)1971–1980 1981–1990 1991–2000 2001–2010 2011–2020

Σt◦g (◦C) 3020 ± 172 c 3083 ± 99 c 3159 ± 148 bc 3262 ± 140 ab 3398 ± 139 a 3185 ± 191

Σt◦a (◦C) 2864 ± 191 c 2958 ± 139 c 3021 ± 191 bc 3151 ± 130 ab 3291 ± 168 a 3057 ± 219

Σt◦u (◦C) 1251 ± 160 c 1308 ± 87 c 1379 ± 126 bc 1469 ± 136 ab 1609 ± 132 a 1403 ± 178

HC

Average 1.5 ± 0.4 1.3 ± 0.4 1.4 ± 0.5 1.3 ± 0.4 1.1 ± 0.3 1.3 ± 0.4

Class Moderate
humidity

Moderate
humidity

Moderate
humidity

Moderate
humidity

Insufficient
humidity

Moderate
humidity

IDM
Average 30 ± 8 27 ± 7 31 ± 8 30 ± 5 27 ± 6 29 ± 7

Class Humid Semi-humid Humid Humid Semi-humid Humid

IHr Average 1.8 ± 0.3 bc 1.8 ± 0.3 cd 2.1 ± 0.3 c 2.1 ± 0.2 ab 2.4 ± 0.3 a 2.1 ± 0.3

Ibcv Average 7.0 ± 3.6 7.2 ± 2.7 7.2 ± 2.6 7.7 ± 2.9 9.2 ± 3.3 7.7 ± 3.0

IAOe

Average 4152 ± 280 c 4223 ± 301 c 4325 ± 399 bc 4482 ± 266 cb 4690 ± 252 ab 4375 ± 352

Class
Unsuitable

for red wine
production

Unsuitable
for red wine
production

Medium
favorability
for red wine

Medium
favorability
for red wine

Very
favorable for

red wine

Medium
favorability
for red wine

HI

Average 1822 ± 181 c 1928 ± 130 c 1976 ± 190 bc 2098 ± 150 ab 2268 ± 161 a 2018 ± 222

Class
HI3—

temperate
climate

HI3—
temperate

climate

HI3—
temperate

climate

HI4—
temperate

climate

HI4—warm
temperate

climate

HI3—
temperate

climate

WI
Average 1303 ± 159 c 1374 ± 78 c 1452 ± 133 bc 1535 ± 120 ab 1682 ± 139 a 1469 ± 181

Class Ib Ib II II III II

CNI

Average 10.9 ± 1.2 10.9 ± 1.3 10.8 ± 1.8 11.1 ± 0.6 12.2 ± 1.2 11.2 ± 1.3

Class Very cold
nights

Very cold
nights

Very cold
nights

Very cold
nights Cold nights Very cold

nights

Note: Σt◦g—the sum of positive temperatures; Σt◦a—the sum of active temperatures; Σt◦u—the sum of effective
temperatures; HC—hydrothermal coefficient; IDM—De Martonne aridity index; IHr—actual heliothermal index;
Ibcv—grapevine bioclimatic index; IAOe—oenoclimate aptitude index; HI—Huglin index; WI—Winkler index;
CNI—cool night index. Values with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

The sum of temperatures varies from one year to another, determining the different
favorability of the years for grape production. The increase in Σt◦g, Σt◦a, and Σt◦u was
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significant in the last 20 years. Regarding the Σt◦u, in the decade 2011–2020, the values
increased by 358 ◦C compared to the period 1971–1980, resulting in a multiannual average
of 1403 ± 178 ◦C, which allows the efficient cultivation of grapevine. According to the
studies conducted by Oşlobeanu et al. [65], in Romanian wine-growing regions, the Σt◦g
values are within the range 2700–3600 ◦C, Σt◦a between 2600 and 3500 ◦C, while the Σt◦u
values vary between 1000 and 1700 ◦C. High values favor the ripening of grapes, and the
accumulation of sugars and phenolic compounds, while the thermal deficit delays the
ripening of grapes, determines a high level of total acidity, and limits the accumulation of
useful organic substances.

