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In a global warming context, the advancement and compression of maturity in early ripening grape varieties suited to sparkling
winemaking can easily expedite harvest within the frst two weeks of August (in northern Italy). Such earliness, albeit safeguarding
acid retention, involves potential suboptimal grape composition and triggers logistical issues related to grape harvest and delivery.
Hence, this three-year study beginning in 2020 was conducted on cane-pruned Chardonnay vines, grown in the Franciacorta
district of Lombardy, to assess if a single-step delayed winter pruning was able to postpone vine phenology and ripening, without
harming yield potential. Control (C) vines pruned midwinter were compared with those subjected to late winter pruning (LWP),
performed when the apical shoots growing on the unpruned canes had reached the 2-3 unfolded leaf stage (T1) as well as 7-8 days
later (T2). In 2022, a fourth treatment was added, consisting of a two-step procedure with fnishing performed at T1 (LWP-two
canes). Vegetative growth, yield components, ripening dynamics, and maturity at harvest were followed in each year of this study.
Budburst delay induced by LWP treatments across seasons varied between 4 and 9 days, whereas harvest was postponed by
5–14 days. Te extent of delay was especially pronounced in 2020, when the removed leaf area (LA) was also found to be the
highest. Te higher the removed LA, the higher the yield constrain was in the concomitant year. In 2020 and 2021, despite the
harvest delay, LWP vines were able to assure full matching with desirable features in must composition, set at total soluble solids
(TSS) of about 18°Brix and a titratable acidity (TA) of at least 8 g/L. In the very hot and dry phase of 2022, none of the treatments
facilitated the required ripening status, while data showed that an even earlier ripening would not have allowed the harvest to
reach the minimum TSS level. Notably, even in 2021 and 2022, when the removed LA was quite low, a delaying efect was
prompted in the seasonal trends of all main ripening parameters. Tis suggested that besides the amount of LA removal, other
unknown factors drive the postponement of ripening. In 2022, the behavior of added-treatment LWP-two canes was found to be
quite similar to that of the C vines. Depending upon the desired yield level and local climate feature, the protocol entailing a single-
step late winter pruning, performed at any time between the T1-T2 time window used in this study, is deemed as efective in
achieving a signifcant harvest delay while maintaining or even improving the compositional patterns recorded for midwinter
pruned vines.

1. Introduction

Among the most consistent efects of global warming on
viticulture across the world, two stand out: a lengthening of
the vine growing period and an advancement of all

phenological stages, with a general compression of the
annual productive cycle [1–3]. Such efects might be asso-
ciated with both good and bad consequences. For instance,
a longer growing season can allow the possibility of full
ripening even for medium-to-late cultivars grown in
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a somewhat cool environment [4], whereas in a warm-
temperate climate, the required heat summation for the
desired ripening is reached with considerable anticipation as
compared to that of a standard ripening calendar [5].

Te latter case raises serious concerns in any viticultural
district where early ripening grapevine varieties (i.e., Pinot
Noir, Chardonnay etc.) are grown for sparkling and spu-
mante vinifcation. In fact, according to a thermal-based
model for grapevine phenology forecasts [6], a comparison
made in a renowned area of the Franciacorta appellation
(Erbusco site) in Italy shows that over 1981–1990, the av-
erage harvest date for Chardonnay centers around 13th
September, whereas for 2011–2020, it centers around 19th
August. Te reason behind such a change seems quite ob-
vious: the ripening heat summation for Chardonnay, that
previous work argued as being around 1300–1400 growing
degree days (GDD) [7, 8], was reached well ahead of time
(typically mid-August, if not earlier). Te solution to this
problem seems likewise clear: harvest is to be progressively
anticipated so that the overall grape composition suited to
sparkling wine making can be maintained.

However, the reality is more complex. On top of the
logistic related to large grape batches that must be delivered
in a very short time to a necessarily open winery, other
compositional issues might arise. If an anticipated ripening
assures the retention of adequate acids, there might still be
confusion over whether enough sugar is accumulated.
Moreover, reduced daily thermal excursion and the rise in
berry temperature over 40°C, leading to initial sunburn
[9, 10], brown lesions, and fnally undesirable secondary
phenolic compounds [11], might afect overall grape quality.
Eventually, an even milder berry withering, causing an ar-
tifactual increase in sugar concentration, might afect, in an
overall neutral grape variety, the development of fermen-
tation aromas which, in a typical Chardonnay sparkling or
spumante wine produced in northern Italy, should not lean
over excessive fruitiness, rather emphasizing apple and
citrus nuances as well as fresh white fowers [12].

An alternate solution to the abovementioned problem
involves adopting cultural practices that can delay the entire
annual grapevine cycle by repositioning harvest to a cooler
period.Tis fx can be especially benefcial regarding the goal
of sparkling wine making. In this respect, several postponing
techniques and practices have been presented and explained
in recent broad review publications [3, 13–15]. Among them,
the late winter pruning (LWP) protocol [16] implies that
regardless of the pruning type adopted (spur or cane
pruning), vines must be fnally pruned when the growth of
the apical nodes of unpruned canes lies typically between the
“wool bud stage” and that displaying the development of 7-8
unfolded leaves on young shoots. While the execution
protocol of LWP under spur and cane pruning is discussed
in Poni et al. [16], the largest majority of related contri-
butions, dealing with spurred cordons, shows the following:
considering a number of factors (cultivar and climate site
interaction, amount of leaf area removed during fnal
pruning, etc.), this protocol can achieve a budburst delay of
5–55 days compared to the standard pruning performed
during full dormancy, and as per a remarkable number of

use cases [17–20], it can be partially followed till harvest,
thus proving the postponement hypothesis mentioned
above. Furthermore, in the innumerable studies conducted
on red cultivars, the results surprisingly share the following
observation: under LWP, the sugaring process is postponed,
whereas phenolic maturity is not. Te most efcient oper-
ational protocol regarding spurred cordons recommends the
performance of a late winter fnishing that cannot be delayed
beyond the stage where 2-3 unfolded leaves are present on
the apical shoots; later interventions will almost unavoidably
generate signifcant yield losses [16].

