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Abstract: Extreme heat events or heatwaves can be particularly harmful to grapevines, posing a major
challenge to winegrowers in Europe. The present study is focused on the application of the crop model
STICS to assess the potential impacts of heatwaves over some of the most renowned winemaking
regions in Europe. For this purpose, STICS was applied to grapevines, using high-resolution weather,
soil and terrain datasets from 1986 to 2015. To assess the impact of heatwaves, the weather dataset was
artificially modified, generating periods with anomalously high temperatures (+5 °C), at specific onset
dates and with specific episode durations (from five to nine days). The model was then run with this
modified weather dataset, and the results were compared to the original unmodified runs. The results
show that heatwaves can have a very strong impact on grapevine yields. However, these impacts
strongly depend on the onset dates and duration of the heatwaves. The highest negative impacts may
result in a decrease in the yield by up to —35% in some regions. The results show that regions with a
peak vulnerability on 1 August will be more negatively impacted than other regions. Furthermore,
the geographical representation of yield reduction hints at a latitudinal gradient in the heatwave
impact, indicating stronger reductions in the cooler regions of Central Europe than in the warmer
regions of Southern Europe. Despite some uncertainties inherent to the current modelling assessment,
the present study highlights the negative impacts of heatwaves on viticultural yields in Europe,
which is critical information for stakeholders within the winemaking sector for planning suitable
adaptation measures.
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1. Introduction

Most of the renowned wine regions in Europe (Figure 1) are characterized by warm temperate
climates, namely Mediterranean, oceanic or humid continental [1]. These regions are expected to have
pronounced climate change impacts, particularly due to extreme events, such as droughts and extreme
heat [2]. Hence, it becomes clear that viticulture is exposed and vulnerable to the change in climatic
conditions [3,4], particularly in Southern Europe [5]. Given these threats and their impacts on the
vulnerability of grapevine in a warmer world, it is imperative to understand how climate change and
extreme events can influence this economically valuable crop in Europe.
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Figure 1. Selected wine regions in Europe (18), highlighted by a black line contour, and their
corresponding designations. Other wine regions are also outlined, with different color shadings for
different countries.

Temperature is a key factor affecting plant growth and development rates [6]. For grapevines,
air temperature is considered to be a fundamental factor controlling the main physiological processes,
phenological timings and overall productivity and quality [7]. Although other atmospheric variables,
such as precipitation, humidity and solar radiation, also play an important role in grapevine
development, temperature is considered to be the main factor. In effect, grapevine physiology
and fruit metabolism/composition are highly influenced by the thermal conditions during the growing
season [8]. For adequate grapevine growth, phenological development and yield attributes [9], there are
indeed optimum temperature ranges and thermal thresholds, establishing both lower and upper limits,
which are, however, variety-dependent. One of the most well-known climatic requirements of the
grapevine is the 10 °C base temperature for heat accumulation, which is needed for the onset of its
vegetative cycle [10-15]. Over the last decades, most research was aimed at the lower thermal limits
for heat accumulation, which has traditionally been a major concern for winegrowers. Nonetheless,
the effect of high temperatures on grape physiology is likely to become more important in the future,
due to global warming [15]. Hence, a better analysis of the upper thermal limits for grape development
and physiology is of foremost relevance.

It is known that if air temperature exceeds a given upper threshold (e.g., 35 °C) at certain critical
periods of grapevine development, negative impacts on grapevine should be expected [16]. In effect,
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extreme heat can be particularly harmful to grapevines. Grapevines growing under severe heat
stress experience a significant decline in productivity, e.g., due to limitations in photosynthesis [17],
as well as injures under other physiological processes [18]. As an example, a study carried out by
Matsui et al. [19] concluded that the exposure of Thompson Seedless and Napa Gamay to 40 °C for six
consecutive days reduced berry size, as well as sugar accumulation, and delayed ripening. Other studies,
for other grapevine varieties exposed to severe heat, showed similar results [20,21]. Furthermore,
several physiological processes, such as photosynthesis, are either severely reduced or inhibited at
high temperatures (~35 °C), mostly owing to stomatal closure [16,22,23].

