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Resumo

RESUMO

As previsdes climaticas até ao final do presente século apontam para alteragdes globais nos
ecossistemas vitivinicolas e nos respetivos contextos econdmicos e sociais. Nesse sentido,
espera-se que a influéncia combinada de diversos fatores ambientais em regides com clima
tipicamente mediterranico (luz e temperatura elevadas e baixa disponibilidade hidrica) possa
prejudicar os mecanismos intrinsecos de resisténcia da videira, diminuindo consequentemente
a respetiva produtividade e qualidade das uvas. Embora a videira seja considerada uma espécie
geneticamente resistente a esses stresses abidticos, tais mecanismos poderao ser insuficientes
para evitar consequéncias nefastas no normal desenvolvimento vegetativo e reprodutivo.
Assim, a adequada interagdo entre multiplos fatores ambientais e viticolas (p.ex. clima, casta,
porta-enxerto e praticas culturais) representa um desafio efetivo e emergente para a
sustentabilidade da viticultura Mediterranea.

A aplicacdo foliar de caulino € uma estratégia de curto prazo amplamente conhecida e
aplicada em varias culturas fruticolas porque incrementa a reflexdo das radiagdes ultravioleta,
visivel e infravermelha, reduzindo a temperatura foliar e a consequente suscetibilidade ao
escalddo de folhas e frutos. Contudo, no caso especifico da videira, variaveis como a casta,
estado hidrico, praticas culturais, fenologia e condi¢des edafoclimaticas podem determinar a
sua maior ou menor eficacia. Face ao exposto, nesta tese estudou-se o efeito do caulino (5%)
nas castas Touriga-Franca (TF) e Touriga-Nacional (TN) implantadas em duas Regifes
Demarcadas portuguesas (Douro e Alentejo) durante dois anos consecutivos (2017 e 2018; 2017
foi mais quente e seco que 2018 devido a ocorréncia de duas ondas de calor e baixos niveis de
precipitacdo). Varias metodologias de cariz fisiologico, bioquimico e molecular foram usadas
para monitorizar as respostas das videiras durante o periodo estival, especialmente nas fases do
pintor e proximo da vindima. Com o intuito de avaliar as funcbes foto / termoprotetoras do
caulino, estudou-se detalhadamente as relagdes entre a aplicacéo desta argila e a acumulagéo
de pigmentos fotossintéticos, o metabolismo de carotenoides, a regulacdo do ciclo das
xantofilas e o possivel envolvimento nos processos de quenching néo fotoquimico (NPQ). Ao
nivel do fruto, foram igualmente avaliados varios atributos de qualidade, bem como o contetdo
hormonal e atividade anti-radicalar desde o pintor até a plena maturacao.

Os resultados demonstraram que os efeitos benéficos do caulino foram maioritariamente
observados em 2017. Sucintamente, foi evidente uma melhoria da eficiéncia intrinseca do uso
da agua (23% no Douro e 13% no Alentejo), das taxas de assimilagdo de CO2 (Pn; 72% no

Douro e 25% no Alentejo) e do teor em agucares sollveis, assim como uma menor acumulacdo
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Resumo

de alguns reguladores de crescimento, nomeadamente de &cido abscisico (ABA) e de acido
salicilico (SA) a vindima. Relativamente aos pigmentos fotossintéticos, os efeitos do caulino
variaram consoante a regido: no Douro, ao longo do verdo de 2017, as folhas tratadas com
caulino apresentaram menor teor em clorofila e carotenoides e maior decrescimo de NPQ a
vindima. Em contrapartida, no Alentejo as plantas TN tratadas com caulino apresentaram um
aumento significativo do teor de clorofila enquanto na TF ndo se registaram alteracGes
significativas, indicando que supostamente a aplicacdo de caulino nesta casta, nas condicdes
ambientais prevalecentes, ndo foi tdo necessaria. Quanto aos carotenoides individuais, 0s
respetivos teores aumentaram nas folhas tratadas de ambas as castas e locais, com uma
concomitante regulacdo positiva da expressdo dos genes da violaxantina de-epoxidase
(VVWWDEL) e da zeaxantina epoxidase (VvVZEP1), indicando uma regulacdo otimizada do ciclo
das xantofilas. Simultaneamente, o0 estado de de-epoxidacao (DPS) e os valores de NPQ foram
menores nas folhas tratadas, sugerindo uma modulacéo indireta das xantofilas nos processos de
dissipacdo de energia durante o verdo. Em 2017, & vindima, apenas nos bagos da TF das duas
parcelas experimentais, constatou-se também que o efeito do caulino contribuiu para o aumento
dos niveis de ABA e SA, assim como para uma ligeira melhoria na respetiva conservacdo da
acidez. Embora a acumulacdo de antocianinas nos bagos nédo tenha sido consistente, no
tratamento com caulino registdamos maiores teores de flavonoides, orto-difendis e taninos em
2017. Em contrapartida, em 2018, os bagos de TF e TN tratadas com caulino apresentaram
menor acumulacdo de ABA e SA. Também se observou uma reducéo geral do teor de agucares
sollveis, sem comprometer os niveis de acido malico e tartarico, bem como a producdo de
espécies reativas de oxigénio (ROS), durante o amadurecimento.

