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Abstract

Climate change is increasingly threatening viticulture in the Northern Mediterranean,
where irrigation is often impractical due to water scarcity and high management costs. Ris-
ing temperatures have accelerated grape ripening and intensified summer stresses related
to heat, light, and water deficits. This review examines, with a narrative style, vineyard
design and management strategies to enhance resilience under these conditions. Key
recommendations include careful selection of scion-rootstock combinations, particularly
considering their iso- or anisohydric behavior, and the use of super hydrogels to support
vine establishment. Wider row spacing and sprawl canopy systems can improve water-
use efficiency, while vigorous, deep-rooting rootstocks may enhance drought tolerance.
Soil management should focus on maximizing rainfall retention, minimizing deep water
losses, regulating cover crop competition, and promoting mulching practices. Canopy
management should be adapted through late, intense shoot trimming and late-season
apical defoliation to reduce transpiration. Among mitigation measures, kaolin applications
effectively lower canopy temperatures and protect vines from heat stress at low cost. Agri-
voltaic systems offer a multifunctional approach by reducing evaporation and overheating,
preventing sunburn damage, supporting dual land use, and delaying ripening. Together,
these practices provide an integrated framework for improving vineyard sustainability and
productivity under increasing climatic stress.

Keywords: scion/rootstock combination; cover cropping; kaolin; summer pruning; agrivoltaic;
drought; isohydric; anisohydric; water use efficiency; climate adaptation

1. Introduction

Over the past twenty years, the group opposing the acknowledgment of global warm-
ing has seen a decline in backing [1]. Nevertheless, as noted by Benoist et al. (2026) [2],
although climate change is largely accepted, skepticism about its human-induced origins
often remains. Evidence supporting humanity’s significant role in global warming includes
notable data, such as the three-million-year paleoclimate records from the ALHIC1901
ice core [3], which reveal that during this period, atmospheric CO; levels never exceeded
300 uL/L and typically remained under 250 puL/L. It is widely recognized that the indus-
trial revolution initiated a sharp rise in CO, levels, which have now reached approximately
427 uL/L (https:/ /www.co2.earth/daily-co2, accessed on 14 October 2026).

Temperature anomalies for individual years from 1880 to 2024 (https:/ /svs.gsfc.nasa.
gov/5450/, accessed on 14 October 2026) reveal a remarkable pattern: Anomalies remained
negative up to around 1940. This was succeeded by a 40-year span characterized by
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alternating positive and negative anomalies. From the mid-1980s onward, anomalies
consistently turned positive, exhibiting a steady upward trend with a decadal increase of
+0.25 °C in magnitude.

Viticulture has traditionally been associated with Mediterranean regions, known as
Old World viticulture. Since the late 1980s, a succession of growing seasons has emerged,
characterized by increased heat accumulation compared to historical records [4,5]. This
shift has significantly altered the timing and dynamics of grape ripening [6], as well
as the intensity and duration of abiotic stresses [7,8]. The current season, particularly
in Italy and France, has already surpassed the historical heat wave of 2003 in Central
Europe [9]. According to Copernicus Climate Change Service (CCCP), August was the
world’s joint hottest month on record, pushing global temperatures back above 1.5 °C
above pre-industrial levels (https:/ /climate.copernicus.eu/, accessed on 14 October 2026).

In addjition to climate changes, it is important to emphasize the key practical implica-
tions for vineyard management, as well as the effects on yield, grape quality, and wine style.
Regarding severity, frequency, and perception, growers anticipate two main outcomes:
firstly, the advancement and compression of the harvest period [10], which leads to various
organizational and logistical challenges, such as the availability of machinery or manual
labor and the capacity of wineries [11,12]; secondly, there is a significant increase in what is
termed “multiple summers stress,” where factors such as excessive light, high temperatures,
and soil water shortages may interact [13,14].

Management changes in response to earlier and more condensed phenological pat-
terns have led to several comprehensive reviews that explore various methods to delay
phenological stages and restore previous ripening patterns [15-17]. Addressing the issue of
multiple summer stresses is challenging for several key reasons: (i) it is inherently complex
to diagnose and interpret physiologically; while water deficit is frequently a factor, there is
a growing occurrence of severe physiological dysfunction and decline in yield and grape
quality due to the occurrence of “meteorological water stress” [18], i.e., a condition in which
atmospheric and climatic factors create a water deficit for plants, regardless of the amount
of water immediately available in the soil; (ii) multiple summer stresses are common in
warm regions with dry farming practices, meaning irrigation is typically unavailable and
cannot be considered a viable solution; (iii) a review of the literature suggests that there are
still few solutions available that effectively enhance or extend vine tolerance to multiple
summer stresses, and their effectiveness is moderate at best.

The primary aim of this review is to examine, under a narrative style and with a critical
perspective, the current main techniques and tools available to enhance vineyard resilience
to stresses before they cause irreversible harm. This inquiry also justifies the title: is there a
definitive threshold beyond which cultivating wine grapes in the dominant conditions of
the North Mediterranean basin becomes unfeasible? The decision was made to exclude
irrigation for several reasons: (i) it is a fact that numerous regions within Mediterranean
basin countries face water scarcity for irrigation (in Italy, it is estimated that only about 10%
of vineyards could theoretically benefit from blue water resources); (ii) natural, logistical,
and infrastructural challenges may make the use of blue water economically impractical;
(iif) in certain countries, such as Italy, the practice of vineyard irrigation is still developing
due to policies that have restricted or banned irrigation, alongside the undemonstrated
belief that additional water might maintain growth and yield at the cost of grape and wine
quality [19,20].

A summary of the of the key elements and farming conditions relevant to cultivating
a water-resilient vineyard under dry farming conditions is presented in Figure 1.
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Figure 1. An illustration of numbered management tools that could be deployed for enhancing
vineyard resilience to various summer stresses under dry farming conditions. The diagram shows
a vineyard parcel assuming 8 rows, with 4 rows utilizing a “sprawl” canopy style and the other
4 employing a traditional vertically shoot positioned (VSP) training method. Specifically, the following
is presented: (1) the sprawl of a freely growing canopy ensures greater water use efficiency compared
to VSP and offers improved cluster protection from light and heat stress; (2) there is permanent
mulching beneath the rows, which can be created using cover crop residues or other organic materials;
(3) there are interrow spaces featuring dry cover crop residues alongside some tilled areas; (4) there is
a relatively deep root system that may provide access to moister soil layers during summer; (5) the
canopy is sprayed with kaolin, an inert white clay known for its excellent light reflectance properties;
(6) agrivoltaic panels provide shade to the underlying canopies, thereby reducing canopy and soil
evaporation; (7) a soil volume where roots are associated with hydrogel compounds enhances the
soil’s water retention capacity; (8) late, severe shoot trimming is applied to permanently reduce
canopy transpiration; and (9) late leaf removal above the clusters decreases canopy transpiration and
delays ripening. The diagram was created using Figure LABS software.

1.1. Scion/Rootstock Combination and Interactions

Although traditionally considered a conventional subject, the influence of a specific
scion/rootstock pairing on a vineyard'’s ability to withstand various summer stresses re-
mains partially elucidated [21,22]. Nonetheless, grapevines employ two primary strategies
to manage water stress: avoidance, mainly through the closure of stomata, and tolerance,
primarily through osmoregulation and the management of xylem embolism [23-25]. An
ideal drought avoidance strategy involves the vine’s capacity to swiftly adjust stomatal
opening from the onset of stress, facilitated by an abscisic acid (ABA)-induced decrease in
stomatal conductance (gs), independent of external evaporative conditions; this response
characterizes a fully isohydric reaction to stress [26]. On the other hand, in the case of
tolerance, stomata remain relatively open, leading to increasingly negative midday leaf
water potential (Yyp), which triggers osmoregulation and, particularly in genotypes with
large xylem vessels, mechanisms for embolism repair. This pattern typifies anisohydric
behavior [27].

The strict division of cultivars into isohydric and anisohydric categories has sparked a
lively scientific debate [26,28-30], ultimately leading to two main practical conclusions: (i) the
presence of two categories, primarily determined by the rate of stomatal response to
increasing water deficit, is undeniable; (ii) cultivars exhibit a range of behaviors between
isohydric and anisohydric, which has resulted in the growing use of terms such as “near-
isohydric” and “near-anisohydric”. These subtle distinctions in classification arise from
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research showing that changes in the duration and intensity of water shortage can cause
some cultivars to alter their behavior or become indistinguishable from others [31-33]. It is
particularly important to highlight that, irrespective of the iso-versus-aniso classification,
structural traits that may help prevent hydraulic failure during water stress include a
deep root system, specific xylem anatomical characteristics, and the plasticity of leaf
morphology [21,34,35].