The World Meteorological Organization (WMO) defines a heatwave as a weather extreme episode
with “5 or more consecutive days of prolonged heat in which the daily maximum temperature is higher
than the average maximum temperature by 5 °C or more”. Due to climate change, extreme weather
events are projected to increase in frequency, duration and intensity [24]. Combined with the increase in
mean temperature projected to occur in the future, heatwaves can indeed be seen as a major challenge
that winegrowers will have to deal with in the upcoming decades. As an illustration, the 2003 heatwave
in Europe highlighted the potential impact of heatwaves on viticulture [25], particularly during
harvest [26]. This record-breaking heatwave in Europe may be seen as a demonstrative extreme event
that is expected to occur more frequently under enhanced atmospheric greenhouse gas concentrations
and anthropogenic radiative forcing [26,27]. More recently, in 2019, there were three consecutive
heatwave events in Europe (in June, July and August), with temperatures reaching 44 °C in some
regions during June. Given the risk that heatwaves pose to viticulture and winemaking, a better
assessment of the effects of these events on this sector is thereby of the utmost importance.

Crop models can be a valuable tool in assessing the impact of heatwaves on viticulture [28].
These models mechanistically simulate plant development while incorporating weather, soil properties,
plant data and management decisions [29]. The simulation of crop parameters, such as yields,
under different pedoclimatic conditions, and abiotic stresses, are main outcomes from these models.
One of their strongest advantages is the fact that they have already been applied and validated with
field measurements, thus reducing the need to provide extensive experimental trials, when properly
calibrated and validated. Hence, coupling dynamic (process-based) crop models with high-resolution
climate, soil and plant data allows reliable yield simulations over a wide region to be produced.
Despite the aforementioned advantages of these models, to our knowledge, their application to
understanding the impact of heatwaves on viticulture has not been conducted yet [30].

The present study aims at analyzing the impacts of heatwaves on European viticulture, particularly
on grapevine yield. As such, the objectives of the present study are fourfold: (1) to simulate recent-past
yields over several main European winemaking regions, using a state-of-the-art crop model for
simulating grapevines, forced by observed climate conditions over a past baseline period (control
runs); (2) to carry out a sensitivity analysis to heatwaves, applying synthetic heatwave disturbances
(heatwave runs); (3) to compute the regional yield differences between control and heatwave runs;
and (4) to discuss potential adaptation measures to be implemented by viticulturists and winemakers,
to cope with upcoming heatwaves in the near future.

2. Materials and Methods

2.1. Vineyard Locations

The study sites were selected by considering some of the main winegrowing regions in Europe.
These regions were selected based on their importance for the current viticultural sector, though not
exhaustively. While many other regions in Europe can be considered to be top winemaking regions,
they are out of the focus of the current study. The following regions were considered herein (from west
to east; Figure 1): Minho, Douro and Alentejo (Portugal); Ribera del Duero, La Rioja and La Mancha
(Spain); Bordeaux, Loire Valley, Champagne, Rhone and Alsace (France); Moselle (Luxembourg);
Mosel and Rheinhessen (Germany); Piedmont, Tuscany, Sicily and Emilia-Romagna (Italy). All these
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winemaking regions present temperate climate characteristics [1], despite local and regional specificities.
Regarding the annual mean temperatures, these regions typically range from 10 to 17 °C (Table 1),
being the coldest regions in the Mosel/Moselle area, in both Germany and Luxembourg, closely followed
by Champagne (Northern France), while the warmest is Alentejo (Southern Portugal), followed by
Sicily (Southern Italy) and La Mancha (inner Southern Spain). Regarding annual precipitation totals,
it roughly varies from 400 to 1000 mm, with Piedmont (Northwestern Italy), Minho (Northwestern
Portugal) and Emilia-Romagna (Northern Italy) being the wettest regions, whereas Ribera del Duero
(inner Northern Spain), La Mancha and Sicily are the driest regions.

Table 1. Targeted winemaking regions (18 in total), with country and region designation, along with
their centroid longitude and latitude, and area-means of annual mean temperature (T) and precipitation
sum (P), calculated from the E-OBS dataset, version 19.0e, over the baseline period of 1986-2015.
The three highest and lowest values are highlighted in bold.