Added to the paucity of associated research, the appli-
cation of LWP on cane-pruned vines is more troublesome
for a number of reasons. First, a choice needs to be made
between following the LWP in just one step (requiring all
removal operations of the previous-year fruiting cane, as
well as the selection and positioning of the new cane(s) on
the support wire, to be performed all at once) or in two steps
(comprising the cutting, at dormancy, of the previous-year
fruiting cane and selecting two long vertical canes which,
once distal growth commences during spring, will be
shortened to the required length). As previously pointed out
in a Pinot Noir trial [21], if the main purpose is to shift
harvest to a later date, the above two-step-procedure seems
too mild. In fact, the extent of the delay achieved with LWP
is primarily a product of two factors: when the hand fn-
ishing is made, and how much leaf area is removed [22]. Te
latter factor, in turn, depends on the total cane number left
on a vine after the prepruning task. If only two canes are left,
the removed leaf area is inherently low and the main result is
just a few days of delay at budburst, a delay which often
vanishes by the time fowering occurs.

Till date, only two works on the response of Chardonnay
to LWP have been published, both of which study spur
pruning, with somewhat contradictory results. In a Char-
donnay trial in New Zealand [23], frost is found to occur
with a minimum night temperature of −1.7°C, damaging
a portion of the developing buds and killing 33% of primary
shoots. Conversely, in the late pruning treatments (21 and
41 days after standard winter pruning performed on 25 July),
due to a considerable budburst delay, no more than 3% of
the primary shoots are found to be killed, and the average
yield per vine rises by about 38%. Moreover, in a trial in-
volving a no-frost scenario [24], LWP applied one, two and
three weeks after standard pruning on Chardonnay grown in
Brazil (Santa Catarina Region) reinforces the argument that
the later the pruning, the higher the negative impact on
yield. Here, the yield per vine decreases by over 50% as
a result of LWP conducted two and three weeks after tra-
ditional winter pruning.

Owing to the unavailability of any midterm trial focusing
on the efect of an LWP pruning technique applied on cane-
pruned Chardonnay grapes meant for sparkling wine
making, this three-year study had the following objectives:
(i) assess overall performance of vines in light of a one-step
LWP carried out at two diferent dates and (ii) observe
whether the induced phenological delay persists until har-
vest and unravel physiological determinants of the observed
responses.
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2. Materials and Methods

2.1.PlantMaterial andExperimentalDesign. Tis study’s trial
was conducted in 2020–2022, in a 0.7-hectare vineyard be-
longing to the Castello di Gussago la Santissima Estate, located
in Gussago (45°58′N and 10°09′E, Northern Italy, elevation of
185m a.s.l.), where cv. Chardonnay (standard material),
grafted on SO4 in 2005, was planted. Te spacing was 2.5m
interrow and 0.9m intrarow for a resulting vine density of 4444
vines/ha; the vines were trained on vertical shoot positioned
(VSP) cane-pruned trellis (horizontal Guyot-type) with about
10 nodes retained on the fruiting cane. No spurs were
maintained for cane renewal purposes. Te selected fruiting
canes were tied to the horizontal support wire set 0.8m above
the ground, while three pairs of upper wires produced a canopy
wall extending 1.2–1.4m above the main wire.

Te experimental plot consisted of 36 vines arranged in
three complete blocks and randomly assigned to three
pruning regimes. Standard winter pruning (SWP) was
performed in midwinter at bud dormancy, specifcally
around February 20, 22, and 18 in 2020, 2021, and 2022,
respectively. Late winter pruning (LWP) was usually per-
formed in a single step at two diferent dates. Te untouched
vines were Guyot, pruned at T1 (corresponding to no more
than 2-3 unfolded leaves borne on shoots sprouting from the
last 3-4 apical nodes of the unpruned canes; Figure 1(a)) and
T2 (corresponding to T1 + 7-8 days; Figure 1(b)). Terefore,
the T1 and T2 pruning dates were 22nd April and 30th April
in 2020, 7th April and 14th April in 2021, and 12th and 19th
April in 2022. For the sake of comparison, in 2022, an
additional LWP treatment, with canes named LWP-two, was
added to the experimental layout. Tis treatment, hereafter
named LWP-two canes, was performed at the T1 stage in
a two-step mode. Vines pertaining to the LWP-two canes’
treatment were prepruned in midwinter, comprising the
removal of the old fruiting cane and the selection of two
renewal canes which were kept as vertical and long as
possible. At T1, hand fnishing was performed, involving the
shortening of the selected canes to the suitable length,
followed by their positioning and tying on the horizontal
main wire (Figure 1(c)).

12 vines per treatment (four per block) were tagged
before budburst and selected for specifc measurements over
the three seasons of study. Moreover, local standard pest
management practices were applied throughout all the trial
years. Te vines were mechanically shoot-trimmed once per
season when the shoots outgrew the top foliage wire by
about 50 cm.

2.2. Weather Data, Phenology, and Vine Growth. Seasonal
weather trends relevant to this study were monitored by an
automatic meteorological station located in the vineyard,
which kept hourly records of maximum temperature (Tmax),
minimum temperature (Tmin), and rainfall. Te daily mean
temperature (Tavg) was calculated, and the Winkler Index
(WI) was computed as the summation of base 10°C active
temperature (T) from 1st April (day of the year (DOY) 91) to
31st October (DOY 304) of each study year [25].

Te assessment of budburst, fowering, and veraison
occurrence was performed every year on each cane-pruned
test vine. According to Baggiolini’s classifcation [26], the
attainment/crossing of stage B (defned as the stage of
swollen bud) was deemed as proof of the argument that
budburst had been reached. On each vine, the observed buds
were those borne on the fruiting cane. Each year, the visual
estimates commenced when all the buds were still dormant,
and two-day assessment intervals were kept to ensure
maximum accuracy of the estimates. Altogether, budburst
was declared as reached when at least 50% of the observed
buds of at least 50% of the tagged vines were found to have
attained or crossed stage B.

Te assessment of fowering (stage I) date inherently
required a quantitative analysis, which was performed by
a trained crew. On each test vine, two shoots were tagged,
one basal and one apical on the cane, and the percentage of
open fowers to total fowers was visually assessed at two-day
intervals. Flowering was declared as reached when at least
50% of the observed inforescences on each vine had crossed
50% of open fowers over total fowers number.

Further, the assessment of veraison (stage L) was per-
formed on the same clusters that were previously assessed
regarding the attainment of fowering. As color change was
not very helpful in evaluating a white cultivar veraison, this
assessment involved fnger-touch evaluation on three berries
per cluster randomly chosen from top, middle, and bottom
portions of the clusters, for their classifcation as “hard” or
“soft.” Moreover, this survey was held at two-day intervals,
and veraison was declared as reached when at least 50% of
the observed berries on at least 50% of the tagged vines were
classifed as “soft.”

