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Abstract: The European climate is changing displaying profound impacts on agriculture, thus
strongly reaching the scientific community’s attention. In this review, the compilation of selected
scientific research on the agroclimatic conditions” changes and their impact on the productivity
parameters (phenology timing, product quality and quantity) of grapevines and on the spatiotemporal
characteristics of the viticultural areas are attempted for the first time. For this purpose, a thorough
investigation through multiple search queries was conducted for the period (2005-2021). Overall,
increasing (decreasing) trends in critical temperature (precipitation) parameters are the reality of
the recent past with visible impacts on viticulture. The observed climate warming already enforces
emerging phenomena related to the modification of the developmental rate (earlier phenological
events, shortening of phenological intervals, lengthening of the growing season, earlier harvest), the
alteration of product quality, the heterogeneous effects on grapevine yield and the emergence of
new cool-climate viticulture areas highlighting the cultivation’s rebirth in the northern and central
parts of the continent. The vulnerability of the wine-growing ecosystem urges the integration of
innovative and sustainable solutions for confronting the impacts of climate change and safeguarding
the production (quantity and quality) capacity of viticultural systems in Europe under a continuously
changing environment.
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1. Introduction

In the 21st century, mankind faces climate change (CC) (Appendix A) as one of the
greatest environmental endangerments, given that it poses a significant political, economic
and social challenge [1-4]. The consistent temperature increase dominates as the quantifi-
able component of CC, which has triggered major changes already apparent in the global
hydrological and energy cycles [3,5]. These changes, in turn, have increased the frequency,
intensity and duration of extreme weather events (e.g., heat waves, drought occurrences or
extreme precipitation) [6-9].

The weather conditions which prevail throughout the life cycle of crops consist of fun-
damental abiotic factors for their growth [2,10], and therefore determine both the quantity
and quality of agricultural production and, consequently, its economic sustainability [11,12].
CCrisk, therefore, particularly defines the success of agricultural systems among the differ-
ent sectors of human activity (e.g., energy consumption, forestry and tourism) [13-16].

The European continent is highly responsive to the temperature increase induced
by CC [17]. Furthermore, CC projections over several European regions reveal steady
warming throughout the 21st century [18]. By considering that recent past trends in the
growing season mean (or average) temperatures (Appendix A) which have already shown
increases (by 1.7 °C from 1950 to 2004) [19], it becomes apparent that special attention must
be drawn towards the prominent perennial crops which are typically grown in Europe.
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Grapevine (Vitis vinifera L.) is included in the aforementioned category constituting
a representative plant species with a prolonged cultivation history in Europe since the
second millennium B.C. [20]. Today, grapevine is primarily acknowledged as one of the
most significant crops cultivated across Europe, which demonstrates a fundamental socioe-
conomic role [18] and is also extensively used in CC studies given that it is distinguished
as a biological model of long-lived perennials [21,22].

Globally, Europe ranks first in terms of wine production and viticultural area and
hosts some of the most significant and distinguished wine-making regions and wines [23].
These are especially predominant in Italy, France and Spain, which consist of the world’s
top wine-producing countries [23], where warming trends comprise an inevitable reality;
e.g., annual mean temperature increase by 2.1 °C in Bordeaux (France) and growing season
mean temperature rise of 2.3 °C in Veneto (Italy) in approximately five decades [17,24].

The climate conditions constitute major forcing factors on grapevine development and
growth since they substantially control canopy microclimate, vine physiology and devel-
opment, and product quality and quantity and therefore play a dynamic role in a specific
terroir (Appendix A). Although many individual atmospheric parameters such as solar
radiation, wind and air humidity may influence the growth and productivity of grapevines,
specific thermal and hydrological conditions appear as the most important [19,25-29]. In
fact, these are the two factors most frequently addressed in the scientific community’s
research domain on CC and its impacts on viticulture [18]. In addition, it should be em-
phasized that climate change may importantly impact the viability of vineyards, given
that grapevine is a perennial plant with an expected economically productive lifespan of
approximately 3040 years [30], during which projections on climate reveal significant
changes [18].

As a perennial crop, grapevine requires both adequately cold and sufficiently warm
periods in order to implement its biological processes (e.g., low temperature for hardening
and fruitfulness and high temperatures for berry ripening). Thus, the temperature may
be considered one of the main drivers of the growing cycle’s evolution and of the final
maturity and berry composition [31-35].

The geographical areas in which grapevine is traditionally cultivated are characterised
by a temperature range of 12-22 °C during the growing season, in which daily temperature
values from 20 to 35 °C result in the vine’s optimal vegetative response [12,36,37]. The
initiation of the growing/vegetative cycle, but also the storage of carbohydrate reserves in
perennial organs necessary for the subsequent year growth, require bud dormancy breaking
through winter chilling with a base temperature of 10 °C [38-41]. Freezing injuries may
be caused under extremely low negative temperatures in winter and spring, significantly
impairing grapevine development [42,43]. However, the minimum values of temperature
that vine may tolerate range between —5 and —20 °C, while the variation in resistance is
attributed to the variety, location and management of the vineyard but also to the timing
and duration of the adverse event [44,45].

On the contrary, the vine may be benefitted under the regime of high temperatures dur-
ing the ripening period [35,46]. However, excessive temperatures may trigger plant stress
and cause photosynthesis reduction [35,47,48]. In addition, under conditions of extreme
temperatures, metabolic processes and sugar accumulation may be terminated [49-51]. The
plants” higher evaporative demand under the prevailing elevated temperatures may result
in higher sugar concentrations in the berries but also their reduced size and weight [49].
Impairment of vegetation activity occurs above 35 °C, while in some extreme cases, vine-
yards may be severely and irreversibly damaged [52,53]. When exposed for an extended
period to temperature extremes (values higher than 35-40 °C), the plant’s photosynthetic
system can be negatively affected [52], and sunburns appear owing to serious severe skin
damage, which may increase the incidence of Botrytis latent infections in the grapes [54].

Grape composition and flavour development may also be impacted, given that fruit
ripening is accelerated under elevated temperatures [55-58] and is most commonly de-
scribed as the increase in the sugar content versus the faster breakdown of acids in the grape,
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which leads to higher alcohol and lower acidity in the resulting wine [25,59]. These impacts
may appear by modification of secondary metabolites such as flavonoids (e.g., antho-
cyanins), amino acids and carotenoids, also effecting aroma and colouration [32,35,60-63].
It has been recently demonstrated that negative correlations between temperature and
berry weight, titratable acidity, anthocyanins and positive correlations with pH and the
potential alcohol content may exist at technological maturity [50,64-68].

The outset of bud break, flowering and veraison (see “Phenophases or phenological
phases-stages-events of the grapevine” in Appendix A) is determined by temperature,
which affects the date of harvest, yield performance and composition [69]. Therefore,
the thermal conditions regulate the duration of the phenological phases, stages or events
(Appendix A) and eventually the growing season’s length [70].

The shortening of the ripening period places harvest under conditions of elevated
temperatures, which may negatively impact production [17,71,72]. The prevailing higher
temperatures lead to higher rates of evapotranspiration [25,44,73,74] which may drive the
vine’s water status. Hence, a warmer climate may also be characterised as a dryer climate,
even when there is no rainfall reduction [75]. In this case, the rising temperatures may
trigger higher water requirements, and the vines may be subjected to higher drought stress,
especially in the case of limited or absent irrigation capacities (e.g., rainfed vineyards),
thus disrupting the physiological processes of plants such as grapevine photosynthesis
and leaf transpiration [76]. This, in turn, constitutes a widespread constraint of production
by accounting that vineyards are mainly rainfed in Europe [77,78]. Temperature broadly
confines the geographical distribution of grapevines [79], including a strong association
with the variability in grapevine yield [80], wine production [81,82] and quality [49,83].

Precipitation and its temporal distribution also comprises a crucial atmospheric el-
ement influencing grape development as it largely governs soil moisture and the water
potential of grapevine, especially in non-irrigated vineyards [84-88]. High soil moisture is
essential during bud break, shoot and inflorescence development, succeeded by dry and
invariable atmospheric conditions from flowering to berry ripening [17,70,89]. Surplus soil
moisture prevailing during the growing season may promote extensively shaded canopies
owing to excessive vigour. This may lead to detrimental effects on the performance of the
vine such as bud break reduction, maturity delay, berry weight increase and the degrada-
tion of fruit and wine quality [90]. Abundant precipitation engenders the development of
drowned vines and excessive humidity overstimulates the growth of vegetation, forming
denser canopies and a higher likelihood for the promotion of plant epidemiology (e.g., leaf
and inflorescence diseases), with negative impacts on productivity [91-93]. Humid summer
periods preceding the vintage can be related to more extensive grape damage or loss proba-
bility. Impacts include also lower grape production in the subsequent annual campaign
owing to bud damage [94]. During ripening, excessive humidity promotes sugar dilution
and therefore is disadvantageous to maturation [95], while moderate dryness enhances
product quality [96].

Grapevine displays relative resistance to drought in comparison to other crops [97].
This is not the case under severe dryness [98], where a substantial risk for water deficit may
be possible, especially during the initial stages of the crop’s annual growth cycle [99-101].
Water deficit is one of the principal abiotic factors which limits vegetative growth and
grapevine yield [102,103], given that it generates stomata closure [104], it impairs photosyn-
thesis [105,106] and shoot growth [107] and reduces the size of the berries [108,109]. On the
other hand, research indicates that increased water deficit may promote the accumulation
of important constituents in the berries as it may increase malic acid [110] and flavonol
concentrations [111], the grape tannin, anthocyanin and procyanidin content [112-116].

The evaluation of changes in the climate of wine regions over the past decades is
mainly conducted through the recording and measurement of temperature and precipi-
tation parameters on a daily, monthly, seasonal or annual basis. Typical examples of the
regional climate parameters encountered in climate impact assessments include the mean
temperature, the maximum temperature and the minimum temperature. The study of
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simple temperature and precipitation values is insufficient to explain the trends in CC
due to the vast complexity of climate modifications. Therefore, the comprehension and
interpretation of the CC trends by using selected bioclimatic indices comprise the most
common procedure for evaluating the impacts of CC on viticulture. Some of the most used
are the heat summation indices, e.g., HI: Huglin index [117], CI: cool night index [118],
WI: Winkler index [38] or GDD: growing degree days index [44], the GST: mean growing
season temperature [119] and the number of days with maximum temperatures higher
than 30 °C [73]. Most indices are mainly formed on air temperature as it comprises the
most influential parameter of the overall growth, productivity and berry ripening of the
grapevine [12]. Furthermore, the assistance of these indices in defining viticultural regions
in relation to their climatic conditions is of fundamental importance. This is due to the sub-
stantiality of the results obtained that, in general, refer to the ability of an area to produce
grapes, the best adapted varieties there, as well as the timing (precocity or lateness) of the
varieties” phenological stages [118]. In addition to their use as tools for the identification
of changes in specific climates of major wine regions worldwide, bioclimatic indices have
also allowed the forecasting of spatial shifts in viticulture areas as a result of CC [120-125].
Furthermore, research on the impact assessment of CC is based upon long ampelographic
records on phenology development (Appendix A), berry composition and yield data along
with references on vineyard observation collections [126-128].

The unsustainable development of viticulture in Europe seems to be a forthcoming
major scientific research challenge, given the catalytic relationship between climate and
vine performance in conjunction with CC, which is an ongoing spatiotemporal reality.
According to the latest review on the future impacts, foreseen CC points to shifts in
European grapevine production patterns [18]. However, when attempting to estimate the
impact of CC in the future, it is essential to reflect on information collected from a starting
point comprising results from the past to the present.

Extensive research has been conducted concerning the aforementioned context, thus
motivating this first attempt for the compilation of relatively recent scientific studies con-
ducted from 2005 to 2021 and which focus on the past to present CC (during approximately
the last 30 to 60 years in most cases) and its impacts on European viticulture. This re-
view focuses exclusively on the climate evolution and its effects on essential productivity
parameters such as phenology timing, product quality and yield level, but also on the
documented spatiotemporal characteristics of viticultural areas.

The compiled scientific outcomes of this work are of fundamental importance given
that the identification and realisation of the phenomenon of CC and its impacts that have
occurred to this day aid in the assessment of possible future effects but also in facilitating
and delineating proactive measures (e.g., adaptation and mitigation strategies), both aiming
for the potential assurance of the pan-European viticultural sustainability under an ongoing
changing climate.