COUNTRY REGION LON (°) LAT(°) T(CC P (mm)
Alsace 7.38 48.20 10.6 605
Bordeaux 0.55 44.50 13.2 807
France Champagne 4.00 49.16 10.5 664
Loire Valley 0.13 47.12 12.3 684
Rhone 4.83 44.06 14.7 733
German Mosel 6.87 49.28 10.4 766
y Rheinhessen 8.13 49.92 10.6 579
Emilia-Romagna 10.93 44.50 13.1 840
Ital Piedmont 8.67 44.66 13.3 988
y Sicily 13.99 37.64 15.9 482
Tuscany 11.77 43.08 13.6 723
Luxembourg Moselle 6.35 49.55 10.3 743
Alentejo —-7.56 38.38 17.2 562
Portugal Douro -7.55 41.17 13.3 830
Minho -8.41 41.82 14.1 956
La Mancha -2.69 39.65 14.2 455
Spain La Rioja -2.40 41.57 115 523
Ribera del Duero -4.36 41.63 12.3 423

2.2. Crop Model Description

The STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard) crop model, version 121,
was used herein to simulate grapevine yields [31]. This model is currently one of the few crop
models that incorporates the necessary parameterizations for perennial crops and, more specifically,
for grapevine simulations [32-34]. In a study by Fraga et al. [35], the STICS model was used to simulate
yield, phenology and abiotic (water) stress conditions throughout Europe, showing a high agreement
with observational data [35,36]. Subsequently, this model was used in assessing the potential impacts
of climate change on viticulture and the effectiveness of different adaptation strategies, like irrigation
or mulching [37,38]. The current study follows the same guidelines and parameterizations as in
Fraga, et al. [35].

Regarding the model runs, the model operates on a daily time-step, simulating grapevine growth
driven by daily weather data. Grapevine budburst is simulated by using the BRIN model [39], whereas
flowering and veraison are simulated by using growing degree-days, with a base temperature of
10 °C. To simulate biomass growth, nitrogen and carbon reserves are considered, also taking into
account competition between vegetative and generative organs. CO; effects on plant physiology and
radiation use efficiency are also simulated [31]. Fruit growth is described by the dynamics of dry-matter
accumulation and water content [40]. Temperature thresholds (i.e., frost and heat shock) are also taken
into consideration for growth and development, which is critical for the objectives of the present study.
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2.3. Input Data

The model requires a large range of input data, such as daily weather data, typical soil properties,
topographic features, varietal characteristics and crop management information. The required daily
variables comprise daily maximum air temperature (Tmax), daily minimum air temperature (Tmin),
daily accumulation of solar radiation (Rad), daily precipitation total (Prec), daily mean wind speed
(Wspeed), daily mean relative humidity (Rh) and CO; level. These data were obtained from two different
observational sources. Tmax, Tmin and Prec were obtained from the E-OBS dataset, version 19e [41],
whilst Rad, WSpeed and Rh were retrieved from the ERA5 dataset [42]. These two datasets have been
widely used and validated by many previous studies. Data were extracted at 0.1° latitude-longitude
regular grids (spatial resolution of approximately 10 km) for the baseline period of 1986-2015.

Soil data, like soil texture and pH, were obtained from the Harmonized World Soil Database
HWSD and [43], available from two layers (depths 0-30 cm and 30-100 cm). Some soil properties for
STICS were estimated by using pedotransfer functions [44], such as soil albedo, runoff, soil permeability,
field capacity, wilting point and bulk density. Additionally, some soil properties were set as standard,
following Brisson, et al. [31]: initial soil water content (set at field capacity); maximum unimpeded
root depth (200 cm), initial root density (0.05 cm-cm~3) and soil organic N content (6% of dry soil).
Terrain data, such as slope degree and orientation, were obtained from the GTOPO30 digital elevation
model and using GIS techniques (https://lta.cr.usgs.gov/GTOPO30).