Shoot fertility was assessed in mid-May of each year by
counting the number of inforescences per shoot and per
vine. Te leaves inserted at nodes 3, 6, 9, and 12 of a distal
and proximal shoot of each tagged vine were collected at
harvest, together with two representative leaves of a lateral
shoot developing below the trimming cut. Te area of each
leaf was measured with a LI-3000A leaf area meter (LI-COR
Biosciences, Lincoln, N.E., U.S.A.). Immediately after leaf
fall, the number of nodes per cane and per lateral shoot was
counted. Ten, the fnal leaf area was estimated by con-
sidering the main and lateral shoots per vine on the basis of
node counts and leaf-blade areas. Tereafter, the total vine
leaf area was calculated as a sum of the two above
components.

2.3. Ripening Course and Harvest Parameters. In the study
area, the desirable maturity thresholds for high-quality
Chardonnay sparkling wines were set as the following:
TSS of about 18°Brix and TA not less than 8 g/L. To track the
ripening course, a sample of 25 berries was collected from
each vine, at almost weekly intervals, from preveraison
(TSS∼ 5°Brix) until their best match with the desired rip-
ening thresholds. In addition, post-C-harvest grape samples
were taken and analyzed to further assess ripening progress
in response to the delayed pruning treatments. When the
target ripening thresholds were possibly met, all the tagged
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vines were harvested, the yield per vine was measured with
a portable feld scale, the number of clusters per vine was
recorded, and the average cluster mass was also calculated.

A pool of 100 berries per vine was used to determine fruit
composition at harvest. Te total soluble solids (TSS)
concentration of the pool was measured using a tempera-
ture-compensating RX 5000 refractometer (Atago, Bellevue,
WA, USA), and its must pH was assessed with a digital
PHM82 pH meter (Radiometer Analytical, Villeurbanne,
France). Te TA was measured via titration with 0.1N
NaOH to an end-point of pH 8.2 and expressed as the g/L of
tartaric acid equivalents. To assess the tartaric and malic acid
concentrations in all samples taken seasonally and at harvest,
an aliquot of the must was diluted four times and then
fltered through a 0.22 μm polypropylene syringe for high-
performance liquid chromatography (HPLC) analysis before
being transferred to autosampler vials. Notably, all solvents
were of anHPLC grade. In addition, water ofMilli-Q quality,
acetonitrile, and methanol were obtained from VWR
chemicals. L-(+)-tartaric acid and L-(−)-malic acid stan-
dards were purchased from Sigma-Aldrich. Te chro-
matographic method was developed using an Agilent 1260
Infnity Quaternary LC (Agilent Technology) consisting of
a G1311B/C quaternary pump with an inline degassing unit,
a G1329B autosampler, a G1330B thermostat, a G1316B
thermostated column compartment, and a G4212B diode
array detector (DAD) ftted with a 10mm path, along with
a 1 μL Max-Light cartridge fow cell. Tis instrument was
controlled using the Agilent ChemStation software, version
A.01.05.

Moreover, for the analysis of organic acids, this study
used an Allure Organic Acid column (300× 4.6mm, 5 μm;
Restek). Separation was performed in isocratic conditions
using water, with pH adjusted to 2.5 using ortho-phosphoric
acid, at a fow rate of 0.8mL/min. Te column temperature

was maintained at 30± 0.1°C, and 15 μL of the sample was
injected. Tereafter, the elution was monitored at
200–700 nm and detected by UV-Vis absorption with the
DAD at 210 nm. Indeed, the organic acids were identifed
using authentic standards, and quantifcation was based on
peak areas and performed by external calibration using
robust standards.

2.4. Statistical Analysis. Tis study’s data were analyzed
using a two-way analysis of variance (ANOVA) test con-
ducted with the SigmaStat 3.5 software package (Systat
Software, San Jose, C.A., U.S.A.). Te means were separated
using the Student–Newman–Keuls test. In case of signifcant
interactions between treatment type and year, the results
were shown separately for the two experimental factors in
specifc fgures as vertically grouped bars with standard error
(SE) per treatment combination.

Repeated measures of the same parameters (berry
weight, TSS, pH, TA, tartaric acid, and malic acid) taken at
diferent dates along the study seasons were analyzed with
the Repeated Measures ANOVA routine embedded in the
XLSTAT software package (Addinsoft, New York, N.Y.,
U.S.A.). Furthermore, the least squares (LS) mean method
(at P< 0.05) was used for multiple comparisons within dates.

3. Results

3.1. Weather, Phenology, Vegetative Growth, and Yield
Components. Te daily means over the 1 April–31 October
period for minimum (Tmin), mean (Tmean), and maximum
(Tmax) temperatures and for precipitation in each trial season
are reported in Figure S1. For each year, the cumulated
seasonal GDD, introduced by [25] and commonly referred
to as the Winkler Index (WI), are shown in Figure S2.

LWP-T1

(a)

LWP-T2

(b)

LWP-two canes

(c)

Figure 1: Images of shoot development reached in 2022 before performing LWP-T1 (a), LWP-T2 (b), and LWP-two canes (c).
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Te climatic features of the three study seasons were
distinctly diferent: 2020 could be easily defned as a warm
and wet season with WI� 2251°C and a total precipitation (1
Apr–31 Oct) of 785mm; 2021 was warm and semidry with
WI� 2286°C and a total precipitation (1 Apr–31 Oct) of
420mm; fnally, 2022 was a hot and dry year, with WI
peaking at 2613°C and a total precipitation (1 Apr–31 Oct) of
only 268mm. In addition, 2021 was also marked by an
especially cool and wet spring season with GDD� 346°C
throughout April and May (as compared to GDDs of 461°C
and 481°C reached at the same time in 2020 and 2022, re-
spectively). Over the same time window, total precipitation
in 2021 was 160mm (against 127mm and 50mm pre-
cipitation recorded in 2020 and 2022, respectively).

Te amount of the removed leaf area at T1 and T2 in the
LWP treatments considerably varied across seasons and
generated a signifcant treatment× year (T×Y) interaction
(Table 1 and Figure 2(a)). Te least amount of LA/vine was
removed in 2021 (383 cm2 and 815 cm2 at T1 and T2, re-
spectively), while the highest amount was removed in 2020
(4914 cm2 and 8863 cm2 at T1 and T2, respectively), with
2022 registering intermediate values in this regard. All fnal
leaf area components (total, main, and lateral) were less
responsive to the imposed treatments, although the total
amount of LA/vine also showed a signifcant T×Y in-
teraction (Figure 2(b)). Tis, however, was not a crossover
interaction, as in the successive years, LWP treatments
constantly showed higher values than C vines.