Lower values (<0.6) of the hydrothermal coefficient (HC) indicate the need to irrigate
the grapevine plantations [59,66]. In the Copou-Iaşi area, HC showed optimal values,
varying between 1.1 and 1.5, decreasing non-significantly in recent decades. However, in
the decade 2011–2020, a transition from a climate with moderate humidity to one with
insufficient humidity was observed, indicating a stagnation of the precipitation regime in
parallel with the increase in thermal resources.

The actual heliothermal index (IHr) reveals the availability of thermal resources in the
analyzed viticultural area. In the reference interval, IHr values increased significantly from
1.8 (1971–1990) to 2.4 (2011–2020), with a multiannual average of 2.1 ± 0.3, offering after
the year 2000 the possibility of obtaining quality red wines in the Copou-Ias, i center.

The values of the viticultural bioclimatic index (Ibcv), which integrates the influence of
temperature, precipitation, and insolation (being recommended for the temperate climate),
registered an upward trend, from 7.0 (1971–1980) to 9.2 (2011–2020), indicating, in this case,
an increase in the humidity deficit, and at the same time, an abundance of heliothermic
resources in the vineyard.

The oenoclimatic aptitude index (IAOe) expresses the combined action of insolation,
temperature, and precipitation during the growing season and reveals the possibility of
producing red wines in a specific vineyard [33]. Due to climate change, the IAOe values in
the last 50 years showed a significant increase, evolving from 4152 (value unsuitable for
the production of red wines) in the period 1971–1980, to 4325 (medium favorability for red
wine production) in the period 1991–2000, and to 4690, in the period 2011–2020, placing the
climate of the Copou- Ias, i wine-growing center in the class of very favorable areas for the
ripening of grapevine cultivars for red wines. However, the IAOe showed a multiannual
value of 4375 ± 352, corresponding to an area with medium favorability for the production
of red wines, in which suitable conditions are met only in some years.

The Huglin index and the Winkler index are extensively used to determine the relationship
between climate and the sugar content of grapes [67]. Grapevine cultivars need a certain amount
of heat and precipitation to ripen the grapes. The Huglin heliothermal index (HI) provides
information regarding the thermal potential of the vineyard and the possibility of growing
certain cultivars with various periods of grape maturation. In the case of the Copou-Iaşi wine-
growing center, the average value of HI in the period 1971–2020 was 2018 ± 222, corresponding
to the theoretical class HI3 (values between 1800 and 2100), respectively, a classic temperate
climate. The significant increase in HI values in the last 40 years made it so that in the last decade
(2011–2020), the Copou-Iaşi area became part of an upper climatic class, respectively, warm
temperate climate—HI4 (values between 2100 and 2400), in which there are no heliothermic
constraints for grapevine, being recommended for planting cultivars regardless of the length of
the vegetation period.

The Winkler index (WI) is used for classifying the climate of wine regions based on
heat summation, the areas being divided into five climate regions based on temperature
converted to growing degree-days [35]. According to WI climate classification, the Copou-
Iaşi wine-growing center was initially (1971–1990) included in Region Ib (1111–1389 ◦C).
In the interval 1991–2010, the recorded WI values framed the Copou-Iaşi wine-growing
area in Region II (1389–1667), the continuous heating from the last decade leading to the
integration of the monitored area in Region III (1667–1994 ◦C), with the recent climate
change being significant. Thus, according to WI average values (1469 ± 181 ◦C), the
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Copou-Iaşi wine-growing center climate is favorable for high production of standard to
good-quality wines.

The cool night index showed a relatively constant value in the last 50 years, the slight
increase from the decade 2011–2020 being sufficient for the transition of the Copou-Iaşi
wine-growing center from the class with “very cold nights” to “cold nights” classification,
daily temperatures increasing more than night temperatures. The obtained data are consis-
tent with those reported by Bucur and Dejeu [57], who showed that in many Romanian
vineyards, the values of the cool night index were not significantly affected by climate
change. Also, the research carried out in the last 10 years in different areas of Romania
revealed the increasing trend of extreme weather conditions or shifts in climate suitability
of traditional vineyards [23,26,62].

