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Abstract: ‘Malbec’ grapevines commonly have high yield, thus intermittently negatively affecting
wine quality parameters. Here, we describe the use of late shoot pruning (LSP) practice applied
for wine quality improvement. We examined the effect of timing of LSP on ‘Malbec’ vines grown
in Mediterranean conditions during three consecutive seasons (2016–2018) in Israel. The timing
of LSP treatment applications (applied one, two and three weeks after bud break) were compared
with cluster-thinned, winter-pruned vines (WP + T) and standard winter pruning (WP). The LSP
practice postponed bud break of target buds but did not have a temporal effect on the onset of
veraison. Midday stem water potential was less negative and stomatal conductance and net CO2

assimilation rate were higher in the LSP vines. This practice led to a substantial reduction in the
number of clusters and crop yield. Finally, wine quality was positively affected by applying LSP
treatment. Performing the inexpensive LSP treatment at the precise timing after bud burst was found
to save labor, decrease crop yield and improve grape and wine parameters. LSP application should be
considered in adequate varieties as a significant tool for the enhanced effectiveness of vine growing
in warm regions.

Keywords: Vitis vinifera; late shoot pruning; cluster thinning; phenology; photosynthesis; yield; red
wine quality

1. Introduction

Cultivating vines for winemaking is a great challenge, especially in warm climatic
regions. The climate in the eastern Mediterranean region is characterized by dry summers
accompanied by heatwaves, no summer rains and mild, wet winters. Most of the grapevine
growing regions in Israel are defined by the Winkler index as zone five, with a minority
of higher elevation regions, which are defined as zone four [1]. The combination of low
precipitation rates, high average temperatures and multiple heat waves throughout the
growing season results in enhanced periods of plant heat and drought stress.
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One of the limitations of grapevine cultivation in warm Mediterranean regions is the
slow ripening of high-yielding vineyards. Due to heavy yields, the sugar accumulation
rate is slow, while at the same time respiration rates are high due to the high temperatures.
This leads to a decrease in the levels of tartaric and malic acid at harvest, which elevates
must pH, possibly impacting wine quality [2,3]. In some cultivars, elevated temperatures
may also lead to berry shriveling and pronounced, undesirable yield reduction [4].

During the past decades, multiple studies illustrated the effects of the global warming
trend on grapevine cultivation. One manifestation of this trend is the observed changes in
the vines’ phenology in diverse regions used for grape growing [5] as changes in phenology
are directly associated with the rise in air temperature [6–8]. In European vineyards, one of
the problems caused by higher temperature levels is the decoupling of the sugar–acid ratio,
leading to a flat wine flavor, low microbial stability and inferior wine color [2].

Although climate-related effects differ among countries and vineyard regions, it is
clear that in most cultivated vineyards there is a need to respond to the increase in am-
bient temperatures, which will intensify in the near future. There are several ways of
approaching the changes in climatic conditions: (1) Attempting to postpone vine phenol-
ogy so that at least the last phase of sugar and phenolic ripening occurs during cooler
conditions after the summer peak temperatures [9,10]. (2) Decreasing crop levels by clus-
ter thinning so that the assimilating leaf area can provide the carbohydrates to a smaller
number of clusters. In a broader context, it can be stated that changes in the crop–canopy
ratio (crop load) may affect the sugar accumulation and the rate of acid reduction in
fruit [11–14]. (3) Inducing changes to the photosynthetic performance of the vine’s canopy.
These changes can be induced by improving vine water status via irrigation [7,15,16] or
by grafting on specific rootstocks [17,18], though excessive improvement of the vine water
status will be detrimental to the quality of the must and wine [19]. An alternative is the
selection of enhanced performance varieties via traditional hybrids [20,21] or genetic engi-
neering [22], but such changes are not trivial in the conservative wine industry. Yet another
option is to perform agro-technical practice that may rejuvenate the foliage and improve
photosynthetic performance.

As previously mentioned, one of the common practices used to overcome adverse
climatic conditions and improve wine quality is cluster thinning [13,23,24], which is a
manual agro-technical practice intended to improve quality but with significant increases
in the costs of standard grape cultivation. The positive effects of cluster thinning on the
quality of berries are derived from an increase in sugar accumulation, berry mass and
skin anthocyanin [25,26]. Cluster thinning can up-regulate the expression of genes related
to anthocyanin biosynthesis [27], thus creating wines with increased quality and health
potential benefits. Crop load adjustment is widely accepted as an important vineyard
management tool for premium red wine production [28]. However, little information
is available on its effectiveness under warm and dry climatic conditions. Although it is
clear that considerably high yields delay ripening and reduce grape and wine quality [29],
evidence for a strict yield–quality relationship is limited, inconsistent and mostly based
on data collected in temperate climate regions [30] or from vineyards bearing very high
yields [31,32].

Pruning is a viticulture technique carried out in a routine manner during the winter or
early spring. Its main purpose is to maintain the structure of the vine and to control the
yield by the number of buds left on the spurs or canes [1]. The pruning method has a direct
effect on the vegetative development and productivity of the vine [33,34]. The retained
number of buds and spurs or canes does not allow an accurate assessment of the number of
clusters that will develop on the vine, but, in general, severe pruning will allow for fewer
buds to mature, which will lead to a decreased number of clusters. Pruning also serves
as a bud break catalyzer, provided that the buds have evolved from the endodormancy
to the ecodormancy phase [35]. Late shoot pruning (also referred to as delayed winter
pruning) is a pruning technique practiced in the spring, after the natural bud break occurs.
The purpose of applying such a technique differs according to the growing region. In
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temperate regions, late pruning delays bud break of the cluster-bearing buds, thus reducing
the susceptibility of the young shoots to spring frost [36,37]. However, contrasting results of
late shoot pruning were reported regarding the effect of the treatment on yield. Late shoot
pruning decreased the yield of cv. Sangiovese in Italy [38] and in cv. Syrah in Australia [39],
while significantly increasing the yield of cv. Merlot in New Zealand [40]. These contrasting
findings suggest an interaction between the variety, the environmental conditions and/or
the timing of application.

