é
- water

Review

Optimization of Vineyard Water Management: Challenges,
Strategies, and Perspectives

José Manuel Miras-Avalos *

check for

updates
Citation: Miras-Avalos, ].M.; Araujo,
E.S. Optimization of Vineyard Water
Management: Challenges, Strategies,
and Perspectives. Water 2021, 13, 746.
https:/ /doi.org/10.3390/w13060746

Academic Editor: Julio Berbel

Received: 3 February 2021
Accepted: 8 March 2021
Published: 10 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Emily Silva Araujo 2*

Unidad de Suelos y Riegos (asociada a EEAD-CSIC), Centro de Investigacién y Tecnologia Agroalimentaria
de Aragon (CITA), Av. Montafiana, 930, 50059 Zaragoza, Spain

Laboratory of Entomology Professor Angelo Moreira da Costa Lima, Department of Basic Pathology, Federal
University of Parana, Av. Cel. Francisco H. dos Santos, s/n, Curitiba 81531-980, Parana, Brazil;
araujosemily@gmail.com

*  Correspondence: jmmiras@cita-aragon.es

t Current address: Unidad de Recursos Forestales, Centro de Investigacién y Tecnologia Agroalimentaria de
Aragén (CITA), Av. Montafiana, 930, 50059 Zaragoza, Spain.

Abstract: Water availability is endangering the production, quality, and economic viability of growing
wine grapes worldwide. Climate change projections reveal warming and drying trends for the
upcoming decades, constraining the sustainability of viticulture. In this context, a great research
effort over the last years has been devoted to understanding the effects of water stress on grapevine
performance. Moreover, irrigation scheduling and other management practices have been tested in
order to alleviate the deleterious effects of water stress on wine production. The current manuscript
provides a comprehensive overview of the advances in the research on optimizing water management
in vineyards, including the use of novel technologies (modeling, remote sensing). In addition,
methods for assessing vine water status are summarized. Moreover, the manuscript will focus on
the interactions between grapevine water status and biotic stressors. Finally, future perspectives for
research are provided. These include the performance of multifactorial studies accounting for the
interrelations between water availability and other stressors, the development of a cost-effective and
easy-to-use tool for assessing vine water status, and the study of less-known cultivars under different
soil and climate conditions.
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1. Introduction

Grapevine (Vitis vinifera L.) is a perennial crop grown worldwide (Figure 1). According
to data from the latest report on world viticulture issued by the Organisation Internationale
de la Vigne et du Vin (OIV), the world surface devoted to grapevine cultivation reached,
approximately, 7.4 million ha in 2018, with a total wine production of 292 million hL [1].
Five countries encompassed half of this surface: Spain, China, France, Italy, and Turkey.
However, 50% of the world wine production is concentrated in three countries: Italy,
France, and Spain [1]. From the same report, it can be gathered that although the world
vineyard area underwent a slight downward trend over the last few years, the global
grape production experienced a noticeable upward trend over the last two decades, wine
grapes accounting for 57% of the total grape production [1]. In fact, wine trade in monetary
value has been increasing continuously, reaching a record-breaking value of approximately
30,000 million euros in 2018 [1], revealing the high economic, environmental, and cultural
importance of vineyards around the world.

Several factors intervene in grapevine growth and development, and consequently on
yield and grape composition, of which weather, soil, and cultural practices are the most
important among them [2-5]. Indeed, soil is a key component for wine production, since
it provides water and nutrients to the vines as well as determines how the root system is

Water 2021, 13, 746. https://doi.org/10.3390/w13060746

https://www.mdpi.com/journal /water


https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-4745-5929
https://orcid.org/0000-0002-4244-7447
https://doi.org/10.3390/w13060746
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13060746
https://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/13/6/746?type=check_update&version=2

Water 2021, 13, 746

2 of 32

implanted and the depth to which roots grow [3]. Soil variability in space and time and soil-
climate interactions are the main drivers for vineyard performance on a large scale [6-8],
while human effects, such as short-term agricultural practices, can significantly modify
soil properties and variability at the vineyard scale [5,9,10]. Recent studies proved that
landscape organization and topography have a significant impact on the distribution of soil
water content at the catchment scale [11]. At the plantation scale, it has been proven that
vine water status is variable within the vineyard according to topography, management
practices, and soil properties, leading to within-vineyard variability in yield, sugar, and
phenolic compounds [12]. In addition, atmospheric conditions exert a control on grapevine
growth and development, while climate in interaction with soil controls the distribution
of grapevine varieties and the viticultural suitability of a particular location [13,14]. It is
widely acknowledged that weather factors such as temperature, solar radiation, and water
availability strongly influence grapevine growth and development, impacting ultimately
on yield and wine quality [3,4]. For instance, radiation and precipitation variability caused
by orography influences the soil water content distribution [11], as well as the growth
responses of vegetation [15]. A comprehensive description of the roles of these weather
variables can be found elsewhere [16]. However, the current manuscript focuses on the
water issue, which has been identified as the most relevant resource for the sustainability
of viticulture [16-19].

=1y ' . WineRegions_

Figure 1. Distribution of wine-growing regions (circles) worldwide (Adapted with permission from ref. [16]. Copyright

2020 the authors).

Water availability has been hindered by climate change, which has impacted viti-
culture in the last decades, as a consequence of rising temperatures, modifications in
precipitation patterns, and an increase in the frequency of extreme events, such as droughts
and heat waves [16,18-20]. Although grapevine is a drought-tolerant species, high water
requirements are necessary to complete its growth cycle, which coincides with the driest
months [21]. Therefore, a more efficient use of water is required for achieving sustainability
in viticulture [22-24]. This optimal use of water is possible in the short term through a
number of cultural practices, including regulated deficit irrigation and soil management. In
addition, rootstocks might play an essential role in improving water-use efficiency (WUE)
in the long term because extensive and deeper root systems provide access to a potentially
greater water supply [17,25]. Recently, several global assessments and reviews dealing with
the adaptation needs to be undertaken in vineyards under a global change scenario have
been published [16,19,26]; however, a holistic approach to the subject of optimization of
water management in vineyards has not been addressed since the early 2000s [3], although
related subjects such as irrigation [27,28] and changes of vine and berry physiology due
to water stress [29,30] have been currently addressed. However, water use by irrigation
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can compromise the environmental sustainability of the crop and be a competition with
other critical human uses [22-24]. Moreover, water availability is predicted to decrease
because of climate change [20], so irrigation might not be allowed or severely restricted in
the future.

In this context, this review aims to evaluate the state-of-the-art on the use of water in
vineyards that will provide a framework for making guided decisions and optimize water
management in vineyards, leading to the sustainability of viticulture. First, the effects
of water stress on vegetative growth, yield, and grape quality will be briefly described
(Section 2), followed by an overview of the interactions of water with other biotic and
abiotic stressors that can modify grapevine response (Section 3). Second, the main tools for
assessing grapevine water status will be described (Section 4). Then, short and long-term
management practices for maximizing water use efficiency in vineyards will be presented
(Section 5), with a special focus on irrigation (Section 6) and new technologies (Section 7).
Finally, some conclusions and perspectives will be provided (Section 8).

Since the current review has a wide-ranging scope, a comprehensive compilation of all
previous studies is not feasible. Therefore, the main goal of the current work is to provide
an updated overview of the topic of vineyard water management on the basis of relevant
and illustrative research, which may be useful not only for academics and researchers but
also for stakeholders and decision-makers.

2. Effects of Water Availability on Vegetative Growth, Yield, and Grape Quality

Rainfall is a key weather variable in viticulture because it has a large footprint on
soil water availability for the grapevines and, consequently, their corresponding water
status [2,16]. In general, water stress leads to a wide range of effects, but these depend on
grapevine developmental stage [3,16]. In this section, a brief description of some of these
effects will be given.

The induction of inflorescences and floral differentiation occur during bud-break to
fruit-set, in two consecutive seasons; hence, enough water availability during this period
is critical for achieving significant yields in two harvests [31,32]. Water stress during this
developmental stage can cause reductions in shoot growth, poor flower development,
and low berry set [33]. In contrast, excessive water availability during this early period
in the grapevine growing cycle may overstimulate vegetative growth, which can lead to
excessively vigorous and dense canopies, increasing the risk of fungal diseases [34]. Large
canopies would extract water quicker in late spring—summer, resulting in water scarcity
during that period; all this can be controlled through green pruning. From flowering to
berry ripening, severe water stress causes reductions in leaf surface, limiting photosynthesis
and promoting flower abortion and cluster abscission [32]. During maturation, dry weather
generally favors the production of high-quality wines [35,36]. In contrast, excessive rainfall
amounts are commonly detrimental for berry maturation due to sugar dilution and bunch
rot incidence [34,37]. Finally, a recent study assessed the consequences of reduced rainfall
during dormancy on vine growth in a Shiraz vineyard, indicating that reduced soil moisture
in spring delayed the time of budburst, while refilling the soil profile in spring after dry
winters favored growth partitioning toward canopy and roots, increased carbohydrate
reserves in the trunk, but reduced yield [38].