Resumidamente, o trabalho desenvolvido no ambito desta tese realgcou a complexidade de
estudar as respostas da videira ao stresse estival e respetivas associa¢cbes com caracteristicas
varietais, variabilidade climética e eficicia do caulino. Dado que a acao deste protetor aparentou
ser mais robusta em anos mais quentes e secos, esta estratégia retine boas indicacdes para ser
considerada uma pratica sustentavel para minimizar os impactos do stresse estival em videiras
cultivadas em regides de clima tipicamente mediterrdnico fortemente ameacadas pelas

alteraces climaticas.

Palavras-chave: fisiologia da videira; fitohormonas; metabolitos secundarios; qualidade

potencial da uva; stresse estival; xantofilas
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Abstract

ABSTRACT

The foreseen climate change points to shifts in agricultural patterns worldwide, which may
impact ecosystems directly and the economic and cultural contexts of the wine industry.
Moreover, the combined effects of environmental threats (light, temperature and water
availability) at different levels are expected to impair natural grapevine mechanisms, decreasing
yield and the quality of grapes. Though grapevines present several mechanisms to sustain
growth and development upon prevailing stress factors, it might not be enough to counterpart
the increasing magnitude of summer stress impacts in Mediterranean areas. Hence, the
interaction between several factors (e.g. climate, grapevine varietal stress responses, and
management practices) represent a serious challenge for sustainable Mediterranean viticulture,
promoting the development of adaptive strategies to cope with environmental stresses.

The foliar application of kaolin particle film is a well-known short-term strategy applied in
many fruit crops that increases the reflection of ultraviolet, photosynthetically active and
infrared radiation, reducing leaf temperature and preventing leaf and fruit sunburn damage.
However, kaolin’s effectiveness in improving grapevine resilience when subjected to severe
environmental conditions can significantly change according to the variety, water status,
management practices, phenology, and edaphoclimatic conditions. Hence, this thesis focused
on the comprehensive study of kaolin foliar application (5%) to Touriga-Franca (TF) and
Touriga-Nacional (TN) grapevine varieties located in two Portuguese Demarcated Regions
(Douro and Alentejo) to study its effects on several defence mechanisms and related metabolites
at the leaf and fruit level during two consecutive growing seasons (2017 and 2018).

This study aims to evaluate kaolin application effects on the physiological performance of
vines, photochemistry processes, hormonal balance, and expression of leaf stress related genes
at both veraison and harvest stages. Besides, to get a closer insight regarding kaolin photo-
protective functions, we focused on the relations between kaolin treatment and photosynthetic
pigments accumulation, carotenoids metabolism, xanthophyll cycle regulation, and its putative
role on the non-photochemical quenching (NPQ) processes during 2017. Several quality traits
and secondary metabolites were evaluated at the fruit level, as well as the hormonal content and
antiradical activity throughout ripening.

Data show that 2017 was warmer and drier than 2018 due to the occurrence of two heatwave
events and low rainfall levels, which can modulate kaolin efficiency in alleviating summer
stress impacts. Indeed, kaolin effects were mainly observed in the first year of study, enhancing
the intrinsic water use efficiency of vines (23 % in Douro and 13 % in Alentejo), net CO>
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assimilation rates (Pn; 72 % in Douro and 25 % in Alentejo), and soluble sugars content, while
decreasing the accumulation of plant growth regulators, namely abscisic (ABA) and salicylic
(SA) acids at the ripening stage. Regarding pigments accumulation and high light responses,
kaolin effects differed among locations. In the Douro vineyard, TF and TN treated leaves
displayed lower chlorophyll and carotenoids content throughout the 2017 summer season and
reduced NPQ at ripening, suggesting a long-term response to summer stress. Reversely, TN
kaolin treated vines from the Alentejo vineyard showed a significant increase of chlorophyll
content compared to untreated ones, while no changes were found in TF, which might indicate
a lower need for particle-film technology in this variety under the prevailing environmental
conditions. Moreover, individual carotenoids were mainly higher in treated leaves, with a
concomitant up-regulation of the violaxanthin de-epoxidase (VvVDEL) and zeaxanthin
epoxidase (VVZEP1) gene expression in both varieties and locations, indicating optimised
regulation of the xanthophyll cycle. Simultaneously, the de-epoxidation state (DPS) and NPQ
values were lower in treated leaves, suggesting that there might be other components
influencing NPQ levels beyond zeaxanthin, with an indirect role in long-lasting NPQ processes.

