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Abstract

The aim of this work was to investigate the effect of full irrigation (FI), pre-veraison water deficit (RDI 1), or post-veraison
water deficit (RDI 2) on growth, yield, and berry quality in container-grown, mature vines of cv. Sangiovese grafted onto
either 1103P or SO4 rootstock over two consecutive growing seasons. Deficit irrigation regimes significantly affected vine
water status of both rootstocks before and after veraison. Trunk diameter (TD) increment was markedly affected when water
was restricted early, but not in the post-veraison period. Deficit irrigation from fruit set to veraison inhibited vegetative growth
(TD, canopy volume, and weight of pruned wood) more than that applied from veraison to harvest. Yield was unaffected
by either irrigation or rootstock in both years. Irrigation had a marked effect on berry and juice quality: the RDI 1 treatment
induced the highest berry anthocyanin concentration, and the lowest titratable acidity (TA), which, instead, increased in the
RDI 2 treatment. RDI treatments did not modify berry dry weight, soluble solid content, TA, anthocyanins, and epicarp total

phenols in vines on both rootstocks.

Introduction

Productivity and berry quality of Vitis vinifera L., a mod-
erately drought resistant species, change in response to soil
water availability during the growing season (Chaves et al.
2010; Girona et al. 2009; Intrigliolo et al. 2016; Romero
et al. 2010). The most important physiological effects of
water deficit on plants include: (i) lower rates of stomatal
conductance and photosynthesis (De Souza et al. 2003;
Tacono et al. 1998; Koundouras et al. 2008; Palliotti et al.
2014; Torres et al. 2021); (ii) less internode elongation and
plant leaf area development (Lovisolo et al. 2010; Lovisolo
and Schubert 1998; McDowell 2011; Schultz and Matthews
1988); (iii) lower fruit yield; (iv) changes in berry and wine
quality (Chaves et al. 2010; Chaves and Oliveira 2004; Dos
Santos et al. 2003; Intrigliolo et al. 2016; Romero et al.
2010).

While water deficit is more effective in reducing veg-
etative growth than fruit growth (Dry and Loveys 1998;
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Williams et al. 1994), vine performance depends not only
on total available water, but also on the phenological stage
at which water scarcity develops and this effect is medi-
ated by the genotype. Palliotti et al. (2014) reported that
water stress applied from fruit set until veraison induced
a reduction in internode diameter and length in two culti-
vars compared to well-watered vines but, while the yield-
to-pruning weight ratio was unaffected by water deficit in
cv. Sangiovese, it increased in cv. Montepulciano by 21%.
Differences in gas exchange responses to water availability
between cvs. Sangiovese and Montepulciano have also been
reported (Tombesi et al. 2014).

The timing of drought events during the growing sea-
son has a strong impact on grape yield (Girona et al. 2009;
Intrigliolo et al. 2016; Lanari et al. 2014; Munitz et al.
2017). Final berry size and yield are more affected when
drought occurs early during the growing season than after
veraison. Early water limitations reduce berry cell divisions,
which inhibit berry size from full recover even after optimal
soil humidity is restored later in the growing season (Chaves
et al. 2010; Coombe and McCarthy 2000; Ojeda et al.
1999). Berry transpiration is the primary route for water
loss throughout berry development and veraison appears
to be the turning point for changes in water supply to the
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berry, which occurs mainly via the phloem after veraison
(Greenspan et al. 1994; Rogiers et al. 2001).

Berry quality parameters vary depending on the extent
and timing of water deficit (Dry and Loveys 1998; Jackson
and Lombard 1993). Early water stress has been reported to
exert a positive effect on berry quality through a reduction in
crop level, berry size, and canopy vigour (Dry et al. 2001).
Girona et al. (2009) reported that an increasing level of water
stress applied between fruit set and veraison in potted vines
of cv. Tempranillo determined a linear decrease in soluble
solids content (SSC) and a slight increase in the titratable
acidity (TA) of the must. A similar effect of early water
stress on SSC was also apparent in Sangiovese and Montep-
ulciano potted vines, whereas water deficit did not affect TA
and pH (Palliotti et al. 2014). Previous studies carried out
on cultivars Cabernet Sauvignon and Tempranillo reported
higher concentration of anthocyanins in berries from grape-
vine subjected to early water deficit with respect to those
sampled from fully irrigated ones (Castellarin et al. 2007;
Intrigliolo and Castel 2010). Post-veraison water stress has
been associated with an increase in SSC due to dehydra-
tion and a concentration effect on berry solutes, whereas
TA and pH were unaffected (Basile et al. 2011; Intrigliolo
et al. 2016).

Although originally selected to confer resistance to phyl-
loxera aphids, rootstocks are important in maintaining vine-
yard performance when abiotic stresses, such as drought,
flooding, salinity, or excessive lime, occur (Carbonneau
1985; Howell 1987) as they can influence water uptake,
drought resistance, and vine vigour. Different mechanisms
have been proposed to explain: i) how rootstocks affect scion
water relations and transport (Alsina et al. 2011; Carbon-
neau 1985; Cuneo et al. 2021; Soar et al. 2006; Tramontini
et al. 2013); ii) hormonal and hydraulic signalling (Loveys
and Kriedemann 1974; Soar et al. 2006; Stoll et al. 2000);
iii) vegetative growth, berry development and quality
(Koundouras et al. 2008, 2009). The rootstock—scion inter-
action often influences vine growth and performance (Tra-
montini et al. 2013; Romero et al. 2019), yet direct rootstock
effects on berry quality can be rather difficult to separate
from those caused by rootstock-induced vigour and rapid
depletion of soil moisture. Koundouras et al. (2009) reported
a significant effect of rootstock and irrigation treatments on
seeds flavan-3-ols of berries sampled from Cabernet Sau-
vignon grapevines grafted on 1103P and SO4. The same
authors attributed this result to differences in canopy size
and microclimate conditions induced by rootstocks. In a
study carried out on Chardonnay, Merlot, and Syrah grape-
vines grafted on five different rootstocks (5C, 140Ru, 1103P,
3309C, 101CU, and own-rooted) and subjected to water defi-
cit, Keller et al. (2012) reported a significant rootstock effect
only on must pH, whereas anthocyanins and tannins concen-
trations were unaffected. Merli et al. (2016) tested the new
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drought-tolerant rootstock (M4) against SO4 on Sangiovese
grapevines. They reported that berries sampled from water-
stressed grapevines grafted on M4 showed the highest SSC
and anthocyanins values, suggesting a potential role of the
rootstock in triggering gene regulation under water stress
conditions.

