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Abstract

Modulating the vine source-sink relationship is a proposed strategy to mitigate the detri-
mental effect of climate change frequently induced by elevated temperatures and water
deficit conditions. In this regard, apical leaf removal could represent a reliable technique,
even though its effects on grapevines subjected to different irrigation regimes are unex-
plored. This study aimed to clarify the effects of apical leaf removal applied before the
onset of veraison (ELR) and during berry ripening (LLR, 16 °Brix) on grapevine physiology
in vines subjected to full irrigation and water deficit conditions. The irrigation regimes
prominently affected the vine physiological parameters over the leaf removal treatments.
Both ELR and LLR vines showed transient increases in stem water potential only after the
leaf removal. Consistently, the vine transpiration rate was similar between the leaf removal
treatments, and even higher water consumption was measured in ELR well-watered vines,
associated with new lateral growth. Significant increases in leaf gas-exchange parameters
following ELR and LLR were observed only on the measurement dates immediately after
the treatment application. However, both ELR and LLR vines consistently exhibited higher
daytime net photosynthetic rates than the control, particularly in the afternoon and in
the later stages of the season. These conditions led to a significant increase in the leaf
total soluble solid concentration in LLR vines subjected to water deficit, which was also
associated with a high carbon export rate. Our findings suggest that although apical leaf
removal has a limiting effect on reducing the impact of water deficit on vine physiology,
it can be an effective agronomic strategy to boost leaf carbon fixation and exportation,
particularly when applied during ripening.

Keywords: carbon assimilation; defoliation; transpiration; water deficit

1. Introduction

Grapevines (Vitis vinifera L.) are exposed to suboptimal conditions that cause environ-
mental stress [1]. In recent years, we have been facing a long-term and ongoing increase in
air temperature, and different scenarios developed for the end of the 21st century estimate
a further increase that spans a range of 1.4-4.4 °C [2]. Increasing global temperatures
also modify water cycles. Changes in the frequency, intensity, and total volume of pre-
cipitation are projected in some viticultural regions [3], especially in Africa, Australia,
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South America, and Europe, which will show average reductions of 12%, 8%, 14%, and
10%, respectively [4]. The negative effects of high temperatures and water shortages on
grapevines have been well documented. A primary effect of increasing temperature is
the shrinkage of phenological stages [5-7], which can lead to detrimental conditions for
the plant. Earlier budbreak increases the risk of late frost damage [8,9], whereas earlier
and faster ripening is anticipated in a period of less favorable climatic conditions for the
proper biosynthesis and accumulation of compounds that contribute to grape quality,
such as anthocyanins and volatile organic compounds [4,10]. Additionally, increases in
air temperature can negatively affect photosynthesis. If the optimum photosynthetic ef-
ficiency ranges between 20 °C and 30 °C, above this threshold, photosynthetic activity
progressively declines [11,12] until 4045 °C, above which permanent damage to PSII and
RuBisCO has been reported [13,14]. As for high temperatures, water shortage can threaten
grapevine physiology, affecting vegetative growth and grape quality. The regulation of
stomatal aperture mediated by abscisic acid (ABA) is the primary physiological response
activated in grapevines under declining soil water availability, leading to reduced net
photosynthesis and carbon assimilation [1,15-17]. Carbon and energetic limitations, along
with the direct effect of water shortage, have a huge impact on berry and cluster size and
consequently on fruit yield [18-20]. Berry secondary metabolism is often triggered by
regulated water stress, especially during specific phenological stages, whereas the opposite
effects are observed under excessive water stress levels or prolonged water deficit con-
ditions [19,21,22]. Several strategies have been developed to cope with the detrimental
effects of rising temperatures and water deficit conditions in viticulture. In a previous
review, three different strategies were proposed: (i) changing the establishment of vine-
yards, (ii) changing plant material, and (iii) adapting different viticultural techniques [23].
As grapevines are perennial crops, shifting the vineyard’s location or changing the plant
material are long-term perspectives. The development of specific viticultural techniques
could offer reliable short-term strategies that are adaptable to different vineyard conditions.
Among these practices, vine source-sink manipulation is a low-cost and reliable approach
that includes various agronomic techniques. In particular, the total leaf area is a pivotal
parameter in regulating whole-vine evapotranspiration losses [24], and its modulation
represents a reliable strategy to improve vine water status [25]. Based on this principle,
different canopy management techniques, such as shoot trimming and apical leaf removal,
have been developed to alleviate water and heat stress. In previous research, Santesteban
et al. [26] reported that Tempranillo vines that were severely shoot-trimmed at pea size had
higher stem water potential and lower 613C than control vines, a key parameter that reflects
a greater stomatal opening and consequently higher transpiration. Testing pre-veraison
apical leaf removal on Chardonnay and Pinot Noir, Upton et al. [27] reported a decrease
of 613C values from 0.95 %o to 1.48 %o in Chardonnay grapevines with respect to control
vines, but the same result was not observed in Pinot Noir. In addition, the same authors
reported that apical leaf removal significantly decreased the incidence of heat damage in
one year of the experiment for both cultivars. Similarly, by applying post-veraison apical
leaf removal on Tempranillo and Bobal grapevines, Buesa et al. [28] measured higher stem
water potential in defoliated vines than in the control, even though the effect was more
pronounced in Bobal than in Tempranillo. Testing different late-season source limitation
practices in two consecutive seasons on Cabernet Sauvignon, Pallotti et al. [29] reported
that post-veraison apical leaf removal was able to improve water status only in the first part
of the study. In a recent study on Sauvignon Blanc grapevines subjected to two different
irrigation regimes, water-stressed vines subjected to apical leaf removal showed a faster
recovery of stomatal conductance after rewatering than the control ones [30]. Although
the existing literature proposes a certain efficacy of the apical leaf removal technique in
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modulating vine water status, comprehensive data on its effects on key physiological and
vegetative parameters under different irrigation regimes remain limited. Furthermore, the
interactive effects of water availability and apical leaf removal at different phenological
stages on vine physiological parameters have yet to be comprehensively characterized.