2. Materials and Methods

In this review, the assessed studies were published from the years 2005 to 2021 and
link the findings on CC trends to the recent past European viticulture. The studies describe
the changes in climatic parameters and how these changes have impacted phenology
timing, product quality and quantity and the spatiotemporal characteristics of viticultural
areas. The included scientific studies are published articles in peer-reviewed journals. The
international acceptance and comprehension by most stakeholders, scientists, policymakers
and producers focused the authors’ interest on studies published in English. The imple-
mentation of multiple search queries within Google Scholar, Scopus and Web of Science are
based on different combinations of the keywords shown in Table 1.
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Table 1. Keywords utilised for the implementation of multiple search queries.

Keywords Related to:
Climate Wine Grape Vine
climate change wine sector grapevine (s) vine grape yields
climate warming wine grapes grapewine viticulture
thermal climate wine production grape quality Vitis vinifera L.
regional climate change wine yields grape maturity viticultural zoning
climate risk wine grape production grapevine yield vineyard(s)
climatic factors wine regions grape phenology vine varieties
wine quality grape ripeness European viticulture
wine typicity grape harvest
winegrapes

Other supplementary or auxiliary keywords: growing season temperature; seasonal temperature; agrometeorology;
agroclimatology; temperature; warming; global warming; precipitation; seasonal precipitation; rainfall; drying; water deficit;
agricultural risk; agriculture; agricultural crops; impacts on agriculture; impacts on viticulture; terroir; topoclimate; bioclimatic
indices; thermal indices; agro-climatic indices; Huglin index; growing degree days; growing season; development stages;
phenological stages; phenological phases; phenophases; phenological intervals; growth period; early/late ripening; harvest dates;
composition; fruit composition; quality; sugar concentration; titratable acidity; acid concentration; alcoholic content; alcoholic
degree; berry sugar concentration; berry quality; berry ripening; flavour development; crop yields; yield formation; grapevine
cultivars; adaptation

In order to visualize the papers’ keywords connections to the selected bibliography, we
used the bibliometric software VOSviewer (version 1.6.17; Leiden University, Leiden, The
Netherlands) [129]. The input file for this analysis contains all citations used for this study,
including information about the authors’ names, the title, the journal’s name and the digital
object identifier (DOI), and the output depicts the publications’ keywords relationships.
The citations’ visual analysis shown in Figure 1 represents the connections of the most
frequent keywords of the selected publications. It is evident that climate change is the
dominant keyword of the analysed papers, followed by viticulture. The size of the knots
and the lines are related to the occurrence frequency. Finally, this graph indicates that
the selection of the studied bibliography is appropriately balanced, taking into account

its scope.
— phenlogy temperature
bioclimatic indices Cllmawa nge
grapevine
viticulture
,5/’(\'\ VOSviewer adapgation

Figure 1. The citations’ network via the VOSviewer software.

After completion in December 2021, the retrieved results of a total of 107 articles
were further examined on the basis of their absolute coherence with the subject of this
review, namely, the description of the changes in fundamental agroclimatic conditions
(see “Agroclimatology” in Appendix A) and their impacts on viticultural productivity
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parameters (in terms of phenology timing, quality and yield) and on spatiotemporal
characteristics of viticultural areas. A systematic assessment of the references in key
publications was implemented for additional literature. In total, this review comprises
40 published journal articles presented in Appendix B.

The articles were sorted by country accompanied by the specific region(s) where each
study was applied (Appendix B, columns 1 and 2) and followed in consecutive order
by: synoptic information on the time period representing the climatological data record
(Appendix B, column 3), a symbolic presentation of the changes in the agro-climate and
bioclimate parameters (Appendix B, column 4), a synoptic description of the impacts of CC
on viticulture (Appendix B, column 5), and finally the respective reference for each study
(Appendix B, column 6). In addition, a map (Figure 2) illustrates the labelled vine regions
mentioned in this review.

ooo 10°00E 2000°€ 30°00E

T L) T L) L]
B The vine regions (Corine Land Cover 2018)
OOON - -
a =7
el = 2\ j‘ R
f,i; — [Crameaene | @:"‘ ?)' o T ‘7‘3
L YRS T - F "‘ S e
£ N e AL [ eims | By = = L
55.\ TS T Y ,'__{ - ~ 4
- 3 P - .
‘.’;")-“ l Loire Valley ] «
L= . AA o \(
% > Sopron
\ SIS 7 Oltenia
: :
[ _rhone ] o &5
Pomevedra Roussillon

woorn =

5

| Lisbon

\

N~

{ —
a7

-

9 /=Y

[

N [rredmone ]/ €74 S
> %S i
m A Chalkidiki
& R Agchialos
LA - w©
La Mancha {[s] I Tuscany I I Nemea E
< uth Tyrol| /7

= - _ T

I Penedés, Priorat, Segria , Sant Marti Sarroca, Sant Sadurni d’ Anoia I?%O

Kilometers

1 1 1 1

1000w

000 10°00°E 2000°€ 30°00°E

Figure 2. The vine regions reviewed. The viticultural regions not detected by the CLC (Corine Land
Cover) 2018 are not displayed.

It must be underlined that the authors’ attention was focused exclusively on the direct
effects of CC, thus excluding its indirect effects (e.g., the outbreak of vine epidemiology
owing to prevailing ideal climatic conditions).

3. Results
3.1. Observed CC and Its Impact on Phenology

A study conducted by Jones et al. (2005) [17] on nine European wine-growing areas lo-
cated in France, Italy, Spain, Germany, and Slovakia confirmed a strong correlation between
the growing season (April to October) temperature and the phenological development of
15 varieties. The analysis of the time series of at least 50 years, between 1952 and 1971,
and 2003 and 2004, has highlighted warming trends and increases in heat accumulation
indices, clearly influencing changes in the phenological cycle of the winegrapes. An aver-
age warming of 1.7 °C during the growing season and an increase in the GDD (average
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change of 264 units) and of the THI (average change of 285 units) was shown for most
regions (e.g., Colmar, Reims, Bordeaux, Conegliano Veneto, Geisenheim, and Vallaloid).
Growing season precipitation showed the least change, with only regions in Spain (Pon-
tevedra) and France (Bordeaux) experiencing increasing trends. Warming during the last
50 years has resulted in significantly earlier phenological events (6-18 days) with shorter
phenological intervals (Appendix A) between events (4-14 days) in most of the 20 exam-
ined locations—vine combinations. The phenomenon mainly affected bloom, veraison and
harvest, although significant advances have also occurred according to bud-break data of
Riesling and Pinot noir in Alsace and Burgundy:.

These findings are corroborated by the work of Duchéne and Schneider (2005) [71]
who attributed similar phenomena to the warming trends which have been recorded during
a 30-year period (1972 to 2003) in the Alsace vine-growing area (eastern France). Annual
mean temperature data have shown an increasing tendency (average trend of 0.06 °C per
annum), resulting in almost 2 °C over the 30 years examined. Furthermore, there was also a
significant increase in the HI (+14.3 degree-days per year) observed from April to September.
According to the researchers, the significant increases in temperature are responsible for
the advancement of phenophases (Appendix A); e.g., budburst and flowering by 4 days per
decade and veraison by 1.7 days per decade. The shortening of the phenological intervals;
e.g., shrinking of the period between flowering and veraison by 8 days and occurrence
of the veraison date 23 days earlier, is also attributed to the temperature warming. The
mean annual temperature increase has demonstrated significant special effects during
the ripening phase. In 2002, compared with 1972, 33 additional days with a mean daily
temperature above 10 °C were recorded, resulting in a two-week earlier harvest. It is
highlighted that the time of harvest in Alsace for Riesling used to occur up to mid-October,
while in recent years, harvests more frequently occur in early September (in the first week)
and sometimes even late August.

Even higher advancement of harvest dates has been demonstrated for southern France
by Laget et al. (2008) [130]. Climate data analysis between 1950 and 2006 in the Hérault
department (Mediterranean of France) has shown increases in mean annual temperatures
of 1.3 °C between 1980 and 2006 (compared to 0.2 °C for the period 1950-1980). These
increases were accompanied by rises in the mean potential evapotranspiration from April
to September, averaging 900 mm since 1999, and in the total solar radiation, exceptionally
between 1992 and 2006, with an increase of approximately 40,000 joules per cm?. The
HI evolved during the growing season, with the result that central and eastern zones
previously (1975 to 1996) classified as “warm—temperate” (2100 < HI < 2400 units) were
subsequently (1997 to 2005) classified as “warm” (2400 < HI < 3000 units). These changes
in the vines’ agroclimatic environment have led to the advancement of the harvest dates by
up to three weeks.

Significant correlations between earlier harvests and temperature warming have also
been found by Neethling et al. (2012) [131] for the northwestern parts of France between
1960 and 2010. Results have shown significant increases in the growing season mean
temperature (by 1.3 to 1.8 °C) throughout the Loire Valley and more substantial increases
in the maximum temperatures compared to the minimum temperatures. Temperature
variables, along with bioclimatic indices, have increased significantly. For example, the HI
calculated for six locations demonstrated the shifting from a “cool” (1500 < HI < 1800 units)
to a “temperate” (1800 < HI < 2100 units) climate, while increases in the GDD (a greatest
increase of 360 units) were highly correlated with earlier harvest dates. For Cabernet
Franc, the harvest date has advanced significantly by 15 and 16 days in the Chinon and
Bourgueil regions, respectively. These earlier occurrences are in line with the general
2-week advancements of harvest in France.

By exploiting historical harvest and climate data over the 20th century, Cook and
Wolkovich (2016) [132] investigated the climatic controls of wine grape harvest dates in
France and Switzerland. A rate of early harvests occurs with warmer temperatures (e.g., av-
erage of —6days per 1 °C), and harvests are delayed by wet conditions (e.g., +0.07 days per
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1 mm) during spring and summer. Mean harvest dates were moderately early during the
first 50 years (-5.2 days for 1901-1950) in contrast with the substantially earlier (-10.2 days)
occurrence of average harvest dates in more recent decades (1981-2007). Historically, el-
evated temperatures during the summer period in Western Europe, which would have
accelerated fruit ripening, required drought conditions to generate extreme heat. The
researchers point out that in recent decades (1981-2007) the connection between drought
and the timing of harvest has broken down, given that the enhanced anthropogenic warm-
ing generates the necessary increased temperatures for early harvests in the absence of
drought. Thus, they suggest that CC has fundamentally modified the climatic factors
of early wine grape harvests, indicating a significant change in the role of drought and
moisture availability with probable ramifications for viticulture management and wine
quality. Thus, as evidenced by long-term grape harvest date records, warm temperatures
have been consistently driving advanced harvests, while the relationships with drought
have perished in recent decades.

By using long term site-specific climate and phenology datasets of multiple cultivars
(e.g., Miiller Thurgau, Pinot Grigio, Chardonnay, Franconia, Pinot Noir), Tomasi et al.
(2011) [24] examined the relationships and trends for climate and grapevine phenology in
Conegliano (Veneto region, northern Italy). According to their results, the growing season
mean temperatures have warmed by 2.3 °C from 1964 to 2009. Maximum temperatures have
increased the most, warming 2.4 °C over the growing season, and minimum temperatures
have increased by 2.0 °C over the respective period. The increase in the growing season’s
mean temperatures has shown significant relationships with harvest dates (e.g., a 1 °C
warmer vintage resulted in an 8-day earlier harvest). Trends in phenological timing showed
13 to 19 days advancement for bloom (e.g., 4.1 days earlier per 1 °C increase in maximum
temperatures during April-June) and veraison (e.g., 3.2 days earlier per 1 °C increase
in maximum temperatures during June-August). The intervals also displayed trends,
indicating that the duration between phenological events is getting shorter by changing the
most at 18 days shorter for budbreak to bloom, at 15 days for both budbreak to veraison
and budbreak to harvest and at 6 days for veraison to harvest.