3.3. Changes in Harvest Date

Among the most evident biological effects of global warming are the phenological
shifts [54]. As previously shown, phenological stages are highly influenced by temperature,
thermal amplitude, and solar radiation, which together determine the initiation and length
of the phenophases for a certain cultivar [68–70]. Previous studies conducted in Copou-Iaşi
wine-growing center showed that high temperatures and soil water deficit may determine
a shift in phenological phases and a forced ripening of grapes, with negative impact on
the yield of various cultivars [71]. Overall, the warming process makes the grapevine go
through some phenological phases faster, starting with budburst and finishing with an
earlier grape ripening and harvest. According to Ruml et al. [72], an increase in the average
temperature by 1 ◦C is enough to advance average harvest times by up to 7.4 days. To
highlight this aspect, four V. vinifera L. grape cultivars for white wines were monitored in
the interval 1981–2020 (40 years), determining the date of grape harvesting, respectively,
the time of reaching grape technological maturity, considering that the production direction
and the obtained wine style were not modified during this time interval (Figure 6).
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Although the faster occurrence of grape maturity is obvious, each cultivar responded
differently to climate changes, as proof of their different plasticity and adaptability. If, in the
decade 1981–1990, the date of grape harvest varied in a wider range (21 September–20 October),
the increase in temperatures in recent decades led to a shortening of this interval (12 September–



Horticulturae 2024, 10, 705 14 of 22

30 September), with a delay being determined in the average harvest date by about 11 days in
the case of autochthonous cultivars (Fetească Albă and Fetească Regală). A lower advance in
the date of grape harvest was recorded for the Aligoté cultivar, respectively, 10 days earlier than
40 years ago, a difference registered mainly in recent decades (2001–2020).

A similar trend was reported by Venios et al. [54] and Koch and Oehl [73], which
showed a clear change in the date of harvest for five grapevine cultivars over approximately
40 years, in S-W Germany, significantly changing in the last two decades (about four
weeks earlier comparing to the 1980–1990 decade). Trends related to earlier harvest dates
have been frequently reported for various regions in Europe, confirming this process of
continuous climate warming [26,74,75].

3.4. Changes in Grape Chemical Composition

Grape quality depends on the relationships between the plant and the environment.
Long-term temperature increases all over the world had a direct impact on grape composi-
tion, the sugar content increasing and total acidity decreasing [67,76,77]. Climate influences
grape quality by modifying the concentration of sugars, organic acids, and secondary
compounds [9,78]. Overall, climate change accelerates the ripening process due to warming
temperatures, and grapes reach maturity in a shorter time and accumulate large amounts
of sugars [78,79]. However, grape sugar content can be indirectly affected by changes in
water content and berry size [80].

Changes in sugars and total acidity content in matured grapes of Fetească Albă,
Fetească Regală, Aligoté, and Muscat Ottonel cultivars, in the period 1981–2020, are shown
in Figure 7 (as average values per decades). In the last 40 years, a significant increase in the
average sugar content of grapes was observed, these increases varying depending on the
cultivar. In the case of the autochthonous cultivars, the average sugar amount in grapes
increased between +15.30 g/L (~8%) (Fetească Albă) and +20.56 g/L (~10%) (Fetească
Regală) (Figure 7a,b).

Although the advance of the harvest date was almost similar for all four analyzed cultivars,
the increase in sugar concentrations was much higher in the cultivars from the international
assortment. Thus, the highest differences compared to the 1981–1990 decade in terms of sugar
accumulation were recorded in grapes of Muscat Ottonel (+21.95 g/L; ~11%) and Aligoté
(+25.4 g/L; ~12%) cultivars (Figure 7c,d). Regarding the multi-annual dynamics, grape sugar
concentration has increased compared to the values of 40 years ago, but a slowing down of the
process (Fetească Albă, Muscat Ottonel) or even a stagnation (Aligoté, Fetească Regală) was
observed after the year 2000, even if the average air temperatures increased more during this
period. Venios et al. [54] concluded that, in time, the grapevine might develop strategies to
maintain homeostasis and cope with high-temperature stress, mechanisms that may include
physiological adaptations and activation of signaling pathways and gene regulatory networks
governing heat stress response and thermotolerance. However, the increase in sugar in grapes
led to wines with higher alcohol concentrations or, in certain cases, wines with residual sugar
(semisweet) [81].