In the present study, we tested apical leaf removal in Sangiovese grapevines as a
possible agronomic practice to mitigate the effects of water deficit conditions. Given that
the physiological response to canopy manipulation may be strongly influenced by the
vine’s water status at the time of application, the interaction between treatment timing and
vine water status was considered critical. Accordingly, this study aimed to evaluate the
effects of apical leaf removal applied at the pre- and post-veraison stages on vine water
relations, transpiration, leaf gas exchange, and leaf sugar accumulation under contrasting
irrigation regimes maintained throughout the growing season.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

The experiment was carried out from March to September 2024 at the experimental
farm of the Department of Agriculture, Food, and Environment of the University of Pisa
(43.732153 N; 10.465836 E) in a potted vineyard of 12-year-old Sangiovese (clone CCL
2000/3) grapevines (Vitis vinifera L.) grafted on 110 Richter (Vitis berlandieri L. x Vitis
rupestris L.). Vines were grown in 50 L containers (40% peat and 60% silty loam soil)
in north-south-oriented rows and spaced at 42 m x 0.9 m distance. The containers
were covered with a 200 pm-thick HDPE plastic film from the beginning of the irrigation
differentiation to minimize soil water evaporation and exclude rainfall. All vines were
trained in accordance with the unilateral Guyot system with one spur with two buds
and one cane with six to eight buds per vine. Before budbreak, the cane was fixed on the
training wire positioned at 0.9 m from the soil, and during springtime, shoots were vertically
positioned within three pairs of galvanized steel catch wires. Fertilization was supplied
twice before anthesis, distributing 50 g per vine of NPK 20-20-20 soluble fertilizer to the soil,
and repeated once per month with the same product in foliar form during summer. The
main phenological stages were established using the BBCH scale [31]. Climatic conditions
were monitored using a WatchDog (Spectrum Technologies, Aurora, IL, USA) weather
station located on-site.

2.2. Irrigation Regimes and Leaf Removal Treatments

All vines were irrigated using drip lines (two emitters per container, providing 2 L/h)
with water characterized by a pH of 7.3 and an electrical conductivity (EC) below 1 mS
cm~!. Vines were maintained under full irrigation conditions until the berries reached
the pea-size stage (BBCH 75) 29 days after anthesis (DAA). From 29 DAA, two different
irrigation treatments were imposed: (i) well-watered vines (WW), irrigated with three
irrigation shifts of 45 min (4.5 L per day), and (ii) water deficit vines (WD), irrigated once
per day for 45 min (1.5 L per day).

Three different canopy manipulations treatments were established in both WW and
WD vines: (i) a control (not defoliated) treatment (CTR), (ii) an apical early leaf removal
treatment (ELR), where at 44 DAA (BBCH 79, cluster-closure stage) all the leaves of the
main and lateral shoots were manually removed in the distal 40 cm of the canopy, and
(iii) an apical late leaf removal treatment (LLR) that consisted of the same leaf removal as
ELR, but applied at 78 DAA when berry sugar content reached approximately 16 °Brix.
This resulted in a two-factor experimental design of six distinct treatments (two water
regimes and three leaf removal treatments). Each treatment was imposed on 12 completely
randomized vines in the three central rows of the potted vineyard for a total of 72 vines.
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2.3. Canopy Measurement and Yield Estimation

Leaf area per vine was periodically measured from 29 DAA, counting the number of
main leaves and lateral shoots of each vine included in the experiment. At each sampling
date, a random sample of 100 main leaves and 50 lateral shoots was collected, and their
leaf areas were calculated (Image], U. S. National Institutes of Health, Bethesda, MD, USA).
The leaf area of the main shoot (primary leaf area, PLA) was obtained by multiplying the
number of main leaves by the average main leaf area, as well as lateral leaf area (LLA) by
multiplying the number of laterals by the average lateral area. Hence, the total leaf area
(TLA) was calculated as the sum of PLA and LLA. Once the leaf area was calculated, the
TLA integral was quantified as follows:

n—1
TLAi = )_ ki * (TLA;;1 + TLA;)/2 (1)
=0

where TLAj is the value of TLA at i-date of measurement and ki is the interval of days
betweeniand i + 1 date of measurement. Analogously, the PLA and LLA integrals were
calculated as follows:

n—1

PLAi =Y _ ki (PLA; 11 +PLA;)/2 )
i=0
n—1

LLAi = )_ k;* (LLA;11 + LLA;)/2 3)
i=0

At harvest, fixed for each treatment at the berry sugar content threshold of 21°Brix,
main shoots and bunches were counted on nine vines per treatment, excluding nonho-
mogeneous plants. Fruit yield was estimated using a scale. The average berry weight
was obtained by dividing the cluster’s berry weight by the number of berries in the same
cluster. From 29 DAA, the berry diameter was periodically estimated using a digital caliper.
Berry diameter was measured for nine berries in three different clusters per vine (27 berries
per vine equally distributed in the apical, medial, and distal parts of the cluster). Berry
weight was then calculated using the equation obtained between berry diameter and berry
weight estimated in the laboratory on a 500-berry sample (y = 0.0005x> + 0.0026x> — 0.0035x
— 0.0154; R? = 0.9917). The number of berries per vine multiplied by the berry weight
calculated from berry diameter allowed for a nondestructive estimation of the fruit yield
during berry development, and a seasonal pattern of leaf area-to-fruit yield ratio was built.
The pruning weight was determined in winter and used to calculate the Ravaz index as the
ratio between fruit yield and pruning weight.