In this current work, we hypothesized that restarting the phenological cycle by prac-
ticing late shoot pruning (LSP) would result in the postponement of grape maturation,
meaning the final stages of phenolic maturation would commence at more favorable mete-
orological conditions (autumn), along with a decrease in total yields, which can together
result in higher wine quality. To test our hypothesis, we conducted a comprehensive field
experiment on Vitis vinifera cv. Malbec in a warm Mediterranean area while examining
the effects of different timings of late shoot pruning on the phenology, physiology, vege-
tation, crop yields, fruit composition and wine quality. To the best of our knowledge, no
comprehensive research has so far been conducted to examine the effects of LSP on the
final quality of the wine.

2. Materials and Methods
2.1. Experimental Site, Plant Material and Meteorological Conditions

The study was conducted in a 6-year-old vineyard located at Ayalon Valley, Israel,
during the growing seasons of 2016–2018. The experimental plot was part of a large
commercial vineyard (100 ha) located in the Judean Plain (31◦86′ N; 35◦01′ E), 186 m above
sea level. Row orientation was east/west, with a slight tendency to the south, and vine
and row spacing were 1.5 and 3 m, respectively (4.5 m2 per vine). The plant material
included Vitis vinifera L. cv. Malbec grafted on 110 Richter rootstock and trained onto a
two-wire vertical shoot positioning trellis. Pest management, irrigation and fertilization of
the vineyard were applied according to the standard local agricultural practice.

This region is characterized by a semi-arid climate with predominantly winter rainfall.
Maximal average temperature is 25 ◦C during March-April and 35 ◦C during August.
Maximal values of reference evapotranspiration (Penman–Monteith) reach 6 mm day−1.
Average precipitation ranges between 298 and 437 mm, 98% of which occurs during the
winter (from October until the end of March).

2.2. Experimental Design

The experimental layout was a randomized complete block design with five treatments
replicated four times [41], where each block consisted of three rows (one data row and two
border rows). Each replicate comprised 15 vines with the outer two vines on each end being
buffer vines and the inner 11 vines selected for measurement (a total of 220 measurement
vines, i.e., 11 vines× 5 treatments× 4 replicates). All measurement vines were measured for
yield parameters and pruning weights and were evaluated for phenological development.
In each plot, three representative vines were marked and used for physiological and
vegetative measurements.

2.3. Pruning Treatments

The five pruning treatments were as follows (Table 1): (1) late shoot pruning (LSP1),
performed 1 week after BBCH stage 4 (i.e., bud break); (2) late shoot pruning (LSP2),
performed 2 weeks after BBCH stage 4; (3) late shoot pruning (LSP3), performed 3 weeks
after BBCH stage 4; (4) winter pruning (WP + T) performed at BBCH stage 1 (dormant bud),
and cluster thinning in early summer; (5) standard winter pruning (WP) at BBCH stage 1.
All phenological stages were determined according to Lorenz et al. (1995). All treatments
except WP included shoot removal (of non-fertile shoots) preformed during spring.
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Table 1. Pruning treatments, abbreviations and dates of treatment performance (and Julian day of
year). Vitis vinifera cv. Malbec, Ayalon valley, Israel, 2016–2018.

Treatments Abbreviation Date of Pruning 2016
(DOY)

Date of Pruning 2017
(DOY)

Date of Pruning 2018
(DOY)

Late shoot pruning 1
(one week after bud break) LSP1 27 March 2016 (86) 4 April 2017 (95) 15 March 2018 (74)

Late shoot pruning 2
(two weeks after bud break) LSP2 3 April 2016 (93) 10 April 2017 (101) 22 March 2018 (81)

Late shoot pruning 3
(three weeks after bud break) LSP3 10 April 2016 (100) 17 April 2017 (108) 29 March 2018 (88)

Standard winter pruning and
shoot and cluster thinning WP + T 17 February 2016 (48) 19 February 2017 (50) 20 February 2018 (51)

Standard winter pruning WP 17 February 2016 (48) 19 February 2017 (50) 20 February 2018 (51)

2.4. Standard Winter Pruning Method

In the WP and WP + T treatments, winter spur pruning was conducted during Febru-
ary of each year, about one month before estimated natural bud break (Table 1). The canes
were pruned to short spurs with 2 buds each (not counting the basal/crown bud), spaced
about 10 cm apart (12–16 spurs per vine).

2.5. Late Shoot Pruning Method

The three late shoot pruning (LSP) treatments were conducted according to the time of
bud break of the WP treatment, with one-week intervals between application dates (Table 1).
While classic pruning is generally conducted during late winter when buds are dormant,
the LSP treatments were performed after some of the buds were already developed into
young shoots. Thus, we termed this agro-technical practice shoot pruning as we actually
removed the winter canes with a mass of young growing shoots. Due to apical dominance,
most of the buds that emerged were located in the upper part of the cane, while the middle
of the cane was bare. The buds located close to the base of the cane broke dormancy in
lower numbers and with lower vigor compared to the distal buds. The LSP practice was
performed so that the number of spurs left after pruning was similar to that left after the
winter pruning of control treatments. However, the number of buds per spur might have
differed due to the differences in the developmental stage of each of the relevant buds. The
basic principle of the LSP agro-technical practice is to remove every bud that displays green
leaves. In winter pruning treatments, 2 true buds per spur were retained (without counting
the basal bud). The same practice was applied in LSP treatments, provided that none of the
target buds exceeded bud break (Figure 1a). For example, if bud number 2 displayed green
leaves and buds 1 and 0 were still dormant, the pruning cut was made on the internode
between buds 1 and 2 (Figure 1b). If bud number 1 displayed green leaves, then the cut
was made on the internode between buds 0 and 1 (Figure 1c). By the end of the pruning
process, the vines were left with dormant buds only. Each treatment was applied to the
same vines and border rows throughout the 3 growing seasons of the experiment.
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Figure 1. Late shoot pruning method applied to ‘Malbec’ grapevines, adjustments of different pruning
according to bud development: (a) similar to winter pruning—retaining two dormant buds per spur;
(b) pruning below bud number 2; (c) pruning below bud number 1.

2.6. Phenology, Canopy Evaluation and Meteorological Data

The phenological stages were determined according to BBCH, as proposed by
Lorentz et al. [42]. The evaluation of each treatment was preformed once a week from
BBCH stage 1 (dormant bud) until BBCH stage 35 (veraison).