A great research effort has been devoted to assess the effects of grapevine water status
on berry and wine composition, mainly on red varieties under semi-arid environments [39-
45], although recent studies dealt with white varieties [46—48]. In general, these studies
proved that the timing and intensity of water deficits affected the magnitude of the changes
in berry metabolism and in wine color, aroma, and flavor by altering berry size and/or the
synthesis of berry compounds. Usually, water deficit increases the skin to pulp ratio in
the berries, thus increasing the amounts of skin tannins and anthocyanins [49]; however,
this depends on other factors such as crop load and defoliation [50]. A meta-analysis
proved that for red grapevine cultivars, water status was positively correlated to berry size,
total acidity, and malic acid concentration, while it was negatively related to total soluble
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solids [51]. Moreover, this study detected significant relations between vine water status
and several wine parameters, such as pH, tartaric acid, anthocyanins, and polyphenols [51].
Furthermore, drought-induced compositional changes to the grapes were transferred to
the wines, with an increase in polyphenols and volatile organic compounds [52]. However,
these authors observed that the timing and the duration of the water stress in the field
only impacted the final wine composition when the severe water deficit started early (at
approximately 40 days after flowering) and lasted over the entire season until harvest [52].

3. Interactions of Vine Water Status with Other Abiotic and Biotic Stressors

Plant responses to water scarcity are complex and involve adaptive changes and/or
deleterious effects [53]. In addition, many factors can influence vine response to water
stress, including genotypes, climate, soil, and vineyard management [17,54]. Consequently,
grapevine responses to water stress can be synergistically or antagonistically modified
by the superimposition of other stresses under field conditions. These responses are
related to physiological and molecular alterations, including stomatal closure, reduction
in photosynthetic rates, modifications of carbohydrate metabolism, hormonal regulation,
etc. [29,55-57]. This section provides a summary of the main interactions of water with other
stressors and their consequences on grapevine response; for comprehensive descriptions,
readers are referred to several reviews focused on this subject [29,56].

Grapevine response to the main abiotic stressors, including extreme temperatures,
high solar radiation, and salt contents in the soil has been described in a considerable
number of works [19,58]. However, the joint effects of water availability and these other
stressors have rarely been reported. The grapevine response to combined abiotic and biotic
stresses is complex and cannot be inferred from the response to each individual stress [59].
Several factors might impact the response and the recovery of the grapevine, such as the
intensity, duration, and timing of the stresses. Moreover, the nature of the pathogens, and
the host (rootstock, cultivar, and clone), has a paramount relevance [59].

The impact of heat and water stresses on grapevine was reviewed in detail by Songy
et al. [59], showing their strong impact on the initiation and progression of grapevine trunk
diseases (GTDs). The term GTDs accounts for a large number of diseases, such as Esca
disease, Eutypa dieback, Petri disease, Black foot disease, or Phomopsis dieback. All of
them are associated with attacks of several fungi to grapevine perennial organs, which
may lead to vine death [60]. External symptoms of GTDs are inconsistent in incidence and
prevalence among years, suggesting that abiotic factors might be involved in triggering
these diseases, especially in the case of foliar symptoms [61]. It is possible to classify the
biotic and abiotic factors affecting GTD symptom expression into three groups: predispos-
ing (e.g., environment, genotype, age, and soil quality), contributing (e.g., pathogens), and
inciting (e.g., drought and frost) [62]. High water availability might favor the production
of fungal toxins and facilitate their transport throughout the vines during spring as the
sap flow resumes [63]. Further research is ongoing to elucidate the mechanisms by which
weather variables (temperature, humidity, and rainfall) act as triggers for these diseases.

Another relevant fungal disease in vineyards is bunch rot, caused by Botrytis cinerea,
which is considered one of the most important limitations for the wine industry in humid
regions [64,65]. Infection triggering is affected by berry sugar concentration, cluster com-
paction, senescing tissues, physical damage, and microclimatic conditions. For instance, in
Uruguay, with fertile soils and high precipitation rates, excessive vine vegetative growth is
frequent, leading to a high risk of bunch rot infections. Recently, researchers have studied
the use of under-trellis cover crops to limit water availability and reduce vine growth
and, consequently, bunch rot incidence [66]. These authors tested under-trellis cover crops
(UTCC) in combination with supplemental irrigation and nitrogen input. They verified that
bunch rot incidence was significantly reduced by UTCC. Moreover, bunch rot incidence
was significantly higher in treatments with nitrogen input even when vegetative growth
or canopy density was not affected. Therefore, grapevine nitrogen status could be one
factor affecting directly bunch rot susceptibility, but it is not the only one [66]. Previous
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studies suggested that drought stress tolerance in grapevines involves the activation of
polyamine oxidation, suggesting an improved immune response and reduced susceptibility
to B. cinerea [67,68]. Furthermore, the incidence and severity of B. cinerea were significantly
smaller when grapevines suffered from some water restriction [66]. Therefore, seasonal
grapevine water status and disease susceptibility at harvest might be directly related.

Water stress does not only affect fungal diseases but also plant—insect interactions.
Recently, Del Cid et al. [69] studied how water stress impacts the transmission of Homa-
lodisca vitripennis (Germar) (Hemiptera: Cicadellidae). This insect species is a vector of
the xylem-limited bacterium Xyllela fastidiosa, which causes Pierce’s disease of grapevine
and several other diseases in a wide range of economically important crops [70]. Insect
vectors, which include numerous species of xylem sap feeders, are the unique way of
natural plant-to-plant transmission of X. fastidiosa; the bacteria persistently colonize the
vector mouthparts, and there is no latent period required for transmission. It was verified
that the acquisition of X. fastidiosa by H. vitripennis was more efficient under water stress.
However, when vectors had a choice of an uninfected well-watered grapevine versus an
infected water-stressed grapevine, transmission efficiency declined as water stress levels
increased [69]. Pairing an infected water-stressed vine together with a healthy well-watered
vine resulted in a reduced transmission of X. fastidiosa, indicating that vectors strongly
preferred to settle and feed on healthy well-watered vines, which was likely due to an
unsuitable xylem sap tension for ingestion due to water stress [71]. Therefore, Del Cid
et al. [69] proposed that vector—plant and pathogen—plant, but not vector—pathogen, in-
teractions were impacted by water stress. The above-mentioned examples suggest that
multifactorial studies are needed to fully elucidate how several stressors affect jointly
grapevine performance.

4. Methods for Determining Vineyard Water Status: Advantages and Drawbacks

In order to optimize water management in vineyards, an accurate estimation of the
grapevine water status is required. In this context, several methods are currently available
for obtaining a measure of grapevine water status and water-use efficiency, which can be
determined at different scales (Figure 2). This section aims to provide a brief overview of
some of the most common techniques for assessing grapevine water status, while giving
their main advantages and drawbacks. For a comprehensive review of these methods,
readers may refer to the excellent articles published by Fernandez [72] and Rienth and
Scholasch [73]. For organizational purposes, the methods will be divided into indirect
and direct (plant-based) approaches. It must be noted that models and remote sensing
techniques have been excluded because they require their own section.
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Figure 2. Measurement of the grapevine water-use efficiency at different scales, from the leaf to the
watershed level (Adapted with permission from ref. [17]. Copyright 2015 INRA and Springer-Verlag
France).

4.1. Indirect Methods
4.1.1. Soil-Based Methods

These approaches directly determine either soil water content (water percentage in
a given volume of soil) or soil water potential (physical force holding water in the soil).
A great number of different sensors is available, some reading water suction directly
and most using indirect measurements via electric currents. Soil moisture sensors use
different soil physical, chemical, and mechanical properties to obtain data of several types
including electrical, electromagnetic, optical, radiometric, mechanical, acoustic, pneumatic,
or electrochemical measurements. The functioning of soil moisture sensors and their
characteristics are well described, and their assets and drawbacks of their operation are
well-known [74,75].