2.4. Leaf Gas Exchange and Leaf Total Soluble Solids

Leaf gas-exchange parameters were assessed weekly from 44 to 99 DAA on nine
fully expanded leaves per treatment using a portable open system CIRAS-3 (PP System:s,
Amesbury, MA, USA). Measurements were carried out on cloudless days between 09:00
am and 11:00 am. The chamber size was 4.5 cm? (25 x 18 mm). To maintain uniform
conditions, artificial light was set to 1500 pmol m~2 s~1, CO, to 410 ppm, and the air flow
rate was held at 300 cc min~!. At 70 and 99 DAA, a daily relief campaign was conducted.
Fully expanded leaves were selected on the east side of the canopy from nine vines for
each treatment. Every 2 h from 8:00 am to 1:00 pm, leaf gas-exchange measurements were
performed, whereas from 2:00 pm to 7:00 pm, the same procedure was repeated on nine
leaves per treatment belonging to the west side of the canopy. At 70 and 99 DAA, leaf
total soluble solids (TSSs) were monitored during the day from three vines per treatment,
sampling the superior lobe of a fully expanded leaf from the east side of the canopy at
6:00 am and 12:00 pm and from the west side of the canopy at 6:00 pm and 12:00 am.
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The samples were collected in a chilly bag and promptly transported in a —20 °C fridge
for long-term storage. Gas-exchange parameters were measured on the same portion of
the leaf immediately before sampling. Subsequently, 100 mg FW was taken from the leaf
samples and ground into a fine powder using liquid nitrogen. Soluble carbohydrates were
then extracted and quantified using coupled enzymatic assay methods to ascertain the
increase in A340, as described by Pompeiano et al. [32]. The accuracy of the method was
validated using known concentrations of standard solutions. To assess extraction efficiency,
a spike-and-recovery test was performed on separate aliquots of the same samples, in which
known amounts of glucose (Glc), fructose (Fru), and sucrose (Suc) standards were added
prior to extraction. This test was carried out exclusively to estimate extraction efficiency,
and no standards were added to the aliquots used for determining endogenous soluble
carbohydrate concentrations. The recovery rates ranged from 97% to 104% depending on
the sugar type. The final soluble carbohydrate concentrations were therefore calculated
only from unspiked aliquots, adjusted based on the recovery results, and expressed as
umol hexose equivalents per gram of FW. The carbon export rate (CER) was calculated
using a mass-balance approach, as described by Gersony et al. [33]:
(Pniye+Pni)  (Cie—Ci)

CER = 2 T 63600 @

where Pni is the net photosynthesis at i-hour, Ci is the TSS content calculated at i-hour, and
6 indicates the period of 6 h between the two measurements.

2.5. Vine Water Status and Transpiration

Vine water status was estimated on five vines per treatment through ¥stem, assessed
every 7-10 days from 29 DAA. The leaf was enclosed and sealed in a non-transpiring
shaded bag to block transpiration. After 60 min, the leaf was sampled to determine ¥stem
once the potential reached equilibrium with the xylem in accordance with the methods
reported by Shackel [34]. ¥stem Was evaluated on five vines per treatment (one leaf per
vine) between 12:00 and 2:00 p.m. Leaves were excised with a razor blade and immediately
placed in a chamber cylinder (PMS Instruments, Albany, OR, USA) and pressurized with
nitrogen gas. Whole-vine transpiration was continuously measured using a custom-built
weighing system installed in the field. Three vines per treatment were monitored from
35 DAA until after harvest. Each potted vines rested on a flat, perforated plate that allowed
for water drainage. Three load cells were positioned in an equilateral triangle beneath each
plate to ensure uniform weight distribution and precise measurements. Vine weight was
continuously recorded and transmitted to a single-board microcontroller (Arduino Mega,
Arduino, Monza, Italy) every ten minutes. The sensor’s signal was converted into weight
units using a calibration curve developed in the laboratory with known reference weights.
Load cells had an accuracy of £0.001 kg. Daily transpiration was given by the difference in
weight at the same time (12:00 am) of two consequent days adjusted for irrigation amount
and water leakage.

2.6. Statistical Analysis

Statistical analysis was performed using R (R Foundation for Statistical Computing,
Vienna, Austria) version 4.4.3 in the Rstudio environment (R Core Team 2025, PBC, Boston,
MA, USA). All data were tested for normality and homoscedasticity through Shapiro-Wilk
and Levene’s tests. When skew distribution was present, data were square root- or log-
transformed. Significant differences between treatments were determined by two-way
ANOVA (p < 0.05). Statistically different means in the response variables were identified by
Tukey’s HSD via the multcomp package, with probability levels lower than 0.05 considered
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significant. the R package ggplot2 [35] was used for data visualization. To assess the
global effects, relationships between Ei and the leaf area integral indices were evaluated
using a factorial analysis of covariance (ANCOVA). Model normality, homoscedasticity,
and linearity were checked through residual analysis. Group-specific slopes of LAi were
estimated using emmtrends (emmeans package), with significance tested against zero.
Pairwise comparisons of slopes were performed, providing post hoc identification of
significant differences between groups. To analyze the relationships between experimental
conditions based on the overall data collected, a multiple factorial analysis (MFA) was
conducted using the FactoMineR R package [36]. Following the two-step method outlined
by Vani¢kova et al. [37], individual datasets were mapped onto the global analysis to assess
both communalities and discrepancies. Traits that contributed significantly to the MFA
dimensions (leaf carb., leaf g.e., veget., and water) were used.

3. Results
3.1. Climatic Conditions and Vine Phenology

The experimental season was characterized by a wet spring, a hot and dry early /mid-
summer, and a wet late summer (Figure S1). In particular, June experienced a reduction
in rainfall and an increase in temperature: 2 days before the differentiation of irrigation
regime (18/06), for the first time in the season, the temperature exceeded 30 °C. July was
hot and dry, with only 1.8 mm of cumulative rainfall, average daytime temperature of
25.5 °C, and the maximum temperature exceeded 30 °C on 28 days. August was hot and
dry in the first half, reaching a temperature of 38.2 °C, the maximum of the season. In the
second half, temperatures remained elevated but interspersed by rainfall (58 mm). During
September, after a first week of warm climate, temperatures started to decrease and rainfall
was abundant.

No phenological differences among treatments were observed up to veraison (Table 1).
The budbreak (BBCH 09) occurred on 27 March in all the treatments, as well as the anthesis
(BBCH 65), which was reached on 22 May. Veraison (BBCH 81) occurred on 25 July (64 DAA)
in CTR-WW and LLR-WW, six days later (70 DAA) in ELR-WW, ten days later (74 DAA) in
CTR-WD and LLR-WD, and fifteen days later (79 DAA) in ELR-WD. As a result, ripening
was affected by treatment. The harvest threshold was reached by CTR-WW and CTR-WD
at 112 DAA, five days later in ELR-WW and LLR-WD (117 DAA), and at 125 DAA in
ELR-WD and LLR-WW.

Table 1. Day of the year of the main phenological stages (BBCH scale) determined in Sangiovese
grapevines (Vitis vinifera L.) subjected to two different irrigation regimes (WW, well-watered; WD,
water deficit) and three canopy manipulation treatments (CTR, untreated control; ELR, early apical
leaf removal; LLR, late apical removal).