Under the severe summer conditions of 2017, kaolin application increased ABA and SA
levels in TF berries at harvest in both vineyards, with slight effects on berry acidity
conservation, while no significant differences were observed in TN. Conversely, TF and TN
kaolin treated berries showed lower SA and ABA accumulation in 2018. Though kaolin
treatment had no consistent effect on anthocyanins accumulation, flavonoids, ortho-diphenols,
and tannins increased in the berries from kaolin treated grapevines in 2017, along with lower
sugar content without compromising malic and tartaric acid levels, as well as reactive oxygen
species (ROS) accumulation throughout berry ripening.

In summary, the work developed in the scope of this thesis revealed the complexity of
understanding plant stress responses under field conditions and their interactions with varietal
and climate features and kaolin effectiveness, which seems stronger under harsh environmental
conditions. Nonetheless, kaolin application can be considered a promising practice to minimise

summer stress impacts in grapevines grown in Mediterranean-type climate regions.

Keywords: berry quality potential; grapevine physiology; phytohormones; secondary
metabolites; summer stress; xanthophylls
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CHAPTER 1

GENERAL INTRODUCTION






General Introduction - CHAPTER 1

Viticultural and winemaking practices are among the most ancestral legacies, shaped by
climate patterns and managed by men, with a strong cultural and socio-economic relevance
worldwide (Pagnoux et al. 2021). Climate patterns are currently changing faster along with
increasing industrial activities, which will impose a pressing challenge to all wine sectors in the
upcoming times (van Leeuwen and Darriet 2016). Based on several climatic indices and
modelling studies, foreseen climate change points to increases in the mean air temperature and
altered rainfall patterns in terms of intensity and periodicity, with negative consequences for
viticulture sustainability (Fraga et al. 2017, Malheiro et al. 2010, Santos et al. 2020). In
Mediterranean-like climate regions, which were considered climate change hotspots, these
impacts are exacerbated during the summer season, characterised by prolonged periods of high
light and temperature, and water shortage (Diffenbaugh et al. 2007, Giorgi and Lionello 2008,
Santillan et al. 2019). Persistent climate warming in these regions can lead to molecular,
biochemical, and physiological changes and increase yield and quality losses, also caused by
several pests and diseases associated with environmental factors (Caffarra et al. 2012, Mira de
Ordufia 2010, Scholasch and Rienth 2019).

Though grapevines are reasonably tolerant to heat load and drought, the increasing
incidence of abiotic stress factors will certainly limit the viticultural and winery potential of
vines, causing damages throughout the growing cycle (e.g. leaf scorching, sunburn, leaf
senescence and abscission, shoot and root growth inhibition, fruit damage, sugars/acids and
sugars/phenolics imbalances) (Moutinho-Pereira et al. 2007, Wahid et al. 2007, Zhu 2016).
Grapevine abiotic stress responses are complex and differ depending on the tissue or organ
involved and the stress exposure type and magnitude (Chaves et al. 2003, Cramer et al. 2011,
Zsofi et al. 2009). However, the most common responses include shifts in photosynthesis and
growth, protein synthesis changes, hormonal metabolism and crosstalk, gene expression
regulation, and activation of cellular defence mechanisms (Carvalho et al. 2015b, Chaves et al.
2010, Degu et al. 2016, Moutinho-Pereira et al. 2004). Nevertheless, climate forecasts for
Southern European viticulture are alarming, and challenged winegrowers, oenologists and
researchers to develop and validate sustainable adaptation strategies to mitigate the adverse
effects of summer stress (Fraga 2020, Mozell and Thach 2014). These topics are deeply
reviewed in Chapter 2 — State of the art, with an overview of climate change dynamics and
impacts on grapevines, particularly on Mediterranean-type climate regions, describing summer
stress impacts and grapevine responses, adaptation strategies (short- and long-term), and tools

available to assess grapevine performance and fruit quality towards sustainable viticulture.



