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ABSTRACT

Climate change is increasingly exposing vineyards to extreme heat and summer drought,
affecting vine physiology and fruit composition. In this context, adapting canopy management
practices such as shoot trimming may help maintain vine physiology, yield, and grape quality
under rising temperatures. This study evaluated the effectiveness of early shoot trimming over
two consecutive seasons (2023 and 2024) in a rainfed vineyard of Vitis vinifera L. cv. Carricante,
located on the Eastern slope of Mount Etna (Sicily, Italy). At BBCH 73 (berries groat-sized), we
trimmed shoots above the last bunch. We assessed canopy morphological traits on nine vines
per treatment at trimming and at the end of the season. Physiological parameters were monitored
from June to September, and yield and grape composition were assessed at commercial harvest.
The experimental design also allowed evaluation of potential carry-over effects in vines
trimmed for two consecutive years versus one season. In both years, despite contrasting vigour
and climatic conditions, early trimming consistently reduced primary leaf area and induced
a canopy restructuring largely driven by the development of lateral shoots. By the end of the
season, lateral leaves accounted for 100 % of the canopy leaf area in 2023 and 75 % in 2024,
indicating that canopy rebuilding relied almost entirely on lateral growth. Across both seasons,
trimmed vines showed more anisohydric behaviour, maintaining higher gas-exchange capacity
during the warmest periods without reductions in PSII photochemical efficiency. Early trimming
did not significantly affect yield per vine, cluster number, or cluster and berry weights in either
year. However, the technique consistently influenced grape composition: in 2023 it reduced total
soluble solids by 1.5 °Brix, suggesting delayed sugar accumulation, while in 2024 it favoured
higher titratable acidity and lower pH. Trimmed vines exhibited higher total polyphenol content
than the control in both years, with increases of 19 % in 2023 and 16 % in 2024; however,
these differences only reached statistical significance in 2023. No carry-over effects associated
with repeated early trimming across the two seasons were detected at any of the investigated
morphological, physiological, or productive levels.
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INTRODUCTION

The grapevine (Vitis vinifera L.) is one of the most widely
cultivated perennial crops worldwide, characterised by
high genetic diversity and remarkable phenotypic plasticity.
Despite this adaptability, viticulture is increasingly
challenged by climate change, as rising temperatures
and CO, concentrations, reduced precipitation and more
frequent extreme weather events alter vine physiology,
yield stability and berry composition (Lu et al., 2023).
According to the International Organisation of Vine
and Wine (OIV), global wine production has reached
historically low levels, with 2024 estimated at 226 million
hectolitres, the lowest value recorded in more than 60 years
(OIV, 2024). Beyond vyield losses, warmer growing
conditions accelerate phenological development and berry
ripening, often leading to excessive sugar accumulation,
higher must pH, reduced acidity, and an imbalance between
technological and phenolic maturity (Jones et al., 2005;
Petrie & Clingeleffer, 2008; lorizzo et al., 2023). High
temperatures have also been associated with reduced
anthocyanins, fatty and organic acids, and aroma
compounds (Mori et al., 2007; Lecourieux et al., 2017)
as well as with berry shrivelling and dehydration. For
these reasons, developing effective adaptation strategies is
increasingly important to support vineyard sustainability,
maintain wine quality, and preserve the distinctive
characteristics linked to their origin (van Leeuwen &
Darriet, 2016).

Because many traditional wine-growing areas advise
against modifying the genetic components of the
production system (Bennici et al., 2018), adapting
agronomic practices is a key strategy to mitigate climate
change impacts (Ferlito ef al., 2018; Nicolosi et al., 2022).
Among these practices, canopy management techniques
have gained increasing attention due to their ability to
regulate vine physiology, source-sink relationships, and
bunch microclimate. While historically, practices such as
leaf removal, shoot thinning, and late topping have been
used to enhance bunch exposure to sunlight and prevent
grape diseases (Ferlito et al., 2014; Ferlito et al., 2020;
Nicolosi et al., 2021; Ferlito et al., 2023), under the current
climate change scenario, they should be reconsidered to
prevent or mitigate their negative effects.

In this context, shoot trimming has recently been investigated
notonly as a traditional practice for controlling canopy size but
also as a tool to reshape vine architecture when applied earlier
and more severely during the growing season. Early shoot
trimming around the groat-size berry stage strongly reduces
primary leaf area, promoting lateral shoot development, and
generating a renewed canopy with different physiological and
structural characteristics (Wolf et al., 1986). This approach
may temporarily modify the vine source-sink balance, delay
ripening progression towards more favourable periods
(Poni et al., 2023; Cameron et al., 2024) and improve bunch-
zone microclimate (Smart et al., 1982; Bondada et al., 2016)
through progressive canopy restructuring.

Therefore, early and severe shoot trimming may represent
a promising adaptation strategy to increasing temperatures
and radiation load. The aim of this study was to evaluate
the effects of this practice on canopy development and
grape composition at harvest, compared with the control
treatment. We hypothesised that the changes in canopy
structure and source-sink balance induced by early trimming
could influence the contribution of lateral leaves under
summer stress conditions and affect grape composition at
harvest, particularly in terms of sugar accumulation and
acidity retention.