Treatment Budbreak (BBCH 09) Flowering (BBCH 65) Veraison (BBCH 81)  Harvest (BBCH 89)
CTR-WD 87 143 217 255
CTR-WW 87 143 207 255
ELR-WD 87 143 222 268
ELR-WW 87 143 213 260
LLR-WD 87 143 217 260
LLR-WW 87 143 207 268

3.2. Vine Vegetative Characteristics and Yield Parameters

All the treatments displayed the same shoot number, real bud fertility, and number of
clusters (Table 2).
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Table 2. Vegetative and yield parameters measured in Sangiovese grapevines (Vitis vinifera L.)
subjected to two different irrigation regimes (WW, well-watered; WD, water deficit) and three canopy
manipulation treatments (CTR, untreated control; ELR, early apical leaf removal; LLR, late apical
removal). LR indicates leaf removal treatments, I irrigation regimes, LRxI their interaction. Values are
means of nine replicates per treatment =+ standard error. Statistical analysis of data was performed
using two-way ANOVA. Different letters indicate that means are different p < 0.05 after Tukey’s
HSD test.

Average Average Pruning

Treatment Shoots (n) Clusters F Re.?.l Flilnt \.(1eld Cluster Berry Weight Weight II{aZaz
(n) ertility (kg/vine) Weight () ®) (g/vine) ndex
CTR-WD 844+04 84+04 1.0£0.1 20+02b 236 =14 b 1.83 £ 0.07b 294 + 14 Db 7.0+0.7
CTR-WW 84+04 8.3+0.3 1.0£+0.1 3.0+03a 366 + 33 a 221 £0.08 a 468 +=33 a 6.8+ 0.9
ELR-WD 844+0.3 8.7+ 04 1.0£0.1 23+02b 264 +18b 1.81 = 0.06b 299 +38b 9.0+ 1.8
ELR-WW 8.0+ 04 944+04 12401 32+04a 333 £ 36a 2.31 £0.07 a 385 +50a 89+13
LLR-WD 7.74+0.3 79+04 1.0+0.1 23+02b 376 £ 26b 1.86 £0.05b 338 +23b 6.7+ 0.5
LLR-WW 81405 8.9+ 0.5 1.1£0.1 34+04a 292 £33 a 221 £0.04a 416 =55a 92+1.3
LR ns ns ns ns ns ns ns ns
1 ns ns ns <0.001 <0.001 <0.001 <0.001 ns
LRxI ns ns ns ns ns ns ns ns

WW vines showed significantly higher fruit yield (+46%, regardless of leaf removal
treatment), whereas no significant differences were observed between leaf removal treat-
ments. Similarly, average cluster weight was influenced by water availability, but not
by leaf removal treatment, ranging 236-292 g in WD vines and 333-376 g in WW vines
(Table 2). Also, WW vines displayed 18% higher berry weight than WD (average between
leaf removal treatments). WD vines showed a lower pruning weight (—27% than WW,
regardless of leaf removal treatment), even though no statistical differences between treat-
ments in the Ravaz index was found. The pattern of PLA during the season was affected
both by water availability and leaf removal treatment (Figure 1A). PLA began to differ
after the first leaf removal treatment: ELR vines had 37.8% less than CTR vines (average
between irrigation regimes). 32 days after irrigation differentiation (61 DAA), WD vines
showed a PLA of 20.6% less than WW vines (regardless of leaf removal treatment). After
late leaf removal, LLR vines showed a PLA reduction of 29.4% compared to CTR plants.
These differences were maintained till the last monitoring date (99 DAA). The development
trend of LLA was quite similar: treatments began to differ at 41 DAA, 12 days after irri-
gation differentiation, when WD vines reduced their LLA to half compared to WW ones
(regardless of leaf removal treatments) (Figure 1B). At 46 DAA, after the early leaf removal,
ELR vines showed an LLA value of 0.31 m? per vine lower than CTR vines. On subsequent
monitoring dates, before applying LLR, LLA remained stable across treatments, except for
ELR-WW, for which there was an increase of 15% from 75 DAA. After both LLR treatments
were imposed, LLR vines showed an LLA 44% lower than CTR. The leaf area-to-fruit yield
ratio (LA:FY) decreased over the season from initial values ranging between 2.0-3.0 m?/kg
per vine and reaching values of 1.2-0.4 m? /kg (Figure S2).

The differences between treatments were mainly related to the leaf removal treatments.
The LA:FY ratio in CTR was 47% higher than in ELR from 47 DAA until harvest. Similarly,
after the late leaf removal treatments, at 96 DAA, LA:FY in CTR vines was 43.7% higher
than LLR vines, which remained higher by 41.1% until harvest.
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Figure 1. Primary leaf area (PLA; (A)), lateral leaf area (LLA; (B)) and stem water potential (¥stem; (C))
of Sangiovese grapevines (Vitis vinifera L.) subjected to two different irrigation regimes (WW: well-
watered; WD: water deficit) and three different canopy manipulations (CTR: untreated control; ELR:
early apical leaf removal; LLR: late apical removal). The arrows indicate the dates of leaf removal
treatment (green: ELR-WW and ELR-WD, purple: LLR-WW), violet: LLW-WD). Red dashed line
indicates veraison date of CTR-WW. Values are means of nine replicates per treatment + standard
error. Statistical analysis of data was performed using two-way ANOVA. ns indicates p-value > 0.05,
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

3.3. Leaf Gas Exchange and Daily Leaf TSS Evolution

Leaf gas-exchange parameters were deeply influenced by different water regimes
and leaf removal over all the season (Figure 2). Stomatal conductance (gs) had higher
values in WW vines from the first monitoring date (44 DAA), showing an average of
172 mmol H,O m~2s~!, almost fourfold that of the mean of WD vines (48 mmol H,O
24-1

m “s

and WD vines progressively reduced during the season until 91 DAA, when a similar

, average between leaf removal treatments). Differences between gs values in WW

level was reached. Leaf removal treatments also had a significant impact on gs. After leaf
removal at 48 DAA, ELR vines showed a 13.6% increase in g5 compared to CTR (average
between irrigation regimes).