Previous studies focusing on irrigation and/or rootstock
effects on water relations, vegetative growth, yield, and
berry composition consisted of short (3—7 weeks) drying-
down cycles in young (1- or 2-year-old) potted vines over
one or two growing seasons (Basile et al. 2011; Girona et al.
2009; Meggio et al. 2014). In other cases, either non-fruiting
plants were used (Galbignani et al. 2016; Lanari et al. 2015)
or only physiological parameters and vegetative growth were
measured. A few experiments to date have compared the
performance of mature vines grafted on different rootstocks
under different levels of water availability (Romero et al
2018, 2019; Koundouras et al. 2008; Merli et al. 2016).

The present study was conducted to investigate the effects
of long-term irrigation regimes (full irrigation, pre-verai-
son water deficit, and post-veraison water deficit) on vine
growth, yield, and grape quality in potted, mature vines of
cv. Sangiovese grafted onto two rootstocks differing in their
drought resistance over 2 consecutive years. Sangiovese is
the most widely grown cultivar in Italy and it is consid-
ered to be drought-tolerant (Palliotti et al. 2014). The 1103
Paulsen and SO4 rootstocks can be classified as tolerant
and sensitive to water stress, respectively, despite some dis-
crepancies in the extent of resistance reported by different
authors (Carbonneau 1985; Howell 1987).

Materials and methods
Plant material and experimental conditions

In 2018, a 2-year experiment was started on 6-year-old
grapevines (Vitis vinifera L.) of cultivar Sangiovese grafted
on two rootstocks [1103 Paulsen (V. rupestris x V. berland-
ieri) and Selection Oppenheim 4 (SO4) (V. riparia x V.
berlandieri)] grown in 50 L containers (40% peat and 60%
silty-loam soil) at the Colignola experimental farm of the
Department of Agriculture Food and Environment of the
University of Pisa (43.73° N 10.47° E, 5 m a.s.l.). Vines
were grown outdoor and spaced at 4.2 0.9 m distance to
allow high light interception. Vines were pruned in Febru-
ary to retain one spur with two count buds and one cane
with 68 count buds according to the Guyot training system.
Growing shoots were positioned vertically using a trellis
system made of seven horizontal galvanized steel wires run-
ning along each row of containers at three different heights.
The containers were covered with plastic film to minimize
soil water evaporation.
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Climatic conditions over the study period were monitored
using a weather station WatchDog (Spectrum Technologies
Inc, Aurora IL, USA) installed on site. Growing degree days
(GDD) were calculated by summing daily mean tempera-
tures greater than 10 °C from April 1 to October 31. Starting
from 2 weeks before bud burst, vine phenology was moni-
tored every 4-5 days to determine the dates of bud burst (4
E-L), fruit set (27 E-L) and veraison (34 E-L), using the
modified Eichhorn-Lorenz (E-L) scale (Coombe 1995).
Annual precipitation was 934 and 970 mm in 2018 and 2019,
respectively, whereas potential evapotranspiration (ET),
calculated according to the Penman—Monteith equation,
was 927 and 900 mm in those same years (Table 1). Cli-
matic conditions during the first 5 months of the year were
quite different between 2018 and 2019. In particular, mean
air temperature of April-May was lower in 2019 (14.7 °C)
than in 2018 (17.5 °C). During the summer months (June,
July, August, and September), the mean air temperature was
similar (23.4 and 23.5 °C in 2018 and 2019, respectively),
but rainfall was different (140 mm in 2018 and 183 mm in
2019).

Irrigation

All vines were fully irrigated until day of the year (DOY)
154 (2018) and 164 (2019) when three different irrigation
regimes (Full Irrigation, FI; Regulated Deficit Irrigation 1,
RDI 1; Regulated Deficit Irrigation 2, RDI 2) were imposed
on both rootstocks. Fully irrigated vines received water from
budburst to harvest, whereas RDI 1 and RDI 2 vines were
subjected to water deficit (34-49% of full irrigation) from
fruit set to veraison (FS—V) and from veraison to harvest
(V-H), respectively (Table 2). All vines were fully irrigated

when water deficit was not imposed and from harvest until
leaf fall. Each container received water from two emitters
(2 L h~! each) and vines were irrigated twice a day. In the
second year of the experiment, RDI 1 vines were replaced
with new ones to prevent potential effects on bud fertility of
early water stress undergone in the first year.

In both years, FI vines were irrigated to maintain stem
water potential (¥, values above — 0.6 MPa; in 2019,
water volumes were also adjusted based on actual water
consumption of FI vines, measured as daily weight loss of
four representative vines. Vines were placed on four square
weighing platforms with load cells placed in every corner
and their weight loss measured at 15 min intervals. The top
surface of the pots was sealed around the trunk with plastic
film to avoid evaporation from the soil, and the transpira-
tive component (T) of evapotranspiration (ET) determined.
Vines were daily irrigated with a volume of water exceeding
(about 10-15%) the water consumption of the previous day.
The maximum grapevine daily transpiration was calculated
according to

E. .«=1— D — AW,where I was the irrigation volume,
D drainage, and AW the change in soil water. In 2019, the
daily values of maximum transpiration (E,,,,) were plotted
against ET|, values and a correction coefficient (CF) calcu-
lated as CF=E_,,/ET,. Average monthly values of CF were
0.5, 0.9, 1.1, and 0.8 in June, July, August, and September,
respectively.