MATERIALS AND METHODS

1. Site description, plant material, and

experimental design

The trial was carried out over two consecutive seasons
(2023 and 2024) in a rainfed vineyard located on the eastern
slope of Mount Etna (Sicily, southern Italy; 37°41°19.95” N
15°09°23.93” E; 252 m as.l). The study involved
12-year-old vines of the local white grape cultivar Carricante
grafted onto 140 Ruggeri rootstock. Rows were oriented
E-W, with a spacing of 2.5 m x 1.2 m (3.330 vines ha™).
Vines were trained to a vertical shoot-positioned (VSP) spur-
pruned permanent cordon, positioned 0.7 m above the ground.
The canopy extended from the cordon to approximately
1.9 m above ground level, corresponding to a canopy height
of about 1.2 m. Vines were winter-pruned to six to ten nodes
per vine (two nodes per spur and three to five spurs per vine).
The experimental layout followed a randomised block design
with three independent blocks, each comprising one row of
60 vines. Within each row, three elementary plots of 20 vines
were randomly assigned to the treatments. In each plot, three
alternate central index vines were selected to minimise border
effects, resulting in nine index vines per treatment, and used
for physiological and vegetative-productive measurements.
The three experimental rows were separated by one buffer
row to avoid interference among treatments. In 2023, two
treatments were applied: (i) early trimming (ET 2023) and
(i1) conventional trimming (CT 2023), as a control. One
plot within each block (three plots in total) was maintained
under the standard vineyard trimming practice during the
2023 season and was not subjected to the experimental
early trimming treatment. These plots were reserved for the
ET 2024 treatment, which was applied exclusively during the
second experimental season.

Contrary to 2023, in 2024, three treatments were therefore
compared: (i) early trimming applied only in 2024 (ET 2024),
(i1) early trimming applied in both seasons (ET 2023+2024),
and (iii) conventional trimming (CT 2023+2024), used
as a control. This design allowed the comparison between
vines trimmed for two consecutive years and vines trimmed
only in 2024, enabling assessment of treatment consistency
and potential carry-over effects between growing seasons.
According to the USDA classification scheme, the soil was
loamy-sandy and sub-acid, with moderate drainage and
limited water-holding capacity. A weather station near the
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experimental vineyard provided monthly minimum, mean,
and maximum air temperature (T), rainfall, and relative
humidity data. The daily air vapour pressure deficit (VPD)
was calculated to better characterise the atmospheric demand
for water in both years according to Equation 1: where
es (T, ) is the saturation vapour pressure (kPa) at mean
daily air temperature (T, ,°C),and RH__ is the mean daily
relative humidity (%).

VPD daily = es (Tpean)(1 - RHpean/100)  (Equation 1)

We also defined tropical nights as nights with a minimum
air temperature above 20 °C, calculated from 8:00 p.m. to
8:00 a.m. between June and September, coinciding with the
summer period.

2. Vine canopy management

Early trimming (ET) consisted of manual shoot trimming at
the node immediately above the last cluster at the BBCH 73
stage (berries at groat size and clusters beginning to hang).
Conventional trimming (CT) was performed during the last
week of June, at BBCH 77, according to standard regional
practices, when vegetative growth exceeded the top trellis
wire, and shoots began to droop downward due to their
length and weight. No further canopy management practices,
including additional trimming or leaf removal, were
performed after either ET or CT, as vine vigour remained
limited throughout the season and no additional interventions
were required.

3. Vegetative growth monitoring

Immediately after early shoot trimming (24 May 2023 and
3 June 2024), the leaf area removed from both main and lateral
shoots was measured using a leaf area meter (LI-3100 Area
Meter, LI-COR Inc., Lincoln, NE, USA). We estimated total
leaf area before trimming from a representative subsample
of 9 shoots (one per vine). For each selected shoot, we
sampled and counted leaves separately for main (primary)
and lateral shoots and determined their respective mean leaf
areas. We then used these values to estimate total leaf area
by multiplying the average leaf area per leaf type by the total
number of main and lateral leaves recorded on each sampled
shoot. We used the difference between the pre-trimming
leaf area and the area of removed leaves to calculate the
leaf area remaining on the vines after trimming. At harvest
(25 September 2023 and 12 September 2024), total leaf area
per vine was estimated using the same procedure applied
before trimming, i.e., by multiplying the total number of
main and lateral leaves by their corresponding average leaf
areas. This approach also allowed the determination of the
relative contribution (%) of main and lateral shoots to the
total leaf area.

4. Physiological measurements

We measured base physiological parameters with a portable
infrared gas analyser, IRGA (Leaf Chamber Analyser-
ADC LCA4 Bio Scientific Ltd., Rickmansworth, England).
Net photosynthesis (Pn, umol CO, m™ s™), transpiration

rate (E, mmol H,O m™ s™), stomatal conductance (gs,
mol H.O m™ s™), and leaf temperature (T, °C) were
measured between 12:00 and 14:00 h solar time, a time
window commonly used in grapevine physiological studies
because it allows the assessment of near-maximum diurnal
values under high light and temperature conditions. During
measurements, photosynthetically active radiation (PAR)
ranged from 1700 to 2000 pumol photons m= s, while
ambient CO, concentration ranged from 415 to 420 ppm.
We used the Pn/E ratio as an estimate of instantaneous
water use efficiency (iWUE). Midday leaf water potential
(‘P,,) was measured by a Scholander pressure chamber
(Soil Moisture Equipment Corp., Sta. Barbara, CA, USA)
(Scholander et al., 1965). Chlorophyll fluorescence was
measured using a portable hand-held fluorimeter (OS-30p+,
ADC BioScientific Ltd., Hoddesdon, UK), equipped with an
integral optical probe and designed for rapid Fv/Fm and OJIP
analysis. Prior to data acquisition, leaves were dark-adapted
for 30 minutes using light-exclusion clips to ensure complete
oxidation of the PSII electron transport chain. The maximum
quantum efficiency of PSII (Fv/Fm) was calculated from
dark-adapted chlorophyll fluorescence measurements
according to Equation 2, where F represents the minimum
fluorescence yield and F _ the maximum fluorescence yield
following a saturating light pulse.