Similarly, the LLR vines had higher values of gs compared to CTR, even though
this difference was significant only at 99 DAA (+24% over CTR vines, average between
irrigation regime). Net photosynthesis values followed a similar seasonal pattern with
respect to gs. WW vines always showed higher levels of Pn with respect to WD vines except
for 91 DAA, when this was significant only the interaction with the leaf removal treatments.
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P, (umol CO, m2s™")

The maximum Pn value (12.1 umol CO, m~2s~1) was recorded in WW vines at 70 DAA
(average between leaf removal treatments), and in WD vines at 91 DAA (11.0 umol CO,
m~2s71). During the season, the Pn differential between WW and WD vines decreased,
shifting from 3.23-fold to 1.32-fold (average between leaf removal treatments). After leaf
removal, Pn was affected significantly in almost all the rest of the measuring dates, but with
different patterns among water regimes. After leaf removal, ELR-WD vines maintained
Pn values 25.6% higher than CTR-WD (average between dates), whereas ELR-WW was
only 10.9% higher than CTR-WW (average between dates). Similarly, after LLR application,
LLR-WD vines had Pn values 18.9% higher than CTR-WD ones, while LLR-WW had Pn
values 6.6% higher than CTR-WW.
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Figure 2. Seasonal (A,B) and daily (C-F) evolution of stomatal conductance (gs) and net photosyn-
thesis (Pn) measured on 70 DAA (C,D) and 99 DAA (EF) in Sangiovese grapevines (Vitis vinifera
L.) subjected to two different irrigation regimes (WW: well-watered, solid line; WD: water deficit,
dashed line) and three different canopy manipulations (CTR: untreated control; ELR: early apical leaf
removal; LLR: late apical removal). Values are means of nine replicates per treatment + standard
error. Statistical analysis of data was performed using two-way ANOVA. ns indicates p-value > 0.05,
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

The daily gas-exchange measurements at 70 DAA showed a diurnal decline in g, from
values of over 200 to 150 mmol H,O m~2 s~! in WW vines and from 150 to 50 mmol H,O
m~2 s~ ! in WD vines (Figure 2C,D). Notably, ELR-WD vines exhibited stomatal reopening
in the late afternoon, with gs exceeding 100 mmol H,O m~2s~1. In WW vines, Pn remained
relatively stable (>10 umol CO, m~2 s~ 1), except for lower morning values in CTR vines. In
contrast, WD vines showed a midday decline in Pn followed by partial recovery (6-7 umol
CO, m~2 s71), particularly in ELR-treated vines. At 99 DAA, WW vines maintained stable
gs values (~200 mmol H,O m~2 s~1) throughout the day in both leaf removal treatments,
while CTR vines exhibited a 50% reduction from morning to afternoon (Figure 2E,F). WD
vines showed a steep decline in g5 between 8 and 10 a.m., stabilizing at lower levels in
CTR (~30-40 mmol H,O m~2 s~ 1) compared to ELR and LLR. Across all treatments, Pn
followed a similar diurnal trend: stable or slightly increasing until 10 a.m., decreasing until
noon, peaking at 4 p.m., then declining towards evening. In WW conditions, ELR and LLR
consistently showed higher Pn than CTR (+38.5% and +50.9%, respectively), especially
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in the afternoon. Similarly, under WD, ELR and LLR maintained higher Pn than CTR
throughout the day (+54.5% and +48.2%, respectively). Leaf TSSs were measured at 6 h
intervals throughout the day at 70 and 99 DAA, revealing significant variations under
different irrigation/leaf removal treatments.

Leaf TSS concentrations on 70 DAA were higher under WD compared to WW condi-
tions, with increases of +30% and +7%, respectively (Figure 3). No significant differences
among leaf removal treatments were detected at dawn or midnight. However, during
daylight hours, ELR vines showed significantly lower TSSs than CTR vines (—26.6% on
average across irrigation regimes). Under WW, ELR consistently reduced leaf TSSs across
all time points—including dawn and midnight—resulting in an average 26.8% decrease
over the full diurnal cycle.
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Figure 3. Leaf total soluble solids measured at 70 DAA (A,C,E,G) and at 99 DAA (B,D,F H) in
Sangiovese grapevines (Vitis vinifera L.) subjected to two different irrigation regimes (WW: well-
watered; WD: water deficit) and three different canopy manipulations (CTR: untreated control; ELR:
early apical leaf removal; LLR: late apical removal). p-values after ANOVA for each date and hour of
measurement are reported. * Indicates p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

On 99 DAA, leaf TSS concentrations increased compared to 70 DAA across all treat-
ments (Figure 3), with a more pronounced rise under WW (+18%) than under WD (+8% on
average). Regardless of leaf removal treatment, TSSs remained higher in WD vines than in
WW vines (+24% on average). CIR vines under WD consistently showed the lowest TSS
values throughout the day. The LLR treatment exhibited the highest diurnal fluctuation
in leaf TSSs under both irrigation regimes (+33% on average), indicating a stronger sen-
sitivity to daily light—dark cycles. Under WD, ELR showed a TSS pattern similar to CTR,
while under WW, ELR maintained persistently lower TSS levels throughout the 24 h cycle,
averaging 78% of CTR values.

Differences in CER were observed between irrigation regimes and leaf removal treat-
ments (Figure 4). At70 DAA, CER was higher under WW conditions than in WD (+57.6%,
average between leaf removal treatments and sampling point). Similarly, at 99 DAA, WW
vines had CER values +75.6% higher than WD vines (average between leaf removal treat-
ments and sampling hour). The effect of leaf removal treatments on CER values varied
depending on the period (Figure 4). At 70 DAA, ELR boosted CER only of 9% with respect
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to CTR (average between irrigation regimes and sampling hour), whereas at 99 DAA, when
both leaf removal treatments were applied, ELR and LLR increased CER by 104% and 129%
over CTR, respectively.
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Figure 4. Leaf carbon export rate (CER) measured at 70 DAA (A,CE) and 99 DAA (B,D/F) in
Sangiovese grapevines (Vitis vinifera L.) subjected to two different irrigation regimes (WW, well-
watered, WD, water deficit) and three different canopy manipulations (CTR, untreated control, ELR
early apical leaf removal, LLR, late apical removal). p-values after ANOVA for each date and hour of
measurement are reported. * Indicates p-value < 0.05, ** p-value < 0.01.