For a large-scale comprehensive modelling approach throughout Europe, some assumptions
were made concerning cultivated varieties and cultural practices. As it will not be possible to analyze
all the specific varieties grown at each location, which would also impede a comparative analysis
among regions, a standard variety was considered for all locations. The selected variety was cv.
Pinot noir, due to its early-to-intermediate ripening and moderate yields, being suitable for a large
number of viticultural regions [45]. Pinot noir is currently the 10th most planted variety and the 7th
fastest-expanding variety in the world [46]. Since it is grown in vineyards throughout Europe, from the
warmer countries in Southern Europe to the cooler Central-Northern European wine regions [46],
it was chosen herein. Furthermore, this variety was already validated in a previous study [35].

Cultural practices were kept invariant in the model runs, and crop interventions were set to a
minimum (i.e., topping, thinning and leaf removal were not considered in the model). The default
trellis system was Cordon, and vine density was set to 4000 vines ha-1, a reasonable value considering
most commercial vineyards in Europe [47]. The technological harvest date was determined once
the berry water content reached a maximum of 77%, corresponding to a probable alcohol level of
12.5 (% v/v) [40].

2.4. Model Runs

The STICS model was initialized by using the abovementioned input variables. Two types of
model runs were performed: control-runs vs. heatwave-runs. The control-run is based on observed
conditions, using the observational unmodified weather data. Conversely, for the heatwave-runs,
the observed weather conditions were modified, generating heatwave pulses at specific periods of the
year and with specific durations (synthetic heatwave disturbances). Therefore, for each year, a heatwave
pulse was added to the temperature time series by increasing the daily maximum temperature by 5 °C
with respect to the climatological maximum (following the WMO definition). This change in daily
maximum temperature also impacts daily mean temperature. Regarding the onsets of the heatwaves,
they were generated with a 15-day leap period, starting on July and ending in September: 1 and
15 July; 1 and 15 August; and 1 and 15 September. Therefore, the most vulnerable period of grapevine
exposition to heatwaves is covered. The heatwave then lasted for a period ranging from 5 to 9 days
(heatwave length/duration). Only one heatwave per year was considered. During the heatwave,
the daily precipitation was set to 0 mm, which is typical during a heatwave. A comprehensive chart of
these synthetic heatwaves is shown in Figure 2.
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Figure 2. Illustrative representation of the synthetic heatwave disturbances/pulses during a calendar
year, outlining their onset (dates within color bars), duration (color bar width) and intensity (color bar
top). The observed temperature time series are represented by the background shaded graph, while the
synthetic temperature time series of the heatwave disturbances are indicated at the top of each color bar.

STICS performance under the recent-past conditions has previously been evaluated and revealed
good agreement with field data [35]. Thus, the remaining model parameterization followed the previous
study [35]. Hence, model runs were carried out for each of the 18 regions, year (30 years; 1986-2015) and
type of run (control vs. heatwave), corresponding to a total of 6480 simulations. In order to evaluate
the potential impacts of heatwaves on grapevine yields, the heatwave-runs and the control-runs
where compared. More specifically, the relative differences (%) in their corresponding yields were
analyzed, thus disregarding absolute values and restraining the effects of some uncertainties in the
STICS simulations. Nonetheless, it is important to state that the STICS model already showed a high
agreement with statistical yields over Europe [35].