In the case of field crops and vegetables, soil moisture sensors have been widely
accepted as tools for estimating crop water needs and providing a reliable criterion for
water management techniques including irrigation scheduling and the management of
cover crops [76]. However, in the case of fruit orchards and vineyards, soil moisture sensors
present several disadvantages related to the heterogeneity of the soil within the orchard
or vineyard as well as different soil water motion patterns resulting from the adoption
of several management practices such as deficit irrigation strategies [77], alternating the
use of cover crops and minimal tilling. This leads to the need for installing several probes,
which makes the management of the information difficult [78]. Moreover, there is a lack of
thresholds of soil moisture to determine whether a vineyard is suffering from water stress
and to which extent [79]. Accuracy and correct placement are relevant characteristics, as
they affect the ability of soil moisture sensors to provide a reliable estimate of vine water
status [75,80]. Indeed, the fact that once installed, these sensors cannot be moved causes
soil moisture to be only measured on a small portion of the vineyard. Furthermore, vine
deep rooting limits the possibilities of soil-based methods.

Several authors related measurements of soil water content, mainly using capacitance
sensors (Figure 3), with plant-based indicators of grapevine water stress in order to obtain
thresholds for efficient water management [79,81]. In a Thompson Seedless vineyard lo-
cated in San Joaquin Valley (California, USA), Williams and Trout [79] were able to detect
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strong correlations between soil water content (and matric potential) and grapevine leaf
and stem water potentials, which allow them to obtain thresholds of these plant-based indi-
cators at 50% depletion of plant available water in the soil that could be used for designing
irrigation strategies and other practices such as the mowing of cover crops. In contrast,
Intrigliolo and Castel [81], working on a Tempranillo vineyard in Requena (Valencia, Spain),
did not observe a clear relation between soil and plant-based measurements, which was
likely due to the high spatial variability of soil water content. In an Albarifio vineyard
located in Pontevedra (Galicia, Spain), weak correlations were detected between soil water
content and vine leaf water potential, although the strength of these correlations depended
on the irrigation treatment imposed [82]. These contrasting results highlight the limitations
of this methodology and the difficulty of extrapolating vine water status from soil moisture
measurements [54]. Nevertheless, current research aimed at automating drip irrigation has
successfully used soil moisture sensors for tuning the estimations provided by soil water
balance algorithms, showing the feasibility of this approach in several situations including
plum [83], apple [84], citrus [85], and hedgerow olive orchards [86]. However, this promis-
ing approach has not been applied to vineyards yet, although promising attempts have
been recently reported [87]. In this context, research has been focused on the combined
use of thermal images and co-registration algorithms to improve the estimation of the crop
water stress index and, consequently, improve water management [88].

Figure 3. Devices for the assessment of grapevine water status: (A) Soil capacitance probe for
continuous monitoring of soil water content; (B) Sap flow probe in the trunk of a grapevine; (C)
Pressure chamber; (D) Hand-held porometer for determining stomatal conductance. Photos were
taken by J.M. Miras-Avalos.

4.1.2. Atmosphere-Based Methods

Grapevine evapotranspiration (ET) can be assessed using atmospheric measurements
within the vineyard. Several techniques are currently available for assessing ET without
separation between soil evaporation and vine transpiration, including the eddy covariance
method and the Bowen ratio energy balance method [89,90]. Eddy covariance is the
standard method for determining energy and substance fluxes. It measures directly carbon,
water, and heat flow between plant communities and the atmosphere [89]. The Bowen ratio
energy balance method has been used to estimate vineyard ET over the whole growing
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season, proving reliable in arid regions [90]. However, these techniques have several
drawbacks including the high cost of the sensors and the need for large extensions in the
case of eddy covariance, which make them unsuitable for water management purposes,
and they are still restricted to research [91].

4.2. Direct (Plant-Based) Methods
4.2.1. Visual Observations

Considering that vegetative growth slows down as an early response to water deficit,
observing the apical meristem or apex of vines is the simplest way to assess vine water
status. This can be performed systematically by observing 30-50 apexes per plot and
classifying them into three categories: (i) a growing apex, where the first expanded leaf
is small and well beneath the apex; (ii) the first expanded leaf covering the apex; and
(iii) the apex having dropped and shoot growth having completely ceased [92]. However,
this method presents several drawbacks including its low sensitivity to moderate water
stress and the high cost in personnel for covering large extensions. Tendrils could be an
earlier indicator, as they expand beyond the shoot tips in the absence of water stress, but
a moderate water deficit causes their wilting and subsequent abscission when the stress
becomes severe [93].

4.2.2. Grapevine Water Potential

Water potential (¥) is the suction pressure that a plant needs to extract water from
the soil. When the amount of soil water available decreases, plant ¥ would also decrease.
Therefore, ¥ is a reliable indicator of the water stress experienced by grapevines.

Since its development in the 1960s [94], the pressure chamber (Figure 3) is one of the
most used methods for determining ¥ in grapevines [79,95] due to its flexibility, accuracy,
and relative quickness [94]. However, some discrepancies exist about how and when
these measurements should be carried out [96]. Indeed, the pressure chamber method
can provide several modalities of ¥, including predawn, leaf, and stem water potentials.
However, it must be considered that there is still disagreement on how leaf samples should
be collected for performing these measurements [97]. Recently, it has been established that
re-cutting the petiole has no effect on ¥ values [97]. Moreover, it was reported that up to
30 s of time span between sample excision and pressurization was acceptable for accurate
Y determinations, as long as the sample was kept shaded during that time [97].

Predawn leaf water potential (Ypq) measures vine water status when the stomata
are mostly closed, providing information on the root-zone soil water potential [98]. It
is a stable measure and gives reliable indications on vine water status. However, ¥4
could be in equilibrium with the most humid soil layer, so the absolute available water
content in the soil could be smaller than expected [98]. In addition, ¥ },q gives an indication
of the plant capacity to recover during the night, but not of what happens during the
day, when plant hydraulic conductivity can limit water transport to the leaves hampering
water status maintenance and forcing reductions in stomatal conductance that result in
reduced photosynthesis and higher leaf temperature. In the case of isohydric-behaving
varieties [99], this modality provided satisfactory discrimination of vines under different
deficit irrigation strategies [100]. It must be noted that nighttime stomatal closure is being
questioned nowadays, as recent studies indicated that several grapevine varieties differed
on the level of stomatal closure at night, which might have implications on ¥ },q values [101].
Moreover, ¥4 reflects long-term evolutions and, as a consequence, might be preferred for
other water management practices apart from irrigation.

Leaf water potential (Y1e4¢) is usually measured at mid-morning or at noon, when
the evaporative demand is maximum; consequently, these values are affected by the
predominant environmental conditions (vapor pressure deficit, soil water availability,
solar radiation, temperature, etc.) at the time of measurement. Therefore, ¥i.,¢ values
are not preferred for their use in irrigation scheduling [96] or other practices that require
modulating water management in the vineyard. Nevertheless, this modality of ¥ has
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been successfully used for scheduling irrigation in experimental vineyards and thresholds
depending on the developmental stage of the vines have been defined [102].

Finally, stem water potential (¥stem) is measured on non-transpiring leaves, namely
leaves that have been bagged in opaque and hermetic bags 1-2 h prior to measurement [95],
although 10 min have been recently reported as sufficient [97]. Therefore, ¥stem has a lower
variability than ¥, because of the influence of leaf position on the latter modality, and it
provides a reliable indicator of the capacity of the grapevine to conduct water from the soil
to the atmosphere, so it can be used as a tool for irrigation scheduling [95,96].

These three modalities have been successfully employed to determine grapevine water
status and provide useful information for water management in the vineyard, although
previous reports showed contrasting observations. For instance, some reports indicate
that ¥stem could not discriminate between irrigation treatments shown to be different by
¥pa [81,100]. Other studies suggested that early- or mid-morning ¥}e,s measurements
are more suitable because differences in water status become maximum, as well as the
discrimination among irrigation treatments [103]. A great corpus of research suggests that
Ystem is the most adequate modality of water potential due to its capacity for discriminating
among irrigation treatments, its sensitivity, and its stability [79,95,96]. A recent meta-
analysis comprising more than 70,000 measurements of ¥ performed under different
environmental conditions in Spain concluded that Fod and Ystem should be prioritized
against Yo, for the assessment of grapevine water status [96]. Nevertheless, since ¥
modalities are strongly correlated, some authors indicate that all of them are valid for
assessing grapevine water status [104,105]. In this sense, from a practical standpoint,
Ojeda [106] suggested a methodology for managing irrigation of vineyards accounting for
thresholds of ¥ in its different modalities, the developmental stage of the vines, and the
type of wine to be produced.