3.4. Vine Water Relations

The course of Ystem was deeply affected by irrigation treatments (Figure 1C). WW
vines maintained consistent ¥stem values throughout the season, varying between —0.6
and —0.4 MPa, whereas after irrigation differentiation, WD vines ranged between —1.47
and —0.93 MPa (average between leaf removal treatments). The leaf removal treatments
differently influenced ¥stem based on irrigation regimes. Under the WW condition, after
treatment, the ELR vines had higher ¥sem than CTR, +17.5% (average between measure-
ment dates). Similarly, after treatment, LLR vines had higher ¥stem values with significant
differences compared to the CTR vines (up to +26.1%). Under WD conditions, after the
leaf removal, ¥stem increased in ELR and LLR vines by up to +26.8% and +42.7%, respec-
tively, compared with CTR-WD (Figure 1C). The pairwise comparison showed significant
differences between LLR-WW and CTR-WW only at 82 DAA, 4 days after LLR treatment,
whereas it was significant at 91 DAA in WD vines.

Daily and cumulative vine transpiration displayed different patterns between irriga-
tion regimes (Figure 5).
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Figure 5. Daily transpiration values (A) and transpiration integral (B) of Sangiovese grapevines (Vitis
vinifera L.) subjected to two different irrigation regimes (WW: well-watered, solid line; WD: water
deficit, dashed line) and three different canopy manipulations (CTR: untreated control; ELR: early
apical leaf removal; LLR: late apical removal).

The seasonal course of daily vine transpiration measured in all treatments showed an
increment until a peak around 80 DAA followed by a continuous decrease until harvest,
except for ELR-WW, which continued to increase water transpiration late in the season
(Figure 5A). The vine transpiration integral (Ei) in WW vines ranged between 333 and
405 mm, whereas in WD plants it ranged between 121 and 142 mm H,O (Figure 5B). The
effect of leaf removal varied between irrigation regimes. By the end of the monitoring
period, Ei in ELR-WD vines was 18.0% higher than in CTR-WD, while LLR-WD vines
showed only a 6.1% increase. Under WW conditions, Ei was also higher in ELR (+21.6%)
and LLR (+6.1%) compared to CTR. Notably, ELR vines exhibited lower Ei than CTR until
104 DAA.

Figure 6 shows the linear correlations between Ei and either PLAi or LLAi. All
treatments displayed strong correlations (R? = 0.67-0.98). The ANCOVA revealed a highly
significant effect of PLAi and LLA7 on Ei (F = 2033.3, p < 0.0001; Table 3), confirming a
positive relationship between canopy development and vine water use. Both irrigation
treatments and Lai significantly affected Ei, and all two-way interactions with LAi were also
significant (Table 3). The emmtrends results reported in Table 4 highlight that the slopes of
the Ei-LAi regressions differed between PLAi7 and lateral LLAi and that this divergence
varied among irrigation treatments.
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Figure 6. Linear correlations between PLAi (A) and LLAi (B) and integral transpiration (Ei) in
Sangiovese grapevines (Vitis vinifera L.) subjected to two different irrigation regimes (WW: well-
watered, solid line; WD: water deficit, dashed line) and three different canopy manipulations (CTR:
untreated control; ELR: early apical leaf removal; LLR: late apical removal). R? of Ei-PLA correlation.
CTR-WD: 0.78; CTR-WW: 0.98; ELR-WD: 0.86; ELR-WW: 0.92; LLR-WD:0.67; LLR-WW: 0.92. R? of
Ei-LLA:i correlation. CTR-WD: 0.98; CTR-WW: 0.92; ELR-WD: 0.87; ELR-WW: 0.98; LLR-WD: 0.77;
LLR-WW: 0.93.

Table 3. Analysis of covariance (ANCOVA) parameters testing the effects of the leaf area integral,
LAi type (PLAi vs. LLAi), treatment (CTR-WW, CTR-WD, ELR-WW, ELR-WD, LLR-WW, LLR-WD),
and interactions on the integral transpiration per vine (Ei).

Factor DF Sum of Squares F Ratio Prob > F
LAi 1 769,236.68 2033.297 <0.001
TypeLAi 1 52,126.35 137.7838 <0.001
Treatment 5 147,039.04 77.7326 <0.001
TypeLAFLAi 1 14,667.23 38.7694 <0.001
Treatment*TypeLAi 5 12,302.42 6.5037 <0.001
Treatment*LAi 5 62,423.79 33.0005 <0.001
TypeLA*LAi* Treatment 5 13,423.56 7.0964 <0.001

Table 4. Estimated slopes of LAi on Ei for each combination of TypeLAi and Treatments obtained
using emmtrends. Slopes are presented with their standard errors (SEs), t-ratios, and significance
testing against zero. Significant slopes indicate a measurable effect of LAi on Ei within each group.

TypeLAi Treatment Slope SE t.ratio p-Value
LLA: CTR-WD 3.05 0.302 10.078 <0.001
PLA; CTR-WD 1.66 0.185 8.98 <0.001
LLAi CTR-WW 3.93 0.173 22.739 <0.001
PLAi CTR-WW 424 0.18 23.519 <0.001
LLA; ELR-WD 4.39 0.482 9.118 <0.001
PLAi ELR-WD 2.73 0.302 9.033 <0.001
LLA: ELR-WW 4.95 0.221 22.373 <0.001
PLAi ELR-WW 4.73 0.218 21.691 <0.001
LLAi LLR-WD 3.31 0.409 8.109 <0.001
PLA; LLR-WD 1.19 0.156 7.601 <0.001
LLA; LLR-WW 4.02 0.174 23.147 <0.001

PLAi LLR-WW 3.36 0.143 23.607 <0.001
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Under WW conditions, both PLAi and LLAi showed steep slopes, suggesting a cou-
pling between canopy development and transpiration. In WD vines, however, the slope
decreased more sharply in LLAi than in PLAj, indicating a possible stronger stomatal
limitation to transpiration in the laterals. The pairwise comparisons of slopes (Table S52)
confirmed that the effect of LAi on Ei differed between PLAi and LLAi and across irrigation
treatments, also supporting the patterns observed in the three-way interaction reported in
Table 3.

3.5. Multiple-Factor Analysis (MFA)

The MFA performed on the vegetative features, water and gas-exchange parameters,
and leaf TSSs on two different sampling dates of the season give an overview on the
effect of water availability and leaf removal treatments. In July (Figure 7A), principal
component 1 (dim1) explained the 63.2% of total variance clearly separating the two levels
of water availability.
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Figure 7. MFA and cluster dendrogram at DAA 70 (A,C) and 99 (B,D) of Sangiovese grapevines (Vitis
vinifera L.) subjected to two different irrigation regimes (WW: well-watered; WD: water deficit) and
three different canopy manipulations (CTR: untreated control; ELR: early apical leaf removal; LLR:
late apical removal).