3. Results

Figure 3 shows the impacts of heatwaves on grapevine yields for each of the selected winemaking
regions in Europe. Overall (Figure 3), for all regions, the occurrence of heatwaves will lead to a decrease
in yields, with its magnitude increasing along with the heatwave duration. The main differences
between these impacts are the maximum yield decrease and the corresponding dates of occurrence
of the heatwave vulnerability (heatwave peak, henceforth). Starting with the westernmost regions,
for Portugal (Figure 3a—c), all regions reveal a heatwave peak between 1 and 15 July. The region with
the strongest decrease in Portugal is Minho, with —15% (five heatwave days) to —29% (nine heatwave
days). Conversely, in the Portuguese region of Alentejo, the impacts will not be so pronounced (—12%
to —17%). For Spain (Figure 3d—f), La Mancha also shows a peak between 1 and 15 July, while for Ribera
del Duero and La Rioja, this peak is expected to occur slightly later, between 15 July and 1 August.
Regarding the potential impacts on yield, they will be very similar across these three Spanish wine
regions, ranging from —12% to —25%. For the French winemaking regions (Figure 3g—k), the strongest
impacts will occur in the Loire Valley and Alsace, reaching —30%, while Rhone will be the region
with the lowest negative impacts, with —25%. All regions will tend to show the heatwave peak for
15 July, except in Champagne, which will occur on 1 August. Owing to their geographical proximity,
the Luxembourgish region of Moselle (Figure 31) and the German region of Mosel (Figure 3m) show
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very similar impacts. Both regions show peak dates around 1 August and impacts from —15% to 30%.
Similar results can be observed for Rheinhessen, also due to their fairly identical climatic conditions
(Figure 3n). For the Italian regions (Figure 30-1), the impacts vary from —15% and —27%. All regions
will tend to have their peak dates from the 1 July to 15 July. It is worth noting that Emilia-Romagna
(Figure 3q) depicts a comparatively narrow curve, which is very concentrated around the peak date.
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Figure 3. Yield relative difference (in %) between normal years and years with heatwaves, with a
duration from five to nine days, in (a) Minho, (b) Douro, (c) Alentejo, (d) Ribera del Duero, (e) La
Mancha, (f) La Rioja, (g) Bordeaux, (h) Loire Valley, (i) Champagne, (j) Rhone, (k) Alsace, (1) Moselle,
(m) Mosel, (n) Rheinhessen, (o) Piedmont, (p) Tuscany, (q) Emilia-Romagna and (r) Sicily, depending
on to the date of onset of the heatwave.
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Figure 4 shows a comparison of the peak dates over the 18 selected winemaking regions in
Europe. The heatwave peak dates occur before 1 August (inclusively) for all regions. Minho (Portugal),
Alentejo (Portugal), Rhone (France), Piedmont and Emilia-Romagna (Italy) reveal stronger heatwaves earlier
in the year than other regions. Conversely, La Rioja (Spain), Champagne (France), Moselle (Luxembourg)
and Mosel (Germany) will experience stronger impacts when heatwaves occur later (1 August). It should
be noted that the regions where the strongest impacts of the heatwaves tend to occur earlier/later are
also the regions with the highest/lowest annual mean temperatures (warmer/cooler climates).
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Figure 4. Comparison of the heatwave peak dates over the 18 selected winemaking regions in Europe.
Different peak dates are represented by different colors.

Figure 5 provides a comparison across all regions of the highest and lowest decrease in yields at
each peak date. This assessment was based on the heatwave peak date for each region. The results
suggest that the most affected regions are the Loire Valley, Alsace and Bordeaux. These regions will
undergo yield decreases from —30%j/—35% (nine days of heatwaves) to —20% (five days of heatwaves).
On the other hand, the least affected region is Alentejo, being the highest decrease of —20%. Figure 6
shows the average yield difference at each peak date for all the regions combined. Results show that
the regions where the peak date occurs later (1 August) are more negatively affected than the regions
where this peak occurs earlier.
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Figure 5. Left panel: highest and lowest yield decrease due to heatwaves for each winemaking region
at the peak date. Right panel: geographical representation of the highest and lowest decrease in yields
over Europe at the peak date.
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Figure 6. Average relative yield differences (%) for all the regions at each peak date.

4. Discussion and Conclusions

The results show that heatwaves can have a very strong impact on grapevine yields. These impacts
strongly depend on the onset dates and duration of the heatwaves. The highest negative impacts may
result in a decrease in the yield by up to —35% in some regions (Figure 5, left panel). The descending-
order ranking of the frequency of occurrence of the heatwave peak dates is 15 July, 1 July and 1 August
(Figure 4). The results have shown that regions that have their peak date on 1 August will be more
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negatively impacted than other regions (Figure 6). The impacts of heatwaves before and after these
dates resulted in much less yield reduction (Figure 3). Heatwaves in September show a very low
impact in many regions. While being true that heatwaves at this specific period may not be very
common, this pattern may be modified by climate change.