General delays in all the surveyed phenological stages as
well as in the harvest date were found every year, albeit with
large diferences in magnitude (Table 2). Regardless of the
amount of LA removed each year, both LWP-T1 and
LWP-T2 induced a budburst delay of 4 to 9 days (Table 2).
Interestingly, in each season, and with a decidedly greater
extent in 2020, this delay became much more pronounced at
the fowering stage (interval of variation ranged from 6 to
28 days) and was either maintained or variably reduced at
the time of harvest (Table 2).

Moreover, the yield per vine and its main components
(i.e., shoot fruitfulness, cluster number, and cluster weight)
showed a signifcant T×Y interaction (Table 3), whose
partitioning is displayed in Figure 3. Upon its frst year of
application, LWP, regardless of the timing of execution,
drastically reduced yield and its associated components.
Tese efects were considerably relieved over the second year
of LWP application (2021), when most within-treatment
diferences were rendered insignifcant except for smaller
clusters in LWP-T2 (vs. C) vines (Figure 3(c)). On the other
hand, LWP behavior recorded in 2022 was somewhat in-
termediate compared with those of the two previous seasons,
although the added treatment (LWP-two canes) allowed
a consistent recovery in any yield component, in contrast to
the fates of themore severe LWP-T1 and LWP-T2 (Figure 3).
Vine balance, given as fnal leaf area-to-fruit ratio, essentially
refected scant among-treatment variation in LA and in-
dicated large diferences in yield. Terefore, the LWPs had
a surplus of source as compared to C, whose leaf area-to-
yield ratio was set at 1.15m2/kg (Table 3).

When the amount of leaf area removed at the time of
winter pruning was correlated with the fraction of yield
change versus C vines for data pooled over the study years,
a close (R2 = 0.85) negative exponential relationship was
ftted to the data, indicating a high sensitivity of yield loss in
the current year compared to the amount of removed LA at
the time of pruning (Figure 4). According to the calculated
exponential model (y= 75.74 ∗ (1− exp (−0.0006 ∗ x,
P< 0.0031), a 50% yield loss occurred when about 2000 cm2

of the leaf area was removed.

3.2. Ripening Course and Harvest Parameters. Te seasonal
data sampling performed each year to evaluate berry mass
and the main ripening variables are shown in Figure 5 (berry
mass, TSS and pH) and 6 (TA, tartaric acid and malic acid).

In 2020, LWP strongly slowed down berry growth. On
the frst sampling date (20 July), the berries were already
deemed smaller in LWPs as compared to C vines, and this
diference amplifed over time (Figure 5(a)). When C vines
were harvested (12 August), their berries were 26% and 28%
smaller in LWP-T1 and LWP-T2, respectively. Post C vines’
harvest, the berries under LWP treatments continued to
recover, and although the berry sizes of T1 and T2 were quite
comparable, at their respective harvest dates, the LWP
treatments resulted in a fnal berry size that was similar to or
even higher than the values recorded for C vines. Te re-
sponse of berry size to the timing of winter pruning was
defnitely less pronounced in 2021 (Figure 5(b)), as difer-
ences among treatments were rather occasional and in-
consistent until 13 August (the harvest date of C vines). At
the harvest of the LWP treatments (8 days later), their berry
sizes were quite comparable (1.22 g in LWP-T1 vs. 1.19 g in
LWP-T2). In 2022, when an additional LWP was added
(LWP-two canes), no diferences in berry size were recorded
among treatments over the frst two sampling dates; con-
versely, LWP-T1 and LWP-T2 had smaller berries than those
of the C and LWP-two canes over the two following dates
(Figure 5(c)).

Te accumulation of TSS in berries in 2020 was greatly
delayed for LWP from the very beginning (20 July) until the
harvest of the C vines (12 August), when LWP-T1 and
LWP-T2 were found to have 5.2°Brix and 6.8°Brix less TSS
than C, respectively (Figure 5(d)). Over the remainder of
that season, the LWPs quickly recovered and their fnal TSS
were found to have exceeded 18°Brix by their respective
harvest dates. In 2021, the efects on the berry sugaring were
milder yet quite interesting (Figure 5(e)). Initially, no efects
on TSS were seen over the sampling dates of 6th July and 12th
July. Tereafter, sugar accumulation in LWPs started to slow
down consistently, and at C harvest (13th August), LWP-T1
and LWP-T2 had 2.1°Brix and 1.4°Brix less TSS, respectively,
compared to C vines (Figure 5(e)). Ten, in an eight-day
span, the same treatments surged to show TSS values of
18.9°Brix and 19.6°Brix, respectively. In 2022, the dynamics
of berry sugar accumulation in the diferent treatments
decidedly mirrored those of 2021, with a progressive build-
up of a sugar-delaying efect in LWPs, as compared to the C
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and LWP-two canes that behaved quite similarly
(Figure 5(f)).

Further, the must pH was severely delayed in 2020 by the
LWP treatments, and when the C vines were harvested on
12th August at a pH of 2.98, the pH values measured in
LWP-T1 and LWP-T2 were 2.76 and 2.61, respectively
(Figure 5(g)). Over the remaining dates, the LWP treatments
completed their pH recovery, with harvest pH values of 3.11
and 3.08 for T1 and T2, respectively. In 2021, a milder delay
in must pH was recorded in LWPs, which started to become
signifcant by July 27 but, however, was maintained until C
harvest (Figure 5(h)). Even in the 2022 season, the tendency
of a delayed must pH was maintained in LWP-T1 and
LWP-T2 as compared to C and LWP-two canes (P< 0.05 in
three dates out of four). However, a fve-day delay in the
harvests of LWP-T1 and LWP-T2 led their pH values to be
noted as higher than 3.3 (Figure 5(i)).