Principal component 2 (dim2) explained the 25% total variance separating ELR vines
by the CTR and LLR ones. Among the single factors, water features were the main
differentiating factor between the two irrigation regimes, whereas TSSs differentiated
ELR by other treatments. In the dendrogram of Figure 7C, WD and WW treatments are
separated at the first level, whereas the secondary level of differentiation more clearly
distinguishes the ELR treatment from the others. In the dendrogram analysis describing
99 DAA (Figure 7B), principal component 1 (dim1) explained 54.4% of total variance, again
separating the two levels of water availability. Principal component 2 (dim?2) explained
the 26.7% total variance discriminating the three leaf removal treatments, though with
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a different grade based on water availability. Indeed, differences between leaf removal
treatments are more pronounced in the WW treatments compared to the WD ones. Focusing
on the single factor, once again water features are the best factor to discriminate between
the two irrigation regimes, whereas the pattern is less clear observing the leaf removal
treatments. For instance, leaf carbohydrates clearly separated the leaf removal treatments
in WW conditions, but under WD conditions were able to differentiate LLR by the CTR,
not ELR.

4. Discussion

Apical leaf removal has been proposed as a reliable canopy management technique
to adapt grapevine cultivation to warmer and dryer conditions emerging with climate
change [27], as well as to delay berry ripening, favoring optimal grape quality [38]. In
this regard, it is paramount to evaluate this technique under different water availability
conditions, considering the physiological implications related to the vine leaf area and
water status, which could potentially lead to opposite effects on vine physiology.

The analysis of the main vegetative and physiological features consistently described
the effects induced by the irrigation regimes and the leaf removal treatments and by their
interaction as well. The WD condition reduced vine ¥sem and generally doubled values
compared to WW. The leaf removal treatments also contributed to mitigating the effect of
water deficit conditions, increasing ¥stem values even by 42.7% in LLR vines with respect
to CTR. This finding is partially consistent with previous studies on the combined effect of
source—sink modulation with different irrigation regimes. Buesa et al. [28], applying a late
apical leaf removal on Bobal and Tempranillo, measured significant differences in ¥stem
values between leaf removal treatments, albeit the irrigation differentiation was the main
factor that determined the vine water status. In contrast, Herrera et al. [39] investigating the
effect of two different canopy heights in combination with two different irrigation regimes
in Merlot grapevines, reported that Ysiem values were —0.4 MPa in irrigated plants and
-1.2 MPa in deficit-irrigated plants, albeit no different ¥siem values were observed between
the different canopy heights. It is well known that lower leaf areas are usually associated
with reduced evapotranspiration [40,41]. Nevertheless, in our experiment the conditions
of higher water availability per leaf area induced by the leaf removal treatments did not
necessarily correspond to a decrease in vine transpiration under WD conditions. Indeed,
whilst immediately after ELR treatment the cumulated daily transpiration in ELR-WW
vines was lower than CTR-WW, in ELR-WD vines it increased by 9% compared to CTR-WD,
especially in the first 15 days after treatment. This finding can be explained by the stomatal
conductance measured in the field: after the early leaf removal treatment, ELR-WW vines
increased g5 by 8% with respect to CTR-WW whereas ELR-WD vines had gs values 21%
higher than CTR-WD (average between measurement dates). Later on in the season, the
ELR-WW vines were the only ones that maintained a sustained high daily transpiration
rate and did not show the decrease measured in the other treatments. This evidence can be
supported by the fact that ELR-WW vines were the only ones that maintained active lateral
shoot development even late in the season, as confirmed by the increase of 15% in LLA
after 75 DAA. The higher number of young lateral shoots that developed had a greater
impact than the main leaves on the cumulated transpiration rate per vine, contributing to
explaining the transpiration pattern observed in ELR-WW vines. In addition, the regression
lines of the single treatments shown in Figure 6 suggest further consideration about the
incidence of the main and secondary leaves on vine transpiration. In particular, the slopes
associated with PLAi varied more widely among treatments than those associated with
LLAj, suggesting that the PLA has a greater impact on cumulated transpiration with respect
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to LLA, although further research separately quantifying the contributions of the main and
lateral shoots to total transpiration is needed to confirm these findings.

It is well known that under water deficit conditions, vines tend to reduce stomata
opening, reducing transpiration and net photosynthesis [42,43]. We observed reduced
leaf gas exchange already at the beginning of the monitoring, 15 days after the irrigation
differentiation, when g5 and Pn values were 3.6- and 3.2-fold higher in WW than in
WD vines, respectively. These differences persisted until 82 DAA, after which g5 no
longer differed significantly among treatments, and no consistent patterns in Pn were
observed across leaf removal treatments or irrigation regimes. This result was expected,
as the correlation between leaf gas exchange and vine water status varies based on the
phenological stage. After veraison, the vine physiological plasticity changes and a decrease
in the sensitivity of leaf gas exchange to different water conditions in favor of the fruit
ripening occurs [44,45]. In addition, after 87 DAA, there was a drop in air temperature
(=5 °C) that changed the mean daily vapor pressure deficit, one of the main factors that
significantly affect gs and Pn, even in vines with comparable water status [46,47].

Both leaf removal treatments significantly affected gas-exchange parameters as well, a
main consequence of the compensation effect after source-sink adjustment. In previous
research, Petrie et al. [48] reported an increase in net photosynthesis per leaf area after early
basal leaf removal on Sauvignon Blanc. Poni et al. [49], investigating the effect of early (pre-
veraison) and late (post-veraison at 12 °Brix of TSSs) apical leaf removal showed similar
results, with an increase of 28.5% of net photosynthesis per leaf area unit (average between
treatments). The g5 and Pn values that we measured revealed that differences between
ELR and CTR vines were significant on several measuring dates throughout the season,
whereas differences between LLR and CTR vines were significantly only on the measuring
date immediately after leaf removal. This finding could be partially explained by the less
limiting climatic conditions occurring in the late season in terms of solar radiation and air
temperature and the beginning of leaf senescence possibly induced by the photoperiod.
However, it seems relevant to also take into account the different strength of the sink organs
in the late part of berry development. As shown in Figure S2, the LA:FY, which is a good
proxy of the source—sink relationship, decreased steadily during the season. At 47 DAA,
immediately after ELR application, the LA:FY was 2.01 m?/kg, while it was 0.87 m?/kg
after LLR (average between all treatments). Hence, with increased sink organ strength,
it is conceivable that stomatal adjustment mechanisms tend to be less effective, due to
the necessity of the plant to guarantee a continuous flux of sugars and metabolites to the
berries [44].