This reduction in yields is explained by the detrimental effects of extremely high temperatures
on grapevine physiology. Several studies have documented these effects [23,48-51]. As an example,
Molitor and Keller [52] showed for the Luxembourgish Moselle region that post-bloom maximum
temperatures (especially over the first three weeks after bloom) are negatively correlated with annual
yield. This might be explained by the fact that cell division and cell expansion are reduced under heat
conditions and, as a result, berries remain smaller [52]. Kliewer [53] demonstrated that temperatures
above 32.5 °C between bloom and 12 to 18 days thereafter reduced berry size compared to 25 °C.

The geographical representation of yield reduction hints at a latitudinal gradient in the heatwave
impact (Figure 5, right panel). In fact, regions at lower latitudes seem to show slightly lower negative
impacts than regions at higher latitudes. This may be partially explained by the fact that vineyards in
Southern Europe are most adapted to higher temperatures than regions in Central Europe. Furthermore,
productivity in Southern European countries, such as Spain and Portugal, is already typically low [54],
when compared to Central Europe, and this productivity difference could partially explain the lower
decrease. Under Southern European conditions, the highest yield reductions were observed when
a heatwave occurs in July, while this was verified in early August for the northern cooler regions.
This might be explained by the later annual phenological cycle under cooler conditions, i.e., it is
assumed that the temporal shift in phenology might be the reason for the temporal shift of maximum
yield reduction.

Some limitations of the present study can be mentioned. In effect, there are uncertainties inherent
to this kind of modelling assessment. The first limitation is tied to the crop model. Although STICS
has previously shown a high agreement with observed conditions, the model may not satisfactorily
incorporate critical plant processes to assess the full impact of heatwaves. As an example, the model
does not include a module to address berry and leaf sunburn, which is a common consequence of
heatwaves. Another limitation of the current study is that it does not take into account multiple
heatwaves in a single year, i.e., only one heatwave per year was considered. The uncertainty related to
the future scenarios should also be mentioned. Increased atmospheric CO, concentration partially
offsets the dryness effects, promoting yield and leaf area index increases in Central/Northern Europe.
Moreover, the current study simulations are based on a modification of a single climatic variable
(air temperature), whereas several other atmospheric variables can also play a key role during a
heatwave, such as air humidity, radiation fluxes, wind and pressure, amongst others. Another aspect is
related to the occurrence or not of precipitation in the days before the heatwave, as it may also impact
the results.

Furthermore, there is still some uncertainty related to the effect of high temperatures that are
not completely understood [30]. As an example, in some studies with reduced stomatal conductance
owed to extreme heat exposure, grapevines recovered within a few days [16,19,20]. Furthermore,
some varieties are more heat-tolerant than others [55,56], and several acclimatization processes have
been identified for extreme temperatures [25,49,57]. In the present study, a single variety (cv. Pinot
noir) was used in the modelling approach. Nevertheless, in reality, vineyards in Europe are composed
of many rootstocks, cultivars and botanical clones that eventually determine yields, e.g., see [58].

Given these results, and to the projected increase in heatwave occurrence and intensity under
future climate conditions, adequate and timely planning of suitable adaptation measures needs to
be adopted by the winemaking sector. One of the main adaptation measures is the selection and
cultivation of variety-clone-rootstock combinations more resilient to the projected heat and water stress
conditions [45]. Additionally, training systems that promote higher water-use efficiency should be
envisioned, such as the Gobelet [59]. In general, all measures that promote higher water-use efficiency
may be seen as adequate adaptation measures against the negative impact of heatwaves [60-62].
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The present study may be considered to be a first approach to modelling heatwave impact on
grapevines. Although these findings highlight the detrimental impact that heatwaves may bring to
the European winegrowers, further research should be envisioned to evaluate and improve these
modelling assessments, so as to provide more accurate information regarding the effects of extreme
events on viticulture.

5. Conclusions

The present study highlights the negative impacts that heatwaves may have on the main
viticultural regions in Europe. This information, is critical for stakeholders and decision-makers within
the European winemaking sector, as it allows them to timely plan suitable adaptation measures that
may ensure the future sustainability of this important socioeconomic sector.
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