Concerning grape acidity, the TA did not difer among
treatments on the frst sampling date (20th July) in 2020
(Figure 6(a)). Tereafter, a wide gap was progressively no-
ticed between TA measured in C vines versus LWPs. In fact,
C vines were harvested on 12th August at a TA of 11.9 g/L
compared to TAs of 24.3 g/L and 27.9 g/L that were still
retained between LWP-T1 and LWP-T2, respectively, on the
same date. Over the remaining dates, the TAs in LWPs
decreased quite rapidly, although at their respective harvest
dates, they still preserved 8.7 g/L (LWP-T1, 1st September)
and 8.6 g/L (LWP-T2, 4th September) of TA. A somewhat
similar trend was observed in 2021, albeit milder in its extent
(Figure 6(b)): at C harvest (13th August), the TA of SWP
vines was 10.0 g/L, whereas LWP-T1 and LWP-T2 still held
12.3 g/L and 12.0 g/L, respectively. When the latter were
harvested (seven days later), the TA values had reached up to
8.64 for LWP-T1 and 8.82 for LWP-T2. In 2022, again, the

Table 1: Efects of diferent winter pruning treatments on vegetative growth given as the removed leaf area (LA) and fnal leaf area
components recorded over three years (2020–2022) on mature Chardonnay grapevines. C� control vines; LWP� late winter pruning. In
2022 only, an additional LWP treatment was imposed as LWP-two canes.

Removed LA at
winter pruning (cm2)

Total
main LA/vine (m2)

Total
lateral LA/vine (m2) Total LA/vine (m2)

Treatment
C 0 1.78b 0.20 1.98b
LWP-T1 1929.90b 1.99ab 0.20 2.19ab
LWP-T2 4280.66a 2.16a 0.24 2.40a
F-prob ∗∗ ∗ ns ∗∗

Year
2020 6888.55a 1.92 0.30a 2.22
2021 599.25c 2.01 0.22b 2.23
2022 1828.03b 2.01 0.12c 2.13
F-prob ∗∗ ns ∗∗ ns
T×Y ∗∗ ns ns ∗

∗and ∗∗denote signifcant diferences between treatments at P< 0.05 and 0.01 according to within column mean separation performed with SNK test for
treatment levels and with t-test for year levels. ns�not signifcant.
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Figure 2: Partitioning of the signifcant year× treatment interactions recorded for the removed leaf area/vine (a) and total leaf area/vine
(b). Color codes for pruning treatments are blue (C), orange LWP-T1 (LWP-T1), grey (LWP-T2), and yellow (LWP-two canes, in 2022).
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Table 3: Efects of diferent timings of winter pruning on yield components and supply-demand function given as leaf area-to-fruit ratio
recorded over three years (2020–2022) on mature Chardonnay grapevines. C� control vines; LWP� late winter pruning. In 2022 only, an
additional LWP treatment was imposed as LWP-two canes.

Shoots/
vine

Inforescences/
vine

Inforescences/
shoot

Clusters/
vine

Yield/vine
(kg)

Cluster
weight (g)

Berry
weight (g)

Leaf area-to-fruit ratio
(m2/kg)

Treatment
C 12b 17a 1.2a 16a 2.03a 127a 1.31 1.15b
LWP-T1 14a 11b 0.8b 12b 1.12b 93b 1.27 3.47ab
LWP-T2 14a 11b 0.7b 10b 0.79b 79b 1.23 7.50a
F-prob ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ns ∗

Year
2020 13 8c 0.6c 9b 0.97 108a 1.45a 7.61
2021 14 17a 1.2a 15a 1.56a 104a 1.23b 2.59
2022 13 12b 0.9b 14a 1.23b 88b 1.12c 3.59
F-prob ns ∗∗ ∗∗ ∗∗ ∗∗ ∗ ∗∗ ns
T×Y ns ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ns ns
∗and ∗∗denote signifcant diferences between treatments at P< 0.05 and 0.01 according to within column mean separation performed with the SNK test for
treatment levels and with t-test for year levels. ns�not signifcant.
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Figure 3: Partitioning of the signifcant year× treatment interactions recorded for yield components defned as inforescences/shoot
(a), clusters/vine (b), cluster weight (c), and for total yield/vine (d). Color codes for pruning treatments are blue (C), orange LWP-T1 (LWP-T1),
grey (LWP-T2), and yellow (LWP-two canes, in 2022). Data are means for each year× treatment combination (n� 12), and vertical bars are
standard errors (SE).
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same scenario was replicated: on 1st August (i.e., four days
before harvest of C vines and LWP-two canes, both setting
around 8.5 g/L), LWP-T1 and LWP-T2 still had 11.1 and
15.8 g/L of TA, respectively. However, a week later (i.e., two
days before harvest), in these treatments, TA had already
dropped to 7.0 g/L (LWP-T1) and 6.6 g/L (LWP-T2)
(Figure 6(c)).

Furthermore, seasonal tartaric acid concentration was
also afected by the timing of winter pruning (Figures 6(d)–
6(f)). In 2020, there was a signifcant delay in the decrease of
tartaric acid concentration in LWPs starting from the frst
sampling date (20 July), which was maintained until harvest
of C vines, with the latter settling at 8.1 g/L and LWPs
showing about 2 g/L more of tartaric acid concentration
(Figure 6(d)). Over the remainder of the season, no dif-
ferences were observed between LWP-T1 and LWP-T2,
which at their respective harvest dates displayed concomi-
tant values of 7.6 g/L and 7.1 g/L, respectively. An overall
mild efect on tartaric acid concentration was seen in 2021
(Figure 6(e)), whereas in 2022, this concentration was noted
as higher in LWPS on the sampling dates of 20th July and 1st
August (Figure 6(f)).

In 2020, the efects of the timing of winter pruning on the
seasonal trend of malic acid concentration in berries were
very strong. Malate was found to be much higher in LWPs
since the frst sampling date (20 July), and this gap widened
over time; when C vines were harvested (12 August) at
a malic acid concentration of 6.4 g/L, LWP-T1 and LWP-T2
had 18.7 g/L and 20.5 g/L of malic acid, respectively
(Figure 6(g)). When LWP-T1 and LWP-T2 were harvested
on 1st and 4th September, respectively, their fnal malic acid
concentrations were still, respectively, 4.6 g/L and 4.0 g/L.
Malic acid was also responsive to treatments in 2021, albeit
with a diferent seasonal evolution (Figure 6(h)). On the
initial sampling date (6 July), C vines had a considerably
higher malate concentration that delayed winter-pruned
vines. Tereafter, for two consecutive dates, malate con-
centration did not difer among treatments, and thereafter,
LWPs retained higher malic acid concentration until the
harvest of C vines. Plus, a good pool of malic acid (3.2–3.4 g/
L) was retained from LWPs at their harvest dates
(Figure 6(h)). During the considerably hot 2022 season,
from 20th July and until the preharvest of C vines, the LWPs
preserved a higher malic acid pool (Figure 6(i)); however,
when LWPs were harvested (fve days later than C vines),
their malate concentration was found to be quite low as well
(∼1.5–2.0 g/L).