Grapevine summer stress responses: the kaolin case

Kaolin particle-film technology is a well-known short-term strategy applied under
controlled and field-grown conditions to avoid sunburn, presenting cost-effective and eco-
friendly features, with positive yield and quality effects on several Mediterranean crops (Brito
et al. 2019). Due to its excellent reflective properties, kaolin foliar application is associated
with leaf cooling effects (Abou-Khaled et al. 1970, Shellie and King 2013), physiological
performance and water use efficiency improvements (Brillante et al. 2016, Frioni et al. 2019),
photosynthetic pigments accumulation (Dinis et al. 2018b, Frioni et al. 2020), modulation of
abscisic acid (ABA) and indole-3-acetic acid (IAA) dynamics (Dinis et al. 2018a), stimulation
of the primary metabolome (Conde et al. 2018) and the enzymatic and non-enzymatic defence
machinery (Bernardo et al. 2017, Dinis et al. 2016). At the fruit level, although not fully
consensual, kaolin application improved general fruit quality (Coniberti et al. 2013), increased
polyphenolic composition and radical scavenging activity (Dinis et al. 2016, Luzio et al. 2021),
anthocyanins and tannins accumulation (Ferrari et al. 2017, Lobos et al. 2015), triggering the
phenylpropanoid and flavonoid pathways (Conde et al. 2016). It was recently also observed a
positive effect on berry size and acidity in white varieties, with lower soluble sugars content
(Dinis et al. 2020). However, an increasing body of literature points out that kaolin
effectiveness depends on several factors, such as concentration and application timing, varietal
features, edaphoclimatic conditions over the season, and cultural practices applied (Boari et al.
2014, Ferrari et al. 2017, Gindaba and Wand 2005, Lobos et al. 2015, Luzio et al. 2021).

One of the main drawbacks of studying plants’ responses in applied contexts is the
complexity of pulling out straightforward conclusions since abiotic stresses act synergistically
and plants are continuously exposed to several constraints (Carvalho et al. 2015a), which might
modulate kaolin efficiency. On the other hand, it can also be considered a pragmatical approach
to uncover kaolin efficiency in vineyards from distinct winegrowing regions. In this sense, the
overall objective of this thesis is to assess kaolin treatment as a reliable tool against summer
stress in two red varieties (Touriga-Franca and Touriga-Nacional) grown in distinct
winegrowing regions (Alentejo and Douro Demarcated Regions). Besides, through the
assessment of stress exposed vineyards and exogenous kaolin application, this work intends to:
(i) characterise, in the Douro Superior sub-region and Alentejo region, grapevine stress
resilience at a leaf and fruit level in two consecutive growing seasons (2017 and 2018); (ii)
understand grapevine primary stress signals and summer stress responses combined with kaolin

treatment effect on fruit quality attributes in both regions.
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Under field conditions, kaolin effects on grapevines have been assessed exclusively at a
local scale (Dinis et al. 2018b, Poni et al. 2019), with little research focused on adult plants
grown in distinct winegrowing regions or environmental conditions. Moreover, detailed kaolin
functions on several physiological, biochemical and molecular responses to summer stress and
acclimation processes are also scarce. Despite modulating ABA and IAA accumulation in
leaves (Dinis et al. 2018a, Frioni et al. 2020), associated with improved physiological
performance, putative kaolin functions on the rate-limiting step of ABA biosynthesis triggered
by 9-cis-epoxycarotenoid dioxygenase (NCED) gene expression, is still unknown. Therefore,
this subject was explored in Chapter 3. To underpin a broader picture of summer stress
responses and kaolin effects on the physiological performance of vines, Chapter 4 addressed
the photochemistry performance by transient chlorophyll a fluorescence analysis using the JIP-
test, and evaluation of stress-related metabolites and gene expression. Likewise, photosystem
Il (PSII) photoprotection mechanisms involving the xanthophyll cycle and chlorophyll a
fluorescence dynamics in kaolin-treated leaves were deeply analysed in Chapter 5.1 and 5.2.
A targeted approach to uncover kaolin impacts on balancing berry phytohormones, phenolic
composition, and quality traits during ripening was also performed (Chapter 6.1 and 6.2),
followed by a general discussion (Chapter 7), combining kaolin effects at the leaf and fruit
levels in both varieties and winegrowing regions. Lastly, major conclusions and possible future
research lines will be addressed in Chapter 8. The present thesis is organised in 8 chapters, and

the general framework is outlined in Figure 1.
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Figure 1. General framework of the thesis.
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Briefing note

This chapter covers the current knowledge on grapevine abiotic stress assessment and
available strategies to mitigate summer stress impacts in Mediterranean-like climate regions.
Within those strategies, foliar protectants' application will be deeply reviewed, describing
kaolin treatment effects and highlighting the need to develop, improve, and validate climate
change adaptation strategies in a broader sense.