Vine water status
Vine water status was determined by measuring ¥, during

the growing season at 7-10 day intervals starting from DOY
150 and DOY 161 in 2018 and 2019, respectively. The leaf

Table 1 Monthly values of precipitation (P), mean air temperature (7), growing degree days (GDD), vapor pressure deficit (VPD), and reference
evapotranspiration (ET)) measured in 2018 and 2019 using a weather station installed on site

Month 2018 2019

P T Monthly VPD (kPa) ET, (mm) P T Monthly VPD (kPa) ET, (mm)

(mm) (°C) GDD (°C) (mm) (°C) GDD (°C)
January 48 10.3 0.5 0.8 46 6.2 0.4 0.7
February 95 6.6 0.3 1.0 50 9.4 0.5 1.2
March 208 10.0 0.5 1.7 10 11.9 0.6 1.9
April 71 16.2 185.0 0.9 3.0 109 13.7 111.8 0.7 2.8
May 107 18.8 272.6 1.0 3.6 116 15.6 174.1 0.7 32
June 17 222 361.2 1.4 4.6 4 23.1 390.7 1.6 4.9
July 48 24.8 463.1 1.5 4.9 123 25.0 467.7 1.7 4.8
August 13 25.2 480.4 1.8 4.2 18 24.7 468.5 1.7 4.2
September 62 214 353.1 1.5 3.1 38 21.3 346.2 1.4 2.9
October 82 18.2 253.6 1.0 1.9 104 17.5 249.0 0.9 1.5
November 99 13.0 0.6 1.0 328 13.2 0.5 0.9
December 84 8.8 0.4 0.7 24 9.8 0.5 0.6
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Table 2 Dates of veraison and

> Year Rootstock Irrigation Veraison Harvest Irrigation volumes (L vine™)
hg.rvest, apd irrigation V.olurnes (DOY) (DOY)
of grapevines (cv. Sangiovese) FS-V V-H FS-H
for 1103P and SO4 rootstocks in
2018 and 2019 2018 1103P FI 206 263 178 276 454
RDI 1 208 263 63 (35) 272 335(74)
RDI 2 206 240 178 137 (50) 315 (69)
SO4 FI 200 264 152 302 454
RDI 1 197 264 52 (34) 320 372 (82)
RDI 2 200 240 152 145 (48) 297 (66)
2019 1103P FI 213 277 211 204 415
RDI 1 218 262 77 (36) 185 262 (63)
RDI 2 213 253 211 86 (42) 297 (72)
SO4 FI 213 277 211 204 415
RDI 1 213 276 69 (33) 204 273 (66)
RDI2 213 262 211 86 (42) 297 (72)

In brackets, the percentage of irrigation volume applied to RDI vines with respect to fully irrigated ones

(FI) of the same rootstock

DOY day of the year, FS-V fruit set—veraison, V-H veraison—harvest

was enclosed for at least 60 min in a non-transpiring shaded
bag to block transpiration and then sampled to determine
Y., Once the potential reached equilibrium with the xylem
according to methods reported by Shackel (2011). Stem
water potential was measured on three vines per treatment
(one leaf per vine) between 12:00 and 1:00 p.m. Leaves were
excised with a razor blade and immediately put in the cham-
ber cylinder (PMS Instruments, Albany, OR, USA), which
was then pressurized with nitrogen gas. Fluctuations in vine
water status during the irrigation period were accounted for
by calculating the water stress integral (WSI) as reported by
Myers (1988).

Vegetative growth

In both years, after harvest, the total length of the proxi-
mal, median, and distal main shoots borne on each vine was
measured, as well as the total number of nodes per shoot
and internode length determined. At the end of February,
the pruning weight of three vines was measured to calcu-
late the yield to-pruning weight ratio. The rootstock trunk
diameter was measured eight times in 2018 from budburst
to harvest, taking two measurements (minimum and maxi-
mum) per vine.

In 2018, vine canopy volume was measured manually at
the beginning of the irrigation differentiation (Caruso et al.
2017). In 2019, canopy volume was measured seven times
from the beginning of irrigation differentiation to harvest
using aerial images and the structure from motion tech-
nique (Caruso et al. 2017). Images were acquired from a
multispectral camera (Micasense RedEdge MX, MicaSense
Inc.) carried by an unmanned aerial vehicle (UAV) flying
autonomously over a predetermined waypoint course at 50 m
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above ground level. The three-dimensional canopy volume
was reconstructed starting from the digital surface model
(DSM) obtained using Agisoft Photo-Scan® (Agisoft LLC)
which was then processed using a GIS software (ArcGIS
software®, ESRI, Redlands, CA, USA), as in Caruso et al.
(2017).

Yield and berry characteristics

Harvest dates were established based on monitoring of solid
soluble content (SSC) in the berry. In particular, grapes were
harvested between DOY 240 (August 28) and 264 (Septem-
ber 21) in 2018 and between DOY 253 (September 10) and
277 (October 4) in 2019 when soluble solid accumulation
had reached 22 +0.5°Brix (Table 2). Bunches were har-
vested from single vines and crop weight per vine and berry
fresh weight immediately determined. Berry dry weight was
measured after oven-drying at 70 °C until constant weight.
The stage of ripening was expressed as the number of days
before the last date of harvest (control vines) across all treat-
ments within each year (see also Fig. 4).

Total SSC, TA, and pH were determined on samples of
20 berries for each rootstock—irrigation combination (three
20-berry replicates per treatment). The berry juice was
extracted from each sample, SSC measured with a hand
refractometer, and a 10 mL aliquot titrated with 0.1 N NaOH
to an endpoint pH of 8.2 to determine TA (g mL™"). The pH
was measured with a pH meter (Hanna Instruments, Woon-
socket RI, USA) calibrated at pH 7.0 and 4.0.

At harvest, 50 berries from three vines per treatment were
used for the determination of anthocyanins (epicarp), flavo-
noids (epicarp and seeds), and total phenols (epicarp and
seeds) according to the method by Di Stefano et al. (1989),
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modified as follows. The epicarp were manually separated
from mesocarp and seeds, and weighed and extracted for
4 h at room temperature in 25 mL of a pH 3.2 tartaric
buffer solution (12% v/v ethanol, 2 g/L sodium metabisul-
phite, 5 g/L tartaric acid, and 22 mL/L. NaOH 1 N). After
homogenization using an immersion blender (Ultra-Turrax
IKA, Staufen, Germany), the extract was separated by cen-
trifugation for 5 min at 1006Xg, and then, the pellet was
re-suspended in 20 mL of buffer and centrifuged for 5 min.
The final two pooled supernatants were adjusted to 50 mL
with the buffer solution. Anthocyanins were measured on the
extract using a UV—Vis spectrophotometer (Hitachi U-2000,
Tokyo, Japan) at 540 nm after 1:20 dilution with ethanol
chloride. Total phenols in the epicarp and seeds extracts
were measured after 1:10 dilution, using Folin—Ciocalteu
reagent with sodium carbonate in water, and read at 750 nm,
flavonoids on the 1:20 and 1:50 diluted extract (skin and
seeds, respectively) with ethanol chloride at 280 nm. The
absorbance was then adjusted using the spectrum obtained
between 230 and 350 nm, which identify the value inter-
cepted from the tangent passing through the lower values
of the peak at 280 nm and its parallel to the ordinate axis.
Anthocyanins were expressed as milligram of equivalents
of malvidin 3-O-glucoside, flavonoids, and phenolic com-
pounds as milligram of equivalents of (+) — catechin.