Te total picture of grape composition at the respective
harvest dates is provided in Table 4. Unsurprisingly, sig-
nifcant T×Y interactions were found to occur among TSS,
pH, TA, and malic acid (Figure 7). Despite harvest delays
that, over seasons, varied from 5 to 23 days for the LWP-T1
and LWP-T2 treatments, their TSS at harvest were always
higher as compared to the TSS observed for C vines’ on the C
harvest dates. Although the absolute values of TA and malic
acid concentration at harvest refected seasonality, not
surprisingly, the minimum concentrations across treatments
were reached in the hot 2022 season, it was quite remarkable
that, in 2020 and 2021, the fnal TAs of LWP-T1 and

LWP-T2 were still higher than the minimum required
threshold of 8 g/L. Finally, pH varied quite erratically.
However, when the harvest delay was high (i.e., in 2020), the
fnal pH of LWP musts was lower than that of the C vines,
whereas the opposite happened in 2021 and, to some extent,
in 2022 as well.

4. Discussion

Chardonnay is well known as being an early-ripening cul-
tivar, requiring about 1300–1400 GDD to reach a ripening
stage, a range still suitable for sparkling vinifcation [27, 28].
A recent study [29] on projected changes in grape com-
position by 2050 and 2070, associated with two diferent
emission scenarios (RCP4.5 and RCP8.5) and referring to
the warm region of La Mancha, Spain, predicted the fol-
lowing for Chardonnay: further phenology advancement by
4–10 days, and TA and malic acid losses up to −0.56 g/L and
−0.43 g/L, respectively, for the 2070–RCP8.5 combination.
However, it is usually difcult to compare the crossregional
behavior of Chardonnay ripening, as, for instance, the de-
sired fnal grape composition might also vary across locales.
In our study, once we defned a TSS threshold around
18°Brix and a minimum TA of about 8 g/L, combining the
required heat (1300–1400 GDD) with the time of the season
when these thresholds were reached yielded the following,
potentially optimal, ripening windows: 31st July–5th August
(DOY 212–217) in 2020; 30th July–5th August (DOY
211–217) in 2021, and 19th July –23rd July (DOY 200–204)
in 2022.Terefore, in 2020 and 2021, the actual harvest dates
of C vines were delayed by about a week compared to the
maximum value of the optimal date range, whereas in 2022,
such a delay was extended by 13 days (DOY 217 vs. DOY
204). Tese simple comparisons lead to two interesting
outcomes: (i) in 2020 and 2021, despite local WI being
largely in excess compared to the Chardonnay heat re-
quirements, a fairly early harvest of C vines allowed for the
fulflment of the TA requirement, albeit the fnal sugar level
was found to lie below the set threshold (Figure 7(a)); in fact,
retarding the harvest by a few more days (3-4 days) could
have generated the ideal balance; (ii) in 2022, when the WI
summation was exceptionally high (2613°C), an even earlier
C harvest date (5 August) did not allow the preservation of
the required minimum TA level (Figure 7(c)). Based on the
ripening curves reported in Figure 5, harvest should have
been hastened by another week, which, however, would have
also resulted in undesirably low TSS in the berries
(Figure 5(f )). Te message from these results is that,
depending on specifc seasonal climate trends, a simple
“early harvest” solution can still be valid and allow a com-
promise with the desirable compositional characteristics of
sparkling-targeted grapes. However, the validity of such
a solution weakens in extrahot seasons likely associated with
drought events, when extreme harvest anticipation for the
sake of TA preservation clashes against the minimum sugar
level and, presumably, a good baseline for favor evolution. If
the latter is associated with climate model predictions
unanimously forecasting a trend of further harvest earliness
and a steeper drop in acid concentrations [5, 29], then the
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issue of shifting ripening to a later date confrms its
importance.

In our study, except for the LWP-two canes’ treatment,
which was added in 2022 for internal comparison with the
other treatments, the LWP-T1 and LWP-T2 were always
efective in delaying budburst, fowering, veraison, and
harvest dates, albeit with diferent magnitudes depending on
the given season. However, a distinction needs to be made
between a strategy seeking simply a budburst delay for
improved prevention of frost damages and the goal of
signifcantly retarding the whole annual productive cycle
[16]. With the aim of frost prevention, the interval in
budburst delay obtained in our study (four–nine days across
treatments and seasons) is interesting, yet not spectacular.
Indeed, the interval is shorter than the delay range
(9–23 days) that was induced in a similar study carried out
for three years on cane-pruned Pinot Noir vines [21], where
the LWP was executed when about three unfolded leaves

were present at node 10 of the unpruned canes. Besides the
infuence exerted by varietal sensitivity and the vines’ in-
teraction with spring weather trends, the images reported in
Figure 1 are quite helpful in delineating the additional
reasons behind an overall mild efect of budburst post-
ponement. As discussed in Poni et al. [16], extent of bud-
burst delay achievable through a LWP technique is primarily
a function of the acrotony of buds and shoots development
along the cane, which is supposed to be maximum when the
still-unfnished canes are as vertical and long as possible
[30]. Of course, the inhibition of the median and basal nodes
is also dependent upon the timing of cane shortening.
Figure 1, referring to LWP-T1 and LWP-T2 in 2022, ac-
counts for two possible factors driving the partial spoiling of
the desired budburst delay: (i) at T1 and T2, some sub-
tending median and basal nodes had likely already crossed
the B stage, therefore anticipating the target of 50% and (ii) it
became apparent that some canes are not vertical, and it is
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Figure 6: Ripening curves for titratable acidity (a–c), tartaric acid (d–f), and malic acid concentrations (g–i) in 2020 (top), 2021 (middle),
and 2022 (bottom). Te repeated measure ANOVA performed on each annual data set has resulted in a signifcant treatment× date
interaction at P< 0.05. Within sampling dates, the asterisk indicates that multiple pair comparisons performed by Tukey’s test were
signifcant at P< 0.05.

Australian Journal of Grape and Wine Research 11



Ta
bl

e
4:

Ef
ec
ts
of

w
in
te
r
pr
un

in
g
tr
ea
tm

en
ts
on

gr
ap
e
co
m
po

sit
io
n
at

ha
rv
es
tr
ec
or
de
d
ov
er

th
re
e
ye
ar
s
(2
02
0–

20
22
)
on

m
at
ur
e
C
ha
rd
on

na
y
gr
ap
ev
in
es
.C

�
co
nt
ro
lv

in
es
;L

W
P

�
la
te

w
in
te
r
pr
un

in
g.