The most straightforward and solid approach to preventing viticulture failure in the
increasingly warm Mediterranean regions involves considering genuinely “resilient” scions
or rootstocks [22]. It is widely acknowledged that the journey to introduce “new” cultivars
or rootstocks in viticulture is lengthy, challenging, and occasionally discouraging. Beyond
policy and regulatory hurdles, it is quite difficult to shift traditional consumers away from
well-established wine—terroir pairings. Nevertheless, the emergence and gradual, albeit
slow, adoption of PIWI species (acronym of the German term Pilzwiderstandsfihig meaning
“fungus-resistant”), which significantly reduce the need for fungicide applications against
downy and powdery mildew, exemplifies that something can be done [36,37]. Recently,
DNA-free genome-editing techniques have been developed and validated for various
grapevine cultivars [38], offering the enticing possibility of targeted genetic enhancement
without altering historical winegrapes. Unfortunately, identifying effective target genes for
drought tolerance remains an unfulfilled challenge due to the complexity, involvement of
pleiotropic effects, and significant genotype—environment interactions. Although intensive
efforts are underway to pinpoint candidate genes for grapevine drought tolerance in other
species [39], it is important to emphasize that long-term field testing of new material
is crucial.

Considering the context outlined above, the following questions arise regarding the es-
tablishment of a new vineyard in a warm region where irrigation is not possible: (i) Should
we consider iso-hydric or ani-hydric behavior? (ii) Does the current selection of avail-
able rootstocks genuinely provide new alternatives compared to traditional genotypes?
(iii) How significantly can a particular rootstock influence the behavior of the grafted scion?

When a specific scion’s tendency towards either iso or aniso behavior is identified, it is
generally agreed that anisohydric grapevines can surpass isohydric ones under moderate
stress conditions, characterized by a midday leaf water potential (Yyp) between —1.1 and
—1.3 MPa (Figure 2). This advantage is due to their ability to sustain higher photosynthesis
rates during stress and their readiness to quickly return to optimal photosynthesis levels
after rehydration [23,40]. Nevertheless, if the leaf Y\p falls below —1.5 MPa, emergency
irrigation might be necessary to avoid permanent leaf damage.

According to rootstock selection, while the characteristics of older and still widely
used options are well established ), recent breeding efforts have led to the development
of three major internationally significant programs: the M series in Italy, the RG series in
Spain, and the C series in Australia [21].

The primary aim of the M series composed of four main selections as M1, M2, M3
and M4 is to combine tolerance to water and heat stress with enhanced vigor and oenolog-
ical quality, and it has been thoroughly evaluated across various cultivars and locations
in Italy and Europe [41,42]. Research comparing the M1, M3, and M4 with nine other
rootstocks [43] under severe water stress conditions (with only 20% of the available wa-
ter reserve left) indicates that these three M series biotypes are similar to the traditional
rootstocks 1103P and 110 R, which are known for their efficiency in water-limited environ-
ments in maintaining substantial photosynthesis rates even as stomata begin to close. M4
has attracted considerable attention from researchers and has fulfilled expectations. In a
Sangiovese trial, where soil water content was reduced to 50% of available water between
pre-veraison (3 July) and post-veraison (27 July), M4 showed a 22% improvement in water
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use efficiency (WUE) during the stress period compared to SOy, a rootstock recognized
for its low drought tolerance. This confirmed M4’s capability to maintain photosynthesis
levels while reducing water loss through transpiration [44]. The question that follows is if
this favorable physiological response will lead to practical advantages in yield and grape
quality. Expectations are met here as well, with the stressed samples of the two rootstocks
showing notable differences: SO, has lower anthocyanin accumulation compared to the
well-irrigated control, while M4 achieves higher sugar concentration than its irrigated
control (+1.8 °Brix) and greater total polyphenol content (+0.34 mg g~!). Confidence in
M4’s application was further strengthened by a trial on Grechetto Gentile, also grafted onto
1103P, carried out in Piacenza (44°55' N, 9°44’ E, Northern Italy). During this trial, irrigation
was stopped for 8 days from 25 June to 2 July (pre-veraison period), and M4 consistently
exhibited higher leaf photosynthesis and WUE values than 1103P throughout the stress
period. The trial specifically highlighted M4’s ability to delay stomatal closure, resulting in
an anisohydric-type response in the scion [45]. Notably, in M4, photosynthesis decreased
by 90% at a leaf water potential (¥1) of —1.28 MPa, whereas 1103P reached this limitation
at —1.10 MPa. Furthermore, this research presents three other significant practical insights:
firstly, it demonstrates that grafting onto M4 can, under stress, slow the reduction of leaf
area (due to yellowing and early drop), prevent irreversible photo-inhibition phenomena,
and most importantly, enable the vine to recover full photosynthetic function more quickly
and completely upon rehydration (via irrigation or effective rainfall). This theory is further
supported by a metabolomic study on the Sangiovese grapevine grafted onto SO4 and
M4 [46]. Under water stress, M4 causes the scion’s leaves to accumulate gibberellins and
folates, which are known to reduce the synthesis of free radicals, often major contributors
to oxidative stress and subsequent molecular damage.

The RG series’ performance was assessed over a four-year period in Syrah and Tem-
pranillo. The primary finding was that they did not surpass the commercial reference
rootstock under conditions of water scarcity [47]. The C series, originating from Australia,
was created to withstand phylloxera and nematodes. However, the results for Pinot noir
were not definitive, as there was partial incompatibility with the scion. This led to decreased
vigor and a notable reduction in leaf petiole K™ concentration, causing symptoms of K*
deficiency throughout the plant [48].

While it is apparent that choice offered by these relatively new genotypes does not
seem to have the potential to significantly broaden flexibility in rootstock selection, a
closer view at tables reporting vigor, drought resistance and other traits of most successful
commercial rootstocks [21,49,50] emphasizes that many rootstocks traditionally categorized
as “high” vigor also tend to be those tagged as more “drought tolerant”. This might
result from a close correlation between high vigor and more extensive/and or deep root
system, often associated with higher root hydraulic conductivity and higher probabilities
of accessing wetter soil layers [51,52]. If vine dehydration occurs during drought because
water taken from the soil is less than the water lost through soil and canopy evaporation, a
deeper root system can help balance the increased water use of a larger canopy.

Numerous rootstocks promoting high vigor in the grafted scion are frequently de-
rived from hybrids involving Vitis rupestris [53,54]. These rootstocks are characterized by
robust branching, excellent soil exploration capabilities, and a high degree of hydraulic
vulnerability segmentation. This latter trait is relatively novel and intriguing, as it indicates
that a specific genotype can confine xylem embolism to non-essential organs such as leaf
petioles and basal leaves. Basal leaves are more hydraulically vulnerable than apical leaves,
which facilitates their shedding during extreme drought conditions [55]. This response is a
terminal acclimation, not only because basal leaves are older and less efficient in photo-
synthesis but also because hydraulic conductivity cannot be restored in embolized petioles
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even after rehydration, indicating that leaf shedding is irreversible [25]. Additionally, these
rootstocks can osmoregulate and modify aquaporin function to preserve cell viability as the
matric potential becomes more negative, particularly when, in predominantly aniso-hydric
cultivars, the reduction in soil water availability is not offset by effective stomatal regula-
tion. For example, the drought-resistant 110 R rootstock maintains superior osmotic and
hydrostatic conductivity, undergoes earlier yet more efficient suberization, and supports
greater exosmotic water flow compared to the more susceptible 101-14Mgt genotype [56].
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Figure 2. Comparison of Sangiovese (SG) and Montepulciano (MP) grapevines under severe water
stress before veraison with those receiving ample irrigation. Panel (A) illustrates the impact on
leaf water potential, while the lower section depicts net leaf photosynthesis. Panel (B) presents
the measurement of leaf ABA in Sangiovese (upper) and Montepulciano (lower) over several days
following the onset of stress. The findings indicate anisohydric behavior in SG and isohydric behavior
in MP. Panels (C,D) depict individual rows of Sangiovese and Montepulciano, respectively, captured
at Deruta site (42.9822° N, 12.4197° E, Central Italy) on the same day within the same vineyard and
situated near one another. This figure is sourced from S. Poni (2023)—Designing and managing a
sustainable vineyard in a climate change scenario. Self-published, distributed by Amazon.