Experimental design and statistical analysis

Grapevines were arranged according to a split-plot design
with rootstock (R) as the main plot and irrigation regime (I)
as the subplot. Twenty-four vines for each rootstock were
subjected to three different irrigation treatments (eight vines
per treatment). A total of six rootstock—irrigation combina-
tions were thus investigated in this experiment. Stem water
potential and berry weight were measured on three repre-
sentative vines per treatment, whereas all other parameters
on five vines. Data were analysed via two-way ANOVA for
a split-plot design using CoStat software (CoHort software,
Monterey, CA, USA). The Principal Component Analysis
(PCA) was performed using JMP 13 (JMP SAS, Campus
Drive Cary, NC, USA) and datasets which included the
grapevine vegetative parameters, water status, and berry
quality parameters (2 years, two rootstocks, three irrigation
treatments, and three biological replicates).

Results
Phenology
The low temperatures measured in May 2019 caused a delay

in fruit set of vines (DOY 164 when 390 GDD had been
accumulated) with respect to 2018 (DOY 154 equivalent to

394 GDD). The dates of veraison and harvest (average of all
treatments) in 2019 were delayed by 10 and 12 days, respec-
tively, compared to 2018 (Table 2). In 2018, the 1103P root-
stock induced a delay in veraison date of 6 (FI and RDI 2),
and 11 (RDI 1) days with respect to vines grafted on SO4,
whereas in 2019, the date of veraison of RDI 1 only vines
was delayed 5 days (Table 2). In 2018, the harvest date of
vines that had been subjected to post-veraison deficit irriga-
tion occurred 23 and 24 days earlier than other irrigation
treatments for 1103P and SO4, respectively; in 2019, the
harvest date for RDI 2 was 24 and 15 days earlier than that
for the FI treatment for those respective rootstocks (Table 2).
As aresult, in 2018, the V-H interval lasted 55-57 days for
RDI 1 and FI vines grafted on 1103P, but only 34 for RDI 2
ones (Table 2); similarly the V-H interval lasted 64—-67 days
for FI and RDI 1 treatments and only 40 for RDI 2-treated
vines on SO4 rootstock. In 2019, the V-H period was 40,
44, and 64 days for RDI 2, RDI 1, and FI vines on 1103P,
respectively (49, 63, and 64 days for vines on SO4).

Vine water status

The ¥, of FI vines ranged from -0.29 to -0.60 MPa in
2018 and from — 0.25 to — 0.52 MPa in 2019, with the
exception of two dates when ¥, dropped to — 1.0 (DOI
218 in 2018) and — 0.7 MPa (DOY 175 in 2019) due to
pump failure (Fig. 1). The seasonal course of ¥, values
closely followed the amount of water supplied by irrigation
without differences between rootstocks in both years (Fig. 1;
Table 2). A significant reduction in ¥, was measured 8
(DOY 162) and 18 (DOY 182) days after the beginning of
the RDI 1 regime in 2018 and 2019, respectively (Fig. 1C,
D). In both years, the lowest values of ¥, measured before
veraison were those of RDI 1 vines grafted on 1103P. The R
x Linteraction for W, was significant at six and three dates
in 2018 and 2019, respectively (Fig. 1).

Differences in W, were reflected in the WSI values for
respective treatments. The lowest values of daily WSI were
reached by RDI 1 vines in 2018 and RDI 2 ones in 2019. In
2018, WSI values at harvest for 1103P were 24.1, 77.3, and
44.3 MPa - day for FI, RDI 1, and RDI 2, respectively (for
S04 23.2,45.4, and 51.3 MPa - day); in 2019, WSI values
at harvest were 20.1, 58.4, and 69.4 for 1103P (for SO4
21.2, 56.3, and 66.5 MPa - day) for those respective treat-
ments. Significant differences between rootstocks in daily
WSI within the same irrigation treatment, calculated for the
period comprised between fruit set and veraison, were meas-
ured for RDI 1 vines in 2018 (-1.08 and -0.73 MPa - day for
1103P and SO4, respectively). In 2018, the lower values of
daily WSI in 1103P vines (RDI 1 treatment) over the entire
FS-H period were due in part to a longer period of water
stress (veraison occurred 11 days after than in SO4). How-
ever, considering the same date of veraison (DOY 197) for
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Fig. 1 Seasonal course of stem
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both rootstocks, differences in daily WSI between 1103P and
S04 remained significant (data not shown). In 2018, signifi-
cant differences in WSI between rootstocks were measured
after veraison (— 0.84 and — 0.67 MPa - day for SO4 and
1103P, respectively).

Vegetative growth

In 2018, the increment in TD readily responded to the irriga-
tion regime. The effect was marked early during the growing
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season, but not so evident when water was restricted in the
post-veraison period. It should be noted that increments of
trunk diameter of FI vines almost stopped after veraison
(Fig. 2A). Values of TD increment were smaller for the SO4
than the 1103P rootstock for both FI and RDI 2 treatment,
but not for RDI 1 (Fig. 2A, C, E). Trunk shrinkage was more
pronounced in RDI 1 vines grafted on 1103P than in SO4
(Fig. 2C).