Di Lena et al. (2019) [133] analysed the CC impact in some wine-growing areas of
the Abruzzo region (central Italy) during the period 1974-2013. They concluded that the
estimated CC, led to a significant reduction in the period between budburst and harvest
of the Montepulciano vines. The beginning of harvest dates was significantly correlated
with the increases in mean annual temperatures and in all of the bioclimatic indices tested
(e.g., see HS, HI, NHH, GDH, GI, HTE in Appendix B). In the southern coastal and internal
hills, the approximate period between budburst and harvest was 23 and 25 days shorter,
respectively. This was mainly attributed to the earlier beginning of the harvest dates by 18
and 19 days in the southern coastal and inland hills, respectively, and less than 18 days in
the central coastal hill. In their previous study on the effects of CC on the Montepulciano
harvests, Di Lena et al. (2012) [134] compared data observed in the same region to data
from Bordeaux (southwestern France). They concluded that the bioclimatic thermal indices
(e.g., see AT, HI, NHH in Appendix B) cumulated during the years 19742009, in each area
examined, displayed moderate to strong relations with earlier harvests. These relations
support the inverse connection between the thermal resources’ level and the date of harvest.
The dates of harvest were significantly and negatively correlated with growing season
mean temperatures occurring during the main period of March to September, in each
viticultural site. The number of hot days with maximum temperature exceeding 30 °C
and the daily thermal range displayed the highest correlation with mean harvest dates in
Bordeaux. This was not the case for the beginning of the harvest in Abruzzo, where their
impact was weaker. The advancement of the Montepulciano harvests ranged from 10 days
in the Abruzzo southern maritime area and in Bordeaux to 14-15 days in the inland zone
and central maritime area of the Abruzzo. The analysis revealed that the shift in climate
which took place in the 1980s advanced harvesting in France and that similar advancements
are also a reality for the Abruzzo region.
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By utilising the grape harvest dates (1820-2012) of premium white wine (Trebbiano
d’Abruzzo) in the Abruzzo region (central Italy), Di Carlo et al. (2019) [135] found that
since 1960, the annual harvest dates of the white wine have been getting earlier. This was
attributed to temperature increases (—5.92 days per 1 °C) and more intense precipitation
events occurring (—1.51 days per (mm/number of rainy days)) during the growing season.
The innovative findings of their work indicate the fundamental impact of the precipitation
intensity on grape wine phenology that exacerbates the respective effect of the increasing
temperature (while the total amount of rain induces a delay of the grape harvest date,
the precipitation intensity has the opposite effect). Their analyses substantiate that global
warming is impacting on the premium wines in central Italy, inducing early grape harvest
dates and at similar rates to those observed in other European countries (e.g., France,
Switzerland and Spain).

Long-term climate observations (1995-2015) conducted by Biasi et al. (2019) [136]
in the Umbria region (central Italy) underlined important weather modifications over
time. In particular, the annual mean temperature increased over the examined two-decade
period, and an increasingly linear trend was exhibited for the growing season temperature
(increase by 1.4 °C between 2000 and 2015). Bioclimatic indices (e.g., see WI, HI and CI,
in Appendix B) calculated for the studied grapevine growing area displayed increasing
values over time. The response in the ripening date was specified highly by genotype
and differed among native and international grapevine varieties and between red and
white grape varieties. The red grape autochthonous varieties (e.g., Aleatico) displayed no
significant trend in the date of ripening, in contrast with the international red varieties
(e.g., Sangiovese and Cabernet sauvignon) among which some exhibited a delay in fruit
maturity as demonstrated by the higher number of days required for technological maturity
but also the anticipated harvest dates (e.g., Merlot and Cabernet Franc).

A regular and constant temperature increase reaching 4 °C during the budding season
has been measured in the last 25 years by Ferretti et al. (2021) [72]. This climatic evolution
in the province of South Tyrol (northern Italy), has induced an earlier vegetative cycle
and ripening and has caused the harvest to occur approximately 3 to 5 weeks earlier. It
is noteworthy that measurements on the harvest day of Sauvignon Blanc ”"Voglar” in the
most southern part of South Tyrol reveal that in the early 1990s, the harvest was normally
carried out in early October, while in recent years, harvesting has taken place almost over a
month earlier, at the end of August.

For 1952 to 2006, in the Alt Penedes, Priorat, and Segria regions of northeastern
Spain, Ramos et al. (2008) [73] have reported changes in many temperature parameters
characterised by an overall growing season warming of 1.0 to 2.2 °C. Significant increases in
the heat accumulation indices WI and HI (e.g., by 11.24 units per year and by 11.92 per year,
respectively, at Priorat) were mostly driven by increases in maximum temperature. These
climatic changes have shown moderate to strong relations with vine and wine parameters,
including earlier bloom, veraison and consequently earlier harvest dates. Across all the
examined varieties (Macabeo, Xarello, Chardonnay, Parellada, and Pinot Noir), bloom
and veraison were related to temperature the most, revealing negative correlations. In
the DO Costers del Segre, for example, during growing seasons with warmer minimum
temperatures, veraison of the Parellada variety occurred earliest (4.1 days per 1 °C, from
1996 to 2006). During warmer growing seasons in the same region, the Chardonnay variety
displayed significantly earlier harvests (5.3 days per 1 °C, from 1997 to 2006). In the
Penedes region, veraison and harvest data for the Macabeo, Parellada, and Xarello varieties,
revealed advancements of 3 to 7 days per 1 °C of the growing season’s warming from 1996—
2006. The researchers also reported that precipitation from the bloom to veraison period had
declined significantly for all 3 sites averaging —0.83 mm per year, which indicated potential
soil moisture stress during this critical growth stage. In fact, high water deficits have been
observed in the studied regions in the previous 10 years of the study (1998-2008), with
precipitation providing approximately only 25-30% of the water demands from blooming
to veraison. The results of a shorter-term analysis conducted on crop evapotranspiration
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(ETc), describe a current increase in the water demands by 6% to 14% per 1 °C of growing
season warming.

Similarly, Camps and Ramos (2012) [74] observed increases in the average growing
season temperatures over the 14 year period (1996-2009) in three locations (Vilafranca
del Penedes, Sant Sadurni d’Anoia and Sant Marti Sarroca) of the Penedes region (north-
eastern Spain). For the Vilafranca del Penedes, in particular, these increases were greater
(0.11 °C per year) of the respective values (0.04 °C per year) during the previous decades
(1960s-2000s). These increases were attributed mainly to the maximum temperatures” and
to the extreme heat’s (number of days with temperatures exceeding 30 °C) incidence in-
crease. Furthermore, it was shown that in the last decade of the study, the WI index had
increased to about 2100 degree days as a result of the temperature rise, compared to the
respective value (approx. mean value of 2015 days) estimated during the years 1960-2009.
The increasing trends in the average growing season temperatures were significantly corre-
lated with the continuous advancement of the dates on which harvests started and ended
and ranged between —0.7 and —1.1 days per year. Over the last 14 years of the study, a
mean date of 7 September, which represented an advance of approximately 12 days, on
average, was identified for the examined Macabeo, Xarello, Parellada, and Subirant Parent
varieties. The greatest impacts of warming with ratios of up to 12 days advancements
of harvest per 1 °C increase were found at Vilafranca del Penedes for the Parellada and
Macabeo varieties, while for other locations and varieties, the respective advancements
ranged from 4 to 6 days per 1 °C increase.

By using estimations on phenological events from both climatic and phenological
observations at the Upper Moselle valley-region (southern border between Luxembourg
and Germany), Urhausen et al. (2011) [137] concluded on the receding of the phenological
events of the examined varieties (Auxerrois, Elbling, Pinot Blanc, Pinot Gris, Riesling,
Rivaner and Traminer). This was attributed to the elevated temperatures depicted in the
area for the period 1951-2005. The almost 2-week advancements of budburst and flowering
(earlier timing by approximately 2 days per decade) were related to the general increasing
warming trends depicted in the area, which are comparable to the global warming rate
of the previous 25 years. More precisely, the annual mean maximum temperature in this
region has increased by 0.7 °C per decade since 1980, while mean and mean minimum
temperatures display positive trends of 0.2 °C per decade since 1951.

Bock et al. (2011) [127] evaluated the CC effects on white grapevines cultivated in
Wiirzburg—Lower Franconia (southern Germany) using long-term reference vineyard
observations (1948-2010). They revealed the tendency towards the earlier occurrence of
phenophases accompanied by shorter phenological intervals. These phenomena were
driven majorly by increases in the mean maximum temperature, especially during the
growing season. For example, the timing of full flowering was influenced by the mean
maximum temperature from April to June. An increase of 1 °C during this period resulted
in the advancement of full flowering by approximately 6 days. The timing of veraison
was also highly responsive to temperature. Silvaner variety was the most responsive,
given the advancing of veraison by 9 days with an increase of 1 °C from April to May. In
general, the average dates for full flowering were shown to have advanced by 3 to 4 days
per decade, while veraison revealed the most robust trend in time, given its advancement
approximately by 4 to 6 days per decade.

Koch and Oehl (2018) [138] reviewed temperature and rainfall data recorded annually
over a 40-year timeframe (1975-2015) in Hainfeld within the wine-growing region of
Palatinate (southwestern Germany). The researchers correlated these data with grapevine
growth parameters of four white wine varieties (Pinot Gris, Riesling, Silvaner and Miiller—
Thurgau) and the red wine variety Pinot Noir. They concluded that the overall CC in
Hainfeld described by the increase in the mean annual temperature by 2.1 °C since 1975
(mean of the annual minimum and maximum temperatures’ increase by 0.9 °C and 3.4 °C,
respectively), consists of the main driver for the significantly earlier bud break, onset of
flowering and veraison. It was shown that since the 1970s, bud break, flowering and
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veraison occur earlier by 11-15, 18-22 and 16-22 days, respectively, while harvest dates
have demonstrated advancements of 2540 days. Consequent to the temperature rise, the
HI was also shown to have increased from 1685 to 2063 units. According to the authors’
interpretation of the HI rise, CC may be already favouring the cultivation of grape varieties
rarely grown so far in temperate zones and that are more suited to warmer Mediterranean
climates (e.g., Cabernet Sauvignon, Syrah and Tempranillo).

According to Karvonen (2020) [139], the appeared rise in annual air temperature
has significantly accelerated the growth cycle of grapevines in the cool-cold growth zone
of Southern Finland since the beginning of 2000 for two consecutive decades. During
2010-2019, the mean annual temperature in the Helsinki region rose by 0.4 °C compared
to the respective mean of 2000-2009. This warming has led to the shortening of the
growth cycle (from budbreak to harvest) of the Rondo variety by 11 days on average.
The average beginning of harvest has been sped up by 6 days, indicating a significantly
sooner occurrence of harvest. A 21-day maximum advancement of harvest has been
reached between the years examined. The mean length of the growing seasons in the
period 2010-2019 was only 1 day longer than the respective mean in 2000-2009. It was
concluded that even during these short two decades, the observed small upward trend in
the climate warming significantly advanced the growth cycle of the Rondo variety in the
studied region.

According to Baduca Campeanu et al. (2012) [140], the annual mean temperature
in Oltenia (southwestern Romania) has increased between 0.2 °C and 0.4 °C in all of
the studied areas. For example, an increase of 0.2 °C has been demonstrated for the
Samburesti vineyard over the previous 50 years and of 0.3 °C for the Vanju Mare and
Dealurile Craiovei vineyards over the previous 60 years, with the warmest years shown
since the 1990s. The observed warming has impacted changes in the Romanian viticulture
regarding the precociousness of the vegetation cycle of the vine. Results have shown that,
in the first decade of the 21st century, the grapes are reaching their absolute maturity by
approximately 10 to 15 days earlier than in previous decades (the 1950s and 1960s). The
researchers characteristically state that “...harvest in all vineyards in Oltenia today ends
when from 1950 to 1960 the harvest was just beginning and over 100 years ago when the
harvest had even not started yet”.

Evaluation experiments conducted by Lisek (2008) [141] during the years 19862007
proved that climatic changes and especially the increase in the annual growing season tem-
perature are favourable to vine growing in Skierniewice (central Poland). Results showed
that the development of the Polish winemaking is greatly favoured by CC, given that the
average growing season temperature has exhibited an upward trend (approximately 0.5 °C
per decade). The warm periods have been prolonged, the winters have become milder and
the transitional periods have been shortened. The observed overall warming has enabled
thus the cultivation of early and very early varieties or varieties sensitive to low tempera-
tures. It was revealed that, on average, the beginning of bud swelling, blooming and fruit
ripening in the years 2005-2007 occurred 12 days earlier for the studied varieties (Perl of
Csaba, Seneca, Aurora, Swenson Red, Edelweiss, Chasselas Dore, Steuben) compared with
the respective occurrences during the period 1987-1989.