Interestingly, some authors suggested the use of water activity meters (psychrometers)
for determining leaf water potential in any of its modalities (¥pqd, ¥iear, and ¥stem) [107].
However, this equipment is usually employed for assessing soil water potential and
permanent wilting point [108] and, consequently, a calibration is required for obtaining
reliable measurements. In the case of grapevines, a calibration between measurements
with the pressure chamber and a water activity meter has been reported [109]. The average
difference between measurements with both methods was established in —0.43 MPa [109].
Later, this equipment was used for monitoring grapevine (cv. ‘Albarifio”) water status over
four years and proved useful for discriminating among irrigation treatments [82]. Despite
these promising results, the workload and time needed to perform measurements with
the water activity meter as well as the fact that the obtained values are more negative
than those commonly used for water stress classification [110] may restrict the use of this
technique for making decisions about vineyard water management.

Finally, several authors have proposed thresholds for classifying the measured water
potential into water stress levels [106,110]. These levels allow for developing an efficient
management of vineyard water management in accordance with the phenological stage of
the grapevines and the wine type to produce [106]. Table 1 details the values commonly
accepted as thresholds for all the leaf water potential modalities commented in this section.

Table 1. Water potential values (MPa) with respect to vine water stress thresholds (adapted from
[106,109,110]).

Water Stress Level Yod 1 ¥ leaf | - WAM

No stress >—0.2 >—0.9 >—0.6 >—1.27
Weak or mild —0.2to —-0.3 —09to —1.1 —0.6to —0.9 —1.27to —1.45
Mild to moderate —03to—-05 —-11to—-13 —-09to—-1.1 —1.45to —1.62
Moderate to severe —0.5to —0.8 —13to—-1.6 —11to—-14 —1.62to —1.88

Severe <—0.8 <-1.6 <—14 <—1.88

1 ‘I’pd = pre-dawn leaf water potential; ¥}, = midday leaf water potential; ¥stem = midday stem
water potential; WAM = water activity meter.
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A major inconvenience of this technique is the high number of measurements needed
for ensuring their representativeness over heterogeneous vineyards, which must be per-
formed by skilled staff, increasing the costs of this technique [97]. Another drawback is the
frequency in which these measurements are required over the growing season. Finally, a
recent study reported that the water potential observed in a plant is not only a function of
the available water in the soil but is also an integrative measure of the interactions among
all the elements in the soil-plant-atmosphere continuum [111]. The factors that influence
the water potential value include the cultivar, environment, soil type, and the relationships
between the canopy and the root system. Any natural or human modification of this
latter relationship will induce changes in the water potential value [111]. Therefore, it is
recommended to monitor both grapevine water potential and soil water content in order
to efficiently schedule irrigation [111]. Finally, the effect of the operator is greater than
that of sampling [97], so vineyard technicians must be trained in using the pressure cham-
ber. These constraints restrict the use of the pressure chamber technique in commercial
vineyards.

4.2.3. Carbon Isotope Discrimination

In the atmosphere, two different stable carbon isotopes are present: 12C predominates
over 13C [112]. The enzymes involved in photosynthesis use the former one preferen-
tially [113] through the process of isotope discrimination. Under water stress conditions,
this discrimination is less severe, and sugars produced during water-deficit situations
contain more 13C than those produced when water is not limiting. Therefore, the car-
bon isotope ratio (5!3C) of the grape juice is an integrative indicator of the water deficit
experienced by vines over grape ripening [114].

This ratio has been related to minimal values of ¥4 during grape ripening [114,115]
and thresholds have been produced, ranging from —27 (no water stress) to —20 (severe water
stress) [114]. Since §!'3C can only be obtained at the end of the growing season, it is not
susceptible to be used for irrigation scheduling or agronomic management. However, it can
be valuable for evaluating agronomic practices of past seasons, providing useful information
for optimizing future strategies [110]. Moreover, its low cost allows for producing maps
of vine water status at the plot [116] or the terroir scale [117]. A recent study proved that
813C can be an inexpensive and simple surrogate for estimating soil available water capacity,
leading to a better consideration of the contribution of deeper soil horizons in the case of
vineyards [118]. Finally, determining 5'C in leaves has been recently demonstrated as a
reliable and sensitive indicator of vine water deficit even when the intensity of the water
stress was low or moderate [119].

4.2.4. Leaf Gas Exchange Measurements

Among the different variables that can be measured through gas exchange in plant
leaves, stomatal conductance is the most relevant. This variable is the ease of passage of
CO; or water vapor entering through the stomata [72]. Stomatal conductance is highly
informative on plant response to water stress because it changes with atmospheric demand
and soil water status. In the case of grapevines, stomatal conductance has been identified
as a suitable parameter to detect the degree of water stress [120,121]. These measurements
can be made under field conditions using porometers (Figure 3) or infrared gas analyzers.
However, these tools are rather expensive and complex to use, requiring frequent calibra-
tions. Moreover, they must be operated manually, limiting the use of stomatal conductance
as a water stress indicator. Moreover, leaf gas exchange measurements are subject to
several sources of variability including the timing of measurements and the location of
the sampled leaf within the grapevine canopy, among others [72]. Another limitation is
that stomatal conductance is not always closely related to grapevine water status [122,123].
A recent report on fruit trees proposed a method for estimating stomatal conductance
from values of radial sap flux density and air vapor pressure deficit that can be measured
automatically [124], which may open the door for the use of stomatal conductance as a



Water 2021, 13, 746

11 of 32

water stress indicator in commercial fruit orchards. In the case of grapevines, threshold, as
well as optimal, values for the different levels of water stress have been defined [73,125].

4.2.5. Sap Flow, Trunk Diameter, and Leaf Turgor

Sap flow measurements reflect the flow of water from the soil through the plant (within
the xylem tissue) and into the atmosphere through the stomata (whole-plant transpiration)
without disturbing the leaf environment [126]. Currently, several methods are available for
sap flow measurement, which can be divided in two groups: (i) thermal dissipation [126]
and (ii) stem heat balance [127].

Thermal dissipation probes [126] are simpler and more cost-effective than stem heat
balance equipment. In both cases, sap flow sensors (Figure 3) are robust and sufficiently
reliable for operation in the field over extended periods. Moreover, they can be easily
automated and implemented with data transmission systems [72]. However, invasive
methods such as the thermal dissipation probes require calibration using specific correction
factors [128]. In this sense, the stem heat balance method has been adopted for computing
vine transpiration and as practice to drive irrigation strategies [73].

Sap flow measurements have been employed to monitor grapevine water status and
could be a reliable option for water management in vineyards [128-130]. However, the heat
balance method has been reported to overestimate actual sap flow by 50 to 100% at high
flow rates in mature grapevines [131], while thermal dissipation produced errors within
£10%, and it was considered suited for long-term measurements of total water use [132].
In addition, a high number of probes are usually required, which renders the system costly
and time- and labor-consuming [72]. These drawbacks combined with the fact that the user
must be trained for the required data processing pose severe limitations to the use of this
approach in commercial vineyards.

Temporal patterns of water flow within the trees and grapevines cause stem diameter
variations (SDV); the magnitude of these variations depends on stem diameter and wood
elasticity [133]. Linear variable displacement transducers (LVDTs) provide continuous
measurements of stem and trunk diameter fluctuations (TDFs), which are related to plant
growth and water status [130,134]. Different water stress indicators can be derived from
the resulting daily patterns of SDV [72], including maximum daily shrinkage (MDS) and
stem growth rate (SGR), which are the most commonly used in irrigation scheduling and
other agronomic practices such as cover crop management and fertilization. However,
several factors have a remarkable influence on MDS and SGR, including environmental
water conditions and growth patterns, crop load, plant age, and size [133,135,136]. In the
case of grapevines, the usefulness of MDS as a water stress indicator has been questioned
due to its dependence on the phenological period [137]. Moreover, it appears that the use
of LVDTs for scheduling irrigation and other water management practices in vineyards
would require a specific calibration for different grapevine cultivars [134]. Recently, a study
pointed out that the different hydraulic pathways generated by particular training systems
can cause a different response of trunk diameter fluctuations [130]. Therefore, expert
interpretation of SDV records is required, limiting the potential use of these indicators for
automating the calculation of the irrigation dose [72].