Differences in canopy volume between rootstocks were
significant at the beginning of the differentiation of the
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Fig.2 Seasonal course of trunk
diameter increment in 2018 (A, |
C, E) and canopy volume meas- R x|
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ured in 2019 (B, D, F) in grape-

vines (cv. Sangiovese) grafted A
on 1103P or SO4 rootstocks and
subjected to different irriga-
tion regimes (FI, full irrigation;
RDI 1, water deficit applied
from fruit set to veraison;

and RDI 2, water deficit from
veraison to harvest). Values are
means =+ standard error of five
vines per treatment. Asterisks

in top insert indicate signifi-
cant effects for rootstock (R),
irrigation (I), and R X I interac-

tion, calculated after ANOVA
(p<0.05) for a split-plot design
(R main factor, I sub-factor).
Solid (SO4) and dotted (1103P)
vertical lines indicate the date
of veraison within each irriga-
tion treatment. Arrows indicate
the beginning of the water stress
imposition on RDI 1 vines.
Trunk diameter increments were
normalized against values at

the beginning of the experiment
(trunk diameter =0)
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irrigation regimes in 2018. Vines grafted on 1103P had big-
ger canopies (0.34 +0.03 m?) than those grafted on SO4
(0.23 +0.05 m?) (values are means + standard deviation). In
2019, canopy volume readily responded to water stress in the
FS-V period, but not later (Fig. 2D). Significant differences
between irrigation treatments were evident starting about
20 days after the beginning of differentiation (DOY 184) and
lasted until harvest (Fig. 2B, D, F). At veraison, the canopy
volume of fully irrigated vines was 153—-180% (for 1103P
and SO4, respectively) and 89-103% than those of RDI 1
and RDI 2 vines, respectively.

The rootstock significantly affected internode length and
pruning weight only in 2018. Pruned wood per vine was

180 210 240

90 120 150 180 210 240

DOY

significantly affected by irrigation in both years. Similar
values for FI and RDI 2, but significantly lower values for
RDI 1 (for SO4-grafted vines only in 2019) (Supplementary
Table 1). RDI 1 vines produced about — 37% and — 27%
pruned canes with respect to FI and RDI 2 vines, respec-
tively (average of 2 years).

Yield, berry weight, and juice composition
There was no significant effect of the rootstock on yield,
yield-to-pruning weight ratio, and berry characteristics

with the exception of berry FW in 2018 and pH in 2019
(Table 3). On the other hand, the effect of irrigation was
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Table 3 Yield, berry fresh and dry weight, SSC, pH, TA of juice, and
yield-to-pruning weight ratio measured in 2018 and 2019 in grape-
vines (cv. Sangiovese) grafted on 1103P or SO4 rootstocks and sub-

jected to different irrigation regimes (FI, full irrigation; RDI 1, water
deficit applied from fruit set to veraison; and RDI 2, water deficit
from veraison to harvest)

Year Rootstock Irrigation  Yield Berry FW  Berry DW (g) SSC (°Brix) pH TA Yield-to-
(g pervine) (g) (g L' tartrate)  pruning weight
ratio
2018 1103P FI 1752+172 2.55+0.15 0.56+0.03 21.0+0.13 3.68+0.02 6.02+0.03 23+03
RDI 1 1658 +366  1.65+0.13 0.36+0.05 209+£049  3.86+0.03 4.53+0.15 31+038
RDI 2 1886+149  2.62+0.03 0.57+0.01 21.9+£0.10  3.66+0.01 7.17+0.02 2.8+0.3
S04 FI 1228 +97 1.99+0.02 0.40+0.01 21.1+£0.54  3.75+0.03 5.84+0.06 1.9+£0.2
RDI 1 1269+213  1.90+£0.05 0.41+0.02 20.4+£0.20  3.81+0.03 5.43+0.07 23+03
RDI2 1278 +312  2.22+0.05 0.49+0.01 2277+£0.16  3.73+0.01 6.73+0.04 2.6+0.6
2019 1103P FI 2296+328 2.41+0.07 0.46+0.13 19.5+£0.53 3.53+0.03 6.20+0.09 3.4+07
RDI 1 1746 +163  1.72+0.06  0.44+0.07 222+0.18  3.67+£043 491+0.04 4.4+0.6
RDI2 2432+173  2.04+0.04 0.51+0.05 22.0+£0.07  3.55+0.02 5.88+0.05 3.6+0.5
S04 FI 1652174  2.16+0.04 0.46+0.07 20.0£0.66  3.55+0.03 5.88+0.10 2.0+0.3
RDI 1 1885+165 1.72+0.01 0.34+0.10 21.0£0.72  3.77+£0.02 4.58+0.12 5.0+£0.7
RDI2 2068 +75 1.95+0.01 0.47+0.10 22.4+0.21 3.66+0.05 6.08+0.11 3.0+£0.2
2018 R n.s 0.0140 n.s n.s n.s n.s n.s
I n.s 0.0006 0.0033 0.010 0.0001 <0.0001 n.s
RxI n.s 0.0096 0.0280 n.s n.s <0.0001 n.s
2019 R n.s n.s n.s n.s 0.0381 n.s n.s
I n.s 0.0003 0.0008 0.0038 0.0002 <0.0001 0.0062
RxI n.s 0.0139 n.s 0.0420 n.s 0.0136 n.s

Values are means =+ standard error of three (berry FW and berry DW) or five (yield, °Brix, pH, TA, and yield-to-pruning weight ratio) vines per
treatment. Significant differences for rootstock (R), irrigation (I), and R X I were calculated using R and I as main- and sub-factor, respectively

FW fresh weight, DW dry weight, SSC soluble solid content, TA titratable acidity, n.s. not significant

always significant except for yield (both years) and yield-
to-pruning weight ratio in 2018. There was a significant
interaction between R and I for berry FW, DW, juice TA in
2018, and for berry FW and TA in 2019 (Table 3). Yields
were comprised between 1228 and 1886 g vine™! and
1652 and 2432 g vine™! in 2018 and 2019, respectively
(Table 3). Berry FW was lower for RDI 1 than for FI or
RDI 2 vines grafted on 1103P in 2018 (only lower than
RDI 2 for SO4). In 2019, berry FW was again lower for
RDI 1 than for FI or RDI 2 vines grafted on 1103P, and
FW of FI was greater than RDI 2 (Table 3). Berry FW of
FI vines grafted on SO4 was higher than that of RDI 1 in
both years, whereas berry DW only in 2019.