Kovacs et al. (2018) [142] examined the phenological response of grapevine to CC in
the Sopron and Zala regions (western Carpathian Basin, northwestern Hungary). During
the previous 30 years of the study (1986-2015), climate data have shown that the growing
season temperatures have risen by almost 1.2 °C, the number of intense heat days (with
maximum temperatures over 35 °C) and hot days (with maximum temperatures over
30 °C) has increased approximately by 250-300%. On the contrary, the growing season
precipitation has declined by 21%. With respect to the previous 30-year period (1956-1985),
the annual growth cycle of grapevines has been shifted significantly, given that budbreak,
flowering, and veraison have advanced, respectively, nearly by 8, 7 and 8 days, and the
harvest occurs earlier by 11 days. Furthermore, phenological intervals have been shortened,
given that the time between budbreak and flowering has been reduced by 4.5 days. It
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is characteristic that in the previous 10-15 years of the study, the cultivation of warmth-
demanding grape varieties has increased by 35%.

Phenology—-temperature relationships have been examined by Ruml et al. (2016) [143]
for the region of Sremski Karlovci in the province of Vojvodina (northern Serbia). Linear
trends for the period 1986-2011 indicated that temperature warming has resulted in the
significant advancement of all phenological stages, except budburst. Significant increases
in the mean annual and growing season mean maximum and minimum temperatures by
0.08 °C per year were shown for the period (1981-2007), along with the rise of the calculated
GDD by 12.0 units per year. The detected averaged trends, across all cultivars, for the
outset of flowering, veraison and of the timing of harvest were —0.4, —0.7 and —0.6 days
per year, respectively. It was demonstrated that a 1 °C increase in the most impactive
temperature variable throughout the most relevant periods for the onset of phenophases
led to advancements of budburst, flowering, veraison and of harvest by 3.6, 3.1, 5.2 and
7.4 days, respectively.

IvaniSevic et al. (2019) [144] compared the recorded phenological phases of grapevine
cultivars as impacted by the climate in two different periods (1986-1998 and 2013-2018)
in Vojvodina (northern Serbia). The authors concluded that in recent decades there has
been a connection of the changes in the timing of phenology, particularly with the observed
temperature increase. Compared to the earlier period (1986-1998), the average monthly
temperatures were found to be higher in more recent years (2013-2018). Precipitation also
has displayed increases in almost all months, with May being mostly affected (precipitation
amount in 2013-2018 was almost twice higher than 1986-1998). The earlier occurrence of all
phenological phases in the studied red (Cabernet Sauvignon, Merlot, Pinot Noir, Prokupac,
Probus) and white (Chardonnay, Muscat Ottonel, Riesling Italico, Smederevka and Petra)
cultivars for 2013-2018, reflected the higher temperature warming during this period
compared to previous years. It was shown that flowering had been shifted by 10 days, and
in the previous six years of the study, the interval between flowering and veraison had
become shorter. By comparing the relative interval for all cultivars, it was shown that the
biggest decrease by 7 days was observed in Merlot. The international cultivars were more
impacted by CC compared to the local cultivars. For example, the beginning of veraison
for Petra (local cultivar) occurs 9 days earlier, compared to the respective earlier occurrence
by 17 days for Merlot (international cultivar).

Estimation of the impact of CC on the grapevine’s growth cycle in Styria (northeastern
Slovenia) for the time period of 1950-2009 has shown a significant impact on the timing
of harvest and on the duration of the growing season. It was found that, particularly
after 1980, the mean annual and seasonal temperatures have significantly increased by
nearly 0.06 °C per year. The average warming rates of the growing season have been
driven especially by changes in maximum temperatures and particularly by significant
increases in the number of days characterised by temperatures exceeding 30 °C. Under the
recorded CC, the shortening of the growing season by 12 to 27 days for all the varieties
under investigation (White Riesling, Welschriesling, Sauvignon Blanc, Bouvier, Miiller
Thurgau, Pinot Gris and Muscat Blanc), has been reported. Between 1980 and 2009, the
harvest dates of all the varieties analysed have been shifted from October to September, and
this has been attributed to the significant warming trends in the growing season [145,146].

Bernath et al. (2021) [147] evaluated the influence of warming on the onset of the
grapevine’s phenophases and the length of the interphase intervals at the locality of Dolné
Plachtince (southern Slovakia). Results were based on climatic and phenological data
observed during a 34-year period (1985 to 2018). Over the last 10 years, an increase in
the average annual temperature of 1.4 °C, and the average growing season temperature
of 1.5 °C was assessed. The calculated bioclimatic indices (e.g., GDD and HI) showed
significant tendencies of increase, given that the highest values were recorded in 2018
and the lowest values in 1991 (1646.7 vs. 1155.9 and 2477.5 vs. 1705 units, respectively,
for GDD and HI). After comparison of the last 10 years (from 2009 to 2018) with the first
10-year period (from 1985 to 1994), it was concluded that budburst in the Pinot Blanc and
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Welschriesling varieties is onset by 5 and 7 days earlier, respectively. The earlier onset of
flowering in Pinot Blanc by 7 days and in Welschriesling by 10 days was also indicative of
the impact of the temperature rise during the more recent period. Furthermore, compared
to the 1985-1994 period, the beginning of berry softening during veraison was found to
take place 18 days earlier in both varieties. There was also a relatively light trend for the
decrease in the interphase between the end of flowering and maturation by 8 to 9 days. On
the contrary, both varieties displayed a moderately strong trend for the lengthening of the
interval between berry softening and harvest by 7 to 9 days, enabling thus the production
of higher quality grapes in cooler regions. Both varieties also displayed earlier harvests by
8 to 10 days on average.

Koufos et al. (2014) [148] analysed the characteristics and trends in the climate pa-
rameters in Greece as well as their relationship with viticulture for eight important wine-
producing areas (Limnos, Samos, Santorini, Anchialos, Pyrgos, Rodos, Nemea, and Naousa)
and local varieties. The majority of the growing season temperature-related parameters
(e.g., daily observations of mean, maximum and minimum temperature, GDD) have ex-
hibited significant positive trends across most of the studied locations from 1974 to 2010
(period consisting of varying time periods of the climatic data for each area examined). For
this period, significant earlier harvests have been mainly induced by changes in minimum
and maximum temperatures. For example, in Limnos, Samos and Santorini islands, harvest
has advanced by 0.31 to 0.55 days per year, while in the mainland locations of Anchialos
and Pyrgos, harvest has occurred earlier by 0.35 and 0.77 days per year, respectively. The
observed occurrence of the harvest in Greece has been approximately 8 to 18 days earlier
over the previous 20 to 40 years of the study. Moreover, less sensitivity to CC was shown
for areas with late-ripening varieties’ cultivation.

In a relevant later study, Koufos et al. (2020) [149] investigated the relationships
between air temperature and harvest dates of both international and indigenous winegrape
varieties (e.g., Malagouzia, Moschofilero, Agiorgitiko, Muscat Blanc, Merlot, Mavrodaphni)
grown in major wine-producing regions in Greece (e.g., Samos, Crete, Drama, Tripoli,
Limnos, Santorini, Nemea, etc.). Trend analysis showed that during the last four decades
(years between 1974 and 2017 which include the varying time periods of the data), harvest
dates had shifted earlier due to the warmer conditions, mainly driven by the increase in
the mean daily maximum temperature, formed, in most cases, particularly during the
period of ripening. It is characteristic that the warming rate during the ripening period
was +0.09 °C higher than the respective rate during the period from March to July. In most
cases, significant negative relationships between the date of harvest and mean maximum
temperatures during ripening were shown. Over all varieties and regions, harvest dates
averaged 11 days earlier over the different time periods of the data and exhibited an
earlier occurrence of 5 days per 1 °C increase. The white varieties were slightly more
sensitive under the warmer conditions (—5.21 days per 1 °C) compared to the red varieties
(—4.78 days per 1 °C). In addition, the early ripening varieties were most sensitive with
harvest advancement by nearly 7 days per 1 °C, followed by the late (—4.67 days per
1 °C) and mid ripening varieties (—3.81 days per 1 °C). The international varieties were
more sensitive to the warmer ripening periods compared to the indigenous varieties and
thus responded with higher advancements (—5.53 days per 1 °C vs. —4.38 days per 1 °C).
Overall, independently of the varieties’ characteristics, harvest commenced significantly
earlier by —0.76 days per year.

3.2. Observed CC and Its Impact on Quality

Duchéne and Schneider (2005) [71] demonstrated that over the previous 30 years, the
potential alcohol level of Riesling grapes in Alsace (eastern France) had increased by 2.5%
(by volume or v/v). This increase was highly correlated to earlier phenological events and
significantly higher temperatures during ripening. The significant increases in temperature
by almost 2 °C over the examined period were found as responsible for the advancement
of phenophases placing ripening under a warmer regime. The potential alcoholic strength
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between 1973 and 2003 has shown an increase from the mean value of 9.34% vol. for the
1973-1990 time period to 10.58% vol. for the subsequent period 1991-2003, with the highest
value of 11.8% vol. being attained in the exceptionally hot year 2003. It was evidenced
that the increasingly higher sugar content of the grapes may eventually render them less
aromatic, which constitutes a detrimental consequence concerning their quality potential.

Laget et al. (2008) [130] performed an analysis of quality parameters at the Chateau
la Voulte Gasparet (located in the Hérault department of southern France) between 1950
and 2006 in relation to CC. The increasing temperature trends mainly after 1980 (mean
annual temperatures increase of 1.3 °C between 1980 and 2006) were linked to the higher
concentrations of sugars at harvest by up to 1.5% potential alcohol. Between 1986 and
2007, it was demonstrated that there had been a constant increase in the berries’ sugar
concentration at harvest. For the 10-year period 1986-1996 the average potential alcohol %
volume was 12.78% as compared to 13.53% for the subsequent period 1997-2007. Impacts
on other oenological parameters that are linked to the temperature increase were also
demonstrated. The researchers refer to an increase in pH from a mean value of 3.55 for
the period 1984-1996, to the value of 3.66 for the period 1997-2006 and a decrease in
titratable acidity from 3.72 to 3.38 g per litre H,SOy, between 1984 and 1996, and 1997 and
2006, respectively).

Climatic impacts estimated by Lereboullet et al. (2014) [150] in the wine-producing
area Cotes-du-Roussillon-Villages near Perpignan (southern France) between 2001 and
2010 have been described as adverse effects on the quality of grapes and wine. From
climatic data covering an almost ninety-year-old time frame (1925-2010), an increase in the
growing season mean temperature by 0.076 °C per year for the most recent study period
of 1981 to 2010 was detected. The observed warming was driven mainly by increases in
minimum temperatures. Wine producers reported incomplete phenolic maturation and
inconsistency between the high accumulation of sugars and the reduction in acidity in the
berries, inducing the high alcoholization of the wines. The aforementioned phenomena
have been attributed to the continuous increase in the growing season temperatures and
the summer temperature extremes since the mid-1980s.

Similarly, research conducted by Neethling et al. (2012) [131] for the period 1960-2010
showed significant increasing trends in the sugar levels and decreasing trends in the acid
concentrations (in titratable acidity) at harvest of six white and red winegrape varieties
cultivated in the Loire Valley (northwestern France). These changes in berry composition
were notably affected by the significant increases in the growing season’s mean temperature
(by 1.3 to 1.8 °C). As demonstrated, the higher number of days with optimum temperatures
occurring during the growing season was shown to have favoured grapevine development
and the sugar concentration in the grapes. In general, the results illustrated that the
climate variables were the main drivers of the sugar concentration’s and titratable acidity’s
variations. It is underlined that since 1970 in Chinon, 75% and 67% of the Cabernet Franc’s
acidity and sugar levels’ variability, respectively, were explained by climate variables. Due
to the high sugar content of the grapes in the previous decades, the wines’ ethanol content
was found to be increased accordingly. A large number of wines that contained 11-12% vol.
ethanol in the 1980s demonstrated increases of about 13-14% vol. It was also commented
that the higher levels of potential alcohol associated with the reduced titratable acidity
could have adverse impacts on the compositional ratio within the maturing grape, resulting
in unbalanced wines and quality degradation.