Regarding the total acidity of mature grapes, a significant decrease was observed over
the last 40 years. Unlike sugar accumulations, the decrease in total acidity was continuous.
In grapes of the Fetească Albă cultivar, in the last decade (2011–2020), total acidity was
lower by about 3.14 g/L tartaric acid (−33%) compared to the 1981–1990 interval. Along
with the Fetească Albă cultivar, Aligoté (−3.50 g/L tartaric acid; −34%) suffered the most
important losses of total acidity in the analyzed interval (1981–2020). Also, in the case of
Fetească Regală (−3.24 g/L tartaric acid) and Muscat Ottonel cultivars (−2.00 g/L tartaric
acid), the average acidity of matured grapes was lower by a percentage between 28 and
33% compared with the values of the 1981–1990 decade.
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Figure 7. Changes in sugar amount (g/L) and total acidity (g/L as tartaric acid) in mature grapes
of Fetească Albă (a), Fetească Regală (b), Aligoté (c), and Muscat Ottonel (d) cultivars in the period
1981–2020, in the Copou-Iaşi wine-growing center (NE of Romania). Note: The mean values of the
decades are presented as the average of the annual data (n = 10), with standard deviation (±). Values
with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

Climatic and biochemical data correlation for the interval 1981–2020 revealed the
negative impact of the increasing annual and growing season temperatures on the date of
the grape harvest, especially for the cultivars Aligoté (r > −0.9017) and Muscat Ottonel
(r > −0.9832) (Table 2). For the same cultivars, a negative correlation between the high
number of days with temperatures > 30 ◦C and the advance of the grape harvest date was
highlighted (r = −0.9045–−0.9416). The annual average temperature (r = 0.8884–0.9851),
growing season average temperature (r= 0.8891–0.9856), and the number of days with
temperatures >30 ◦C (r = 0.9562–0.9815) were positively correlated (p < 0.05) with grape
sugar content of all V. vinifera L. analyzed cultivars.

Also, the decrease in grapes’ total acidity was inversely correlated with the increase in annual
and growing season temperatures (r = −0.8966–−0.9854), as well as with the high number of
days with temperatures >30 ◦C (r = −0.9094–−0.9940). Growing season precipitation showed a
strong negative correlation with grape sugar concentrations (r = −0.9252–−0.9660) and a direct
positive relationship with decreasing acidity values (r = 0.9128–0.9777). In the same context, the
sugar content of grapes was negatively correlated with total acidity (r > −0.9416), meaning that a
high concentration of sugar in grapes corresponded to a lower acidity. In the analyzed interval,
increases in Σt◦g, Σt◦a, and Σt◦u showed a direct influence on sugar accumulation (r > 0.90) and
total acidity reduction in grapes of all analyzed cultivars (r > −0.90). Taking into account the
calculation method, the main bioclimatic indices (IHr, Ibcv, IAOe, HI, WI) showed a positive
correlation with carbohydrate accumulation (r = 0.8930–0.9924) and a negative relation with grape
acidity (r > −0.9285), while hydrothermal coefficient (HC) and De Martonne aridity index (IDM),
which involve the annual and growing season precipitation, were positively correlated with the
acidity of the grapes (r > 0.85) (Table 2). Previously, Navrátilová et al. [67] revealed a higher
correlation rate of the HI with the sugar content, while the WI proved to be less suitable for all
viticultural areas. In our study, the Winkler index (WI) showed a high correlation with grape
sugar content (r = 0.89–0.99), close to that of the Huglin index (r = 0.93–0.99).
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Table 2. Pearson correlation coefficients of the relationships between climatic factors (1981–2020),
phenological and chemical data of the analyzed V. vinifera L. cultivars (Copou-Iaşi wine-growing
center; NE of Romania).