Fv/Fm = (Fm — F0)/Fm  (Equation 2)

All measurements were performed between 12:00 and
14:00 h solar time. Physiological measurements were
conducted once per month from June to September on two
distinct leaf types, with different fully expanded, healthy,
and sun-exposed leaves selected for each measurement in
order to avoid repeated sampling of the same leaves: (i) leaf
located at nodes 3-4 of the primary shoot, within the fruiting
zone, and (ii) lateral leaf, defined as the first fully expanded
leaf of the first lateral shoot developed along the primary
shoot. One leaf per type was selected from each of the nine
vines. Due to the senescence of basal leaves in mid-July
(approximately 50 days after full leaf expansion) following
early shoot trimming, comparisons between leaf types were
limited to June and July. The seasonal assessment of vine
physiological performance was therefore based exclusively
on lateral leaves, which remained functional throughout the
monitoring period.

5. Yield and berry characteristics

Bunches from all treatments were harvested on a single
common date within each year (25 September 2023 and
12 September 2024, respectively) to assess whether the
different treatments affected berry ripening at harvest.
We picked bunches from nine vines per treatment
(3 vines x 3 replicates) for yield assessment. A sample of five
bunches per treatment per block (15 bunches per treatment)
was used to determine bunch weight and the number and
weight of berries. A 100-berry sample per experimental block
was divided into three sub-samples, crushed with a manual
press, and the juice was utilised to determine the total soluble
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solids (TSS) using a digital refractometer (RX-5000, Atago
Co., Ltd., Bellevue, WA, USA), must pH and titratable acidity
(TA), using an automatic titrator (798 Titrino, Metrohm,
Riverview, FL, USA) as described by Nicolosi ef al. (2016).
Total polyphenol content was determined using the Folin-
Ciocalteu reagent assay (Singleton et al., 1999), with
absorbance measured using a UV—Vis spectrophotometer
(Cary 100 Scan, Varian, Palo Alto, CA, USA), and the results
were expressed as mg kg of grapes.

6. Statistical analysis

All statistical analyses were conducted in R software
(v4.2.3,R Core Team, 2021). The mean, standard deviation
and confidence interval were calculated for all datasets
using the libraries ‘dplyr’ and plyr’ (Wickham, 2011;
Wickham et al., 2023). Based on these results, we detected
and removed outliers. A one-way ANOVA was conducted
to compare ET and CT treatments for each month
(Wickham, 2016). Post hoc multiple comparisons were
performed using Tukey’s Honest Significant Difference
(HSD) test. The Principal Component Analyses were
conducted by employing the library factoextra and
FactoMineR (Kassambara & Mundt, 2017). For the
PCA analyses, K-means clustering was conducted. The
optimal number of clusters was estimated by the ‘Average
Silhouette’ method.

RESULTS AND DISCUSSION

1. Weather data

Both seasons showed a typical Mediterranean climate
pattern, characterised by mild winters and hot and dry
summers (Figures 1 and 2). T . increased steadily from early
spring, reaching its highest values between July and August,
when T frequently exceeded 35 °C. Rainfall events were
irregularly distributed, with most precipitation concentrated
in autumn and winter, while summer was characterised
by prolonged drought, with no rain from mid-June to
mid-September in 2023 and from the end of May to the end
of September in 2024. In 2024, a few intense rainfall episodes
occurred in late autumn, after grape harvest, with rainfall of
100-200 mm recorded in a single day, contributing to higher
annual cumulative rainfall than in 2023.

Overall, in both growing seasons, VPD reached eclevated
values (> 2 kPa), coinciding with periods of high air
temperature and indicating a strong atmospheric evaporative
demand and, consequently, high vine water requirements
during summer. However, in contrast to 2024, in which the
T . wasregistered for along and continuous period, precisely
from mid-June to end-August, with 28 days exceeding 35 °C,
in 2023 about 10 days of very high air T and VPD were
registered, with peaks of 46 °C and 3.3 kPa (Figure 1). These
conditions reflect the strong intra-annual variability typical
of semi-arid viticultural regions, where water availability and
T extremes can markedly influence vine performance and
berry weight and composition.

Both years exhibited a high incidence of tropical nights
(Figure 2). In contrast, July showed no change in the number
of tropical nights between 2023 and 2024 (26 days in both
years), while August showed a markedly different pattern.
In 2024, the frequency of tropical nights was substantially
higher than in 2023, with 31 nights compared to 16, indicating
a pronounced intensification of nocturnal warming. This
data indicates a progressive increase in nighttime heat
accumulation, which may significantly affect grapevine
physiology by increasing nighttime respiratory activity,
accelerating malic acid degradation, and promoting faster
technological ripening. These processes may ultimately
reduce berry acidity and lead to an imbalance between sugar
accumulation and phenolic maturity (Tombesi ef al., 2019).
These increasingly frequent and adverse environmental
conditions further highlight the need to adopt management
practices that mitigate heat stress effects.

2. Vegetative vines response

At early trimming (BBCH 73), canopy development
appeared greater in 2024 than in 2023 (Table 1). Before
trimming, total leaf area per vine (TLA) was 0.52 m? in
2023, of which 93 % consisted of primary shoot leaves,
whereas in 2024 TLA reached 1.24 m?, with 81 % derived
from primary shoots. This difference may be related, at
least in part, to the trimming being performed 10 days
later in 2024. After trimming, TLA fell to 0.20 m? in 2023,
corresponding to 61 % canopy removal, while in 2024 it fell
to 0.30 m?, reflecting a more severe 76 % reduction due to
greater initial vigour.