In
20
22

on
ly
,a

n
ad
di
tio

na
lL

W
P
tr
ea
tm

en
tw

as
im

po
se
d
as

LW
P-
tw
o
ca
ne
s.

To
ta
l

so
lu
bl
e
so
lid

s
(° B

ri
x)

pH
Ti
tr
at
ab
le

ac
id
ity

(g
/L
)

Ta
rt
ar
ic

ac
id

(g
/L
)

M
al
ic

ac
id

(g
/L
)

C
itr
ic

ac
id

(g
/L
)

Ta
rt
at
e/
m
al
at
e
ra
tio

Tr
ea
tm

en
t

C
17
.0
b

3.
16
b

9.
54
a

7.
33

3.
62
a

0.
14

4.
03

LW
P-
T1

18
.3
a

3.
19
ab

8.
23
b

6.
78

2.
81
b

0.
13

4.
52

LW
P-
T2

18
.9
a

3.
21
a

8.
58
b

7.
69

3.
96
a

0.
11

3.
76

F-
pr
ob

∗∗
∗∗

∗∗
ns

∗
ns

ns
Ye

ar
20
20

16
.2
5c

3.
06
c

10
.8
6a

7.
29

5.
87
a

0.
10
b

1.
35
b

20
21

18
.3
6b

3.
21
b

9.
15
b

6.
99

3.
43
b

0.
14
a

2.
27
b

20
22

19
.6
3a

3.
30
a

6.
40
c

7.
52

1.
10
c

0.
13
a

8.
73
a

F-
pr
ob

∗∗
∗∗

∗∗
ns

∗∗
∗

∗∗

T
×
Y

∗∗
∗∗

∗
ns

∗∗
ns

ns
∗
an
d
∗∗
de
no

te
sig

ni
fc
an
td

if
er
en
ce
sb

et
w
ee
n
tr
ea
tm

en
ts
at

P
<
0.
05

an
d
0.
01

ac
co
rd
in
g
to

w
ith

in
co
lu
m
n
m
ea
n
se
pa
ra
tio

n
pe
rf
or
m
ed

w
ith

th
e
SN

K
te
st
fo
rt
re
at
m
en
tl
ev
el
sa

nd
w
ith

t-
te
st
fo
ry

ea
rl
ev
el
s.
ns

�
no

t
sig

ni
fc
an
t.

12 Australian Journal of Grape and Wine Research



known that any deviation from verticality (e.g., inclined or
almost horizontal canes) favors the sprouting of more basal
nodes [31]. In more general terms, it appears that an LWP
applied on prepruned spurred cordons is more efective in
inducing stronger budburst delays, as reported elsewhere
[17, 19, 32–34].

While a general expectation is that an initial phenology
delay is progressively eroded throughout a season until it
might be fully ofset [35], this did not happen in our study as
the delay recorded at budburst actually amplifed to various
extents by the time of fowering, with the greatest con-
comitant magnitude observed in 2020, and, thereafter, was
either maintained or slightly eroded (Table 2). Further, as
per data pooled over seasons and treatments, the harvest
delay went from a minimum of fve days (LWPs in 2022) to
a maximum of 23 days (LWP-T2 in 2020). Tus, it is evident
that, especially in 2020, in the time window between bud-
burst and fowering, other factors played a role in the harvest
delay. It is especially remarkable that in 2020, in tran-
sitioning from budbreak to fowering, LWP-T1 and LWP-
T2, respectively, took up 77 and 82 days compared to the
61 days taken by C vines for the same transition, and as per
GDD, 623°C and 692°C were observed for the LWPs

compared to only 422°C for C.Tis observation corresponds
to temperature shifts of 6.9°C/day in C vines versus those of
8.1°C/day and 8.4°C/day in LWP-T1 and LWP-T2, re-
spectively. Te rationale behind this observation is that
despite a higher amount of daily heat load [36] being
available for the LWPs within the budburst fowering period,
a large delay still occurred.Temain explanation behind this
apparently puzzling behavior is the considerable amount of
the leaf area removed at T1 and T2. Still, the LA fraction
could be considered as still acting as a sink [36–38], its loss
representing a waste of resources. Moreover, the LWPs were
forced to restart with basically new leaf formations which,
besides entailing high respiration costs [39, 40], would make
it necessary to again tap into storage pools. Overall, this
serves as a source limitation condition that might explain
slow or inhibited vine reactivity to an energy potential (i.e.,
GDD/day), a quality which was actually found to be higher
in the LWPs. Moreover, the delay of fowering expanded less
in 2021 and 2022 when compared to that estimated at
budburst; overall, this accords with the fact that in both
seasons, a much lesser leaf area was removed especially at T1
(Figure 2(a)). Here, a possible point of criticism is as follows:
if the criteria for the timing of LWP were established, why
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Figure 7: Partitioning of the signifcant year× treatment interactions recorded for must parameters defned as total soluble solids
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did the amount of removed LA largely difer across the study
years? Besides the limitations that, for T1, are associated with
visual assessment, it is relevant that in 2020, the time period
elapsing between T1 and T2 was characterized by un-
seasonably high temperatures with Tmax reaching 26°C be-
tween 7th and 14th April. In contrast, in 2021, the same
period was defnitely cold, with a recorded Tmin of −1.1°C on
DOY 98. In both the abovementioned years, the number of
days between T1 and T2 was very similar (eight and seven,
respectively), and the heat availability signifcantly afected
leaf formation until T2, therefore increasing between-year
variability. In terms of vegetative growth, it is notable that
none of the LWP treatments impaired canopy growth, as the
fnal leaf area was always higher, sometimes signifcantly
higher, than the LA values estimated on the C vines
(Figure 2(b)). While this fnding accords with the data re-
ported by the Pinot Noir trial [21], the full recovery capacity
for LA development shown by the vines subjected to LWP
(and associated with their source excess), in turn related to
the induced yield limitation, supports the hypothesis of no
negative carryover efects of the LWP technique over next-
year vine performance.