Parameters No. Days
T > 35 ◦C

No. Days
T > 30 ◦C GST (◦C) Annual T

(◦C)
GS

PP (mm)
Annual
PP (mm)

FA
Sugars

FR
Sugars

Al
Sugars

MO
Sugars

FA
Acidity

FR
Acidity

Al
Acidity

MO
Acidity

FA H-date −0.6186 −0.6731 −0.6825 −0.6845 0.4956 −0.2119

FR H-date −0.7260 −0.8280 −0.8534 −0.8550 0.6604 −0.1025

Al H-date −0.8395 −0.9045 −0.9017 −0.9026 0.7800 0.0811

MO
H-date −0.7806 −0.9416 −0.9833 −0.9832 0.8642 0.2408

FA sugars 0.9040 0.9815 0.9705 0.9696 −0.9660 −0.4700 1

FR sugars 0.9802 0.9595 0.8983 0.8977 −0.9352 −0.4413 0.8977 1

Al sugars 0.9864 0.9562 0.8891 0.8884 −0.9420 −0.4728 0.8969 0.9993 1

MO
sugars 0.8522 0.9710 0.9856 0.9851 −0.9252 −0.3622 0.9917 0.8645 0.8595 1

FA acidity −0.9094 −0.9895 −0.9854 −0.9854 0.9128 0.2782 −0.9520 −0.9554 −0.9473 −0.9541 1

FR acidity −0.9902 −0.9793 −0.9199 −0.9189 0.9777 0.5237 −0.9456 −0.9884 −0.9904 −0.9107 0.9576 1

Al acidity −0.9926 −0.9649 −0.8975 −0.8966 0.9609 0.5101 −0.9168 −0.9962 −0.9981 −0.8782 0.9484 0.9967 1

MO
acidity −0.9720 −0.9940 −0.9534 −0.9527 0.9715 0.4608 −0.9646 −0.9821 −0.9812 −0.9416 0.9796 0.9953 0.9877 1

Σt◦g 0.8937 0.9925 0.9967 0.9964 −0.9308 −0.3255 0.9828 0.9233 0.9168 0.9875 −0.9894 −0.9471 −0.9265 −0.9733

Σt◦a 0.9135 0.9967 0.9912 0.9908 −0.9482 −0.3718 0.9880 0.9346 0.9298 0.9861 −0.9877 −0.9603 −0.9405 −0.9820

Σt◦u 0.8789 0.9863 0.9947 0.9943 −0.9319 −0.3444 0.9900 0.9007 0.8949 0.9961 −0.9768 −0.9345 −0.9086 −0.9627

HC −0.9698 −0.9851 −0.9384 −0.9372 0.9942 0.5578 −0.9807 −0.9540 −0.9569 −0.9512 0.9512 0.9878 0.9719 0.9895

IDM −0.9649 −0.9202 −0.8388 −0.8368 0.9925 0.7320 −0.9326 −0.9061 −0.9171 −0.8783 0.8574 0.9555 0.9393 0.9393

IHr 0.8890 0.9879 0.9944 0.9944 −0.9068 −0.2609 0.9602 0.9354 0.9265 0.9682 −0.9978 −0.9441 −0.9300 −0.9712

Ibcv 0.9269 0.9975 0.9861 0.9858 −0.9395 −0.3435 0.9705 0.9585 0.9527 0.9666 −0.9972 −0.9702 −0.9579 −0.9890

IAOe 0.9176 0.9936 0.9863 0.9862 −0.9249 −0.3064 0.9605 0.9574 0.9504 0.9601 −0.9995 −0.9637 −0.9532 −0.9843