Atharvest (BBCH 89), the canopy showed contrasting trends
between the two seasons (Table 2). In 2023, ET showed
a higher TLA than CT, reaching 1.31 m? vine! (+34 %)
compared with CT at 0.98 m?. ET 2023 compensated for
the leaf loss through lateral growth, ultimately surpassing
CT 2023 in TLA at harvest. This suggests that early
trimming under moderate vigour can stimulate canopy
renewal and maintain photosynthetic function through the
formation of strong lateral foliage. In ET 2023+2024, the
TLA amounted to 1.33 m?, with lateral leaves representing
75 % of the total. A similar pattern was observed in ET 2024
vines, which accumulated a TLA of 1.28 m?, again lower
than CT 2023+2024 with 1.84 m? In ET 2024 vines,
primary leaves accounted for only 28 % of the TLA, while
lateral leaves contributed the remaining 72 %. By contrast,
in CT 2023+2024 vines, primary leaves still represented
60 % of TLA. These findings are consistent with previous
studies reporting that early shoot trimming, when performed
between flowering and the pea-size stage, initially reduces
canopy size but simultaneously stimulates vigorous lateral
shoot development (Tessarin ef al., 2018; Abad et al., 2019;
Bubola et al., 2022). Consequently, the initial reduction
in leaf area is often progressively compensated during the
season, particularly in vigorous vineyards where lateral
regrowth can completely restore, or even exceed, the
original canopy size (Abad et al., 2019). This behaviour
was clearly observed in 2023, when vigorous lateral shoot

volume 60-4 | 2026

OENO One | By IVES


https://ives-openscience.eu/

. Rain = Daily VPD  esssTmin Tmed —em—Tmax

5 @
£ 55
<]
Z 50
E -
Z 45 z
& a0 =
[
. g
B 30 -
& -
E 2 =]
= <
220 a
E 15
z 10 ‘
: -l |
5 I |I| If H| {
&SSP P &
C‘. d §<"n (9' .}ﬂ"‘ Qb & ‘Nb ‘x{b ‘!{b .5\‘ §‘ ‘)\Q \Q\ Q??
\*' \?5‘ e QEP S ,\ \ ¥
2023
60 375
G 55 3,50
“; - 3,25
g 3,00
E 45 275 o
40 250 &
g 555 &
EREE 22 E
E 10 200 &
o 1,75 »
Z 25 =
< 150 5
g L 125 &
2 15 1,00
z 0,75
Z 10
= 0,50
5 | M 025
o IR 0,00
IS SS '& SIRCS ! é\ § ) \"i
\Q@\é@\&& ‘,.Q FIF LSS @’*\& & &

RN \“e b
2024
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field during the 2023 and 2024 seasons.
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development more than compensated for the initial canopy
reduction. Conversely, the same compensatory response was
not observed in 2024, when ET vines maintained a lower
final TLA than the control. Poni et al. (2023) described
similar year-to-year variability, highlighting that the extent
of canopy recovery after early shoot trimming depends
largely on post-trimming growing conditions and the vine’s
capacity to sustain lateral shoot development.

The results suggest that severe early shoot trimming induced
a significant modification of vine architecture, characterised
by reduced vigour and canopy height and by the progressive
replacement of primary leaves with lateral foliage, resulting
in a clear rejuvenation of the canopy, although the extent
of canopy recovery was strongly dependent on seasonal
conditions affecting post-trimming regrowth.

3. Physiological responses

In both seasons, basal primary leaves underwent premature
senescence as a consequence of the multiple summer stresses
resulting from the combination of very high air temperature,
elevated VPD, and extremely limited rainfall during July and
August, limiting their functionality to the early part of the
season. In contrast, lateral leaves remained present from June
to September and therefore sustained canopy physiological
activity over a longer period.

The composed line graphs and the multi-panel grouped
bar charts (Figures 3 and 4) were used to evaluate the
physiological behaviour of the two leaf types during the first
two months under the two treatments, also considering the
different developmental stages (approximately 40-50 days
after emergence for main leaves and 20-30 days for lateral
leaves). In addition, they provide an overview of the seasonal
physiological dynamics of the canopy, which, from August
onwards, was represented exclusively by lateral leaves.

During June 2023, the physiological differences were
mainly associated with leaf developmental stage rather than
treatment. Main leaves exhibited significantly higher Pn
than lateral leaves (p < 0.01; Figure 3A) in both CT and ET
vines (respectively +36 % and +49 %), reflecting the fully
developed photosynthetic apparatus of primary foliage,

whereas lateral leaves had recently emerged following shoot
trimming and had not yet reached full physiological maturity.
In addition, the sudden removal of the younger apical portion
of the canopy may have further enhanced photosynthetic
activity in the retained main leaves of ET vines, inducing a
temporary compensatory response to maintain whole-vine
carbon assimilation in the absence of a fully developed lateral
canopy (Hunter & Visser, 1988). Despite these differences in
carbon assimilation, gs, E, and iWUE remained comparable
between treatments and leaf types.