Adapted from:

Bernardo, S., Dinis, L-T., Machado, N., Moutinho-Pereira, J. (2018). Grapevine abiotic stress
assessment and search for sustainable adaptation strategies in Mediterranean-like
climates. A review. Agronomy for Sustainable Development. 38:66

DOI: 10.1007/s13593-018-0544-0

Abstract

Foreseen climate change points to shifts in agricultural production patterns worldwide,
which may impact ecosystems directly, as well as the economic and cultural contexts of the
wine industry. Moreover, the combined effects of environmental threats (light, temperature and
water relations) at different scales are expected to impair natural grapevine mechanisms,
decreasing yield and the quality of grapes. Hence, the interaction between several factors, such
as climate, terroir features, grapevine stress responses, site-specific spatial-temporal variability,
and the management practices applied, which represents and effective challenge for sustainable
Mediterranean viticulture, allowed researchers to develop adaptive strategies to cope with
environmental stresses. Here we review the effects of abiotic stresses on Mediterranean-like
climate viticulture and the impacts of summer stress on grapevine growth, yield, and quality
potential, as well as the subsequent plant responses and the available adaptation strategies for
winegrowers and researchers. Our main findings are (1) environmental stresses can trigger
dynamic responses in grapevines, comprising photosynthesis, phenology, hormonal balance,
berry composition, and the antioxidant machinery, (2) field research methodologies, laboratory
techniques and precision viticulture are essential tools to evaluate grapevine performance and
the potential quality for wine production, and (3) advances in the existing adaptation strategies
are vital to maintain sustainability and regional wine identity in a changing climate. Also, these
topics suggest that rational and focused management of grapevines may enlighten grapevine

summer stress responses, and improve the resilience of agro-ecosystems under harsh
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conditions. Despite the challenge of developing different strategic responses, winegrowers
should clearly define their objectives, so applied research can provide rational technical support

for the decision making process towards sustainable viticulture.

Keywords: Climate change; Mediterranean climate; Growth; Yield; Berry quality potential; Resilience
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1.Introduction

In the recent past, higher temperatures and moderate water deficit have increased wine
quality in most wine-growing regions, whereas yields have generally decreased. However,
based on the latest climate projections worldwide, this pattern will undoubtedly change (Van
Leeuwen and Darriet 2016). Scientific evidence sharply states that climate change represents a
dominant challenge for viticulture in the upcoming decades (Fraga et al. 2013b, Giorgi and
Lionello 2008, Hannah et al. 2013). Over the last 10 years, the number of publications regarding
abiotic stresses in Vitis vinifera L. increased by around 90% as shown by the results on PubMed,
showing the significance of climate change and abiotic constraint impacts on viticulture, as well
as the scientific efforts performed towards climate change adaptation.

Driven by multiple factors, such as the emission of greenhouse gases, temperature,
precipitation, and human activities, climate change is expected to directly impact ecosystems,
thus leading to shifts in agricultural production patterns (Fraga et al. 2016, Hannah et al. 2013).
The major perceptible effect of climate change is the increase in the growing-season mean
temperatures that can be already observed (Jones et al. 2005). Several climate-based models
predict temperatures to increase up to 3.7 °C until the end of the century, respecting the
reference period of 1985— 2005 (Fraga et al. 2013b, IPCC 2014, Jones et al. 2005, Malheiro et
al. 2010). Despite the lower consensus regarding rainfall trends, it is widely accepted that the
patterns will vary in terms of periodicity and intensity depending on the region (IPCC 2014).
These changes can also have impacts in the Mediterranean region, which lies in a transition
zone between the arid climate of North Africa and the moderate temperate and rainy climate of
central Europe. Exhibiting a typical Mediterranean climate (mild and wet winters; warm and
dry summers), the suitability of the Mediterranean region for grapevine production also arises
from the complex topography, coastline, and vegetation that covers this region (Giorgi and
Lionello 2008, Hannah et al. 2013). Even though the best wine quality rankings encompass
Mediterranean-like climate countries, the impacts of climate change on viticulture and
winemaking go beyond the economic and cultural dynamics of this industry. Future trends point
to an impairment of numerous plant natural mechanisms, affecting grapevine growth,
physiology, and berry ripening, which can cause severe losses regarding yield and the quality

of vines (Fig. 1).
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Fig. 1. Impacts of climate change on grapevine canopy (A)
and clusters (B) in Mediterranean-like climate regions,
particularly in the Douro Valley, Portugal