The third issue to be considered is whether a rootstock classified as “drought tolerant”
based on solid physiological performance retains these beneficial traits, at least in compari-
son to other rootstocks, under varying environmental conditions, particularly soil texture
and water retention capacity, and notably with different scions. Research indicates that
the behavior strategy of a cultivar regarding plant use can be altered by the rootstock [57].
Cabernet Sauvignon is typically categorized as near-isohydric [25]. Yet, when this variety
is grafted onto 1103P and 101-14 Mgt rootstocks under varying levels of water deficit (80%,

https://doi.org/10.3390/agronomy16212092


https://doi.org/10.3390/agronomy16212092

Agronomy 2026, 16, 2092

7 of 29

50%, and 20% soil water content, SWC), the genotype of the rootstock has a notable impact
on the gas exchange of the scion. The 1103P rootstock adopts a drought-avoidance strategy,
characterized by decreased stomatal conductance and inhibited photosynthesis, which is
associated with an increase in root ABA content, leading to stomatal closure in the leaves.
Conversely, 101-14 Mgt maintains relatively high photosynthetic rates under identical
conditions [21,58].

Potted Sangiovese grapevines grafted onto both SO4 and M4 rootstocks encountered
water stress before veraison, which persisted for two weeks post-veraison. When grafted
onto SOy, these vines showed early yellowing and shedding of basal leaves under water
stress [44]. This shedding reduces the plant’s transpiring surface, helping to sustain a
relatively stable leaf water potential, indicative of an isohydric response. However, in vines
grafted onto M4, the early shedding of basal leaves was considerably less evident under
the same conditions.

Overall, conclusions from authoritative review papers by Zhang et al. in 2016 and Lovi-
solo et al. in 2026 ([23]) strongly indicate that the mechanisms by which rootstock influences
scion growth and drought resistance, as well as the interaction between rootstock and scion
in a grafted system, remain largely unexplained [57]. Key points include: (i) numerous
studies indicate that different rootstocks exhibit varied responses depending on the grafted
scion [21]; (ii) rootstocks can also be categorized as iso-hydric (e.g., 110R) and aniso-hydric
(1103P and SOy), leading to complex interactions with the classification of the grafted scion;
(iii) interactions between scion and rootstock modify the scion’s hydraulic properties, such
as xylem vessel anatomy (diameter, number, and density), which subsequently affect cavita-
tion susceptibility, hydraulic conductivity, and gas exchange; (iv) a recent review by Fichtl.
et al. (2023) [58] emphasized the importance of employing high-throughput phenotyping
tools to screen populations for essential root traits (such as depth, surface area, root biomass
and density, root length, etc.), which, through comprehensive modeling, could enhance the
success of future rootstock breeding initiatives. The bidirectional exchange of hormones,
metabolites, peptides, and nucleic acids following grafting is well-documented [59], as
is the fact that the rootstock can influence the gene expression of the scion [60], and vice
versa [61]. The primary challenge is that these interactions are significantly affected by soil
and climate conditions and show considerable spatial and temporal variability.

If the soil microbiome’s influence is considered, the variability could further increase,
as it likely enhances grapevine resilience to abiotic stresses. During drought conditions, this
microbiome undergoes substantial changes, and its beneficial effects become more evident
as the drought worsens, highlighting its active contribution to the grapevine’s adaptation
to water scarcity [62,63]. Microbes boost vine resistance by modulating hormonal signals,
enhancing nutrient uptake, and reprogramming gene expression within the host [64].

More specifically, the use of arbuscular mycorrhizae is attracting increasing interest;
these microorganisms, once incorporated into the soil, are able to establish a “mutualistic”
symbiosis with the roots of the vine. Among the species of arbuscular mycorrhizae capable
of colonizing the roots of rootstocks used in viticulture, the most important belong to the
genus Glomus, family Glomeraceae. The mutualistic relationship consists of the transfer of
carbon from the host plant to the microorganism, which uses it to grow its own mycelium,
explore larger volumes of soil, and return water and nutrients to the host plant. This
function, as one might imagine, becomes especially valuable where water is limited. It
has been shown that, when subjected to reduced water availability, mycorrhizal vines
maintain higher (less negative) water potentials than non-mycorrhizal vines [65], improve
water use efficiency (defined as the ratio between net photosynthesis and stomatal con-
ductance) [66], and enhance the absorption of nitrogen, phosphorus, and potassium—a
function particularly useful during the planting or training phase.
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In recent times, the use of microbial biostimulants (MBs) has also garnered increasing
interest, particularly for mitigating drought stress [67]. Canavera et al. (2026) [68] isolated
four main bacterial consortia (BC) from the grapevine rhizosphere cultivated under sig-
nificant water stress (approximately —1.3/1.4 MPa in Yyp). They discovered that potted
Sangiovese grapevines subjected to severe water stress and inoculated with BC4 exhib-
ited higher leaf g5 and A after five days of suspended irrigation compared to any other
treatment, including a non-inoculated control and three additional BCs.

1.2. Vineyard Design and Canopy Management

The various aspects of vineyard design and canopy management might significantly
influence the vineyard ecosystem’s water balance, as this can affect the likelihood of
experiencing severe drought conditions.

Before planting, the impact of climate change calls for a renewed examination of the
factors affecting decisions on vine density. This includes a reconsideration of key aspects of
planting density, a concept that has its roots in France. The bush vine (gobelet) training
system, which was instrumental in introducing the concept of high planting density—
traditionally set at 1 m X 1 m, equating to 10,000 vines per hectare—and is celebrated for
facilitating dry-farming in vineyards with annual rainfall as low as 350400 mm, is currently
being critically reassessed [69,70]. The reasoning is quite simple: it is widely acknowledged
that a vineyard’s daily water consumption is almost directly proportional to the radiation
absorbed by the canopy system, up to a saturation point, which generally occurs when
light interception reaches approximately 75-80% of the incoming radiation [71,72].

In vineyards, various cultivation factors play a crucial role in determining the amount
of light captured, which subsequently impacts water usage. These factors encompass the
spacing between rows, the choice between a single or split canopy, and summer pruning
techniques that alter the leaf area exposed to sunlight. French researchers have raised
concerns about the advisability of maintaining very narrow row spacing in light of climate
change. They illustrate this with a model that predicts water consumption for three vine-
yard configurations with different row spacings (2 m = 5000 vines/ha, 3 m = 3333 vines/ha,
and 4 m = 2500 vines/ha). The model indicates that the widest spacing (4 m between
rows) results in approximately 43% less water consumption compared to the narrowest
spacing [70]. This has prompted a reassessment in France, where very close row spacing
is no longer favored. Instead, an equilibrium is sought that achieves water savings while
preserving yield and quality. It is also incorrect to assume a direct link between water
consumption and the number of vines per hectare, and it is equally erroneous to believe
that two vineyards with the same density will have similar water usage. This can be demon-
strated by examining two parcels with identical row spacing (e.g., 2.5 m) but differing vine
spacing within the row (0.8 m and 1.5 m), resulting in densities of 5000 and 2666 vines/ha,
respectively. The higher density arises from closer planting within the row, leading to
denser canopies. This density diminishes light penetration, reduces transpiration rates
of shaded leaves, and can cause earlier yellowing of basal leaves from veraison onwards,
further decreasing the transpiring leaf surface and also enhancing potassium accumulation
in the fruit [73].

When the number of vines per hectare is the same, various factors can influence water
usage, leading to significant differences. A prime example is two training systems that
have an identical layout but differ in having either a single canopy or a horizontally split
canopy. In such scenarios, how the leaf surface area is distributed in space becomes crucial
for maximizing light interception, which in turn increases water consumption [72].

In general, if the aim is to lower canopy transpiration, increasing the spacing between
rows is probably the most influential factor, as vineyard ET is directly influenced by this.
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Nonetheless, this choice will also impact yield, which is expected to decline, aligning with
a minimal investment strategy. Today, this presents a challenging decision: current policies
advocate for either partial grapes distillation or a notable reduction in yield to address the
issue of unsold wine surplus and to maintain selling prices, particularly in the red wine
sector [74]. However, in the bulk wine market, which often follows a cooperative model
where grapes are sold directly without added value from vinification, reducing yield is
precisely what growers wish to avoid.