The leaf area index (LAI) of three representative vines per replicate (12 vines per
treatment) was measured two to four times a month using a non-destructive Sunscan
canopy analysis system (model SS1- R3-BF3, Delta-T Devices, Cambridge, UK). Eight
radiation measurements (spaced every 20 cm) were taken underneath each vine, covering
the total area under the vine, as described by Munitz et al. (2020) [43].

2.7. Water Relations and Gas Exchange Measurements

Midday stem water potential (SWP) was measured twice a month at solar noon, one
day before irrigation was applied. A pressure chamber was used (model AriMad 3000,
MRC, Holon, Israel) according to the procedures outlined by Boyer et al. (1995). Three
sunlit, mature, fully expanded leaves from each replicate (12 leaves per treatment) were
double bagged 2 h prior to measurement with plastic bags covered with an aluminum foil
bag. The time that passed between leaf excision and chamber pressurization was less than
30 s.

The diurnal pattern (5 times during daytime) of SWP and the parameters of leaf gas
exchange were determined only for 2017 on the following dates: 29 of May, 10 of July
and 14 of August. Leaf net CO2 assimilation rate (A) and stomatal conductance (gs) were
measured on three leaves per replicate (12 leaves per treatment), using a portable infrared
gas analyzer system (model LI-6400, Li-Cor, Lincoln, NE, USA). Measurements of gas
exchange were taken at the same time as SWP measurements were taken.

2.8. Yield Components and Fruit Quality

Each replicate (11 vines) was harvested when the fruit total soluble solids (TSS) reached
23◦Brix and the pH did not exceed the value of 3.7. All 11 vines within each replicate were
harvested individually, the total yield per vine was weighed and the number of clusters per
vine was recorded. Average cluster mass was calculated by dividing the yield of each vine
by the number of clusters per vine. During harvest, 33 bunches were randomly selected



Agriculture 2022, 12, 605 6 of 22

per plot, 100 berries were randomly sampled from the sampled bunches and berry mass
was determined. The average number of berries per cluster was calculated from bunch
mass and berry mass. At ‘Merom Ariel’ research winery, the yield from each replicate was
crushed separately for micro-vinification. Must samples were taken to determine the total
soluble solids, titratable acidity (TA) and pH.

2.9. Wine Vinification

A sample of 50 kg of grapes (from bulked replicates in each treatment in 2016 and
from each replicate in each treatment in 2017) was processed for winemaking. Entire
clusters were destemmed, crushed and placed in 100 L stainless-steel, always-full tanks.
To initiate alcoholic fermentation, 10 g of the commercial Saccharomyces cerevisiae strain
Clos (Lallemand, Montreal, QC, Canada) was added. The cap punch down operations for
the extraction of color and polyphenols from the skins were carried out three times a day
during the 8 days of maceration in a temperature-controlled room at 25 ◦C. On day 9, wine
was separated from the pomace by pressing it using a hydraulic press and was kept at the
same temperature until its density dropped below 0.994 g mL−1. The dry young wine was
decanted and left at 20 ◦C for malolactic fermentation. Following completion of malolactic
fermentation, sulfur dioxide was added to the wine (as potassium metabisulfite) at a rate
of 60 mg L−1. The wine was decanted a week later and stored at 15 ◦C in 10 L demijohns.
Two months later, 2 g L−1 of French Oak wood chips (World Cooperage, Napa, CA, USA)
was added to the demijohns and left to age for an additional month, when the wine was
racked again and bottled in 750 mL dark wine bottles until used for further analyses.

2.10. Must and Wine Analysis

Must samples were prepared from harvested grapes by crushing. The juice was left to
settle for an hour and then decanted. The basic parameters of must are total soluble solids
(TSS, ◦Brix), titratable acidity (TA) and pH. For TSS determination, a digital refractometer
was used (Pocket PAL-1, ATAGO, Tokyo, Japan). TA and pH were measured by a Hana HI
2211 pH meter (Hanna Instruments, Woonsocket, RI, USA). TA is expressed as concentration
of tartaric acid (g L−1) and was determined by diluting 10 mL of must with 10 mL of distilled
water and by subsequent titration with 0.1 M NaOH to pH 8.2 according to the following
calculation: TA = (Vol.NaOH × 0.75), where Vol.NaOH is the volume of added NaOH. The
red color of berries was determined using the following extraction method: 100 g of berries
was crushed for 2 min and homogenized for 60 s with a solution consisting of 1.5 M HCl
(7.5% of the solution), ethanol (42.5%) and distilled water (50%). The blend was left in
a closed tube for one hour and then transferred for 15 min to a centrifuge operating at
90 RPM. The clear fluid fraction was spectrometrically analyzed for absorbance at 518 nm.

The basic parameters of wine samples (concentration of ethanol and soluble sugars,
TA, pH, concentrations of tartaric, malic and acetic acids) were determined by the software
‘OenoFoss’ (FOSS, Hillerød, Denmark), and a Super Dee digital distillator and Super
Alcomat electronic hydrostatic balance (Gibertini, Milano, Italy) were used too.

2.11. Wine Tasting

Following wine stabilization and initial aging for 6–5 months, the wines were blind-
tasted by a qualified panel of eight oenologists for their sensory quality attributes. The
tasting was conducted using a method adopted from that of the OIV )International Organi-
sation of Vine and Wine) score sheet for dry red wines [44]. Shortly, the wine score sums
up to 100 points, combined from ‘Visual’—including color quality (up to 5 points) and
color intensity (up to 10); ‘Nose’—including aroma intensity (up to 8), aroma genuineness
(up to 6) and aroma quality (up to 16); ‘Taste’—including taste intensity (up to 8), taste
genuineness (up to 6), taste quality (up to 22) and after-taste (up to 8); and general harmony
(up to 11). The wines were tasted in 4 flights of 5 wines, in a random pattern.
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2.12. Statistical Analyses

One-way ANOVA was conducted followed by the Tukey post-hoc test for analyzing
differences among means of yield, must and wine characteristics and percentage of de-
hydrated leaves in each replicated plot (4 plots per treatment) to determine the statistical
significance (a = 0.05). The analysis was conducted using JMP Pro 13.0.0 Statistical Software
(SAS Institute Inc., Cary, NC, USA).