Leaf turgor exerts a strong influence on stomatal behavior and, consequently, on plant
water status. In fact, leaf turgor has been reported to explain over 87% of the observed
decline in stomatal conductance due to water stress for three woody species: almond,
grapevine, and olive [138]. This supports the utility of leaf turgor-related measurements as a
valid indicator of water stress [72]. Leaf turgor measurements in the field can be made using
the leaf patch-clamp probe that provides a nearly real-time signal that is inversely correlated
with leaf turgor pressure [139]. These probes work well in hydrated and moderately
hydrated leaves, but at a certain level of dehydration, the pressure clip does not properly
sense the turgor pressure [72]. This approach has been tested in grapevines [140], showing
its robustness, relative low cost, and suitability for automatic and continuous recording
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under field conditions. Therefore, this system has a great potential for assessing plant
water status in vineyards and fruit tree orchards [72].

5. Management Practices for Maximizing Water-Use Efficiency in Vineyards

The increasing water deficits occurring due to climate change affect yields negatively
and decrease the profitability and sustainability of wine production [19]. Therefore, adap-
tations to drier growing conditions are becoming increasingly pertinent in viticulture
worldwide [19]. Consequently, a huge effort in applied and fundamental research has been
focused on the exploration of the capacity to optimize grapevine water use [17]. In this
section, we summarize several of the available management practices and adaptations to
increased drought aimed at improving water use in vineyards. These include the use of
drought-resistant plant material (both rootstocks and scions), soil management (mulching,
cover crops), and canopy management, while the use of irrigation, due to its relevance, will
be the subject of the next section of this review.

5.1. Drought-Resistant Plant Material

Rootstocks are essential in many vineyards since phylloxera reached Europe in the
second half of the 19th century. Rootstocks vary considerably in their ability to resist
drought [25,141]. The choice of more water-use efficient and drought-tolerant rootstocks
has been proposed as an adaptation measure to climate change in viticulture [141-143].
The rootstock chosen can modify vineyard adaptation to drought conditions through
several physiological mechanisms, as detailed in a recent review [25]. In this sense, the
great variability within the genus Vitis can provide a potential genetic resource to improve
water-use efficiency in vineyards [17]. Therefore, the use of drought-resistant rootstocks
could be an environmentally and cost-effective adaptation measure to increased drought
conditions, allowing for sustaining yields and reducing quality losses from excessive water
stress [19].

Similarly, grapevine cultivars present a large variability in their tolerance to water
stress [17,144], which may be related to the regulation of water potential in response to
increasing atmospheric demand and soil water depletion [122]. Moreover, a large variability
in water-use efficiency has been reported within the same grapevine cultivar, depending
on the experimental conditions [55,145]. This variability can be partly explained by the role
of rootstocks, which also show different levels of resistance to drought and might provide
certain tolerance to water stress to the scion [146]. The changes in carbon discrimination in
juice sugars between wet and dry years can allow for characterizing the drought resistance
of different grapevine cultivars [19]. In this context, grapevine varieties native from the
Mediterranean basin, such as Grenache and Carignan, are considered drought tolerant,
while local varieties may have even a higher resistance to water deprivation and could
be tested outside their original regions of production [145,147]. This large variability in
grapevine cultivar response to water restrictions offers an opportunity to select the most
appropriate cultivar depending on the environmental conditions.

5.2. Soil Management

Soil water-holding capacity has a crucial influence on vine water status, and under
dry climates, vineyards should be planted in soils with, at least, a medium water-holding
capacity [11,12,19]. Management of the water stored in the soil is essential to reduce
plant irrigation requirements. Therefore, practices aiming at improving soil physical and
chemical structure and properties must be favored. In this sense, reducing direct soil
water evaporation by mulching can be a cost-effective strategy to improve water use in
vineyards [17]. The advantages of mulching in vineyards have been widely reported, and
they include better plant nutrient status, weed control, prevention of soil erosion, and
increased yields [148-151]. Organic mulching could also contribute to a circular economy
(recycling of pruning residues), increasing soil organic matter content and nutrients, water-
holding capacity, and inhibiting weed growth [152,153]. Recently, the short-term effects of
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covering the entire vineyard floor with vine pruning waste on the evapotranspiration of a
fully irrigated vineyard have been determined [154]. These authors reported that vineyard
water use could be reduced by 16-18% through the application of this mulching. This
moderate decrease in water use could be particularly relevant under rain-fed conditions,
when vines experience more severe water stress. A recent study highlighted that water
stress integral values over the season were 5% and 13% lower in vines on organic mulched
soils than in vines on tilled soil under rain-fed and irrigation regimes, respectively [155].
According to these recent studies, combining an organic mulch with no-tillage seems to
reduce direct water evaporation from the soil, which eventually caused a better vine water
status [154,155]. However, the amount of material needed for mulching and its cost of
establishment are factors that might restrict the use of pruning waste as organic mulching.

Cover crops can be an alternative vineyard floor management that helps modulate
water use in these agro-ecosystems. A cover crop can be purposely seeded or consist of
resident species [150]. A number of environmental and agronomical benefits can be ob-
tained from cover crops: soil protection [149,156], improvements in physical and biological
properties of soils [157], enhancements in berry quality [158], etc. Table 2 summarizes
the main costs and benefits expected under climates with sufficient rainfall amounts and
those rain-limited [17,150]. In addition, recommended crops for both climate types are
included (Table 2). However, the adoption of cover crops as soil management systems in
rain-fed vineyards is limited due to the concern of excessive water and nutrient competition
between these crops and the vines [150]. In this sense, comprehensive studies have been
undertaken to explain the effects of the establishment of a cover crop on the water status
of the vineyards [159,160]. The findings of these works confirmed the interest of cover
cropping for ensuring an improved replenishment of the soil water profile [160]. This
is related to a reduction in runoff and the enhancement in water infiltration. Moreover,
grapevine root redistribution after the establishment of a cover crop is not only horizontal
but also vertical [160,161], proving that a cover-cropped grapevine tends to take up water
from deeper soil layers (more than 4 m deep). Another study proved that the total water
use for an entire growing season did not differ between a soil-tilled and cover-cropped vine-
yards [159]. Recent studies in humid climates also pointed out the benefits of cover crops
for reducing excessive vine vigor without compromising yield and berry quality [162,163].
In this regard, under-trellis cover crops seem to be a useful tool for reducing vine vigor and
improving cluster sunlight exposure in cool humid climates [163]. Under these conditions,
vineyard water use can be modulated and improvements in wine sensory attributes have
been reported [164]. As mentioned in the section devoted to the interactions between
grapevine water status and biotic stressors, cover crops can provide other benefits such
as the reduction of the risk of bunch rot infection [59], increase in the number of habitats
that can be used for predatory arthropods that can act as natural biological control agents
against pests [165], or reduce the expression of GTD symptoms [55].
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Table 2. Costs and benefits of cover crops for vineyard floor management under climates without

water stress and climates with summer droughts (adapted from [17,150]).

Rain is Not a Limitation

Rain-Limited

Costs

Benefits

Recommended
cover crops

Establishment and regular
maintenance

Irrigation, fertilization, and other
practices must meet the needs of
the grapevines and the cover
crops

Soil protection against erosion and
crusting

Improvement of soil fertility and
structure, increasing soil water
retention capacity

Regulation of vine growth and
yield through a reduction in water
availability to the grapevines

Permanent or perennial cover
crops of grasses and/or native
species covering the floor surface
over the grapevine vegetative
growth period

For deep soils with adequate
available water content, the
recommended cover crops include
rapid growing grass species.
(Festuca arundinacea, Lolium
perenne, etc.)

Establishment and regular
maintenance

Competition with vines for water
and nutrients

Not recommended for early
vineyard establishment

Enhancement of soil fertility and
biological activity (mycorrhiza)
involved in water and nutrients
uptake

Improvement of soil
water-holding capacity by
decreasing soil mechanical
resistance and increasing water
infiltration

Reduction of direct evaporation of
water from the soil during
summer

Early adjustment of leaf area,
which reduces vine water needs
later in the season

In deep soils, increases vine root
growth, which limits direct
competition for water resources

Non-permanent cover crops with
no growth during summer, such
as Bromus hordeaceous

Alternating rows with/without
cover crops

For shallow soils receiving limited
rainfall and for hillside vineyards,
the recommended mix contains a
variety of fescues (Festuca ovina,

F. rubra, F. pratensis)

For semi-arid areas, a mix of
grasses and legumes

5.3. Canopy Management

Canopy management is an important agronomic practice that allows vine growers

to regulate the microclimate around the clusters and, consequently, fruit sanitary status,
yield, and berry quality. Vine growers in the Mediterranean basin have used a particular
training system, the Mediterranean goblet or bush vine, that is resistant to drought (vines
can be rain-fed with only 350 mm of rainfall per year) and high temperatures [19,166].
However, the low yields obtained and the difficulty in the mechanization of practices led
to the modification of this particular training system.

