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Abstract

The global increase in extreme weather and climate events may dramatically impact agricul-
ture, food safety, and socioeconomic dynamics. The Mediterranean basin is already exposed
to extreme climatic events, severely challenging viticulture, a pivotal Mediterranean agro—
industry. This study aims to understand better how climate is expected to evolve in six viti-
culturally important Mediterranean regions in Portugal, Italy, Turkey and Morocco, using a
4—-member ensemble of climatic model projections under Representative Concentration Path-
ways (RCP) 4.5 and 8.5 for 20412070, and using the 19812010 period as a baseline. By
comparing the main specific challenges these locations will face, we comparatively define
the best strategies to reduce the impacts of climate change at the national and regional levels.
Projections show increases in overall temperatures, up to + 3.6°C than the historical baseline,
whilst precipitation projections indicate decreases that could reach 36% of the overall annual
precipitation. Biological effective degree days, consecutive dry days, growing season length,
tropical nights, or very heavy precipitation days, also show challenging prospects for viti-
culture in these countries. A screening of the adaptative strategies already undertaken in the
studied countries suggests that growers are taking reactive rather than preventive strategies.
Moreover, the discussion of the most suitable strategies in this study is region—specific, i.e.,
prioritised by the specific needs of each location. The conclusions drawn herein may support
local growers, improving their decision—-making based on the most adequate adaptive strate-
gies to their conditions, thus optimising their sustainable production under changing climates.

Keywords Mediterranean viticulture - Grapevine protection - Climate change impacts -
Climate risk-reduction - Site—specific adaptation - Comparative assessment

1 Introduction

Climatic projections indicate that significant modifications are expected, regarding temperature,
precipitation, and frequency of extreme weather phenomena. In the Mediterranean basin, the cli-
mate is mainly divided into two seasons, with cool, temperate, wet winters, and hot, dry summers
(Seager et al. 2019). This region is being classified as a hotspot of climate change, with critical
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data reporting extremely long periods of dryness, and increasing temperatures, meaning that
Mediterranean agriculture, and food safety and security, are endangered (del Pozo et al. 2019).

Viticulture is an ancient agricultural activity in the Mediterranean, with wine and table
grapes being some of its most distinctive products, and a trademark of its landscape and
environment. Furthermore, viticulture production engages agrotourism, thus promoting
even further local economy and social development (Caldas and Guedes 2015). The most
productive Mediterranean countries in terms of winemaking and exportation include Spain,
France, and Italy (Droulia and Charalampopoulos 2021; Santos et al. 2020). Mediterranean
viticulture has a high value due to its production regions’ characteristics, and several fac-
tors contribute to it. The dynamic, yet fragile balance between the combination of climatic
traits, topography, soil structure, water/nutrient availability, the genetic specificity of local
grapevine varieties/rootstocks, and cultural practices conceive the ferroir concept (Blotevo-
gel et al. 2019; Czigany et al. 2020; Ricardo-Rodrigues et al. 2019).

Grapevine (Vitis vinifera L.) growth and development, physiological processes, and plant
yield and quality are influenced by macro—, meso— and microclimate, and variations in climate
allow the production of wines with different characteristics (Fraga et al. 2014). The grapevine
vegetative cycle is highly controlled by temperature, which governs the cycle, including the
harvesting time (Santos et al. 2020). The optimal temperature for the vineyard growing season
commonly varies between 12°C and 24°C, and temperatures that fall over this interval can dam-
age vines, mainly by causing heat stress and harming productivity (Santos et al. 2020). Further-
more, temperatures outside these values can alter the plant’s cycle, namely the duration of phe-
nological stages and product quality (Dinu et al. 2021; (Droulia and Charalampopoulos 2022).

Water availability is another important factor, concerning viticulture management. Pre-
cipitation is, therefore, one of the most important atmospheric conditions for vineyard pro-
ductivity, yield and product quality, as its scarcity might determine/endanger the outcomes
of the cycle, such as budburst, and shoot/inflorescence development. Furthermore, the lack
of hydric resources during the cycle can cause reduced morphological growth, limited pho-
tosynthetic activity, and diminished cluster production (Santos et al. 2020). However, some
studies revealed that a controlled water deficit can improve wine flavour and aroma, by
increasing terpene, anthocyanin, and phenol contents (Deluc et al. 2007; Savoi et al. 2016).
Excessive precipitation is another issue, as it promotes plagues and diseases, especially
fungi, due to the overgrowth of plant tissue and favourable weather conditions, such as
higher relative humidity and increased water availability (Martinez-Bracero et al. 2020).
Moreover, excessive precipitation can inclusively decrease grape and wine composition
and quality, mainly due to sugar dilution in berries (Reynolds and Naylor, 1994).

The Mediterranean territory is already suffering from several difficulties linked to cli-
mate change, such as aggressive droughts, increasing extreme weather events, and high
temperatures and irradiance. The projections indicate that the Mediterranean region’s
warming will be 25% more aggressive than the global mean (Giorgi and Lionello, 2008;
Lionello and Scarascia 2018) and a shortage of water availability, mainly due to decreased
precipitation and increased temperatures (Lionello and Scarascia 2018). Projections also
indicate an intensification of interannual climatic variability, a continuing rise of extreme
event frequency, and a reduction of suitable areas for traditional crop production and, con-
sequently, for agricultural production as a whole (Grasso and Feola 2012).

These projections are challenging for viticulture sustainability, as climate change may
transform viticulture and winemaking (Santillan et al. 2019). The abovementioned expected
increasing temperatures in the Mediterranean basin can negatively impact grapevines, such
as by decreasing plants’ productivity due to a more erratic budbreak (Dinu et al. 2021), by
anticipating the vegetative cycle and accelerating the accumulation of sugar in berries (Sadras
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and Moran 2013), by decreasing pollen grain viability (Pereira et al. 2014) and by decreasing
water availability, due to strengthened evapotranspiration. Furthermore, as a decrease in pre-
cipitation is projected for the region, water availability per se will already be diminished. The
impacts of a decrease in water availability may be threatening, as it decreases net photosynthe-
sis and CO, assimilation, promotes stomatal closure, and lowers the yield, and total biomass
(Flexas et al. 1998; Zs6fi et al. 2009; Zufferey et al. 2017). However, it is also understood that
mild drought stress can be beneficial to wine quality, as it enhances the production of second-
ary metabolites, such as anthocyanins and phenols, and promotes higher sugar concentration,
improving their distinctive flavour and aroma (Zufferey et al. 2017; Drori et al. 2022).

Despite the climate change scenarios and their potential impacts on viticulture, produc-
ers have, generally, undervalued the necessity to search for and implement adaptation strat-
egies, that could reduce climate change impacts and risks on their yields and product qual-
ity (Santillan et al. 2020). Furthermore, as is suggested, the process of developing better
adapted vineyards to climate change is more demanding than other crops, as it is normally
projected for decades of production, and as slight modifications could have a significant
impact on both yield and quality, meaning that adaptations should be thoroughly projected.

This work aims to compare a climate projection defined for several Mediterranean
regions in Portugal, Italy, Turkey, and Morocco, to understand how climate is expected
to evolve, and how climatic variability is accentuated within the Mediterranean basin. An
assessment of climate change impacts on viticulture in these locations, regarding the severity
of the projections and the stage of strategy adoption by growers reacting to climate change
prospects, will also be performed, by comparing climate projections with the information
obtained by the expertise of the PRIMA VineProtect consortium, and their direct contacts
with growers from each region. We also aim to use the results from those projections, and
the obtained information regarding the ongoing strategies in those regions to discuss the
better fitting adaptations, and promote knowledge exchange, with both the scientific com-
munity and growers, contributing to the capacity building of the growers of these regions.