An additional analysis was conducted to extract multivariate patterns from the 2017
data, which were characterized by overall high variability among treatments. This anal-
ysis considered three measured vines per plot, with a total of 59 measurements (i.e.,
3 vines × 5 treatments × 4 replicates; one vine was excluded due to missing values). The
variables used for this analysis were SWP and LAI records, each measured on 9 dates dur-
ing the growing season, at two-week intervals, with yield components including crop yield
(kg vine−1), cluster mass (g), clusters (number vine−1) and wine quality attributes. For
the latter, the 20 records (5 treatments × 4 replicates) were incorporated into the analyzed
dataset by being duplicated three times to represent all vines within each replicate. This
dataset was analyzed using principal component analysis (PCA), conducted to extract
meaningful patterns in the data and quantify the interrelations between specific variables
and their interactions with the different pruning treatments. This method is designed to
reduce the dimensionality of a multivariate dataset with a large number of interrelated
variables while preserving as much of the variation present in the dataset [45,46] by con-
ducting a linear combination of the variables. The set of variables is transformed to a
new, uncorrelated set of variables, or principal components (PCs), ordered by their ability
to retain most of the variation present in all the original variables. A two-dimensional
sub-space may then be displayed using a biplot to provide a lower dimensional summary
of the data. The biplot represents the inner product of the vectors corresponding to the
records (vines) and fields (variables) of the data [47]. The PCA biplot plots points, which
represent the observations, and vectors, which represent the variables, and thus reveals the
clustering (distance between observations) within the data as well as the variances, varied
influences and the relationships between the variables.

3. Results
3.1. Seasonal Phenological Course

Standard winter pruning at the two WP control treatments was conducted according to
common agricultural practice in mid-February (DOY 48–51). When examining the seasonal
patterns of the phenological development over the course of three seasons (Figure 2),
our findings show that the bud break of those treatments began on the 16 March 2016
(DOY 75), the 26 March 2017 (DOY 85) and on the 11 March 2018 (DOY 70). During the
course of the study, no discernible phenological differences were observed between WP
and WP + T. In those treatments, flowering (phenological stage 19) took place between
mid- and late-April of each year (Figure 2). Bunch closure at the beginning of phase II
of berry development (phenological stage 32) began at the end of May, and veraison
(phenological stage 35) began during June. The phenological development pace of the
LSP treatments was similar to the ones of the WP treatments, until the late pruning was
conducted, which reset the ‘phenological clock’. Once late pruning was conducted, each
of the LSP treatments re-started the phenological process at a similar pace. The one-week
difference between dates of LSP, conducted in accordance with the relevant treatments,
was evident in the phenological pattern until mid-May. A drastic increase in the pace of the
phenological development of vines in the LSP treatments was apparent from mid-May until
the end of June, meaning that at veraison (stage 35) there was full consolidation between
all treatments.
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Figure 2. Seasonal pattern of phenological development of Malbec vines exposed to different pruning
treatments in 2016 (a), 2017 (b) and 2018 (c) growing seasons. The lower horizontal dotted line
represents phenological stage 19, the beginning of flowering. The upper horizontal dotted line
represents phenological stage 35, veraison. The late shoot pruning treatments (LSP) 1, 2 and 3 were
pruned 1, 2 and 3 weeks after bud break, respectively. WP and WP + T are the winter pruning (WP)
and WP plus cluster thinning controls, respectively.

3.2. Seasonal Vegetative Development

At the beginning of leaf area index (LAI) measurements in 2016 (after the pruning
of the LSP3 treatment), the LAI of the WP vines reached 0.8, while that of the WP + T
vines reached only 0.6, and the LAI of the three LSP treatments was 0.2 (Figure 3a). The
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LAI of WP vines gradually increased, leveling off at 0.95 on DOY 130. The LAI of WP + T
increased more linearly and rapidly, reaching 0.9 at that date, steadily decreasing from
that point until the beginning of July. After the onset of shoot growth, the LAI of the LSP
treatments increased, reaching a peak of 0.9 for LSP1 (DOY 160) and 0.7 for LSP2 and LSP2
at DOY 150. Then, the LAI of all three LSP treatments decreased until the beginning of July.
Thereafter, the LAI of all the treatments continued their development, with LSP3 reaching
the highest value (1.1) at the end of July (DOY 210).

In 2017, the LAI of the LSP3 treatment developed most rapidly after bud break,
reaching 0.9 at DOY 110, a value that was reached by WP only on DOY 130 and by WP + T
on DOY 140 (Figure 3b). Pruning of the canes of the LSP vines decreased the LAI of
those vines close to minimum (LAI of ~0.1 is an artifact of the shade of the trunk and
cordon). For all the LSP treatments, there was a delay in shoot growth after pruning, with
LSP1 renewing growth first, followed by LSP2 and LSP3. The LAI of the LSP treatments
increased gradually, reaching its peak (of about 0.8) on DOY 170. The LAI of the two WP
treatments increased almost linearly, reaching almost 1.0 at DOY 140, decreasing a bit and
then leveling off, with the rest of the treatments at DOY 190. All treatments decreased
simultaneously to LAI values of 0.6 at DOY 210 and then increased to LAI of 0.8–0.9 at
DOY 220 (last measurement).

During 2018, WP + T vines developed a larger leaf area than WP vines (Figure 3c),
while all the LSP treatments showed a similar trend to previous seasons, with a slight shift
towards an earlier onset of bud break and early shoot growth.

3.3. Water Relations and Plant Physiology

The results show a typical seasonal trend of deficit irrigated wine grapes: a decrease in
the values of midday stem water potential (SWP) with the advancement of the phenological
development towards harvest (Figure 4). In 2016, the treatment with the most improved
water status was LSP3. This treatment began its vegetative and phenological development
later in the growing season due to late pruning—3 weeks after bud break of the control
treatments. The most negative values of SWP were measured in the WT treatment. In
2017, the WP and WP + T treatments had the lowest values of SWP until mid-August,
when an improvement in the SWP values was evident. During most of the 2017 season,
no discernible difference between WP and WP + T treatments was noticed (Figure 4b).
Nevertheless, at the last two measurements in August, all treatments showed a rise in
SWP, with a statistically significant increase in the SWP values of the WP treatment. It
is important to mention that during 2017, a dramatic and unequivocal dehydration of
the leaves took place in the WP treatment, as nearly half of the leaves on the vines were
damaged by dehydration (Table S1). In the remaining four treatments, the percentage of
damaged leaves did not exceed six%. During 2018, we also observed an improvement in
SWP values (less negative) from the beginning of July in all treatments but especially in the
WP treatment (Figure 4c).