Grapes were harvested when SSC reached
22 +0.5°Brix, but some treatments (e.g., FI in both years,
RDI 1 in SO4 in both years, and RDI 1 in 1103P in 2018)
never reached this threshold, because berry sugar accu-
mulation stopped prematurely (data not shown). The high-
est and lowest values of pH and TA, respectively, were
measured in juice from berries of RDI 1 vines in 2018 and
2019 (Table 3). Yield-to-pruned wood was similar across
irrigation regimes for both rootstocks in 2018, but higher
for RDI 1 than other treatments in 2019 (Table 3).

@ Springer

In both years, the highest anthocyanins concentrations
were measured in RDI 1 berries regardless of the rootstock
used. Berries sampled from vines grafted on 1103P sub-
jected to early water deficit had anthocyanins concentration
higher (175 and 132%) than those of FI and RDI 2 vines
ones, respectively (average of 2 years). Similar results were
observed in SO4-grafted vines in 2019, whereas higher dif-
ferences between RDI 1 and the other irrigation treatments
were measured in 2018 (Table 4).

The relationship between anthocyanins concentration at
harvest and water stress experienced by FI or RDI 1 vines
before veraison showed that berry anthocyanins increased
as the daily WSI reached values of about — 0.8 MPa and
declined with further stress when data from both years were
plotted together (Fig. 3). The relationship was similar for
both rootstocks, even though values of WSI lower than that
threshold were measured only on vines grafted on 1103P
(Fig. 3A). The water stress applied after veraison resulted in
a less clear relationship between anthocyanins concentration
and daily WSI than that observed in RDI 1 vines (Fig. 3B).

Skin flavonoids were significantly affected by rootstock
only in 2018 when Sangiovese-1103P berries showed higher
values (+22%) than those measured for Sangiovese-SO4
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Fig.3 The relationships
between the daily water stress 6F
integral (WSI) and anthocya-
nins concentrations at harvest
of grapevines (cv. Sangiovese)
grafted on 1103P or SO4
rootstocks and subjected to
different irrigation regimes (FI,
full irrigation; RDI 1, water
deficit applied from fruit set to
veraison; RDI 2, water deficit
from veraison to harvest). The
two experimental years are plot-
ted together and each symbol
represents one vine. The WSI
was calculated for the period
between fruit set and veraison
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Component 1 (40.8%)

Fig.4 Score plot (A) and loading plot (B) of Principle Component
Analysis (PCA) of grapevines (cv. Sangiovese) grafted on 1103P or
SO4 rootstocks and subjected to different irrigation regimes (FI, full
irrigation; RDI 1, water deficit applied from fruit set to veraison; and
RDI 2, water deficit from veraison to harvest). The analysis was per-
formed using the following 16 variables: daily water stress integral
before veraison (dWSI-pre), daily water stress integral after veraison
(dWSI-post), daily water stress integral of entire season (dWSI-tot),

ones (average across irrigation treatments). Skin total phe-
nols were also higher (+14%) for Sangiovese-1103P in
2018, but differences were not significant. Irrigation, root-
stock, and their interaction had a significant effect on seed
flavonoids in both growing seasons; in 2018, seed flavonoids
of RDI 1 were definitely lower than in the other irrigation
regimes, whereas in 2019, they showed the same values as
FI vines (Table 4). In 2019, higher values of total phenols
were measured in seeds sampled from vines grafted on SO4.
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Component 1 (40.8%)

fruits production per vine (yield), pruning weight per vine (pruning
weight), trunk cross sectional area (TCSA), canopy volume (Can
VOL), stage of ripening (early ripening), total anthocyanins concen-
tration (ANTH), total skin flavonoids concentration (FLAV), total
skin phenols concentration (Tot PHEN), berry juice pH (pH), berry
juice titratable acidity (TA), berry fresh weight (Berry FW), berry
dry weight (Berry DW), and berry fresh weight-to-dry weight ratio
(berry FW/DW)

The two principal components described 61.4% of the
total variation (Fig. 4). In particular, PC1 and PC2 had
eigenvalues of 6.53 and 3.30, respectively, and described
40.8% and 20.6% of the total variance. Both PC1 and PC2
mainly described the effect of the irrigation treatments
on vegetative, productive, and quality-related parameters,
whereas the effect of the rootstock was not evident (Fig. 4A).
The score plot and loading plot showed that RDI 1 vines
were mainly characterized by high values of anthocyanins
and skin flavonoids concentrations and high juice pH. On the
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other hand, RDI 2 vines were characterized by early berry
ripening, high juice TA, and berry dry weight. High vigour
parameters (TCSA, canopy volume, and pruning weight)
characterized the FI treatments (Fig. 4B).

Discussion and conclusions

Weather conditions were quite different in the two consec-
utive growing seasons of our study. April and May were
cooler in 2019 than in 2018 and, consequently, flowering
was delayed by about 2 weeks with respect to the previous
year. In 2019, vegetative growth was initially slower than in
2018, but later in 2019, the growing season was more favora-
ble for vegetative activity. Similar conditions were wide-
spread across the main viticultural areas of Tuscany where
vineyards were harvested about 20 days later than in 2018.
As a result, the timing and duration of RDI regimes had to
be adjusted to the onset of phenological stages, which caused
some changes in the experimental protocol. For instance,
the volume of irrigation water supplied at the end of the
experiment was greater for RDI 1 than RDI 2 in 2018, but
the opposite was true in 2019 (although not to same extent).
In any case, the level of maximum deficit we imposed was
more severe (W, minima below — 2.0 MPa were reached
in both years) and/or maintained for longer periods than in
the previous studies (Alsina et al. 2011; Basile et al. 2011;
Girona et al. 2009; Merli et al. 2015; Palliotti et al. 2014).
Despite the lack of weather uniformity in the two growing
seasons, which might have been responsible for the different
vegetative activity of similar treatments between 2018 and
2019, there are consistent results from our work.