Training systems with a horizontally divided canopy, such as the Geneva Double
Curtain (GDC), or those with geometric designs featuring canopies inclined in multiple di-
rections, such as various pergola styles, are known to consume more water than traditional
single-wall vertical shoot-positioned systems [75]. Consequently, the current challenge in
enhancing adaptation to climate change, particularly in improving drought tolerance, lies
between vertical shoot-positioned (VSP) trellis systems and free-canopy (sprawl) trellis
systems. Ideally, an effective alternative to the conventional VSP system should encompass
the following: (i) improved water use efficiency, defined as the ratio of photosynthesis to
transpiration, under both well-watered and water-limited conditions; (ii) a more advanta-
geous cluster microclimate to minimize overheating, sunburn, and the resulting adverse
effects on grape composition; and (iii) greater economic sustainability concerning planting
and management costs.

Recent studies [76-78] highlight the need to reassess training system selections due to
climate change. These investigations not only focus on the essential comparison between
“free” and “constrained” canopies but also propose two additional areas for exploration: the
importance of pergola canopies with varying inclinations in response to multiple summer
stresses (including thermal, light, and water) and the need to assess training systems in
water-restricted environments, provided a comprehensive examination of the physiological
responses of canopies trained on spur-pruned cordon (SPC) support wires, free canopies
trained to high free cordon (FC), and inclined pergola (P) systems (Figure 3). The findings,
both seasonal and daily, indicate that the net CO; exchange rates (NCERs) per leaf area (LA)
unit in FC were 24% greater than those in SPC and P (Figure 3A). Moreover, when water is
not a limiting factor, water use efficiency (the ratio of photosynthesis to transpiration) is
improved in FC, especially during the morning hours (Figure 3C).

Under conditions of water stress, the results are again consistent: the light saturation
point for photosynthesis across the entire canopy in FC is around 1.000-1.200 pmol m~2s~1,
while in spur-pruned cordon and pergola systems, it falls to approximately 500-600 pmol
m~2 sfl(Figure 3D-F). The mechanisms behind this vary slightly: In SPC, the quantum
yield—defined as the slope of the linear portion of the interpolation curve between PAR
and NCER/LA—experiences a significant reduction in the stressed treatment, leading to a
32.8% decrease in NCR at saturation compared to the control (Figure 3E). In contrast, in the
pergola system, the initial slope of the lines remains constant, but the NCER/LA rate at
saturation decreases by up to 45% compared to irrigated vines (Figure 3F). Therefore, it is
logical to infer that in the pergola system, extended exposure of leaves to radiation and
high temperatures significantly affects leaf functionality and longevity [79].

FC-trained vines not only exhibit strong physiological performance but also possess
other advantageous characteristics. FC is highly compatible with complete mechanization,
and even if machinery is not employed for winter pruning and harvesting, its design—such
as the height of the cordon and lack of foliage wires—facilitates significant time savings
during manual tasks [80,81]. Additionally, the semi-upright canopy structure naturally
maintains a dim light environment around the clusters, which helps to prevent or reduce
sunburn and its adverse effects on grape quality. As per FC influence on fungal diseases,
a compelling example is provided by [82], who conducted a five-year trial to examine
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the impact of two training systems, VSP and free cordon (FC), on powdery mildew (PM)
infections. The results were striking: VSP exhibited a higher disease incidence than FC,
with 30% of clusters infected compared to only 5% in FC under moderate disease levels. As
the experimental plots were not treated with fungicides, spray penetration, often linked to
poor disease control, was not a factor in this study. Interestingly, light intensity measured at
the cluster level was five times higher in FC due to the canopy management performed on
FC: early light topping at about 1 m shoot length maintained a fairly open canopy, allowing
sunlight to penetrate the canopy crown and reach the clusters.
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Figure 3. Top panels: Seasonal (A) and daily (B) trends of the net CO, exchange rate (NCER) per unit
leaf area (LA) for single high wire (SHW), spur-pruned cordon (CSP), and pergola (P) canopies. In
(C), the diurnal pattern of canopy water use efficiency, expressed as the ratio between NCER and
canopy transpiration (T.), is shown for the three training systems. Asterisks indicate which dates
or timing of the day resulted in significant differences among canopy geometries. Bottom panels:
Correlation between direct light intensity (PAR) and NCER/LA for vines trained as free cordon
(D), spur-pruned cordon (E), and pergola (F) under non-limiting water conditions or during water
stress applied from 205 to 214 days after January 1st. The experiment was conducted in 2023 at
the Department of Sustainable Crop Production (DIPROVES) of the Universita Cattolica del Sacro
Cuore in Piacenza, (45°02' N, 9°43' E, 54 m asl),on three-year-old cv. Sangiovese vines (clone VCR102
grafted on SO4) were grown outdoors in 45 L pots. Adapted from Del [77].

Nevertheless, FC introduction, as an innovative training system widely used in hot
regions of Australia, often undermines its agronomic efficiency, as evidenced by several
practices: (i) the tendency to employ excessively long spurs (>than three count nodes),
which hinders the maintenance of a mainly upright canopy; (ii) its application to grape
varieties that do not naturally grow upright without support wires; and (iii) inconsistent or
postponed use of agronomic techniques, especially early shoot topping, which can greatly
assist in sustaining an upright growth habit even in less compliant varieties. When these
challenges occur, the upright growth habit is not achieved, reducing the benefits of the free
cordon system.

When the alignment of rows on inclined land is not dictated by geo-pedological
considerations or issues of accessibility and operator safety, the choice of row orientation
becomes pivotal in affecting at least two climate change-related factors: (i) the daily and
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seasonal transpiration of water by the canopy and (ii) the diurnal and seasonal fluctuations
in light and thermal exposure of grape clusters. Regarding the first factor, which is more
relevant to this review paper, research has shown, both in potted conditions and in open
fields at latitudes of 44°26’ N and 45°05’ N, a decrease in water consumption in NS by
about 15% compared to EW throughout the day, with a notable rise in water use efficiency
during midday [80]. Emphasizing the potential variability in the impact of row orientation,
a similar study conducted in Valencia, Spain (39°35’ N), although it did not assess the entire
canopy, was supported by gravimetric measurements of water consumption in potted
vines. This research indicated that EO orientation reduced water consumption compared
to NS by 16% in Bobal and 8% in Verdejo [81].

Summer pruning operations in canopy management can significantly affect the vol-
ume and pattern of water usage by the canopy [83]. Typically, the extent of light interception
by the canopy (%) is the key factor through which summer pruning affects canopy tran-
spiration. A strong linear relationship (R? = 0.92) has been observed between total light
interception (ranging from 42 to 62% of the total incoming light) and canopy transpiration
(ranging from 4 to 6 mmol/s) in data collected from Chardonnay, aggregated over NS and
EW orientations [80].

Nonetheless, various methods can influence transpiration through each operation,
with shoot positioning being one that can significantly impact the direction of vegetative
growth or the overall light exposure, thereby affecting the water usage of vines. For
example, when shoot positioning is implemented on a GDC training system to encourage
and sustain a horizontally divided canopy with clear separation, it is likely to reduce the
water transpired by each vine compared to a canopy without positioning. Similarly, a well-
positioned VSP trellis that forms a consistent, thin vertical canopy can result in substantial
light being lost directly to the ground during midday over a north-south row orientation.

An operation with significant potential to influence canopy transpiration is shoot
trimming, although its long-term effects are not easily predictable. Removing the apical
part of the canopy early in the season can lead to decreased water loss, with the extent of
this reduction being influenced by how much and how long lateral regrowth occurs [84].
The situation changes when shoot trimming is deliberately postponed until lateral regrowth
is improbable, such as from the start of veraison onwards. In this case, there is a significant
and permanent decrease in canopy transpiration.

Over three years, a study conducted at multiple locations in Spain ([85]) examined the
water status of vines that were either left untopped or severely topped at the pepper-corn
stage (BBCH 71-73) [86]. Generally, no significant differences in stem water potential (Ysr)
were observed, except in one particular year and site combination with exceptionally high
evaporative demand. Similarly, in Merlot vines cultivated in Friuli, the differences in Yst
between vines topped at six leaves during veraison and those with twelve leaves on the
main shoot were minimal ([87]). Unfortunately, these contributions did not associate any
measurements of leaf/canopy transpiration and, albeit theoretically, according to an home-
ostatic response to water, factors including stomatal regulation, cultivar specific strategy,
hormonal signaling and environmental conditions can determine different transpiration
rates at the same stem water potential ([28,30]). Nevertheless, this hypothesis seems to
contradict the established understanding that canopy transpiration is influenced by the
amount of intercepted light and, consequently, its mass, which is undoubtedly affected by
topping practices ([88]).