2 Materials and Methods
2.1 Description of Mediterranean viticulture regions under study

Vineyards from six Mediterranean regions, namely in Portugal, Italy, Turkey, and Morocco were
considered. These regions have been selected because they are the object of a study conducted
by the consortium of the PRIMA “VineProtect” project (https://vineprotect—prima.com/). Their
description is summarised in Table 1, and their location in each country is shown in Fig. 1:

2.2 Climatic data collection and analysis of agronomic parameters

Agroclimatic indicators (Nobakht et al., 2019) from the COPERNICUS Climate Data Store
were obtained (0.5° latitude x 0.5° longitude resolution), as described in Table 2. The pre-
sented data represent an average of the values of each indicator for the grid containing
each of the analysed locations of the PRIMA VineProtect project’s vineyards. Regarding
Vila Real, the selected grid was the 7°30°W — 8°0’W, 41°0’N — 41°30’N. Considering Foz
Coa, the selected grid was the 7°0’W — 7°30’W, 41°0’N — 41°30’N. Verona’s climate was
analysed recurring to the 11°30’E — 11°°0’E, 45°0’N — 45°30’N grid. For the two Turkish
regions, Aegean Sea—near and Alasehir, the analysed grids were 27°30’E — 27°0’E, 38°0’N

@ Springer


https://vineprotect-prima.com/

Mitig Adapt Strateg Glob Change (2024) 29:52

52 Page4of43

(zzoT snid-urom)

(170 1oyo1eag—ouIp)

119S9p UBIRYES 9yl AQ PIdUd
-ngur ‘gJew1d AIp pue JoH

QLIpUEXIV,p
JROSIIA “INESUL)) ‘BI[B)]

uouSiAnes
1PUIRQRD) JO[RIA ‘YRIAS ‘N
SIQMUIM QUSWE ‘SISWWNS JOH  -STA BAOUIOE ‘TSBIRY] YI0deY]

SIuIm [00d

IIYase[y pue Jeou—eog Ueagoy

YOSYRLIBIA (OSYBLIEJAl  0DJ0IOJA

U0ISY [eIMNONIA UBIFOY Kodyang,

(€207 TENURD) pUE SIQWWNS WM [IIM BIS[D) ‘B[[OUIP
QUIA URI[R)] ‘§T(T ‘[& 12 LIjOUQ) grew[o pruny djeraduway, -UOY ‘QUOUTAIO)) ‘BUIAIO)) BUOIOA O0JOUIA JO UOISIY Pajedrewa(] Aeir
(4207 01104 Op @ SIOUIM Jom pue ZIIOY—EIUL], ‘BOUBT]
0INO(J Op SOYUIA SO OJMNSU])  [00D ‘SIaWIunS AIp pue wiepAy  —eSunog, ‘[euoroeN—e3sLnoy, BQD) ZO,] PUE [BY B[IA uoI3oy pajeorewaj oo [eSnIog
SQOUAIRJY ewip) SONOLIBA UTBJA] suorgar—qng SuoISay  serjuno))

sisATeue so13ojens uoneidepe pue onewI[do oY) JoJ SUOISAI PAJII[AS AY) JO UONBIYNUIP] | d|qel

pringer

Qs



Mitig Adapt Strateg Glob Change (2024) 29:52 Page50f43 52

10°30°E 11°0E 11°30°E 1290 12°30°E

42°0N

=z
b
§ H
=) 2
z
=z g
H 2
2
z
2 i
2 P
:
Analysed location = ®
£ Emilia-
=l -Romagna Veroma— |}
i Ttalian districts
2 “Liguria Border Countries [l
SO0 26°0€ 26°30€ 27°0E 27°30€ 2B0E 28°30€ 29°0E SOW 8°30W 8°0W 7°30W 70
2T T— T T T T T T T T T T T
;' . 5 p ElJadida Khouribga
BUR! |
< GANAKKALE ) ! Settat
g BALIKESIR 1 &) 5 z St .
S i
" | KOTAHYA ) safi
Rehamna
z El Kelaa des Sraghna
g Youssoufia _
USAK S acik
z
8- i
B
Chichaoua Al Haouz
P AYDIN
z ’ o DENIZLI
P ¥ =z
ﬁi. ‘5’: 3 il £ ) I
Ly 1 -
e | &Y Analysed locations & ‘ Ouarzazate
A MudER" (=] Analysed location  ®
g. % A ‘-}_ ) Turkish districts Agadir Ida Ou Tanane  Taroudannt Marrakech Ta
SV, s [ i s Greece L4 Moroccan districts
P | - | S 2| 1 i

Fig. 1 Geospatial location of the analysed regions regarding their climatic characteristics and their viticul-
ture adaptation strategies to climate change

— 38°30’N and 28°30’E — 28°0’E, 38°0’N — 38°30°N, respectively. Finally, the analysed
Moroccan region of Marrakech is in the 8°0°W — 8°30°W, 31°30’N — 32°0’N grid.

A 30-year average of the ERA-Interim reanalysis (observed data) for each agroclimatic
indicator, in the 1981-2010 period, was used as a baseline. For the climate projections, four
predictive models with yearly mean values, for each analysed parameter, were used, namely
the MIROC-ESM-CHEM Model JAMSTEC, Japan), the IPSL-CM5A-LR Model (IPSL,
France), the HadGEM2-ES Model (UK Met Office, UK), and the NorESM1-M Model
(NCC, Norway). A 4-model ensemble, also with yearly mean values, was selected for the
historical period 1981-2010 and the simulated data was compared to the corresponding
observational ERA-Interim reanalysis. The difference between them was subsequently sub-
tracted from the yearly mean ensemble projections for the 2041-2070 period. This bias cor-
rection methodology is critical to ensure consistency between simulated and observed data.

In this analysis, data collected from the four Representative Concentration Pathways
(RCP) 4.5 and 8.5 models were retrieved, and their respective ensembles were corrected.
The selection of RCPs for this work was based on the consensus that they have among the
scientific community and their utility in climate projections. In RCP4.5, projections are
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moderate, in which it is predicted that, by 2100, the radiative forcing level will increase and
stabilize at 4.5 W/m? (Science On a Sphere 2013). In this scenario, it is expected a rising
in global mean temperature, reaching, in 2100, +1.7 to +3.2°C. RCP4.5 implies that the
emissions from fossil fuels and cement start declining around 2040, establishing the CO,eq
in the atmosphere at the interval of 580-720 ppm. RCP8.5 represents the most serious and
worrying projection, in which, until 2100, is projected that the radiative forcing level will
reach 8.5 W/m?. RCP8.5 projects a range of increased temperatures for 2100 of around
3.2-5.4°C. However, this scenario projects that fossil fuel and cement emissions will start
decelerating only around 2060, though continuing to increase until 2100, projecting that
the CO,eq in the atmosphere will be higher than 1000 ppm (Climate Nexus 2019).

2.3 Data on grapevine physiological responses to stress

Concerning the analysis of grapevine physiological responses to climatic—based stresses,
literature revision was performed based on peer-reviewed journal articles using relevant
keywords in our search, such as grapevines, Vitis vinifera, climate change, drought stress,
heat stress, and Mediterranean viticulture. The review of the main effects was focused on
the type of stress applied/induced, plant responses regarding physiological activity, yield,
fruit quality, varieties involved in the work, location, and the corresponding authors.

2.4 Data on implementation of adaptation strategies

The analysed adaptation strategies were compiled based on literature revision on
peer—reviewed journal articles using relevant keywords in our searches, such as climate
change, viticulture, Mediterranean, adaptation strategies, and on entities’ official docu-
ments related to viticulture and agriculture, such as the MedECC report (2020), Turkey’s
climate change policy, legal and institutional framework (2019), Moroccan Country Cli-
mate and Development Report (2022), and European Union’s Common Agriculture Policy
(2023-27) and European Green Deal (Agriculture and Rural Development 2021). The infor-
mation on the ongoing adaptation strategies in the field was obtained through literature revi-
sion, the knowledge and experience of the PRIMA VineProtect’s experts in their respective
regions, and direct contact with local producers (at least one per region). This information
gathering allowed the identification of several adaptation strategies, including cultural adap-
tations, water usage and dynamics, and soil management techniques in viticulture, allowing
the definition of several short— and long—term adaptation strategies (Table 3).