Training systems evolved toward maximizing the amount of sunlight intercepted and
its distribution within the grapevine canopy [167]. In this context, vine row orientation is
a factor that exerts large effects on grapevine water use [168]. Grapevines in east-west-
oriented rows showed higher gas exchange rates at the leaf level than vines in north-south-
oriented rows, with less negative leaf water potential, suggesting differences in energy
balance and physiology induced by row orientation [169]. Recently, Buesa et al. [170]
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observed that orienting vines to the east-west reduced vine transpiration when compared
to the north—south orientation (16% and 8% reductions in Bobal and Verdejo cultivars,
respectively). Since carbon assimilation was not affected by row orientation, water-use
efficiency tended to increase in east-west-oriented vines [170]. These results suggest that
under the current scenario of increasing water scarcity, vineyard row orientation will be a
key factor when designing new plantations.

Another recent study tested the possibility of enhancing grapevine water-use efficiency
by maximizing radiation interception during the mornings but limiting it during the
afternoons, when the vapor pressure deficit and the evaporative demand are higher [171].
This was made by leaning grapevine canopy 30° to the West, which resulted in increases
of 13% in leaf area, 12% in yield, and 11% in water-use efficiency when compared to the
typical vertical shoot positioning system [171]. This pioneering study proved that leaning
canopies to the west could be a useful tool for modulating vineyard water management
under Mediterranean semi-arid conditions.

When water is a limiting factor, close row spacing increases water use because sunlight
interception is providing the driving energy for transpiration. Therefore, an alternative to
improve vineyard resistance to drought is to increase row spacing, consequently reducing
vine density. A recent study simulated the effect of three row spacings on vineyard water
balance under three different conditions of soil water availability [172]. This approach
demonstrated that vine spacing had a relevant effect on water balance and water availability
during grape ripening. However, increased vine spacing reduces both yield and production
costs, so the profitability of the vineyard depends on the trade-off between these two
effects [172].

These studies highlight the fact that the planning of the vineyard prior to its plantation
should consider these issues for solving problems related to water availability that could
appear in the future. However, other canopy management techniques can be used to modify
water management when the vineyard is already established, such as green pruning [173].
The goal of green pruning is to remove excess shoots to balance the vegetative growth and
the yield in the grapevine. This helps managing the water use of the grapevine. The timing
of green pruning can be used in combination with cover crop management to modulate
water dynamics in an intermediate scale between plot planning and irrigation scheduling.
However, this practice is costly because it must be carried out by skilled personnel.

6. Irrigation in Vineyards: Strategies and Advantages

The irrigation of grapevines has become an important management practice to guar-
antee yield stability, wine quality, and even plant survival in regions affected by seasonal
drought [144]. However, irrigating vineyards is not always possible because of several rea-
sons, including the restrictions imposed by the geographical indications (“Denominacion
de Origen”, “Appelation d’Origine”, or “Herkunftsbezeichning”) as well as other norms
that may forbid it, the lack of concessions of water for irrigation, and because, in the context
of climate change, there may be not enough water for irrigation. In addition, supplying
irrigation to ensure the full vine evapotranspiration may maximize vineyard productivity,
but it reduces berry and wine quality. Therefore, irrigation must be controlled to opti-
mize the balance between vegetative growth and yield, avoiding an excessive vigor [2].
Moreover, despite the fact that irrigation is common in the viticulture of the New World
countries, this practice was forbidden by law in some European countries until the late
1990s [27]. Consequently, an enormous research effort has been devoted to assess the effects
that different irrigation protocols and systems may have on grapevine performance. In this
context, a basic search in the Web of Science database performed on 11 September 2020
using “irrigation” and “vineyard” as search terms resulted in 1316 articles for the period
from 1949 to 2020. Figure 4 shows the number of resulting articles ordered by decade. An
increasing interest in this subject can be observed from 2000 onwards (Figure 4). In the last
five years (2016-2020), 443 articles dealing with vineyard irrigation have been published,
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Figure 4. Number of articles dealing with irrigation and vineyard produced by a search in the Web of Science database

performed on 11 September 2020.

The first studies on vineyard irrigation dealt with the application of a constant
amount of water, less than the potential evapotranspiration, over the entire growing
season [174,175]. These works showed a general increase in yield and, in some instances,
also some beneficial effects on berry composition (such as higher acidity and increased
berry sugar concentration). However, a decrease in anthocyanins concentration in berry
skin was also observed [175].

The two irrigation techniques that have been more studied in vineyards are regulated
deficit irrigation (RDI) and partial root-zone drying (PRD). In both cases, water applica-
tions replace only a percentage of the potential vine evapotranspiration, either over the
entire season or only during some stages of the growing cycle, aiming to minimize yield
reductions and improve grape composition [176,177].

The beneficial effects of RDI on grapevine can be summarized in (1) improvement
of water-use efficiency; (2) reduction of heat stress; and/or (3) delay of grape ripening.
Most of the research effort has been focused on red varieties, such as Cabernet Sauvi-
gnon, Syrah, Merlot, or Tempranillo [40,41,44,178]. These studies provided contrasting
results depending on the grapevine variety considered and local conditions. However,
when water resources are scarce, applying moderate water deficits before veraison and
irrigation without considerable restrictions afterwards appeared as the most convenient
strategy for improving berry composition while maintaining yield levels [27]. In contrast,
studies on white varieties are less numerous. However, this trend has changed, and an
increasing interest has been devoted to the assessment of the effects of RDI on renowned
white varieties such as Sauvignon blanc [179,180], Chardonnay [46,181,182], Airén [183],
Muscat of Alexandria [184], or Albarifio [48]. These studies proved that RDI improved
vine water status, increased yield, and affected positively the wine sensory profiles [46].
This continuous research has provided some certainties, including the fact that irrigation
restriction before veraison is an effective way to control berry size, while water restriction
after veraison affects grape composition [27]. However, some inconsistencies exist among
studies due to differences in soil, grapevine cultivar, and environmental conditions. Inter-
estingly, current research focused on lesser-known grapevine varieties such as Arvine [185],
Carménere [186], Godello and Treixadura [187], Sangiovese [188], and Verdejo [189]. These
studies broadened the spectrum of available information and provided interesting findings
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on the performance of these cultivars under different irrigation regimes, concluding that
high water availability increased yield while must and wine composition were affected
negatively on some years. However, consistent results were not observed among stud-
ies, suggesting that more research efforts are needed to fully elucidate the responses of
particular combinations of rootstocks and scions under a wide range of climate and soil
conditions.

In the case of PRD, the irrigation zones are alternated, generally every 15 or 20 days,
with half of the root system kept dry while the other half receives irrigation. The major
effect of PRD on grapevines is the production of chemical signals in drying roots, which
are transported to the leaves where they trigger a reduction in stomatal conductance [190].
This reduces transpiration without any major effect on plant growth or productivity. In the
field, PRD has produced positive results in terms of controlling excessive vegetative growth
and improving grape quality while contributing to water savings of close to 50% without
impairing fruit production [191-194]. Nevertheless, other studies reported that PRD did
not have any considerable effect on grapevine performance when it was compared with the
same amount of water applied through conventional drip irrigation [195,196]. Furthermore,
results from a study in a Tempranillo vineyard suggested that the irrigation amount rather
than the system of application was the main factor influencing vine performance [197].
These contrasting results pointed out the difficulties of implementing PRD strategies in
vineyards. It seems that PRD provided best results in sandy soils [192] than in heavy and
deep soils [196,197]. Nonetheless, recent studies about PRD confirmed, under two soil
types, the usefulness of this irrigation strategy for saving water while maintaining fruit
yield and improving wine quality through increases in polyphenol contents [194].

More recent research efforts are focused on addressing unresolved questions such
as the effects of post-harvest RDI [182], the use of direct root-zone irrigation [198], or the
combination of RDI and other practices such as variable crop load [199] and under-trellis
cover crops [164]. Moreover, the effects of irrigation on vineyards located on reclaimed
land have been the focus of a recent study [200]. However, researchers are still interested
in understanding the behavior of well-known grapevine varieties, such as Cabernet Sauvi-
gnon, in different regions such as Spain [201], Israel [202], or China [203]. In this sense,
multi-scale and multi-lever approaches to quantify the feasibility and effectiveness of the
irrigation practices are required [204].