Due to the overall projected impacts of climate change on agriculture, assessing the
magnitude of the potential risk for vines will assist the development of rationale and sustainable
adaptation strategies for winegrowers (lglesias et al. 2007). Also, the study of climate change
effects on viticulture will lead to a better understanding of grapevine stress responses. Through
the development of different grapevine stress assessment methodologies, it might be possible
to increase the quality, profitability, efficiency, and sustainability of the wine industry in a
changing climate. Hence, adaptation strategies should be explored to sustain grapevine yield

and quality towards a sustainable viticulture (Fig. 2).
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Adaptation strategies include all the set of actions and processes that can be performed in
response to climate change (Akinnagbe and Irohibe 2014). A classic example of an adaptive
strategy applied in viticulture is the sustainable management of vineyards, which can act as a
carbon sink and improve the resilience of agro-ecosystems under harsh conditions, providing a
batch of ecosystem services (Brunori et al. 2016). Besides, by adjusting natural and human
systems, three significant purposes can be achieved: (1) reduce the risk of damage, (2) develop
the capacity to manage certain damages, and (3) find opportunities with climate change (Ollat
and Touzard 2014). Recent multidisciplinary research had focused not only on the impacts of
climate change on the physical, biological, and molecular aspects of grapevines but also on the
current adaptation strategies that can be generally applied (Mosedale et al. 2016, Neethling et
al. 2016). However, we still require more information on the combined effects of environmental
threats (light, temperature, and water relations) at local and regional scales, especially in
Mediterranean-like climate countries, where the environmental thresholds can be reached
during the summer season.

Although some research has been carried out on grapevine varietal resilience to summer
stress, there is still little scientific understanding of varietal sensibility regarding interactions
between environmental parameters and plant acclimation responses (Ollat and Touzard 2014).

Moreover, few studies have addressed the sustainability and the validation of the adaptation
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strategies nowadays available in an industrial and applied context (Duchéne 2016, Ollat and
Touzard 2014). Also, there is uncertainty regarding the capacity of winegrowers to adapt to
changing conditions. In this sense, the first purpose of this paper is to review current knowledge
regarding summer stress impacts in Mediterranean areas, on a socio-economic and biological
perspective, as well as the responses triggered in grapevines by those stimuli. Next, we will
focus on short-term and long-term adaptation strategies that can be adopted by the winegrowers
to cope with summer stress. Then, some field and laboratory methodologies will be considered
to approach grapevine performance and fruit quality potential. Finally, we will discuss future
perspectives and research topics regarding adaptation strategies applied in viticulture, which
could support the decision-making process towards sustainable adaptation strategies.

2. Climate change on Mediterranean-like climate regions

According to Wardlaw (1972), stress can be defined as a factor that is potentially
unfavourable to an organism, and it is nowadays unanimous that those factors can be either
environmental (abiotic) or caused by other organisms (biotic). Despite the increasing scientific
concern focused on abiotic and biotic stresses, other variables must be taken into consideration
when extending this concept to a field crop, such as yield and quality (Cramer et al. 2011, Keller
2010a). The overall effects of individual or combined climate change-related variables, such as
interactions between high radiation levels and high temperatures, and both soil and atmospheric
water deficits, may have negative impacts on vineyards yield, specifically in most
Mediterranean-like climate regions (Ferrandino and Lovisolo 2014, Fraga et al. 2013b). In fact,
under the current management conditions for much of the Mediterranean region, decreases in
crop Yyields up to 40% are predicted (Iglesias et al. 2007). Also, yield variability is predicted to
increase, while a decrease in water availability is foreseen, alongside an increase in water
demand (Iglesias et al. 2007). Decreasing water resources in some areas may also affect soil
structure while reduced soil drainage may lead to increased salinity (Hu and Schmidhalter
2005). However, it is expected that an increase in the frequency and intensity of floods would
be likely to occur in some areas presenting significant winter rainfall, leading to the loss of

Mediterranean species diversity (Fraga et al. 2013a, Van Leeuwen and Darriet 2016).
2.1.Viticultural climatic indices