First, water deficit imposed at the beginning of berry
development (fruit set until veraison corresponding to RDI
1) had a greater inhibitory effect on trunk diameter, canopy
volume, and weight of pruned wood than that applied from
veraison to harvest (RDI 2), in agreement with findings from
previous works (Intrigliolo et al. 2008; Munitz et al. 2017,
Palliotti et al. 2014; Romero et al. 2010). In fact, the main
period for vegetative growth in grapevines occurs between
flowering and bunch closure, that is before veraison. On the
contrary, when water deficit developed after veraison the
subsequent canopy expansion only slightly contributed to
final canopy volume. Canopy growth and pruned wood of
RDI 1 only partially recovered to the corresponding values
of RDI 2 at harvest and never reached those of FI vines
(Fig. 3, Supplementary Table 1).

Second, the role of the rootstock was quite complex.
Vines grafted on 1103P showed a higher sensitivity of trunk
growth to fluctuations in soil water availability than SO4.
Under well-watered conditions, the TD increment of 1103P
was higher than that measured in SO4, but water restrictions

determined a more evident trunk shrinkage for 1103P. It is
likely that under non-limiting water conditions, the more
vigorous rootstock 1103P induced a higher growth rate of
trunk than that of vines on SO4, similarly to what probably
occurs under field conditions when soil moisture is adequate.
Larger differences in leaf area index and vegetative growth
due to soil water availability were reported for field-grown,
mature vines of cv. Cabernet Sauvignon grafted on 1103P
than on SO4 (Koundouras et al. 2008). On the other hand,
the root system of mature vines could not expand to explore
new soil as it was constrained by the container and the onset
and progression of stress was faster. In field-grown grape-
vines, wide and deep root systems allow to sustain large
canopies, while large canopies can develop in containers
only if water is abundantly supplied artificially. Therefore,
the genotype effect on root distribution and density is lost
in container-grown vines. As a result, the high leaf area-to-
root ratio can lead to partial dehydration of woody tissues
and leaf shedding in response to water scarcity, mechanisms
whereby the plant tries to adjust its water consumption to the
reduced supply when water stress develops. Previous studies
indicated that internal water redistribution might play an
important role in drought resistance of woody perennials
(Bauerle et al. 2008; Smart et al. 2005). It has also been
shown that the rootstock influences water uptake and trans-
port to the scion in four grapevine cultivars (Tramontini et al.
2013). The root hydraulic conductance of the more vigorous
and drought-tolerant 1103P rootstock was higher than that of
the weaker and drought sensitive 101-14 MGt, but did not
depend on xylem anatomy (Alsina et al. 2011). Under field
conditions, the key feature to explain the different sensitivity
to drought of mature vines (cv. Merlot) grafted on 1103P and
101-14 MGt was the enhanced ability of 1103P to produce
fine, absorbing roots in deep layers of the soil when water
deficit developed (Alsina et al. 2011). Since we used potted
vines with confined root systems, we can only indirectly
infer that the lack of the rootstock effect on water relations
and vegetative growth was probably caused by restrictions
to root proliferation and colonization of new soil volumes.
In fact, the seasonal pattern of canopy volume in 2019 did
not show any differences between 1103P and SO4 rootstocks
under water-deficit conditions both before and after verai-
son. Koundouras et al. (2008) observed a significantly higher
vegetative growth in field-grown 1103P-grafted Cabernet
vines compared to SO4 and attributed this result to the larger
root system of 1103P. Similar findings on the effect of root
system on canopy growth were also reported in other studies
(De Herralde et al. 2006; Winkel and Rambal 1993).
Although conclusive results on the relationship between
vigour and drought resistance can be obtained only when
rootstocks are compared under field conditions, physiologi-
cal mechanisms can be investigated using plants grown
in containers. Tramontini et al. (2013) reported that the
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vigorous rootstock 140 Ruggeri supplied larger amounts of
water to the scion thanks to higher root hydraulic conduct-
ance than SO4. Hence, 140 Ruggeri rootstock depleted soil
water faster than SO4. In 2018, the effect of water restric-
tion before veraison was more pronounced (more negative
Y .m values) in grapevines grafted on 1103P, which had
larger (148%) canopies than in SO4 ones at the beginning
of the irrigation differentiation. The higher canopy size of
1103P-grafted vines probably led to a faster water consump-
tion and, in general, to a higher water demand with respect
to SO4 vines. Thus, vine water status was not only driven by
the irrigation regime, but also by differences in canopy size
between rootstocks. Moreover, considering that the drought
tolerance of 1103P is conveyed to the scion through deep
root proliferation under low water availability in the soil
(Alsina et al. 2011), it is evident that in potted vines, the
discrepancy between leaf area and root biomass could induce
an apparent contrasting behavior of 1103P to water shortage.
In support of this hypothesis, in 2019, ¥, values were
similar in grapevine grafted on both rootstocks, probably due
to the similar canopy size at the beginning of the irrigation
differentiation.

Yield was unaffected by either irrigation or rootstock in
both years. This is not surprising as the number of buds per
vine left after winter pruning was similar for all treatments
and cv. Sangiovese is characterized by high fertility of basal
buds. Yield was comparable with values reported for pot-
ted vines of Sangiovese (Merli et al. 2015; Palliotti et al.
2014). Irrigation had a marked effect on berry FW and juice
technological parameters. Must composition was unaffected
by the rootstock, even though climatic conditions were dif-
ferent in the 2 years of the investigation. Nuzzo and Mat-
thews (2006) also reported that fruit ripening (cv. Cabernet
Sauvignon) was quite insensitive to rootstock, whereas a few
and inconsistent effects on berry and juice composition of
cv. Malbec grafted on different rootstocks were shown by
Di Filippo and Vila (2011). An early RDI produced lighter
berries, confirming that the early phase of berry growth,
when cell division processes are active (Hardie and Con-
sidine 1976; McCarthy 1997), is highly sensitive to water
deficit (Basile et al. 2011; Merli et al. 2016; Munitz et al.
2017; Palai et al. 2021; Palliotti et al. 2014). If water deficit
is severe enough, fruit growth cannot recover to restore berry
size to non-stressed values even if stress is fully relieved
during the post-veraison period (Merli et al. 2015; Palliotti
et al. 2014). The results also showed that post-veraison water
deficit seldom results in limitations in berry size at harvest
compared with well-watered vines, similarly to previous
studies on cvs. Sangiovese and Merlot (Munitz et al. 2017;
Palliotti et al. 2014).