Net CO2 assimilation rate: As with SWP, the values of the CO2 assimilation rate
decreased with the progression of the season (Figure 5a–c). During the first measurement
date (29 May 2017), most of the treatments displayed similar trends of high rates from 8:00
am to 13:00 pm (Figure 5a) (8:00 am rates ranged between 13 and 15 µmol CO2 m−2 s−1),
with slightly higher rates of the LSP treatments compared to the WP controls. Thereafter, the
rate decreased sharply in all the treatments (rates ranging from 5 to 8 µmol CO2 m−2 s−1).
During the second measuring day on 10 July, all the treatments started with almost similar
CO2 assimilation rates of around 11 µmol CO2 m−2 s−1 (Figure 5b). Then, the rates in the
WP treatments decreased steadily, reaching 5–6 µmol CO2 m−2 s−1. The rates of LSP2 and
LSP3 treatments decreased more gradually, with both reaching 8 µmol CO2 m−2 s−1 at
the end of the day. The rate of LSP1 decreased at an intermediate pattern compared to
the two control treatments. During the last date of measurements (14 August), the early
morning rates of the LSP treatments were higher than those of the WP treatments (8 vs.
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5–6 µmol CO2 m−2 s−1, respectively; Figure 5c), but those differences disappeared by the
end of the day (4–5 µmol CO2 m−2 s−1).
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Figure 5. Diurnal pattern of net assimilation rate (a–c), stomatal conductance (d–f) and stem water
potential of ‘Malbec’ vines exposed to different pruning treatments in 2017. Measurements were
taken on the day before irrigation was applied on May 29 (a,d,g), July 10 (b,e,h) and August 14 (c,f,i).
Each point is the mean of four replicates ± SE. The value of each replicate was the average of the
measurements of three vines per plot.

Stomatal conductance: The curves describing the diurnal trends of stomatal conductance
(Figure 5d–f) closely resembled those of the net assimilation rates. On the two early dates, the
WP treatments had the lowest values of stomatal conductance during most of the day, with
small differences between them (Figure 5d,e). During the last measurement date (Figure 5f), only
at 8:00 am was there a noticeable difference among the WP treatments and the LSP treatments;
the former expressing the lowest values. Later measurements showed a gradual decrease in
stomatal conductance, with little difference among the treatments. On all three dates, the LSP3
treatment had the highest values throughout the day, followed by LSP2 and LSP1. On July 7,
the rates of stomatal conductance at 8:00 am for all treatments were almost uniform (ranging
between 210 and 240 µmol H2O m−2 s−1) and were higher than the range of the 8:00 am
measurement on May 29 (160–190 µmol H2O m−2 s−1) (Figure 5d,e).
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Stem water potential: At the end of May, the diurnal SWP curves of all the treatments
followed the pattern by which values were highest in early morning, lowest between
11:00 and 16:00 and somewhat increased again between 17:00 and 19:00 (Figure 5g). The
measurements of July 10 show that SWP was also highest early in the morning (Figure 5h),
decreasing steadily to the lowest point between 13:00–16:00, with a slight recovery in the
late afternoon. During the last date (August 14), the SWP of all treatments decreased more
steeply from early morning to its lowest value at 17:00 (Figure 5i), then increased by about
0.2 MPa at the last daily measurement. During the last date (Figure 5i), the curves of all
treatments displayed a similar pattern and values, except for the WP treatment, which had
higher SWP values until noon and then decreased to the level of all other treatments. At
the early measurement date, the lowest SWP was −0.9 MPa (Figure 5g), while in the next
two dates, the lowest SWP values were −1.3 and −1.5 MPa, respectively (Figure 5h,i).

3.4. Crop Yield and Its Components

In 2016, the crop yield of the WP control treatment (14.4 kg per vine) was signifi-
cantly higher (p < 0.0001) compared to the other treatments (Table 2). The LSP treatments
showed a clear trend of crop reduction as the time of pruning was delayed. The crop yield
corresponded well with the number of clusters per vine, while there was no significant
difference in cluster mass among the treatments (Table 2). In the LSP3 treatment, which
had the lowest number of clusters and thus lower yield, we observed the lowest number of
berries per cluster, with slight compensation in higher berry mass. In 2017, we observed a
reduction in the yield of WP treatment, but it still had the highest yield with no significant
difference between WP and WP-T treatments (Table 2). The LSP3 and LSP2 treatments had
significantly lower yields (p values ranged between 0.013 and 0.0004) compared to the WP
treatments. WP had the highest number of clusters compared to all the other treatments. In
2018, a trend of yield reduction in the WP treatment was observed. In the other treatments,
similar levels as in 2017 were recorded.

Table 2. Crop yield and its components, of ‘Malbec’ vine, 2016–2018. Different letters indicate
statistically significant differences (α = 0.05) among the treatments for each variable, based on
one-way ANOVA followed by post-hoc Tukey HSD test, while each season was analyzed separately.

Treatments Yield
(kg per Vine)

Clusters
(No per Vine)

Cluster Mass
(g)

Berry Mass
(g)

Berries
(Per Cluster)

