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Climate change models predict lower precipitation and higher air temperatures that
will negatively affect viticultural regions. lIrrigation of vineyards will be crucial for
mitigating abiotic stress during the growing season. However, the environmental
impact of irrigation requires consideration for ensuring its sustainability in the future.
We evaluated the standard irrigation practices on grapevine water use efficiency,
berry flavonoid composition, vineyard water footprint, and arbuscular mycorrhizal
fungi-grapevine symbiosis in two seasons with contrasting amounts of precipitation.
The irrigation treatments consisted of weekly replacement of 25, 50, and 100% of crop
evapotranspiration (ET¢) during two growing seasons. Irrigation in grapevine vineyards
mitigated the water scarcity when precipitation during the dormant season was not
sufficient. The results provided field data supporting that despite the low rainfall recorded
in one of the seasons, increasing the amount of irrigation was not advised, and
replacing 50% ET. was sufficient. In this treatment, berry composition was improved
with increased contents of total soluble solids, anthocyanins, and flavonols, and a
stable flavonoid profile without an economic decrease in yield. In addition, with 50%
ETc, the mycorrhizal symbiosis was not compromised and water resources were not
highly impacted. Altogether, our results provide fundamental knowledge for viticulturists
to design an appropriate irrigation schedule under the future warming scenarios with
minimal environmental impact in semi-arid regions facing warming trends.

Keywords: arbuscular mycorrhizal fungi, berry quality, climate change, deficit irrigation, water footprint, water
scarcity, water use efficiency

INTRODUCTION

Global warming trends due to climate change are likely to continue at the current rate, leading
to temperature increases of 1.5-4.5°C between 2030 and 2052 (IPCC et al., 2018). Furthermore,
changes in precipitation patterns, frequencies of heatwaves, droughts, and a general increase in
evapotranspiration (ET) rates are also expected (IPCC et al., 2018). These changes would in turn,
affect soil moisture, ground water table, storage of water in reservoirs, and the salinization of
shallow aquifers (Bates et al., 2008).
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FIGURE 3 | Berry mass (A, B), total anthocyanins (C, D), and total flavonols (E, F) in berry skin dry mass (SDM) of Cabernet Sauvignon grapevines (clone FPS08),
subjected to different replacements of crop evapotranspiration (25, 50, and 100% ET;) and collected through 2018-2019 and 2019-2020 growing seasons in Oakville,
CA. Values represent means + SE (n = 6). At each time point, different letters indicate significant differences (p < 0.05) between irrigation treatments according to
one-way ANOVA followed by Tukey HSD test. *, **, and *** indicate significance at 5, 1, and 0.1% probability levels, respectively. DAF, Days after flowering.

impact (i.e, oqWF and AMF colonization rates). Results
covered two seasons that strongly differed in the precipitation
supply. Compared with the average total amount of precipitation
received by the area in the last decade (768 mm, CIMIS), 2019
growing season was a rainy period with 970.3 mm precipitation,
while 2020 was a hyperarid growing season with only 234.2 mm
of precipitation. In spite of the differences in total precipitation,
the response of Cabernet Sauvignon grapevines to water deficits
was consistent across both seasons and our results corroborated

that deficit irrigation may mitigate the effects of water scarcity
(Costa et al., 2016; Fraga et al., 2018; Torres et al., 2021b).

The results achieved in this study indicated that 25% and
50% ET. treatments were effective in improving WUE (to ca.
100 jtmol CO, -mmol H,O~!) compared with previous studies
reporting a compilation of data from Cabernet Sauvignon (WUE
ranged 62 and 64 pmol CO, -mmol H,07!) and other cultivars
(11.2-103 pmol CO, -mmol H,O™!) (Tomis et al., 2014; Bota
et al,, 2016). The ;WUE decreased when the fractions of applied
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TABLE 2 | Total soluble solids (TSS), titratable acidity (TA) and pH of Cabernet Sauvignon grapevines (clone FPS08) subjected to different replacement of crop
evapotranspiration (25, 50, and 100% ET,), collected at harvest in Oakville, CA, in 2018-2019 and 2019-2020 seasons.

TSS (o Brix) TA (g/L) pH
2019
Treatments
25% ET, 25.4+0.3 7.12 £0.10 3.51 +0.02
50% ETg 247 £04 7.55 £ 0.33 3.45 £+ 0.01
100% ET, 243 +04 7.37 £0.15 3.49 £+ 0.02
ANOVA ns ns ns
2020
Treatments
25% ET, 253+ 04a 9.13+0.17 3.63+0.01b
50% ET, 250+0.3a 9.15+0.23 3.65 + 0.02 ab
100% ET. 238+02b 8.88 + 0.21 3.69+0.01a
ANOVA * ns -

Values represent means + SE (n = 6) separated by Tukey HSD test (P < 0.05). Different letters within column, indicate significant differences as affected by the different replacements
of irrigation. ns and ~" indlicate non-significance and significance at 1% probability level, respectively.