Irrigation significantly affected SSC, pH, and TA of
the berry juice. Post-veraison RDI determined higher
TA and lower pH of berry juice than RDI at pre-veraison
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(Table 4). Since the lowest values of TA were measured in
RDI 1 vines, it is likely that the high levels of water stress
applied between fruit set and veraison negatively affected
the organic acids biosynthesis (Hochberg et al. 2013; Geros
et al. 2012). In fact, TA at veraison was significantly lower
inRDI 1 (14.0+5.2 and 15.940.9 g L™! of tartrate in 2018
and 2019, respectively) than in FI (22.2 +2.1 and 20.5 +0.9)
and RDI 2 vines (22.2+2.1 and 20.3 + 1.0). Similar results
were observed in another experiment carried out on pot-
ted vines of cv. Tempranillo where TA was inversely cor-
related with leaf water potential measured from fruit set to
veraison, whereas water status during stages I and III (from
anthesis to full fruit set and from 60% of veraison to harvest,
respectively) did not affect TA (Girona et al. 2009). Since we
established the harvest date based on reaching a threshold
of approximately 22°Brix SSC, we cannot attribute differ-
ences in SSC values of juice reported in Table 4 to irriga-
tion regimes. Nevertheless, even though RDI 2 vines were
harvested 14-24 days earlier than FI and RDI1 ones, SSC
values were higher than other treatments in 2018 and similar
in 2019. Previous studies reported that SSC were positively
affected by post-veraison water stress through a dehydra-
tion—concentration effect on berry solutes (Basile et al.
2011; Intrigliolo et al. 2016). Pastenes et al. (2014) observed
that post-veraison water stress induced a faster sugar accu-
mulation increasing the abundance of transcripts of hexose
and sucrose transport. Furthermore, Deluc et al. (2009) sug-
gested that ABA was a activator for the uptake of hexoses in
berries of Cabernet vines affected by late water deficit. As
for FI vines that had stopped sugar accumulation before 22°
Brix, they had to be harvested even if the established thresh-
old had not been reached to avoid the occurrence of grey
mold. The behavior of FI vines could be related to possible
modifications in sugar partitioning between leaves and fruits.
After veraison, shoot-to-berry competition for carbohydrates
can inhibit shoot growth, but in FI vines, the absence of
water limitation leads to a vigorous canopy growth which,
in turn, reduced carbohydrate partitioning to berries (Bravdo
et al. 1985; Dokoozlian and Kliewer 1996).

Early water deficit imposed between fruit set and verai-
son determined significantly higher concentrations of berry
anthocyanins than those measured in FI vines, whereas
RDI 2 berries had intermediate values. Similar results were
obtained in Cabernet Sauvignon-140 Ruggeri and Tempra-
nillo-161-49 cultivar/rootstock combinations (Castellarin
et al. 2007; Intrigliolo and Castel 2010). The expression
analysis of genes involved in the synthesis of anthocyanins
in grape berries showed that water restrictions during the
pre-veraison period promoted the synthesis of phenolic pig-
ments in berries (Castellarin et al. 2007). Not significant
differences were found in total anthocyanins between the two
rootstocks, confirming the previous findings (Koundouras
et al. 2009). On the contrary, Gutierrez-Gamboa et al.
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(2019) measured the highest anthocyanins and tannins
content in berries of SO4-grafted Merlot vines out of nine
rootstock—scion combinations. We also showed that antho-
cyanins concentration reached a peak when pre-veraison
daily WSI was about — 0.9 MPa and decreased when stress
was less or more severe than that value in both rootstocks
(Fig. 4A). Girona et al. (2009) also reported the negative
effect of severe water deficit between fruit set and veraison
on final concentration. Thus, it can be hypothesized that pre-
veraison water deficit can be a useful practice to optimize
berry anthocyanins concentrations in the vineyard. There
was a similar relationship between anthocyanins and water
stress applied post-veraison (Fig. 4B), but the anthocyanins
concentrations were lower than in RDI 1 berries, probably
because the anthocyanins biosynthetic pathway becomes
less sensitive to regulation after veraison (Castellarin et al.
2007). In addition, the increase in water loss and/or a greater
thickening of the epicarp that occur post-veraison may par-
tially contribute to the post-veraison effect (Roby et al.
2004).

The inconsistent effect of rootstock and irrigation on skin
flavonoids, which included anthocyanins, proanthocyani-
dins, flavan-3-ols and flavanols, between years could be due
to the different impact of environmental factors on the bio-
synthesis of the different flavonoids classes (Downey et al.
2006). A positive effect of an early water deficit on flavonols
accumulation was found in Shiraz grapevines grafted on Fer-
cal (Ojeda et al. 2002). Conversely, Oll¢ et al. (2011) did
not observe any effect of water stress applied before verai-
son on proanthocyanidins of berries sampled from the same
scion—-rootstock combination when water stress was applied
before veraison. The lowest values of seeds flavonoids we
measured in RDI 1 berries confirmed that the pre-veraison
is the critical period for the biosynthesis of seed flavonoids
(Kennedy et al. 2000).

From the practical standpoint, an RDI 1 strategy may
be beneficial in cases of high vigour (e.g., high soil fertil-
ity and vigorous rootstock—scion combination) as a man-
agement practice to reduce vegetative growth and canopy
expansion of Sangiovese vines, whereas RDI 2 only slightly
affected vegetative growth. Both RDI strategies were ben-
eficial for Sangiovese grapevines in terms of berry qual-
ity even if some limitations emerged for each of them. The
RDI 1 regime determined the highest values of anthocyanins
and flavonoids concentrations, but it could be deleterious
for sugar accumulation and TA if it excessively weakens
canopy development, which becomes insufficient to feed and
mature bunches properly. Post-veraison water deficit allows
to sustain rapid sugar accumulation and maintain TA and
anthocyanins. Under well-irrigated conditions, the high vig-
our induced by 1103P could be disadvantageous, because it
implies qualitative side effects as well as high water needs.
This problem may also arise with an RDI 2 strategy when

Sangiovese vines are grafted on vigorous rootstocks grown
under favorable environmental and soil conditions for veg-
etative activity, because severe water stress may develop fast
after veraison when deficit is applied.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00271-022-00773-3.
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