The suitability of these strategies and information on the stage of implementation were
gathered. This analysis comprised literature revision and the knowledge of the PRIMA Vine-
Protect’s experts in each region, obtained by their experience in past works and by direct con-
tacts with local growers and agents related to the grapevine value chain of each country. A
score from 1 — Hardly ever used to 5 — Very frequently used was attributed to the level of their
awareness about the frequency of the application of each adaptation strategy in their regions.

2.5 Statistical analysis
Climate data transformation and projections presented in this work, namely the yearly means

of the ERA-Interim reanalysis, and the 4-model ensemble for the 1981-2010 and 2041-2070
periods were performed using specifically written Python codes. The historical baseline data,

@ Springer
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for the 1981-2010 period, was obtained by calculating an average of the database of each ana-
lysed parameter. For the projections, the 4-model ensemble values were calculated by averag-
ing their values for 1981-2010, and the differences to the observed values for the same period
were subsequently calculated (bias correction). Then, this same difference was subtracted from
the 4-model ensemble of the climatic data projections for the 2041-2070 period. The Principal
Component Analysis (PCA) presented in this work was carried out using IBM SPSS Statistics®,
version 29.0.0.0.

3 Results
3.1 Climatic historical data of the selected Mediterranean regions

Several climatic parameters for the 1981-2010 period were collected and analysed for the
six regions. As shown in Table 4, differences are observed between these regions, including
within the same country, namely on both annual precipitation sum and temperature indices,
but also in some of the remaining parameters. These climatic differences are shown in the
ombrothermic diagrams of Figs. 2, 5, 8, and 11, and in Table 4.

3.2 Portuguese regions
3.2.1 Climatic analysis of the 1981-2010 baseline period

The observed climatic differences between Vila Real and Foz C6a show that, though aggre-
gated to the same demarcated region, grapevine physiology, and the adopted viticultural prac-
tices, must be distinguished. Foz Cda, has ~40% less mean precipitation than Vila Real. This
is reinforced by CDD, which is 14 days longer in Foz Cda. The analysis highlighted that not
only the sum of total precipitation is lower in the Coa Valley, but also the frequency of rainy
days, which is also shown by the analysis of VHPD, in which Vila Real has a historical mean
of 11.8 days/year, while Foz Cba shows only 3.9 days/year. All these described climatic dif-
ferences are corroborated by the ombrothermic diagrams in Fig. 1, which shows the average
monthly rainfall and temperature data, and where it is observable that Foz Coa (Fig. 2B) has
a longer and more prominent dry season, when compared to Vila Real (Fig. 2A).
Furthermore, BEDD indicates that Foz Cda vineyards have a higher accumulated vegeta-
tive—growth favourable degrees, meaning that the grapevine vegetative cycle is premature in
this area, compared to Vila Real vines. Moreover, the average daily temperature range for the
1981-2010 period is relatively higher in Foz Coa, displaying hotter days (4 0.53°C) and colder
nights (- 0.09°C). The lower mean minimum temperature in the Cda Valley together with the
slightly higher number of tropical nights suggests that winter temperatures are more rigorous
in Foz Cba. GSL values also show that temperatures in Vila Real are slightly more favourable
to the plant vegetative cycle, as it has approximately 5 more days in this parameter than Foz
Coa, likely due to the low temperatures that the Coa region normally reaches during winter.

3.2.2 Climatic analysis of the projections for 2041-2070

Climate projections in Foz Coéa (Fig. 3) show a clear aggravation of the climatic scenario
for the region. On one hand, minimum and maximum temperatures will rise, approximately
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Fig.2 Ombrothermic diagrams of the historical period 1981-2010; A — Vila Real; B — Foz C6a; Mean pre-
cipitation (mm) — blue line; Mean temperature (°C) — orange line

1.5°C and 2.0°C, respectively, for the RCP4.5 scenario, and 3.0°C and 4.0°C, respectively,
for the RCP8.5 scenario. On the other hand, precipitation will decrease at an average of
approximately 5% and 10% in the RCP4.5 and the RCP8.5 scenarios, respectively. This
decrease in AnnP is also reinforced by CDD, showing an increase in consecutive days
without precipitation in both RCPs. These decreases may aggravate the biggest problem in
this viticulture region, i.e. the lack of water resources.

Foz Coa region is, therefore, an accurate example of the impacts that climate change will
have on the Mediterranean region, with a devastating increase in temperatures, in an already
warm ferroir during summer, and a decrease in precipitation, in an already drought—stressed
region. Projections of the other parameters, namely BEDD, TropNights and VHPD, corrob-
orate the aggravation of the climatological conditions in the Cda Valley. Huge increases in
BEDD, which could be more than 1200°C by 2070 (+ 27.5%) in the worst—case scenario, as
well as in TropNights, from 0.57 to approximately 22, by 2070, in the worst—case scenario,
are expected, whilst VHPD remain close to the historical period values.

Vila Real projection dynamics are very similar to those of Foz Cda, being expected a gen-
eral aggravation of climatic conditions (Fig. 4). It is expected an average increase in MinT and
MaxT of 1.9°C and 2.5°C respectively, in the RCP4.5 scenario, and 2.9°C and 3.9°C in the
RCP 8.5 scenario. Precipitation projections for Vila Real show a decrease in AnnP for both cli-
mate scenarios. The RCP4.5 model estimates a decrease of approximately ~8% in AnnP, which
reaches ~11.5% in RCP8.5, for the 2041-2070 period. CDD projection shows an increase in
the number of days without precipitation, meaning a decrease in terms of both volume and
frequency. Furthermore, projections for the remaining studied parameters show an increase in
BEDD, which could reach 20% in the worst—case scenario, but mainly in TropNights, whose
change is dramatic, with a possible increase of ~2180% (in RCP8.5). However, in Vila Real,
VHPD is expected to remain stable, corroborating the idea that precipitation days will be less
frequent, as it will be concentrated on specific days with precipitations above 20mm.

3.3 Italian region of Verona

3.3.1 Climatic analysis of the 1981-2010 baseline period

As observed in Fig. 5, Verona has an interesting temperature amplitude, associated with a
stable precipitation throughout the year, as the ombrothermic diagram in Fig. 5 shows that
Verona has annual wet seasons.
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Fig.3 Climatic parameter projections for Foz Coa, with the bias corrected 4-model ensemble for the 2041—
2070 period; MinT: annual mean of minimum temperatures (°C); MaxT: annual mean of maximum temper-
atures (°C); AnnP: annual precipitation sum (mm); CDD: longest annual period of consecutive days with
less than Imm in precipitation (days); RCP4.5 (green, with standard deviation in dashed green), RCP8.5
(red, with standard deviation in dashed red); Mean value of 1981-2010 period "Baseline" (dashed black
line)

Furthermore, Verona’s temperate climate is interesting for viticulture, which is shown
by the results for BEDD and GSL in the historical period. BEDD in Verona is higher than
in both Portuguese regions, mainly due to higher temperatures in summer months. Moreo-
ver, mean temperatures in winter months are lower than in the Douro Demarcated Region,
which is also positive for the dormancy period of Verona’s grapevines. However, annual
MinT is higher in Verona, meaning that thermic amplitude is also more prominent through-
out the year. The periods without rain are relatively small, as shown by both CDD value
and the stability of the mean precipitation in Fig. 5, but the frequency of tropical nights is
relevant.

3.3.2 Climatic analysis of the projections for 2041-2070

Climatic projections for Verona indicate an aggravation of the main parameters (Fig. 6).