The relationship between topping and canopy water use presents a notable challenge:
when topping is severely performed, there is an immediate drop in transpiration. Yet, the
later development of lateral shoots, shaped by particular environmental and cultivation
factors, can ultimately counterbalance this initial decrease entirely. The study by [89]
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sheds light on this occurrence. This research tracked the transpiration rates (T.) of potted
Sangiovese vines, which were topped to six main leaves at the end of flowering and during
the pepper-corn stage, over the growing season, comparing them with an un-topped control
group. The vines topped earlier showed a strong vegetative response, initially experiencing
a 23.6% drop in transpiration but fully recovering by late July. Even more impressive
was the recovery of those topped at the pepper-corn stage, which, despite a substantial
44.1% reduction in T, also achieved complete compensation by the same period.

From a methodological perspective, when shoot trimming is employed to influence
canopy transpiration, the scale of measurement is crucial. Solely depending on individual
leaf gas exchange readings can be quite challenging due to the spatial and temporal
variability associated with trimming-induced changes in canopy transpiration. In such
cases, adopting a whole canopy measurement approach is highly advisable [90]. In a study
on the white grape variety Ortrugo [91], vines underwent shoot trimming (T) above the
eighth node of the main shoots at the peppercorn stage (BBCH 73, 10 June, DOY 161). This
action led to a sudden decrease in canopy size, limiting it to approximately 0.5-0.6 m in
length and prompting some lateral regrowth, which partially restored the total canopy
leaf area. Whole canopy chambers were set up after veraison (23 August, DOY 235) when
the canopies had reached their final size, and they operated continuously until 10 October
2022 (DOY 283). This spanned a 47-day measurement period (DOY 236-282). Amid the
significant variability caused by daily weather conditions and ongoing canopy senescence,
the average daily canopy transpiration over the 47-day period was 183.9 + 28.7 ghour™!
in C and 145.6 + 12.7ghour~! in T. With an average day length of 10 h and 57 min, the
diurnal mean vine water loss was 2.015 L in C and 1.595 L in T, resulting in a 20.1% water
saving in the trimmed plots.

To summarize what has been discussed, there appear to be two possible scenarios:
(i) when topping is performed under non-limiting water conditions, whether due to nor-
mally sufficient rainfall or availability of irrigation resources, T. is reduced only temporarily
and then resumes depending on the extent of new leaf surface formation; (ii) if a severe
topping is carried out under environmental and soil-climate conditions that do not foster
any vegetative regrowth after topping, then the reduction in T, tends to be permanent and,
in most cases, the water status of the remaining leaves improves.

Leaf removal (LR) is another green pruning technique that can potentially influence
canopy transpiration. The impact on water use by the canopy can vary significantly based
on the timing, intensity, and methods of LR, making predictions challenging. In Sangiovese
rows oriented north—south, the relationship between whole vine transpiration and available
PAR follows a curvilinear pattern, suggesting a light saturation point for transpiration at
approximately 900 pumol m~2 s~1. Tt is evident that partial or mechanical leaf removal,
which involves taking away some leaves from the outer canopy while still exposing the
lower leaf layer to intense radiation, may not significantly affect the transpiration of the
entire canopy.

When full leaf removal is conducted late, whether at the canopy base following
traditional methods or at the canopy top away from the clusters as initially suggested
in [92,93], a more pronounced impact is anticipated. This is largely because the intervention
occurs so late that regrowth is typically absent, making the reduction in leaf area—and
thus light interception—seem permanent. The effectiveness of these two leaf removal
strategies varies significantly: Late basal leaf removal is executed with greater caution and
less intensity in warmer regions, where shielding clusters from excessive sunlight and heat
is generally necessary [83]. Conversely, late removal of leaves at the top of the canopy
can achieve multiple objectives: (i) it decreases canopy transpiration by removing about
one-third of the median and apical leaves, which are still effective at transpiring; (ii) it
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often succeeds in delaying ripening, thereby postponing harvest to a potentially cooler
time; and (iii) importantly, the light and thermal microclimate around the clusters remains
unchanged since only the upper canopy section is modified.

1.3. Soil Management

The role of floor management in the vineyard ecosystem’s water budget is deemed
highly significant [94]. Omitting the water lost through soil evapotranspiration, which
depends on the type of cover employed, from vineyard water budget assessments can
lead to considerable errors. Furthermore, the way the vineyard floor is managed affects
other elements of the water budget, including runoff volume, deep percolation through
soil cracks, variations in water infiltration rates, and the development and placement of
the grapevine root system. These factors, in turn, create vertical gradients in soil water
availability [95]. Together, these elements determine the effectiveness of precipitation use,
particularly concerning the green water footprint [96].

Priority should be placed on the total volume of water that evaporates from bare soil,
whether it is dry or wet, and this should be compared to the transpiration from spontaneous
vegetation or established cover crops. The challenge lies in the fact that the total soil
evapotranspiration (ET) varies throughout the season due to several factors: natural rainfall
and air vapor pressure deficit (VPD), the shading of soil by the training system above, the
dynamic ratio between tilled and cover-cropped soil, the floristic composition of native
vegetation or a sown cover crop, and the timing and methods of terminating the winter
cover crop.

There is a limited but crucial amount of data available: According to some re-
searchers [97], who employed both field mini-lysimeters and gas exchange chambers
with different volumes, principles of operation, and measurement efficiency, it was ob-
served that in an inter-row sward of Festuca arundinacea var. barfelix, which had reached a

height of approximately 18 cm with a Leaf Area Index (LAI) of 5 m? m 2

, mowing reduced
the height to around 5 cm (LAI = 2 m? m~2). This mowing led to a decrease in sward
transpiration by 29 to 45%, contingent on the dry biomass removed, which in this particular
experiment varied between 140 and 320 g m~2. The study further indicates that 19 days
post-mowing, the sward’s transpiration had already returned to levels comparable to those
prior to mowing [97].

A second study, which used a closed-type gas exchange system [98], carried out
the same type of intervention and measurement on a group of 15 cover crop species for
vineyards, highlighting an interesting correlation between LAI and water consumption
before mowing and between LAI and the reduction of such consumption after mowing. In
both cases, the statistical interpolation model of the data indicated a linear increase in both
parameters up to an LAI of about 6-7 and then a tendency towards saturation. This result
leads to an interesting practical recommendation: especially when the sward consists of a
mixture of legumes, once vertical growth exceeds a certain LAI value (6-7 m? m~2), the
amount of water lost from the sward no longer increases proportionally and actually tends
to level off. If, as often happens, the presence of legumes is connected to the idea of green
manuring aimed at improving, through incorporation, the organic N supply in the soil, the
desire to achieve the highest possible biomass does not seem at all to conflict with the need
to limit the water consumption of temporary cover crops.

When, in a temperate-warm climate, the need arises to replace the natural turf with
artificial green cover (that is, one that is purposefully sown), it also becomes necessary to
choose the most suitable plant species. Naturally, this choice must take into account their
water consumption. Water consumption, on the one hand, depends on each species’ and
cultivar’s ability to produce, within a given time frame, a certain amount of fresh biomass
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or transpiring surface area; on the other hand, it is determined by the specific transpiration
rate. The latter is no longer expressed, for example, based on the LAI at maximum growth
but rather per unit of leaf surface area (e.g., m?) removed during mowing. In this case, the
situation takes on a very different character (Table 1): the three legume species, which are
significant dissipators on a per soil unit basis, have rates of 1.8-3.6 mm m~2 day !, while
all the grasses jump to values between 7 and 9.5 mm m~2 day~!, and the figure for Festuca
ovina (7.75 mm m~2 day_l), for example, is not so different from that calculated for Festuca
arundinacea (8.83 mm m~2 day ).

Table 1. Values of pre-mowing dry matter and Leaf Area Index (LAI) determined on 15 grassing
species after 77 days of undisturbed growth in 15-L pots under optimal conditions. The last column
represents the daily gravimetric evapo-transpiration (ET) per unit of leaf area removed with mowing.
Suffocating is for species able to physically smother neighboring vegetation through dense growth,
causing resource limitation and competitive exclusion. Taken from Capri et al. 2023 [98].