The accumulation of carbohydrates occurs during post-harvest, and it affects vegeta-
tive growth and yield in the following season, so adopting RDI during this period can be
problematic [182]. When comparing three levels of RDI with a fully irrigated control in
Chardonnay, yield components did not differ among treatments, but differences in berry
composition were detected [182]. Even though this study indicated that adopting a RDI
strategy during post-harvest could be inappropriate, it may be considered in a scenario
of water restriction because there was less impact on yield and berry composition than if
RDI had been adopted during pre-harvest [182]. Another study on this issue reported that
water restriction during post-harvest affected the formation of new roots but not starch
concentration in perennial organs of Chardonnay grapevines [205].

In a Cabernet Sauvignon vineyard located in a semi-arid region of south-central
Washington State (USA), a comparison of a novel subsurface drip irrigation strategy against
traditional irrigation methods was performed [198]. This comparison involved plant water
status, root traits, yield, berry composition, and crop water-use efficiency. The authors
observed that compared to surface drip irrigation, direct root-zone irrigation improved
grape yield by 9-12% and crop water-use efficiency by 9-11%, with minor effects on berry
composition [198]. In addition, deep rooting seemed to be favored by this novel irrigation
strategy. This technique is an extension of subsurface drip irrigation (SDI) systems that
use buried drip lines, which are difficult to monitor, repair, and adjust to meet needs based
on the type and age of perennial crops [206]. Moreover, these systems tend to concentrate
the wetting zone, possibly restricting root distribution [207]. However, SDI systems have
shown promise for improving grape yield and water-use efficiency [207,208].
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Analytical techniques [209] allowed for determining secondary metabolites in the
berries and volatile compounds in the wines in an accurate and cost-effective manner,
so current research on the deficit irrigation of vineyards is increasingly addressing these
aspects. Among these compounds, research efforts focused on amino acids, anthocyanins,
polyphenols, and aromatic volatiles.

Amino acids are secondary metabolites that have an impact on wine aroma, since
some of them are precursors of volatile compounds. Consequently, researchers focused on
the effects of water deficit on their metabolism in the grapes [210], concluding that proline
concentrations increase with water deficit in red cultivars, but no clear patterns were
observed in white cultivars. In the field, current research proved that irrigation decreased
the concentrations of some amino acids such as cysteine, tryptophan, and phenylalanine
in the musts from the Treixadura cultivar [47], but it did not affect the concentrations of
amino acids in musts from Albarifio [211], Godello [212], and Chardonnay [213] cultivars.
Therefore, cultivar and environmental conditions are key factors in the response of grape
amino acids to irrigation, ensuring further research on these aspects.

Regarding berry and wine volatile composition, irrigation effects strongly depend
on the grapevine cultivar and the environmental conditions [48]. A comprehensive study
on the Viognier cultivar reported that pre-veraison water deficit tended to increase the
concentrations of volatile compounds in the berries, while a post-veraison water restriction
tended to reduce the contents of these compounds [214]. More specifically, irrigation tended
to reduce the concentrations of isoamyl acetate, 2-phenylethyl acetate, and ethyl hexanoate
in Albarifio wines [215], while no clear effects were observed in Godello wines [212], and
Treixadura wines [47]. In Verdejo wines, irrigation tended to reduce the concentrations
of volatile phenols and C6 compounds [189]. A recent study on the Gewtirztraminer
cultivar reported that late deficit irrigation increased the concentrations of geraniol and
citronellol in the berries but did not affect total free and bound terpenes [216]. These
findings suggest the need for further research about the RDI effects on the biochemical
pathways of secondary metabolites in grapes from different varieties and grown under
different environments. Moreover, the effects of RDI on wine volatile composition and
sensory profiles deserve further investigation.

In view of the results from these studies, optimal irrigation strategies are difficult to
generalize due to the complexity and heterogeneity of vineyards, so suitable physiological
indices and thresholds to manage RDI have been proposed to achieve high-quality grapes
under different environmental conditions [125,217]. In this context, recent investigations
proved the potential of variable-rate irrigation to manage the spatial heterogeneity within
the vineyard, showing reductions of 18% in water use without losses in yield and grape
composition while achieving a more homogeneous grape maturation [218]. In addition,
the long-term effects of deficit irrigation strategies should be considered, due to the risk
of a gradual reduction in yield and vegetative growth [219,220]. Furthermore, despite the
great research effort regarding irrigation management in vineyards, little is known about
the effects of fertigation on grapevine performance due to a lack of studies [221,222], and
further research is needed. Another aspect to consider is the use of reclaimed wastewater or
other water resources of variable quality for irrigation purposes, whose usage is increasing
within the horticultural sector, including winegrape production [223], in order to conserve
water of better quality and divert it to other users. Therefore, it is imperative to understand
the short- and long-term implications of the use of these water resources in order to
optimize water conservation without compromising soil and plant health [22,223].

7. New Technologies to Improve Vineyard Water Management: Models, Proximal and
Remote Sensing

As with many other fields in research, new technologies are increasingly being used.
In the case of vineyard management, models, proximal and remote sensing are the most
commonly used technologies. In this section, they will be briefly described.
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7.1. Models

To cope with the inherent complexity of grapevine performance and the interrelated
factors that exert an influence on it, as well as on berry composition, process-based mod-
els show a promising ability to integrate physiological data, generate novel hypothesis,
and provide a wider picture of berry growth, yield, and quality development [224]. In
the case of grapevines, modeling efforts have focused on explaining shoot growth, dry
mass accumulation, and canopy structure [225,226]. Concerning water use by grapevines,
research focused on the simulation of the evolution of berry fresh and dry mass and sugar
accumulation after veraison, accounting for the effects of leaf-to-fruit-ratio and water stress
on these traits [227].

Recent research on the physiology of grapevine under water stress conditions iden-
tified the role of rootstock in grapevine water relations [228]. These authors concluded
that differences in root architecture explained the higher transpiration rates in Cabernet
Sauvignon under low to moderate water deficit when grafted onto a drought-tolerant
rootstock [228]. They also pointed out the relevance of chemical signals, such as the abscisic
acid, in the role that rootstocks play in grapevine physiology [228]. In this line of work
focused on grapevine physiology, a recent article described the development of a compre-
hensive functional-structural model that coupled the dynamics of water transport within
the grapevine with leaf gas exchange [229]. The model was able to predict photosynthesis,
transpiration, stomatal conductance, and leaf water potential as a function of the patterns
of soil drying. These promising results allowed for illustrating that grapevines strive to
maintain proper berry ripening by partially compensating for a reduced source—sink ratio,
and that under drought, an enhanced berry sucrose uptake capacity can reverse berry
shrinkage [230]. These studies demonstrated the usefulness of the model presented for
understanding the physiology and growth of individual plant organs, as well as berry fruit
growth, in relation to plant water status [229,230]. Unfortunately, despite their undoubtable
relevance and usefulness, these models are complex and difficult to apply for managing
water in vineyards.

Consequently, the research effort on optimizing water use in vineyards was directed
toward the development of soil water balance models adapted to this crop [231]. This
allowed obtaining fair estimates of seasonal water balance dynamics in two different vine-
yards and a relation of this balance with pre-dawn water potential that could be used for
scheduling irrigation [231]. In the context of modeling soil water balance, accurate esti-
mates of reference evapotranspiration are required [232,233], which can be obtained using
satellite-sensed solar radiation in areas where air temperature is the sole local weather vari-
able available [234]. Moreover, crop coefficients for grapevine can be estimated accurately
by using plant height and the fraction of ground cover [235], improving the estimations of
vineyard water needs, as made in other woody crops such as orange trees [236]. Another
approach is the adaptation of existing models to grapevine, which has given promising
results [237].