Climate change is expected to impact mainly on temperatures, according to the sig-
nificant increases of MinT and MaxT mean values, estimated to be by 2.3-3.0°C and
2.6-3.3°C, respectively, for the 2041-2070 period. Regarding AnnP, projections do not
indicate significant variations, while the CDD parameter is expected to increase slightly,
likely reaching up to 5 days/year, thus indicating a decrease in the frequency of rainy days.
This is further supported by the slight increase in VHPD. On the other hand, BEDD and
GSL tend to increase significantly, suggesting an anticipation of the vegetative cycle. Trop-
Nights also show dramatic increases, up to 474% in the RCP8.5 scenario.
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3.4 Turkish regions
3.4.1 Climatic analysis of the 1981-2010 baseline period

Since Turkish—selected vineyards are at a considerable distance from each other, although
belonging to the Aegean viticulture region, important climatic differences are expected.
The Aegean Sea—near area, due to sea proximity, has historically a wetter climate than the
Anatolian plateau region, differing in more than 100 mm of precipitation per year. How-
ever, in both regions, AnnP is relatively low, which could already raise some concerns
about water supply to vineyards. CDD is, therefore, normally higher in Alasehir, with his-
torical mean values 18 days/year higher than in the Aegean Sea—near region. These regions
display different temperatures, higher in the Aegean Sea—near region, + 3°C in MinT and
+ 1.2°C in MaxT, compared to Alasehir. BEDD in the Aegean Sea near region is signifi-
cantly higher than in Alasehir (6174.5°C and 5394.2°C, respectively).

The above—described data is corroborated by the ombrothermic diagrams of Fig. 7,
which show that these two Turkish regions have some variation in their seasonal climatic
dynamics, having considerable dry seasons and noticeable wet seasons. However, it is possi-
ble to observe that in the Aegean Sea—near region (Fig. 7A) these two seasons have smaller
amplitudes, with a softer dry season and a more humid wet season, than Alasehir (Fig. 7B).

GSL is also higher in Aegean Sea—near region, approximately + 30 days/year than in Alase-
hir, but the main difference, in all analysed parameters, is TropNights, which is much more
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Fig.6 Climatic parameter projections for Verona, with the bias corrected 4-model ensemble for the 2041—
2070 period; MinT: annual mean of minimum temperatures (°C); MaxT: annual mean of maximum temper-
atures (°C); AnnP: annual precipitation sum (mm); CDD: longest annual period of consecutive days with
less than Imm in precipitation (days); RCP4.5 (green, with standard deviation in dashed green), RCP8.5
(red, with standard deviation in dashed red); Mean value of 1981-2010 period "Baseline" (dashed black
line)
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frequent in the first (45.0 and 5.1 days/year, respectively). These results indicate that the grape-
vine vegetative cycle in the Aegean Sea—near region starts and ends earlier than in Alasehir, and
grapevines have more available water, meaning that viticulture is more vulnerable in Alasehir.

3.4.2 Climatic analysis of the projections for 2041-2070

Climatic projections for the Aegean Sea—near region are challenging (Fig. 8). The projec-
tion for temperature evolution in the region shows an increase in both MinT and MaxT,
whose average, for the 2041-2070 period, could be around + 2.0°C to + 2.9°C in MinT,
and + 2.5°C to + 3.5°C for MaxT, comparing to the historical baseline average. In fact, in
the RCP8.5 model, temperatures could even reach an average of almost 27°C for the last
years of the 2060 decade. Moreover, as MinT is expected to increase, so is TropNights,
which is expected to, at least, double its annual frequency. GSL should be maintained dur-
ing the analysed period. This may be explained by the fact that the historical values for this
parameter are already close to the maximum (363.7 days/year).

The projection for temperature evolution in the region shows an increase in both MinT
and MaxT, whose average, for the 2041-2070 period, could be around + 2.0°C to 4+ 2.9°C in
MinT, and + 2.5°C to + 3.5°C for MaxT, comparing to the historical baseline average. In fact,
in the RCP8.5 model, temperatures could even reach an average of almost 27°C for the last
years of the 2060 decade. Moreover, as MinT is expected to increase, so is TropNights, which
is expected to, at least, double its annual frequency. GSL should be maintained during the ana-
lysed period. This may be explained by the fact that the historical values for this parameter are
already close to the maximum (363.7 days/year). Conversely, BEDD is expected to increase
by 12.3-16.5%. These numbers are accompanied by the sustained decrease in AnnP, which
is expected to diminish by 10.3-23.3%, and by the reinforcement of the decrease in precipita-
tion frequency, with consecutive dry days increasing by 13.9-18.3 days. However, VHPD is
expected to diminish by 6.5-7.0%, which will result in an overall deficit of water supply.

The projections for Alasehir are similar to the ones for the Aegean Sea region, although
slightly more concerning (Fig. 9).

Both analysed parameters show an increase in minimum and maximum temperatures for
2041-2070, which vary between +2.0°C and +2.9°C for MinT, and +2.7°C and +3.6°C for
MaxT, compared to the 1981-2010 mean values. Furthermore, with the increased MinT, huge
increases in TropNights are expected, as the number of nights with temperatures above 20°C
will go up by 37.3 days, meaning an increase of 737.1%, in the RCP4.5 model, or even 58.2
days, meaning an increase of 1148% (the historical mean was 5.1 days). BEDD (15-20%),
CDD (11.9-17.4%) and GSL (2.3-2.4%) will also increase, while VHPD will remain stable.
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Fig.7 Ombrothermic diagrams of the historical period 1981-2010; A — Aegean Sea—near; B — Alasehir;
Mean precipitation (mm) — blue line; Mean temperature (°C) — orange line
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Fig.8 Climatic parameter projections for the Aegean Sea—near regions, with the bias corrected 4—model
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3.5 Moroccan region
3.5.1 Climatic analysis of the 1981-2010 baseline period

Marrakech has the highest averages for minimum and maximum temperatures in the histor-
ical period 1981-2010, between the analysed locations, being 13.8°C and 23.5°C respec-
tively. These values result in the highest mean values for GSL (365.2 days/year, meaning
that temperatures allow grapevines to grow all year round), BEDD (7096.3°C), and Trop-
Nights (52.3 days) registered between all the analysed Mediterranean regions. Moreover,
the annual precipitation sum average value for the historical period (250.3 mm) is, in fact,
the most significant and limiting characteristic of Marrakech’s climate. The ombrothermic
diagram in Fig. 10 reinforces these data, as the dry season happens almost all year, show-
ing that water availability is hugely scarce.

This precipitation deficit is also accompanied by a high CDD (184.8 days), whilst
VHPD is considerably low (1.3 days), compared to the remaining Mediterranean regions
analysed, showing that water availability all year round in this region is extremely low.

3.5.2 Climatic analysis of the projections for 2041-2070

Marrakech wine region is an important example of a Mediterranean region with severe cli-
matic characteristics for viticulture, and a present model for what other regions could face
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Fig.9 Climatic parameter projections for Alasehir, with the bias corrected 4-model ensemble for the 2041—
2070 period; MinT: annual mean of minimum temperatures (°C); MaxT: annual mean of maximum temper-
atures (°C); AnnP: annual precipitation sum (mm); CDD: longest annual period of consecutive days with
less than 1mm in precipitation (days); RCP4.5 (green, with standard deviation in dashed green), RCP8.5
(red, with standard deviation in dashed red); Mean value of 1981-2010 period "Baseline" (dashed black
line)

when climate change takes its course. Although, Marrakech itself has even more problem-
atic projections, as shown in Fig. 11:

These projections show an overall increase in MinT and MaxT, for the 2041-2070
period. In RCP4.5, projections indicate changes of around + 1.7°C and + 2.2°C, for MinT
and MaxT, while in RCP8.5 it is observed that temperatures could increase approximately
+ 2.4°C and + 3.2°C, respectively. In the worst—case scenario, the mean maximum tem-
perature, for 2070, could reach 27.5°C. Also, with this increase in temperatures, BEDD
and TropNights will increase by 9.2-12.9% and 76.4-78.5% respectively. Although pro-
jections for GSL will not have any differences from the historical period, as mean values
for 1981-2010 are already the totality of the days in a year, GSL projected will also be at
its maximum limit. Concerning precipitation projections, mean AnnP for the 2041-2070
period will decrease significantly, from 79.9 to 90.8mm/year, and could even reach
extremely alarming values by 2070, of 122.6mm/year. With these dramatically low pre-
cipitation values, consecutive dry days will increase, from 7.5% to 8.8%, and VHPD will
almost become non—existent, with values for both RCPs being less than 1 day/year.