TABLE 3 | Anthocyanin composition (%) of Cabernet Sauvignon grapevines (clone FPS08) subjected to different replacement of crop evapotranspiration (25, 50, and
100% ETy), collected at harvest in Oakville, CA, in 2018-2019 and 2019-2020 seasons.

Delphinidin (%) Cyanidin (%)

Petunidin (%) Peonidin (%) Malvidin (%)

2019

Treatments

25% ET, 9.82 +£0.32 0.76 &+ 0.05
50% ET, 8.76 £ 0.17 0.68 + 0.02
100% ET, 8.78 £+ 0.30 0.84 £ 0.01
ANOVA ns ns
2020

Treatments

25% ET, 127 £0.42 1.56 £+ 0.06
50% ET, 124 +£0.72 1.63+£0.13
100% ET, 12.0 £ 0.60 1.61+£0.12
ANOVA ns ns

8.63+020a 5.82+022b 74.97 £0.74

7.83+0.08b 5.87+0.18b 76.86 + 0.23

7.55+0.16 b 7.07 £0.28 a 75.75 £0.28
. ns

9.86 + 0.23 592+ 0.16b 70.36 + 0.59

9.52 + 0.30 6.40 + 0.30 ab 70.06 + 1.33

9.17 £0.23 6.82+0.25a 7018 £1.13
ns * ns

Values represent means + SE (n = 6) separated by Tukey HSD test (P< 0.05). Different letters within column, indicate significant differences as affected by the different replacements
of irrigation. ns, *, ', and ™" indicate nonsignificance and significance at 5%, 1%, and 0.1% probability levels, respectively.

ET. increased as previously reported by Keller et al. (2016)
in a 3-year field experiment conducted on the same Cabernet
Sauvignon clone as used in this study. Likewise, WUE calculated
as the ratio between yield and water applied was also enhanced
with the decreased water supply. The berry must §'C enhanced
under stronger water deficits conditions corroborating previous
studies with different grapevine cultivars (Bchir et al., 2016;
Spangenberg and Zufferey, 2018; Brillante et al., 2020; Yu et al.,
2021). The ;WUE and the berry must $13C also indicated a linear
relationship in accordance to previous research (Bchir et al,
2016). Previous work indicated that 3'3C of grape must is a
reliable indicator of plant water status and leaf gas exchange in
vineyard systems, which in turn, are crucial for the identification
of plant water status zones leading to better irrigation decisions
and informed management (Brillante et al., 2020). The present

study also provided evidence that 8!3C is a convenient tool
without intensive labor and time inputs for the assessment
of environmental impacts (ie., WF and/or AMF) of deficit
irrigation strategies.

Increased applied water amounts led to greater canopy
size and vyields (Torres et al, 2021b). There was a strong
negative relationship between the berry must $!*C and grapevine
vegetative growth measured as LAI. Previous studies reported a
linear relationship between the 5'*C and the carbon assimilation
rates (Bchir et al., 2016; Brillante et al., 2020) and consequently
with vegetative growth estimated as pruning mass (Brillante et al.,
2020; Yu et al., 2021). Yield achieved in this experiment ranged
from 4.8 to 10.4kg - vine™! (Torres et al., 2021b) in accordance
to a previous study conducted in a vineyard at a similar density
(Munitz et al., 2020). Thus, 100% ET. may double the yield
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TABLE 4 | Flavonol composition (%) of Cabernet Sauvignon grapevines (clone FPS08) subjected to different replacement of crop evapotranspiration (25, 50, and 100%
ETe), collected at harvest in Oakville, CA, in 2018-2019 and 2019-2020 seasons.

Myricetins (%) Quercetins (%) Kaempferols (%) Syringetins (%)
2019
Treatments
25% ET, 37.46 + 1.56 38.01 + 1.90 6.10 £ 0.33 571 £0.49
50% ET, 38.16 + 1.21 37.00 + 1.38 5.66 + 0.30 6.43 +£0.36
100% ET, 38.04 + 1.84 37.05+1.82 523 +0.47 6.86 + 0.40
ANOVA ns ns ns ns
2020
Treatments
25% ET, 30.32 +1.18b 43.64 +1.06a 8.37 £0.33a 5.59 +0.23 b
50% ET, 33.29+ 1.81 ab 40.54 + 2.00 ab 745 +0.32a 6.05 + 0.26 ab
100% ET, 37.01 +1.45a 38.56 +1.05 b 6.08 +0.39 b 6.49+029a
ANOVA o * - *

Values represent means + SE (n = 6) separated by Tukey HSD test (P< 0.05). Different letters within column, indicate significant differences as affected by the different replacements
of irrigation. ns, *, ', and ™" indicate nonsignificance and significance at 5, 1, and 0.1% probability levels, respectively.