By July 2023, rising atmospheric demand and the onset of
summer stress promoted stomatal closure, particularly in
ageing primary leaves, leading to parallel reductions in E and
Pn. The strongest reduction in transpiration, as confirmed
by the statistical analysis, occurred in CT 2023 (Figure 3B),
where E was 90 % lower than in ET 2023 in main leaves and
86 % lower in lateral leaves, while gs showed only modest
differences between treatments for each leaf type. This
resulted in higher iWUE in CT 2023 (+16 %) on the same
date (Figure 4A), reflecting a proportionally greater increase
in E relative to carbon assimilation.

Midday ‘¥, . data further support this interpretation
(Figure 4B). In July, main leaves showed less negative
midday ¥ . values, indicating a better water status than
lateral leaves, which, together with reduced gs, is consistent
with the higher iWUE observed in these leaves. Together,
these observations indicate that main leaves adopted a
conservative physiological strategy, whereas lateral leaves
progressively became the main contributors to canopy gas
exchange as summer progressed. From August 2023 onwards,
ET vines maintained significantly higher gs, whereas E and
Pn remained broadly similar between treatments throughout
the season. Consequently, the lower iWUE observed in ET
mainly reflected greater water loss rather than differences in
photosynthetic capacity.

In 2024, we compared the physiological behaviour of lateral
leaves among ET 2024, ET 2023+2024, and CT 2023+2024
to evaluate potential carry-over effects of repeated trimming.
Significant differences among treatments were detected
mainly in mid-summer. In June, we detected no significant

TABLE 1. Total Leaf Area (TLA) measurements of trimmed Carricante vines (BBCH 73), measured before and after
trimming. Data are presented as mean + standard deviation (SD). For each period, the relative contribution (%) of
primary and lateral shoots to total leaf area per vine is also reported. A one-way ANOVA was carried out, combined
with a Tukey’s honest significant difference (HSD) test to generate compact letters (p < 0.05).

2023 2024
BEFORE TRIMMING AFTER TRIMMING BEFORE TRIMMING AFTER TRIMMING
Primary shoot TLA (m?) 0.48 + 0.07 b 0.19+0.04 a 1.00£0.15b 0.28+0.21a
Percentage (%) 93 % 95 % 81 % 94 %
Lateral shoot TLA (m?) 0.04 £ 0.008 b 0.01 £ 0.004 a 0.24 £ 0.07 b 0.02 + 0.004 a
Percentage (%) 7% 5% 19 % 6%
TLA vine™' (m?) 0.52+0.07 b 0.20+0.04 a 1.24+0.16 b 0.30+0.16 @
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TABLE 2. Total Leaf Area (TLA) measurements of trimmed Carricante vines (BBCH 91). Data are presented as
mean + standard deviation (SD). For each period, we also report the relative contribution (%) of primary and lateral
shoots to total leaf area per vine. A one-way ANOVA was carried out, combined with a Tukey's honest significant
difference (HSD) test to generate compact letters (p < 0.05).

2023 2024
ET 2023 CT 2023 ET 2024 ET 2023+2024  CT 2023+2024
Primary shoot TLA (m?) 0 0.87 £0.13 0.36 £ 0.09 a 0.34+0.23 a 1.11£0.28b
Percentage (%) 0% 89 % 28 % 25 % 60 %
Lateral shoot TLA (m?) 1.31+0.32a 0.11+0.04b 0.92+0.19ns 1.0 £0.37 ns 0.73 £ 0.40 ns
Percentage (%) 100 % 11 % 72 % 75 % 40 %
TLA vine™ (m?) 1.31+0.32a 098+0.14b 1.28+0.10ab 1.33+0.20ab 1.84+0.28b
—a—Main CT 2023 —+—Main ET 2023 —e—Main CT 2023+2024 —+—Main ET 2023+2024
& —s—Lateral CT 2023 Lateral ET 2023 Main ET 2024 —e—Lateral CT 2023+2024
va 18 Lateral ET 2023+2024 —+—Lateral ET 2024
e 16
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2 o o1
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FIGURE 3. Seasonal dynamics of leaf gas exchange parameters measured during the physiological surveys
performed from June to September. Panel A shows net photosynthetic rate (Pn; pmol CO, m2 s7'), panel B shows
transpiration rate (E; mmol H,O m=2 s7'), and panel C shows stomatal conductance (gs; mol H,O m2 s7') in the main
and lateral leaves of each treatment. Data represent mean values + SE. Different letters indicate significant differences
among treatments and leaf types within each sampling date according to Tukey’s HSD fest (p < 0.05).
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differences in Pn between treatments or leaf types, suggesting
that lateral leaves had already reached a more advanced stage
of development than in the previous season. At the same
time, both ET treatments exhibited consistently higher gs
than CT, irrespective of leaf type. However, these differences
had not yet translated into appreciable changes in Pn and E.

The divergence among treatments became more evident in
July2024.Asobserved inthe previous season, gs declined inall
treatments as summer stress intensified, but the reduction was
considerably greater in main leaves, regardless of treatment,
and in the lateral leaves of CT 2023+2024. In contrast,
lateral leaves of both ET treatments maintained a higher
physiological activity, as evidenced by significantly higher
gs, E, and Pn. Stomatal conductance in both ET 2023+2024
and ET 2024 was approximately three times higher than in
CT 202342024, indicating that early shoot trimming allowed
lateral leaves to sustain gas exchange despite the increasing
summer stress. Pn levels were maintained similar to those
recorded in June, compensating for the functional decline of
ageing main leaves. Palliotti et al. (2000) reported similar
differences between main and lateral shoot leaves for
Cabernet franc and Trebbiano Toscano, indicating that lateral
leaves, despite their smaller size, may exhibit photosynthetic
capacities comparable to, or even greater than, those of
primary leaves, particularly later in the season.