From the two daily gas-exchange reliefs emerged a common course of Pn and gs during
the day, but on a different scale between irrigation regimes and leaf removal treatments.
As already observed, both parameters had higher values through the day under WW
conditions [50], whereas WD vines showed a decrease around midday, especially for Pn,
which could be associated with the lower photon flux intercepted by leaves at noon, as
previously reported by Intrigliolo and Lakso [51]. Leaf removal treatments affected g5 and
Pn, but differently between the two dates: at 70 DAA, with higher mean air temperature, the
maximum gs and Pn differential between leaf-removed vines and CTR vines was reached
at noon due to the limiting temperatures and high VPD values, whereas at 99 DAA it was
measured at noon in WD vines and in the afternoon in WW ones. Different factors control
the daily leaf gas-exchange regulation, but it is conceivable that when the environmental
conditions were less limiting as late in the season at 99 DAA, the WW vines stomatal
adjustments remained more effective through the day, showing differences between the
leaf removal treatments only in the afternoon.
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The leaf TSS concentration was affected by both irrigation regimes and leaf removal
treatments. At 70 DAA, leaf TSSs showed higher concentrations in the leaves of WD vines
than in the leaves of WW vines, in contrast with what was expected considering the Pn
values measured on the same leaves. In a recent study, Perry et al. [52] investigating the
effect of water stress and rewatering on grapevine leaf TSS, reported only a minimal reduc-
tion in leaf sugar content under drought, especially considering the significant reduction
of net photosynthesis measured on the same vines. The authors suggested that leaves
from vines under drought conditions tend to retain high sugar concentration in order to
maintain a reliable solute potential. Hence, we can hypothesize that the higher level of
TSSs found in WD vines are associated with an osmotic function. At 70 DAA, we also
measured a lower concentration of TSSs in ELR leaves compared to CTR. It is conceivable
that with a reduced leaf area, but similar carbon needed to sustain similar fruit yields, there
was a higher export rate in ELR leaves than CTR to translocate the sugars in the sinks.
Moreover, an additional need for carbon was required, especially by ELR-WW vines, to
sustain the new lateral shoot growth that was observed. At 99 DAA, the daily course of
leaves TSS displayed a more complex pattern. Differently, with respect to 70 DAA, a similar
leaf TSS course was observed in WW vines, albeit with lower TSS concentrations in LLR
and ELR leaves due to the reduced leaf area. In contrast, under WD conditions, leaves
from LLR vines showed a higher accumulation of TSSs throughout the day with respect to
CTR and LLR vines. The differences observed between LLR and CTR may be explained
by gas-exchange measurements, which indicated greater photosynthetic efficiency in LLR
leaves, likely resulting from the increased carbon demand placed on a reduced leaf area
required to support a similar sink strength. Considering that ELR and LLR leaves showed
similar Pn values before sampling, the differences in leaf TSSs observed between these
treatments could be associated with differences in the amount of sugars exported through
the phloem, related to the timing of leaf removal treatment. In ELR vines, the leaf removal
occurred earlier in the season, before the beginning of grape ripening, shoot lignification,
and the beginning of starch accumulation in the storage organs. On the contrary, in LLR
vines, the leaves were removed at half ripening, when all these processes partially occurred.
Considering the higher CER measured in ELR and LLR vines, we can hypothesize that
the retrieval of photosynthesized compounds by the sink organs was higher in ELR than
LLR vines, determining a lower concentration of leaves TSSs. Higher sink strength in-
creases phloem load, as described in the conceptual model proposed by Keller et al. [53],
whereby a sink-triggered rise in phloem inflow sustained both expansive growth and solute
accumulation in the fruit.

As expected, the fruit yield parameters were deeply influenced by irrigation regimes
and to a lesser extent by leaf removal treatments. The literature reports higher fruit yield
under higher water availability conditions [54-57]. The common cause that emerged was
the increase in the weight of the grapes and therefore of the clusters due to the water
supply, which is also consistent with our results. On the contrary, we did not observe
any significant effects on fruit yield parameters caused by the source—sink manipulation
following the leaf removal treatments. This result is consistent with previous studies on
apical leaf removal. Poni et al. [49], applying apical leaf removal on Sangiovese potted
vines, reported no differences in fruit yield or cluster weight. Similarly, Palliotti et al. [23],
after applying mechanically late apical leaf removal on Sangiovese field-grown grapevines,
did not observe any significant difference in fruit yield parameters.

5. Conclusions

Water availability leads to major modifications to grapevine physiology, overhanging
physiological adaptations induced by apical leaf removal treatment. Both ELR and LLR
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treatments mitigated the effect of WD conditions only transiently, slightly increasing vine
Ystem after treatment application. The cumulated vine transpiration confirmed the similar
water loss between treatments, and rather, a higher water consumption was measured
in ELR-WW vines compared to CTR, which was also caused by the development of new
laterals that remained photosynthetically efficient late in the season. The leaf gas-exchange
parameters significantly increased by leaf removal treatments for a few days after treatment,
although ELR and LLR leaves showed a higher net photosynthesis rate during the day
compared to CTR, especially in the afternoon and late in the season. A result worth noting
was that these conditions led to a significant increase in leaf TSS concentration in LLR vines,
especially under WD conditions, which was also associated with a high carbon export rate.

In conclusion, our findings suggest that apical leaf removal mitigates the water deficit
effects on vine physiology to a limited extent, but can represent a proper agronomic
technique to increase leaf carbon fixation and exportation by promoting a more active
photosynthetic canopy and a more effective translocation of assimilates toward the ripening
clusters. In this regard, further research is needed, especially to verify these findings in
field-grown conditions and also to evaluate the effects on berry metabolism.
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glucose, fructose, sucrose and TSS concentration; Table S2: LSMeans and Tukey results of ANCOVA.
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