3.6 Data on physiological impacts of climate change in Vitis vinifera varieties
The following Table provides a resume of the literature revision on the state of the art

of viticulture and grapevine physiology in response to climate change’s impacts, mainly
drought and heat stress (Table 5).
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Fig. 11 Climatic parameters’ projections for Marrakech, with the bias corrected 4—model ensemble for
the 2041-2070 period; MinT: annual mean of minimum temperatures (°C); MaxT: annual mean of maxi-
mum temperatures (°C); AnnP: annual precipitation sum (mm); CDD: longest annual period of consecutive
days with less than 1mm in precipitation (days); RCP4.5 (green, with standard deviation in dashed green),
RCP8.5 (red, with standard deviation in dashed red); Mean value of 1981-2010 period "Baseline" (dashed
black line)
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3.7 Information collection on adaptation strategies adopted by viticulturists

The information on the stage of adoption of adaptation strategies was collected based on a
systematisation approach, carried out by the PRIMA VineProtect consortium (each partner
team in their respective region), considering their existing knowledge on the corresponding
wine regions acquired throughout previous projects and collaborations with the regional wine
sector, literature revision, and direct interaction with local growers of each region. The heat-
map of Fig. 12 assembles all adaptative strategies considered in this work, and the respective
use frequency, which varies from Hardly ever (1 — Red) to Very frequent (5 — Green).

The heatmap shows that the most adopted strategy, which is highly common among all ana-
lysed regions, is the use of more resistant rootstocks, followed by machine and herbicide use, and
then organic compost application. On the contrary, the application of hydrogels/biochar, the imple-
mentation of cover crops, or the use of microorganism treatments are yet shortly adopted. It is also
noticeable that Turkey’s viticulture seems to be the one that adopts a wider range of strategies,
whilst Italy seems to adopt fewer.

To further analyse the obtained data, a principal component analysis (PCA) focusing on
the adaptative strategies applied by growers, and the countries associated with them, was
performed (Fig. 13 and 14).

The PCA of the adaptative strategies shows that there are two major clusters, namely the
short—term and the long—term strategies, which appear to be negatively correlated. This nega-
tive correlation indicates that farmers either opt for the implementation of a wide package of
short—term reactive strategies, or long—term preventive ones. It is noticeable that most of the
short—term strategies are highly correlated, such as sunscreen application, herbicide use, the
anticipation of harvesting, the implementation of cover crops, or smart irrigation, meaning
that, in the cases where farmers opt to use short—term strategies, they use a combination of
them, thus being applied in a complementary approach. Moreover, through the PCA of the
adaptative strategies, short—term options tend to be applied when long—term ones are not.
Long—term strategies, such as the use of heat—tolerant varieties or the diminishing of interrow
length, are highly correlated, meaning that these strategies can be complementarily used in a
long—term adaptation scenario. Furthermore, the association of the use of more resistant root-
stocks with conventional irrigation are negatively correlated with these long—term strategies.

Regarding the PCA for regions’ strategies adoption, in Fig. 14, two distinctive
approaches can be identified. Douro’s (Vila Real and Foz Co6a), Turkish, and Verona’s
approaches are clustered, meaning that they have similar adaptation strategies, which are
predominantly short—term ones. On the other hand, Marrakech’s strategies are quite differ-
ent, as long—term strategies are preferred.

4 Discussion

4.1 Grapevines’ physiological and phytopathological difficulties in aggravated
climatic conditions

The climate scenarios for the 2041 — 2070 period may be challenging for viticulture.
The projected temperatures could decrease grapevine yield, as temperatures above
30-35°C lead to heat stress, excessive water loss, and reduced photosynthesis, limit-
ing growth and productivity, diminishing pollen viability, and causing the abortion of
inflorescences, or limiting berry fruit set and size (Zsofi et al. 2009; Mira de Ordufia
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Smart irrigation (SI)
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Use of shadow nets (SN)
Conventional irrigation (CI)
Use of heat-tolerant vine varieties (HT)
Change in training systems (TS)
Leaf management (LM)
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Organic compost application (OC)
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Fig. 12 Heatmap of the adoption of strategies for climate change mitigation in viticulture, in Douro (Vila
Real and Foz Coa), Verona, Turkey (Aegean Sea and Alasehir) and Marrakech; Avg— Average of the strat-
egy adoption through the four countries; 1— Hardly ever used; 5— Very frequently used
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Fig. 13 Principal Component Analysis of the adaptative strategies analyzed. CC— Cover crops; MA—
Microorganism application; MU- Mulching application; SI- Smart irrigation; VR— Vineyards relocation;
IL- Diminish interrows length; SO— Adaptation of vineyards spatial orientation; SN— Use of shadow nets;
CI- Conventional irrigation; HT— Use of heat—tolerant varieties; TS— Change in training systems; LM—
Leaf management; SA— Sunscreen application; AH— Anticipate harvesting; TI- Tillage; OC— Organic
compost application; HU- Herbicide use; MC— Machine use on cultivation; RR— Use of more resistant
rootstocks; Short—term adaptation strategies have small orange dots in the graphic, long—term adaptation
strategies have big blue dots in the graphic; SO and MA are overlapped

2010; Pereira et al. 2014), although grapevine vulnerability to heat is partially vari-
ety—dependent (Keller 2020). Increased temperatures also manipulate the grapevine
vegetative cycle, anticipating their phenological stages, lowering bud break percentage,
the yield and the berry quality and aroma (Mori et al. 2005; Duchéne et al. 2010; Ben
Mohamed et al. 2010; Parker et al. 2011, 2013, 2020; Franck et al. 2011; Cooke et al.
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Fig. 14 Principal Component Analysis of the countries’ strategies stage of adoption. IT — Verona (blue dot);
MO — Marrakech (yellow dot); PT — Douro (Vila Real and Foz Cda) (green dot); TR — Turkey (Aegean Sea
and Alasehir) (red dot)

2012; Sadras and Moran 2013). Also, accumulated heat in soils decreases organic mat-
ter, carbon storage, and microbiome dynamics (Schultz 2022), and leads to dryness, by
increasing vapour pressure deficit, resulting in consecutively smaller water—containing
pores, increasing its inaccessibility for grapevines’ roots (Watt et al. 2006).

Projections for precipitation show that water availability will decrease. This is a chal-
lenging factor as drought—stressed plants tend to close stomata to prevent excessive water
loss, thus limiting photosynthesis, and inhibiting plant growth and development (Flexas
et al. 1998). Also, predictions for CDD suggest prolonged drought stress, leading to hor-
monal imbalances, with the increase of abscisic acid (ABA) and the decrease of cyto-
kinin, promoting the biomechanisms associated with fruit ripening, which accelerates
the maturity process, promoting ripeness in hotter conditions (decreasing wine quality)
and causing leaf senescence and abscission (Zufferey et al. 2017; Pilati et al. 2017). This
induced mechanism to limit water loss via evapotranspiration is crucial for their survival
(Hochberg et al. 2017; Romero et al. 2017).