HI 0.9290 0.9972 0.9820 0.9813 −0.9653 −0.4270 0.9930 0.9386 0.9360 0.9842 −0.9800 −0.9692 −0.9489 −0.9863

WI 0.8689 0.9844 0.9986 0.9984 −0.9169 −0.3005 0.9818 0.9004 0.8930 0.9924 −0.9822 −0.9285 −0.9042 −0.9593

CNI 0.7127 0.8700 0.9130 0.8820 −0.8842 −0.2936 0.9443 0.7063 0.7050 0.9278 −0.8802 −0.7946 −0.7305 −0.8251

Note: FA—Fetească Albă cv.; FR—Fetească Regală cv.; Al—Aligoté; MO—Muscat Ottonel cv.; Σt◦g—the sum
of positive temperatures; Σt◦a—the sum of active temperatures; Σt◦u—the sum of effective temperatures; HC—
hydrothermal coefficient; IDM—De Martonne aridity index; IHr—actual heliotermal index; Ibcv—grapevine
bioclimatic index; IAOe—oenoclimate aptitude index; HI—Huglin index; WI—Winkler index; CNI—cool night
index; PP (mm)—precipitation; T (◦C)—temperature; GS—growing season; H-date—harvest date. Correlation
coefficients marked in bold are shown in the text (p < 0.05; Microsoft® Excel; data analysis).

Principal component analysis (PCA), as a multivariate technique, allows visual repre-
sentation of the correlations between multiple variables, increasing data interpretability and
explaining data variation [82]. PCA biplot showed the grouping of grape sugar of analyzed
cultivars along with the annual and growing season temperatures during the last decade, while
the number of days with freezing temperatures in winter (T < −15 ◦C) and spring (T < −2 ◦C)
was paired with grape acidity in the period 1981–2000 (Figure 8a). WI, HI, IAOe, and IHr,
together with the increasing number of days with high temperatures (T > 30 ◦C; T > 35 ◦C), were
related to grape sugar concentrations, grouped especially in the quadrants of recent decades.

The cluster method admits the existence of the polythetic groups, whose elements are
equivalent or similar for several criteria, but not for all characteristics. At the same time,
the similitude of the elements from the group and the difference among groups are mea-
sured [83]. However, cluster analysis is a convenient method for identifying homogenous
groups considering a multitude of factors. Agglomerative Hierarchical Clustering (AHC)—
Ward’s method—was used to group the analyzed decades (1981–2020), considering all
the features analyzed in the study (climatic, phenological, and chemical factors). AHC
analysis indicated the formation of two main clusters, grouping the decades 1981–1990 and
1991–2000 in a separate homogeneous node, these periods being more similar concerning
the studied characteristics (Figure 8b). Also, the last two decades (2001–2020) were grouped
in a separate branch, less homogenous, being aggregated at a higher dissimilarity index
(77,378).
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Figure 8. Principal Component Analysis (PCA) biplot combining the output variables (a) and
the Agglomerative Hierarchical Clustering (AHC) of the decades (b) for the interval 1981–2020,
in the Copou-Iaşi wine-growing center. Note: FA—Fetească Albă cv.; FR—Fetească Regală cv.;
Alig.—Aligoté; MO—Muscat Ottonel cv.; GS—growing season; T—temperature; Harvest—harvest
date; Σt◦u—the sum of active temperatures; HC—hydrothermal coefficient; IDM—De Martonne
aridity index; IHr—actual heliotermal index; Ibcv—grapevine bioclimatic index; IAOe—oenoclimate
aptitude index; HI—Huglin index; Wi—Winkler index; CNI—cool night index.

Similar studies concluded that increasing temperatures accelerate the rate of sugar
accumulation in grapes, forcing growers to harvest earlier [78]. Thus, it is necessary for
producers to sync grapevine cultivars with climates that are most compliant to their specific
growing conditions. Harvest dates have shifted earlier historically, and climate models
predict the further acceleration of grape ripening [10,78,84]. Extreme temperatures during
grape maturation reduce grapevine metabolism, resulting in higher sugar levels and lower
total acidity, affecting taste balance and the overall quality of the grapes [77]. According to
Iland et al. [85], grapes from a hot environment are likely to possess lower acidity compared
to fruit from a cool environment. For precision viticulture and the economic success of the
grapevine plantation, it is necessary to know and select cultivars with a growing season
length suitable for the type of climate and with biological resistance to extreme temperatures
and erratic precipitation. Research on climate suitability must continue permanently, for
a better understanding of what we are facing, testing the ability of plants to adapt to the
new conditions and finding the best measures to ensure the sustainable cultivation of the
grapevine and support its resilience to climate change.