Consistently, Poni ef al. (2014) observed that when trimming
is performed early in the season, vigorous vegetative
regrowth generally shortens the duration of transpiration
suppression by rapidly restoring leaf area. These findings
suggest that canopy restructuring toward lateral-dominated
foliage after early trimming promotes less conservative,
more anisohydric regulation of gas exchange. In contrast,
CT 2023+2024 adopts tighter stomatal control under
increasing summer stress. Consequently, CT 2023+2024
exhibited significantly higher iWUE than both ET treatments
during August and September (Figure 4A), reflecting its
more conservative regulation of transpirational water loss.
Midday ¥, ,however,declined similarly acrossall treatments,
with no significant differences detected throughout most of
the season. The only exception occurred in September, when
both ET treatments exhibited significantly more negative leaf
water potential values than CT 2023+2024, indicating greater
water stress in ET 2023+2024 and ET 2024 (approximately
14 % and 20 %, respectively). Different responses have
been reported in several studies, where post-trimming lateral
regrowth is strongly restricted, allowing the initial reduction
in transpiring leaf area to persist throughout the season
(Pascual et al., 2015; Pallotti et al., 2025). This contrasts with
the present study, where, despite lower final leaf area in ET
vines during 2024, the development of physiologically active
lateral shoots likely compensated for the reduced canopy
size, maintaining transpiration rates and limiting substantial
changes in vine water status.

Importantly, the absence of significant physiological
differences between ET 2023+2024 and ET 2024 indicates
that repeating shoot trimming over two consecutive seasons
did not produce detectable carry-over effects.

The PCA (Figure 5A), conducted on the above-mentioned
measurements, provides a comprehensive overview of the
relationships among treatments, sampling dates, and leaf
types, explaining a large proportion of the total variance
(84.1 %; PC1 = 54.2 % and PC2 = 29.1 %). The first
principal component primarily separates samples according
to measurement date. June observations cluster on the left
side of the plot, whereas July observations are distributed
on the right, indicating that seasonal progression represents
the main driver of physiological and compositional variation
among vines. This temporal effect appears more pronounced
than the treatment effect.

The second principal component captures variability
associated with leaf type, partially separating main and lateral
leaves and highlighting functional heterogeneity within the
canopy. The trimming treatment exerts a more subtle, yet
still discernible, influence. While CT and ET vines largely
overlap in June, a clearer separation emerges in July, when
ET forms more distinct clusters compared with CT. This
pattern is further supported by K-means clustering analysis,
which identified nine clusters and suggests that the effects of
trimming become more evident later in the season, likely as a
consequence of cumulative canopy adjustments and source-
sink rebalancing.

Regarding variable contributions (Figure 5B), E, gs, and T,
contributed most to total variance. Overall, the PCA indicates
that seasonal dynamics predominantly shape vine responses,
whereas trimming contributes to additional differentiation,
particularly under mid-summer conditions.

Fv/Fmand T, for ET and CT across 2023 and 2024 provide an
overview of the effects of early shoot trimming on maximum
PSII efficiency (Table 3). In 2023, ET reached a higher T,
than CT (42.8 vs 39.2 °C) and showed lower Fv/Fm values
(0.66 vs 0.73). In 2024, although T, values were similarly high,
Fv/Fm remained relatively stable across treatments. Even
where slight reductions were observed, particularly under ET,
values remained above the range commonly associated with
severe PSII impairment. Overall, despite elevated summer
T,, we detected no clear evidence of sustained photochemical
damage attributable to the treatment.

4. Yield and grape quality

No significant differences were observed between ET and CT
vines in yield per vine, number of bunches per vine, bunch
weight, berry weight, and number of berries per cluster in
either 2023 or 2024 (Table 4).

The lack of significant effects on yield components is
consistent with previous studies, where shoot trimming
after fruit set generally did not alter yield performance
because vines can compensate for the temporary reduction
in assimilating leaf area through lateral shoot development
(Bubola et al., 2022). The timing of trimming appears to
play a key role in determining the reproductive response.
Earlier interventions performed around flowering may
enhance fruit set and yield by temporarily reducing the
competition for carbohydrates between actively growing
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TABLE 3. Seasonal variation of leaf temperature (T) and maximum quantum efficiency of PSIl (Fv/Fm, arbitrary
units) measured on lateral leaves during the 2023 and 2024 growing seasons under different treatments. Data are
presented as mean = SD. Within each year, means followed by different letters are significantly different according
to Tukey’s HSD test (p < 0.05).

Month Treatment T, (°C) Fv/Fm
ET 2023 3844+ 1.25a 0.63+0.14b
June CT 2023 38.13 +0.95ab 0.68 + 0.06 b
ET 2023 42.77 £0.70 ¢ 0.66 + 0.05 a
uly CT 2023 39.2+244a 0.73 +0.06 a
ET 2023 38.67 +0.37 a 0.73+£0.03 a
August
CT 2023 39.6+031a 0.71+0.07 a
ET 2023 38.01 +0.29 ab 0.78+0.01 a
September
CT 2023 36.54+1.39b 0.71+0.07 a
ET 2024 34.5 £ 1.04 be 0.64 +0.09d
June ET 2023+2024 35+ 1.55 abe 0.67 + 0.06 cd
CT 2023+2024 38.34+201a 0.71 £ 0.07 bed
ET 2024 42.48 + 1.26 ¢ 0.79 £ 0.02 ab
July ET 2023+2024 42.6 £+ 0.75 ¢ 0.80+£0.03 a
CT 2023+2024 42.82+2.11¢ 0.79 £ 0.02 ab
ET 2024 38.27 £1.03 a 0.79 £ 0.03 ab
August ET 2023+2024 37.13+0.73 ab 0.78 + 0.02 ab
CT 2023+2024 35.8+£2.15ab 0.80+0.01 a
ET 2024 32.05 +0.36 de 0.73 £ 0.04 abcd
September ET 2023+2024 31.07 £ 0.53d 0.76 + 0.02 ab
CT 2023+2024 30.22 + 1.46d 0.75 + 0.06 abc

TABLE 4. Influence of early shoot trimming on yield and its components at harvest of cv. Carricante. Data are
presented as mean = SD. Within each year, means followed by different letters are significantly different according
to Tukey’s HSD test (p < 0.05), while ns denotes non-significant differences.