Tesli¢ et al. (2018) [126] assessed the trend in CC and its impact on grape production
and wine composition for seven wineries located in the “Romagna Sangiovese” appellation
area (northern Italy). The study over 60 years (from 1953 to 2013) revealed significant
increasing trends in the growing season temperature. More precisely, significant increases
of 0.04, 0.03 and 0.02 °C per year, with total trends estimated as 2.20, 1.65, and 1.40 °C,
respectively, for the maximum, mean, and minimum temperatures were demonstrated.
Trends during the growing season period were also shown for the GDD and HI, which
exhibited increases of 5.88 and 6.1 units per year, respectively. Decreasing trends were found
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for the same period for precipitation with an annually and a total trend decrease of 1.94 mm
and 118.16 mm, respectively. The reduction in precipitation showed a higher correlation
with the increasing potential alcohol content in wines with respect to the rising temperatures
(the Dry Spell Index: DSI displayed significant correlations with potential alcohol which
were higher compared with the HI). The alcohol content of the examined wines (Sangiovese)
over the studied 12-year period (from 2001 to 2012) displayed a significant increase of 0.83%
(v/v) over the total period with an increasing annual trend of 0.07% (v/v).

Long-term data (1995-2015) for the berry quality collected in Orvieto in the Umbria
region (central Italy) were correlated to representative bioclimatic indices by Biasi et al.
(2019) [136]. The results highlighted the increase in the annual and of the growing season
mean temperatures. Both WI and HI in grapevine growing areas exhibited a gradual
increase. With reference to the increasing number of extremely hot days (with maximum
temperature over 30 °C) which characterised the ripening period, the examined white
varieties revealed a linear reduction in the titratable acidity (TA) of the berries. All the
examined red grape varieties displayed varying trends for sugar accumulation expressed
as total soluble solids (TSS) and total TA. In particular, the international varieties San-
giovese and Cabernet Sauvignon, showed a distinct trend to the postponement of the
harvest date and of the TSS reduction. On the contrary, the Cabernet Franc and Merlot vari-
eties, indeed, anticipated harvest time and displayed an increase in the TSS accumulation.
For the autochthonous Aleatico and Grechetto di Orvieto varieties, no significant trend
was identified.

Ramos et al. (2008) [73] highlighted the favouring of wine quality by the higher
ripening diurnal temperature ranges displayed in three traditional viticultural regions (Alt
Penedes, Priorat, and Segria) of northeastern Spain, for the time period 1967-2005. The
vintage wine quality ranks for the Priorat region’s red wines, in particular, exhibited the
most significant relation to the ripening period’s thermal conditions. More precisely, a
greater diurnal temperature range (DTR: maximum temperature-minimum temperature)
prevailing during August and September has induced higher quality levels of the red wine.
Specifically, it was demonstrated that a +1 °C increase in the DTR resulted in a 0.4 rating
point increase on a 1-5 scale (the ranks represented an overall assessment and were given
a “poor” to “excellent” characterisation coded 1 to 5 for analysis). Similar outcomes were
shown for the Penedeés region, despite the fact that the quality ranks for the white wine,
compared with the respective ranks for the red wine, were less significantly related to the
DTR. Given that the increases in maximum temperature during ripening may also induce
higher vine stress, increased water demand and lower product quality, it was underlined
that increases in the DTR may not necessarily imply wine quality.

Urhausen et al. (2011) [137] concluded the contribution of the CC influences on grape
must at harvest at the Upper Moselle valley region located across the southern border
between Luxembourg and Germany. The general increasing warming trends occurring
during the studied 55-year period (1951-2005) may be compared to the global warming
rate of the previous 25 years of the study. These trends have altered typical grape must
characteristics. Since 1980, the annual mean maximum temperature has increased by 0.7 °C
per decade, while since 1951, mean and mean minimum temperatures have displayed
positive trends of 0.2 °C per decade. The researchers showed an example of the must
density and acidity for the Riesling variety over the whole period between 1965 and 2005.
The former has increased by 0.3 &= 0.2 °Oe (see Degree Oechsle in Appendix A) and the
latter has decreased by 0.096 & 0.069 g per litre. This behaviour of wine quality was found
to be similar to the other vine varieties studied (e.g., Auxerrois, Elbling, Rivaner, Traminer).

Schultz and Jones (2010) [151] have exploited a relatively unique, almost 80-year-old
data set from Schlof8 Johannisberg in the German Rheingau region (southwestern Germany).
This data set consisted of mean growing season temperature and grapes’ total acidity (malic
and tartaric acid) values going back to at least 1932. Their study showed a clear negative
correlation between total acidity at harvest and seasonal mean temperature. In particular,
the substantial decrease in acidity from the 1980s onwards was linked to a significant
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increase in the growing season mean temperature. Furthermore, this correlation was found
to be stronger than with any other temperature data of parts or individual months of the
growing season.

Bock et al. (2011) [127] highlighted the potential loss of the Lower Franconian wine’s
traditional character due to the earlier maturity of the grapes in Wiirzburg (southern
Germany). Under warmer seasons from 1948 to 2010, grapes were characterised by a
greater ripening potential that consequently promoted the unbalanced ratio of the sugar and
acid content. Composition characteristics were significantly influenced by the increasing
trends in the maximum temperatures, especially during the growing season. The mean
sugar content at harvest averaged 80.3 °Oe (between 1950 and 2010) and exhibited a
very significant upward decadal trend of 2.4 °Oe with a significant dependence on the
pre-flowering (April and May) and pre-harvest (August and September) temperature.
Furthermore, no significant trend was displayed for the mean total acid content between
1960 and 2010, which averaged 8.72 g per litre.

By analysing longer-term data (1805-2010) on must sugar content and its relation to
temperature evolution in the same area, Bock et al. (2013) [152] confirmed the association
between increased mean monthly temperatures and higher must sugar content. From 1805
to 2010, the mean annual temperatures averaged across the country have increased by
1.44 °C. Significant relations between must sugar content and the mean temperatures of
the pre-flowering and pre-harvest months (April, July and August) have been revealed.
Overall, 38% of the increase in must sugar was justified by the warmer growing season
temperatures. More specifically, temperatures during pre-flowering (April) and pre-harvest
(July and August) were linked to the higher values of the sugar content. An average of 90.4
°Oe with a significant decadal increase of nearly 3.3 °Oe resulted for the entire observation
period. In contrast, in recent decades (1962-2010), the respective values were higher, given
an average of 92.6 °Oe and a highly significant increase of 8.3 °Oe per decade.

Forty-year period temperature and rainfall data (1975-2015) measurements were
conducted by Koch and Oehl (2018) [138] “on-winery” in Hainfeld (Southern Palatinate,
southwestern Germany) and were correlated with the grape sugar concentrations of four
white grapevine varieties (Pinot Gris, Riesling, Silvaner and Miiller-Thurgau) and the red
grapevine variety Pinot Noir. The mean annual minimum and maximum air temperatures
were found to have risen by approximately 0.9 °C, and by 3.4 °C, respectively, resulting in
an average increase in the mean annual temperature by 2.1 °C between 1975 and 2015. Most
of the studied varieties (four of the five) appeared to have responded to the temperature
increase by producing higher juice sugar concentration and, consequently, a superior wine.
Between 1975 and 2015, an average increase in juice density of approximately 9-17 °Oe for
the tested varieties was obtained. Pinot Gris exhibited the highest sugar concentrations
among the white varieties and was unaffected throughout time. On the contrary, the highest
increase in sugar concentrations since 1991 was shown for the red variety Pinot Noir, thus
being especially favoured by the CC occurring in Palatinate.

Baduca Campeanu et al. (2012) [140] attributed the alterations in the ripening process
of the grapes to the overall increasing temperature trends occurring in southwestern Ro-
mania since the 1960s. Specifically, the annual mean temperature in Oltenia has increased
between 0.2 °C and 0.4 °C in all of the studied areas. Given the advancement of all pheno-
logical phases due to temperature warming (and therefore, the added heat and light during
the grapevine ripening period), significant changes have occurred in the physiological
processes regarding grape composition. The researchers reported the accumulation of
higher quantities of sugars by 12 to 20 g per litre and the decreases in the total acidity at
absolute maturity by 0.75 to 1.8 g per litre of tartaric acid overall the studied vine culti-
vars. Furthermore, they emphasized the different impacts of such changes between the
red (Cabernet Sauvignon and Merlot) and white (Sauvignon and Feteasca Alba) varieties.
The higher concentrations of sugars and anthocyanins in the grapes (over 100 mg per kg
increased content) have been favouring the quality of the red cultivars. However, the
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decreased acidity has negatively influenced the sensory and compositional balance of the
white wines, leading thus to extension limitations of the white cultivars’ culture.

Research findings for the time period of 1980-2009 in Styria (northeastern Slovenia)
show that harvest has advanced into a warmer part of the season. The grape ripening
occurring under warmer conditions has indicated an increase in the sugar levels and a
decrease in the total acidity content of the berries. This impact has been considered explicitly
as a consequence of higher temperatures (e.g., strong correlations between the decreasing
total acidity and increasing HI for all the studied varieties) occurring during the growth
period and ripening of the grape berries. It is characteristic that in recent years grapes come
to maturity at temperatures which are nearly 2 °C higher than 30 years ago [145,146].

Koufos et al. (2020) [149] investigated the relationships between the air temperature
and the grapes’ chemical composition produced in many Greek wine regions during the
years 2000-2017. Estimations of the alcohol (%) and acidity (g per litre) levels revealed that
trends in acid (alcohol) levels were negatively (positively) correlated with the rise in the
mean daily maximum temperatures of the ripening period. At this period, the warming
rate was +0.09 °C higher than the respective rate during the March-July period. It was
demonstrated that the potential alcohol at harvest has increased nearly by 0.40% over the
varieties examined, with a trend average of 0.06% per year. Additionally, the international
varieties have displayed a slightly higher sensitivity to the warmer conditions during
ripening with a trend of 0.24% per 1 °C in contrast with the indigenous varieties, which
showed a respective trend of 0.17% per 1 °C. In addition, the white varieties displayed a
tendency for higher average acidity compared to the red varieties (5.0 g per litre vs. 44 g
per litre). Furthermore, the early maturing varieties have averaged 5.0 g per litre acidity at
harvest, followed in order by the later maturing varieties with 4.9 g per litre and the mid
maturing varieties with the lowest average acidity of 3.9 g per litre.

3.3. Observed CC and Its Impact on Production-Yield

According to Lereboullet et al. (2014) [150] the observed CC between the years 1925
and 2010 in the wine-producing area of Coétes-du-Roussillon-Villages (southern France) is
described by the continuous increase in the growing season temperatures and of the sum-
mer temperature extremes. Seasonal precipitation patterns display disturbances, given a
particular decreasing trend in the summer rainfall of 7.5 mm per decade (between 1931 and
2010) and the autumn rainfall (e.g., 173.9 mm for 1991-2010 vs. 235.8 mm for 1951-1970).
These changes have directly negatively impacted viticultural yields, culminating in the
2001-2010 decade as among the lowest in France and, in some instances, below profitability.

Teslic¢ et al. (2018) [126] assessed the CC trend over the last 61 years (1953-2013) in the
Romagna Sangiovese area (northern Italy) and its effect on grape production. Total trends
found for the maximum, mean, and minimum temperatures were estimated as 2.20, 1.65,
and 1.40 °C, respectively. Furthermore, a 118.16 mm total trend decrease was found for
precipitation during the growing season. In addition, HI, and GDD showed a total trend
of 358.62 and 371.98 units during the studied period, respectively. Approximately in the
1980s, the HI trend shifted the examined area (according to the index” classification) from
the “temperate/warm temperate” to the “warm temperate/warm” grape-growing region.
Grape production, thus, has shown a significant increasing trend of 33.49 tons per year and
1038.07 total tons during the 31-year period from 1982 to 2012. The authors commented that
these results indicate that even if detected in the area of investigation, temperature increase
may positively influence crop load to some degree due to the potentially detrimental effect
of thermal stress on the grapevine’s photosynthetic process.

In a recent study, Gentilucci et al. (2020) [153] have estimated the change in the mean
temperatures over the past 50 years in the Marche region (Adriatic coast of Central Italy)
through the evaluation of three climatological standard normals (1971-2000; 1981-2010;
1991-2020). The relationship between the variation in the production quantity data of
wine grapes and the changes in mean temperature was also examined. The analysis
demonstrated a rise in the annual mean temperatures from the past to the present with a
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higher increase of more than 0.5 °C between 1971 and 1990, and 2001 and 2020 and a rise by
1.2 °C of the maximum values (an indication of an increase in extreme temperatures). The
excellent inverse correlation between production and temperature was demonstrated, given
that wine grape production decreased with the rise in temperatures in each climatological
standard average period. The data of the wine grape production amounted to 10.23,
9.84 and 9.21 t per ha on average for the 1971-2000, 1981-2010 and 1991-2020 period,
respectively. There was a good correlation between the increase in temperatures from the
preceding to the subsequent period and the reduction in the production of wine grapes,
underlying thus the problems related to warmer temperatures.