2016

LSP1 7.7 b 46.5 b 168.2 a 1.37 a 123.0 ab

LSP2 5.4 bc 36.7 bc 144.2 a 1.27 ab 114.8 ab

LSP3 4.2 c 30.5 c 139.2 a 1.40 a 100.7 b

WP + T 7.5 b 51.0 b 148.2 a 1.22 ab 123.1 ab

WP 14.4 a 87.7 a 164.2 a 1.17 b 140.8 a

2017

LSP1 7.43 ab 62.5 b 120.1 b 1.46 a 82.5 b

LSP2 5.07 b 46.5 bc 108.6 b 1.44 a 75.5 b

LSP3 5.10 b 49.3 bc 104.2 b 1.29 a 81.0 b

WP + T 7.88 a 44.1 c 182.1 a 1.66 a 109.0 a

WP 9.26 a 84.2 a 109.9 b 1.51 a 75.0 b

2018

LSP1 7.53 a 63 ab 120.2 b 1.43 ab 84 ab

LSP2 6.28 ab 55 bc 116 b 1.5 ab 77 b

LSP3 4.73 b 38 c 123.2 b 1.57 a 79 b

WP + T 7.76 a 55 bc 142.2 a 1.34 ab 110 a

WP 7.23 ab 76 a 94.6 b 1.26 b 76 b

3.5. Must Composition

At harvest in 2016, LSP3 had the highest must sugar level, 24.02 oBrix, and WP had
the lowest level, 22.43 oBrix, with no significant differences among the various treatments
(Table 3). The must of WP had the highest pH, 3.72, followed by WP + T with 3.68 and LSP3
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(no significant differences). LSP2 had the lowest pH, 3.49, significantly lower than LSP3,
WT and WP + T. The TA of WP was the lowest, followed by WP + T, both significantly lower
than the TA of all other treatments. The LSP3 treatment had the highest grapes anthocyanin
content (518 nm), 28.5, followed by LSP2 and LSP1, with 25.4 and 23.3, respectively, and
LSP3 differing significantly from LSP1. The two control treatments had significantly lower
anthocyanin content levels compared to the three LSP treatments: 17.35 and 17.03 for WP
and WP + T, respectively.

Table 3. Date and Day of Year (DOY) of first and last harvest of each replicate. ‘Malbec’ grape must
components at the harvest date of each treatment (2016) and average of replicates (2017, 2018). The
different letters indicate statistically significant differences (α = 0.05) among the treatments for each
variable, based on one-way ANOVA followed by post-hoc Tukey HSD test.

Treatments Date of First Harvest Date of Last Harvest TSS (◦Brix) pH Titratable
Acidity (g L−1)

Absorbance
Units (518 nm)

2016

LSP1 25 August (238) - 23.2 a 3.51 bc 5.6 a 23.30 b

LSP2 25 August (238) - 22.7 a 3.49 c 5.8 a 25.40 ab

LSP3 1 September (245) - 24.0 a 3.65 ab 5.5 a 28.50 a

WP + T 18 August (231) - 23.6 a 3.68 a 4.0 b 17.35 c

WP 1 September (245) - 22.4 a 3.72 a 3.8 b 17.03 c

2017

LSP1 31 August (243) 26 September (269) 22.5 a 3.45 b 5.4 cb 12.79 ab

LSP2 24 August (236) 31 August (243) 23.4 a 3.50 b 5.9 b 15.12 a

LSP3 - 26 September (269) 20.3 b 3.40 b 6.9 a 14.42 ab

WP + T 24 August (236) 26 September (269) 23.4 a 3.7 a 4.1 d 13.91 ab

WP - 26 September (269) 19.0 b 3.46 a 4.8 c 9.24 b

2018

LSP1 22 August (234) 29 August (241) 23.14 ab 3.54 a - -
LSP2 15 August (227) 29 August (241) 23.54 a 3.54 a - -
LSP3 15 August (227) 29 August (241) 24.08 a 3.60 a - -

WP + T 22 August (234) 5 September (248) 22.94 ab 3.58 a - -
WP 22 August (234) 5 September (248) 21.50 b 3.57 a - -

In 2017, the first replicates harvested were from LSP2 and WP + T (Table 3). Although
WP was harvested last, the TSS level of the must was the lowest (no significant difference
from the other treatments). There was also no significant difference in pH levels among
the treatments.

In 2018, all LSP treatments finished harvest before the WP treatments (Table 3), while
those treatments had the highest must sugar levels (LSP 2 and LSP3 had significantly higher
levels compared to WP treatment). There were no significant differences among treatment
in the pH of the must.

Sensorial evaluation of the wine quality:
In 2016, we could not statistically analyze the differences between treatments because

only one wine per treatment was produced from grapes bulked across all four replicates
(Table 4). Nevertheless, a dramatic effect of the treatments was observed with a 6 to
7.5 points increase in the total score for the wines produced from LSP grapes compared to
the WP grapes. The WP + T wine received a higher score than the WP wine, but a lower
score than all LSP wines.

For the 2017 and 2018 harvests, wine was fermented separately for each replicate,
which enabled statistical analysis. In 2017, there was a significant difference between the
three LSP treatments and the WP (Table 4), with the WP wines receiving significantly lower
scores compared to those of the LSP treatments (p-value ranged between 0.005 and 0.04). In
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2018, similar trends were observed, but with one exception, WP and LSP2 wines did not
differ significantly (Table 4).

Table 4. Sensorial evaluation of total wine score (modified OIV score sheet for dry red wines) of the
2016 (one sample per treatment) and 2017, 2018 (n = 4) ‘Malbec’ wines produced by using micro-
vinification protocol. The different letters indicate statistically significant differences (α = 0.05) among
the treatments for each variable based on one-way ANOVA followed by post-hoc Tukey HSD test.

Treatment 2016 2017 2018

LSP1 87.3 86.5 a 86.5 a

LSP2 87.5 84.8 ab 85.3 ab

LSP3 86.0 85.8 ab 87.0 a

WP + T 84.2 84.0 bc 85.2 ab

WP 80.0 81.7 c 84.3 b

3.6. Wine Color and Polyphenolics Analysis

The micro-vinificated wines were analyzed by a spectrometer to determine their
coloration levels. For all three years (Table 5), the coloration levels for the LPS treatments
were higher than those of the WP treatment and similar to or higher than those of the WP+T
treatment. The total phenolics levels were higher for the LSP treatments in both 2016 and
2017, but not significantly different from the WP treatments in 2018. Color hue parameters
were all in acceptable ranges.

Table 5. Wine color and polyphenols parameters of 2016 (n = 1), 2017, 2018 (n = 4) ‘Malbec’ wines
produced using a micro-vinification protocol. Yellow, red and blue colorations were measured by
spectrometer at 420, 520 and 620 nm, respectively. Color intensity (CI) was calculated as the sum
of all 3 wavelengths. Color hue (CH) is the ratio of 420:520 nm absorptions. Total phenolics were
measured by spectrometer at 280 nm. The different letters indicate statistically significant differences
(α = 0.05) among the treatments for each variable based on one-way ANOVA followed by post-hoc
Tukey HSD test.