W25%ET,

W50%ET.
®100%ET,

AMF colonization (%)

2019 2020
(DAF 120) (DAF 125)

FIGURE 4 | Arbuscular mycorrhizal fungi (AMF) colonization rates of Cabernet Sauvignon grapevines (clone FPS08) subjected to different replacement of crop
evapotranspiration (25, 50, and 100% ET,), collected in Oakville, CA, in 2018-2019 and 2019-2020 growing seasons (A). Bars represent means + SE (n = 6). At
each growing season, different letters indicate significant differences (p < 0.05) between irrigation treatments according to one-way ANOVA followed by Tukey HSD
test. *** indicate significance at 0.1% probability level. Microscopic image (x 100) of fungal structures Cabernet Sauvignon roots present in half of the root fragment (B)
and in the whole fragment (C).

compared with the 25% ET. as previously reported by Keller  but not in 2020. Although several studies reported increases in
et al. (2016). This suggested that the effect of applied water on  berry flavonoid content under mild or moderate water deficit
yield components is consistent in spite of the climate difference, ~ (Gambetta et al., 2020), field research conducted in California

planting space, and grapevine age. resulted in contradictory results when severe water deficits were
Under our experimental conditions, primary metabolites (i.e., ~ combined with a long hang time (Brillante et al., 2018; Yu et al,,

sugars and organic acids) were affected by applied water amounts 2020, 2021).

in the second season, where 100% ET. accounted for lower TSS In general, 100% ET. irrigation treatment reduced the

but higher pH. Increased water content in berries was associated ~ proportion of petunidin derivatives and increased the proportion
with a lower concentration of sugars due to a dilution effect  of peonidin derivatives leading to a decreased ratio between
(Terry and Kurtural, 2011; Keller et al., 2016). Conversely, the  tri-hydroxylated and di-hydroxylated anthocyanins, which was
lower pH in 25% ET. grapevines was related to exacerbated  suggested to be less chemically stable for winemaking purposes
organic acid degradation under high temperatures by water  (Torres et al., 2020). Likewise, previous studies have reported
deficit (Martinez-Liischer et al., 2017, 2020). Berry skin flavonol ~ an increase in the ratio between tri-hydroxylated and di-
and anthocyanin contents decreased with the 100% ET¢ in 2019  hydroxylated anthocyanins when grapevines were subjected to
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FIGURE 5 | Water footprint (WF) components of Cabernet Sauvignon grapevines (clone FPS08) subjected to different replacement of crop evapotranspiration (25%
ETc, 50% ET., and 100% ET,), collected in Oakville, CA, in 2018-2019 (A) and 2019-2020 (B) growing seasons. Bars represent means + SE (n = 6). At each WF
component, different letters indicate significant differences (p < 0.05) between irrigation treatments according to one-way ANOVA followed by Tukey HSD test. *, **,
and *** indicate significance at 5, 1, and 0.1% probability levels, respectively.

water deficits given the upregulation of the relevant anthocyanin
biosynthetic genes (Castellarin et al., 2007; Martinez-Luscher
et al., 2014; Cook et al., 2015; Savoi et al.,, 2017). In addition,
these forms were more persistent through hang time, making tri-
hydroxylated flavonoids more abundant as maturity progressed
(Brillante et al., 2017). Flavonol composition was modified by
applied water amounts in 2020 growing, where proportions of
myricetin and syringetin derivatives increased and quercetin and
kaempferol derivatives decreased with 100% ET.. Given that
quercetin and kaempferol are important antioxidants in red
wines, this shift in the composition may impact the antioxidant
properties of wine (Dabeek and Ventura-Marra, 2019; Torres
et al., 2020). In previous work, it was reported that 100% ET.
irrigation increased the net carbon assimilation and improved
the grapevine water status, leading to higher soluble sugar and

starch contents in leaves with the highest yields, and vegetative
biomasses (Torres et al, 2021b). However, the greatest leaf
area to fruit ratios measured in this treatment showed a clear
sign of disproportionate leaf biomass growth, which presumably
impacted berry metabolism. Thus, both studies highlighted
the importance of management of water deficits to ensure
grape berry composition optimization, improving water use
sustainability by rewarding quality over quantity in arid and
semiarid regions (Medrano et al., 2015; Romero-Azorin and
Garcia-Garcia, 2020).