Before discussing the efects of LWP on the dynamics of
ripening, a point needs to be made about the impact of the
technique on the current and relative yields. As explained in
physiological terms in Gatti et al. [22], there is usually
a negative relationship between the total leaf area removed at
LWP and the yield/vine recorded in the same year. An
exponential model ftted to our data (Figure 4) confrms this
relationship, indicating that in order to avoid major yield
loss (e.g. higher than 30% compared to C vines) less than
1000 cm2 leaf area per vine should be removed. Te (caused)
source limitation is likewise responsible for this relationship,
and it is indeed robust, considering that when the removed
LA was lower than 500 cm2 (2021 data), the fnal yield per
vine did not statistically difer among treatments
(Figure 3(d)). However, it is interesting to investigate which
yield components are more or less sensitive to source
limitation. Indeed, while berry weight was not afected at all
in this study (Table 3), it is enlightening that the potential
fruitfulness, given as inforescences/cluster, was drastically
reduced by LWPs already in the frst year of application
(Figure 3(a)). While it is unlikely that such large diferences
in node fertility could have been set prior to treatment
imposition, the most likely hypothesis here is that the severe
source limitation caused by late pruning either led to the
conversion of young inforescences into tendrils, and for
those inforescences which were maintained, their fower
number was limited [41–43]. In 2021, with minimal leaf
removal, no major consequences were seen regarding node
fruitfulness and clusters per vine (Figures 3(a) and 3(b)).
Tis behavior also suggests as unlikely a carryover efect of
amount of the removed LA on next-year bud induction and
diferentiation.

One of the main goals of our study was to ascertain if,
under the specifc trial conditions and the oenological target,
a signifcant temporal delay in vine harvesting could be
achieved while maintaining the desirable quality thresholds.
Over the study seasons, the chronological harvest delay went

from fve to 23 days and, if an evaluation was made on the
basis of the main efects reported in Table 4, it would be
evident that while C vines maintained TA≥ 8 g/L, their sugar
concentration at harvest did not reach the set threshold,
whereas both those parameters were achieved by LWPs.
Ten, if the same evaluation was made by analyzing T×Y
interactions, it would be evident that none of the treatments
were able to maintain the required TA in the exceptionally
hot and dry 2022. However, when assessment of ripening
delay efects is left to diferent picking dates which, hope-
fully, should center the set ripening parameters, variability
due to diferent ripening pace post C harvest is almost
unavoidable. In our study, this efect was quite apparent in
2020, when chronological ripening dates for LWP-T1 and
LWP-T2 were 1st and 4th September. However, graphical
extrapolation on the ripening curves of dates on which
LWP-T1 and LWP-T2 reached TSS and TA levels registered
at harvest in C vines would lead to themore conservative and
reliable delay of maximum 14 days (DOY 224 vs. DOY 239).

On a general basis, it can be stated that induced harvest
delay is primarily a function of LA removed at pruning.
However, this study’s data imply that the mechanism is
perhaps more complex. In fact, taking into consideration the
ripening curves of 2021 and 2022, two years when the
amount of removed LA went from very low to moderate
(Figure 2(a)), for any of the considered variables, there was
a signifcant delay in LWPs compared to C vines on most of
the sampling dates (Figures 5(b), 5(e), 5(h), 6(b), 6(e) and
6(h)). Tis suggests that, indeed for mostly unknown rea-
sons, any one-step delayed winter pruning made even at
budburst commencement has the potential to delay phe-
nology and, ultimately, harvest. Tis is good news indeed, as
under such circumstances, the treatment combination which
will successfully compromise between acceptable yield de-
crease and signifcant cycle postponement can bemore easily
identifed.

Besides the potential negative impact on yield, another
possible objection to the use of this delaying technique is
that, by the time the winter pruning is performed, there are
no hints to forecast about an especially early harvest fed by
an eventually hot and dry season. Ten, if a standard year
occurs, motivation to recur to the delayed winter pruning
seems quite weak. However, according to the climate survey
method described in Cola et al. [6], harvest dates in the
specifc area have shown a 24-day advancement over the last
four decades and it can be currently stated that a “standard”
season places harvest around mid-August. Moreover, it
should not be forgotten that all main phenological stages are
delayed by this practice. Te area is quite prone to frost
damage due to either anticipated budburst or due to the fact
that mostly early varieties are grown. Having even a few days
of budburst delay (5 to 9 days in our study over years) under
LWP can be quite signifcant.

According to expectations and in agreement with pre-
vious research [21], the LWP-two canes’ treatment added in
2022 showed a behavior that, especially in terms of ripening
dynamics and fnal harvest, closely resembled that of the C
vines. Tis likely happened because when only two long
canes were left for hand fnishing, the amount of LA removal
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inherently turned out to be quite low and growth com-
pensation by the retained nodes likely became expedited.

5. Conclusions

Tis three-year study conducted on Chardonnay targeted for
sparkling wine making, in an environment (Franciacorta
district, Italy) where heat availability is nowadays largely
exceeding the cultivar requirements, shows that, in at least
two seasons, a good compromise between suitable TSS and
the minimum required acidity can be reached by antici-
pating the harvest date. When the weather course becomes
extreme in terms of available heat and meteorological
drought, further harvest anticipation does not remain a vi-
able option. A delayed one-step winter pruning, applied on
untouched vines frst when apical shoots have formed 2-3
unfolded leaves and then 7–10 days later, induces a consis-
tent delay in all main phenological stages compared to the
standard winter pruning. Interestingly, the delay interval is
wider (5–14 days) for harvest than for budburst (4–9 days),
suggesting that delaying efects progressively build up along
seasons, with high chances of persistence until harvest.

Te concluding remark for anyone willing to adopt this
delaying technique is simple: apply it as a one-stage oper-
ation in a time span that does not risk the removal of more
than 1000 cm2 of the leaf area. Trespassing such threshold
will result in increasingly limited yield, which might then
compromise economic sustainability of the technique.
Conversely, if the main purpose is to postpone harvest, the
two-step mode of the LWP technique proves to be quite
inefective.
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Supplementary Materials

Figure S1: cumulated growing degree days (GDD, base
temperature 10°C) calculated from 1st April to 31st October
in 2020, 2021, and 2022. From left to right, symbols on the
upper right corner indicate harvest dates in 2020 (squares),
2021 (triangles), and 2022 (diamonds) for C and LWP
treatments. In 2022, the LWP-two-canes treatment had same
harvest date. Figure S2: seasonal climate trends (1 April–31
October) for daily mean air temperature (Tmean, °C), min-
imum air temperature (Tmin, °C), maximum air temperature

(Tmax, °C), and daily rainfall recorded by a weather station
located nearby the vineyard (less than 200 (m) in 2020, 2021,
and 2022. Arrows indicate timing of late winter pruning
(LWP). From left to right, stars on the upper right corner
indicate harvest dates for C and LWP treatments. In 2022,
the LWP-two-canes treatment had same harvest date as C.
(Supplementary Materials)
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