Treatment Yellow, AU Red, AU Blue, AU CI, AU CH Total Phenolics, (as mg Gallic Acid/L)

2016

LSP1 5.82 8.96 2.41 17.9 0.65 1618
LSP2 7.10 11.51 3.16 21.77 0.62 1749
LSP3 7.71 12.71 3.54 23.96 0.61 1657

WP + T 4.50 6.41 1.84 12.75 0.70 973
WP 4.32 6.82 1.71 12.84 0.63 938

2017

LSP1 2.58 ab 3.67 ab 0.83 bc 7.08 bc 0.70 a 1265 ab

LSP2 3.47 a 4.95 a 1.58 a 10.01 a 0.71 a 1419 ab

LSP3 2.87 a 3.95 ab 0.97 b 7.78 ab 0.72 a 1536 a

WP + T 2.88 a 4.43 a 1.01 b 8.33 ab 0.65 a 1109 bc

WP 1.84 b 2.67 b 0.48 c 4.99 c 0.69 a 797 c

2018

LSP1 3.79 a 6.46 a 1.46 ab 11.72 ab 0.59 a 1290 a

LSP2 4.07 a 7.04 a 1.62 ab 12.73 ab 0.71 a 1362 a

LSP3 4.31 a 7.19 a 1.80 a 13.3 a 0.72 a 1436 a

WP + T 3.61 a 6.17 a 1.41 ab 11.19 ab 0.65 a 1321 a

WP 3.32 b 5.37 a 1.19 b 9.9 b 0.69 a 1249 a

3.7. Statistical Analyses—PCA

The PCA analysis for the results from the 2017 growing season (physiology, vegetative,
yield components and wine quality characteristics) uncovered a number of patterns within
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the data. PC1 and PC2 were able to explain 43.5% of variance of the data, while PC3
provided an additional 12.1%. The scores of the different treatments were plotted on the
biplot (Figure 6) along with their probability ellipses (0.6). The scores of the treatments
WP and WP + T showed the most clustered patterns. The clustering arrangements of
treatments LSP1 and LSP3 were similar and overlapping and LSP2 was characterized by a
high variability of the scores. The treatment scores of LSP3 and WP showed the highest
dissimilarity and were completely distinct.
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The 32 variables (Figure S1) that were analyzed showed varied relationships and
influences on the PCs (Figure 6). The most influential variables with regard to PC1 were
negatively correlated and related to wine quality, specifically color intensity and taste
intensity, followed by smell genuineness. The first LAI measurement (LAI 128-meaning
LAI measurements conducted at DOY 128) was also found to be highly contributing
and positively correlated to PC1. The variables that were most correlated to PC2 were
the vegetative variables for the second half of the growing season (LAI 163–219). The
interrelations between variables may be interpreted using the direction of the vectors.
Vectors that are close, thus forming a small angle between them, are positively correlated,
and the bar plots in Figure S1 specifically demonstrate this pattern for the following
variables: most of the wine quality variables (aside from the after-taste variable); the four
LAI variables for the second half of the season; the first four LAI variables of the season
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and SWP 191, SWP 142 and SWP 149 with cluster number; the midseason SWP (163–205)
measurements; and the three final SWP measurements of the season (219–233). Vectors
that form a 90◦ angle between them show no correlation, and this is demonstrated in
Figure 6, among others, by the LAI variables for the second half of the season showing
low correlations to the wine quality parameters. When the angle between the vectors
approaches 180◦, the vectors are negatively correlated. In the current dataset, this was the
case for: SWP 226 and the LAI variables for the first half of the 2017 growing season as well
as yield and SWP 191; a negative correlation between most of the wine quality variables
and SWP 142, 149 and cluster number; and the LAI variables for the last half of the season
vs. SWP of the last half of the season.

4. Discussion

Global warming poses great challenges to viticulture. In the northern hemisphere,
under a Mediterranean climate, the last phase of grape ripening (Stage III) mostly occurs
during the hottest months of July and August. One of the approaches to deal with the high
temperatures is to delay the onset of bud break, assuming that postponing the starting
point (bud break) will result in a delay of maturation at the end of the growing season.
Previous studies that applied the late shoot pruning (LSP) technique to vineyards revealed
significant changes to the phenological development of the vine [37,38,40,48–51]. In the
current research, LSP caused a temporary delay of the phenological development, mainly
from bud break until veraison (Figure 2).

In cooler regions, this practice was used to reduce the risk of spring frosts [52,53], as
the distal buds inhibit the development of the basal (target) buds. With spring frost, the
upper distal shoots become damaged, while the target buds are protected under the scales.
After removing most of the cane and all the shoots arising from the distal buds, the target
buds are ‘released’ and the ‘desired’ bud break occurs. In Barossa Valley, Australia (Winkler
index 4), the LSP of Shiraz vines at the time when two to three leaves emerged led to a
delay of bud break by 2–4 weeks, which diminished to 1–2 weeks during veraison [37].

TSS accumulation in the berries was delayed by 1–2 weeks. In our study the delay
of the vegetative and phenological development of the LSP treatments faded close to
veraison (Figures 2 and 3). Thus, the treatments were not effective in delaying the harvest
date to cooler conditions (Table 3). However, LSP led to an improved water status of
the vines (Figures 4 and 5), which may be explained by delayed canopy development
(Figure 3), and lower utilization of available soil water. Vine water consumption was
shown to increase linearly with LAI in a Cabernet Sauvignon vineyard in Israel [54]. When
examining the relative effects of meteorological variables and LAI, it was recently shown
that LAI contributed between 62 and 86% to crop evapotranspiration [55]. A unique
phenomenon was observed in the WP treatment during the middle-end of the 2017 season,
less pronouncedly during 2016 and 2018. The unexpected improvement in midday stem
water potential values of WP around harvest (Figures 4 and 5c) can be explained by the
severe dehydration of the leaves of this treatment (Table S1). The reduction in the number
of transpiring leaves was not obvious from the seasonal LAI curve (Figure 3b) due to the
fact that dehydrated leaves still ‘contributed’ to LAI values, even though they were no
longer transpiring. We assume that leaf dehydration in this treatment was associated with
its high crop load.

The diurnal CO2 assimilation rate of the LSP treatments was higher than the rate of
the WP treatments (Figure 5d–f), especially in the first two measurement days. This could
be explained by the enhanced physiological performance of the younger leaves of the LSP
vines (up to three weeks younger in the LSP3 vines), as was also found by others [56,57],
and to the improved plant water status of those treatments (Figure 3).