Ramos et al. (2008) [73] revealed a typical reduction in production experienced from
1952 to 2006 in the warmest vintages of the Alt Penedes, Priorat, and Segria regions
(northeastern Spain). Lower yields (hl) for the 1994-2006 period of the main white va-
rieties were typically seen in the warmest years, as shown in relation to the calculated
WI (388,600 hL per 100 WI units). The impact varied given the observed yield reductions
of 915, 1420, and 729 kg per ha per 100 WI units for Macabeo, Parellada and Xarello, re-
spectively. Additionally, the researchers demonstrated a strong association between yield
reductions and enhanced water stress. It was shown that over the previous 10 years of the
study, yield data in Alt Penedes for the Macabeo and the Chardonnay varieties exhibited
an average reduction of 200-320 kg per ha. This was attributed to a precipitation decrease
of 10 mm from bloom to veraison. In Priorat, data revealed that Grenache yields declined
by an average of 130 kg per ha owing to the same decrease in precipitation. The researchers
pointed out that the high water deficits that have been detected in the examined regions
result in the limited fulfillment of the vines” water requirements. It was underlined that
the water demands have increased by 6% to 14% per 1 °C of growing season warming
and that precipitation provides approximately 25-30% of water requirements from bloom
to veraison.

Similarly, Camps and Ramos (2012) [74] revealed increases in the average growing
season temperatures over a five decade period (1960-2009) in three rainfed vineyard
locations (Vilafranca del Penedes, Sant Sadurni d’Anoia and Sant Marti Sarroca) of the
Penedeés region (northeastern Spain). Along with the temperature warming, they also
observed significant decreases in the rainfall amounts recorded between the bloom and
veraison phenological stages. Therefore, the significant reductions in winegrape yields
were attributed to the increased water deficit resulting from the increased tendency for
crop evapotranspiration (due to the increased temperature) and the simultaneous lower
precipitation regime during the bloom-veraison period (when water requirements are
greater). The negative relationship detected between the estimated water deficit and yield
during the bloom-veraison period was demonstrated in all the three studied locations for
all the analysed varieties (Macabeo, Xarello and Parellada). From the assessments, it was
demonstrated that every mm of the water deficit increase has resulted in yield reductions
of 20-30 kg per ha.

Based on their research on the climate-induced changes in grapevine production,
Bock et al. (2013) [152] have confirmed the relationship between an upward trend in yield
(hL per ha) of the Riesling and Silvaner varieties and the increased mean monthly temper-
atures recorded over a long time period (1805 to 1998) in Franconia (southern Germany).
During this time frame, the mean annual temperatures averaged across Germany have
increased by 1.44 °C and significant relationships between yield and mean temperatures of
the preceding months have been documented. The authors highlighted that in Germany,
nearly 15% of the increase in yield had been attributed to warming, given that the yield
from 1805 to 2010 has been highly responsive to temperature. In particular, an increase
of 1 °C during the months March and May to August increased yield by approximately
12 hL per ha. For the entire investigated period, yield averaged 25.4 hL per ha with a highly
significant increase of about 2.5 hL per ha per decade, equating to nearly 51.25 hL per ha
over the last 200 years.
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Koch and Oehl (2018) [138] conducted measurements of temperature and rainfall
data for the time frame of 1975 to 2015 in Hainfeld (southwestern Germany). These
measurements were correlated with grapevine juice yields (hL per ha) of the five white
varieties Pinot Gris, Riesling, Silvaner, Miiller-Thurgau and the red variety Pinot Noir. Over
four decades, the mean annual temperature has already increased significantly, by 2.1 °C
since 1975. During the investigated period, juice yields have decreased by approximately
15 hL per ha for Pinot Gris, 17 to 30 hL per ha for Pinot Noir, 22 to 25 hL per ha for Riesling,
25 to 41 hL per ha for Silvaner and 35 to 50 hL per ha for Miiller-Thurgau.

Along with the earlier occurrence of the phenological stages of bud swelling, bloom-
ing and fruit ripening of the studied cultivars in Skierniewice (central Poland), Lisek
(2008) [141] also observed increases in yield parameters. These were mainly attributed to
the increased growing season mean temperatures, which have displayed an upward trend
of approximately 0.5 °C per decade. Specifically, the weight of grape clusters and berries
and the fruit extract content of the berries showed increasing trends given their higher
values during 2005-2007 compared to the 1980s. For example, an increase in the cluster
weight from 68.9 g to 178.7 g and of the soluble solids content from 13.5% to 16.9% for the
Chasselas Dore cultivar has been documented.

3.4. Observed CC and Its Impact on Spatiotemporal Characteristics of Viticultural Areas

Nesbitt et al. (2019); (2016) [154,155], have assessed the influence of the observed
CC on the development and sustainability of the UK’s viticulture. According to their
findings, viticulture is the fastest growing agricultural sector. In England and Wales,
vineyard hectarage (ha) has increased 250% from 2004 (a year which was characterised by
the outset of the production’s domination by sparkling wine) to 2017. The average size
of the vineyards has also increased from 2.24 ha in 2004 to 4 ha in 2013. According to the
authors, the revival of viticulture in the UK is demonstrated by the catalytic impact of CC
which has promoted the enhancement of the investors’” confidence, the expansion of the
sector, the broadening of varietal suitability, and greater prospects. CC is evidenced through
the growing season mean temperatures’ warming which has been documented during a
relatively recent time frame (1954-2013). In fact, growing season mean temperature has
steadily been exceeding the 13 °C cool climate viticulture threshold since 1993. Due to
this warming, areas of England and Wales are characterised by a growing season mean
temperature range of 13-15 °C, which is considered acceptable for cool climate viticulture.
The authors underline that over the last 100 years, the mean temperatures in southeast and
south-central England have considerably increased, with most of the warmest growing
seasons occurring since 2005. In fact, the current growing season temperature in these
areas is increasingly similar to the respective values recorded in the French Champagne
region during 1961-1990. Thus, relatively recent vineyards are mainly found in southern
England (50-52 °N) with those in the southeast (e.g., East and West Sussex, Kent, etc.) and
south-central England (e.g., Berkshire, Hampshire, etc.) accounting approximately for 60%
of the UK’s total vineyard area. Underpinned by the growing season’s warming trends,
the consecutive establishment of new vineyards cultivated mainly with Pinot Noir and
Chardonnay takes place. It is highlighted that the reappearance of viticulture in the UK
provides evidence of the crucial role played by the overall direction of CC.

Denmark demonstrates rapid progress in terms of wine production. According to
Smith and Bentzen (2011) [156], CC and innovative developments have allowed wine
production under cool climate conditions where the growing season’s length is limited.
Continuous warming has resulted in an increase in the yearly mean temperature in Den-
mark from 7.78 °C to 8.58 °C between 1961 and 1990, and 1990 and 2011. The observed
warming trends along with the introduction of new wine varieties are promising evolutions
for the future of wine production in Denmark. The researchers comment that until recently
to the period of their study Denmark had not been a wine-producing country primarily
due to the prevailing sub-optimal climate conditions. However, an increasing number of
entrepreneurs continuously enter the business of wine production. The introduction of
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grape varieties that are productive and acclimate more efficiently in cool climate areas has
enhanced the interest in wine production expansion.

Results on the warming trends observed by Karvonen (2015) [157] in the Helsinki re-
gion (southern Finland) have indicated that the annual mean air temperature has increased
by 1.1 °C and that the growing season has extended by 27 days from the year 2005 to the
year 2014, as compared to the respective levels during the 1971-2000 time period. Greater
opportunities to cultivate grapevines capable of harvest in the southernmost regions of
Finland have risen. This has been attributed to the fact that the temperature during summer
and the length of the growing season have approximated the relative parameters which
represented Central Europe over the period 2005-2014. According to the author’s findings,
the mean growing season length in the Helsinki region has averaged 198 days in the period
2005 to 2014, in six years of which it has exceeded the duration of 200 days. This fact
should suffice for the cultivation of some Central European Vitis vinifera varieties. The
introduction, therefore, of some newly cultivated plant species for experimentation, such
as grapevine, in the southern regions of Finland and the other Nordic countries has been
feasible, encouraging a growing interest towards viticulture.

According to Maciejczak and Mikiciuk (2019) [158], Polish viticulture today has be-
come one of the most rapidly developing sectors in Europe, as has the production of
domestic wine. The revival of viticulture in Poland is favoured primarily by CC (increased
growing season air temperature), accompanied by the consumers’ preferences, prosperity
growth, ecotourism development and value-added food. A current reality in Poland is a
distinct, dynamic growth in the amount of farms and vineyard area registered for wine
production. From 2009 to 2010 to 2016 to 2017, the industry has significantly grown given
the increase in the number of registered farms (from 26 to 155) and in the total vineyard area
(from 36.01 to 238.2 ha). The majority of the vineyards are located in the belt of the south-
ern, south-western and south-eastern provinces, in which optimal conditions (e.g., higher
temperatures, favourable levels of sunlight, longer growing seasons) prevail. Furthermore,
the natural environmental conditions prevailing in these regions enable the cultivation of
popular cold tolerant and disease-resistant hybrid grape varieties. Mazurkiewicz-Pizto
and Pizto (2018) [159] also refer to the opportunity for the cultivation of thermophilic
plants, induced by the relatively recent climate warming in Central and Eastern Europe,
including Poland. Specifically, the surface area has been increasing consistently in the
Lubuskie Voivodeship (western Poland) and Wielkopolskie Voivodeship (west-central
Poland) regions. Official data indicate that the systematic expansion of the Polish vineyards
involves the wineries that are producing wine commercially. Therefore, the surface area of
the vineyards in Poland is probably higher owing to the numerous unregistered growers
consisting of owners of relatively small wineries with limited production. In their research
on the rebirth of viticulture in Poland, Pijet-Migon and Krolikowska (2020) [160] conclude
that the establishment of new vineyards will be promoted by climate warming. In the last
25 years the average warming rate is characterised as a few times greater compared to the
respective rate over the previous 100 years. By considering the data from the National
Support Centre for Agriculture, they point out that the number of vineyards involved in the
production of commercial wine has already grown nine-fold in just one decade. Specifically,
the authors report that only 26 winemakers cultivating a little over than 36 ha of grapevine
plantations were registered in 2009, whereas 10 years later (2019), as many as 230 vineyards
occupying 395 ha in total existed. By taking into account the aforementioned relative
data up to the year 2017 [158] (155 registered farms and a total vineyard area 238.2 ha), it
becomes evident that there is a rapid growth of viticultural activity in Poland.

Kovacs et al. (2017) [161] report that the significant warming and precipitation re-
duction that has been detected over the past 30 years in Sopron (northwestern Hungary),
has led to the expansion of the total area planted with the wine cultivars that need more
warmth (e.g., Merlot, Cabernet Sauvignon, Furmint). Between 1986 and 2015 (compared to
previous decades 1956-1985), significant changes were shown in temperature parameters
and the calculated bioclimatic indices. Among others, significant increases were shown
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for the mean annual temperature (by 1.3 °C), the growing season mean temperature (from
16.4 to 17.9 °C), the GDD (from 1120 to 1240 units) and the HI (from 1930 to 2000 units).
Decreases in precipitation during the growing season were also displayed, given the smaller
values averaging from 598 to 469 mm. Thus, currently, Sopron wine-growing region is
characterised by the researchers as one of “the winners” of CC, given that the prevailing
climate is becoming more adequate for the growing of warmth-demanding wine grapes. It
is noteworthy that in the previous 10-15 years of the study, the cultivation of grapes had
already been expanding into new areas, and winemakers have planted 35% more wine
grape varieties than in the past.