However, soil contribution to grapevine water status varies in space and time at a fine
scale [12,238]. Moreover, this is affected by the inherent spatial variability of rainfall [239].
Therefore, it is necessary to extrapolate the estimations or measurements of grapevine water
status from a reference site to the whole vineyard [240]. This can be achieved by separating
the effects of soil water availability and those of climatic conditions on grapevine water
status [241]. Another approach that is being explored currently is the modification of the
surface energy balance for taking into account partial wetting in irrigated vineyards [242].
This modeling approach can be used to estimate the effect and significance of direct
evaporation from wet and dry soil areas on the total evapotranspiration and to inform
water balance studies for optimizing irrigation management [242]. Finally, the most recent
approaches employ artificial intelligence for estimating how weather and vineyard water
management affect wine aroma, which could help adjust some practices to maintain or
enhance the quality of wines, or maintain the wine style associated to a specific region [243].
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7.2. Proximal Sensing

It is widely recognized that electromagnetic induction sensors (Figure 5) can pro-
vide useful information on the spatial variability of certain soil properties within a given
field [244]. These sensors provide a measure of the soil apparent electrical conductivity
that is an indirect indicator of relevant soil properties such as salinity, clay, and soil water
content, among others [244]. In vineyards, these measurements have been correlated with
vine stem water potential and berry composition [245]. This limitation comes from the fact
that these measurements are usually related to soil properties through purely empirical
correlations, which are site-specific and vary over time [244,246]. In a recent study, a semi-
empirical model represented the underlying physical process that affects electromagnetic
induction signals and provided the basis for planning and comparing these measurements
among different areas [246]. However, the use of these sensors in vineyard management is
nowadays limited to the delineation of site-specific management zones [10,247,248], which
can be useful for precise and optimal irrigation scheduling.

Figure 5. Examples of equipment for proximal and remote sensing employed in vineyards: (a) Electromagnetic induction

sensor with plastic structure for its calibration; (b) Three different models of unmanned aerial vehicles. Photos were taken

by ].M. Miras-Avalos.

7.3. Remote Sensing

The increased computing power, the rise of remotely piloted aircraft systems (Figure 5),
and the advances in image processing increase the opportunities for vineyard observations
through remote sensing [249]. The link between wine attributes and the environment
is a crucial step for identifying the factors that influence terroir [250]. Therefore, high-
quality contiguous spatial data of the physical parameters (including soil water content)
are required. Remote sensing is the primary tool for acquiring such data [249].

Nowadays, viticulturists have many options for the acquisition of remotely sensed
image data that could provide useful information: optical, thermal, light distancing and
ranging (LiDAR), microwave, and fluorescence remote sensing [251]. Thermal remote
sensing is particularly useful for measuring spatial variability in vine transpiration [252],
and, by inference, water stress. Moreover, vegetation indices that combine spectral bands
sensitive to vegetation density are generally derived from multi-spectral imagery to en-
able the analysis of vineyard canopy [249]. With the increasing accessibility of remotely
piloted aircraft systems as platforms for remote sensing devices, and the availability of
satellite images, remote-sensing image data of vineyards are becoming more accessible and
significantly lower in cost [249].

The current article does not try to summarize all the advantages and capabilities of
remote sensing techniques for their application in vineyards, but it will focus on the most
recent findings regarding vineyard water management through these tools. In this sense,
strong correlations between soil characteristics (such as plant-available water-holding
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capacity), vine nutrition, and the sensory properties of finished wines have been demon-
strated within different zones identified from a combination of spatial data describing
environmental conditions [253].

Complicated models for extrapolating water status measurements from grapevines
located on a single reference site to the entire vineyard have been proposed [254]. However,
remote sensing technologies can facilitate this task and provide reliable estimates of the
spatial distribution of vine water status within a vineyard. In this sense, a combination of
remote and proximal sensing technologies, along with statistical methods, allowed discrim-
inating irrigation water management effects in vineyards trained to a pergola system under
humid climate conditions [245]. Recently, some authors coupled multi-spectral imagery
with machine learning algorithms in order to schedule irrigation [255]. These authors
developed several models based on artificial neural networks and obtained promising
results for irrigation scheduling purposes using thresholds of stem water potential as
outputs. They concluded that their model could be applied to analyze on a plant-by-plant
basis, to identify sectors of stress within the vineyard for optimal water management, and
to identify spatial variability within vineyards [255].

Indeed, precision water management in vineyards may benefit from the quantification
of within-field spatial variability and temporal patterns of grapevine transpiration [256].
In this sense, a combination of time-series decomposition of evapotranspiration retrievals
from multiple satellite platforms and a random forest classification algorithm has been
tested in a Pinot noir vineyard in California [256]. This approach showed high prediction
accuracy and revealed that the area of the vineyard planted on top of a silt loam soil had
better conditions to consume more water. These findings allowed the spatial quantification
of evapotranspiration time series at different temporal scales and may benefit within-season
decision-making regarding the amounts, timing, and location of irrigation [256].

Another study evaluated the extent to which high-resolution thermal imaging allows
the assessment of instantaneous and seasonal variability of vineyard water status [257]. The
authors designed and built an unmanned aerial vehicle for providing very high-resolution
imaging (pixel <9 cm) and applied it at a relevant scale (7.5 ha) for obtaining crop water
stress index estimates from thermal images in a clear-sky day. Then, they compared the
values of this index to stem water potential and stomatal conductance measured at 14
sampling sites within the vineyard. Strong correlations were obtained between remote-
sensing data and ground measurements, allowing for producing spatial estimations of
grapevine water status across the vineyard. Therefore, the information provided by thermal
images proved to be relevant at a seasonal scale, as well as to map instantaneous variations
in water status within a vineyard. However, the acquisition of thermal images at several
dates along the summer was recommended for ensuring an accurate estimation of water
status variations [257].

Other studies focused on the use of estimations of thermal balance through satellite
images to estimate evapotranspiration over vineyards at different scales [258-260]. In this
line of work, the feasibility of using Sentinel-2 and Sentinel-3 images for increasing the
temporal resolution of vineyard water status estimates has been recently assessed [258].
This report compared several methodologies and concluded that the use of the two-source
energy balance model with land surface temperature images retrieved from Sentinel-2 and
Sentinel-3 satellites and the Shuttleworth-Wallace model was adequate for assessing the
actual evapotranspiration from grapevines across the growing season [258].

Other works described relatively simple methods for irrigation water accounting
at the plot and water user association scales [259]. The combined use of the dual crop
coefficient FAO56 methodology and a soil water balance based on remote sensing images
offered reproducible and reliable maps of vineyard water requirements that can be useful
for water managers to make informed decisions [259]. The use of other remote sensing
products, such as land surface temperature and vegetation indices, combined with large
aperture scintillometer measurements can provide accurate estimates of vineyard water
requirements [15,260].
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As it can be gathered from the mentioned examples, this field of research is extremely
dynamic, and new technologies and algorithms emerge almost on a weekly basis. However,
the main challenge of remote sensing for optimizing water management in vineyards is
the development of an accurate, reliable, easy-to-use, and cost-effective tool that can be
employed by a great number of viticulturists and wineries.

8. Conclusions and Perspectives

The comprehensive review undertaken in this study highlighted the tremendous effort
made by the scientific community to solve one of the main challenges that viticulture is
facing nowadays: water scarcity. Researchers have made great and relevant advancements
on the optimization of irrigation management, especially on red and well-known cultivars
(Cabernet Sauvignon, Merlot, Syrah, Tempranillo), on remote sensing tools for estimating
vineyard water requirements and on the effects of water stress on the physiological and
metabolic pathways, leading to the formation of secondary metabolites in the berries.
However, there are still many questions to address in the future in order to get relevant
information for achieving vineyard sustainability under the conditions imposed by climate
change (reduced water availability, increasing temperatures, and increment in the incidence
and intensity of extreme weather events).

From the information presented in this review, the main aspects that researchers
should address during the next years should be the following:

e  Multifactorial studies: Usually, the research that has been performed until the present
was focused on the evaluation of the effects of a single stressor on grapevine response.
However, several studies pointed out the great number of interrelations and the
complexity of the links among several stressors (drought, soil salinity, disease pressure,
plant-insect interactions, heat waves, etc.) on the final response of the vines. Therefore,
broadening the scope of the studies to account for several stressors and evaluating
their joint effects on grapevines should be a priority.

e  The development of a non-destructive, cost-effective, and easy-to-use method for
monitoring continuously grapevine water status is a challenge to address in the future.
In this context, remote sensing and machine learning techniques can provide helpful
information to develop models for upscaling the measurements obtained.

e  Future studies should focus on less-known varieties because research has proven
that grapevine response to water restrictions is genotype-dependent. In this context,
several rootstock—scion combinations need to be tested. Moreover, management
practices alone or in combination with irrigation, either on well-known or less-known
grapevine varieties, will be an asset that future research needs to address.

o  The effects of water stress on secondary metabolites and on wine volatile composition
need to be clearly elucidated.

Addressing these aspects is a great challenge, but the foundations have already been
set, and one can be confident that in the next few years, the scientific community will obtain
sound conclusions about some of the topics and questions raised in this review.
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