PARAMETERS ET 2023 CT 2023 ET 2024 ET 2023+2024 CT 2023+2024
Yield vine™' (kg) 1.5+£0.1ns 1.7+02ns 0.9+0.1ns 1.0+£0.1ns 0.8+0.1ns
Bunch vine™' (n) 9.9+0.6ns 11.8+ 1.3 ns 93+1.2ns 7.8+0.8ns 10.2 + 1.3 ns
Bunch weight (g) 162.09 + 35.3 ns 144.5 £ 11.6 ns 101.2 £ 20.0 ns 124.9 + 173 ns 77.5+6.5ns
Berry weight (g) 2.1+02ns 23+0.2ns 1.72+0.11 ns 1.73+0.12 ns 1.7120.11 ns

Berries bunch™' (n) 75.0 9.6 ns 64.1 £7.1ns 61.8+12.9ns 76.2+10.2ns 48.1 £ 3.8 ns
Rachis weight (g) 17.2£2.1 ns 13.5+ 0.8 ns 5.4+09ab 7.7 +0.8a 46+03b
Total S(()lghij solids 21.6+03b 23.1:0.1a 215+ 1.4ns 18.9+ 0.7 ns 19.0+ 1.5ns
Titratc;lglf_]c):cidity 3.8+0.2ns 3.6+0.1ns 56+0.1ab 60+0.1a 54+01b
Must pH 4.12+0.21 a 3.64 £0.09b 413 +0.07 a 3.69 £ 0.03 b 4.08 +0.04 a
Total polyphenols 3413 6.4a 286.8+7.4b 733.8+161.7ns  720.4x51.4ns 622.5 + 34.3 ns
(mg kg™ fw)
Rc’(gzk;"j*)ex 2.4+02ns 175 1 ns 69+13a 95+08a 20+04b
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shoot tips and inflorescences (Collins & Dry, 2009;
Vanderlinde et al., 2013). Conversely, severe canopy
reductions under conditions that limit vegetative recovery
and carbohydrate availability have been linked to reductions
in berry growth and yield (Martinez de Toda et al., 2013;
Santesteban et al., 2017).

In the present study, shoot trimming at BBCH 73 was
performed after fruit set, when the final number of berries
per cluster had already been largely established, explaining
the absence of effects on cluster structure. Moreover, the
subsequent development of lateral shoots likely restored
sufficient photosynthetic capacity to support berry growth,
preventing reductions in berry weight and final yield. This
compensatory response agrees with Poni et al. (2014), who
reported unchanged yield components following shoot
trimming despite substantial modifications in canopy structure.

Yield ranged between 0.8 and 1.7 kg vine™!, with higher
production recorded in 2023 than in 2024, reflecting the
influence of seasonal environmental conditions on vine
performance (Table 4). Although, in 2023, three to four
consecutive days were characterised by peak air temperature
and VPD values of approximately 46 °C and 3.3 kPa,
respectively (Figure 1), yield per vine was almost double that
observed in 2024, due to the maintenance of normal berry
and cluster weights. The very low berry and cluster weights
observed in 2024, despite a similar number of clusters per
vine and berries per cluster, can be partly attributed to the
higher air temperatures recorded after July 24, when 28 days
with air T above 35 °C were recorded compared with only
two days in 2023, together with extremely limited rainfall.
In fact, from late May until harvest, no rainfall occurred.
Moreover, in August 2024, the number of tropical nights
doubled compared to 2023, with minimum night temperatures
approximately 2 °C higher than in the previous year.
Elevated night temperatures can affect several physiological
processes, including carbohydrate translocation, respiratory
carbon losses and the recovery of photosynthetic activity
(Tombesi et al., 2019). Increased nocturnal respiration
may reduce carbon-use efficiency and alter assimilate
partitioning, while also accelerating malic acid degradation
and technological ripening, thereby contributing to acidity
loss and higher must pH, with values frequently exceeding
optimal ranges under warmer growing conditions. The warmer
nocturnal conditions recorded in summer 2024 may therefore
have contributed to the reduced vine performance compared
to 2023, as reflected in lower yield, cluster and berry weights,
and must TSS, together with higher titratable acidity.

In 2023, must TSS was significantly lower in ET than in
CT (-1.5 °Brix), despite similar Pn, E, gs, and midday leaf
water potential during summer and a larger total leaf area at
harvest. However, the higher final leaf area in ET resulted
from canopy reconstitution following the severe trimming-
induced leafarea reduction and does not necessarily reflect the
seasonal carbon balance experienced by the vines. The initial
source limitation imposed during early berry development
may have delayed ripening progression, requiring a longer
period to fully recover sugar accumulation.