4. Conclusions

Climate change poses a major challenge for viticulture. Global warming affects both
grapevine physiology and biochemistry, changing grapevine phenology and berry compo-
sition. For the Copou-Iaşi wine-growing area, in northeastern Romania, the study revealed
a significant gradual increase in the average air temperature in the last 50 years (+1.71 ◦C),
more pronounced in the last 10 years (+0.61 ◦C). In the last decade, the number of days
with extremely hot temperatures (>30 ◦C) was over 3.5 times higher compared with the
first decades (1971–1990), in parallel with a fluctuating precipitation regime. The increase in
the average air temperature in the last 40 years (1981–2020) was highly correlated with the
advancement of grape maturity and harvesting date of V. vinifera L. white grape cultivars
(up to 12 days), a significant increase in grape sugar accumulation (+15–25 g/L), and a
drastic decrease in total acidity (−2.0–3.5 g/L as tartaric acid). Increasing positive, active,
and effective sum of temperatures directly influences sugar accumulation and total acidity
decrease in grapes of all analyzed cultivars (r > 0.90). However, climate changes exerted a
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distinctive impact on grapevine physiology and biochemistry depending on the cultivar.
In the viticultural area of northeastern Romania, the last decade (2011–2020) made the
transition from a humid temperate climate, unsuitable for red wine production (Winkler
Region Ib-II), to a semi-humid warm temperate climate (Winkler Region III), more suitable
for cultivars with a longer growing season or intended for red wine production. However,
the transition from a climate with very cold nights to a climate with cold nights was noticed.
Long-term climate change analysis, as part of the precision viticulture strategy and efficient
management of vineyards, is of particular importance for grape producers and winemakers,
to be prepared and to take action to counter the effects of global warming, to choose the
most effective measures to maintain economic and sustainable grape growing, and to
increase the resilience of viticulture to climate change.
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72. Ruml, M.; Korać, N.; Vujadinović, M.; Vuković, A.; Ivanišević, D. Response of grapevine phenology to recent temperature change
and variability in the wine-producing area of Sremski Karlovci, Serbia. J. Agric. Sci. 2016, 154, 186–206. [CrossRef]

73. Koch, B.; Oehl, F. Climate change favors grapevine production in temperate zones. Agric. Sci. 2018, 9, 247–263. [CrossRef]
74. Duchêne, E.; Schneider, C. Grapevine and climatic changes: A glance at the situation in Alsace. Agron. Sustain. Dev. 2005, 25,

93–99. [CrossRef]
75. Schultz, H.R.; Jones, J.V. Climatic induced historic and future changes in viticulture. J. Wine Res. 2010, 21, 137–145. [CrossRef]
76. Schultz, H.R. Global climate change, sustainability, and some challenges for grape and wine production. J. Wine Econ. 2016, 11,

181–200. [CrossRef]
77. Hussain Shah, M.; Rafique, R.; Rafique, T.; Naseer, M.; Khalil, U.; Rafique, R. Effect of Climate Change on Polyphenols Accumulation

in Grapevine; IntechOpen: London, UK, 2022. [CrossRef]
78. Stanfield, R.C.; Forrestel, E.J.; Elmendorf, K.E.; Bagshaw, S.B.; Bartlett, M.K. Phloem anatomy predicts berry sugar accumulation

across 13 wine-grape cultivars. Front. Plant Sci. 2024, 15, 1360381. [CrossRef] [PubMed]
79. Rogiers, S.Y.; Greer, D.H.; Liu, Y.; Baby, T.; Xiao, Z. Impact of climate change on grape berry ripening: An assessment of adaptation

strategies for the Australian vineyard. Front. Plant Sci. 2022, 13, 1094633. [CrossRef] [PubMed]
80. Arias, L.A.; Berli, F.; Fontana, A.; Bottini, R.; Piccoli, P. Climate change effects on grapevine physiology and biochemistry: Benefits

and challenges of high altitude as an adaptation strategy. Front. Plant Sci. 2022, 13, 835425. [CrossRef]
81. Filimon, V.R.; Filimon, R.M.; Nechita, A.; Bora, F.D.; Cotea, V.V. Compositional characteristics of low-alcohol wines obtained
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