The fruit yield of the WP treatment in 2017 and 2018 was 55–50% lower than in
2016 (Table 2). This can be attributed to the severe leaf dehydration that occurred in this
treatment during 2017 (Table S1), which resulted in prolonged damage to the vines and
a legacy effect in 2018. As stated above, reduction in the number of transpiring leaves
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was most likely associated with the high crop load, which manifested itself in high cluster
mass, but with no change in the number of clusters. In all other treatments, fruit yield
was rather consistent, with little difference in yield between the years. Generally, yield
decreased from LSP1 to LSP3, and LSP1 had similar yields to WP + T. A decrease in
yield of LSP-treated vines was reported by Parkin (1980) in Australia, while Friend and
Trought (2007) reported an increase in the yield following LSP treatments of Merlot vines
in New Zealand. It was postulated that the late pruning delayed flowering and fruit set
to more favorable environmental conditions in this temperate area, resulting in a larger
percentage of large seeded berries. In Shiraz vines in Australia, fruit yield did not differ
between late pruning (at three apparent leaves) and winter pruning during three out of
four seasons [37]. In our study, the yield decreased with the delay of pruning (Table 2),
which was mainly derived by the reduction in the number of clusters, as also recorded in
the LSP of Shiraz vines in Australia [9]. Two possible explanations can be provided for this
phenomenon. One is related to the fact that the later the vines are pruned, the fewer buds
are left (Materials and Methods, Figure 1) and fewer cluster-bearing shoots are developed.
The second explanation is related to the fact that basal buds are usually less fruitful than
distal buds [58]. Probably a combination of both explanations led to the end result—fewer
clusters in the LSP treatments. Similarly, research conducted on ‘Chardonnay’, ‘French
Colombard’ and ‘Carignan’ grown in the same vineyard as the ‘Malbec’ in the current
study concluded that late pruning in the middle of spring resulted in significantly lower
yield compared to pruning during winter and early spring [35].

As far as we know, this is the first study to address not only the grapevine and yield
performance but also several parameters of wine quality obtained as a result of LSP. In our
view, the main implication of this method is the ability to significantly improve the quality
of the wine, at least in warm climatic conditions. These findings are important in light
of climate change and the multiplicity of heatwaves. In addition, there is also a positive
impact concerning labor. The natural cluster dilution resulting from the LSP treatment
saves manpower and working hours. However, further studies are needed to verify the
findings of this study for other cultivars.

The LSP treatments delayed the onset and progress of sugar accumulation (detailed
data not shown) and of the decrease in total acidity in grapes. This effect was enhanced
by the delay in pruning time and was most pronounced in the LSP3 treatment. Similar
trends were also reported by Moran et al. (2017). Maturation occurred earliest in the
WP + T control and latest in the WP control, the latter of which also ended with lower sugar
content as a result of the high crop yield compared to all the other treatments (Table 3).
In the 2017 season, a number of unique phenomena related to the WP treatment were
recorded. Midday SWP exceeded the value of −1.6 MPa along with relatively high yield
accompanied by severe leaf dehydration (Table S1). This undesirable combination led to
an inhibited pattern of sugar accumulation combined with an accelerated increase in pH
(data not presented). We suspect that the cause is a harsh competition between yield and
vegetative development, or to be more precise, a more limited hydraulic system. Further
research needs to be conducted in order to confirm or reject this hypothesis.

The anthocyanin content in the must at harvest was significantly higher in the LSP
treatments compared to the WP and WP + T in 2016 and higher than WP in 2017 (Table 3).
The coloration scores of the finished wines showed similar trends, with the best CI levels for
LSP3, LSP2 and LSP3 for the years 2016, 2017 and 2018, respectively (Table 5). Similar results
were also demonstrated by others [25,26]. The high content of anthocyanins as well as
higher total phenolics in the LSP treatments could have been a result of the lower number
of clusters per vine in those treatments, leading to the allocation of more assimilates
to each cluster, and/or the better exposure of the clusters to sunlight due to the more
compact canopy, which may lead to Myb-mediated higher accumulation of flavonols and
anthocyanins [59]. In addition, slightly improved CO2 assimilation rates of the younger
canopy of the LSP-treated vines can also contribute to better overall performance, leading
to a higher accumulation of secondary metabolites.
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The higher phenolic content of the musts and wines of the LSP treatments, and possibly
other secondary metabolites affecting wine quality, was expressed by the total phenolic
scores of the finished wines and as improved organoleptic scores of the wines (Table 5). In
2017, the score of the wine produced from LSP1 vines was significantly higher than that of
WP + T, although the vines of those two treatments had similar crop yields. Thus, it can
be concluded that the LSP treatment contributed to the quality of the wine not only by its
yield thinning effect.

The interrelations among the different attributes, as reflected in the PCA, display a
clear separation among the LSP treatments and the control groups. The variability of the
quality characteristics was strongly associated with the LSP treatments rather than with the
WP treatments. The variability of LAI at the beginning of the season was highly explained
by the WP and WP + T treatments, as during these phases, the LSP treatments showed great
changes in the canopy area due to the pruning application of the treatments. As the season
progressed, the LAI values of all treatments became similar. The PCA biplot (Figure 6)
shows that for these dates (mid- and late-season), there was no specific association between
LAI values and individual treatments, as all treatments displayed a similar state of canopy
area. As with LAI patterns, SWP during the early season was more associated with WP
and WP + T controls, while late-season SWP levels were related to the LSP treatments. In
general, the LAI measurements were able to describe the largest portion of variability of
the dataset (Figure S1, PC2), followed by the factors that compose wine quality (Figure S1,
PC1), specifically color intensity, taste intensity and the total score.

5. Conclusions

Late shoot pruning is an easy-to-practice, agro-technical procedure that enables vine
growers to cope with hot and dry conditions or with frost in cooler growing regions. This
study suggests that the practice has positive effects on vine physiology and the quality
of the wine compared to standard winter pruning treatments (with and without cluster
thinning) in ‘Malbec’ grapevine. LSP affected the phenological development, canopy area,
gas exchange parameters and stem water potential in a manner that positively impacted
the quality of the must and wine produced from these vines.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture12050605/s1, Figure S1: The barplots show the extent of variability
explained by each attribute in the first three components (PCs 1-3); Table S1: Percent of dehydrated
leaves at 2017 (n = 4). The evaluation was performed a week before harvest. The different letters indicate
statistically significant differences (α = 0.05) among the treatments for each variable, based on one-way
ANOVA followed by post-hoc TukeyHSD test.
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