Changes in temperature and precipitation also influence the equilibrium of the dis-
ease pyramid, impacting the grapevine physiology and yield, and influencing patho-
gens’ reproductive cycles, destabilizing the delicate equilibrium between plants and
pathogens, although these imbalances are region—specific. It is estimated that, in humid
regions with projected higher temperatures, diseases such as powdery mildew, flaves-
cence dorée, or black rot, can increase their negative influence on grapevine physiology,
mainly by modifying photosynthesis and berry composition, which could ultimately
impact wine quality (Bocca et al., 2020; Boudon and Maixner, 2007; Ciliberti et al.,
2015; Pirrello et al., 2019; Singh et al., 2023; Valdés-Gomez et al., 2011). However, in
already warm regions, the increased temperatures could reduce pest/disease incidence
(Mira de Orduiia 2010).
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4.2 General approach to the climate projections and adaptation strategies

Regarding the above, it is mandatory to find adaptation strategies that enhance both the
physiological tolerance of vineyards and the sustainability of the winemaking sector (Mar-
tins et al. 2021), and these strategies need to be efficient and region—oriented. Adaptation
strategies such as delaying the grapevine vegetative cycle, reducing sun exposure, man-
aging/optimizing water consumption, or strategically projecting new vineyards, must be
some of the focuses for growers. To achieve it, changes in pruning systems must be con-
sidered, such as Guyot or the minimal pruning ones, which can be a good strategy, as they
manipulate grapevines, by preventing excessive transpiration, and delaying their vegeta-
tive cycles and berry maturity (Bernardo et al. 2018; Malheiro et al., 2020; Molitor et al.,
2019). Moreover, the goblet pruning system is one of the most interesting water—saving
strategies (Santillan et al. 2020), as it optimises the branches and leaves architecture, reduc-
ing berries’ sun exposure and water loss through evapotranspiration. However, this pruning
system must be carefully planned, as it has a low yield (Deloire et al. 2022).

Leaf area management should also be optimized, as higher leaf area increases water
consumption and transpiration, as well as carbon assimilation, leading to excessive water
loss, increased sugar content, and an imbalance of wine quality (Santos et al. 2020).
However, this strategy must be thoroughly analysed before its use, as in dry and warm
areas it may have a negative impact, namely by excessively exposing bunches to direct
sunlight, which modifies the organoleptic characteristics of berries (Basile et al. 2015).

The application of sunscreens, namely kaolin, may be an interesting alternative to
decrease excessive water loss and leaves and berries scorching on hotter periods, as it
lowers leaf temperature and improves water relations (Molitor et al. 2011; Bedrech and
Farag 2015; Dinis et al. 2016, 2018). Harvesting anticipation can also help maintain prod-
uct quality if sugar and acidity levels are monitored to select the best harvesting moment.

Structural changes can also be considered, such as optimising the location and spa-
tial orientation for vineyard implementation, or diminishing the interrow length to reduce
sun exposure (although this needs to be thoroughly planned, as diminished interrows
will increase water consumption). The implementation of vineyards with more heat/
drought—tolerant varieties, such as Cabernet Sauvignon, Malbec, Merlot, Syrah, Victo-
ria, Sigrawn, or Abbou, and/or with more resistant rootstocks, such as the M ones, or the
Moroccan Abbou rootstocks, are also fundamental structural strategies (Frioni et al. 2020).
In already implemented vineyards, resource strategies such as implementing shadow nets,
the application of biostimulants (Gutiérrez-Gamboa et al. 2019), or the application of the
abovementioned kaolin, could increase plant tolerance to higher temperatures (Bernardo
et al. 2018; Bernardo et al. 2021; Koch and Oehl, 2018; Santos et al. 2020).

Regarding water shortage projections, adaptative strategies such as smart irrigation,
the application of hydrogels, and the implementation of mulching should be considered in
established vineyards (Medrano et al. 2015; Maienza et al. 2017). Concerning irrigation,
it is understood that vineyard production benefits from mild drought stress, as it improves
product quality (Plantevin et al. 2022). Therefore, to maximize this optimal balance between
drought stress, product quality, and yield, smart irrigation systems, mainly drip irrigation,
may be the most effective strategy to maximize water use (Du et al. 2008; Miras-Avalos
et al. 2017; Santos et al. 2020). However, a smart irrigation strategy will depend on the
region’s possibility to use fresh water as a resource, which will be higher in the cases of
Verona or Vila Real, and extremely low in the case of Morocco. Furthermore, as efficient
water management is becoming more and more important, the use of irrigation in any way
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should be considered a last resource in all regions, as growers must prioritize alternative
strategies, such as the implementation of hydrogels in grapevines’ rhizosphere, as they opti-
mize water usage by plants, namely by their swelling capacity, avoiding excessive water run-
off, and by their slow water release, preventing further water losses (Uysal et al. 2023).

Adaptative strategies for soil management should also be considered and should prior-
itize maintaining/improving soil moisture and nutrient content, enhancing water retention,
and promoting soil fauna and microbiome prosperity. Therefore, soil management strate-
gies should include the removal of weeds, mulching and organic compost application, and
N,—fixing cover crops implementation, although the last one should be seasonal — dormancy
period — to avoid excessive water competition with grapevines during growing season (Burg
et al. 2022; Gattullo et al. 2020; Novara et al. 2011; Schmidt et al. 2018). Also, organic com-
post application becomes more relevant as VHPD frequency increases, as heavy precipitation
increases soil erosion and nutrient runoff (Costa et al. 2023). Tillage and the use of machin-
ery are not recommended, as they negatively impact yield and quality, microbial diversity,
and organic matter content, and promote soil erosion (Gémez et al. 2009; Bahar et al. 2019).

Lastly, the application of beneficial microorganisms solutions, combined with exten-
sive soil condition monitorization to promote an increase in microorganism diversity, can
increase grapevine development and defences against pathogens and should be considered
in all sites (Vimal et al. 2017). The role of plant growth—promoter bacteria (PGPB) could
become relevant, as the optimization of the physiological processes and the maximization
of the rentability of natural resources is fundamental in climate change mitigation. These
PGPBs promote N, fixation, PO, and K solubilisation, siderophore and auxin production,
or S oxidation, improving nutrient availability for plant uptake (de Gannes et al. 2015; Fer-
reira et al. 2019; Aguilar et al. 2021; Darriaut and Lailheugue 2022). Biological control
agents (BCA), such as Trichoderma, are also a microorganism solution to consider, namely
due to their capacity to inhibit pathogens’ growth and proliferation, being an ecological
alternative to the application of commonly used fungicides (Harman et al. 2004; Vimal
et al. 2017; Fraceto et al. 2018).

4.3 Current status of the implementation of adaptation strategies

The PCA and the heatmap show that the most innovative adaptation strategies are the least
adopted. The necessity to recur to irrigation is obvious, as the heatmap shows that conven-
tional irrigation is commonly used by most countries, except for Portugal (due to govern-
ment regulations). However, strategies to maximize water use efficiency are rarely adopted,
including smart irrigation or the application of hydrogels.

Alternatively, more conventional strategies are the most frequent option by grow-
ers, namely organic compost application to correct soil deficiencies, leaf management to
reduce water consumption, or the anticipation of harvesting, which are reactive strategies,
rather than preventive ones. This analysis shows that, although growers tend to minimize
their problems in the short—term, they are not in full control of their vineyards, resulting in
decreasing yield, and tend to compensate for the lack of preventive and balanced strategies,
such as cover crops, mulching, or microorganism application. However, the most adopted
strategy, among the four countries explored, is the use of more resistant rootstocks, which
is an important strategy regarding water and nutrient uptake by grapevines.

The PCAs show that, although these different degrees of strategy adoption seem equiva-
lent between Italy, Morocco, Portugal, and Turkey, the specific strategies of each country are
somehow distinct. Firstly, some strategies seem to be antagonistic. Strategies such as resistant
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rootstocks or conventional irrigation are most taken when others, such as heat—tolerant varie-
ties, leaf management, or mulching application, are not. This could mean that viticulturists,
when conventional irrigation is available and sufficient, prefer to change rootstocks as a first
strategy, instead of losing both native products’ quality and footprint (granted by varieties in
use), and yield (which would be the case in leaf management). Furthermore, as conventional
irrigation maintains water status at an adequate point, mulching is not a priority.