Reducing Environmental Costs Through

Irrigation Management Optimization
Decreasing irrigation amounts increased AMF colonization
in accordance with previous studies (Schreiner et al., 2007).
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FIGURE 6 | Relationships between total water footprint (WF) and arbuscular mycorrhizal fungi (AMF) colonization rates (A); WF and 813C of berry must (B); and WF
and leaf area index (LAI, C); 813C of berry must and AMF (D); 813C and intrinsic water use efficiency ((WUE, E); and 813C and LAl (F) of Cabernet Sauvignon
grapevines (clone FPS08) subjected to different replacement of crop evapotranspiration (25, 50, and 100% ET,), collected in Oakuville, CA, in 2018-2019 (triangles)
and 2019-2020 (circles) growing seasons. For each combination, straight lines correspond to the linear regression lines fitted for the pooled data of all treatments in
both seasons. ns, *, **, and *** indicate non-significance and significance at 5, 1, and 0.1% probability levels, respectively.

The symbiotic relationship of AMF with grapevines provided
several adaptive advantages, such as improved abiotic and
biotic stress resistance, enhanced nutrient uptake, and grapevine
growth (Trouvelot et al.,, 2015; Torres et al., 2018a). Previous
research suggested that these effects might be related to
the altered regulation of nutrient transport, cell wall-related,
phenylpropanoid, and stilbene biosynthesis genes driven by
AMF colonization (Bruisson et al., 2016; Balestrini et al.,
2017). Additionally, it was recently reported that AMF may
enhance the content of flavonoids in berries (Torres et al., 2019,
2021a), leading to improved berry composition and antioxidant
properties in spite of the lack of effect on petiole nutrient
contents (Torres et al., 2021a). However, vineyard management
practices may affect the soil structure and the composition
of the rhizosphere-living microbiota (Coller et al., 2019; Vink
et al,, 2021), as well as the microbiota associated with grapevine
roots, which is mainly composed by Rhizophagus and Glomus
genus (Schreiner, 2020), likely affecting the effectiveness of the
symbiosis. The relationship between AMF and berry must 81*C

suggested that productivity of high quality grapes could still be
sustained in this region with less water input because the root
system of the grapevines may perform more efficiently due to
greater AMF colonization.

The (¢, WF measured in this study ranged between 484.3 and
1237.7 m? -tonne ~! across treatments and growing seasons, in
accordance with previous studies assessing the WF of grapevine
cultivation (Mekonnen and Hoekstra, 2011). This variation in
the (o WF was related to the amount applied (determining
blue WF) and the differences in precipitation between the two
seasons (determining green WF). Indeed, the previous research
speculated that changes in temperature and precipitation may
affect the proportional contribution of blue and green WF to the
total WE (Zotou and Tsihrintzis, 2017). Previous studies reported
that vineyards accounted for a higher WF compared with other
crops such as olives, wheat, and other fruit trees (Zotou and
Tsihrintzis, 2017; D’Ambrosio et al., 2020). Wine grape growers
require appropriate irrigation schedules that reduce pj, WF and
increase green WF leading to a decreased i WF for increasing
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sustainability of vineyards. Under our experimental conditions,
25% ET. strongly decreased the pj, WE however, this came with
a dramatic increase in the g,y WF component, which led to
increased (o, WF. Conversely, 100% ET. decreased o,y WF to
lower values than those reported in Zotou and Tsihrintzis (2017),
presumably because of the differences of standard yields recorded
in Mesogeia area (Greece), where the authors conducted their
research, and Napa Valley, CA, USA where this study was
performed. A recent study reported that the current values of
blue WF and g,y WF are unsustainable (D’Ambrosio et al., 2020).
The actual runoff of the surface water is not sufficient to satisfy
the irrigation requirements and/or dilute the pollutant load
associated with the diffuse and point sources to reduce it below
the maximum acceptable concentration (D’Ambrosio et al,
2020). These results highlighted that the management of natural
resources, specifically water management, is paramount for the
sustainability of the wine industry under future constraints
(Schultz, 2016; Romero-Azorin and Garcia-Garcia, 2020; Wilson
etal., 2020). Thus, our data suggested that values ranging between
600 and 1000 m> - tonne ~! of the o WF may ensure a
high ;WUE of grapevines (Bota et al., 2016), optimum LAI,
and profitable yields, which maintained the balance between
vegetative and reproductive growths (Torres et al, 2021b).
Nevertheless, it is noteworthy to address that WF assessment
also presents some limitations given that the water consumed by
an irrigated crop is often a mix of residual soil moisture from
previous precipitation and irrigation events (residual green and
blue WFs) and that the reference ET (ET,) is strongly dependent
on the local climate (Fereres et al., 2017).

CONCLUSIONS

We aimed to evaluate the standard irrigation practices on
grapevine WUE, berry flavonoid composition, vineyard WE
and AMF-grapevine symbiosis in two seasons with contrasting
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