4. Summary—Conclusions

The analysis of the time series of the last 30 to 60 years has highlighted warming trends
in different European regions. Annual mean temperature data have shown a tendency to
increase ranging from approximately 1.0 to 2.0 °C, thus depicting a variation depending
on the region (e.g., an increase of 0.8 °C in Denmark and of 2.0 °C in southern France)
and the time period of the conducted research. Most cases also refer to a significant con-
tinuous increase in the average growing season temperature, which is driven by extreme
temperatures (increases in the maximum and minimum mean values). Thus, average
warming during the growing season ranging from 1.0 to over 2.0 °C (e.g., by 2.3 °C in
northern Italy) has been exhibited and mainly attributed to changes in the mean growing
season maximum temperature (e.g., average warming of the growing season maximum
temperature by 2.0 °C vs. the respective 1.3 °C rises in the minimum values in northwestern
France) and in increases in the number of days with temperature exceeding 30 °C. Addi-
tionally, decreasing trends have been displayed for the same period for precipitation. The
seasonal precipitation patterns have been disrupted, given the decreasing trends observed
in most cases during the growing period (e.g., a 118.16 mm total trend decrease in northern
Italy) and the more intense precipitation events (e.g., in central Italy). Lower precipitation
regimes in rainfed vineyards have promoted higher water deficits during critical growth
periods (e.g., increase in crops’ water demands in northeastern Spain by 6% to 14% per 1 °C
of growing season warming). Across the majority of the studied locations, the observed
warming has been accompanied by the exhibited positive trends in the most common
calculated indices (e.g., HI, WI, GDD), which are mainly based on air temperature as it has
shown to have the strongest impact on the overall performance of crops.

The viticultural sector is strongly controlled by weather and climate and consequently
is susceptible to CC. These impacts are mainly described as the advancement of the
grapevine’s phenological timing, the shifting of harvest, the unbalance of compositional
elements in the grape and wine and thus the quality degradation and alteration of the
traditional wine styles, the endangerment of established typical varieties and the decrease
in grapevine production. However, CC is also exerting an increasingly profound positive
influence on viticulture, given the documented increases in yields, the expansion into
previously unsuitable areas for grapevine cultivation and the vineyards’ rebirth in the
northern and central part of the continent. Present tendencies reveal that the northernmost
vine-growing regions will benefit from CC, while many traditional wine regions will have
to face its consequences.

Overall, both temperature and precipitation contribute to the timing of harvest and
product quality, although the temperature is the most influential atmospheric element in
wine grape phenology. The warmer conditions developed during the entire growth cycle
of the vine and the resulting considerable advancement of the phenophases places the
ripening period during a hotter time period, thus resulting in earlier harvests and negative
impacts on grape composition.

Observed tendencies towards the earlier onset of the phenological events and the
reduction in the growth intervals, which eventually catalyse the occurrence of earlier
harvests, have been attributed mainly to the rising temperatures. The cases reviewed point
out advancements for budbreak (e.g., by approx. 5-15 days), flowering (e.g., by 7-24 days)
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and veraison (e.g., by 5-36 days). Significant shortenings of phenological intervals are
also highlighted and often refer to the periods between budbreak to bloom (e.g., by up to
18 days), flowering to veraison (e.g., by up to 7 days), flowering to harvest (e.g., by up to
10 days), veraison to harvest (e.g., by up to 6 days) and budburst to harvest (e.g., by up to
25 days). The increasing temperatures recorded in traditional wine regions have resulted
in a shorter duration of the growing season, which may exceed the monthly period. As a
result, the earlier achievement of harvest is frequently concluded, reaching advancements
of up to 40 days. Overall, the reviewed cases demonstrate that phenological rhythms are
mainly controlled by air temperature, underlying the significance of investigating this
agroclimatic parameter to detect the CC impacts on crops.

As a result of a shorter growing period, ripening occurs under higher temperatures,
which negatively impact the quality of grape and wine. The increase in mean temperatures
throughout the summer period as the major implication of CC and the different distribution
of rainfall over the ripening phase have both induced alterations in the sugar concentra-
tions and the acidic profile of grapes. Overall, higher sugar concentrations (e.g., decadal
increasing trend ranging from 2.3 to 4.2 °Oe during the past 30-60 years in Germany) and
lower acidity (e.g., decreases by 0.75 to 1.8 g per litre of tartaric acid during a 60-year
period in Romania) are demonstrated for grapes. Maturation timing differentiates the
acidity levels, given that the early ripening varieties display higher grape acidity levels
at harvest compared to the late ripening varieties (e.g., mean acidity of 5.0 vs. 4.9 g per
litre over 20 years in Greece). Although broadly linked to higher vintage ratings, earlier
maturation impacts the aromatic profiles and the balance between the sugars and acidity
in the grapes at harvest, ultimately leading to the production of high wine alcohol levels
(e.g., increase of approximately 1% vol. in a 30-year period in France) and, therefore, to the
gradual loss of wine typicity (Appendix A). The majority of the European wine regions
have been subjected to significant warming trends in recent decades. During the second
half of the 20th century, warming has generally upgraded wine quality, especially in the
cooler vineyard regions (e.g., Poland). On the other hand, the rising temperature trend has
been recognised as an obstacle for wine production owing to the resulting increased heat
and drought stress in areas where grapevine is cultivated close to the optimum temperature,
such as vineyards in southern Europe (e.g., Greece).

The advent of CC has displayed heterogeneous effects on grapevine viticultural
production. Direct negative impacts on viticultural yields have been documented and
attributed to the continuous increase in the growing season mean temperature and the
disruption of the seasonal precipitation patterns, mostly described as reductions in summer
and autumn rainfall. The reviewed research demonstrates a strong association linking yield
reduction and enhanced drought stress between critical phenological phases (e.g., bloom to
veraison). On the contrary, temperature increase has positively influenced the crop load
to some degree, given that the observed increases in yields are significantly correlated
to warming.

In terms of the spatiotemporal characteristics of viticultural areas, it is shown that
the increase in temperatures has advantaged cold climates in their opportunity to favour
the expansion of viticulture. Changes in the limits of the viticulture’s spatial expansion
are already being observed, given that vineyards are now productive at more polar lati-
tudes (e.g., England and Wales, Denmark, Finland). The continuously growing interest
in grapevine cultivation in new regions owing to the general warming trend may also be
attributed to the development of new, more low-temperature-resistant grapevine variants.

By comprehending and assessing the opportunities and risks grape growers are
likely to face in the upcoming decades, implementing sustainable and quality-oriented
viticulture is of paramount importance. Sound and advanced management strategies are
vital to minimise the effects of CC and, therefore, maintain wines of high quality, varietal
typicity, regional wine identity, respond to changing market conditions, and constitute
advantageous investments for viticulturists. By considering the fact that the consumers’
tastes are affected by long-lasting traditions and cultural traits that are persistent and very
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difficult to modify, the urgency to design effective public policies and thus the combination
of focused mitigation and adaptation strategies becomes more evident.

Such strategies may include developments in plant technology (e.g., plant material
innovations involving the breeding and selection of more resilient rootstocks, varieties and
clones with improved climate tolerance and the preservation of genetic diversity). In addi-
tion, another strategy is the modification of viticultural techniques for the maintenance of
harvest in the Northern Hemisphere’s optimal period (end of September or early October).
A further strategy is the implementation of irrigation strategies with high consideration of
the related effects on water resources and the environment. Furthermore, the relocation of
vineyards to more suited areas (from warmer to cooler areas and vice versa) is increasingly
considered to be a promising solution. Overall, a central goal of viticultural and policy
decisions should be to decrease the risk associated with CC over the next few decades. This
is also underpinned by the fact that grapevine is a perennial fruit crop with long productive
life and high establishment costs. Thus, the grapevine is a typical example of an agricultural
crop that could markedly benefit from substantial knowledge on the recent past risks to
inform decisions on vine cultivation location, cultivar selection and management.

The effects of CC on the grapes’ production and quality pose a significant challenge for
the years to come. Knowledge of CC’s impacts on viticulture to this day is of fundamental
importance by accounting for the uncertainty of the evolution rate and extent of this
phenomenon in the course of time. Despite the fact that grapevines can be adapted to the
climate, the already documented geographical heterogeneity in the changes in temperature
and precipitation and the expected increased frequency of future extreme events may
engender different grapevine responses [18]. Furthermore, as indicated from up to the
present, the impact of future CC is expected to be highly heterogeneous across varieties
and regions.

The comprehension of the future by looking up to the present arises, therefore, as a
very informative necessity but also urgent procedure, considering that the impacts of CC
reported in this review imply very important social and economic consequences for the
European viticulture industry in which provenance and cultivar are substantial pointers
of the products” excellence and typicity. These features certainly highlight the relevance
and the mandatory continuation of regional assessments. Data on the already observed
impacts of CC can be utilised and incorporated into CC sophisticated and accurate tools
to understand better and define the effect of this phenomenon on the environmental
sustainability of the viticultural sector in the decades to come.

The undisputed numerous impacts of CC on European viticulture, already brought
about over recent years, have considerably increased scientific research. The impact of
CC on the grapevine has been intensively studied in different regions underlying the
agroclimatic potential under the changing climatic conditions.

The contribution of this review to the CC issue lies in the compilation of a relatively
high number of scientific outcomes on the observed impacts of the phenomenon on Eu-
ropean viticulture. Future planning involves the extension of our research to explore the
impacts of CC on past to present and in the upcoming decades over other crops of substan-
tial socio-economic and nutritional importance by primarily accounting that the ongoing
CC adds a significant element of uncertainty.
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Appendix A. Glossary

Agroclimatology: Often also referred to as agricultural climatology, agroclimatology is
a field in the interdisciplinary science of agrometeorology, in which principles of climatology
are applied to agricultural systems. Its origins relate to the foremost role that climate plays
in plant and animal production. Formal references to the terms “agrometeorology” and
“agroclimatology” date to the beginning of the twentieth century, but the use of empirical
knowledge can be traced back at least 2000 years. Agroclimatology is sometimes used
interchangeably with agrometeorology, but the former refers specifically to the interaction
between long-term meteorological variables (i.e., climate) and agriculture [162].

Climate: Climate, in a narrow sense, is usually defined as the average weather, or more
rigorously, as the statistical description in terms of the mean and variability of relevant
quantities over a period of time ranging from months to thousands or millions of years.
The classical period for averaging these variables is 30 years, as defined by the World
Meteorological Organization (Geneva, Switzerland). The relevant quantities are most often
surface variables such as temperature, precipitation and wind. The climate, in the broader
sense, is the state, including a statistical description, of the climate system [163].

Climate change (CC): A change in the state of the climate that can be identified (e.g., by
using statistical tests) by changes in the mean and/or the variability in its properties and
that persists for an extended period, typically decades or longer. CC may be due to natural
internal processes, external forces, persistent anthropogenic changes in the atmosphere’s
composition or in land use [163].

Degree Oechsle (°Oe): measures the relative sweetness of the must (grape juice) and
shows how much more 1 litre of must weighs compared to 1 litre of water [164].

Growing season mean (or average) temperature: an estimate of the mean temperatures
of all days during the growing season, which refers to the time period of the 1st of April to
the 30th of September in the northern hemisphere or of the 1st of October to the 30th of
April in the southern hemisphere [165].

Phenology: Defined as a succession of development stages of living beings throughout
a season and in relation to the climate. It applies to vegetal matter but also to animals.
Phenology constitutes a veritable biological clock for the vines, which is useful when
comparing vine parcels at an equivalent development stage [166]. Knowledge of a plant’s
phenological characteristics is never more important than for Vitis vinifera L. grapevines,
where the optimum development of quality fruit for wine production is tied to phenological
occurrence and timing [70,167].

Phenological phase-stage-event or phenophase: An observable stage or phase in
the annual life cycle of a plant or animal that can be defined by a start and endpoint.
Phenophases generally have a duration of a few days or weeks. Examples include the
period over which newly emerging leaves are visible or the period over which open
flowers are present on a plant. The definition of the term “phenophase” has not yet been
standardised and varies among scientists. The definition presented here reflects the usage
of the term on the USA National Phenology Network (NPN) website [168].