Another antagonistic rate of adoption seems to be the preference for a short—term
multi-strategy approach, mainly with anticipation of harvesting, irrigation, sunscreen and
organic compost application, or cover crops implementation, instead of the more demand-
ing long—term strategy of vineyard relocation. This could be due to the necessity of new
vineyard implementation to adopt more structural, long—term strategies, which does not
solve the problems in present vineyards. However, it is clear in the analysed data that
Morocco is significantly ahead of the remaining countries in the adoption of long—term
strategies, suggesting that Moroccan growers are suffering from high temperatures and low
precipitation levels for a longer period than Portugal, Italy, or Turkey.

4.4 Adaptation Strategies in Portuguese regions

Regarding the Portuguese regions, results show that they have a very balanced strategy
adoption, meaning that a combination of them, which are complementary, is being applied.
This adoption of multiple short—-term adaptation strategies balances the lack of adoption
of long—term ones, meaning that growers are trying to defend the established vineyards,
instead of projecting new ones.

The screening of the adaptation strategies in Portuguese regions showed that, regarding cul-
tural adaptations, changes in pruning systems are frequently applied, changing mainly to double
Guyot. Leaf area management is also common, especially in locations where natural leaf scorch
is less frequent. The most used strategy is the adoption of more resistant rootstocks (namely the
1103P), followed by the anticipation of harvesting. Also, sunscreen (e.g., kaolin) is widely used.
Neither shadow nets, interrow space shortening, vineyard relocation with more resistant varie-
ties and rootstocks, nor adaptative measures for water management are being adopted. For soil
management, only the application of organic matter and weed removal are frequent.

4.5 Adaptation Strategies in Verona

Regarding Verona, results show a clear focus on their climate change adaptation efforts in two
key factors: the use of more resistant rootstocks, and conventional irrigation. This focus, asso-
ciated with the lack of adoption of heat—tolerant varieties, reinforces the idea that Veronese
growers are prioritising their native varieties, valorising their cultural and viticultural inherit-
ance. Nonetheless, grapevine growers in Italy are implementing some other strategies, almost
exclusively short—term ones. However, changes in training systems are an option in some
cases, normally changing to double Guyot, although pergola veronese, a high water—consum-
ing pruning system, is still frequently used. Despite the use of resistant rootstocks being a
constant, strategies such as leaf area management, the anticipation of harvesting, or the adap-
tation of vineyard orientation and relocation are currently rarely used. Moreover, smart irri-
gation is rarely seen. Concerning soil management, herbicide is often used, and it is the main
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strategy to remove weeds, although machinery is also an option. Organic compost application
is frequent, whilst mulching, cover crop and microorganism applications are rarely used.

4.6 Adaptation Strategies in Turkish regions

Turkish growers have a different approach, as overall strategies are used at different fre-
quencies and a higher number, compared to the previously analysed locations. As Turkish
sites are some of the most climatically endangered ones, and as they already experience
very high temperatures and low precipitation levels, these results would be expected. How-
ever, it is noticeable the effort to adopt innovative solutions, besides one of the most basic
and effective ones, the change in pruning systems, is not being specially adopted.

In the analysed Turkish regions, the most frequently used cultural strategies are the
anticipation of harvesting, the use of more resistant rootstocks, and sunscreen applica-
tion. Furthermore, they are implementing shadow nets, and adapting the spatial orienta-
tion of vineyards, in some cases. Changes in pruning systems are rarely an alternative,
showing that they prefer to choose alternative strategies before decreasing productivity.
Conventional and smart irrigations are common, whilst hydrogel application is never
used. Concerning soil management, weeds are removed both mechanically and through
herbicide application, and organic composts are frequently applied. The application of
microorganisms is already a strategy utilized in some cases. Mulching and cover crops
are rarely used.

4.7 Adaptation Strategies in Marrakech

Marrakech’s growers have a very different approach regarding the adoption of strategies
to mitigate climate change. The option for long—term strategies is more common, which
is probably due to the most severe climate conditions for viticulture practice, and to the
longer period in which growers are exposed to difficulties in vineyard production. Mar-
rakech’s viticulturists focus on managing water, as strategies that are currently applied are
directed to reduce water loss. The analysis of the PCA proves exactly that, as Marrakech’s
main strategies include the change in training systems, the implementation of shadow nets
(which also contributes to the reduction of sun exposure, explaining the lack of use of sun-
screen) and mulching, and leaf management, to reduce water loss by evapotranspiration.
Also, more resistant varieties and rootstocks are often used. Regarding irrigation, conven-
tional irrigation is used in some cases, although carefully managed due to water scarcity,
turning out to be short for plants’ demands, also due to the high temperatures. Smart irriga-
tion is not used, nor is the application of hydrogels in soil. For soil management, herbicide
and machinery use is an option in some cases, whilst the use of cover crops and microor-
ganism application is never an option.

4.8 Are growers making the best decisions?

Regarding adaptative strategies to mitigate climate change impacts, it was observed that
growers are adopting different actions. Turkish growers seem more advanced in some
strategies, which is understandable, as Turkish regions has higher temperatures and lower
precipitation levels than Vila Real, Foz Cda, and Verona. An interesting study conducted
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in Turkey showed that growers are aware of climate change and its impacts (Uysal et al.
2023), which justifies the higher strategy adoption. However, this is not the case in most
of the Mediterranean basin, as most of the taken decisions are not enough to effectively
respond to climate change.

Vila Real growers should prioritize their efforts on minimizing water losses through
evapotranspiration. The expected increase in temperatures will cause aggravated evapo-
transpiration losses, lowering soil water availability, meaning that the focus of Vila Real
growers should be to minimize water losses, recurring to mulching, as it is effective
in retaining water already available in the soil, increasing humidity and decreasing its
temperature, while also having a role in weed control and contributing to soil organic
matter content (Cabrera-Pérez et al. 2023). Winter cover crops should be considered,
as they promote soil biodiversity, increase carbon content, improve water infiltration,
increase N—availability, and reduce soil erosion (Abad et al. 2021). Moreover, for water
storage in soils and to optimize its use efficiency, hydrogel application should be con-
sidered (Dayal Bairwa et al. 2020; Genesio et al. 2015). Other relevant strategies, such
as the change in training systems, the application of sunscreen in the hottest summer
periods, leaf area management, and the use of more resistant varieties and rootstocks,
should be maintained.

Foz Coéa has a different scenario. Despite the strategies to reduce evapotranspiration
in Vila Real are also suitable for the Coa Valley, as it needs to maximize water manage-
ment, heat increase should not be undervalued. Here, the decision should be to continue
the implementation of new vineyards with more resistant varieties, as well as more
resistant rootstocks, such as the M4, which proved to be more efficient than the cur-
rently used 1103P in water use and in improving leaf gas exchanges (Frioni et al. 2020).
Also, plant management, mainly pruning and leaf area, should be optimized, limiting
plant growth and focusing on product quality. The implementation of shade nets should
be seriously considered, as they lower leaf temperature and reduce sunburn incidence,
promote plant growth, and delay harvesting periods, which is one of the main concerns
in the region (Serat and Kulkarni 2013). Interrow length and vineyard spatial orienta-
tion in new vineyards should also be optimized to defend plants from excessive solar
exposure (although it should be planned carefully, as the shortening of the interrow
length could lead to excessive plant competition for resources). Weed control should
also be well addressed, to minimize water and nutrient losses, in which mulching could
also play an important role (Burg et al. 2022). Microorganism solutions, combined with
the already application of organic compost to correct soil imbalances, could be an inter-
esting strategy to maximize plant nutrient uptake, mainly in poor soils, such as the ones
in Foz Coa.

The region of Verona is also worrying about the changes that climate change may cause
to viticulture. Although water availability is expected to be stable, it is less abundant than
in Vila Real, whilst expected temperatures are similar to the Portuguese region. Therefore,
grapevine growers should prioritize their efforts to maximize water usage, through hydro-
gel and mulching application, whilst opting for a less water—demanding pruning system,
such as the double Guyot. These strategies should be considered, as others are already
being taken, mainly the use of more resistant rootstocks, changes in pruning systems, and
kaolin use. Microorganism applications should also be considered, mainly BCAs, due to
the possible increase in pathogen incidence, as temperatures will be higher and precipita-
tion levels maintained.