Group Species Pre-Mowing Dry Matter LAI ET
(gm2) (m m—2) (mm day—1)
Trifolium michelianum 749.95 al 12.44 a 1.81d
Medicago polymorpha 274.34<c 2.46 ¢ 4.92 bc
Legumes Medicago lupolina 503.26 cb 5.09b 4.05 bed
Medicago trunculata 641.22 ca 535D 3.40 bed
Lotus corniculatus 660.71 a 532b 3.65 cd
Festuca arundinacea 161.84 cd 1.52 cd 8.83a
Festuca ovina 48.42 d 0.97 cd 775a
Grasses Festuca rubra commutata 125.25 cd 1.25cd 8.54 a
Poa pratensis 108.57 cd 1.26 cd 8.12a
Lolium perenne 106.79 cd 1.23 cd 922 a
Glecoma hederacea 89.64 d 0.84 cd 3.68 bed
Hieracium pilosella 0.00d - 3.86 bed
Suffocating Dichondra repens 0.00d - 5.46Db
Sagina subulata 0.00d - -
Trifolium subterraneum 23.21d 0.21d 2.74 bed

! Within column, means associated with different small capital letters are different at p = 0.05 for
SNK test.

This framework leads to at least three considerations of significant practical relevance:
(i) Given the same LAI, at least as far as comparisons between the 15 tested species are
concerned, the water consumption of a grass mixture is almost double that of a legume
mixture. (ii) Among grasses, the predisposition to transpiration—probably related to leaf
anatomy, stomatal density, etc.—does not differ much between species and, therefore,
responds almost linearly to the biomass produced (hence the greater variability in Festuca
arundinacea). (iii) If allowed to grow freely, some legumes, in soil conditions that do not yet
present water limitations, may prove—despite their relatively low specific transpiration
rates—to be quite depleting of the soil’s available water reserves due to the high biomass
they produce.

Climate change also calls for a thorough revision of the methods still commonly used
today to calculate water balances in vineyards, which almost never take into account
the fact that the balance is always the result of three components: (i) soil evaporation;
(i) transpiration due to the amount of light intercepted by the canopy; and (iii) transpiration
related to the possible presence of a grass cover [99-102]. Moreover, when considered
individually, these three potential sources of evapotranspiration are subject to further
variability factors: it is well known, for example, that soil evaporation drops drastically
when the soil surface dries out. In this regard, it has been pointed out in [103,104], based
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on measurements taken on a summer day around solar noon, that dry surface soil has an
evaporation rate about 63% lower than that of wet soil. According to other authors ([105])
after a significant rainfall, the dynamics of soil evaporation follow an exponential decline
pattern, and 8-10 days after the event, the soil evaporation rate can become practically
negligible compared to the rates observed under maximum wetting conditions.

One of the rare examples of a vineyard ecosystem water balance that separates the
aforementioned sources of water loss was reported by [102]. The three-year trial was
conducted in an Albarifio vineyard in Galicia (Spain), trained to a spur cordon system
(with a spacing of 3 m between rows and 1.5 m within the row) and subjected to permanent
grassing of the inter-rows with periodic mowing of the sward (on average 4 times during
the season). It revealed that, based on three-year averages, the total transpiration of the
vineyard ecosystem was 392 mm/year, and the contribution of the individual components
(soil, canopy, and sward) was, respectively, 13%, 48%, and 39%. It should be noted, however,
that this study was conducted under non-limiting water conditions, as evidenced by the
fact that, in order to reduce competition from spontaneous grass, as many as four mowings
had to be carried out.

A second example simulates, for three different locations in the Rheingau region
(Germany), the seasonal water consumption with separate entries for canopy transpiration,
evapotranspiration from grassed soil, and evaporation from bare (tilled) soil. The case of
the vineyard called ER (Ehrenfels) is quite striking, as it has the following conditions: steep
slope, southern exposure, shallow soil, and a row spacing of 2.5 m of which 2.1 m is covered
with permanent spontaneous grass. Under these conditions, a majority fraction of the
available water is transpired by the sward even before vine transpiration reaches significant
levels. In dry springs, this situation can lead to early water stress, impacting shoot growth
and flowering. Additionally, regarding the quantification of water consumption by the
different components of the vineyard ecosystem, approaches that we might define as
mixed are starting to take hold: in other words, modeling of the water balance is being
integrated with the acquisition of high-resolution multispectral and thermal images capable
of distinguishing the water use of portions of soil that are either grassed or not. In one of
these applications [106], carried out in a Bobal vineyard in the Valencia region (Spain), it
was found that the use of mulching reduced seasonal water consumption by 28% compared
to a tilled control.

1.4. New Tools (Kaolin, Zeolite, Hydrogels, and Agrivoltaics)

”

Undoubtedly, kaolin stands out among various factors considered as “new tools,
surpassing other methods. Its implementation in vineyards has surged swiftly, effectively
overcoming the usual skepticism that often accompanies novel practices or techniques
in viticulture.

Kaolin is an inert white clay with pronounced light-reflecting properties in the in-
frared, visible, and ultraviolet bands and, for this reason, is considered a “cooling” mate-
rial [107] (Figure 4). Another well-established effect of kaolin is its significant reduction
of sunburn damage on leaves and fruits in various tree species and, of course, also on
grapevines [108-112]. A recent study on Sangiovese compared irrigated and stressed treat-
ments, with and without kaolin application [113] and clarified that in irrigated vines, leaf
temperature did not change significantly in the presence of kaolin; conversely, under pro-
gressively more intense stress (one week during which the potted vines were deprived of
any water supply), treatment with kaolin allowed, during the last three days of stress, the
maintenance of a leaf temperature 2.7 °C lower than that of the corresponding untreated
treatment. Supporting this finding, in Cabernet Sauvignon, treatment with kaolin reduced
the severity of sunburn on clusters by 12.5% [111,113]. More recently, the cooling effects on
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the canopy and grape clusters following kaolin treatments [114] have also been confirmed
on a macroscopic scale through UAV mapping of the vineyard with thermal cameras [115].
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Delays or impedes Effective cooling; prevents
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Figure 4. Conceptual diagram showing key advantages of kaolin application in vineyards (Au-
thor’s scheme).

The merits of kaolin, however, seem to go beyond providing the expected cooling
of plant organs, especially under stressful conditions. For example, there is substantial
evidence suggesting that kaolin sprayed on vines experiencing clear water stress—often
accompanied by extreme temperature and radiation conditions—can function, in a sense,
as a “life-saver,” preserving at least minimal leaf function and, most importantly, allowing
the leaf, if rehydration occurs later, to restore good levels of efficiency. For instance, kaolin
applications on vines grown in the Douro region of Portugal have led to lower susceptibility
to photoinhibition due to improved photosystem II functionality and greater efficiency of
the non-photochemical quenching mechanism [109]; in the same treatments previously
mentioned for the trial on Sangiovese [113], at the end of the stress week, the group not
treated with kaolin was the only one to reach chlorophyll fluorescence values, specifically
expressed as the F, /Fp, ratio, that resulted in irreversible damage to the basal leaves [116].
Moreover, in the same study, this positive effect of kaolin on leaf functionality was clearly
reflected in certain agronomic data. For example, at harvest, the untreated and stressed
group showed, in the basal zone of the shoot (nodes 1-4), significant leaf drop, with much
lower leaf area values compared to those measured in the corresponding zone of the shoot
in the kaolin-treated group; it is also interesting to note that kaolin treatment, under water
stress, allowed for a substantial maintenance of total anthocyanin concentration compared
to the group without kaolin. This latter result also anticipates another aspect—that is, the
virtually inevitable effects that the presence or absence of kaolin has on the final composition
of the grapes, which, in the vast majority of cases, are positive. For example, on Touriga
Nacional [117], spraying with kaolin resulted, at harvest, in an increase in ascorbate as well
as total anthocyanin and polyphenol concentration. It is quite evident that, since kaolin
acts as a climate control agent, the parameters that are preferentially modified are all those
that predominantly respond to temperature, namely polyphenols and malic acid.

Figure 4 encapsulates the growing interest wine producers have in kaolin, illustrating
its key attributes: it is cost-effective, can be applied easily with mechanical spraying, and
requires just one application followed by another after 7-10 days to offer protection for
approximately 45 days, provided there is no leaching. The dosage and canopy targeting
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are adaptable, allowing for spraying only the most exposed sections of the row. It serves
as an excellent cooling agent, effectively preventing overheating and sunburn, and helps
delay or prevent photoinhibition, all without adversely affecting the quality of the final
grapes and wine.