Several bioclimatic indices have been proposed for estimating the risk of moisture-induced
diseases, which showed that areas displaying a Mediterranean-like climate would tendentiously
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present low risks of contamination, particularly in southern Europe (Bois et al. 2017, Fraga et
al. 2013a). While drier environments may lead to higher insect and viral outbreaks, wet periods
are expected to trigger cryptogamic and bacterial diseases, which can indirectly disturb
population dynamics of insect pests (Katsaruware-Chapoto et al. 2017). In fact, current research
suggests that mildews remains the major phytosanitary threat in most wine-growing regions,
even in dry climate vineyards, as a result of the irrigation practices applied, but also because of
the fact that mildews can be highly damaging, thus requiring a rapid intervention (Bois et al.
2017). Moreover, existing pests are likely to expand, as well as invasion by new insect pests as
a consequence of the foreseen increased frequency of extreme weather events, temperature,
carbon dioxide levels, and changes in moisture conditions (Jaworski and Hilszczanski 2013).
However, an accurate quantification of the potential impact of climate change on biotic stresses
represents an important challenge, since pest and host responses to environmental shifts are
highly variable and complex (Katsaruware-Chapoto et al. 2017).

Along with these considerations, the Mediterranean region features unique characteristics
(cover vegetation, coastline, and topography) that may modulate the regional climate, which is
particularly decisive in viticulture, where the concept of terroir is closely related to wine quality
and typicity (Giorgi and Lionello 2008, Van Leeuwen and Seguin 2006). The terroir not only
includes the key elements of a delimited geographical area defined from society but also
embraces the physical elements of the vineyard itself: the vine, subsoil, location, drainage, and
microclimate, which altogether are essential to delineate vine-growing regions (Unwin 2012).
Nonetheless, it is difficult to define the ideal terms of the natural environment (climate, soil,
and geology) and their interactions with human factors, agronomic approaches, and the vine
water uptake conditions, which can modulate the quality of wines (Chone et al. 2017, Van
Leeuwen and Seguin 2006).

The integration of climatic variables, such as heliothermal conditions over the growing
cycle, temperature summation, rainfall, potential soil water balance over the growing cycle,
night temperature during berry ripening or seasonal weather data, with other non-climate-
related indicators (e.g., potential quality of grapes at harvest and management practices)
improved winegrowers’ adaptive strategies, both in time and space (Malheiro et al. 2010, Tesic
et al. 2002). This ongoing process in decision-making can be supported by the improvement
and development of several viticultural climatic indices, describing the climate of wine-
growing regions worldwide at different scales. One of the earliest indices was the heat unit

concept, using a growing degree base of 10 °C (degree-days) since grapevines need a specific
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heat accumulation to complete the growing cycle (Winkler and Amerine 1944). The cool night
index (CI), which accounts for minimum temperatures during maturation, and the diurnal
temperature range, are other thermal indices that can estimate the production of high-quality
wines (Ramos et al. 2008, Tonietto and Carbonneau 2004). However, grapevine variety and
day-temperature can also influence the effect of night temperature on the ripening process
(Kliewer and Torres 1972). Based on the potential water balance of the Riou Index (Riou et al.
1994), Tonietto and Carbonneau (2004) developed the dryness index (DI) that considers the
soil-water availability at the beginning of the growing cycle, besides the potential
evapotranspiration and precipitation. Also, these authors integrated the Huglin heliothermal
index (HI) in their proposed model, which adjusts the value of heliothermic index for different
latitudes, and created a multicriteria climatic classification system (Geoviticulture MCC
System) for the grape growing regions worldwide (Tonietto and Carbonneau 2004). This
system represents a research tool for viticultural zoning, allowing the assessment of the
potential suitability for grape production at different scales for economically sustained

viticulture in a changing environment.