Phenological phases-stages-events or phenophases of grapevine: There are three main
grapevine phenological phases commonly considered in the literature [169]: budburst (or
bud break), floraison (also referred to as flowering or blooming) and veraison. Budburst
marks the beginning of seasonal grapevine growth and resumed physiological activity after
a long period of winter dormancy; flowering is crucial for the reproductive cycle, being
closely followed by the fruit set stage [170], and veraison initiates the ripening stage change
in the colour of the berries, which is tied strictly to wine grape quality attributes [70].
The most well-known notation scales are those of Baggiolini, Eichorn and Lorenz and
BBCH (Biologische Bundesanstalt, Bundessortenamt and CHemical industry). Baggiolini
describes the stages from A (winter bud) to N (maturity), Eichorn and Lorenz from 1
(winter bud) to 38 (maturity) and BBCH from 00 (winter bud) to 89 (maturity) and 97
(leaf-fall) [166].
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Phenological interval: The interval between phenological events. It gives an indication
of the overall climate since short intervals between events are associated with optimum
conditions that facilitate rapid physiological growth and differentiation [70]. In contrast,
long intervals indicate less than ideal climate conditions and delay in growth and matura-
tion [171].

Terroir: “According to OIV (Resolution OIV/VITI 333/2010), terroir is a concept which
refers to an area in which collective knowledge of the interactions between the identifiable
physical and biological environment and applied viticultural and oenological practices
develops, providing distinctive characteristics for the products originating from this area.
Terroir includes specific soil, topography, climate, landscape characteristics and biodiversity
features” [172].

Wine typicity: a term in wine tasting used to describe the degree to which a wine
reflects its varietal origins [127]. It can be defined as a juxtaposition of unique traits that
define a class of wines having common aspects of terroir involving biophysical and human
dimensions that make the wines recognisable and in theory, unable to be replicated in
another territory [173].

Appendix B. Synoptic Description of the Compiled Scientific Outcomes on the Change
in Climate and Its Impacts on Grapevine Performance

European Years (Time Climate and
COUII‘)lt Country Region Period of Climatic Bioclimate Impacts on Viticulture [Reference]
y Data Recording) Parameters Change
E(Alsace),
NE(Reims),
France CE (Burgundy), (1) GST
SW (Bordeaux) . .
Italy . (1) GSTmax Earlier phenological
Spain NE (Conegliano) 52 years () GSTmin events: shorter Jones et al.
P NW (Valladolid) (1952-2004) N (2005) [17]
Germany () HI phenological intervals
Slovakia NW (Pontevedra) () GDD
W (Geisenheim)
S (Dolné
Plachtince)
Advancement of
(1) Tan phenophases; shortening Duchéne and
30 years of phenological intervals; .
France E (Alsace) (1) HI . . Schneider
(1972-2003) () NDT earlier harvest/higher (2005) [71]
10 sugar content; higher
alcoholic strength
Advancement of harvest
dates/increase in sugar
56 years ((TT)) ggr% concentrations at harvest; Laget et al
France S (Hérault) increase in alcoholic .
e g; SHli content and of pH in wine; (2008) [1301
decrease in titratable
acidity in wine
(1) GST Earlier harvest
fe NWlom e (O da/se s eoning
Valley) (1960-2010) ! . (2012) [131]
(1) NDTj3 content; decrease of acid
(1) HI, GDD concentration
(1) GST Increase in wine
France S (Roussillon) 8 years (1) GSTmin alcoholization/decrease Lereboullet et al,

(1925-2010) (2014) [150]

() Ps, (1) Paut in yields
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European Years (Time Climate and
urop Country Region Period of Climatic Bioclimate Impacts on Viticulture [Reference]
Country
Data Recording) Parameters Change
Cook and
swlftr;er;izn q 20th c. (1901-2007) ( i@;ﬁg}g Earlier harvest Wolkovich
! (2016) [132]
(1) GST Earlier phenological
Ital N (Conegliano 45 years (1) GSTmax, (1) events; shorter Tomasi et al.
y in Veneto) (1964-2009) GSTrnin, phenological intervals; (2011) [24]
earlier harvest
(1) GST
Italy C (Abruzzo) 35 years (1) DTR Advancement of Di Lena et al.
France SW (Bordeaux) (1974-2009) (1) NDTj3 harvest dates (2012) [134]
(1) AT, HI, NHH
(1) Tan Advancement of harvest .
Italy C (Abruzzo) (13(7)f2a5153) (M HS, HI, NHH, dates; shortening of ]j()zl()]iegrﬁle ;;l'
GDH, GI, HTE growing season
53 years (1) GST . Di Carlo et al.
Italy C (Abruzzo) (1959-2012) (1) Pint Earlier harvest (2019) [135]
(1) GST :
Ital N (Romagna 61 years (1) GSTmax Incr?isjviﬁezl;?iztzzstent Tesli¢ et al.
y Sangiovese) (1953-2013) (1) GSTmin in yields (2018) [126]
(1) GDD, HI, DSI
Advanced and delayed
harvest dates (dependent
(1) Tan on genotype)/reduction in
. 20 years (1) GST titratable acidity in white Biasi et al.
Ttaly C (Umbria) (1995-2015) (1) NDT3 berries; decrease or (2019) [136]
(1) WL, HI, CI increase in sugar content
in red berries (dependent
on genotype)
50 years (1) Tan Decrease in wine Gentilucci et al.
Ttaly C (Marche) (1971-2020) () Tanmax grape production (2020) [153]
Italy N (South Tyrol) (132 6}’_6 2a01‘251) (1) Tbud Earlier harvest F(ezr(;‘;t)l [e;z?l'
(1) GST
((TT))CI;\?]?;MX Earlier phenological
Spain NE (Alt Penedes, 45 years M DTISO events; earlier Ramos et al.
p Priorat, Segria) (1952-2006) (1) Pbl-vr harvest/Increase in wine (2008) [73]
(1) ETe quality /Decrease in yields
(1) WL HI
NE (Vﬂafranca () GST
del Penedes, Sant () NDT Camops and
Spain Sadurni d’Anoia 50 years 0 Pbl-\?f Advancement in harvest Ral;)n o5
p and Sant Marti (1960-2009) (1) ETe dates/Decrease in yields (2012) [74]
Sarroca in ) WI
Penedeés)
Upper Moselle or (1) Tan Earlier phenological
Luxembourg— German- 55 years () Tan events/Increase in must Urhausen et al.
Germany Luxembourgian (1951-2005) M T nmfax density; decrease (2011) [137]
Moselle 4Mmin in acidity
SW (Schlof3
Germany Johannisberg 78 years () GST Decrease in total acidity Schultz and

in Rheingau
region)

(1932-2010)

at harvest

Jones (2010) [151]
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European Years (Time Climate and
CuouEt Country Region Period of Climatic Bioclimate Impacts on Viticulture [Reference]
y Data Recording) Parameters Change
Advancement of
c S (V\]iurzburg— 62 years () GST pheno%)hﬁses;lsh(.)rt(;nmg Bock et al.
ermany ower (1948-2010) max | orphenoiogical (2011) [127]
Franconia) intervals/increase in
sugar content
S (Wiirzburg— .
B . (1) Tmn Increase in must sugar Bock et al.
Germany Lower. 2 c. (1805-1998) (1) Tan content/increase in yields (2013) [152]
Franconia)
Advancement in
. (1) Tan phenophases; earlier
German Svgéljfﬁgﬁld_ 40 years (1) Tanpin harvest/Increase in Koch and Oehl
y Palatinate) (1975-2015) (1) Tanmax juice sugar (2018) [138]
alatmate (M HI concentration/decrease in
juice yields
. s 20 years Shortening of growth Karvonen
Finland S (Helsinki) (2000-2019) (1) Tan cycle; earlier harvest (2020) [139]
Precociousness of
vegetation cycle;
advancement of
60 vears phenological phases; Baduca
Romania SW (Oltenia) (1951},_ 2009) (1) Tan earlier grape maturity; Campeanu et al.
earlier harvest/Increase in (2012) [140]
sugar content in grapes;
decrease in total acidity
in grapes
Earlier phenological
L 22 years (1) Tan stages/Increase in cluster .
Poland C (Skierniewice) (1986-2007) (1) GST and berry weight; increase Lisek (2008) [141]
in fruit extract content
(1) Tan .
Hungar NW (Sopron) 30 years (1) GST i’;f?:;re‘;;itgilu}ﬁ;r:;i Kovécs et al.
gary P (1986-2015) (1) GSP e ting (2017) [161]
(1) GDD, HI
() GST Earlier phenological
NW (Sopron, 30 years phases; shortening of Kovacs
Hungary Zala) (1986-2015) (T)ND;FE)()’C;(gI):,NDT35 phenological intervals; et al.(2018) [142]
earlier harvest
Serbia N (Sremski 27 years ) GST(rzl)a}:arCl;STmin p}icrll‘(])?(r;;iﬁe;tggis Rumlet al.
Karlovci) (1981-2007) (1) GDD carlier harvest (2016) [143]
Earlier phenological o,
. . . 32 years (1) Tmn . . IvaniSevi¢ et al.
Serbia N (Vojvodina) (1986-2018) (1) Pmn stages; sl.’lortgmng of (2019) [144]
phenological intervals
Shortemng.of growing Vrsiz and
(1) Tan season; earlier maturity; .
60 years (1) GST earlier harvest/increase in Vodovnik
Slovenia NE (Styria) (1950-2009) (1) NDTj3g the sugar levels in berries; (%/?«;12(;) gﬁ]
(1) HI decrease in total acidity ;

in berries

(2014) [146]
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European Years (Time Climate and
Cougt Country Region Period of Climatic Bioclimate Impacts on Viticulture [Reference]
y Data Recording) Parameters Change
Earlier onset of
. S (Dolné 34 years () Tan phenophases; shlorterung Bernath et al.
Slovakia Plachtince) (1985-2018) (1) GST and lengthening of (2021) [147]
(1) GDD, HI interphase intervals;
advancement of harvest
Linges Sames 0 cor
Greece Anchialos 36 years (1) GSTmax Earlier harvest Koufos et al.
! (1974-2010) (1) GSTmin (2014) [148]
Pyrgos, Rodos, (1) GDD
Nemea, Naousa
Samos, Crete,
Drama, Kavala,
Maronia, Tripoli, . .
el s Bl eemen o
Limnos Naousa, (1974-2017) max RS (2020) [149]
.. in acidity
Rodos, Santorini,
Nemea, Aigialia,
Pyrgos
. Nesbitt et al.
Increase in total hectarage;
70 years . . ! (2019) [154]
UK England, Wales (1954-2013) (1) GST 1nci‘,(ie;alze ;?da;/iezreage Nesbitt of al.
4 (2016) [155]
Increase in interest for Smith and
50 years . .
Denmark (1961-2011) (1) Tan wine production Bentzen
expansion (2011) [156]
. 1 43 years Growing interest Karvonen
Finland S (Helsinki) (1971-2014) (1) Tan towards viticulture (2015) [157]
Maciejczak and
Mikiciuk
Revival of viticulture; (2019) [158]
8 years (2009-2017) growth in the number of Mazurkiewicz-
Poland 10 years (1) GST grapevine plantations; Pizto and Pizto
(2009-2019) increase in total (2018) [159]
vineyard area Pijet-Migon and
Krolikowska

(2020) [160]

N = North; S = South; E = East; W = West; CE = Central east, SW = Southwest; NE = Northeast; NW = Northwest; C = Central;

(1) = increase; (|) = decrease; AT = Active Temperature; CI = Cool night Index; DSI = Dry Spell Index; DTR = Diurnal Temperature
Range; ETc = crop EvapoTranspiration; GDD = Growing Degree-Days index; GDH = Growing Degree Hours; GI = Gladstone Index;
GSP = Growing Season Precipitation; GST = average Growing Season Temperature; GSTmax = average Growing Season maximum
Temperature; GSTmin = average Growing Season minimum Temperature; HI = Huglin Index; HS = Heat Summation; HTE = High
Thermal Excesses; NDTjy = number of days with T > 10 °C; NDT,5 = number of days with T > 25 °C; NDT3p = number of days
with T > 30 °C; NDT35 = number of days with T > 35 °C; NHH = Normal Heat Hours; Paut = autumn Precipitation;

Pbl-vr = Precipitation from bloom to veraison; PET = Potential EvapoTranspiration; Pint = Precipitation intensity; Pmn = mean
monthly Precipitation; Ps = summer Precipitation; Psp = spring Precipitation; SR = Solar Radiation; Tan = mean annual
temperature; Tanmax = mean annual maximum temperature; Tany,;, =mean annual minimum temperature; Tbud = budding season
temperature; Tdmax = mean daily maximum temperature; Tmn = mean monthly temperature; Ts = summer temperature;

Tsp = spring temperature; WI = Winkler Index.
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