Zeolites are rocks characterized by a high content of pure zeolite (>50%) and belong to a
family of minerals made up of 52 different species structurally related to framework silicates
such as silica minerals, feldspars, and feldspathoids [118]. The main characteristics of these
minerals, which make them of particular interest for agricultural applications, concern
their cation exchange capacity (CEC), hydration properties, and adsorption capacity [119].
Thanks to these properties, zeolites improve some of the physical-chemical characteristics
of soil (increasing CEC and water retention, maintaining permeability in sandy soils,
and enhancing aeration and permeability in clay soils); they temporarily retain K and
ammoniacal N supplied, for example, by an inorganic fertilizer through cation exchange,
promoting their slow and gradual release; they ensure greater nutrient availability for crops
and lower losses due to leaching [120,121]. In particular, some zeolites, thanks to their high
capacity for ammonium ion exchange, are used to prevent microbial oxidation of NH4-N
into its leachable form NO3-N.

Given the highly adaptable nature of this mineral, it is anticipated to have significant
effects on photosynthesis, the occurrence of sunburn and scorching, and, as a result, the
composition of grapes and the characteristics of wines [122]. Foliar applications of zeolite,
known for its capacity to temporarily absorb CO, and gradually release it, can enhance the
concentration of this gas near the stomata, thereby boosting photosynthesis. Additionally,
using zeolite may theoretically lower the rate of photorespiration during summer by
decreasing the enzyme RuBisCO’s affinity for O,, which is known to increase rapidly under
critical thermal conditions. Lastly, due to their effective reflection of infrared radiation,
zeolites can help regulate the surface temperature of leaves and grape clusters [120]. Still
with Sangiovese, an interesting finding was reported by [123] regarding an increased
concentration of chlorophyll a and b in the leaves and a decreased amount of quercetin
3-glucoside, which is typically stimulated by conditions of high sunlight exposure and heat
stress. Furthermore, with the same grape variety [124], a three-year study was conducted
to determine whether applications of chabazite-zeolite could, on the one hand, replace
the effect of irrigation and, on the other, compensate for the high risk of sunburn in
the defoliated treatment. The result is particularly noteworthy: zeolite and irrigation
significantly reduced the severity of sunburn on the clusters and, consequently, the drop in
yield; however, while irrigation without zeolite led to a significant reduction in sugars and
total anthocyanins, these same effects were not observed when only zeolite was used.

In the field of viticulture, silicon (5i) is regarded as a beneficial element rather than a
necessary nutrient for plants. Although grapevines can thrive without silicon, its addition
often enhances their performance when facing biotic and abiotic stresses [124,125]. The
potential advantages of applying silicon to grapevines, which are closely related to the
topics of this review, include increased resistance to drought and heat stress, improved root
growth and vine vigor, and effects on the morphology of clusters and berries [125].

The common types of standalone silicon utilized in vineyards are calcite-silicon medi-
ated particle film (CAPF) [126] and silicon dioxide nanoparticles or solution (5i0,) [127,128].
In some instances, silicon is used alongside kaolin in commercial formulations known as
MiKS ([129-133]). Unfortunately, there have been no studies comparing the standalone use
of kaolin and silicon with their combined application. Nonetheless, it is feasible to outline
the typical effects observed with silicon application, whether used alone or with kaolin,
and to highlight the unique effects of silicon that may complement those associated with
kaolin use.
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Much of the existing literature focuses on pot or field experiments conducted in Italy
and Portugal, examining various cultivars such as Touriga Franca, Touriga Nacional, Mer-
lot, and Crimson Seedless. Regardless of the silicon form or combination used, several
studies have reported: (i) a notable strengthening of berry skin structure, achieved by in-
creasing the thickness of the cuticle, enlarging epidermal cells, and significantly altering the
composition of cuticular wax, with treatments mainly applied at veraison [132,133]; (ii) sili-
con application generally improving growth metrics, including leaf area, shoot and root
fresh and dry weights, and the content of leaf chlorophyll and carotenoids [126,127,132];
and (iii) most consistently, silicon’s ability to alleviate oxidative stress in vineyards. Under
drought conditions, indicators of oxidative stress, such as the drought index, leaf temper-
ature, membrane injury index, and hydrogen peroxide (H,O,) content, show a marked
reduction. At the same time, proline content, total phenolic compounds, and the activity of
antioxidant enzymes (SOD, CAT, and APX), which typically increase under drought stress,
are diminished by silicon applications [127,131].

There has been limited focus on how silicon affects leaf and canopy transpiration, as
well as its potential impact on ripening and grape composition. Some researchers have
found that in the Touriga Nacional and Touriga Franca grape varieties, silicon enhances pre-
dawn leaf water potential, leaf relative water content, stomatal conductance, transpiration,
and intrinsic water use efficiency, regardless of drought severity [127,128,131,133]. However,
a study involving potted Merlot vines subjected to a 15-day drought, where water-stressed
plants received only 25% of the water given to well-watered plants, yielded somewhat
contradictory results. At the peak of stress, no differences were observed between control
vines and those treated with CAPF in terms of cumulative vine transpiration and stem
water potential. On the other hand, CAPF increased vine transpiration under well-watered
conditions. Data related to ripening dynamics and final grape composition also appear
inconclusive; for instance, silicon-treated Touriga Franca showed higher organic acid levels
and lower probable alcohol content, which is promising but still an occasional finding [130].
Similarly, Touriga Nacional grapes sprayed with a high concentration of MiKS exhibited
more esters and alcohols linked to fruity and floral aromas [132].

To conclude, the extrapolated effects caused by silicon, which might not be evident
with only kaolin sprays or may manifest less intensely, lead us to determine: (i) a heightened
capacity to combat oxidative stress; (ii) the possibility of altering skin thickness along with
the composition of the cuticle and epicuticular wax; and (iii) the enhancement of leaf
function, which, especially when adequately watered, leads to higher transpiration rates.

The advent of so-called “super-absorbent hydrogels” (SHs) could also have an interest-
ing impact on vineyard drought resilience. The term “hydrogel” refers to three-dimensional
cross-linked chains of hydrophilic functional groups or networks of colloidal particles that
can absorb and hold a significant amount of water relative to their own weight [134].
When added to growing substrates or agricultural soils, SHs improved water retention
capacity with varying effectiveness depending on soil texture, application rates, and the
chemical configuration of the polymer [135]. Recent advances have yielded new SHs based
on sodium or potassium polyacrylate and on organic materials such as cellulose/starch
residues or lignin-sulfonate derivatives [136,137]. These new super-absorbent materials
retain good water-holding properties and address the issue of acrylamide release. Fur-
thermore, SHs of biological origin, being free from fossil-derived components, are also
permitted in organic farming.

To date, experimental data regarding the application of SHs on grapevines are limited
but, at the same time, highly promising [138-141]. For example, in the study by Frioni
et al. (2025a) [140] potassium polyacrylate SHs (SH1 and SH2) and one SH derived from
organic material (SH3) were compared to an untreated medium-textured soil for their water

https:/ /doi.org/10.3390/agronomy16212092


https://doi.org/10.3390/agronomy16212092

Agronomy 2026, 16, 2092

19 of 29

Soil water potential (MPa)

retention capacity and their ability to improve the soil’s hydrological properties (Figure 5).
All SHs absorbed a significant amount of water relative to their weight (ranging from 9.19 g
H,O/g polymer for SH3 to 369.64 g HyO/g polymer for SH2) and made it available at
water potential () levels compatible with absorption by the vine root system. In particular,
as shown in Figure 5, assuming a soil water potential value of —0.5 MPa (a threshold
already considered as moderate stress), the various SHs, and especially SH2, made a much
greater quantity of water available compared to the untreated soil. Furthermore, when
incorporated into the soil, all SHs significantly increased the fraction of available water
(from +43% for SH2 to +84% for SH1) while also reducing the wilting point value. In
addition, in a progressive water stress trial conducted in pots on SO4 rootstock vines, all
SHs increased the stem water potential compared to the controls (+0.25 MPa and +0.20 MPa
after four and eight days of water withdrawal, respectively), whereas in the latter case, the
control vines showed a stem ¥ of —1.63 MPa, a value that clearly indicates a condition of
very severe and often irreversible stress.
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Figure 5. (A) Correlation between soil water content and the instantaneous soil water potential for a
clay-sandy potting mix when three different super-absorbent hydrogels are added. The correlations
were established during the dehydration process. SH1 = granular potassium polyacrylate hydrogel
added at 2.06 mg/g of soil; SH2 = crystal potassium polyacrylate hydrogel added at 0.62 mg/g of soil;
SH3 = lignin-sulfonate-derived hydrogel added at 23 mg/g of soil. (B) Effects of incorporating three
super-absorbent hydrogels into the soil on the seasonal dynamics of midday stem water potential
(Ysr) in grapevines. Means (n = 3) £ s.e. (B) The X-axis shows the Julian day. SH1 = granular
potassium polyacrylate hydrogel; SH2 = crystal potassium polyacrylate hydrogel; SH3 = lignin-
sulfonate-derived hydrogel. Data taken from Frioni et al., 2025 [139].