Turkish regions are more alarming, as climatic conditions are expected to worsen, mean-
ing that grapevine growers must take several measures to reduce its impact. Some are already
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being taken, such as the use of shade nets, the spatial adaptation of vineyards to reduce sun
exposure, and microorganism application. Leaf area management, harvesting anticipation,
sunscreen application, the use of more resistant rootstocks, and organic compost applica-
tion, are also implemented strategies. More resistant varieties are sometimes used by growers,
although the use of local and international varieties is preferred (i.e. Kalecik Karasi), despite
their low heat/drought tolerance. Moreover, conventional and smart irrigation are also being
used. However, strategies such as the change in pruning systems, mulching, cover crops, and
hydrogel application, are rarely or never used, and should be the points to improve, as it seems
that growers, due to their use of irrigation, are not adopting strategies that preserve water avail-
ability in soils, which should be the focus, as water availability is expected to decrease.
Marrakech’s viticulture is extremely endangered by climate change and, although
some strategies are being adopted, there is much more to do, so that viticulture is sus-
tained. As annual precipitation is extremely low, irrigation would be fundamental for a
healthy vegetative cycle. However, as water is extremely scarce, irrigation should be the
ultimate resource, meaning that water loss containment and maximizing water availabil-
ity in soil is a priority. Therefore, hydrogel integration in grapevines’ rhizosphere, and
mulching application, are mandatory. Although the use of shadow nets is an important
strategy to reduce sun exposure, complementary actions, such as the management of the
vineyard spatial orientation and the approximation of interrow should be considered.

5 Conclusions

Climate change in the Mediterranean basin is more and more impactful, as heat and
drought waves, extreme events, and changes in climate dynamics are more frequent.
Climate projections for the region show that these events will be more frequent, and
that temperature and precipitation will continue its’ aggravation tendency, to values that
are considered challenging for viticulture, its products, and the socioeconomy associ-
ated with it. The influence on viticulture is already being observed, as grapevine grow-
ers are challenged to solve issues on their productions, which are sometimes softened
or delayed by their interventions. Even though some efforts are starting to be made by
growers, these impacts tend to be more and more severe and are starting to threaten
productivity, product quality, and even the characteristics that define the ferroir, which
attributes to each production site its uniqueness and value. Nonetheless, most of the
efforts made by growers are based on the use of reactive strategies, and not preventive
ones, meaning that growers are not fully informed of the real impacts of climate change
on their vineyards, or that they do not yet attribute the adequate importance to the issue,
which postpone the implementation of the best actions to reduce them.

The differentiation among the subregions in the Mediterranean area allows the under-
standing of region—specific climate dynamics, promoting optimized and oriented deci-
sion—-making regarding adaptative strategies. This site—specific analysis showed that
different regions need different strategies and have different priorities. Portuguese, Ital-
ian, and Turkish growers have distinct urges from Morocco ones, as the African country
already is experiencing a direct threat to viticulture itself. However, Portuguese, Italian,
and Turkish viticulture could be exposed, in the next decades, to more similar difficulties
to Morocco, and a closer look at how Morocco adapted their vineyards to climate change
can be important to anticipate major physiological, economic, and sociocultural problems.
Regarding the projections presented in this work, Morocco should be thoroughly analysed,
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and be considered a role model in some adaptation strategies to the European countries
under the ongoing warming and drying trends. This work also showed that growers are
still using, in much higher frequencies, “conventional” strategies, that have been known
for some decades, instead of applying innovative, more efficient ones. Furthermore, as
some strategies can be very cost demanding and questionable regarding their ecological
impacts, it is of crucial importance to adopt, as much as possible, an integrated produc-
tion system (IPS), in which biodiversity with authoctonous species is promoted. In this
case, the IPS approach would be considered a multi-strategy one, in which it could be
possible to, for instance, reconsider the use of shade nets in some cases, by prioritizing
the growth of olive trees, which would also promote soil management, water conservation,
whilst maintaining the natural landscape (Costantini and Barbetti 2008). Therefore, it is
crucial to accelerate scientific communication with growers, enhancing their capacity to
understand the problems ahead and sustainably make the best decisions.

Appendix

Graphics of the remaining climatic parameters analysed in the study
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Fig. 15 Climatic parameters’ projections for Foz Cda, 2041-2070 period; BEDD: sum of
yearly biological effective degree days (°C); GSL: Number of days between the first occur-
rence of at least 6 consecutive days with mean temperature > 5°C and the first occurrence
after 1st July of at least 6 consecutive days with mean temperature < 5°C); TropNights:
number of days with minimum temperature > 20°C; VHPD: number of days of precipi-
tation above 20mm; RCP4.5 (blue), RCP8.5 (orange); Mean value of 1981-2010 period
"Baseline" (dashed line)
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Fig. 16 Climatic parameters’ projections for Vila Real 2041-2070 period; BEDD: sum of
yearly biological effective degree days (°C); GSL: Number of days between the first occur-
rence of at least 6 consecutive days with mean temperature > 5°C and the first occurrence
after 1st July of at least 6 consecutive days with mean temperature < 5°C); TropNights:
number of days with minimum temperature > 20°C; VHPD: number of days of precipi-
tation above 20mm; RCP4.5 (blue), RCP8.5 (orange); Mean value of 1981-2010 period
"Baseline" (dashed line)
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Fig. 17 Climatic parameters’ projections for Verona 2041-2070 period; BEDD: sum of
yearly biological effective degree days (°C); GSL: Number of days between the first occur-
rence of at least 6 consecutive days with mean temperature > 5°C and the first occurrence
after 1st July of at least 6 consecutive days with mean temperature < 5°C); TropNights:
number of days with minimum temperature > 20°C; VHPD: number of days of precipi-
tation above 20mm; RCP4.5 (blue), RCP8.5 (orange); Mean value of 1981-2010 period
"Baseline" (dashed line)
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Fig. 18 Climatic parameters’ projections for Yun + Sar 2041-2070 period; BEDD: sum of
yearly biological effective degree days (°C); GSL: Number of days between the first occur-
rence of at least 6 consecutive days with mean temperature > 5°C and the first occurrence
after 1st July of at least 6 consecutive days with mean temperature < 5°C); TropNights:
number of days with minimum temperature > 20°C; VHPD: number of days of precipi-
tation above 20mm; RCP4.5 (blue), RCP8.5 (orange); Mean value of 1981-2010 period
"Baseline" (dashed line)
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Fig.20 Climatic parameters’ projections for Marrakech 2041-2070 period; BEDD: sum of yearly biologi-
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of days of precipitation above 20mm; RCP4.5 (blue), RCP8.5 (orange); Mean value of 1981-2010 period
"Baseline" (dashed line)
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Table 6 Frequency of application of the adaptation strategies per country

CLIMATE CHANGE ADAPTATION Portugal Italy Turkey Morocco
STRATEGIES

Long—term strategies Vineyards relocation
Diminish interrow length
Adaptation of the vineyard spacial orientation
Use of shadow nets
Use of heat—tolerant vine varieties

W o= = N o~ N

Change in training systems

Use of more resistant rootstocks
Short-term strategies Hydrogel/Biochar application

Sap flow variation analysis

Trunk diameter variation analysis

Cover crops

Microorganism application

Mulching application

Smart irrigation

Conventional irrigation

Leaf management

Sunscreen application

Anticipate harvesting

Tillage

Organic compost application

Herbicide use

W WA WL, BN ~R, W R = = = ~>B&&B ;&858 BPD P

A A LW DR A WRER O ER, N~~~ ~~§®WW~*RD+~ ~—~
LA R R R W W R N WD === RN W W W -

BEA A WN WNWRN — — = = — — W

Machine use in cultivation

(2]
N
(9]
=
=)
'
(9]
w

Sum of points in frequency of adopted
strategies
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