In 2024, the opposite trend was observed: ET vines showed
higher must TSS (+2.5 °Brix) than CT, associated with
higher Pn, E, and gs (Table 4; Figure 3). These contrasting
responses between seasons further support the idea that
seasonal environmental conditions and the resulting source-
sink balance within the canopy strongly influence early
trimming’s effects on sugar accumulation. Early shoot
trimming is generally known to temporarily decrease
the leaf area-to-fruit ratio, potentially slowing sugar
accumulation and delaying ripening towards cooler periods
(Martinez de Toda et al.,2013; Martinez de Toda et al., 2014).
This delay has been proposed as an adaptive strategy
under climate change, as it may reduce the gap between
technological and phenolic maturity. However, excessive or
prolonged initial source limitation may delay fruit ripening
when subsequent vegetative and physiological recovery
is insufficient to fully compensate for the earlier carbon
restriction. Therefore, the effectiveness of this practice
depends not only on restoring an adequate leaf area, but also
on the timing and efficiency of canopy recovery, ensuring
sufficient photosynthetic capacity to sustain crop demand
and complete the ripening process. Conversely, TA and
must pH exhibit a clear compensatory pattern, particularly
in 2024: ET 2023+2024 showed higher TA (up to 6 g L")
and lower pH (approximately 3.69) than CT 2023+2024,
consistent with delayed ripening and improved acid retention
in the berries. In 2023, TA values reached very low levels, in
contrast to the findings of Abad ef al. (2019), likely due to
the extremely high temperatures recorded during the summer
of that year.

Polyphenol content was generally higher in ET vines.
Compared with CT, ET showed increases of 19 % in 2023
and 16 % and 18 % in 2024 in ET 2023, ET 2023+2024, and
ET 2024, respectively (Table 4), although these differences
were statistically significant only in 2023, indicating a marked
year-dependent response. The stronger effect in 2023 may
relate to the specific canopy structure resulting from early
shoot trimming. In that season, canopy renewal relied entirely
on lateral shoots, while the progressive loss of basal and
middle primary leaves due to senescence and abiotic stresses
maintained arelatively open fruiting zone throughout ripening;
this condition was not observed in 2024, when approximately
25-28 % of primary leaves were retained in the fruiting zone.
This likely created a distinct bunch microclimate, characterised
by greater light penetration and air circulation, conditions
known to promote the synthesis and accumulation of phenolic
compounds (Haselgrove et al., 2000). Previous studies have
also highlighted the potential of shoot trimming to improve
canopy light distribution by modifying canopy architecture,
contributing to a more favourable microclimate for berry
composition (Smart et al., 1982; Bondada et al., 2016). In
addition, the altered source-sink balance and the slight delay
in ripening associated with early trimming may have further
contributed to this response. Similar responses have been
reported when shoot trimming is performed at the berry
pea-size stage, resulting in delayed ripening and increased
phenolic compounds at comparable soluble solids levels
(Martinez de Toda et al., 2014). However, these findings differ
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from the general trend reported by Cameron et al. (2024)
in a meta-analysis across different cultivars, environments
and trimming strategies, where the severity of leaf area
removal emerged as a key factor driving ripening responses.
The authors reported that moderate reductions in leaf area
(> 25-50 %) may decrease TSS accumulation without
affecting anthocyanin content. When more than 50 % of
the leaf area is removed, ripening is generally delayed, with
consistent reductions in sugar accumulation, anthocyanin
concentration, and pH. This contrast suggests that the
physiological impact of severe shoot trimming cannot be
explained solely by the initial leaf area reduction, but also
depends on the post-trimming capacity of vines to restore an
efficient source-sink balance.

Early shoot trimming across both seasons markedly
increased the Ravaz index, reaching values up to 9.5 kg kg™!
in ET 2023+2024, compared to the lower ratios observed in
CT 2023+2024 (2 kg kg"). This suggests that early shoot
trimming may help balance vegetative and reproductive
functions, improving crop load equilibrium, particularly in
vines trimmed over consecutive years.

CONCLUSIONS

The results of the present study indicate that the effects of
very early shoot trimming are strongly influenced by seasonal
environmental conditions and vine vigour, confirming the
importance of interpreting canopy management practices
within each season’s environmental context.

Early shoot trimming substantially modified canopy
architecture by stimulating compensatory lateral growth,
resulting in a lateral-dominated canopy. Physiologically, this
structural change was associated with a shift toward more
anisohydric-like behaviour, with ET vines maintaining higher
gs and E under elevated temperature and VPD, although with
reduced iWUE. Despite higher gas-exchange activity, we
observed no persistent impairment of PSII efficiency. Yield
components were unaffected in both seasons, confirming that
trimming at BBCH 73 does not interfere with reproductive
development. However, berry composition showed a season-
dependent response: in 2023, the initial carbon limitation
induced by severe leaf area reduction likely delayed sugar
accumulation, whereas in 2024, early trimming promoted
higher TSS and titratable acidity while slightly reducing
must pH. Moreover, early trimming tended to increase
total polyphenol content across both seasons, although this
effect was statistically significant only in 2023, likely due to
changes in canopy architecture and bunch microclimate.

Overall, early shoot trimming, consistent with the working
hypothesis of modifying vine architecture, enhancing lateral
shoot growth, and altering source-sink relationships under
high temperature and radiation conditions, showed a potential
to affect vine physiology and grape composition. However,
the observed responses were not consistent across the two
experimental years. Therefore, the conclusions should be
interpreted with caution, given the strong seasonal variability
of the results. The absence of detectable carry-over effects

from one season to the next suggests that the physiological
adjustments induced by early trimming are largely reversible,
supporting the potential use of this practice under variable
climatic conditions.
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