Even though more extensive evidence is still lacking, including in open field condi-
tions, the initial results regarding these super-absorbent hydrogels are very promising: in
particular, their use during the planting phase or when replanting vines removed from
mature vineyards can certainly be useful for improving establishment rates, reducing
mortality, and, ultimately, for restoring adequate economic sustainability more quickly.

Agrivoltaics (AV) is garnering growing attention due to its ability to harness surplus
light energy for electricity generation while preserving the productive capacity of crops cul-
tivated beneath [142]. Vitivoltaics, a newer subset (Figure 6), has undergone approximately
a decade of scientific evaluation and is generally associated with AV systems installed on
existing mature vineyards [143,144].
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"' Surplus light Fixed/Tracking
AL VA Positions

Figure 6. On the left, a diagram showing the interaction between agrivoltaics panels which might
assume fixed or tracking positions versus the sun ray direction and a traditional VSP trellis. On the
right, real view of a row section surmounted by a set of panels. Three canopies were also embedded
in a “balloon” system to allow continuous H24 monitoring of canopy gas exchange. Diagram and
pictures from the Authors.

Although long-term studies are still lacking, evidence suggests a moderate reduction
in photosynthesis and transpiration (around 10-15% compared to open field conditions)
until shading reaches 40-50%. Consequently, with yield remaining unaffected, water use
efficiency, measured as biomass per unit of transpired water, improves. However, when
AV panels cast significant shade on the canopy (e.g., in tracking mode), physiological
water use efficiency may slightly decline as photosynthesis is more restricted by light than
transpiration [145].

Integrating shading AV panels in vineyards is anticipated to provide substantial
benefits, notably by reducing transpiration from both the canopy and soil, thus conserving
water throughout the ecosystem. In the arid and semi-arid regions of the Southwestern
United States, a simulation model indicates that AV systems with a ground coverage
ratio [146] of approximately 50% could potentially decrease crop water usage by 15-20% or
even more, depending on the specific location [147]. Research on vitivoltaics consistently
reveals that air temperature beneath the panels drops while relative humidity varies and
increases [148,149]. Depending on the type, design, and location of the AV system, it has
been observed that the maximum air temperature under the panels can be reduced by
about 1-2 °C, with a significant cooling effect of up to 5.2 °C during the summer months in
the UK [150-153]. Furthermore, AV systems influence other microclimate factors beneath
the panels: soil temperature decreases by 0.5 to 2.3 °C, and soil water retention improves
by 20-30%, especially in elevated systems. As a result, irrigation needs diminish by
6-31% [144]. In studies on Riesling [154], it was demonstrated that from May to October,
soil moisture levels under the AV plots consistently surpassed those in the control plots,
allowing better performance during dry spells in June and July. However, as also noted
in [153], soil water content exhibited higher spatial variability under AV, raising the issue
of horizontal water penetration into deeper soil layers. A hypothesis proposed by Garstka
et al. (2024) [154] suggests that water infiltrates the soil more concentratedly between the
modules and then disperses through deeper soil layers, reaching the root zone beneath
the modules, which do not receive direct rainfall. Data collected in a non-irrigated Merlot
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vineyard with an AV system providing an average of 50% light reduction compared to
open field (OF) plots confirm that on days when Tax exceeded 30 °C, there was an average
decrease of 1.5 °C, an increase of 5% in relative humidity, and a 25% reduction in VPD.
Notably, during a drought period, defined as a lack of precipitation for at least 14 days, an
increase in soil water content of up to 12% at soil depths of 15 and 25 cm was observed.

This consistent pattern of water savings in canopy and soil due to AV systems has
spurred research into their potential to mitigate climate change effects in viticulture. Han-
rieder et al. (2026) ([144]) modeled the mitigation potential of AV systems for two locations
in Spain; in one scenario, the predicted temperature rise during summer months until
2099 could be nearly offset by AV systems, while in a second, warmer location, significant
heating persisted over the same period.

A common positive feature of vitivoltaic studies is the prevention of overheating
and sunburn damage, along with a tendency to delay ripening, which is particularly
relevant in sparkling wine regions [155]. Current research indicates that wines produced
under AV panels tend to be less complex and structured. An ongoing operational issue
is whether and how AV panels interfere with vineyard management [156]; for example,
elevated AV modules often obstruct mechanical operations above the canopy, such as
trimming or harvesting. It is crucial to develop different AV designs to minimize such
interference, which might otherwise deter growers from investing in vitivoltaics. The
existing literature on vitivoltaics also lacks sufficient attention to conducting dynamic
simulations of shadow patterns caused by the modules before AV installation, which
depend on various environmental, vineyard, and structural factors. Such simulations
are particularly important when a dynamic tracking mode is planned: for instance, an
anti-tracking mode can be employed during the less restrictive morning hours, with a swift
transition to tracking mode in the afternoon when maximum light and thermal stresses
are anticipated.

2. Conclusions and Perspectives

The primary aim of this review was to assess recent research findings to determine
whether a novel vineyard design and management model, tailored mainly for Mediter-
ranean climates without relying on emergency irrigation, is feasible. Figure 1 outlines the
configuration of this new vineyard layout, highlighting the interaction between established
and emerging trends.

The model vineyard discussed relies on a basic principle: drought conditions arise
when the water taken from the soil does not match the water lost through soil and canopy
evapotranspiration. Yet, the effects of global warming have introduced a new and chal-
lenging factor: even if the soil retains adequate moisture, the canopy can still experience
significant thermal and light stress.

This vineyard model for resilience is based on three primary components: (i) The first
involves altering certain planting and vine training choices, such as recommending wider
row spacing and allowing canopies to grow freely instead of using traditional VSP. (ii) The
second involves optimizing the use of natural rainfall. It is crucial to value natural rainfall in
early spring to ensure soil field capacity is reached under any circumstances. Subsequently,
water usage should be managed by periodically mowing competitive native vegetation or
using low-competition seed mixtures and by employing appropriate termination methods
if a temporary winter crop is planted. Additionally, it is essential to regulate the infiltration
rates of effective rainfall and ensure that a deep root system can access water from deeper
soil layers. (iii) The third involves employing tools and techniques to simultaneously
reduce soil/canopy ET and enhance vine WUE. This includes kaolin, silicon and zeolite
spraying; promoting living or dead organic mulching under the row; late shoot trimming
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or removing leaves from the upper third of the canopy; introducing hydrogel compounds;
and implementing agrivoltaic systems.

In wrapping up this review paper, it is essential to address the question highlighted in
the title. Two review articles that explore the projected capacity of vineyards to adapt to
the challenges of climate change [157,158] reach a similar conclusion: implementing timely,
cost-efficient, and appropriate adaptation strategies can play a crucial role in mitigating
risks, thus reducing the sector’s vulnerability and bolstering its resilience in the face of
climate change. However, the effectiveness of various adaptation measures in lessening
adverse effects remains uncertain and requires further investigation.

The 2026 season, which has just ended, will be remembered in Europe as one of the
driest and hottest ever recorded. There is considerable evidence suggesting that severe and
multiple water stresses will lead to a decline in yield and grape quality to an irreversible
level, ultimately resulting in business failures and land abandonment. We believe that
adaptation holds significant promise, and if all the components shown in the graphical
abstract are implemented in a coordinated and suitable manner, it could potentially sustain
the sector’s competitiveness for at least several more decades. However, there seems to
be a maximum limit, primarily due to inadequate irrigation water and a persistent lack of
truly resilient genetic material, beyond which vineyard maintenance will be compromised.
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