2.2.Summer stress impacts

Shifts in climate patterns leading to abiotic stresses encompass the set of environmental
conditions that decrease growth and yield below optimal levels (Skirycz and Inzé 2010). The
most common abiotic stresses comprise drought (water deficit), salinity, soil acidification, high
temperatures, and excessive radiation exposure, being difficult to discriminate the individual
impacts of each stress in an open field situation, since all these environmental factors are
interrelated (Tester and Bacic 2005). Generally, the term summer stress describes the
combination of various abiotic stresses, such as water deficit, high sunlight, and high
temperature, which are more severe during the summer season (Cramer et al. 2011). The
relationship between sunlight exposure and temperature of grape clusters is important to
perceive grapevine metabolism, since many of the biochemical pathways are both light and
temperature sensitive (Spayd et al. 2002). Previous studies have shown that shaded berries were
often 2.4 °C above ambient temperature, whereas sun-exposed clusters were up to 12.4 °C
above ambient (Millar 1972, Smart and Sinclair 1976). Similarly, Crippen and Morrison (1986)
reported that sun-exposed clusters were warmer than shaded clusters during the day and cooler
during the night, indicating greater net radiation loss by the sun-exposed berries at night.
Moreover, it is widely known that high temperatures can cause damages throughout the growing
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cycle, including scorching of leaves, sunburn, leaf senescence and abscission, shoot and root
growth inhibition, fruit damage, and reduced yield (Vollenweider and Giinthardt-Goerg 2005,
Wahid et al. 2007). Another related topic is the increased incoming radiation, particularly in
the UV-B range, which despite having a positive impact on skin phenolics, is also likely to
affect grape aromas, and consequently the quality potential of wines (Schultz 2000, Van
Leeuwen and Darriet 2016, Van Leeuwen and Destrac-Irvine 2017). Vine water status depends,
not only on climatic parameters, but also on soil water retention capacity, while a period of high
frequency and intensity of water stress, when transpiration exceeds the ability of the root system
to supply water to the transpiring leaves, may impair photosynthesis, due to severe the water
deficit (Chone et al. 2017, Van Leeuwen and Destrac-Irvine 2017). However, since grapevine
features a reasonable tolerance to drought, moderate water deficit may induce changes in the
source to sink relationships (competition for carbon resources), reducing both shoot vigour and
berry size, and consequently increasing skin surface/mass berry ratio (Castellarin et al. 2007).
Besides, mild water deficits are known to cause embolism in the xylem shoot apex, which can
have positive effects on berry skin anthocyanin and tannin content in red grape varieties, due to
the lower competition between vegetative growth and reproductive development for sink
resources (Chone et al. 2017, Schultz and Matthews 1993). These findings also suggest that
vines exposed to moderate water deficit may have richer must and wine quality (Chone et al.
2017).

3. Grapevine stress responses

Plants perceive abiotic stress signals and acquire complex and dynamic defence responses,
either elastic (reversible) or plastic (irreversible), depending on the duration and intensity of the
stress (acute vs chronic), as well as the organ or tissue involved (Cramer et al. 2011). Since
grapevine features a reasonable tolerance to drought, moderate water deficit may induce
changes in the source to sink relationships (competition for carbon resources), reducing both
shoot vigour and berry size, and consequently increasing skin surface/mass berry ratio
(Castellarin et al. 2007). Besides, the association between several biotic and abiotic factors and
the capacity of a plant to acclimate to extreme stress conditions may determine plant resilience,
despite being genotype dependent (Cramer 2010). Stress, in turn, has several biological
consequences for the plants, hampering the adaptation, profitability, quality, and even the
survival of many crops with high economic impact on a global scale (Fraga et al. 2013b). These
considerations influence the complexity of the response. The most common stress responses
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include shifts in photosynthesis, growth, changes in protein synthesis, hormonal metabolism,
transcription, signalling networks, and stimulation of the cellular defense machinery
(Moutinho-Pereira et al. 2004, Vierling and Kimpel 1992, Zhu 2016).

3.1.Effects on phenology, growth, and yield

Climate plays a crucial role regarding the development of vines, through optimal thermal
requests, water availability over the growing cycle, and radiation intensities and extent, which
may compromise plant growth, yield, and quality (Dinis et al. 2014, Mira de Ordufia 2010). In
nature, plant responses to abiotic stresses may follow a different sequence of internal events.
However, the initial growth inhibition arises before inhibition of photosynthesis or respiration
(Pellegrino et al. 2005, Zhou et al. 2007). Plants’ ability to osmotically adjust or conduct water
may modulate their growth, meaning that during stress exposure, morfo-anatomical and
metabolic changes will gradually occur (Cramer et al. 2011). The structural dynamic of the
grapevine canopy over the growing cycle is closely linked to growth and production of grapes
of high quality potential (Wahid et al. 2007). However, increasing sunlight penetration into the
canopy structure can have impacts on the ratio between older and younger leaves at berry
softening stage, mainly when reaching environmental thresholds. These consequences are
likely to trigger impairments in the vegetative growth and the reproductive development and
functioning of plants (Wahid et al. 2007).

Some studies have considered the effects of environmental stresses and canopy
management practices throughout the growing cycle, enlighten the dynamic between grapevine
microclimate and farming practices and their effects on fruit ripening, yield, and quality
potential (Dokoozlian 1996, Jackson and Lombard 1993, Mabrouk and Sinoquet 1998, Smart
1985). Phenology is considered one of the first biological indicators of stress used to quantify
the magnitude of climate change impact in vines during the main grapevine phenological stages
(bud break, flowering, and veraison) and at harvest (Garcia de Cortazar-Atauri et al. 2017,
Menzel et al. 2006). Several models have been applied to predict the onset of vines phenology,
and to enlighten the 